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ABSTRACT

Investigating the still not completely uncovered role of cilia could shed light on their
function both in physiological and in pathological contexts. Primary cilia are solitary
organelles that protrude from most mammalian cells and are consalered imand G n
that could regulate cellular responses to diffestmhuli. Their dysfunction leads to a
wide range of disorders called ciliopathidequently characterized bgolydactyly,
blindness, obesity, and renal cystogenelsismy thesiswe found that prirary cilia
respond to nutrient availability and facilitate glutamine utilization through anaplerosis by
asparagine synthetase (ASNS). In particular, our analyses revealed that cilia elongate
upon a metabolic stress such as nutrient deprivamoithatglutamine, but not glucose,
is able toshorten cilia, bydriving mitochondrial respiration and, as a consequence, ATP
production Our results show thatli@a-deficient cells displaympairednutrient utilization
andenergy production. Indeed, tabsence of cilia induces decreased energy charges and
impairs fatty acid oxidatiompon nutrient deprivatior-urthermore cilia-deficient cells
are less ableo utilize glutamine to drive mitochondrial respiratideabsence of cilia
induces the decreasf asparagine levels, suggesting that ASNS aoeldiatethe ciliary
response to glutaminéndeed, vhile asparagine supplementation and degraddtion
asparaginase (ASNas#)es not dramatically affect cilia length in response to glutamine,
interferingwith Asnssignificantlyelongates cilia ansinpairsthe capability of the cell to
respond to glutamine in terms of ciliary shortening and mitochondrial respiratiese
results suggest thailia facilitate glutamine usage into mitochondrial respirationugh
its ASNS-driven conversion intglutamate Importantly, we found that ASNS localizes
at the centrosomeilium complex, strengthening its role in the ciliary regulation of
glutamine usagén corclusion, this thesis reveals a nesie of ciliaas sensors of nutne
availability and regulators of cellular metabolism driving glutamine usage through
ASNS to fuel mitochondrial respiration and, as a consequence, energy production. These
findings cauld be relevant not only to understand the cilia role in physiology, but also to
possiblyfind new therapeutiepproaches to treat ciliathies
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1.INTRODUCTION

1.1Primary cilium at a glance

Cilia are cellular organelles protruding from the surface of cells of both unicellular
organism, such a€hlamydomonaand Trypanosomaand multicellular organisms, as
vertebrategSatir & Christensen, 2008Lilia emanatdrom cells when they are nen
dividing. Some examples of cilia in different tissues are reportédgure 1.1, where
cilia of cells of the oviduct, brain ventricle, kidney, limb bud, node, and chondrocytes are
shown.(Barnes, 1961; Grillo & Palay, 1963; Marshall & Nonaka, 2006; Sorokin,)1962
These organelles show a diameter around 200 nm and variable length, usually between
2-10 pm, but with some exceptions about 200 um in olfactory neurons. They could be
divided into two main cathegories: motile cilia and immotile (primary) ¢Heaiter &

Leroux, 2017; Satir & Christensen, 200B/otile cilia (or flagella) could be multiple on

the surface of a single cell and are able to drive the movement of the cell (such as
spermatozoa) or axtracellular fluid (such as mucus in the airwaiRgiter & Leroux,

2017). Primary (or sensory) cilia are immotile and solitary on the surface of cells. They
have been considered for a long time agstigiumand only quiterecently have been
revealed to regulate the response of the cell to diffestamuli both outside and inside

the cell (Marshall & Nonaka, 2006 In general, ciliary sensing functions comprise
mechanosensation, chemosensation, light sensation, and signalling. Indeed, they are
defined as cell ul ar A andsi®awidesrangeafrddorderb e i r
named ciliopathies, which affect a plethora of tissues and ofgamsentlyleading to
neurodevelopmental abnormalities, obesity, and renal cystogdResiser & Leroux,

2017. Thefollowing chapters will describe the ciliary structure and machineries, the
ciliary membrane, the ciliogenesis process, the main ciliary signalling pathways, and the

role of these organelles in pathology.
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Chondrocyte
Current Biology

Limb bud

Figure 1.1 Cilia are present in different tissues and orgarisnages showing cilia present in
oviduct, brain ventricles, kidneys, limb bud, node, and chondro@vitashall & Nonaka, 206).
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1.1.1 Structure and machineries
1.11.1 The basal body, the axoneme, and the transition zone

Cilia display three main components: the basal body, the axoneme, and the transition
zone. The basal body is a specialized form of the mother centriole that allows the growth
of the axoneme to build the cilium. The basal body is composed by triplets of
microtubules and structures called giibtal and distal appendages (DAS) (or transition
fibers), which allow the docking of the basal body to the plasma mem{Canealho
Santoset al, 2011; Fisch & DupuisVilliams, 2011) During the process of generation of
the cilium (named ciliogersts) the basal body allows the growth of the doublets of
microtubules (each composed by a complete A tubule and an incomplete B tubule), which
form the axoneme. Postanslational modified forms of tubulin, such as acetylated
tubulin, have been found inlia (Piperno & Fuller, 1985)Of note, also a roleof
axonemalglutamylation in the regulation of ciliary structure and function basn
uncoveredjuiterecently(Yanget al 2021) One of the main differences in the structure
of motile cilia compared to primary cilia is represented by a different axoneme structure.
Indeed, motile cilia are characterized by 9 doublets of microtubules and 2 central
microtubules named as the centralldety leading to a 9+2 axonemal struct(Fey. 1.2)
(Reiteret al, 2012; Reiter & Leroux, 2017; Satir & Christensen, 2068)ythermore, in
contrast with primary cilia, motile cilia display inner and outer dynein arms to lead to the
ciliary bending. Differently, primary cilia lack the central doublet, giving rise to a 9+0
axonemal structur@ig. 1.2) (De Robertis, 1956; Porter, 1955; Reiter & Leroux, 2017)
However, the structure of primary ciigalready controversial, since some recent studies
by cryo-electron tomographghow that primary cili@resentthe 9+0 structureonly at the
cilium base(Kieselet al, 2020) Cilia are characterized by a transition zone (TZ), which
consists of ¥shaped structures that connect thierotubules doublets of the axoneme
with the ciliary membrane and is composed by about 30 proteins that assemble into
protein complexes, such as nephrocystin (NPHP), CEP290, RPGRIP1L, and Meckel
Syndrome (MKS) complexes, whose dysfunction causes ciliggbociated
phenotypes as nephronophthjdideckel and Joubert Syndromdsg. 1.2) (Reiter &
Leroux, 2017; Williamset al, 201). The TZ is considered as a gate that regulates the
entry and exit of proteins at cilium and defines the protein content of cilia. The TZ

function is crucial, since cilido not have ribosomes and consequently the ciliary proteins
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need to reach the cilium from the cytopla@BarciaGonzaloet al, 2011; Najafiet al,

2012) One of the key factors that discriminate the proteins that will access the cilium
through the TZ is the molecular weight. Indeed, proteins in the rangelditDa can

pass through the TZ to enter into the cilium. This leads to consider the TZ as a diffusion
barrier for membrane proteins, due to the presence of septins, such a2 %apitaet

al, 2014; Breslowet al, 2013; Garciaet al, 2018; Huet al, 2010Q. Indeed, mutations in
components of the TZ cause the leakageeutral ciliary proteingJensenet al, 2015;
Nachury & Mick, 2019; Williamset al, 201]). Since the T4lisplays binding sites, this
ciliary component functions also as binding/pausing waypoint for ciliary membrane
proteins, such as Smoothened, which has been found to pause at the TZ of the cilium
(Milenkovic et al, 2015; Shet al, 2017. However, the complexity of the process of entry
and exit of ciliary proteins into the cilium is still not fully understood and seems to require
other machinedas than the TZ. Three other scbmpartments of the cilium are
represented by the ciliary matrix, which is a fluid phase of the cilium between the
axoneme and the ciliary membrane containing proteins of the intraflagellar transport
(IFT) (described inChapter 1.1.1.3, by the ciliary membranaléscribed inChapter
1.11.3), and by the ciliary tip, which has been found as a site for extracellular vesicle
budding for excess signalling molecules removal and cilium length regu{abog et

al, 2016; Marshall & Nonaka, 2006; Naget al, 2017; Phueaet al, 2017. Another
important component of the cilium is representedabsgpecialized plasma membrane
compartment near the cilium and characterized byeaul@r lipid and protein

composition, named as ciliary pocket.

17



Motile‘cilium Non-motjle cilium
L Y A
Typical structures . i

:v—|nner dynein arm =

mem(t:)i:iaarzﬁ : Su'?r(:jymi'n arm & @ Q
: ; s : Nexin-dynein /¢! '
Slg;ril::;g@ || Lo T regulaltory & L 8 g}—.Double(
' : complex ' . microtubules
] \ i —Central pair (fibre) g -\ i 6(2) 9 i
2 ~Radial spoke g 2 ©
-1 I N (| (R S Y 2 E I v

Plasma (ﬁ) <[ ‘
membranel q | 4 S & % INV ‘ £ | ‘b éQ;‘
= ; F'\ ﬁ %Basal body triplet 1 : \ g{—g—Transilion
' L omi v ! | zone
Basal = + microtubules T r L 76 | ks

body | i~ Distal appendage

Subdistal %%66)& ! (transition fibres) ? QOV

appendage \ NN e NI
Functions | A \ 4
Cellsignalling  Chemosensation (e.g. for noxious compounds) * Hedgehog ¢ Cyclic nucleotide (cAMP, cGMP)
* Receptor tyrosine kinase (RTK)  * Calcium (PKD1, PKD2, etc.)
Motility * Sperm locomotion * Nodal flow
* Cerebrospinal fluid flow * Fallopian tube flow

* Respiratory airway clearance

Nature Reviews | Molecular Cell Biology

Figure 1.2 Schematic representation of motile and nanotile cilia structuresMotile cilia are
characterized by a 9+2 axonemal structure: their functisnrelated to motility and
chemosensation. Nenotile cilia are characterized by a 9+0 axoneme. These immotile cilia
display sensory functions primarily through Hedgehog, receptor tyrosine kiRd3€),(cyclic
nucleotide (cAMP, cGMP, and calcium (PKD1, PKD2) signalling pathwRyiter & Leroux,
2017).
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1.11.2 The intraflagellar transport and the BBSome

The intraflagellartransport (IFT) is a complex ciliary machinery that allows the
trafficking of different kinds of protein cargoes on the ciliary axoneme and it is
responsible for the assembly and maintenance of(Bibaminskiet al, 1993; Leckreck,

2015) IFT was discovered i@hlamydomonaseinhardtiii in 1993, when movement of
particles from the base to the tip of flagella was obsef¥eEminskiet al, 193).
Indeed, this trafficking system is bidirectional, since it can move cargoes from the base
to the tip of primary cilia (anterograde) and from the tip to the base (retrograde). The
building blocks of IFT are the IFT trains, complexes of proteins formed bypi&Ticles

and IFT motors, which propel IFT particles on the axondfige 1.3) (Jekely & Arertlt,

2006; Lechtreck, 2015; van Daeat al, 2013). The assembly of IFT particle proteins,
which are divided into IFFA and IFT-B proteins, leads to the generation of {KTand

IFT-B subcomplexes, which together form Hparticles. The latter together with IFT
motors form IFFA complexes and IFB complexs (Pigino et al, 2009) IFT-A
complexes are responsible for the retrograde transport by binding cytosolic dynein, while
IFT-B complexes are involved in tleteograde transport by binding to the plisd
directed kinesifR (Fig. 1.3) (Cole, 1999; Gibbonst al, 1994; Lechtreck, 2015)
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Figure 1.3 Intraflagellar transport componentsIFT particle proteins are classified in IFA

and IFT-B proteins, leading to IFR and IFFB complexes formation, respectively. {RTand
IFT-B complexes form IFT particles. IFT motors are IFT dynein (anterograde transport) and
kinesin2 (retrograde trasport). The BBSome is composed by BBS proteins. IFT trains consist
of IFT particles, IFT motors and the BBSe(hechtreck, 2016
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Cytosolic dynein responsible for the retrograde transport is reindsdirected and
composed by a heavy chain, an intermediate chainntarmediate light chain, and
multiple light chaingAsanteet al, 2014; Criswelkt al, 1996. Kinesin2 responsible for

the anterograde transport is pkrsd directed and is a heterotrimeriengex composed

by the motor subunits kineslike protein 3 a (KIF3a) and b (KIF3b), and the frantor
subunit KIF associated protein 3 (KAR®poleet al, 1993) Examples of IFT cargoes are
tubulin and axonemal dyneins. Since their loading on anterograde IFT is high in growing
cilia andlow in assembled cilia, this suggests that IFT loading is regulated by the length
of cilia. Interestingly, tubulin can diffuse through the assembled cilium without need to
be transported by anterograde IFT. Another key player in IFT is the BBSome, whose
name derives from the Bard&iedl Syndrome, since mutations in genes encoding for its
proteins lead to this disease, characterized by polydactyly, cognitive retardation, retinal
degeneration, renal cystogenesis, and usually ol{@siainteet al, 2014; Criswelkt al,

1996; Sheffield, 2010; Wingdfielet al, 2018) The BBSome consists of 8 subunits (BBS1,
BBS2, BBs4, BBS5, BBS7, BBS8, BBS9, BBS18/BBIP10), which are considered as the
core BBS machinery. The BBSome is considered as an adapter of the transport of ciliary
membane proteins and a key regulator of ciliary retrieval cooperating with the retrograde
IFT (Jinet al, 2010; Liu & Lechtreck, 2018; Loktest al, 2008; Nachuret al, 2007. In
particul ar, the BBSome is r espoawssinl2l e f or
recognized Grotein coupled receptors (GPCRs), like GPR161, by transporting them
through the TZ(Yeet al, 2018) and leading them to undergo lateral diffusion through the
plasmamembrane or endocytosis at the level of the periciliary membrane/ciliary pocket
(Fig. 1.4) (Lechtrecket al, 2009; Nachury & Mick, 2019; Wingfieldt al, 2018)
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Other then GPCRs, the BBSometrieval machinery is also responsible for the removal
from cilia of nonresident proteins, like phospholipase D (PLD)

A Active export of non-resident proteins B Export of activated GPCRs by the BBSome
involving the BBSome
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Figure 1.4 Schematic representation gdrotein export by the BBSomé&he BBSomenediates
the export of both neresident proteinsA) and activated GPCR®J] . The al atter
arrestin 2 and results in later diffusion or endocytosidaptedrom (Nachury &Mick, 2019)
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Another way of the cilia to remove ciliary content is represented by ectocytosis, which is
the process by which extracellular vesicles (ectosomes) bud from the tip of the cilium
mediated by the endosomal sorting complex required for transport (ESERy,

2015; Longet al, 2016). Even GPCRs that are reported to be retrieved by the BBSome,
such as GPR161, clsuundergo ectocytosis when the BBSome retrieval machinery is
defective. Furthermore, since ectocytosis is dramatically efficient compared to the
BBSome retrieval machinery, the removal of excess of ciliary component possibly occurs

through ectocytosis fa¢r than the BBSome machindfigure 1.5 (Nachury & Mick,
2019)

Default Safety valve

( \ BBSome —‘f/

RetrieVal block
‘ B-arrestin 2 —@

Figure 1.5 Ectocytosis Removal of excess content from cilia through ectosomes budding from
the ciliary tip. When the BBSome retrieval machinery is blocked, the ectocytosis represents a
safety valve for removal of ciliary componemdaptedirom (Nachury & Mick, 2019)
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1.11.3The ciliary membrane

Another feature of cilia is their specialized membrane, whidoginuous with the
plasma membrane and show peculiar protein and lipid composition. In particular the
ciliary membrane is enriched in GPCg4#lgendorfet al, 2016)and proteins associated
with Polycystic Kidney Disease, such as fibrocystin, whose mutations lead to Autosomal
Recessive Polycystic Kidney Disease (ARPK®Jard et al, 2003) and polycysting
and -2, whose mutations cause Autosomal Dominant Polycystic Kidney Disease
(ADPKD) (Pazouret al, 2002; Yoderet al, 2002) Lipid biosynthetic enzymes that are
enriched in suziliary compartments are responsible for the regulation and mainteinance
of the lipid composition in the ciliary membrane. Polyphosphoinositides (PPIs), which
are signalling lipids involved into the adtion of ciliary pathways such as the Sonic
Hedgehog, are highly represented into the ciliary membrane. In particular, in mammals
phosphatidylinosite#-phosphate (PI1(4)P) is enriched in the ciliary membrane, while
phosphatidylinosite#t,5-bisphosphate RI(4,5)P2) and phosphatidylinosi8}4,5
trisphosphate (P1(3,4,5)P3) are depleted in the ciliary membrane, but enriched in the TZ
(Chavezt al, 2015; Dysoret al, 2017; GarcigGonzalocet al, 2015; Nechipurenko, 2020)

This peculiar distribution is due to the activity of inositol polyphospbgtbosphatases
(INPP5E and OCRL), which localize mammalian cilia and are responsible for the
conversion of PI(4,5)P2 or Bl@,5)P3 in PI(4)P and PI(3,4)RRig. 1.6) (Zhanget al,
2022)

24



0000000002000 . ciliaMembrane

Ciliary membrane
protein(e.g. Ptch1,GPCRs)

00000 °* 00000

FITA X/ \F
DODOBDOOBODO

| 1’
| |
o (PI4)P ‘ | |
II PI(4)P+Ciliary O - ‘ ‘
membrane ~
'b'. |
PI(4,5)P2-+Ciliary o §
u membrane T i l
|
1 Dynein 04;: Wg | |
o % = ]
l Kinesin ..O: (P|(4,5)P;) | | Transiiion
| |
m B 0000 ,, 000000 | |

Figure 1.6 Schematic representation of polyphosphoinositidesmposition of the ciliary
membrane Phosphatidylinositeli-phosphate (PI(4)P) is enriched in the ciliary membrane,
while phosphatidylinosited,5-bisphosphate (P1(4,5)P2) is enriched in the transition zone (TZ).
Inositol polyphosphaté&-phosphatases (Imbe) converts of P1(4,5)P2 in Pl(4)Phe activity of
Inpp5e regulates TULP3 activatigghang et al, 2022).

Indeed,INPP5 mutations lead to Joubert and MORM syndrome, @@RL mutations

cause Lowe syndrome, due to accumulation of PI1(4,5)P2 and depletion of PI(4)P in the
ciliary membraneKig. 1.7) (Chavezet al, 2015; GarcigGonzaloet al, 2015; Jacobet

al, 2009; Prossedet al, 2017; Zhangt al, 2022)
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PPIs cooperate to the trafficking of GPCRs and channels into the cilia through their
interactions with tubby family proteins TUB/TULP3 (which are adapters for ciliary
membrane proteins trafficking) to facilitate theissociation with the transmembrane
proteins that are then delivered into the ciliuFig( 1.6) (Badgandiet al, 2017;
Mukhopadhyayet al, 2010) Furthermore, ciliary membrane displays the presence of lipid
rafts, which are characterized by high levels of sphyngolipids and s{geoigshiroet

al, 1984; Montesano, 1979)hich play a central role in the regulation of the Hedgehog
(HH) pathway(Raleighet al, 2018)
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1.1.1.4Ciliogenesis

Ciliogenesis is a processquiring multiple stepthat lead to the biogenesis of cilia. It
occurs when cells exit from the cell cycle (GO/G1 phase), when the centrioles are not
involved in the formation of the mitotic spindle for cell division. The process of
ciliogenesis could differ depending on thel ¢gbe and whether membrane remodeling
events occufGarciaet al, 2018) The presence of two main processes of ciliogenesis
have been described so far: the intracellular pathway, which is peculiar of fibroblasts,
mesenchymal cells, and irel pigment epithelium (hRPE1) cells, and the extracellular
pathway, which is associated with polarized epithelial cells, such as Madin Darby Canine
Kidney (MDCK) cells and multiciliated cell&Zhaoet al, 2023) Interestingly it seems
that murine Inner Medullary Collecting Ducts (mIMCD3) cells undergo both intracellular
and extracellular ciliogenesis pathways, depending ¢nleesity(Stucket al, 2021; Wu
et al 2018) These data suggest that possibly also other cell types could display both
ciliogenesis processes. The intracellular pathway is characterized by the docking of
preciliary vesicles (PCVs) of aboGD nm of diameter to the distal appendages (DAS)
leading to the formation of distal appendages vesicles (DAMg) 1.8A) (Zhao et al.,

2023) These vesiclelead tothe generation of the ciliary viete (CV) of about 300 nm.

The growing axoneme is encased by a double membrane ciliary sheath, which
subsequently fuses with the plasma membrane to generate the ciliary pocket. During the
fusion of the outer face of the ciliary sheath to the plasma membeatracellular
membrane tubules form and connect the ciliary membrane with the extracellular
environment (Insinna et al 2019) Alternatively, the extracellular pathway is
characterized by the migration and docking of the mother centriole throu@Athto

the plasma membrane before the cilium formafeig. 1.8 B) (Zhao et al., 2023)or
multiciliated cells, centrioles duplicate through the deuterosome and then DAs and sub
distal appendages form during the migration towards the plasma membrane. Once DAs
dock to the plasma membrane, several motile cilia origifiate 1.8 Q (Zhao et al.,

2023) Most of the knowledge about ciliogenesis belongs to the intracellular pathway,
while the extracellular pathway is still to be uncovered. During both the proceskes of
mother centriole undergoes to uncapping through the removal of centriolar coiled coil
protein 110 (CP110) and CEP97 by ubiquitin proteasomal cascade. The TZ assembly

occurs before the axoneme and ciliary membrane growth, which involves ¢Bimplex
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and ciliogenesis regulators, such as AbiBbsylation factoilike protein 13 B (ARL13B),
which associates with the axoneme through tubulin, and RAB& al, 2010)
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Figure 1.8 Scheme of different mechanisms of ciliogenesis) The intracellular pathway
involves the formation of the ciliary vesicle (CV), axoneme and ciliary sheath formation, which
fuses with the plasma membraneginerate the ciliary pockeB) The extracellular pathway
consists of the docking of the distppendages with the plasma membrane to generate the cilium.
C) Multiciliated ciliogenesis mediated by deuterosomedtiple centrosomes form and during

the migration to the plasma membrane distal and subdistal appendages geAdtetehe
docking to theplasma membrane several cilia assenfdlyao et al., 2023)
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1.1.2Cilia and signalling
1.1.2.1Hedgehog signalling pathway

The Hedgehog signalling pathway is evolutionarily conserved and responsible for the
development and homeostasis of tissues and organs. It owes its hame to the phenotype
induced byHh mutations in larvae dbrosophylathat led to the lack of development of
the segmented anteritw-posterior body plan and to the generation of denticles
resembling a Hedgeha@lussleirVolhard & Wieschaus, 1980 he actiation of the
pathway is due to the binding of HH ligand to the 12 transmembrane domains receptor
Patchedl (PTCHL1). Three different HH ligands have been identified in mammals: Sonic
(SHH), Indian (IHH), and Desert (DHH) Hedgehog, which differ principatly their
tissue specificity. SHH is important for the specification of cell types in the nervous
system and in patterning of the limbs; IHH is crucial in skeletal development; DHH is
expressed in the gonads and promotes the differentiation of fetal Leglisgand
specification of adult Leydig cells and germ cells survival and spermatogéBasiys
& Anderson, 2017; Nygaardt al, 2015) The Hedgehog signalling pathway has been
considered as al@ry pathway since it has been found thatwhmple (wim) andflexo
(fxo) mouse mutants induced by ethylnitrosurea led to the loss of ventral neural cell types
(whose specification depended on SHH) together with the disruption of IFT proteins
(Huangfuet al, 2003) This discovery uncovered the essential role of the IFT machinery
in the transduction of the HH sign@uangfuet al, 2003) In the absence of HH ligand,
the HH pathway is kept off by the HH ligand receptor PTCH1, which is located in the
membrane of the primary cilium due to its carboxyl terminal region of the last
trarsmembrane domaifKim et al 2015) PTCH1 prevents the ciliary translocation of
the 7 transmembrane domains receptor Smoothened (SMO), which belongs to the
Frizzled (F) family of GPCRg¢Bangs& Anderson, 2017) Interestingly, Ptchl loss
induces the abnormal cell specification of all neural progenitors, irrespectively of the
activation of the pathway, demonstrating PTCHL1 role as a negative regulator of the HH
pathway (Huangfu et al, 2003) In the absence of the HH ligand, SMO does not
translocate to the cilium and GPR161, which is a GPCR translocated at cilia by its binding
to TULP3 and IFFA, increases cyclic AMP (cCAMP) levels thugh adenylyl cyclase
(AC) activati on FRig B9 (Bangs & dridersom 8017 & al,) (
2019; Mukhopadhyayet al, 2010; Mukhopadhyayet al 2013) When Inpp5e is
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inactivated, PI(4,5) accumulate leading to the recruitment of TULP3,-KTand
GPR161 at cilia and, as a consequence, to the HH pathway inactivation irrespectively of
the presence of HH ligand or SMO at cil{&arciaGonzaloet al, 2015) Among nine

ACs that catalyze the conversiohATP into cAMP, three have been identified at cilia
(AC3, AC5, AC6), suggesting the importance of local production of cCAMP at cilia to

promote the transduction of signdéBishopet al, 2007; Micket al, 2015; Vuoloet al
2015)
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Figure 19 Hedgehog signalling pathway¥Vhen the Hedgehog pathway is Bfitched1 (Ptchl)

remains in the ciliary membrane. Gprl@tomotes the aivation of adenyl cyclase (AC)
through GUS. Thi s i n croteinfirased (PKA) M&ling thpaatbticalc t i v at
processingof Gli3, which is retained in the cytoplasm by Suppressor of FUSED (Std-u),

generate transcriptional repressor Gli3R. When Sonic Hedgehog (Shh) binds to Ptchl, the latter
translocates to the plasma membrane. Smoothened (Smo) makesciitary membranend

converts GLI2 into GLIA to the expression of target genes. Kif7 is enriched at ciliary tip where it
binds Gli2 and Gli3(Bangs & Anderson, 2017)
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Increased cAMP levels lead to the activation of protein kidageKA). This conserved
component of the HH signalling pathway is responsible of the phosphorylation of GLI3,
a transcription factor belonging to the gliomssociated (GLI) family, which undergoes
proteoltical processing becoming a repressor (GLIR) & éxpression of HH target
genes Fig. 1.10) (Niewiadomskiet al, 2014) In this context, the Suppressor of FUSED
(SUFU) display a crucial role by keeping GLI3 in the cytoplasm and by inducing its
proteolitical processing to convert it into GLISRHumke et al, 2010; Jiaet al, 2009)
Alternatively, when HH ligand binds to PTCHL1, the latter is translocated outside the
cilium and, at the same time, SMO is translocated to the cilium, converting full length
GLI2 transcription factor to transcriptional activator (GLIA) able to drive the
transcription of HH target genefig. 1.10) (Niewiadomskiet al, 2014) When HH
pat hway i s activated, GPR16 1 -airestin/IFFAmo v e d

dependent manner
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Figure 1.10 Schematic representation of HH signalling pathwaywhen Hh signal is off, Ptch
inhibits Smdranslocation at cilium and SuFu retains Gli in the cytosol to undergo proteolytical
processing to generate the repressor form GliR. When Hh signal is on, Smo tranlocates to cilia
and full length Gli becomes an activator (GliA) of target gene ecpressgidaptedfrom
(Niewiadomski et al., 2014).
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During the activation of the HH pathway, the enrichment of KIF7 in the ciliary tip occurs.
KIF7 preferentially binds at the pkesxd microtubules to the GTiabulin promoting the
arrest of growth of theilium (Fig. 1.11 A) (He et al, 2014) Indeed, cells lacking KIF7
show unstable cilia, due to overgrowth of the axonerng (L.11 B) (He et al., 2014)
Thus, KIF7 displays a crucial role in the organization of the ciliary tip and the regulation
both positively and negatively of the HH signalling by its capability to bind to both GLI2
and GLI3(Cheunget al, 2009; Heet al, 2014; Liemet al, 2009)
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Figure 1.11 KIF7 activity at the ciliary tip. A) KIF7 preferentially binds to GTRibulin
inhibiting microtubules growth by blocking the adding of tubulin dimers (i) or by inducing the
destabilization of GTRubulin cap (ii). B) KIF7 prevents overgrowth of microtubules of the
growing cilium. In matue cilium, KIF7 form a ciliary tip compartment together with IFT81 and
Gli-SuFu. In Kif7" cilium, microtubule growth is not controlled and synchronized generating
long, unstable ciliaAdaptedirom (He et al., 2014)

33



Interestingly, sterols have been reported to regulate the HH signalling pathway. Indeed,
HH ligands are bound to a palmitoyl moiety at the N terminus and a cholesterol moiety
at the C terminus, and oxygenated metabolites of cholesterol named osyaterable

to bind to SMO and to induce its accumulation at cilia, driving HH pathway activation.
Thus, since PTCH1 and SMO do not directly interact, a model where PTCHL1 is the
transporter of the sterol (second messenger) that activates SMO has beeadpfogos

1.12) (Radhakrishnaet al, 2020)
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Figure 1.12 Schematic representation of the proposed model of interaction of Patched1 and
SmoothenedSince Patchedl (PTCH1) and Smoothened (SMO) are not able to directly interact,
a model where PTCH1 is the transporter of the seecnadgsenger (represented by a sterol) that
drives the activation of SMO has been propdgathakrishnan et al, 2020).

34



Furthermore, an important role in the regulation of HH pathway is related to the
accessibility of cholesterol. Indeed, depletion of sphingomyelin, which leads to increase
of cholesterol, is sufficient to induce the activation of HH signalling in the absdribe

HH ligand (Kinnelrew et al, 2019) Thus, it has been proposed that PTCH1 negatively
regulates HHsignalling by reducing the accessibility of cholesterol to SMO in the ciliary
membrane. By contrast, in the presence of HH ligand, PTCHL1 is inhibited and this causes
an increase in the accessible cholesterol in the ciliary membrane inducing the activation
of SMO and the transduction of HH pathw&yg(. 1.13) (Radhakrishnaet al, 2020).

Hedgehog pathway OFF Hedgehog pathway ON
O <
Cilia //—\l\ A ,\1\
membrane |
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SMO SHH (active)
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Proteasomal
processing ﬂ
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Target genes Target genes

Figure 113 Hedgehog signalling pathway andholesterol accessibilitWwhen the Hedgehog
pathway is off, Patchedl (PTCHL1) reduces the accessibility of choldstdrelciliary membrane

to keepSmootheed inactive. Consequently, full length GLI (GEL) undergoes proteosomal
processing to become a repressor (R)l of Hedghog target genes transcription. When the
Hedgehog pathway is on, PTCH1 is inactivate upon Sonic Hedgehog (SHH) binding. Thus,
cholesyerol is highly accessible in the ciliary membrane and activates SM@&LGldcomes an
activator (GLFA) of Hedgehog targedenes transcriptionAdaptedfrom (Radhakrishnaret al,

2020).
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1.1.2.2WNT signalling pathway

The WNT signalling pathway comprises two main branches: the canonicatBA/NT
catenin and the necanonical WNTplanar cell polarity (PCP) pathwagsnvarianet al,
2019) When WNT ligand is absent, the canonical WbiTatenin pathway is kept off by
the formation of a complex of proteins (including Axin, casein kinase | (CKI), ggrcog
synthase kinase (GSK3), and Dishevelled (DVL)) that mediate the phosphorylation and

ubiquitination by E3 ubiquin

degr adat i on .-cat€ninitodrivp theeexpeessiorsof thrget genes. Byrast,

the activation of the pathway requires the binding of WNT to Frizzled receptor, which
leads to association of Axin with phosphorylated lipoprotein receptated protein
(LPR). Thi s | e ad s-cateron, whichebinds todhle-ddll factar 4TCKF) o n

| i g a s e -cdienin, @hich untlergbes proteosomal

to drive target gene expressidfig. 1.14) (Nusse & Clevers, 2017)
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Figure 1.14 Canonical Wnt-b-catenin signalling pathwayWhen the Wab-catenin signalling
pathway is off, a complex of proteins (including Axin, CKIl, GSK3) fawms to drive the
aatedin. WHisiprqnooted itis praieasornahdegyaidatidn that
does not activate the Wnt target gene expression. Wheifo-¢éténin signalling pathway is
activated by Wnt ligand binding to Frizzled, Avassociates with lipoprotein receptwlated

T h ecatenin occues,andstd bandiing te¢Elk factoridovas o f

phosphoryl ati on

protein (LPR).

the Wnt target gene expressidwaptedirom (Nusse & Clevers, 2017).
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The noncanonical WNTPCP pathway is activated by the n@anonical WNT5a or
WNT11 ligands, which drives the recruitment of DVL. The latter activates the
downstream effectors RHO family GTPases and JNK, which mediate the organization of
the cytoskeleton and cell migratiofig. 1.15) (VanderVorstet al, 2019)
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Figure 1.15 Non-canonical WntPCP pathway.When Wnt5e ligand binds to frizzled (Fzd),
Dishvelled (Dvl) is recruited to activate the downstream effectors: GTPases of the RHO family
(RhoA and Rock1) and JKN. The latter modulate cytoskeleton rearrangements and cell migration.
Adaptedrom (VanderVorst et al., 2019)

The role of the cilium in the WNT signalling pathway is still to be elucidated. Indeed,
several components of it Yabeen identified in the cilium. For example, nephrocystin 2
(NPHP2, also callethversin), as also NPHP4, has been shown to modulate the WNT
signalling pathways by affecting DMBorgalet al, 2012; Lienkampt al, 2010; Simons

et al, 2005) Some proteins of the MKS complex at the transition zone such as Jouberin
(JBN) and transmembrane prot&n (TMEMG67) display a role in the regulation of the

WNT pathway. In particular, JBN positively regulate the pathway by faeailt i n-g t he
catenin localization in the nucleus in the absence of cilium, while negatively modulate
the pathway by pr o mecatenin i thé diliem whendhe laftezis t i o n
presen{Lancasteet al, 2009; Oh & Katsanis, 20L3)MEMG67 recruits ROR2 to activate

RHOA in presence of WNT5A to drive the WNT nroanonical pathway in the
morphogenesis of epithelial cel®bdelhamedet al 2015) Furthermore, the link
between the cilium and the WNT signalling has been investigated in studies where ciliary

genes were inactivated or mutated. One study shows that the [&#8ain mouse
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embryonic fibroblasts (MEFs) leads to hyperactivation of ti¢TVipathway(Corbit et

al, 2008) By contrast, anothetudy demonstrates that mutation&if8a does not affect
this signalling pathwayOcbinaet al, 2009) Furthermore, normal WNT target gene
expression and convergent extension have been fouft@8mmutants in 2brafish that
display impaired HH signallingHuang & Schier, 2009)Taken together, all these
findings suggest that the role of cilia in WNT signalling shouldulther clarfied.
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1.1.2.3RTK signalling pathways

Receptor tyrosine kinases (RTKs) represent a family of receptors that includes several
members and mediate cell proliferation, migration, metabolism, death, antydell
progression. RTKs are characterized by an extracellular region with ligand binding
domain, a single transmembrane helix domain, a cytoplasmic region with a tyrosine
kinase domain, and several regulatory regions. Generally, RTKs dimerize after ligand
binding and autghosphorylate their own tyrosine residues to recruit a platform of
protens required to drive the signal transduction via phosphoinositide 3 kinase {PI13K)
AKT, mitogenactivated protein kinase (MAPK), and phospholipase BLCp at hway s
(Hubbard, 2013; Lemmon & Schlessinger, 20Ihe plethora of signalling pathways
transduced by RTKs could be related to the timing, duration, and magnitinéesagnal,
as well as to the capability of these receptors to homodimerize or heterodimerize
promoting the formation of different species characterized by peculiar properties in
binding and signallingVasudevaret al, 2015) Among RTKSs, plateletlerived growth
fact or rRXFeRU)o rh dentifiggRateilia iniseveral cell types starting from
NIH3T3 and MEFs to human embryonic stem cglsvan et al, 2010) PDGF R U
signalling pathws display a crucial role in embryogenesis to mediate the development
of the neural system as well as mesenchymal derived structures. Indeed, the lack of
PDGFRU is embryonic | ethal i n mouse and mu
developmental issug®attanasophat al 2012; Soriano, 1997A study revealed that
cells where cilia formation was impaired by inactivationlft88 and Kif3a displayed
altered PGFRLi gnal ling, strengthening the findi
by cilia (Fig. 1.16) (Christensert al, 2017; Schneideat al, 2010; Schneideat al, 2005)
Another relevant RTK whose function is deeply related to cilia is represented by insulin
(IR) and insulinlike growth factor (IGFLR) receptors. After ligand binding, a
conformational change and autophosphorylation of the tyrosirduessoccur, leading
to the signal transduction through insulin receptor substrate 11()R8hich activates
the PIBKAKT pathway(Fig. 1.16) (Cabailet al, 2015; Christensest al, 2017) IGF1R
mediates the regulation of adipogenesis, the process of differentiatimradfgocytes to
mature adipocytes, through cilia. Indeed, the ablation of cilia through downregulation of
Ift88 or Kif3a in 3T3-L1 preadipocytes has been revealed to impair the capability of
preadipocytes to respond to insulin due to reduced phosphorylation-dfRGRd AKT
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and decreased transcriptional expression of adipogenic genes SUZIE &sPadd
peroxisome proliferar-act i vat ed r e Zwpdt al 2009 FuftHerméd o )

IGF-1R signalling pathways was found to be implicated in the cell cycle progression and

cilia resorption, as found in MEFRPE and neuronal progenitor cefls et al, 2011;

Yeh et al, 2013) All these findings revealed the role of cilia in the regulaté signal
transduction through-1RTKs as PGFRU and | R/
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Figure 116 Receptor tyrosine kinases signalling) Schematic representation ciliary and extra

ciliary signalling of plateled e r i ved gr owt h f act dnsulindlilegrewiit or U ¢
factor (IGF1R) receptor involving phosphoinositide 3 kinase (P{BKJI, mitogeractivated

protein kinase (MAPK), and phospholipase PA.C pat hways t o promote sig
Fluorescent image of PDGRRGFP localization in the Ggi and in primary cilia. Cilia:

ARL13B (red),Acetylated tubulin (Atub) (lue) ; P D-GFPRdJeen) C) Fluorescence 5
image of colocalization of cilia(Act ub, red) and endogenous PDGFRU
images of cilium length and ciliary locadition of IGF1 Rb upon basal medi um

adipogenic medium (AM) in mesenchymal stem cells. GN@tub (green); IGFL Rb (r ed)
(Christensen et al., 2017)



1.1.24TGF-b s i g pahways n g

The transforming f actratein (TGFBMRA)esignallimg p h o g e
consists of canonical and neanonical signalling caused by more than 30 pleiotropic
ligands belonging to TGFbi activini Nodal and BMP subfamilies. This signalling
pathway mediates the regulation of several cellular processes, including cell proliferation,
survival, and differentiatiofMassague, 2012JGFb and BMP super f ami
activate receptor serine/threonine kinases of typ€RI) and Il (RIl) to induce the
phosphorylation of transcription factof®r target gene expression. In canonical
signalling transcription factors dR-SMAD family, which includesSMAD2/3 for TGF
b or SMAD1/5/8for BMP signalling,are phosphorylatetly Rl receptorsandform a
complexwith SMAD4 for translocation into the nucleasd other ligands transcription
factors (activated by HH, WNT, RTK signalling) promote the transcription of target
genes (Fig. 1.17 (Anvarianet al, 2019; Christenseet al, 2017; Clemenet al, 2013)

Of interest, ligands of growth and differentiation factor (GDF) cpuégbagate signalling

through R-SMADs, while other ligads could inhibit it. Thesdindings suggest the
complexity of the regulation of TGB/ B MP s i g n a | -canamigal sighaling,t h e n ¢
Rl and RIl receptor kinases activate iIEMAD pathways including PI3K/AKT,

MAPK (such as ERK1/2 and JNK), Riike GTPases, antlF-kB signalling(Guo &

Wang, 2009; Zhanet al, 2016) These pathways could participate in larger signalling
networks and crosstalk with-BMAD transcription factors to mediate the regulation of

several cellular processes depending on different contexts. Of note, internalization
through clathrirmediated enakcytosis of receptors plays a crucial role in the regulation

of TGFb / B MP s i(Rjgnlall) (Balaglyet al, 2013; Clemengt al, 2013; Ehrlich,

2016) In this context upon compartimentalization of activated receptons early
endosomes by clatin-mediated endocytosis, SMAD anchor for receptor activation
(SARA) is reported to enhance the SMADZ2/3 signalling by anchoring to the PI3P
enriched membrane of the endosomes and facilitating the association between the
receptor Rl and RSMADs (Sorkin & vonZastrow, 2009)Nevertheless, SARA activity

on the regulation of TGB/ BMP si gnalling is reported to
on the cell typgBakkeboet al, 2012) Caveolinmediated endocytosisiediates the
proteosond degradation of TG / B MP  r-lgané qompdex, leading to a negative
regulation of the signallingHeldin & Moustakas, 2016)he first evidence that led to
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hypothesize a role of cilium iMGFb / B MP s irggulatidn lisireprgsented by the

finding that the ciliary pocket is a crucial site for blat-mediated endocytos{€lement

et al, 2013) Indeed, upon ligand activation, T&F R| and RII accumu
observed at the ciliary bagsehere SMAD4 was enricheoh cultured mouse and huma
fibroblasts. Furthermore, internalization of receptors was reported to occur through
clathrirmediated endocytosis at the ciliary pocket to promote SMAD2/3 signéfligg

1.17) (Clementet al, 2013) ERK1/2 adtvation at the base of cilia was observed as well,
although it was not dependent on clathmediated endocytos{€lementet al, 2013)
Anotherevidencehat revealed the relevance of ciliain T8F BMP si gna&al | i ng
of the localizatiorat the centrosomeilium complexof some offGFb / BMP si gnal |
components, suchasTéF RI1 / 11 and SMAD2/ 3(ChrissehstrDed , and
al., 2017) These results obtained in fibroblasts have been strengthenidetiiéication

of SMAD2/3 and SMAD4, as well as ERK1/2, Rho GTPases, and AKT, by proteomics

of cilia through proximitylabelling (Mick et al, 2015) Cilia-mediated regulation of

TGFb/ BMP s i glaysa & lfundargental rolen bone formation and heart
development. Indeed, cilyalocalization of TGFb a nd B MPhasbeen regorted r s

to mediate human bone mesenchymal stem cells migration to bone and cstengen

vitro andin vivo (Labouret al, 2016; Xieet al, 2016; Zhangpt al, 2017a) The relevance

of ciliary regulation of TGFb si gnal l ing in heart devel op
several findingsFirst, nodal ciliaare able t@enerate a fluid flow at the embryonic node

to establish the latatasymmetryHirokawaet al, 2012) Therefore dysfuncton of nodal

cilia causes heterotaxy and congenital heart dis¢@b@atori & Hamada, 2014)
Furthemore,ciliary-mediatediGFb si gnal |l i ng has been repor
of mouse cancer stem cells and human mesenchymal stem cells to cardiomgowees

TGFb t empor al accumul ation and SMAD2/ 3 ac
(Clementet al, 2013) Another study repted that endothelial cilia prevent endothelial
to-mesenchymal transition induced by shear stress by reducing the SMADZAB

signalling in the endocardial cushion af&gorovaetal, 2011) Other evidence of cilia
involvement in the regulation TGF s i gn al ITG78AP< mutant fibrobéasts

carrying an hypomorphic mutation in tH&8 gene show reduced SMAD2/3 signalling

and decreased clathrimediated endocytosis at the base of cilia. From the other side,

TGFb signalling is reported to be involved
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function in sensory and motile cilids an example, TGB si gnal |l i ng was f
to decrease@xpression ofFT88 and consequently shortening of cilrmchondrocytes.
(Kawasakiet al 2015) FurthermoreSmad1/3° mice show an impaired orientation of

primary cilia in the growth plat@Ascenziet al, 2011). Deficiencyof primary cilia driven

by TGRb s i g n al | reportgedolinduseefitieekakiio-mesenchymal transition of

kidney epithelial cell§Hanet al, 2018) Furthermorealteration of mechanosensation and
maturation in human osteoblasisas been reported tbvikbe ass
HDACG6-driven shortening of cilia (Ehnertet al 2017) The importance of TGB

signalling ciliary regulation has been strengthen by the finding that loss of the subdistal
appendage protein CEP128 impairs FBF s i g hyaedducingrthg phosphorylation of
R-SMADs and causesdefective organ development in zebrafish morphants. Loss of

ciliary recruitment by CEP128 of RAB11, which is responsible for BGF r ecept or ¢
endosomal recycling, and defects in vescicular trafficlargglikely the causes of the
phenotype observed tepl28morphantgMonnichet al 2018) Primary cilia are also

shown to be involved in the differentiation of human adipose progenitors to
myofibroblastgArrighi et al, 2017) SMAD7 and SMURFllocalized at ciliainhibit the

TGFb signalling. SMAD7 has been repérted t
receptors and to reduce the migration and the invasion of tumor calgpbgssinghe

crosstalk between TGB r ecept ors and SMO (Genceldtth, si gna
2017) The E3 ubiquitin ligase SMURF1 inhibits SMAD1/5/8 phosphorylation at cilia to

regulate cell type specification during heart developritenivo (Koefoedet al, 2018)
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Figure 1.17 TGF-b signalling. TGFb si gnal |l i ng i s involved in th

processes, including cell differentiation, migration, and cell cycle control.-BGFr ecept or
kinases of type | and type Il (RI/Hfe activated by more than 30 pleiotropic ligands to poben

target gene expression through-SRMAD transcription factors (SMAD2/3 for T&F or
SMAD1/5/8 for BMP signalling canonical pathway) or neR-SMAD pathways (PISK/AKT,

MAPK, Rhelike GTPases, and NkB signallingi non-canonical pathways)nternalization of

TGFb r e cligapd complex is mediated by clathmmediated endocytosis at the ciliary

pocket. SMAD4nteracts with RSMADsfor translocation into the nucleus, while SMAD7
negatively regulates TGB s i g (Ckindntietnal, 2013)
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1.13 Cilia and Autophagy

Autophagy is a degradative process that promotes the incorporation of cellular
components into doublmembrane vesicles called autophagosomes. Consequently,
autophagy regulates the maintenance of cellular energy homeostasis upon nutrient
deprivation. A crgstalk between cilia and autophagy has been uncovered during the last
decades, starting from the observation that autophagy driven by serum starvation
promotes ciliogenesi@anget al, 2013) This effect has been shown to be caused by the
removal of oraffacialdigital type 1 (OFD1) protein, which is located at the basal body
and is necessarfpr cilia formationandleft-right asymmetry during developme(Fig.
1.18 A) (Morleo et al, 2023) Indeed, its dysfunction leads to the OFD1 syndrome,
classified as a ciliopathy. By contrast, another study has been published showing that in
MEFs basal autophagy (not induced by serum starvation) inhibits ciliogenesis through
the removal of IFT2@Fig. 1.18 A (Morleo et al, 2023; Pampliegat al, 2013) Thus,
basal autophagy has been proposed to inhibit ciliogettfesisgh IFT20 degradation,
while serum starvatiemduced autophagy to the removal of OFD1. Furthermore, other
studies show that the degradation of other proteins such as QHU1ét al 2021)
myosin heavy chain 9 (MYHY)Yamamotoet al, 2021) and kinesin family member 19
(KIF19) (Arora et al, 2020) through serum starvatiedriven autophagy promotes
ciliogenesis Fig. 1.18 A (Morleo et al, 2023) Furthermore, other proteins involved in
the regulation of both autophagy and ciliogenesis are represented by phosphoiBositide
kinase regulatory subunit 4 (PIK3R4/VPS15), which locala&ehe cilia ands involved
in the formation and release of IFT-pOsitive vesicles rbom the cisGolgi to cilia
(Stoetzelet al, 2016) and by PIK3CA, which localizes at the basal body and is
responsible for the synthesis of the ciliary pool of PI(H.(1.18 A (Francoet al,
2014; Morleoet al, 2023) The autophagy related 16 like 1 protein (ATG16L1), which
belongs to the ATG proteins responsible for the autophagosome biogenesis, is reported
to drive the INPP5HFT20 trafficking to cilia to promote ciliogenesifig. 1.18 A
(Boukhalfaet al, 2021; Morlecet al, 2023) As autophagy can influence cilia, it has been
proven that also cilia can affect autophagy. Indeed, upon shear stress primary cilia are
able to mediate thactivation of the AMPactivated protein kinase (AMPK), which is a
master regulator of the energy homeostasis of the(kkHaylova & Shaw, 2011)

through seringhreonine kinase 11 (STK11/LKB1). As a consequence, the mechanistic
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target of rapamycin (mTOR), which is a key regulator ¢f ge@wth, metabolism, and
survival, is inhibited leading to reduction of the cell sizeg(1.18 B (Boehlkeet al,
2010; Morleoet al, 2023; Orhoret al, 2016) During shear stress, also the upregulation
of ciliary component Folliculin (FLCN) occurs upstream to AMPK activatieig.(1.18

B) (Morleoet al, 2023; Zemirliet al, 2019) Other than fluid flowinduced shear stress,
also mechanical forces can induaetophagy through cilia. Indeed, primary cilia of
trabecular meshwork cells, which are localized in the anterior part of the eye, sense
mechanical stress and activate autophagy through AKT1 and SNMDED 3 signalling
pathways to regulate the homeostasithefintraocular pressur€ify. 1.18 B (Morleo et

al., 2023; Shimet al, 2021) Another evidence that cilia can affect autophagy is the
involvement of HH signalling pathway in the regulation of autophagy. Indeed, HH
ligandsactivate autophagy, while HH antagonists inhibit it. To reinforce this finding, it
Is reported that cells with ciliary defects display an impaired autophagy activiaipn (
1.18 B (Morleoet al, 2023; Pamplieget al, 2013) Takentogether, these findings show

that cilia and autophagy interplay each other.
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Figure 1.18 Autophagy and cilia.A) Basal autophagy and serum starvation autophagy have
opposite effects on ciliogenesis, through degradation of different ciliary proteins. B) Cilia
regulate autophagy in response to shear stress, HH signalling, and mechanica{Modss et

al., 2023)
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New insight into thenvolvement of mitochondria in the crosstalk between cilia and
autophagy ha been recently shown. Indeed, inducing in dopaminergic neurons a
mitochondrial stress as mitochondrial fission through the inactivation of OPAL, which
normally drives mitochondridiusion, leads to the increase of reactive oxygen species
(ROS) and activation of AMPK. This promotes the inhibition of mMTOR and consequently
the activation of autophagy, which leads to ciliogenesis through the degradation of OFD1,
even under nutrient cortgie condition Fig. 1.19 A (Baeet al, 2019; Morleoet al,

2023) This finding reveals that the mitochondrial dysfunction could stimulate
ciliogenesisthrough the activation of autophagy. Reversely, also cilia can affect
mitochondrial function in terms of energy production. Indeed, cilia of renal epithelial cells
could regulate mitochondrial biogenesis and lipophagy (which is the process of
degradationof lipid droplets through autophagy), which together promote ATP
production, by their capability to activate AMPK through shear stress sefsind (19

B) (Miceli et al, 2020; Morlecetal., 2023) In conclusion, cilia and autophagy display a
complex crosstalk, since autophagy could promote ciliogeaesiscilia through their

structural components or their signalling pathways could adigciphagy
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Figure 119 Mitochondria, autophagy, and ciliaA) Mitochondrial fission unducedy OPA1
inactivation or mitochondrial stress generates reactive oxygen species (ROS) and AMPK
activation, which inhibits mTOR and drives autophagic degradation of OFD1 leading to
ciliogenesis. B) Shear stress sensed by cilia induces AMPK activation &seéqsent
mitochondrial biogenesis and fatty acids release through lipophagy leading to ATP production
by mitochondria. This enhancesergy consuming procesggorleo et al., 2023)
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1.2 Ciliopathies

Ciliopathies are the group of disorders due to dysfunction of cilia. In general,
ciliopathies affect different tissues and organs, usually leading to polydactyly, obesity,
neurodevelopmental defects, and renal cystogefidgddebrandtet al, 2011; Reiter &
Leroux, 2017)Indeed, ciliopathies could give rise to multiple abnormalities or to single
organ malformationsThese disorders could be divided into motile ciliopathies, due to
the dysfunction of motile cilia, and immotile or sensory ciliopathies, caused by alterations
in primary cilia Fig. 1.20) (Reiter & Leroux, 2017) Furthermore, ciliopathies are
classified in other two main cathegories: famtder and seconrdrder ciliopathies. First
order ciliopathies include the ciliopathies due to the dysfunction of ciliary components
that mediate direct impairment of structure, assembly, maintenance, motilitpfibe
cilia), and signalling. Secorarder ciliopathies are caused by the impairment of extra
ciliary components that indirectly drive abnormalities in cilia machineries and pathways
(Reiter& Leroux, 2017)
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Figure 1.20 Schematic representation of motile and sensory ciliopathi€giopathies cause
abnormalities in several tissuea and organs. Orange boxes represent pathological defects
induced by moatile cilia dysfunction. Blue boxes represent pathological defects irnjuned

motile cilia. Green boxes represent pathological defects induced by both motile and immotile cilia
(Reiter & Leroux, 2017)
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1.2.1Motile ciliopathies

Motile ciliopathies are caused by dysfunction of motile cilia. Primary ciliary
dyskinesia (PCD) is characterized Isjtus inversus(due to abnormal leftight
asymmetry), sinusitis, atelectasis, and chronic bronchitis (caused by impaired motility of
cilia for mucus clearance in the airways), and male infertility (due to defects in the
locomotion of sperm cells). Female decreased fertility (caused by improper propelling of
the oocyte through the oviducts) and hydrocephalus (due to altered movement of the
cerbrospinal fluid) represent less common features of Rdidtani et al 2016)
Generally, PCP is caused by mtibns in ciliary components that directly drive cilia
motility (first-order ciliopathies), but there are cases where this disease is due to mutations
in genes encoding for proteins that are responsible of thasgembly of dynein
complexes before thetrafficking to cilia, asDYX1Cland DNAAF23 (secondorder
ciliopathies)(Mitchisonet al, 2012; Tarkaet al, 2013)
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1.2.2 Sensory ciliopathies
1.2.21 Autosomal Dominant Polycystic Kidney Disease: the most common ciliopathy

Autosomal Dominant Polycystic Kidney Disease (ADPKD) is the most common
ciliopathy, with a frequency of 1:560:1000(Torreset al, 2007) ADPKD pathogenesis
is characterized by progressive renal cystogenesis leading to kidney function failure
leading tochronic kidney disease (CKD) and esichge renal disease (ESRDprreset
al., 2007) Renal cysts derive from all the segnswiftthe nephron and liver and bile ducts
cysts have been described in ADPKD patients. Hypertension and intehenaeurysms
are other features of ADPKDIhis disease is due to les§function mutations ilPKD1
(85% of cases) anBKD2 (15% of cases) genes, which encode for polycystand
polycystin2, respectivelyFig. 1.21) (Bergmanret al, 2018)

ADPKD

* Typically adult onset

* Mutations in PKD1 (~80%) or PKD2 (~15%)

» Cystic kidneys (all nephron levels but
mainly distal regions), bile ducts and liver

* Hypertension in at least 20-40% of children
and adolescents and in most adult patients
(50-70% of patients before GFR decline)

® Intracranial aneurysms in ~8% of patients
(increased three-fold in patients with a
positive family history)

» ESRD in 50% of patients by 60 years of age )

Figure 1.21 Pathological features of ADPKDAdaptedirom (Bergmann et al., 2018)
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Polycystins form a complex that localizes in different cellular compartments, including
primary cilig and that is reported to prevent cystogenéBadetta & Germino, 2003)

Polycystins are described to play a role in modulating the activity of cCAMP, mTOR,

WNT, C&*, Hippo, and vascular endothelial growth factor (VEGF) signalling pathway
(Bergmanret al, 2018) Although ADPKD is inherited as a dominant genetic disease, its
molecular behaviour resembles the one of a recessive diseased, Iistieee the
inactivation of one allele has been reported to be not sufficient to give rise to the disease,

it has been proposed the presence of a fnAse
secondPKD allele or to the decrease of polycystins\attiunder a certain threshold

(Fig. 1.22 (Pei, 2001; Wallace, 2011)

Initiation Progression

dividing cell & B apoptotic cell

e |9

germ-line
mutation

{ 1t —

somatic mutation
or insufficient

expression of
PKD1or PKD2

Progression
factors

Salt Hzo

Figure 122 Schematic representation &DPKD progression step3he initiation of the disease

is due to a second hit that is represented by a somatic mutation on the second PKD allele or by
insufficient expression d?KD1 or PKD2. Progression of the disease is characterized by the
formation of focal cysts that becorfleid-filled and characterized by highly proliferative and
apoptotic cell{Wallace, 2011)
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1.2.21.1 Cilia-dependent cyst activation pathway in ADPKD

Cilia ablation through the inactivation of genes encoding for IFT proteins, such as
IFT88 (Pazouret al, 2000; Yodeet al, 2002) IFT20(Jonassemt al, 2008) andKIF3a
(Lin et al, 2003)is reported to induce renal cystogenesis, even at a lower level compared
to ADPKD. These findingshed lighfor the first timeon therelevance of cilian ADPKD
progression. Indeed, the disruption of cilia is supposed to induce renal cystogenesis by
causing the removal of polycystins at this compartmiéat.ertheless, the concomitant
disruption of cilia and polycystins ameliorates ADPKD phenotype in tefmenal
cystogenesigFig. 1.23) (Ma et al, 2013; Shaet al, 2020) Indeed, in mice where either
Kif3a or Ift20 were conditionally inactivated in the segments of the renal tubules
concomitanly withPkd1or Pkd2 kidney to body weight ratio, cystic index, and serum
urea nitrogen concentration resulted to be decreased compdrkdlizmdPkd2mutant
mice (Ma et al, 2013) Thus, the presence of a citi@pendent cyst activation (CDCA)
pathway has been hypothesized to be restricted to cilia and to be normally suppressed by
polycystins(Ma et al, 2017) Upon polycystins inactivation, this pathway has been
proposed to be activated leading to renal cystogen€ke eradication of this pathway
through the disruption of cilia ameliorates PKD phenotype. Studies showing that the
chemical ablation of primary cilia through ganetespib, an inhibitor of heat shock protein
90 (HSP90), ameliorates cystogenesis in ADPKilpport the hypothesis of the CDCA
pathway existencéNikonovaet al, 2018) However, the molecular players that belong to
this pathway are stielusive and cAMP, mTOR, and MAPK/ERK signalling seem not to
be involved(Ma et al, 2013)

by

Pkhd1-cre;

Pkhd1-cre; gk

Pkhd1-cre; Kif3aﬂ’"; Pkhd1-cre; Pkhd1-cre; Ift20"": Pkhd1-cre;
Kif3a™- Pkd 1™l Pkd 1™ Ift20™" Pkd2f Pkd2™f

Figure 1.23 Loss of cilia ameliorates PKD cystogenestg Representative images of kidneys of
PkhdZxcre;Kif3d"" (mild cystogenesis), Pkhdate;Kif3d";Pkd1"" (medium cystogenesis), and
PkhdZcre;Pkd1™ (high cystogenesis) mic®) Representative images of kidneys of Pkhd1
cre;1ft20" (mild cystogenesis), Pkhette;lft20";Pkd2"" (medium cystogenesis), and Pkhdl
cre;Pkd2™ (high cystogenesis) micgMa et al., 2013)
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1.2.22 Autosomal Recessive Polycystic Kidney Disease

Autosomal Recessive Polycystic Kidney Disease (ARPKD) is mostly due to missense
and truncating mutations in the polycystic kidney and hepatic diseaB&KHDQ).
PKHD1 encodes for fibrocgtin/polydactin, whichis a around 4000 residue protein
consisting of one transmembrane domain with a largeridinal tail and a short-C
terminal domair{Onuchicet al, 2002;Ward et al, 2002) Fibrocystin is localized at the
apical side of plasma membrane and at cilia because of the presence of a ciliary targeting
motif at its Gterminal domain(Follit et al, 2010; Wardet al, 2003) Fibrocystin is
expressed during embryogenesis and it is crucial for kidney development, since it is
involved in the correct branching of the ureteric bud. In the adult fibrocystin is expressed
in the kidney and, at a lower level, in the liver and in pa@creas. Furthermore,
fibrocystin has been reported to interact with PC2 within its complex with(fR@&hget
al, 2007) ARPKD usually manifests perinatally or during infancy and is characterized
by the development of renal cysts and bile ducts malformationsingaCKD and ESRD
(Fig. 124) (Bergmannet al, 2018) Renal cysts of ARPKD derivedm distal tubules
and collecting duct, while congenital hepatic fibrosis is caused by ductal plate
malformation, which is a feature of other ciliopathies, such as Joubert syndrome, Bardet
Biedl syndrome, and nephronophtigBergmann, 2015)Hypetension is extensively
reported in ARPKD patients, while intracranial aneurysms are found with low rate in
ARPKD patients(GuayWoodford & Desmond, 2003; Peret al, 2018) Neonatal
infants affected by ARPKD die after delivery for pulmonary dysplasia in the 20% of cases
(Bergmanret al, 2018) Some cases with a mild phenotype of ARPKD present mutations
in the DAZinteracting protein 4ike protein (DZIP1L), which encodder a TZ protein
(Lu et al, 2017) As in ADPKD, cAMP, MYC, and mT@& signalling pathways are
upregulatedFischeretal, 2009)
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* Typically paediatric onset

* Mutations in PKHD1 and DZIP1L

 Cystic kidneys (collecting ducts and distal
tubules) and bile ducts

* Hepatic fibrosis

* Hypertension in up to 75% of children
(often during the first few months of life)

* Intracranial aneurysms only described in
case reports

* ESRD in 60% of patients by 20 years of age j
.

Figure 1.24 Pathological features of ARPKDAdaptedirom (Bergmann et al., 2018)
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1.2.23 Joubertsyndrome

Joubert syndrome (JS) is a ciliopattgused bynutations in around 40 genes related
to primary ciliawhose products are localized in different ciliary compartments, including
the ciliarytip, the basal body, and the T#g. 1.25) (Van De Weghet al, 2022)

Cilium tip
CEP104
Cilium KIF7
proper SUFU
ARL13B
INPP5E v B9D1
ARL3 © BOD2
CEP41 Q
£ CC2D2A
CSPP1 | o | e
IFT172 | E
IET74 P TMEM67
g TMEM107
Basal body & TMEM216
TMEM218
ARMC9 TMEM231
C2CD3 = TMEM237
CEP120 Diffusion Ciliary AHIT
KATNIP barrier gate CEP290
KIAA0586 PDE6D | CPLANE1
KIAAO753 ! RPGRIP1L
OFD1 » Daughter TMEM138
PIBF1 centriole TCTN1
TOGARAM1 TCTN2
Unknown
localization: TCTN3
FAM149B1
HYLS1

Figure 1.25 Schematic representation of Joubert syndrorassociated proteinsJoubert
syndromeassociated proteins include proteins localized at the cilium proper, at the cilium tip, at

the basal bosy, and at the transition zone (TZ). Only FAM149B1 and HYLS1 are of unknown
localization.Adaptedirom (Van De Weghe et al., 2022)
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JS is characterized by mutirgan malformations that affect brain, eye, kidneys, liver,
and skeleton. JS is usually prenataliggnosed by magnetic resonance imaging (MRI)
through the appearance of a peculiarsmid ndbr ai n mal f or mati on
si gno (MaNakt&l)1997) The MTS is represented by cerebellar vermis hypoplasia
or aplasia, deep interpeduncular fossae, and thick and horizontally oriented superior
cerebellar peduncle&ig. 1.26) (Van De Weghet al, 2022)

Figure 1.26 Magnetic nuclear resonance image of Joubert syndrome molar tooth sigre
molar tooth sign (in redicle) is a midhindbrain malformation that represents a diagnostic
feature of Joubert syndrom&daptedirom (Van De Weghe et al., 2022)
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Conditional knockout mice of the ciliary genésl13b, Inpp5e and Talpid3 (a
centrosomal protein involved in the cilium assembly) recapitulate axonal tract
malformations and alterations of superior cerebellar peduncles decussation similar to the
one observed in human JS related diseases (JSRPLR7) (Bashford & Subramanian,

2019; Gucet al, 2019)

Optogenetic and chemogenetic activation of primary cilia signaling modulates axonal behavior
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Disrupted cilia signaling leads to axonal defects in cilia mutant projection neurons
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Figure 127 Schematic representation of axonal behavior regulation by cilia in physiology and
in diseaseAxonal behavior is moduladéy ciliary signalling, which is altered by the conditional
inactivation of Arl13b and Inpp5e ciliary genes.Conditional knockout mice for these genes
recapitulate axonal tracts malformations of Joubert syndrome related diseases (IBRDyt
al., 2019)
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Generally, during infancy JS manifestations comprehend hypotonia, tachypnea and
apnea, and eye movement anomalies. In some individuals these symptoms coexist with
ataxia and mental retardation. The 15% of JS patients could be affected by polydactyly,
liver fibrosis, or an eye malformation called coloboma, while retinal dystrophy and renal
cystogenesis and fibrosis occur in the 30% and 20% of cases, respe@taelye
Wegheet al, 2022) Of note, the severity of this disease has been associated with the type
of the two mutations: proteittuncating mutations cause severe manifestation of the
disease, witlearlyonset and abnormalitiés multiple organs, while missense mutations
induce a mild phenotype, with a late onset and restricted organ manifestations
(Hildebrandtet al, 2011)
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1.2.2.4Meckelsyndrome

Meckel syndrome (MKS) has been described for the first time in the XIX century by
Johann Friedrich Meckel in two siblings with occipital encephaloceledpotyly, and
polycystic kidneysThis recessive disorder is classified as a ciliopathy, since it is due to
mutatiorsin ciliary genes (reported ifig. 1.28) (Van De Wegheet al, 2022)

Cilium
proper

CEP290
CPLANET1
RPGRIP1L
TMEM138

Unknown TCTN2
localization: TCTN3

TXNDC15

Figure 1.28 Schematic representation of Meckel syndrorassociated proteing.he majority of
Meckel syndrome (MKSJssociated proteins are transition zone (TZ) proteikdapted from
(Van De Weghe et al., 2022)

Like in JS, also in MKS different combinations of mutations lead to a plethora of
phenotypes with different severity. Although some cases of survival during infancy have
been reported, MKS is usually prer perinatal lethal. Other features of this recess
multi-organ disordeare represented by congenital hepatic fibrosis aitds inversus
Additional brain malformation (as hydroencephalus), eye abnormalities (coloboma,
anophthalmia, microphthalmia), skeletal dysplasia, cleft lip and palate, condneaital
disease, lung hypoplasia, oral hamartomas, and ambiguous genitalia, are associated with

this ciliopathy(Barisicet al, 2015)
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1.2.2.5BardetBiedl syndrome

BardetBiedl syndrome (BBS) is a autosomal recessive disease classified as a
ciliopathy. Indeed, it is caused by mutations in 22 genes, including the ones encoding the
BBSome core proteins (BBS1, BBS2, BBS4, BBS5, BBS7, BBS8, BBS9,
BBS18/BBIP10) $¢eeChapter 1.1.1.3. In particular BBS1 mutations are associated with
the majority of BBS cases. The main manifestations of this syndrome include cognitive
retardation, retinal degeneration, cystic kidneys, polydactyly, anosmia, and infertility.
Other BBS featuregonsist ofsystemicmetabolsm alterations leading to diabetes
mellitus and obesityThese findings have contributdo demonstratean interplay
between cilia andystemicmetabolism gee Chapter 1.3) (Hildebrandtet al, 2011;
McConnachieet al, 2021)

1.2.2.6Nephronophthisis

Nephronophthisis (NPH) is the most frequent cause oktage renal disease (ESRD) in
children (Hildebrandt & Zhou, 2007)Three different subtypes of autosomal recessive
kidney disorder have been classified: infantilegnile, and adult NPH. Infantile NPH is
characterized by the onset of ESRD before the 5 years of age, with enlarged kidneys and
severe hypertension. Juvenile NPH represent the most common form leading to marked
tubulointerstitial fibrosis and the developnt of renal cysts in the cortical part of kidney
medulla from distal. The juvenile form of NPH is also characterized by polyuria,
polydipsia, and proteinuria. Extranal abnormalities have been described in some NPH
patients. Among them, retinal dystrgpipolydactyly, cerebellar vermis hypoplasia, and
cranicectodermal aplasia are encounted. The adult NPH displays similar features
compared to the juvenile form driving the onset of the disease later than 15 years of age
(Stokmaret al, 2021) This disease is due to mutations in 22 genes, most of which encode
for ciliary proteins. The latter have been found in different centrosmimien complex
compartment: basal body, distal appendages, transition zone, and inversin contpartmen
Others are reported to be involved in the IFT trafficking (report&ignl.29) (Stokman

et al, 2021)
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Figure 1.29 Schematic representation of nephronophtisissociated proteins.Most
nephronophtisisassociated proteins are localized at the centrosoiiiiem complex. Adapted

from (Stokman et al., 2021)
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1.2.27 Alstréom syndrome

Alstrom syndrome (ALMS) is a rare autosomal recessive disorder affecting less than
1:1,000000 individuals(Girard & Petrovsky, 2011)ALMS is caused by mutations in
ALMS1, most of which induces a truncated protein. Up to 100 mutations in ALMS1 have
been describe@oy et al, 2007) Main features of ALMS are obesity, type 2 diabetes
mellitus, and neurosensory defe¢@ollin et al, 2002) Differently from BBS, this
ciliopathy does not manifest with polydactyly and cognitive retardation.
Hypertriglyceridemia, which leads to acute pancreatitis, liver abnormalities,
hypothyroidism, growth hormone deficiency, and infestilare frequent features of
ALMS (Girard & Petrovsky, 2011) ALMS1 is a centrosome protein of 461 kDa,
ubiquitously expressedALMS1 presence in different tissuds in line with the
multiorgan defects that this disease indu@sard & Petrovsky, 2011)Although its
function has still not been completely elucidftALMS1 appeared to be involved in
primary cilia morphology, sice its inactivation results in longer cilia, amdaltered
TGFb/ BMP s(AhpmezShtia et raly 2021; Massague, 201d¥ee Chapter
1.1.24).
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1.3 Cilia, obesity, and diabetes

The evidence that a subset of ciliopathies, such as the BBS, MKS, and ALMS, are
characterized by the development of obesity, has suggested a possible role of cilia in the
regulation of appetite and hunger signalling. The removal of cilia thrsif@h and|ft88
ubiquitous inactivation in mice was reported to induce increase in food intake and
subsequently in body weight, showing that cilia could possibly be involved in the
regulation of satiety. Indeed, when the mice without cilia were subjected to the tiet of t
relative controls, they did not develop obesity, suggesting that cilia restrict food intake
(Davenportet al, 2007) Neuronal ablation of cilia confirathat thee organelles are
required for the regulation shtiety, since mice lacking cilia in neurons became obese.
Since hypothalamic anorexigenic propiomelanocortin (POMC) and orexigenic -agouti
related peptide (AgRPxpressing neurons mediate appetite signalling, cilia were ablated
from these neuronm vivo to test whether cilia are involved in driving obesity. The
removal of cilia in POM@:xpressing neurons led to increased food intake and obesity
(Davenporet al, 2007) Furthermore, cilia lacking POM€xpressing neurortisplayed
increased leptin, insulin, and serum glucose levels. Howevamn wice were subjected
to the restricted diet of the controls, they did not increase suggesting that they were
secondary to obesi{Berbariet al, 2013) Fat Mass and Obesi#yssociated (FTO) gene
is nearby the TZ protein RPGRIP1L gene, whose heterozygous inactivation leads to
hyperphagia and body weight inase. Moreover, it appears thigpgripllheterozygous
mice display reduced ACfositive neuronal cilia, suggesting that the lowering of
Rpgripllexpression could alter neuronal ci{tratigopoulot al, 2014) Furthermore,
one of the SNPs of FTO overlaps witht-like homeobox 1 CUX1) gene, which is a
transcriptional regulator of RPGRIP1L, further strengthening the involvement of this
ciliary protein in obesity developme(ttratigopoulost al, 2011; Vadnai&t al, 2013)

Among the ciliary GPCRs that appear to regulate energy homeostasis and body weight,
NPY2R is able to mediate the satiety signalling and it has been described that its ciliary
localization, mediated by BBSonmsteracting protein (BBIP10), is required to drive its
anorexigenic activity, although differeNpy2rKO mice are reported to display opposed
phenotypes with some showing reduced body weight to some that were mild obese with
an increased fat pad size qoaned to the relative contro[®Naveilhanet al, 1999;

Sainsburyet al 2002) Another ciliary GPCR implicated in satiety signalling is
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represented by melanconcentrating hormone receptor 1 (MCHR1), whosevatitin
drives increased food intake, while inhibition promotes anorexigenic e{®ctewsky

et al 2002; Quet al, 1996; Shimada&t al, 1998) Other examples of GPCR proteins
localized at cilia, which arenvolved in the regulation of satiety and energy homeostasis,
are dopamine recepto{lDRD1), kisspeptin receptor 1 (KISS1R), somatostatin receptor
3 (SSTR3), and serotonin receptor 6 (SHTRBY(1.30) (Vaisseet al, 2017)

Normal cilium IFT mutant BBS mutant ALMS mutant

— @ — W
JU ~

Jt Leptin receptor (Lepr)
M Ciliary GPCR (Mchr1, Drd1, Kiss1r, Sstr3, 5htr6, Npy2r)

Ciliary adenylate cyclase Il (Adcy3)

Figure 1.30 Scheme of signalling for the redation of energy homeostasis @drestrated by
cilia. Uponmutations otiliary proteinsrelated to intraflagellar transport (IFT)BardetBied!
syndrome BBS, and Alstrom syndrom@ALMS), the components of the signalling for the
regulation of energy homeostasis display an altéoedlization Mchrl: melaninconcentrating
hormone receptor 1; Drdl: dopamine receptor 1; Kisslr: kieptin receptor 1; Sstr3:
somatostatin receptor 3; 5htr6: serotonin receptdiaisse et al., 2017)

Furthermore, it has been published that cilia play a crucial role in the differentiation of
preadipocytes into adipocytes. Other than IGF1R upon insulin binding, also the free fatty
fatty acid receptor 4 (FFAR4) has been reported to drive adipogenesighhiA&LC3

driven cAMP increase and consequent exchange protein directly activated by cAMP
(EPAC) signalling to drive chromatin remodelling and adipogenic genes exprdsgjon (
1.31) (Hilgendorfet al, 2019)
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Figure 131 Scheme of ciliary FFAR4induced signalling to promote adipogenesis.
Docosahexaenoic aci@dHA) leads to ciliary FFAR4 activation, which promotes ciliary cAMP
and exchange protein directly activated by cAMP (EPAC) signalling to drive chromatine
remodeling and adipogenic genes activati@tfilgendorf et al., 2019)

Diabetes is driven by the incapability of the organism to drive the transmembrane
transport of glucose inside the cells upon insulin signalling. This phenomenon is known
as insulin resistance and could &&sociated to obesity. The possible role of cilia in
regulation of glucose metabolism is suggested by the evidence that type 2 diabetes
mellitus often affect BBS patients gnoh some casesalso ALMS patients. Cilia
disruption throughOfd1l and Bbs4inactivation in pancreatic islets is reported to impair

the signalling of IRGerdeset al, 2014) which has been detecteda database for cilia
together with another diabetsasceptibility gene, calcium/calmodulin dependent protein
kinase 1D (CAMK1D)Arnaiz et al, 2014) This findingfurther suppogthe hypothesis

of a possible regulation afystemicmetabolism by iia. In conclusion, although the
precise mechanisms leading to this regulation are not completely uncovered, some key
findings shed light on the role of cilia in both obesity and diabetes.
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1.4 Cellular Metabolism

The cellular metabolism consists either catabolic or anabolic pathways, which
comprisechemical reactiongatalyz2d by enzymesCatabolicpathway lead tothe
breackdown of metabolites to generateergy in the form of ATPwhile anabolic
pathway drivethe production of macromolecules starting frempler units with energy
expenditureln thefollowing chapters we report the main pillaxkcellular metabolism

giving insights into the metabolic reprogramming occurring in ADPKD.
1.4.1 Glycolysis

Glycolysis is the multistep process t#n reactions leading to the production of
pyruvate ATP and NADHstartng from glucoseUponnormoxiag thepyruvateproduced
through glycolysis is converted into aceGbA to fuel the tricarboxylic acid (TCA) cycle
andto driveoxidative phosphorylation (OXPHOS)uring this procesghe TCA cycle
generate thethe electron donors (NADH and FADRHnecessary for the al@on
transport chain (ETCwhere electrons pass through the mitochondrial respiratory chain
complexes(complex I, 1I, 1, IV) to be pumped into the intermerorane space of
mitochondria. The flow back of protons through the ATP synthase (complex V) saduce
the synthesis of ATRnd oxygen is the final electron acceptor leading to the production
of H20. Thus,the production of 388 moles of ATPoccursfrom 1 mole of glucose
Upon hypoxia, anaerobic glycolysis promotdse conversion of pyruvate to lactate
through lactate dehydrogenase (LDH), singésot available to support the OXPHOS
Despite thisprocess is less efficient in terms of ATP productes compared to
OXPHOS in the 1920sDtto Warburg discovered thedncer cells upon normoxia exploit
preferentially glycolysis rather than OXPHOS to produce enéfgy. 1.32 (Vander
Heidenet al, 2009; Warburget al, 1927) This effect isknown as aerobic glycolysis or
t he fi War bandgas supposead tb occur in cells with impaired mitochondrial
function. Howeversubsequent studies showed that some tudmreot display impaired
mitochondrialrespiration suggesting that the reason why the Warburg effectirs
should bedifferent Indeed, this process involve also the upregulation of glucose
transporters, such as GLUT, mompensate for the reduced efficiency in energy
production of aerobic glycolysis compared to OXPH@®&nder Heideret al, 2009)

Furthermore, increasing the expression of the glycolytic enzymes, such as hexokinase 2
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(HK2) and pyruvate kinase (PKM2) representomplementary strategy for cancerous
cells to undergo aerobic glycolysis instead of OXPH®Bromote proliferation

Differentiated tissue Proliferative Tumor
2 tissue
—lei—d —— Y or

+O)2/ \02 & s %
U2

Glucose Glucose Glucose
0, Pyruvate J O, Pyruvate
\ Pyruvate 5%/ \as%
Lactate l : : il i"‘\é Lactate
Lactate
CO,
Oxidative Anaerobic Aerobic
phosphorylation glycolysis glycolysis
~36 mol ATP/ 2 mol ATP/ (Warburg effect)
mol glucose mol glucose ~4 mol ATP/mol glucose

Figure 1.2 Scheme ofjlycolytic pathwaysGlycolysis is the process of oxidation of glucose to
pyruvate Upon normoxia, glucosderived pyruvate undergoes oxidative phosphorylation
(OXPHOS). Upon hypoxia, glucederived pyruvate undergoesaerobic glycolysis with the
production of lactate. Proliferative tissues and tumors are characterized by the Warburg effect
or aerobic glycolysis, since cells use glycolysis instead of OXPHOS to produce energy with the
production of lactatéVander Heiden et al., 2009)
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1.4.2 Lipid metabolism

Lipid metabolism mainly consists of fatty acignthesis (FAS) and fatty acid oxidation
(FAO). FAS is required for cell proliferation, since fatty acids are the buildingkblot
cellular membranesndeed, his anabolic pathwang upregulated in cancer, where tumor
cells are highly proliferativéDeBerardiniset al, 2008) FAS is responsible for the
synthesis of fay acids starting from acetygoA, which could derivéy citrate or acetate
As regard as thdtcate generated by the TCA cyclsTP citrate lyase (ACLY) is able to
covert the citrate into acet@oA and oxaloacetat@ the cytosal Then, acetylCoA is
carboxylatedby acetydlCoA carboxylase (ACC) to forrmalonytCoA. ACC displays
two isoforms: ACC1 and ACC2. ACCL1 allows the produttof malonytCoA as the
substrate for FAS and is preferentially expressed in lipogenic tissues, while ACC2 is
expressed in oxidative tissues and produce malGoy to inhibit carnitine palmitoyl
tranderase 1(CPTJ), which is the bottleneck enzyme foh® (Currieet al, 2013) Fatty
acid synthetase (FASN) produces mainly palmitate by catalysing sequential condentation
steps from malonyCoA and acetylCoA. Fatty acid elongases (ELOVL) and stearoyl
CoA desaturases (SCD) are responsible for palmitate elongation and desaturation at the
&9 posi ti onThesea reastipns edditovnerw\poly-unsaturated fatty acids
synthesigRohrig & Schulze, 2016)-AQO represents the altolic process by which fatty
acids shortening leads to the generation aafetytCoA, NADH, and FADH through
repetitive series of reaction8cetyl-CoA generated by FAO could be used to fine
TCA cycle to produce energys regard as energy productidafty acidsare able to
provide the double of ATP compared to carbohydrateteed,FAO rate is upregulated
upon nutrient deprived conditions to sustain the production of erfergy1.33. The
limiting step for FAO is the entry of fatty acids iritee mitochondria, where the oxidation
reactions occurnndeed, fatty acids with a carbon chémger than 14 carbons require
transporters to enter into the mitochondrial interspace and then into the mitochondrial
matrix. First, longchain fatty acids aractivated by thedngchain acylCoA synthases
(ACSLs), which generate acyloAs that are transported into the mitochondrial
intermembrane space through CPT1. The latter catalyzes the conversion-GbAsyl
into acylcarnitines. Then, acylcarnitines ardowed to pass across the inner
mitochondrial membrane by the activity of the carn#amglcarnitine translocaseln the

mitochondrial matrix CPT2egenerates ac¥loA from acylcarnitine. At this step, aeyl
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CoAs undergo the oxidative removal of successie carbons to generate aceGoA,
which fuels the TCA cycle-urthermoreNADH and FADH produced during FAO are
used to generate ATP throudietelectron transport chafjrloutenet al, 2016)

[ Long chain fatty acid ]

Carnitine

( Acyl-CoA

OQuter
Mitochondrial
Membrane

Inner
Mitochondrial
Membrane

Acyl-CoA

\\ cycle
Carnitine %
. —p | Acetyl-CoA

Figure 1.33 Scheme ofatty acid importand oxidation into mitochondria Fatty acid oxidation
consists of shortening of fatty acids to produce ageoA which could be used to fuel the TCA
cycle.

TCA
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1.4.3 Glutamine metabolism

Glutamineis a nonessential aminoacid that is synthetize by the cells throiinght
glutamine synthetase enzyme (GS). Neverthelessjehendof this aminoacidccould
exceed itgproductionmaking glutamine essential for the survival of the cell. Indeed,
glutamine is a source of both carbon and nitrogen for the siatbieother noressential
amimoacids, hexosamines, and nucleotid8kitaminederived nitrogen could also be
released as ammi. At the systemic level, glutamine represents an-otgan shuttle,
where some organs, such as the lung or the skeletal muscle, produce and secrete glutamine
that is consumed by others, suchiteskidney, which uses it for the adidse regulation.
Indeed, upon aciduria, glutamiderived ammonia is excreted together with organic

acids to restore the physiological fFg. 1.39 (Hensleyet al, 2013)

Normal

Glutamine
producers

Glutamine
consumers

Lungs

Skeletal
muscle
Liver

Kidneys ”

Immune
system

Figure 1.34 Scheme ofglutamine producers and consumers orgar(Slutamine is an inter
organ shuttlelungs and skeletal muscle are glutamine producers, while kidneys, liver, intestine
and the immunseystem are glutamine consumehslapted fron{Hensley et al., 2013)

At the cellular level, glutamine is usually converted into glutamate by glutaminase (GLS)

with released of ammonia.
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Glutamate is the precursor of glutathione, which is a ROS scavenger, and of other non
essential aminoacids as alanine, serine, glycmeaapartat@OeBerardiniset al, 2008)
Furthermore, mtaminederivedglutamlmt e i s abl e t-&G hECAcywaverte
intermediate, by transamin@sewhen glucose is available, or by glutamate
dehydrogenase (GDHypon glucose deprivation, leading to the release of amméania.

this step, glutamine e r i -K@ abuldbe usdeitherto fuel the TCA cycle and produce

ATP through OXPHOSyy a process named glutaminolysts to undergo reductive
carboxylation to generate citrate, which is then employed by ACLY to produce-acetyl
CoA for FAS(Fig. 1.3) (DeBerardinist al, 2008) Importantly, when glucose is scarce,
glutamine becomes the preferential carbon source to thelTCA cyclethrough
anaplerosis and, as a consequencesugiain thecell survival upon metabolic stress
(DeBerardiniset al, 2007; Yanget al, 2014; Zhanget al, 2017b) Another piece of
evidence othe glutamineolein cell survivalis represented by the finding thgititamine

as well as leucinas a keyactivatorof the serine/threonine kinaseaTORC1, which is
deeply involved in cell growth and protein tranglat(Jewell et al, 2015) All these
findings reveal the role of glutamine as a key metabolite involved in several processes
essential for the cellln highly proliferative cells, such as the cancerous ones,
glutaminolysis is upregulatddading to consier it as a hallmark of cancédeBerardinis

et al, 2008)
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Figure 1.35 Scheme ofjlutamine metabolism Glutamine isa preferential carbon and nitrogen
source for the cell. This aminoacid is involved in the synthesis of purines and pyrimidines and is
able to fuel the TCA cycle through anaplerosis. Furthermorgagline can promote lipid
synthesis through the generation of citrate by reductive carboxyl@eBerardinis et al., 2008)
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1.4.4 Metabolic rewiring in ADPKD

An important feature of ADPKD is represented by the metabolic reprogramming
involving several cellular metabolic pathways. Our group found out that this rewiring
includes enhanced aerobic glycolysis, which in the cancer field is known as the Warburg
effect. This process, described by Otto Warburg, drives the production of lactate from
pyruvate upon normoxia. Indeed, our group found tRkt1l mutant cells display
decreased glucose and increased lactate levels in their conditioned medium. However, the
efficiency in terms of ATP production of aerobic glycolysis is dramatically lower than
the one reached through the conversion of pyruvate ingyla€oA to fuel the
tricarboxylic acid (TCA) cycle in mitochondria. Thus, cells that undergo the Warburg
effect try to improve ATP production by increasing glucose uptake and utilization.
Indeed, tracing with labelledCs-glucose inrPkd1mutant cells regaled a higher glucose
uptake that resulted in increased lac(R@driniet al, 2018; Roweet al, 2013) To further
support the evidence of aerobic glycolysis in ADPKD, upregulation of the glycolytic key
enzymes such as hexokinaseHk) (which catalyzes the conversion of glucose in
glucose6-phosphate), lactate dehydrogenaseh@) (responsible of the coevsion of
pyruvate into lactate), and pyruvate kinase muscle isoformR&eh® (which converts
phosphoenolpyruvate (PEP) into pyruvate) was reportB#dd mutant cellsFig. 1.36)

(Rowe & Boletta, 2014)
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Figure 136 Schematic representation of glycolysis reactiomserobic glycolysis drives the
oxidation of glucose through different steps to prodoyeivate that once in mitochondria is
converted into acetyCoA to fuel the Krebs (TCA) cyclALDO: aldolase (gene); BGP:
biphosphoglycerate; 2;BPG: 2,3biphosphoglycerate; BPGM: biphosphoglycerate mutase
(gene); DHAP: dihydroxyacetone phosphate; ENGiolase (gene); FBP: fructosk6
biphosphate; GADP: glyceraldehy@phosphate; GAPDH: glyceraldehy@®ephosphate
dehydrogenase (gene); G6P: glucasphosphate; Gpi: glucose phosphate isomerase (gene);
HK: hexokinase (gene); LDH: lactate dehydrogenasenéyiePDH: pyruvate dehydrogenase
(gene); PDK: pyruvate dehydrogenase kinase (gene); PFK: phosphofructokinase (gene); PGK:
phosphoglycerate kinase (gene); PGM: phosphoglycerate mutase (gene); PK: pyruvate kinase
(gene); SLC2A: solute carrier family 2A; Tgriose phosphate isomerase (gen@gnes of
glycolytic enzymes differentially expressed in cystic kidneys of patients carrying Pkd1l mutations
compared to normal kidneys are expressed with astgfakse & Boletta, 2014)
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Another key feature of the ADPKD metabolic reprogramming is the defective oxidative
phosphorylation (OXPHOS), revealed by accumulétkde t 0 g | uKG} dear¢ased ( U
glucosederived TCA cycle intermediates, as succinate, fumarate, and malate, and
reducednitochondrial respiration iRkd1 in vitromodels Fig. 1.37) (Podriniet al, 2020;
Podriniet al, 2018)
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Figure 1.37 Scheme of labelled®Ce-glucose tracing oflactate and TCA cycle intermediates.
Coloured dots*Cs carbon atoms (yellow: glucose+6; dark brown: lactatem+3; light brown:
TCA cycle intermediates+2). White dots: unlabelled carbonstKG: Uketoglutarate; OAA:
oxaloacetateAdaptedirom (Podrini et al., 2018)
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Glutaminolysiss upregulated in ADPKD, since glutamine uptake and glutaihened
TCA cycle intermediates are reported to be upregul@edriniet al, 2018) Together
with glucose, glutamine is a key carbon source for the energy prodinainis
preferentially used to promote OXPH@SeBerardiniset al, 2007; Yanget al, 2014;
Zhanget al, 2017b) Glutamine is able to be converted into glutamate and tattieel
TCA cycl e t hr ou gHKGandthe dogvnstedrmn TCA Cyolainteoniedidies
(Fig. 1.38 (Podriniet al, 2018).

/_b- Citrate

OAA
Malate
) o0
Fumarate o-KG
@o 900
Succinate '\
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000068

Figure 1.38Scheme of labelled®Cs-glutamine tracing of TCA cycle intermediate€oloured
dots: **Cs carbon atoms (yellow: glutaminme+ 5 -KGUh+5; orange: TCA cycle intermediates
m+4). White dots: unlabelled carbondKG: U-ketoglutarate; OAA: oxaloacetatédaptedrom
(Podrini et al., 2018)

Glucose and glutamine deprivation promotes cell deatlirkdl inactivated cells,
suggesting that interfering with carbon metabolism could represent a therapeutic strategy
for ADPKD (Podriniet al,, 2018) A key role in glutamine usage in ADPKD is played by
asparagine synthetase (ASN@odrini et al, 2018) This enyme catalyzes the
conversion of glutamine and aspartate into glutamate and asparagine and is upregulated
upon amino acid depletiofKilberg et al 2012) and endoplasmic reticulum stress
(Kilberg et al, 2009) Indeed, both these cellular stress pathways promote the
phosphorylation of eukaryotic translation
control non derepressable 2 (GCN2) and Pi€ endoplasmic reticulum kinase
(PERK), respectively, and subsequemRNA transcription upregulation. ASNS
transcription is activated through the binding of the transcription factor ATF4 to an

enhancer at the promoter of this géRrgy. 1.39 (Lomelinoet al, 2017)
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Figure 1.39 Schematic representation of ASNS transcriptional regulatiohminoacid(AA)
depletion or ER stress drive phosphorylation of elF2 by GCN2 and PERK, respectively. Then,
ATF4 binds an enhancer in the promoter of ASNS to drive its exprékseioglino et al., 2017)

Indeed,Asnsresulted to be upregulated ikdZlin vitro andin vivo models, leading to
increased levels of asparagine and decreased aspartate Fayels40 (Podriniet al,
2018)

Glutamine Aspartate
Seed ASNS oo
Asparagine Glutamate

&8 Boso

Figure 1.40Schematic representation 6fCs-°N,-glutamine tracing referred to ASNS activity.
ASNS coverts glutamine and aspartate into asparagine and glutamate. Green“@ets:
glutamine derived carbons. Purple squaré¥,-glutamine derived nitrogen@odrini et al.,
2018)

Our group propose that ASNS could be a new therapeutic target for ADPKD treatment,
since interfering withAsnsreduces the TCA cycle fuelling driven by glutamine and

impairscell survival especially upon glucose deprivatiofPkd1lmutant cells at leagt
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vitro (Podriniet al, 2018) Glutamine underges reductive carboxylation Rkd1models.
Reductive carboxylation is the process by which glutamine is able to produce citrate and
subsequently lipogenic acet@loA resulting in fatty acid synthesis. Inde@#d1mutant

cells display increased glutamiderived palmitate levels and upregulated expression of
fatty acid synthasd~@sn), which is a key enzyme involved in fatty acid synthesis (FAS)
(Podriniet al, 2018) This upregulation of FAS appears to be causative of the ADPKD
decreased fattacid oxidation FAO) (Menezeset al, 2016) which is a key catabolic
process to produce energy, especially during fasting, by degradigghain fatty acids
(Houtenet al, 2016) Long chain fatty acids are activated by aCglA synthetase and
subsequently are imported into the mitochondrion by carnitine palmitoyl transferase 1
(CPT1) in the form of acylcarnitines. Then, carnita@ylcarnitine traslocase transport

them into the mitochondrial matrix, where CPT2 reconvertes acylcarnitines iGagy!

The latter undergo different steps of degradation to produce #efyland acyiCoA
shortened of 2 carbons. At this point ac&@ylA could fuel the T@ cycle to produce

ATP or undergo the ketone body synthgsisutenet al, 2016) In ADPKD models
decreased expression of the carnitine palmitoyl transferaseCptag(, the isoform
expressed in different tissues including liver and kidney, has been described as a
consequence of increased FAS, which drives increased ma&orylevels that inhibit
CPTL1. Interestingly, fenofibrate, an agonist of the Peroxisome prolifaeativated
receptor U (PPARU) that is able to increas
(Lakhia et al, 2018) To sum up, ADPKD is characterized by enhanced glycolysis,
glutaminolysis, FAS, andecreased OXPHOS and FAE]. 1.41) (Podriniet al, 2018)

which allows toconsider this monogenic disorder also as a metabolic issue.
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Figure 1.41Representation of the main pathways involved in the metabolic reprogramming of
ADPKD. G6P: glucoses-phosphate; F6P: fructosé-phosphate; F1,6BP: fructosk6
bisphosphate; 1,3BGP: IJdisphophoglycerate; 3PG: -Bhosphoglycerate; PEP:
phosphoenolpyruvat Ri5P: Ribulosé&-phosphate; X5P: xylulosg-phosphate; R5P: ribosg-
phosphate; S7P: sedoeptuled@hosphate; GAP:glyceraldehy@phosphate; MUFA:
monounsaturated fatty acid; SFA:saturated fatty acid; MalCoA: malGad; LCFA: long chain
fatty acid; FFA: free fatty acid;)KG: alphaketoglutarate Metabolites are written with the
colors related to the calculated fold change (FC) between cystic and control kidveys.
coloured metabolites: abundant in cystic versus control kidneys. Blue colouredhtesatess
abundant in cystic versus control kidnefdaptedirom (Podrini et al., 2018)

AMPK pathway has been found to play a crucial role in ADPKD metabolic
reprogramming, since its downregulation in PKidmotes glycolysis upregulation and
MTOR pathway activatiorfRowe et al, 2013) The strong interconnection between

metabolism and ADPKD is further supported by several studies showing that interfering
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with altered metabolic pathways ameliorates ADPKD phenotype. Our group showed that
chronic treatment with -BeoxyD-glucose (2DG), a fastingmimetic glucose analog,
amelioratesenal cystogenesia vivoin aPkdlinactivated mouse modéChiaravalliet

al, 2016) Furthermore, fasting has been found beneficial in slowing PKD progression,
since Pkd1l mutant mice undergone to caloerestriction displayed an ameliorated
phenotype through the activation of the AMPK pathvw#yarneret al 2016) This
finding supports the evidence of the beneficial effects of metfoffakiaret al, 2011)
rapamycin(Shillingfordet al, 2010) and 2DG (Chiaravalliet al, 2016)in retarding PKD
progression. ADPKD enhancedlutaminolysis has been targeted for therapeutic
treatments. In particular some studies have investigated the therapeutic potential of CB
839, a glutamilase (GLS) inhibitor, but its efficacy remains controversial, since it seems
to have beneficial effecia two Pkd1lmodels(Flowerset al, 2018; Soomret al, 2018)

but not in andter ongSoomroeet al, 2018) All these findings reveal that new therapeutic
targets for ADPKD treatment could @irtargets in the altered metabolism of this disease.
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2. AIM OF THE WORK

The presenthesisaims to investigate a possible crosstalk between primary cilia and
cellular metabolismBased on the evidence that ADPKD, which is the most common
ciliopathy, is characterized by a wide metabolic rewimmegurring at the cellular level
that affects glycolysis, glutaminolysis, fatty acid synthesis, fatty acid oxidation, and
oxidativephosphorylatn, we hypothesized thatlia could regulate theesponses to the
metabolic demands of tleells. Although it is already known that some ciliopathies, such
as BBS MKS, and ALMS, are characterized by defective systemic metabolism leading
to obesity and dibetesthe novelty of this work is that cilia display a cial role in
metabolism at the cellular levd8lhus, our work aims toncover the still not completely
elucidated function of the primary cilium the context o€ellularmetabolism regulation,
sinceshedling light ontherole of this cellularantennan physiological and pathological

contextscould reveal new therapeutic strategies to titeatiliopathies.
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3.RESULTS

3.1Primary cilia sense nutrient availability

To investigate whethgorimary cilia could be involved in the regulation of cellular
responses to their metabolic demands, we exposedpuoifecient cells to nutrient
deprivation using HBSS mediurmo exclude artefacts due to fixation, we performed live
imaging on Mouse Embrync Fibroblasts (MEFs) transduced with lentiviral vectors
carrying the ciliary marker ARL13B tagged with G3. expectedserum starvation led
to increased ciliary length compared domplete medium conditio(Fig. 3.1.1 A,B),
since serum starvation induces ciliogenesis by synchronising cells in GO/G{{ihase
et al, 2023) Indeed, the percentage of ciliated cellkich is a readout of cell cycle arrest,
increased significantly under serum starvation compared to complete, sesrexpeted
(Fig. 3.1.1 B). Interestingly, we observed thatitrient deprivatiorfurtherincreased the
length of cilia compared to serum starvatibig( 3.1.1 A,B). We found that this effed$
not due to a further exit from the cell cyatempared to serum starvatiogsince the
percentage of ciliatecellsdid not dramaticallychangebetween nutrient deprivation and
serum starvatiorHig. 3.1.1 B). Of note we observed that the nutrient deprivatanven
elongation of ciliaoccurred in different cell lines extensively used for studies on cilia,
such as human Retinal Pigment Epithelial (hRPE) cells, mouse Inner Medullary
Collecting Duct 3 (mIMCD?3) cells, aniMadin-Darby Canine Kidney (MDCK) type II
cells (Fig. 3.1.1 A,B). These resultshow that the capability of cilia to sense nutrient
availability is shared by different cell types both fibroblasts and epithelial cells from
different species (human, mouse, and dog) and witbrdiit tissue expression (embyyo
retina, and renal epitheliayuggesting that ¢heffect of ciliary elongation induced by
nutrient deprivation is related to the primary cilium strucpge se anddoesnot seem

to bedependent on the features of the cell type.
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Figure 3.1.1 Nutrient deprivation elongates cilia.A) Representative fluorescence and
immunofluorescence images of primary cilia of different cell lines (MRE13BGFP, hRPE,
mIMCD3, MDCK) under complete medium conditi¢h8%FBS) serum starvatiorf0%FBS)

and nutrient deprivatiofHBSS)(ARL13B green cilium; DAPI, blue nucleus). Scale bar: 10
um. Insets show the magnification of cilia. Scale bar: 10 pmQuantification of cilia length

and percentage of ciliated cells in the different cell lines, in the indicated condDatasin dot

and bar plos are mean +

SDror statistical analysisonew a y

ANOVA,
multiple comparisons testvas usegns: not significant, *p < 0.05, **p < 0.01, ***p < 0.0001.
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Thus, we wondered whether nutrient deprivatioiven elongation of primary cilia could
occur at earlier time points compared to 24 hours, which is reported in literature to be
sufficient to drive ciliogenesis and consequently to promote ciliary elongapon
serum starvation compared to serum compietedition(Pampliegaet al, 2013;Tanget

al, 2013).Thus, we performed a timourseanalysis byexposing cells to nutrient
deprived medium (HBSS) faghorttime points (48 hours) anddng time-points (24
hours). Of notegalthough the elongation of cilia induced by nutrient deprivation at early
time points was significantly reduced compared to late time pametiund that nutrient
deprivation elongated cilia starting from 4 hour&id. 3.1.2) compared to serum
deprivation both at early (8 hours) and at late time points (24 hours)
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Figure 3.1.2 Nutrient deprivation drives cilia elongation at early time poin@uantification of
cilia length in mIMCD3 cultured for either 8 or 24 h in serum deprivation (0% FBS) or 4,6,8,24
h in nutrient deprivation (HBSS). Data in dot plots are mean tFeDstatistical analysispne

way ANOVA, foll owed lisonsTesthas ysed*p m0.01t**pke ¢ ompe
0.0001.
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3.2 Cilia-deficient cells display altered glucose and glutamine metabolism

Since we found that cilia sense nutrient availability and elongate upon nutrient
deprivation, ve wondered whether the ablation of primary cilia could affect cellular
metabolism. Br this purpose, we generatiey CRISPR/Cas9 technologylia-deficient
MEF andmIMCD3 cells by knocking outhe Ift88 gene, which encas for an IFFB
protein essential faziliogenesigPazouret al, 2000) Thus, to confirm the disruption of
cilia by Ift88 inactivation we verified by western blot analystee absence of tHET88
protein and by IF usinganttARL13B antibodiesthe lack of ciliain Ift88 KO cells
compared to the relative controls, which displayed, as expected, IFT88 expression and
cilia (Fig. 3.2.1A,B).
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Figure 3.2.11ft88 KO cells generated by CRISPR/Cas9 technology do not display gijiaeft:
western blot analysis for IFT88 protein expression in cellular lysates lft881KO and control
(CT) MEF. Right: Representative immunoflu@esce images of primary cilia ift88 KO and
control (CT) MEFR(ARL13B green cilium; DAPI, blue nucleus). Scale bar: jim. Insets show
a magnification of the cell indicated by the arrow. Scale bar: 10B)reft: western blot analysis
for IFT88 protein expression in cellular lysates fritB88 KO and control (CT) mIMCD3. Right:
Representative immunofluorescence images of primary ciliit88 KO and control (CT)
mIMCD3 (ARL13B: cilium; DAPI: nucleus). Scabar: 10 um. Insets show a magnification of
the cell indicated by the arrow. Scale bar: 10 pm.
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First, we tested whether cil@eficient (ft88 KO) cells displayed differences in their
growth compared to controls upon complete (both nutrient and s&hjmmedium
condition. No overt differences were detectable between-dgfiwient and cilia
proficient cells(Fig. 3.22).
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Figure 3.2.2 Ciliadeficient cells do not display overt alterations in growth under complete
medium.Growth curves offt88 KO (green) and CT (blue) MEF under compléteth nutrient
and serunwrich) medium conditionThe cellular growth was measured at 8, 24, and 48 hours for
both 1ft88 KO and CT cells.

Sincenutrients are metabolized by the cell to ftlet TCA cycle and produce energy
within mitochondria, we wondered whethét88 KO and control cells could present
differences in their mitochondrial respiration, which is a readout of mitochondrial
function. Thus, we measured oxygen consumption rate JQiDRng timein basal
conditions and after sequential injection of oligomycin (mitochiahdespiratory chain
complex Vinhibitor that switches off the ATBroduction coupled respiration), FCCP
(uncoupler of the proton flux that inducestochondrialmaximal respiration), and a
mixture of antimycin A and rotenorfenitochondial respiratory chain complex Ill and |
inhibitors that completg shut down mitochondrial regjpition) by Mito Stress Test
according to Agilent protocal$Ve noticedthat upon both serum complete (10% FBS)
and serum depleted (0% FBS) conditiandMCD3 control cells showed that their
maximal respiratiofinduced by the injection of FCCP) wesmparable to the basal gne
which waslower compared to the one displayed INeF control cellsIndeed, IMCD
cells are reported to bglycolytic. Interestingly,like the growth curvesilia-deficient

cells did not displaglramatic differences in their mitochondrial respirattmmpared to
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their relative controlsndemutrientrich medium either with or without serurfig. 3.23
A,B).
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Figure 3.2.3 Cilia-deficient cells do not display overt alterations mitochondrial respiration
under nutrient-rich medium either with or without serum A) Left: analysis of OCR
measurement during time ift88 KO (green) and CT (blue) MEF under complete medium
conditions (10% FBS)for 24 h in basal condition and after sequential injection of oligomycin
(0), FCCP, and antimycin/rotenone (A/Right: analysis of OCR measurement during time in
Ift88 KO (green) and CT (blue) mIMCD3 under complete medium conditions foy iBdasal
condition and after sequential injection of O, FCCP, and ABR.Left: analysis of OCR
measurement during time [fi88 KO (green) and CT (blue) MEF under serum starvation (0%
FBS) for 24 h, in basal condition and after sequenti@ction of O, FCCP, and A/RRight:
analysis of OCR measurement during timéfi®8 KO (green) and CT (blue) mIMCD3 under
serum starvation (0% FBS) for B4in basal condition and after sequential injection of O, FCCP,
and A/R.
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However, when we exped|ft88 KO andcontrol MEF cells to serum starvaticand we
performed NMRspectroscopy metabolomics profilimy their conditioned media, we

observed a clear separation between their clusters thpugtipal componenanalysis

(PCA) (Fig. 324 A,B).
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Figure 3.24 NMR spectroscopy reveals thdtia-deficient cells shova clear separation in their
exometabolomaipon serum deprivationA) Schematic representation of NMR spectroscopy
exometabolomexperimental design. B) Principal Component Analysis (PCA) of extracellular
metabolites offt88 KO (green) and CT (red) MEF measured by NMR spectroscopy as in A

This result idue to significant differences betwek88 KO and CT conditioned media

in the levels of several metaboliteslonging to both carbon and aminoacid metabolism

(Table 3.1,3.2; Fig. 3.2.5A,B).
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MO (mM) IFT88 KO cells (mM) CTR cells (mM)
MO1 | MO2 | MO3 | KO1 | KO2 | KO3 | KO4 | KO5 |CTR1|CTR2|CTR3|CTR4|CTR5
2 l@ydroxybutyratg 0.025| 0.009 | 0.024| 0.087| 0.090| 0.100| 0.094| 0.106| 0.075| 0.094| 0.083| 0.078 | 0.080

Acetate 0.059| 0.038| 0.002| 0.189| 0.183| 0.164| 0.186| 0.169| 0.111| 0.116| 0.090| 0.129| 0.147
Alanine 0.000| 0.007| 0.008| 0.257| 0.285| 0.264| 0.280| 0.252| 0.134| 0.157| 0.174| 0.151| 0.134
Arginine 0.204| 0.173| 0.225| 0.253| 0.205| 0.217| 0.178| 0.241| 0.202| 0.153| 0.305| 0.172| 0.278
Ethanol 0.962| 0.970| 0.941| 0.911| 0.960| 0.925| 0.956 | 1.009| 0.862| 0.932| 1.029| 0.929| 0.972

Formate 0.015| 0.015| 0.015| 0.353| 0.355| 0.347| 0.348 | 0.342| 0.211| 0.208 | 0.228| 0.211| 0.207
Glucose 21.93023.033/22.152/16.690 18.086/17.517|17.623 17.797 11.468] 15.103/ 16.520, 15.940 15.764|
Glutamate 0.009| 0.007| 0.042| 0.319| 0.236| 0.288| 0.236| 0.263| 0.573| 0.707| 0.720| 0.559| 0.545
Glutamine 1.347| 1.596| 1.602| 0.513| 0.654| 0.615| 0.643| 0.561| 0.327| 0.455| 0.529| 0.416| 0.416

Glycine 0.369| 0.370| 0.353| 0.720| 0.730| 0.722| 0.720| 0.702| 0.645| 0.662| 0.712| 0.653 | 0.648
Histidine 0.128| 0.176| 0.170| 0.197| 0.161| 0.157| 0.168| 0.198| 0.184| 0.178| 0.223| 0.149| 0.136
Isoleucine 0.666| 0.603| 0.677| 0.620| 0.635| 0.596| 0.609 | 0.579| 0.572| 0.615| 0.648| 0.559| 0.613
Lactate 0.065| 0.051| 0.001| 4.398| 4.509| 4.391| 4.374| 4.151| 6.992| 7.145| 7.707| 7.040| 7.366
Leucine 0.682| 0.596| 0.546 | 0.538| 0.510| 0.635| 0.482| 0.558| 0.388| 0.557 | 0.668| 0.490| 0.511
Lysine 0.436| 0.609| 0.529| 0.784| 0.355| 0.608| 0.503| 0.554| 0.583| 0.552| 0.726| 0.580| 0.535

Methionine 0.228| 0.187| 0.179| 0.201| 0.204| 0.200| 0.201| 0.223| 0.176| 0.157| 0.169| 0.171| 0.177
Niacinamide | 0.027 | 0.030| 0.030| 0.032| 0.026| 0.024| 0.028 | 0.030| 0.000| 0.025| 0.024| 0.029 | 0.022
Phenylalanine | 0.372| 0.393| 0.377| 0.384| 0.375| 0.362| 0.365| 0.359| 0.314| 0.362| 0.405| 0.357| 0.342
Pyridoxine 0.017| 0.018| 0.014| 0.008| 0.015| 0.015| 0.027| 0.007 | 0.012| 0.000| 0.015| 0.014| 0.007
Pyroglutamate | 1.523| 1.551| 1.398| 1.318| 1.339| 1.543| 1.528| 1.512| 1.263| 1.660| 1.717| 1.532| 1.510
Pyruvate 0.006| 0.012| 0.018| 0.143| 0.153| 0.146| 0.150| 0.138| 0.069| 0.075| 0.093| 0.069 | 0.065
Threonine 0.611| 0.685| 0.659| 0.614| 0.724| 0.716| 0.751| 0.692| 0.720| 0.753| 0.757| 0.712| 0.713
Tryptophan 0.071| 0.062| 0.075| 0.076| 0.072| 0.077| 0.069| 0.056 | 0.062| 0.064 | 0.058| 0.062 | 0.048
Tyrosine 0.428| 0.411| 0.412| 0.405| 0.404| 0.405| 0.415| 0.395| 0.217| 0.377| 0.410| 0.378| 0.408
Valine 0.692| 0.697| 0.674| 0.608| 0.613| 0.607| 0.609 | 0.594| 0.562| 0.581| 0.613| 0.567 | 0.565

Table 3.1 List of NMR identified andquantified metabolitesConcentrationof each metabolite

is expresseth mM for unconditioned medium (MO) and for media conditioned by 1ft88 KO and
CTRMEEF cells. For MO, 3 replicates have been used. For KO and CTR, 5 replicates have been
used.
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IFT88 - KO cells CTR cells Student t-test Fold
change
Average | stdev | Average | stdev p-value sign | (KO/CTR)
(nM/num (nM/num
of cells) of cells)
2 l@ydroxybutyrate | 0.00742 | 0.00051| 0.00603 | 0.00603| 0.003 * 1.231¢)
Acetate 0.01390 | 0.00112| 0.00879 | 0.00879| 0.001 * 1.581¢)
Alanine 0.02087 | 0.00181| 0.01010 | 0.01010|{ 0.000005 * 2.066)
Arginine 0.01700 | 0.00187| 0.01548 | 0.01548| 0.816 NS 1.098(=)
Ethanol 0.07415 | 0.00387| 0.06965 | 0.06965| 0.183 NS 1.065(=)
Formate 0.02718 | 0.00118| 0.01568 | 0.01568| 0.000000: * 1.734¢)
Glucose 1.36705 | 0.07747| 1.10325 | 1.10325| 0.011 * 1.239¢)
Glutamate 0.02086 | 0.00224| 0.04560 | 0.04560| 0.000009 * 0.457Q)
Glutamine 0.04662 | 0.00604| 0.03152 | 0.03152| 0.003 * 1.479¢)
Glycine 0.05600 | 0.00253| 0.04890 | 0.04890| 0.001 * 1.145(=)
Histidine 0.01366 | 0.00125| 0.01275 | 0.01275| 0.414 NS 1.072(=)
Isoleucine 0.04737 | 0.00299| 0.04432 | 0.04432| 0.166 NS 1.069(=)
Lactate 0.34013 | 0.01981| 0.53440 | 0.53440| 0.000004 * 0.6360)
Leucine 0.04235 | 0.00386| 0.03847 | 0.03847| 0.310 NS 1.101(=)
Lysine 0.04340 | 0.01108| 0.04373 | 0.04373| 0.952 NS 0.992(=)
Methionine 0.01602 | 0.00072| 0.01252 | 0.01252| 0.000278 * 1.280¢)
Niacinamide 0.00219 | 0.00022| 0.00147 | 0.00147| 0.100 NS 1.493¢)
Phenylalanine 0.02873 | 0.00131| 0.02620 | 0.02620| 0.053 NS 1.097(=)
Pyridoxine 0.00115 | 0.00065| 0.00070 | 0.00070| 0.234 NS 1.649¢)
Pyroglutamate 0.11274 | 0.00880| 0.11314 | 0.11314| 0.954 NS 0.996(=)
Pyruvate 0.01138 | 0.00083| 0.00544 | 0.00544| 0.000002 * 2.092¢)
Threonine 0.05454 | 0.00546| 0.05384 | 0.05384| 0.796 NS 1.013(=)
Tryptophan 0.00545 | 0.00071| 0.00431 | 0.00431| 0.012 * 1.263¢)
Tyrosine 0.03154 | 0.00144| 0.02643 | 0.02643| 0.116 NS 1.193(=)
Valine 0.04722 | 0.00202| 0.04254 | 0.04254| 0.005 * 1.110(=)

Table 3.2 List of NMR identified andrelatively quantified metabolites and the corresponding
univariate analysis.Average and standard deviatios calculatedfor each metabolitéor KO

and CTRMEF samplesFold chang€FC), considered as the ratio between the mean value of the
two groups KOand CTRnet abol i t es windrelase af métabdlitleveRFC£0y7)

( Z Jecreasenf metabolite level0.7<FC<1.2 (=) metabolitelevel is not differentp-value is
calculated usig unpaired St u d e n-fail@d ttedt, fourth column). Statistically significant
differences in metabolites in KO vs CTR are expressed in bolavidmdisterisk ), NS: not
significant;*p < 0.05.
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Figure 3.2.5 Cilia-deficient cells showmpaired nutrient utilizationupon serum deprivation.
A) Hierarchical clustering of extracellular metabolites|fi88 KO (green) and CT (redyIEF by
NMR spectroscopy as 812.4A. The metabolites in bold are significantly different betw&#88
KO (green) and CT (red)B) Hierarchical clustering of extracellular metabolites of
unconditioned medium (MOft88 KO (green) and CT (red) by NMR spectroscopy &2mA.
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Of note,among the metabolites that chang#tB8 KO MEF cells displayed decreased
levels of glutamine and glucose uptake, mirrored by reduced mhat@ and lactate
production corpared to the relative control§Fig. 3.26), suggesting a possible
impairment ofcilia-deficient cells in the utilization of the two main carbon sources for

the cell
Glutamine uptake Glucose uptake  Glutamate production  Lactate production
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Figure 3.2.6 Cilia-deficient cells display impaired glucose and glutamine metabolism upon
serum deprivationBox and whiskeplots of glutamine and glucose uptake, and glutamate and
lactate production irft88 KO (green) and CT (red) MEF assessed by NMR spectrossoioy a
3.2.4 A. Box and whisker plots are represented with median and min to Feastatistical
analysis Student's unpaired twiailed t-testwas usep*p < 0.05, ****p < 0.0001.

Next, weconfirmedthese resultby LC-MS targetecendanetabolomics oit88 KO and
control cells cultured for 24 hours in partial serum starvatiogMEM + 0.5% FBS)
which is comparable to total serum deprivatibig. 3.2.7 A). Indeed, from the enriched
pathway analysis we found that the metabolites thahgdiabetweenlft88 KO and
controlMEF cells belonged to glutamine metabolism and TCA cy€ig.3.2.7 B). Since
glutamine is reported to be preferentially used for TCA cycle fuelthings capability to
be converted i nto g |-kuet taontal t LeK@)a ta thremiotl & n
mitochondrial respiration and energy productmoduction(DeBerardiniset al, 2007;
Yang et al, 2014; Zhanget al, 2017b) these data suggestdoht thealteration in
glutaminolysiscould be causative of the alteration in th€A cycle uncovered by
enriched pathway analysiBurthermore, as NMRpectroscopynalysis revealed, also
LC-MS metabolomics corroborated the evidence (@8 KO cells displayed a general

impairment of aminoacids metabolisrsince, other than glutamine and glutamate
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metabolism, also alanine, aspartate and arginine metabolism, together with aminoacyl

tRNA biosynthesis, were found to be altered by loss of @tig. 3.27 B).
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Figure 3.27 Cilia-deficient cells show altered aminoacid metabolism upon partial serum
deprivation.A) Schematic representation of IMLS targeted metabolomics experimental design.
B) Enrichment pathway analysis of IM'S targeted metabolomics as in A.
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Interestingly, the analysis showed that, other than intracellular glutamine and glutamate
decrease, also aspartate and asparagine levels are significantly different bfe®®&&&h

and control cells. In particular, we appreciated increased levels ofedepard decreased
levels of asparagine in cikdeficient cells compared to their relative contrélg(3.28).
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Figure 3.2.8 Cilia-deficient cells shovaltered glutamine and aspartataetabolism upon partial
serum deprivation. Box and whisker plots of intracellular levels of glutamine, glutamate,
aspartate and asparagine Ift88 KO and CT MEF assessed byIMS targeted metabolomics
as in3.2.7A.Box and whisker plots are representeith median and min to makor statistical
analysis,Student's unpaired twiailed t-testwas usep**p < 0.01, ****p < 0.0001.

Collectively, these datashowthat ciliadeficient cells present generalimpaimment of
nutrient utilization involving reduced glucose and glutamine utilization to produce
lactate and glutamate, and defective aminoacids metabolism with increased levels of
aspartate and decreased levels of asparagine ilit88eKO MEF cells. Of note, our
results reveadthat ako the TCA cycle is impaired cilia-deficient cellspossibly as a

consequence of fective glutamine conversion into glutamate induced by disruption of
cilia.
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3.3Glutamine, but not glucose, shortens primary cilia through mitochondrial
respiration fuelling

Since ciliadeficient cells displayed altered glutamine and glucose uptake and
utilization, we wondered whether these metabolites could have an effect onluiig. T
we supplemented HBSSvhich causes ciliary elongatiomwith either glutamine or
glucose and we measured ciliary length. Interestingly, glutamine, but not glucose, was

able to induce the shortening of primary cikag 3.3.1).
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Figure 3.3.1 Glutamine, but not glucose, shortens cilguantification of cilia length of different

cell lines (MEF, hRPE, mIMCD3, MDCK) cultured for 24 h in HBSS supplemented with either
Glucose (Glc) or Glutamine (QIpata in dot plots are mean with BDSFor statistical analysis,
Student's unpaired twiailed t-test or onewa y ANOVA, foll owed by
comparisons test, were usets: not significant, ****p < 0.0001.
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Furthermore, we found that cilia respond not onlystgpraphysiological levels of
glutamine 2-4 mM), usually present in commercial mediaut also to physiological
concentrations starting from 0.2 mMrig. 3.32), suggesting that cilia sensing of

glutamine could be physiologically relevant.
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Figure 3.3.2 Physiological and supraphysiological levels of Igtamine shorten cilia.
Quantification of cilia length in mIMCD3 cells cultured for 24 h in HBSS supplemented with
different concentrations of Q (0.2, 0.5, 1, 2, 4 mM). Data in dot plots are mia + SD.For

statistical analysispneway ANOVA, foll owed by Tuywasugels mul t |
*rxxp < 0.0001.
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We wondered whether this effect of glutamine was able to shorten cilia or to prevent their

elongation. To test this hypothesis, we cultured & CD3 cells under nutrient
deprivation and then we supplemented HBSS with glutarinterestingly, ve found tlat
the cilia shortened upon glutamine replenishment{#®héursFig. 3.3.3). As for ciliary
elongation by nutrient deprivation, also glutaminduced shortening of primary cilia

occurs at early timeoints
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Figure 3.3.3 Glutamine replenishment after nutrient deprivation induces the shortening of
primary cilia. Quantification of cilia lengthn mIMCD3 cultured for 24 h ineither serum
starvation (0% FBS) or HBSS and with glutamine replenishment for 4, 6 3atdin dotplots
are mean with + SDFor statistical analysioneway ANOVA, foll owed
comparisons testvas useg***p < 0.001, ****p < 0.0001.
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Since glutamine can be converted into glutamate andie® to fuel the TCA cycle to

drive oxidative phosphorylation (OXPHOS) and mitochondrial respirgfimn 3.34 A),

we wondered whether this could be the driver of ciliary shortenpan glutamine
supplementatiorlJpon acute injection of glutamine after 4 hours of nutrient deprivatio
cells displayed a decreased maximal respiration compared to the basal one in all the
culture conditions, suggesting that cells did not cope with the injection of FQ€ins

of promoting mitochondrial maximal respiratiddevertheless, cells cultured feither 4

or 16 hours under glutamine supplementation showed a dramatical increase of maximal
respiration compared to the basal one, suggesting that upon these conditions FCCP
injection was well tolerated by the celss expectedwe observed that glutane, but

not glucose, is able to induce a significant increase in mitochondrial respiration compared
to the relative contralipon glutamine acute injection, or supplementation to HBSS for

either 4 or 16 hourglriving ATP-production coupled respiratig¢fig. 3.34 B-D).
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Figure 3.34 Glutamine supplementationinduces mitochondrial respiration upon nutrient
deprivation A) Schematic representatiorf glutamine anaplerosis througts conversion into

gl ut amat e -kahdglthta&m) add feel tieUTCA cycle and drive oxidative
phosphorylation (OXPHOSR) Left: analysis of OCR measurement during time in MEF under
HBSS(blue)or HBSS supplementedth either Glucose (8) (green)or Glutaming(Q) (red) for

4h, in basal condition and after sequential injection of oligomycin (O), FCCP, and
antimycin/rotenone (A/R). Right: Quantification of basal respiration, -fifid@luction coupled
respiration, and raximal respiration as in Left. )OLeft: analysis of OCR measurement during
time in MEF under HBSS or HBS8ue) supplemented with either Glc (greea) Q (red) for

16h, in basal condition and after sequential injectio®oFCCP, andA/R Right: Quantiftation

of basal respiration, AT#production coupled respiration, and maximal respiration as in Dgft.

Left: analysis of OCR measurement during time in MEF under HBSS (blue) or HBSS
supplemented with either Glc (green) or Q (red) for 4h, in basal conditial after sequential
injection of Q, O, FCCP, and A/R. Right: Quantification of basal respiration, acute response,
ATP-production coupled respiration, and maximal respiration as in l2dta in colunms are

mean with + SDFor statistical analysisoneway ANOVA, foll owed by T
comparisons testvas usegns: not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p <
0.0001.
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As a control, we measured extracellular acidification rate (ECAR) upon glutamine and
glucosesupplementation. As expected, glucose, but not glutamine, caused an increased
ECAR compared to HBS$ejectingthe hypothesis that glutamuagiven shortening of

cilia is caused by variations in plAig. 3.3.5).
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Figure 3.35 Glucose, but not glutamine, acidifies the mediurheft: Analysis of ECAR
measurement during time referred t0.4.8. Right: Analysis of ECAR measurement during time
referred to 3.34 C.

Theseresuls suggested that primary cilia respond to glutamine for its capability to fuel

the TCA cycle and drive mitochondrial respiration.
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3.4Cilia sense mitochondrial function impairment and energy crisis of the cell

Since glutamine shortened cilia possibly by TCA fueling, we wondered whether cilia
could sense mitochondrial function and, as a consequence, the energy status of the cell.
With this purpose, we treatddEF and hRPEells with inhibitors of the mitochondtia
respiratory chain complexeki. 3.4.1 A) and we measured cilia lengilNe appreciated
a significant increase of ciliary length in cells treated with either antimycin/rotenone or
oligomycin compared to the relative contr¢isg. 3.4.1 B), suggesting that cilia sense
mitochondrial dysfunctionThis is in line with previous fidings that interfering with

mitochondrial function causes ciliary elongation in neu@azet al, 2019)
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Figure 3.4.1 Mitochondrial dysfunction leads to cilia elongatio®) Schematic representation

of Mitochondrial Respiratory Chain Complexes target®bfjlomycin, Antimycin, and Rotenone.

B) Quantification of cilia lengthin MEF (left) and hRPE (rightgultured for 2h in serum
starvation (0% FBS} either Antimycin/Rotenone (A/R) or Oligomycin (O)tdia dot plots are

mean with + SDFor statistical analysisoneway ANOVA, foll owed by
comparisons testvas usegdns: not significant, **p < 0.01, ****p < 0.0001.

103



Since mitochondria are the cenbf energy production and their dysfunction is sensed
by cilia, we hypothesized that cilia could sense the energy status of tHérselbf all

we verifiedupon nutrientleprivationthe activation of AMPKwhich isa central regulator

of energy homeoasis activated upon an energetic crisis to restore the energy balance of
the cell (Mihaylova & Shaw, 2011)AMPK is also reported tonediate shear stress
responses byeng activated by LKB1 which is localized at the centrosoroéium
complex(Boehlkeet al, 2010;Miceli et al, 2020) We appreciatedhcreased levels of
AMPK phosphorylation at Threonine 11pAMPK™?), which is a reasut of the
activation of AMPK induced by an energy imbalance of the cell, upon nutrient
deprivation without affecting the expression levelstatfal AMPK protein(Fig. 3.4.2).

th 2h 4h 6h T, 4h

+ + + + - -~ _— HBSS

- — _ + o+ + 10%FBS

_ — - - - + —  Metformin

- - - - - _ + AICAR
70— — - W o weme s DAMPKT'
70— - o - - AMPK
115 e G S b w Vinculin

Figure 3.42 AMPK activation bynutrient deprivation andAICAR. Western blot analysis for
PAMPK'*"?and total AMPK protein expression in cellular lysates from MEF under either HBSS
for 1, 2, 4, 6h or complete medium condition (10% FBS) for 4h + either Metformin or AICAR.
Vinculin was used as loading control.

To investigate whether cilia coukknse the energy status of the cell, we mimicked an
energetic crisis by chemical activation of AMPK through AICAR, an allosteric activator
of this kinase. Strikingly, we appreciated a statistically significant elongation of primary
cilia of cells treated wh AICAR compared to the relative controls treated with DMSO
without affecting the percentage of ciliated célsy. 3.4.3 A,B). This resultsuggests

that cilia sense energetic crisipon nutrient deprivatiothrough AMPK activation.
Collectively, our findings show that cilia sense the energetic imbalance induced by
nutrient deprivation, which drives the activation of AMPK. This result is also supported

104



by the evidence that disrupting mitochondrial respiratwhich leads to decreased
energy productions able todrive ciliary elongation
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Figure 343 AMPK activation by AICAR elongates cilia. A) Representative
immunofluorescence images of primary ci{iRL13B, green: cilia; DAPI, blue; nucleus)

hRPE under complete medium condition * vehicle (veh) or AIG&&e bar:5 um. B) Left:
guantification of cilia lengthand percentage of ciliated celle hRPE incomplete medium
condition (10% FBS) +vehick (veh) or AICARRIight: quantification of cilia length and
percentage of ciliated cells in mIMCD3 in complete medium condition (10% FBS) + vehicle (veh)
or AICAR.Data in dot plots are mean with £ SEor statistical analysisStudent's unpaired two

tailed t-testwasused ns: not significant, ****p < 0.0001.

Indeed these data suggest that the capability of primary cilia to sense nutrient availability
by elongating upon nutrient deprivation and by shortening upon glutamine
supplementation could be duettee mitochondriabctivity and, as a consequentiee

energy status of the cell.
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3.5 Glutamine supplementation upon nutrient deprivation partially rescues

metabolic stress

To investigate how glutamine affects thmetabolism upon nutrient deprivation, we
performed LGMS targeted metabolomics in wild type MEF cells exposed for 24 hours
to partial serum deprivation (DMEM + 0.5% FBS), nutrient deprivation (HBSS), and
glutamine supplementation (HBS8 mM Q) (Fig. 3.5.1A). Interestingly, we found that
glutamine was able to rescue, at least partiallyntbtabolic crisis induced by exposing
cells to nutrient deprived medium. Indeefliy metabolites, upon 137, differed
significantly between HBSS + Q and HBSS®tekestingy, not only glutamine and
glutamate, but also asparagine and aspartate levels were rescued by glutamine
supplementationas expected by previuos findingsdkan et al, 2018) (Fig. 3.5.1 B,C).
Furthermore, also metabolites belonging to the TCA cycle, suthk& and malate,
were rescued by glutamine supplementatiig. 3.5.1 B,C). Theseresultsstrengthen the
evidence that glutamine is the privileged source of carbon used by the celNeo dr
mitochondrial respiration andltimately ATP production(DeBerardiniset al, 2007;
Yanget al, 2014; Zhanget al, 2017b)
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Figure 3.5.1 Glutamine partially rescues metabolic stress induced by nutrient deprivaign.
Schematic representation of tNIS targeted metabolomics experimental design. B) Hierarchical
clustering of metabolites assessed byNiStargeted metabolomian MEF cellsas in A. n = 5.

C) Box and whisker plots of intracellular levels of glutamine, glutamate, aspartate, asparagine,
UKG, and malate assessed by-MS targeted metabolomics as infA= 5. Box and whisker

plots are represerd with median and min to malkor datistical analyss, oneway ANOVA,

foll owed by Tukey 6s, wasudegd™*rpd0£000t.o mpari sons test
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3.6 Cilia-deficient cells show decreased energy charges and fatty acid

oxidation under metabolic stress

Since we found that cilia respond to nutrient deprivation by elongating and to
glutamire supplementation by shortening, we exgabsiliadeficientMEF cells to these
conditionsand we performed L®IS analysigo verify whether the absence of cilia could
have areffect on metabolism upon nutrient deprivation and glutamine supplementation
(Fig. 3.6.1 A). As shown inthe volcano plot, differences in the energy metabolisre
detected between cilideficient and ciligproficient cells upon nutriertteprivation Fig.
3.6.1B). Indeedcilia-deficient cells revealed a significant reduction in energy chamges
terms of nucleotide triphosphate to nucleotide monophosphate (Fatjo 3.6.1 C),
suggesting that the absence of the primary cilimduces an impairment in the energy
homeostasis regulatiomhis finding corroborates our results showing that cilia sense the
energetic imbalance of the cell induced by nutrient deprivation and at least partially
rescued by glutamine through TCA cyclelfung to drive OXPHOS and&TP production.
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Figure 3.6.1 Cilia-deficient cells show impaired energetic metabolism under nutrient
deprivation.A) Schematic representation IoE-MS targeted metabolomias I1ft88 KO and CT

MEF in HBSS % glutamine (@pr 24h B) Volcano plot of metabolites ifi88 KO vsCT MEF in

HBSS for 24 hours as assessed byME& targeted metabolomics as in A. FC = fold change.

Bl ack dots:=0.p5 G OLo00g52FandO 0. 50. §rO®yLdg2BEC O 0.
dots: p <0.05 and0.5 > Log2FC > 0.5.¢. C)Box and whiskeplots ofenergy charges expressed

as ATP/AMP, GTP/GMP, and CTP/CNiPIft88 KO (red) and CT blue) MEF assessed lyC-

MS targeted metabolomies in A.Box and whisker plots are represented with median and min

to max.For statistical analysisStudent's unpaired twiailed t-testwas usefd*p < 0.05, **p <

0.01.
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Interestingly, we foundhat upon 4 hours of nutrient deprivatidft88 KO MEF cells
display an accumulation of carinitines amtcreasedcylcarntines levels(Fig. 3.6.2

A,B), uncovering a possible impairment of fatty acid oxidation (FAO), which is one of
the main drivers of energy production for the ¢ellbutenet al, 2016) SinceacyCoA
activated long chain fatty ag@re imported into the mitochondria through the carnitine
palmitoyltransferase 1 (CPT1) as acylcarnitines, we wondered whether it could be altered
in cilia-deficient cells.
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Figure 3.6.2 Cilia-deficient cells display decreased acylcarnitines under nutrient deprivation.

A) Schematic representation of IMS targeted metabolomicslit88 KO and CT MEF in either

partial serum starvation (0.5% FBS) or HBSS for #h= 5 B) Box and whisker plots of
palmitoylcanitine C16:0 and oleoylcarnitine C18:1 ift88 KO and CT MEF asssedby LG

MS targeted metabolomics as inm&= 5 Box and whisker plots are represented with median and

min to maxFor statistical analysispneway ANOVA, foll owed by Tukey?d
test was useg***p < 0.0001.
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Strikingly, we detected downregulated transcriptional levelshef isoform Cptla
(expressedalso in thekidney) upon nutrient deprivation both ilit88 KO MEF and
mIMCD3 cells Fig. 3.6.3).

s s

T MEF T mIMCD3
E; 1-5 _ whE EZ 1-5 - &

S s

E104 £10 4 I

g 2

< 05 J % < 05 |

= —_i— =i

g D L] L] g D I LI

& CT KO & CT KO

Figure 3.6.3 Cilia-deficient cells displaydecreased Cptla expression under nutrient
deprivation gRT-PCR ofCptlamRNA expression (fold change relativéHart) in Ift88 KO and
CT MEF (left) and mIMCD3right) under HBSSData in columns are mean + SD. Statistical
analysis: Student'snpaired twetailed ttest; **p < 0.01, ***p < 0.001

Furthermore, we verified the transcriptional expressionCpfla and Cpt2 which
reconverts acylcarnitines into carnitine and &glAs in the mitochondrial matrjin the
kidneys of a mouse model whel#88 is conditionally inactivated in renal tubules
(Ift88"/loxKspCreg at P35, when renal cystogenesiscurred Fig. 3.64 A,B). We
observed that bot€ptla and Cpt2 are transcriptionally downregulateBig. 3.6.4 C),
suggesting that the ablation of primary cilia induces a general impairment ob&#%O

in vitro andin vivo.
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Ift88 inactivation in renal tubules
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Figure 3.6.4 Absence of cilia in mouse kidneys reducéptl and 2 expressionA) Schematic
representation of conditional inactivation 88 in renal tubules bKspCre recomlnase. B)
Representative hematdixy and eosin staining for kidney tissues I{i88"/"*xKspCre and
1ft88">">x (CT) at P35. § qRTFPCR ofCptlaand Cpt2 mRNA expression (fold change relative
to Hprt) in Ift88" ™ KspCre and CT kidney lysates. Data in columns are mean +F3D.
statistical analysisStudent's unpaired twiailed t-testwas useg**p < 0.01.

Taken together, these resulsveal that ciliadeficient cells display decreased energy
charges and FAO, suggegtia general impairment of energy homeostasis regulation due

to absence of cilia.
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3.7 Cilia-deficient cells show impaired glutamine utilization anddecreased

asparagine production

Since our analyses revealed that glutamine is able to drive the shortening of primary
cilia possibly through the fueling of the TCA cycle, we wondered whether the ablation of
cilia could have an effect on glutamine utilization for mitochondrial respiration
Interestingly, we observed that cHigeficient MEF cells showed a decreased
mitochondrial respiration compared to the relative controls upon glutamine
supplementatio(Fig. 3.7.1). Similarly to both control anéft88 KO cellsundermnutrient
deprived condition dlia-deficient cellsupon glutamine supplementation did not well
tolerateFCCP injectioras compared to their relative contrtdlse evidence that cilia loss
impairs the capability of cells to drive mitochondrial respiratioggest that primary cilia
facilitate glutamine utilization into the TCA cyde produce ATP and restore the energy

status of the cell.

- CT
- CT+Q

QCR (pmal/minfa.u.)

0 20 40 60 80 100
Time (min})

Figure 3.7.1 Cilia-deficient cells display reduced utilization of glutamine to drivéochondrial
respiration. Top: analysis of OCR measurement during timétB8 KO and CT MEF under

HBSS (CT: blueKO: green) or HBSS supplemented with Glutamine (Q) (CT: red; KO: purple)

for 4h, in basal condition and after sequential injection of otigoin (O), FCCP, and
antimycin/rotenone (A/R). Bottom: Quantification of basal respiration,-géuction coupled

respiration, and maximal respiration as in Top. Data in columns are mean with £&D.

statistical analysispneway ANOVA, followed by Tukegd s mul t i pl e,wasaused ar i s on
ns: not significant, **p < 0.01, **p < 0.001, ***p < 0.0001.
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