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ABSTRACT

Centrosome number control is crucial for the faithful segregation of chromosomes
during mitosis. Centrosome amplification results into genetic instability and predisposes
cells to neoplastic transformation. To preserve tissue homeostasis, the increase in
centrosome number in healthy cells is invariably followed by a p53-dependent reduction
in the propensity to commit to additional cell cycles. It has been previously shown that
supernumerary centrosomes trigger p53 stabilization dependent on the PIDDosome (a
multiprotein complex composed by PIDDI, RAIDD and Caspase-2), whose activation
results in cleavage of p53°s key inhibitor, MDM?2.

Herein, I present evidence based on super resolution microscopy, yeast-two-
hybrid and reverse genetics demonstrating that PIDD1 is recruited to mature centrosomes
by the centriolar distal appendage protein ANKRD26, uncoupling surveillance of
centrosome number from ciliogenesis. Furthermore, I show that the centrosome
constitutively recruits the PIDDI full-length precursor, dynamically exchanging it with
the cytoplasmic pool. Remarkably, albeit independent from each other, both PIDDI
centrosomal localization and autoproteolysis are required for PIDDosome-dependent
Caspase-2 activation, since selective perturbation of either of these aspects resulted into
compromised PIDDosome activation, blunting thereby the ability of cells to undergo p53-
dependent cell cycle arrest. Moreover, | present evidence supporting the notion that
physical clustering of supernumerary centrosomes upon cytokinesis failure is needed to
overcome a PIDD1 concentration threshold that is limiting PIDDosome-dependent p53
activation in healthy cells.

In addition, in the context of DNA damage, activation of the complex results from
a p53-dependent elevation of PIDD1 levels independently of centrosome amplification. I
propose that PIDDosome assembly can in both cases be promoted by an ANKRD26-
dependent local increase in PIDD1 concentration close to the centrosome. Collectively,
these findings provide a paradigm for how centrosomes can contribute to cell fate

determination by igniting a signalling cascade.
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INTRODUCTION

Centrosome architecture

Centrosomes are non-membrane bound organelles found in most eukaryotic cells
and constituted by two rod-shaped structures called centrioles. Centrioles display a
cylindrical architecture and are characterized by an evolutionary conserved radial
symmetry. In fact, their clearest feature is the presence of nine microtubule triplets which
are circumferentially arranged to form a hollow scaffold (G6nczy, 2012). Analogously to
cytoplasmic microtubules, the centriolar microtubules are made of a- and B-tubulin
heterodimers, which, however, carry specific post-translational modifications (such as
acetylation, glutamylation or detyrosination), necessary to increase their stability
(Bobinnec ef al, 1998; Gundersen & Bulinski, 1986; Piperno & Fuller, 1985). Centrioles
present a distinct polarity in which a distal end can be distinguished from a proximal end
thanks to the presence of nine microtubule doublets instead of the triplets which nucleate
the entire structure. In a centrosome, the centrioles are connected by a flexible
proteinaceous linker and surrounded by a dynamic multi-layered protein network, the

pericentriolar material (PCM) (Fig. 1).
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Figure 1. Schematic structure and organization of the centrosome. Parent and daughter centriole are
tethered by a flexible linker (green) and embedded in a proteinaceous matrix (PCM, yellow). Only the fully
mature centriole carries the distinctive DAs (orange) and SDAs (red cones). Image from (Sillibourne &

Bornens, 2010).



The PCM is a highly structured array of proteins which embeds the centrioles and
sustains their function, acting as a docking platform for protein complexes involved in
regulation of intracellular trafficking and protein degradation (Pimenta-Marques &
Bettencourt-Dias, 2020). Its main function resides in the ability to recruit the y-tubulin
ring complex, making the centrosome the dominant microtubule nucleating centre of
vertebrate cells. The PCM is a highly dynamic protein condensate but characteristic
components have been identified and can be divided in scaffolding proteins (e.g.,
pericentrin or PCNT, CEP192, CEP152, CPAP, and CDK5RAP2) and effectors (e.g., v-
tubulin).

The fibrous linker is composed of several proteins (among which Rootletin,
CEP250/C-Napl and CEP68) and, together with microtubule-driven forces, it has the
main role of forming a loose tether between the two centrioles, generating the so-called
centrosome cohesion (Remo et al, 2020). This allows cells to maintain a single
microtubule organizing centre until mitosis onset, when the two newly formed
centrosomes will migrate apart to serve for mitotic spindle organization thanks to the
dissolution of the linker via phosphorylation by the mitotic kinase Nek2A (Fry, 2002).

Another feature of vertebrate centrosomes is the presence of centriolar satellites,
electron-dense membrane-less granules that cluster in the vicinity of centrioles. These
granules are acentriolar assemblies of centrosomal proteins in which PCM1 seems to be
the essential scaffold protein (Quarantotti ez al, 2019). Even if their precise contributions
remain elusive, centriolar satellites are thought to be important regulators of all
centrosome activities, from duplication and maturation to microtubule cytoskeleton
organization and ciliogenesis.

Inside a centrosome the two centrioles are not equivalent, and they can be
distinguished one from another based on their age and structure (Nigg & Stearns, 2011).
In fact, the older one (or parent centriole) is the only fully mature centriole and carries
two sets of proteins close to its distal end, namely Distal Appendages (DAs) and Subdistal
Appendages (SDAs), the latter of which present only in vertebrates (Fig. 1).



Centriole appendages

DAs and SDAs differ quantitatively, morphologically, biochemically, and
functionally (Uzbekov & Alieva, 2018). The first difference between the two sets resides
in the fact that whereas DAs are present as ninefold symmetrical structures which
decorate the very distal part of the centriole wall, SDA number, distribution and shape
vary significantly across species and among cell types. In fact, SDA variability could
reflect differences in cell age and functional state. Even if both appendage sets were firstly
imaged in the ’50 thanks to electron microscopy, only recently a more detailed
characterization has emerged, shedding light on both their structural composition and
their functional role.

Combining centrosome proteomics, immunofluorescence microscopy and RNAI,
Tanos and colleagues identified a set of five DA proteins and the presence of a discrete
hierarchy in their recruitment to the centriole (Tanos et al, 2013). Few years later, two
landmark works confirmed these data and refined the definition of DA architecture,
employing superresolution techniques such as direct stochastic optical reconstruction
microscopy (dSTORM) (Yang et al, 2018) and correlative 3D STORM/electron
microscopy (Bowler ef al, 2019). DA assembly begins with the recruitment of C2CD3.
This distal end centriole protein resides inside the centriole lumen and is essential for DA
priming, despite not being considered a DA protein per se. Downstream to C2CD3,
CEP83 occupies the innermost region of a DA and it is responsible for the recruitment of
SCLT1 and CEP89. SCLT]1, in turn, is the docking site for three other proteins, namely
FBF1, CEP164 and ANKRD26 (Fig. 2).

SDA assembly is driven by ODF2 recruitment to the centriole wall, followed by
CEP128, CCDC68 and CCDC120. Downstream of these proteins, centriolin, Ninein and
CEP170 are recruited (Fig. 2) (Chong et al, 2020). In contrast to the well-defined DA
epistasis, SDA formation is more elusive, since CCDC68, CCDCI120 and Ninein all
independently concur in CEP170 localization. Moreover, the fact that both Ninein and
CEP170 are present in two distinct pools (one distal, involved in SDA formation, and one
at the proximal end of the centriole) makes the fine dissection of epistatic relationships
more difficult.

Even if the two appendage sets comprise biochemically and spatially distinct
pools of protein, it has been recently demonstrated that a certain degree of coupling

between DAs and SDAs exists (Chong et al, 2020). In fact, DA depletion induces SDAs
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to occupy a broader distal region, implying that DAs act as a physical barrier for SDA
positioning. Furthermore, it has been shown that appendage composition exhibits some
crosstalk, since both ODF2 and CEP89 display dual localization with one pool dependent
on DAs and the other on SDAs (Fig. 2). Another layer of complexity is represented by
the fact that, once assembled, appendages are not immutable structures, but they undergo

a remodelling process dependent on cell cycle (Bowler ef al, 2019).
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Figure 2. Schematic of DA and SDA architecture. DAs and SDAs are two sets of proteins which decorate
the distal end of parent centrioles. Their composition has been described, both in terms of protein
localization (left panel) and epistatic relationships (right panel). Of note, C2CD3 is indispensable for DA
formation despite not being considered as a DA protein (Ye ef al, 2014). Asterisks indicate proteins
involved in appendage assembly but whose precise localization has not been mapped yet. Image from

(Tischer et al, 2020).

The centrosome cycle

In proliferating cells, the centriole number is tightly controlled. This is achieved
by a multistep centrosome cycle which is tightly synchronized with the cell cycle and
allows cells to duplicate their centriole number, building up two centrosomes right before
mitosis (Nigg, 2007). This leads to the presence of two structures with microtubule

nucleation capability which assist chromosome segregation during mitosis and equip each
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daughter cell with its own fully competent centrosome at the end of cell division (Fig. 3)

(Nigg & Holland, 2018).
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Figure 3. The centrosome cycle in relation to the cell cycle. In S phase, concomitantly to DNA
replication, centriole duplication starts by the formation of procentrioles, which elongate to reach full length
during G phase. At the same time, both centrioles undergo extreme PCM expansion. At Go/M transition,
the two centrosomes are separated and concur to form the poles of a bipolar mitotic spindle. Following
cytokinesis, every daughter cell inherits a centrosome, whose centrioles disengage during the following G,
phase, licensing them for a new duplication cycle. When cells enter quiescence (Go), the centrosome can

act as basal body for primary cilium nucleation. Image adapted from (Takeda et al, 2020).

At the beginning of cell cycle (G), each cell has a single centrosome. At the G1/S
transition, both parent and daughter centriole nucleate a new single procentriole, at a
proximal site, perpendicular to each existing structure. The first steps of procentriole
formation require a well-defined core of five evolutionary conserved proteins: PLK4,
CEP192, CPAP, STIL and SAS6 (Gonczy & Hatzopoulos, 2019). Of these, PLK4 is
recognized as the master regulator of the process (Habedanck et al, 2005; Bettencourt-
Dias et al, 2005) since it catalyses the formation of the central cartwheel, a ring-like

structure with nine-fold symmetry that serves as template for procentriole biogenesis
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(Kim et al, 2016; Moyer & Holland, 2019). Importantly, when PLK4 is depleted,
procentriole formation cannot occur; on the other hand, its overexpression exerts the
opposite effect, leading to centrosome amplification (Kleylein-Sohn et al, 2007). Once
primed, procentrioles elongate and they reach full length before mitosis. Their
distinguishing feature is the inability to recruit PCM. As a result, procentrioles do not
contribute to microtubule nucleation, remaining functionally quiescent at this stage.
Procentrioles enter mitosis still associated with their parent centriole and this association
persists until late mitosis/early Gi.

In G2 phase, substantial changes in centrosome structure occur. In particular, PCM
massively expands (a phenomenon called centrosome maturation), increasing the
abundance of y-tubulin ring complexes which will catalyse the formation of the mitotic
spindle. This event is mainly guided by phosphorylation events performed by Plk1 and
Aurora A kinases. Concomitantly, the daughter centriole begins to be sequentially
decorated by both DA and SDA components. This process starts in G2 phase, continues
throughout mitosis, and ends only during the Gi phase of the subsequent cell cycle.
Appendage acquisition marks the conversion of the daughter centriole to a parent
centriole. Eventually, once inherited by a daughter cell, this centriole will be the oldest
available centriole in that cell. Coupled with the DA epistatic relationships discussed
above, a temporal hierarchy in the assembly can be seen: C2CD3 is recruited to the
daughter centriole wall during G2, followed by CEP83, CEP89 and SCLTI in early
mitosis, and FBF1, CEP164 and ANKRD26 in late mitosis (Wang et al, 2018; Bowler et
al, 2019). At the same time, transient remodelling events occur also on the old parent
centriole, leading to the loss of more peripheral appendage proteins, which will reappear
in late mitosis/early G (whereas the inner components, such as CEP83 and SCLT1 for
DAs and ODF2 for SDAs are retained as a permanent scaffold). The functional relevance
of this remodelling phenomenon is not entirely clear but it has been hypothesized that it
would facilitate appendage-related functions in mitosis, reducing the otherwise
imbalanced protein composition of the old and young parent centrioles (Bowler et al,
2019; Sullenberger et al, 2020).

At mitosis onset (G2/M transition), the tether between the two original centrioles
is resolved (an event called centrosome disjunction) thanks to the Nek2A kinase-
dependent phosphorylation of CEP250/C-Nap1 and Rootletin (Bahe et a/, 2005; Hardy et
al, 2014). Once the proteinaceous linker is disassembled, the microtubule plus end-

directed kinesin Eg5 guides an active centrosome separation (Blangy et al, 1995). This
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migration culminates in the establishment of two poles in the dividing cell, an event
sustained by microtubule motor proteins which exert dynein-dependent forces (Merdes et
al, 2000). The presence of a bipolar mitotic spindle assists chromosome segregation.
Once mitosis is completed, upon physical division of mitotic cells, each daughter cell
inherits a single centrosome.

Eventually, in parallel to full appendage re appearance at both parent centrioles,
the procentrioles become daughter centrioles by undergoing centriole disengagement, i.e.
they lose their tight association with their respective parent centriole (even though a
proteinaceous linker persists). At centriole disengagement, the parent centriole reduces
its PCM and at the same time the newly formed daughter centriole acquires its PCM, an
event termed centriole-to-centrosome conversion, essential for the acquisition of full
competence for duplication (Wang et al, 2011). Thanks to this highly controlled cycle,
each cell can build up a second centrosome which, upon mitotic division, can be passed

on to each daughter cell.

Canonical centrosome functions

The centrosome is the main microtubule-organizing centre of mammalian cells,
as it is primarily involved in the regulation of the microtubule cytoskeleton during
interphase and in the assembly of a bipolar mitotic spindle during cell division. For this
reason, it influences a wide range of microtubule-associated processes, such as cell shape
determination, cell division, cell fate determination, motility, polarity, intracellular
trafficking, and positioning of other organelles inside the cell (Gonczy, 2012).

Remarkably, centrosomes are not strictly necessary for mitotic spindle formation
(Debec et al, 2010). For example, even if higher plants have evolutionary lost these
organelles, they are still able to segregate their chromosomes relying on a microtubule-
based mitotic spindle (Schmit, 2002). Laser ablation and microsurgery experiments in
animal cells yielded conflicting results about the requirement of centrosomes for cell
cycle completion. For example, it has been shown that they are not strictly indispensable
for somatic cells to progress into and out of mitosis (Uetake et al, 2007). Moreover, it has
been reported that the destruction of centrosomes in the preceding interphase does not
prevent the formation of a bipolar spindle and a timely mitotic exit (Khodjakov et al,

2000; Basto et al, 2006) but it rather leads to defects in cytokinesis and to an inability to
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enter a subsequent S-phase (Piel et al, 2001; Hinchcliffe et al, 2001; Khodjakov & Rieder,
2001). However, a major caveat in interpreting these studies lies in the use of techniques
as laser ablation and RNA interference to remove centrosomes. In fact, such methods
create cellular stresses which can account for the reported phenotypes.

The development of chemical inhibitors which specifically target key regulators
of centriole biogenesis (e.g., the PLK4 inhibitor centrinone)(Wong et al, 2015) allowed
to establish that non-transformed cell lines lacking centrosomes undergo a G arrest after
a few cell cycles (Fong et al, 2016; Lambrus et al, 2016; Meitinger et al, 2016). Nowadays
it is well established that centrosomes per se are non-essential for mitosis (Meraldi, 2016).
Nevertheless, they play a critical role in the completion of a rapid faithful segregation of
large chromosome sets (Sir et al, 2013; Wong et al, 2015) and they are at least important
for the control of the positioning and the orientation of the bipolar spindle and for its
timely assembly during the early stages of cell division (Meraldi, 2016).

Another centrosome function connected with microtubule-organizing capability
resides in their involvement in cilia formation. Cilia are instrumental organelles for cell
motility and fluid movement (motile cilia), and for extracellular environment sensing,
such as mechano-transduction and signalling transduction (non-motile or primary cilia).
Most mammalian cells (including stem, epithelial, endothelial, and muscle cells, as well
as connective tissue and neurons) possess a single primary cilium which protrudes from
their surface. Primary cilia are specialized compartments enriched with receptors which
assist signalling cascades that are fundamental during development and tissue
homeostasis, such as Hedgehog, Wnt, and TGF-f3 pathways (Singla, 2006).

Primary cilia are formed in interphase when the centrosome (specifically the
parent centriole) docks at the plasma membrane, at the future site of cilium emanation
(Ishikawa & Marshall, 2011). The membrane-docked centriole (basal body) elongates
and templates the growth of the cilium microtubule backbone (axoneme), that consists in
nine radially disposed microtubule doublets directly emanating from the basal body (Fig.
4).

Centriolar appendages are necessary for ciliogenesis. In fact, the first steps of this
process involve the recruitment of Golgi-derived vesicles to the DAs. These give rise to
the formation of a ciliary vesicle which covers the parent centriole distal end, enabling
the subsequent docking and fusion with the plasma membrane. In the absence of DAs,
primary cilia completely fail to form (Tanos et al, 2013). Conversely, the role of SDAs

in ciliogenesis is less clear since they seem dispensable for this process (Mazo et al,
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2016). Several functions have been shown for these appendages: they aid basal body
positioning through cytoplasmic microtubule anchoring (Mogensen et al, 2000), they
concur to link the basal body to the Golgi (Mazo et al, 2016), and they promote basal
body alignment in multiciliated cells (Kunimoto et al, 2012; Clare et al, 2014).

A Axoneme
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Figure 4. The primary cilium. Transmission electron micrograph depicting a longitudinal section of a
primary cilium, emerging from the apical surface of a cell. The parent centriole (magenta), thanks to its
distal appendages (cyan), docks at the plasma membrane and nucleates the axoneme (green). MTs:

microtubules. Scale bar: 500 nm. Image from (Narita & Takeda, 2015).

Contrary to mitotic spindle assembly, cilia biogenesis categorically depends on
the presence of a mature centriole, a notion that is strongly supported by human molecular
genetics. In fact, defects in both structural and regulatory centriolar components often
result into cilia-related syndromes (referred to as ciliopathies), characterized by
distinctive traits such as microcephaly, cerebral malformations, cystic kidneys, retinal
degeneration, and infertility (Fliegauf et al, 2007). Considering the different requirement
of the centrosome in mitotic division and in ciliogenesis, it has been hypothesized that
this organelle has evolved to provide the cell the ability to assemble cilia rather than assist

it during mitosis (Marshall, 2009).
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The centrosome proteome and non-canonical centrosome functions

The centrosome is a dynamic structure whose protein composition varies
according to cell cycle and cell state. The definition of a centrosome proteome has been
hampered not only by this dynamism but also by experimental challenges due to the fact
that this organelle is present in a single copy per cell, it is not delimitated by a membrane
and it is usually tightly associated with the nuclear membrane. Large scale proteomic
studies of human centrosomes have so far identified more than three hundred proteins as
centrosomal components and many of these have been validated (Andersen et al, 2003;
Jakobsen et al, 2011; Danielsson et al, 2020). Schematically, centrosomal proteins can be
classified in 3 different classes:

1) Centriolar proteins, persistently present during all phases of the cell cycle since
structural centriolar components, e.g., o- and PB-tubulin or centrin. This category
comprises also appendage proteins, which are remodelled in mitosis but fix components

of interphasic centrioles.

2) Proteins of the PCM and centriolar satellites, such as y-tubulin, pericentrin,
CDKS5RAP2, AKAP450, CEPS5, CEP63, CYLD, FOPNL, OFDI1, PCM1, BBS4. Co-
localization studies coupled with PCM1 co-immunoprecipitation have recently revealed
several additional satellite components (Tollenaere et al, 2015; Hori & Toda, 2017). Of
these, some have been shown to be exclusive satellite proteins (SSX2IP), some are
common to satellites and centrosome (e.g., CEP131 and FOP), some common between
satellites and primary cilium (e.g., BBS4) and some are shared between all centrosome
related compartments (e.g., CEP290) (Staples et al, 2012; Lee & Stearns, 2013;
Villumsen et al, 2013).

3) Proteins transiently associated with centrosomes such as Polo-like kinases,
Aurora A kinase, cyclins and cyclin-dependent kinases (e.g., cyclin B and CDK1), DNA
damage response proteins (e.g., p53, ATM, ATR, DNA-PK, BRCA1, BRCA2).

The first two categories encompass centrosomal components stricto sensu. The
latter group instead reveals that the centrosome has a functional complexity which reaches
well beyond its primary involvement in microtubule organization. In fact, growing
evidence continues to suggest how this organelle could participate in numerous,
seemingly unrelated, processes, likely serving as docking platform for the accumulation
of regulatory complexes, concentrating and integrating signalling cascades in time and
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space. Some of these processes involve: actin cytoskeleton organization (Farina et al,
2016), cell cycle regulation (Doxsey et al, 2005), support to DNA replication (Tayeh et
al, 2020), DNA damage response (Mullee & Morrison, 2016), neurogenesis
(independently of primary cilia signalling) (Zhang et al, 2016; Wang et al, 2020),
autophagy (Joachim et al, 2017; Morleo et al, 2020) and protein homeostasis (Freed et
al, 1999; Wigley et al, 1999; Vora & Phillips, 2016), immune response (either by
concentrating molecules involved in innate immunity and supporting the activity of the
immunological synapse in T cells) (Stinchcombe ez al, 2006), stress responses (Moser et
al,2013; Lee et al, 2019), localized storage and translation of specific mRNAs (Filippova
et al, 2012; laconis et al, 2017; Ryder et al, 2020). Taking into account this, it is not
surprising that defects in centrosomal components or in the countless activities of this
organelle are implicated in a plethora of diseases, ranging from neurodevelopmental

disorders, to ciliopathies, to cancer.

Centrosome number aberrations and cancer

In 1914, the German biologist Theodor Boveri published his avant-garde results
in the treatise “Zur Frage der Entstehung Maligner Tumoren™ (Concerning the Origin of
Malignant Tumours). In his essay, he proposed that cancer cells can stem from abnormal
mitosis as consequence of an excessive number of centrosomes. In fact, this condition
leads to extra spindle poles and thus to an aberrant gain or loss of chromosomes
(aneuploidy) in daughter cells. Even if a distinctive feature of a wide range of human
cancers is represented by outstanding structural and numerical centrosome aberrations
(Nigg & Raff, 2009; Godinho et al, 2014), Boveri’s theory on the role of centrosome
amplification in malignancy onset remained a controversial issue and cancer research
focused almost exclusively on mutations of oncogenes and oncosuppressors as primary
tumorigenesis drivers. In this context, the presence of extra centrosomes has long been
considered as a mere consequence of oncogenesis (Fukasawa, 2007).

The last decades showed a systematic reassessment of centrosome role in
carcinogenesis. In contrast to the vision of centrosome amplification as by-product of
neoplastic transformation, it has been shown that this aberration is also found in early low

grade and pre-neoplastic lesions (Lingle ef a/, 2002; Pihan et al, 2003; Segat et al, 2010;
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Lopes et al, 2018). Moreover, experimentally induced centrosome amplification in vivo
(obtained overexpressing the centriole duplication master regulator kinase SAK/PLK4)
has been shown to increase the rate of spontaneous tumorigenesis, both in engineered
flies and mice (Basto et al, 2008; Levine et al, 2017). Notably, it has been noticed how
the karyotypical anomalies present in PLK4 overexpressing mice resemble the ones found
in human tumour samples carrying supernumerary centrosomes (Levine ez al, 2017).

Centrosome amplification could spontaneously occur in vivo as a consequence of
four main causative events: centrosome cycle defects (e.g., overduplication during S-
phase), de novo centriole biogenesis (i.e., biogenesis of centrioles without the need of a
pre-existing template structure), cytokinesis failure (i.e., completion of mitosis without
physical separation of daughter cells) or infection by fusogenic viruses. Cells which enter
mitosis carrying centrosome amplification assemble, at least transiently, a multipolar
spindle (Fig. 5). In this scenario, optimal microtubule-kinetochore interactions are not
established, causing a sustained activation of the spindle assembly checkpoint (SAC).
Prolonged SAC duration leads to an extended mitotic arrest, which can eventually result
into death in mitosis when high cyclin B1 levels persist. If cells cannot sustain sufficient
CDKI activity, they can escape mitosis without proper chromosomal segregation (mitotic
slippage), resulting into either a single cell with whole genome duplication (tetraploid
cell) or multiple highly aneuploid cells (Andreassen & Margolis, 1994; Brito & Rieder,
2006). Usually, tetraploid cells either experience cell death during subsequent G phase
or enter a senescent state. Since high rates of aneuploidy are not well tolerated (Weaver
et al, 2008), re-enter into cell division after experiencing a multipolar mitosis followed
by cytokinesis is a rare event, as clearly showed by long-term live cell imaging
experiments (Ganem et al, 2009). However, if cells circumvent these antiproliferative
fates they can go through additional cell cycles, continue accumulating chromosomal
aberrations and drive tumorigenesis (Fujiwara et al, 2005) (Fig. 5).

Taking this into account, it is unsurprising that cancer cells have evolved
mechanisms to elude such catastrophic cell divisions and hence cell death. Some of these
include centrosome inactivation (i.e., a drastic decrease in PCM levels associated to a
centriole which results into a strong microtubule nucleation impairment), centrosome loss
(an ill-defined phenomenon similar to inactivation but resulting into a loss of centriole
integrity) or centrosome clustering. Centrosome clustering designates the ability of
mitotic cells with centrosome amplification to gather extra centrosomes into two spindle

poles, thereby achieving seemingly normal bipolar (pseudo-bipolar) divisions (Fig. 5).
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However, centrosome clustering mechanisms are intrinsically error-prone, causing
merotelic chromosome attachments (i.e., chromosomes simultaneously attached to
microtubules emanating from the same spindle pole), events which can escape the robust
block imposed by SAC (Cimini, 2008) and result in single chromosome losses/gains and
genome instability (Ganem er al, 2009; Silkworth et al, 2009), accelerating tumoral

transformation (Weaver ef al, 2008).
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Figure 5. Centrosome amplification concurs in neoplastic transformation. Cells carrying
supernumerary centrosomes can give rise to a multipolar spindle and either die before cell division
completion or evade mitotic checkpoints through mitotic slippage. Alternatively, extra centrosomes can
cluster in a pseudo-bipolar spindle. Independently from the spindle arrangement, mitosis of cells with
centrosome amplification results in aneuploid daughter cells which can drive tumorigenesis. Image from

(Jaiswal & Singh, 2020).

A characteristic repercussion of pseudo-bipolar mitoses is the generation of
lagging chromosomes (Ganem et al, 2009; Silkworth ez al, 2009). This term refers to the
presence of chromatids which cannot timely migrate to the mass of already segregated
chromosomes during anaphase. Lagging chromosomes have been shown to favour DNA
damage in at least two ways. In fact, it has been shown that during cytokinesis they can
be trapped into the cleavage furrow and experience double strand-breaks, which in turn
can lead to translocations into daughter cells (Janssen et al, 2011). Moreover,
significantly delayed chromosomes can be encapsulated by a nuclear envelope resulting

into a micronucleus. DNA inside micronuclei accumulates extensive damage probably
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because of nuclear membrane fragility and spilling of DNA into the cytoplasm (Zhang et
al, 2015). In addition, DNA in micronuclei undergoes replication even during mitosis,
although poorly (Crasta et al, 2012). This leads to the exposure of single strand DNA in
the replicative forks, which is then fragmented by endonucleases and imperfectly resealed
by DNA repair mechanisms, resulting into a single but catastrophic chromosomal
rearrangement referred to as chromotripsis (Zhang et al, 2015), which can drive tumour
transformation (Cortés-Ciriano et al, 2020).

In addition, extra centrosomes have also been shown to support tumour
progression by promoting metastatization, both in a cell autonomous and non-cell
autonomous way. In fact, Godinho and colleagues showed that centrosome amplification
(obtained by PLK4 overexpression) in a three-dimensional culture system of breast cells
leads to an increase in microtubule nucleation activity, which in turn results into elevated
Racl signalling. Racl hyperactivation boosts actin polymerization and weakening of cell-
cell adhesion, inducing the formation of invasive structures (invadopodia) (Godinho et
al, 2014). Few years later, it has also been reported that centrosome amplification drives
an invasive behaviour exploiting paracrine signalling: cells with extra centrosomes
release a specific pro-invasive secretome (called extra centrosomes-associated secretory
phenotype, ECASP) which promotes invadopodia formation in cells carrying a normal

centrosome number (Arnandis et al, 2018).

Mechanisms of centrosome number control

It is now well established the notion that centrosomes are highly regulated by cell
cycle cues. In fact, the same system of cyclins and cyclin-dependent kinases which
regulates DNA replication and cell division has been also shown to coordinate timely
duplication of these structures (Nigg, 2007). Conversely, only recently it has been shown
how centrosomes can impact on the cell cycle by igniting signalling cascades. As an
example, both an increase in centrosome number and loss of these structures result into a
strong p53 activation and p21-dependent cell cycle arrest (Holland ez al, 2012; Bazzi &
Anderson, 2014; Lambrus ef al, 2015). This underlies how centrosome aberrations are
able to signal to the p53 tumour suppressor, igniting signalling cascades which concur to

prevent proliferation of aberrant cells and thus tumorigenesis. Interestingly, centrosome
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depletion and amplification have been shown to stabilize p53 relying on two genetically
distinct pathways.

In 2016, three research groups independently performed a CRISPR screen for
proteins able to overcome cell cycle arrest when knocked-out, upon centrosome depletion
(obtained via PLK4 inactivation, genetically or pharmacologically) (Fong et al, 2016;
Lambrus et al, 2016; Meitinger et al, 2016). Among their hits, they identified two proteins
(53BP1 and USP28) which do not localize at the centrosome and act upstream of p33 to
induce a p21-dependent arrest. The model for centrosome loss sensing (the so-called
“mitotic surveillance pathway”’) suggests that in response to centriole depletion, 53BP1
brings together p53 and USP28, acting as a scaffold for USP28-mediated deubiquitination
and subsequent stabilization of p53.

Even if it is plausible that the mitotic surveillance pathway could be evolved to
prevent divisions with increased chances of mitotic errors, the sensor for centrosome loss

remains elusive. So far, three hypothetical sensors have been suggested:

1) The mitotic surveillance pathway could be triggered at the level of microtubule-
kinetochore interactions. During mitosis, S3BP1 has been reported to transiently
localizes to kinetochores in the early stages of cell division and this event has no
known function so far (Jullien et al, 2002). It has been proposed that S3BP1, even
if it is not a component of the canonical SAC, could sense perturbations arising at
the microtubule-kinetochore level due to centrosome loss.

2) Centrosome loss could be sensed by p53 itself (Contadini et al, 2019). In non-
transformed human cells, p53 has been reported to transiently localize to the
centrosomes of mitotic cells upon ATM-dependent phosphorylation. Specifically,
ATM induces a phosphorylation event on discrete p53 cytoplasmic foci, which
then move toward the centrosome following a microtubule-mediated movement
and pericentrin-mediated docking (Ciciarello et al/, 2001; Prodosmo et al, 2013).
Once there, in unperturbed mitotic cells, p5S3 undergoes dephosphorylation, and it
detaches to allow mitotic progression (Tritarelli ez al, 2004; Oricchio et al, 2006).
The functional meaning of ATM-p53-centrosome axis is still debated but it has
been shown that if there are no centrosomes, phosphorylated p53 foci accumulate
in the cytoplasm. These in turn recruit S3BP1 with consequent p53 stabilization

and irreversible cell-cycle arrest, resembling the mitotic surveillance pathway.
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This evidence could suggest that ATM-p53-centrosome might be a signalling axis
involved in centrosome depletion sensing.

3) No counting mechanism exists. According to this hypothesis, the 53BP1-USP28-
p53 axis would be evoked indirectly, in response to accumulation of stress arising
from sequential prolonged prometaphases displayed by acentrosomal cells. This
would be in line with the fact that prolonged mitotic timing per se is able to hinder
the proliferative ability of daughter cells (Uetake & Sluder, 2010). In line with
this, depletion of either 53BP1 or USP28 suppresses not only the Gi block due to
centrosome depletion but also the arrest due to prolonged metaphase block
coming from other distinct mitotic stresses, independently of the SAC (Fong et

al, 2016; Lambrus et al, 2016; Meitinger et al, 2016).

As already mentioned, not only centrosome loss is able to influence cell behavior. In
fact, it has been shown that supernumerary centrosomes induce p53 (Holland ez al, 2012;
Lambrus et al, 2015; Wong et al, 2015). In vivo experiments in PLK4-overexpressing
mouse models showed that p53-proficient tissues do not sustain supernumerary
centrosomes propagation nor tumorigenesis (Coelho e al, 2015; Kulukian et al, 2015;
Vitre et al, 2015; Sergin et al, 2016). A Trp53-null background instead has been seen to
allow division of cells carrying extra centrosomes, facilitating error-prone mitosis and
thus neoplastic transformation (Coelho ez al, 2015).

It has been shown that cytokinesis failure is able to promote a p5S3-p21-dependent cell
cycle arrest relying on LATS2 and Hippo pathway (Aylon et al, 2006; Ganem et al, 2014),
only in part depending on extra centrosomes. This could be explained by the fact that
LATS2 activation might be primarily evoked by some features of polyploid cells, such as
an increment in nuclear DNA content or an altered surface to volume ratio, instead of by
an increase in centrosome number. In 2017, Fava and colleagues filled the gap between
centrosome amplification and p53 induction, showing that the presence of supernumerary
centrosomes alone specifically triggers the activation of the PIDDosome, a multiprotein

complex whose assembly invariably results into p53 stabilization (Fava et al, 2017).
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The PIDDosome

The Caspase-2 PIDDosome is a high molecular weight multiprotein complex
composed of PIDD1 (p53-inducible protein with death domain or LRDD), RAIDD (RIP-
associated ICH1/CED3-homologous protein with death domain or CRADD) and
Caspase-2 (or CASP2) (Tinel & Tschopp, 2004), represented with a 5:7:7 (or alternatively
7:7:7) stoichiometry. PIDD1 was first discovered as a novel gene regulated by p53. In
fact, the presence of a non-canonical p53 responsive element in its promoter led to classify
this protein as a putative regulator of the p53-dependent apoptosis pathway in the context
of'the DNA damage response (Lin ez a/, 2000). PIDD1 contains seven leucine-rich repeats
(LRR) at its N-terminus, two ZU5 domains (domains present in ZO-1, Unc5-like netrin
receptors and Ankyrins with unclear function), an UPA domain (uncharacterized domain
conserved in UNCS5, PIDDI and Ankyrins) and a death domain (DD) at its carboxy-
terminal. Interestingly, the full-length PIDD1 precursor undergoes autoprocessing events
utilizing a poorly understood intein-like protein splicing mechanism that has been so far
found exclusively in the nucleoporin Nup98 and the transmembrane receptor Unc5CL
(Tinel et al, 2007; Heinz et al, 2012). PIDD1 autoproteolysis can occur at two sites,
resulting in the coexistence of different PIDD1 protein species (Fig. 6):

1. PIDDI1-FL, the full-length precursor of 910 amino acids,

2. PIDDI-N (amino acids 1-445), the N-terminal fragment resulting from

cleavage at the first autoproteolytic site (Ser446),

3. PIDDI1-C (amino acids 446-910), the C-terminal fragment resulting from the

aforementioned cleavage site and

4. PIDDI1-CC (amino acids 588-910), resulting from cleavage at the second

autoproteolytic site (Ser588).

Seminal work by Tschopp and collaborators revealed that PIDDI1 autoproteolytic
fragments can assemble in different multiprotein complexes, thanks to their protein-
protein interaction domains. PIDD1-C binds RIP1 and NEMO (NF-kB essential
modulator) forming the so-called NEMO-PIDDosome, which promotes NEMO
sumoylation and consequently NF-kB pathway activation (Janssens et al, 2005). PIDD-
CC in turn, is responsible for assembling the Caspase-2-PIDDosome (hereinafter
PIDDosome) together with RAIDD and Caspase-2 (Tinel & Tschopp, 2004; Janssens et
al, 2005; Tinel et al, 2007). PIDD-N has not been found in specific macromolecular
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complexes, but it has been hypothesized that this fragment could play a regulatory role,

inhibiting NEMO-PIDDosome formation (Janssens et al, 2005; Tinel et al, 2011).

PIDD1 autoprocessing
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Figure 6. PIDD1 precursor undergoes autoprocessing. Autoproteolysis of full-length PIDD1 results into
three different fragments: PIDD1-N (not shown), PIDD1-C and PIDD1-CC. The latter can interact with
RAIDD through a homotypic DD:DD binding. The presence of a CARD domain in RAIDD allows its
interaction with pro-Caspase-2. Red arrows show the two autocleavage sites. Image from (Sladky &

Villunger, 2020).

RAIDD is a bipartite adaptor protein which is able to simultaneously bind PIDD1
through a homotypic DD:DD interaction and Caspase-2 through its CARD (caspase
recruitment domain) domain. Thus, RAIDD works as a scaffold protein, recruiting PIDD1
and Caspase-2 inside the PIDDosome complex.

Caspase-2 is a cysteine-driven aspartate-directed endopeptidase (Lamkanfi et al,
2002). Despite being an evolutionarily conserved protein, its functions are still debated
and its involvement in apoptotic pathways is controversial. Peculiarly, Caspase-2 is
classified as an initiator caspase, even if it shares common features with effector caspases,
presenting a substrate specificity which is nearly identical to that of Caspase-3 and
Caspase-7. Caspase-2 is present in cells as an inactive zymogen and dimerization is the
key event that leads to its initial activation. Once a dimer, it undergoes a trans-
autocatalytic cleavage event, generating two subunits, large (p19) and small (p12), after
which the enzyme acquires optimal catalytic activity (Baliga et al, 2004). Analogously to
the death-inducing signalling complex (or DISC) for Caspase-8 and the apoptosome for
Caspase-9, the PIDDosome is the activation platform for Caspase-2. In fact, a core

complex of five (or seven) PIDD1 DDs and seven RAIDD DDs mediates the recruitment
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of seven pro-Caspase-2 moieties, enabling their proximity-induced dimerization (Fig. 7)

(Park et al, 2007).
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Figure 7. PIDDosome assembly leads to Caspase-2 activation. In the presence of PIDDosome-activating
stimuli, PIDD1-CC establishes homotypic interactions with the adaptor protein RAIDD through their DDs.
RAIDD in turn promotes pro-Caspase-2 recruitment through the CARD domain, leading to dimerization
and autoproteolysis of the pro-caspase, eventually leading to its full activation. Image from (Sladky &

Villunger, 2020).

Several substrates of this enzyme have been identified over the years, in the
attempt to unravel Caspase-2 functions. Even if more than 200 substrates have been
catalogued (Rawlings et al, 2018; Brown-Suedel & Bouchier-Hayes, 2020), a
physiological validation of these hits is almost completely absent. Moreover, the largest
high-throughput studies of Caspase-2 substrates performed through N-terminal
degradomics (Wejda et al, 2012; Julien et al, 2016) failed to retrieve its best-known
substrates (MDM2, BID and Golgin-160)(Oliver et al, 2011; Guo et al, 2002; Mancini et
al, 2000), highlighting the limitation of this kind of in vitro approaches to study Caspase-
2 specificity and corroborating the notion that Capase-2 involvement in cellular processes

is still poorly understood.
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The PIDDosome and centrosome counting

The early functional characterization of the PIDDosome provided evidence for a
role of this complex in the regulation of apoptosis induced by genotoxic agents (Tinel &
Tschopp, 2004). However, PIDDosome involvement in cell death modulation became
puzzling as it was repeatedly demonstrated that mouse models lacking individual
components of the complex failed to show precise phenotypes ascribable to defects in
DNA damage response (O’Reilly et al, 2002; Berube et al, 2005; Manzl et al, 2009, 2012,
2013). Thus, it was clear that a precise stimulus responsible for PIDDosome activation
was still missing.

In 2017, Fava and colleagues reasoned that all the stimuli which had been
previously reported to feed into PIDDosome activation (e.g., anti-mitotic agents,
genotoxic agents, inhibition of Aurora B kinase) (Dodson et al, 2004) (Ditchfield et al,
2003) had also a possible common effect: the potential to induce cytokinesis failure and
hence centrosome amplification. Starting from this, they demonstrated that PIDDosome
activation is the missing link between centrosome amplification and p53 stabilization,
individuating supernumerary centrosomes as the most selective trigger for the activation
of the complex (Fava et al, 2017).

From a mechanistic point of view, a mitosis which ends with cytokinesis failure
results into a single tetraploid daughter cell carrying extra centrosomes. The presence of
supernumerary centrosomes induces PIDDosome assembly, whose main downstream
consequence is the activation of Caspase-2. Activated Caspase-2 is the enzyme
responsible for the cleavage of the E3 ubiquitin ligase MDM?2 at the level of the second
aspartate residue in the conserved caspase cleavage motif Asp-Val-Pro-Asp
(Pochampally et al, 1998; Oliver et al, 2011). MDM2 is the most studied regulator of
p53, influencing both levels and stability of the tumour suppressor (Horn & Vousden,
2007). This proteolytic event results in the physical separation of the two main MDM2
domains: the N-terminal p53-binding domain and the C-terminal ubiquitin-conjugating
RING finger domain (responsible for proteasome targeting).

Upon MDM2 cleavage, p53 can no longer undergo MDM2-mediated
polyubiquitination and successive proteasomal degradation. In addition, p53 still retains
the ability to bind the MDM2 N-terminal fragment (called “p60”), with a higher affinity
in comparison to the uncleaved form. Binding of MDM2 p60 to p53 leads to p53

stabilization, accumulation, and transcriptional activation (Fig. 8). It has been proposed
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that MDM2 p60 binding to p53 could affect its selectivity for target gene expression. In
fact, in the context of PIDDosome activation, p53 activation mediates a p21-dependent
cell cycle arrest programme paralleled by no significant up-regulation of pro-apoptotic
genes (e.g. BBC3, which encodes for PUMA, and BAX) and no appreciable cell death
induction (Oliver et al, 2011; Fava et al, 2017).
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Figure 8. Supernumerary centrosomes induce a PIDDosome-dependent cell cycle arrest. The presence
of extra centrosomes is the triggering event which induces PIDDosome assembly and Caspase-2 activation.
Activated Caspase-2 cleaves MDM2, abolishing p53 degradation and thus promoting its stabilisation.
Consequently, p53 enters the nucleus and activates the transcription of target genes, among which CDKNIA4

(which encodes p21), leading to cell cycle arrest. Image from (Godinho, 2017).

Therefore, PIDDosome activation seems to be the cellular pathway which senses
the increase in centrosome number, preventing cells from entering additional error-prone
mitoses. Interestingly, the core PIDDosome component PIDD1 has been shown to
localize at the centrosome, and more specifically at the parent centriole only. Moreover,
activation of the complex seems to respond specifically to supernumerary mature
centrioles: in fact, when PLK4 is overexpressed, PIDDosome activation occurs only at a
point in time when extra procentrioles have fully matured into extra parent centrioles
(Fava et al, 2017). Even if these observations would suggest a direct role for PIDD1 in
centrosome amplification sensing, the mechanistic aspects of PIDDosome activation and

of a putative centrosome counting mechanism still remain obscure.
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AIMS OF THE THESIS

The PIDDosome is a macromolecular complex containing PIDD1, RAIDD and
Caspase-2. It has been previously demonstrated that cytokinesis failure is a potent
PIDDosome activating event, resulting into a p53-dependent cell cycle arrest.
Experimental evidence demonstrated that upon cytokinesis failure an increase in
centrosome number rather than an increase in ploidy is responsible for PIDDosome
activation (Fava et al, 2017). According to this, it has been speculated that cells have a
mechanism in place to recognize the presence of supernumerary centrosomes, leading to
PIDDosome assembly and eventually halting the cell cycle. Nevertheless, the mechanistic

aspects which allow cells to sense centrosome amplification remained elusive.

Identification of the factor(s) recruiting PIDDI1 at the centrosome

The PIDDosome core component PIDD1 has been reported to physically associate
with centrosomes and specifically fully mature (parent) centrioles (Fava et al, 2017).
Since the distinguishing feature between parent and daughter centrioles resides in the
presence of specific proteinaceous structures (centriole appendages) which decorate the
former, the first aim of this project was the molecular dissection of PIDDI recruitment to
the centrosome with a special focus on appendages. Answering this question enables a
selective de-localization of PIDDI1 from these structures to rigorously test its relevance

for PIDDosome signalling.

Identification of the cues which induce PIDDosome activation

PIDDI1 has been reported to constitutively localize at the centrosome, even in the
absence of PIDDosome activating stimuli. In search for specific factors promoting
PIDDosome assembly in activating conditions, putative key aspects of PIDDI protein
(e.g., its autoproteolysis, its turnover at the centrosome and its localization throughout
cell cycle) have been investigated in this regard, dissecting their contribution to

PIDDosome activation.
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Investigation of PIDD1 centrosome localization role in DNA-damage induced

PIDDosome activation

PIDDosome activation occurs not only in response to centrosome amplification
but also in the context of the DNA damage response. Moreover, it has been recently
highlighted how Caspase-2 mediated MDM2 proteolysis in irradiated cells contributes to
halt continual cell cycling in the presence of DNA damage, proposing a role for
PIDDosome activation in shaping p53 behaviour and thus cell fate (Tsabar et al, 2020).
The last part of this project was aimed at investigating if PIDD1 centrosome localization
plays a role in PIDDosome activation also during the DNA damage response, unveiling

if different upstream triggers prime PIDDosome signalling by alternative means.

All the results presented in this thesis have been published in the paper: Burigotto
M., Mattivi A., Migliorati D, et al. “Centriolar distal appendages activate the centrosome-

PIDDosome-p53 signalling axis via ANKRD26”. EMBO J2021.
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MATERIALS AND METHODS

Cell culture

A549 (ATCC® CCL-185) and HEK293T (gift by Dr. Ulrich Maurer, University
of Freiburg) cell lines were cultured in DMEM (Corning, 15-017-CVR). hTERT-RPE1
cells (gift by Stephan Geley, Medical University of Innsbruck) were maintained in
DMEM/FI12 1:1 (Gibco, 21331-020). All media were supplemented with 10% fetal
bovine serum (Gibco, 10270-106), 2 mM L-glutamine (Corning, 25-005-CI), 100 IU/mL
penicillin, and 100 pg/mL streptomycin solution (Corning, 30-002-CI). Cells were

incubated at 37°C with 5% CO> and regularly tested for mycoplasma contamination.

Drug treatments, ciliogenesis induction and synchronization
procedures

The following compounds were used: ZM447439 2 uM (Selleck Chemicals,
S1103), dihydrocytochalasin-B 4 uM (DHCB, Sigma-Aldrich, D1641), Camptothecin
(CPT, APExBIO, A2877), Nutlin-3a (MedChemExpress, HY-10029). To all untreated
controls solvent only was administered. To induce ciliogenesis, RPE1 cells were seeded
on glass coverslips in 6-well plates. After 24h, cells were washed with PBS and exposed
to serum-free medium for another 48h before fixation. Synchronization of RPE1 cells in
Fig. 7 was performed by arresting cells with 2 mM thymidine (SigmaAldrich, T1895) for
24h, followed by release in fresh medium containing nocodazole 200 nM (BioTrend,
BN0389) for 14h. Mitotic cells were then harvested by selective shake-off, washed four
times and released into fresh medium. To dissociate centrosome clusters in telophase,

nocodazole 1 uM was added 1.5h after the release.

Molecular cloning

Vectors for the generation of CRISPR/Cas9-mediated loss-of-function cell lines
were produced using the Lenti-CRISPR-V2 backbone (gift from Feng Zhang; Addgene
plasmid #52961). Oligonucleotides yielding small guide RNAs (sgRNAs) targeting the
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genes of interest were designed using CRISPR Design (http://crispr.mit.edu). Lenti-
CRISPR-V2 plasmid was digested with Esp3I (Thermo Scientific #£ER0452) and gel
purified. Equimolar quantities of complementary oligonucleotides were annealed in 10
mM Tris-HCI pH 7.5, 50 mM NaCl, 1 mM EDTA by heating to 95°C and then slowly
ramping down to 25°C. Annealed oligonucleotides were diluted 1:100 in ddH2O and used
to set up a ligation reaction with the previously digested backbone, using T4 DNA Ligase
(Thermo Scientific #EL0012). All plasmids were verified by Sanger sequencing. A
complete list of the sgRNAs used in this work is reported in Supplementary Table 1.
Human cDNAs of ANKRD26 (transcript NM_014915) and SCLT1 (transcript
NM _144643) were custom synthesized by Eurofins Genomics in the pEX-A258 and
pUCS57 backbone, respectively. The ANKRD26 synthetic cDNA contained a silent
mutation to prevent recognition by sgRNA ANKRD26#2 and ANKRD26#4. pMSCV-
Pidd1 T788A (Addgene plasmid #60529) was a gift from Trudy Oliver and Ala788 was
back mutated to Thr (obtaining a sequence corresponding to the transcript NM_145886).
The desired cDNAs were cloned into pcDNAS/FRT/TO (Invitrogen V652020) in order
to generate the following constructs: pcDNAS/FRT/TO-myc-SCLT1, pcDNAS/FRT/TO-
myc-ANKRD26 and pcDNAS/FRT/TO-PIDD1-V5. The cDNA of each construct was
then subcloned into the lentiviral plasmid FUW-tetO-MCS+ (a modified version of
Addgene plasmid #84008, gift by Dr. Alessio Zippo). The PIDD1 construct used for
FRAP experiments was built cloning PIDDIL828E cDNA in a FUW-tetO-MCS+
plasmid already containing a mNeonGreen sequence. PIDD1 autoproteolytic fragments,
PIDDI truncating mutations and ANKRD26 mutants were generated by PCR using the
primers reported in Supplementary Table 3. PCR products were cloned into FUW-tetO-
MCS+ plasmid and all constructs were sequence-verified. Site-directed mutagenesis was
performed as previously reported (Edelheit et al, 2009) with the primers listed in
Supplementary Table 4. The insertion of the desired mutations was checked by Sanger

sequencing.

Generation of lentiviral particles, titration and transduction

HEK293T cells were seeded in antibiotic-free medium and co-transfected with
pCMV-VSV-G (a gift from Bob Weinberg, Addgene plasmid #8454), psPAX2 (a gift
from Didier Trono, Addgene plasmid #12260) and the required transfer plasmid using
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calcium phosphate. Supernatants were harvested 48h after transfection, filtered using 0.22
pm Primo® Syringe Filters (EuroClone, EPSPE2230) and stored at -20°C. The viral titre
was estimated as described (Pizzato er al, 2009). Virions were diluted with fresh medium
at a concentration of 0.2 reverse transcriptase units per mL (U/mL, for A549 cells) or 0.1
U/mL (for RPEL1 cells), supplemented with 4 pg/mL hexadimethrine bromide (Sigma-
Aldrich, H9268) and administered to cells for 24h. For lentiviral-mediated rescue
experiments, the cDNA of'the gene of interest was modified to introduce a silent mutation
affecting the PAM sequence recognized by the sgRNA encoded by Lenti-CRISPR-V2 (a
gift from Feng Zhang, Addgene plasmid #52961) used to generate the destination cell
line, see Appendix and Table EV2. Generation of cell lines lacking DAPs expression by
CRISPR/Cas9 Cells transduced with Lenti-CRISPR-V2 targeting coding exons of the
genes of interest were selected with puromycin (InvivoGen, #ant-pr-1), 1 ug/mL on A549
and 10 pg/mL on RPEI1 cells for 72h, and seeded at a density of 0.2 cells per well in 96-
well plates and incubated for about three weeks. Single clones were further expanded and

characterized.

CRISPR clone characterization

DNA was extracted from loss-of-function clones using the NucleoSpin Tissue kit
(Macherey-Nagel, 740952) following the manufacturer’s protocol. For each guide, PCR
reactions employing Phusion DNA polymerase (Thermo Scientific, F530-L) were
performed, using a primer pair (see Supplementary Table 2) designed to obtain amplicons
spanning the cut site. PCR products were run on an agarose gel and purified using
NucleoSpin Gel and PCR Clean-up kit (Macherey-Nagel, 740609), according to
manufacturer's instructions. Each amplicon was then Sanger sequenced and the presence
of frameshifting INDELs on all alleles was verified using Inference of CRISPR Edits
(ICE) analysis thanks to Synthego Bioinformatics tool (https://ice.synthego.com) (Hsiau
et al, 2019). For a comprehensive list of all clones used in this thesis and their

characterization see Supplementary Fig. 1.
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Immunofluorescence microscopy

Cells grown on glass coverslips (Marienfeld-Superior, 0117580) were washed in
PBS and fixed following four different protocols depending on the antigens to be stained.
Cells were: i) directly fixed and permeabilized with absolute ice-cold methanol for at least
20 min at —20°C in Fig. 9F (first and second row), 12B, 10A, 10C (second and third row),
10D and in Supplementary Fig. 2A, 2C and 6A; ii) pre-extracted for 2 min with PTEM
buffer (0.2% Triton™ X-100, 20 mM PIPES at pH 6.8, 1 mM MgCl:, 10 mM EGTA in
ddH:0) and then fixed with methanol as described above in Fig. 11B, 14C, 14F, 15D,
10C (first row), 13A (first row), 18B and Supplementary Fig. 4A; ; iii) pre-extracted for
2 min with PTEM buffer and then fixed with 4% v/v formaldehyde (Sigma-Aldrich,
F8775) in PTEM for 10 min at room temperature in Fig. 9A, 9C, 9E, 9F (third row), 11E,
19F, 10C (fourth row), 13A (second row) and Supplementary Fig. 1C; iv) directly fixed
and permeabilized with 4% v/v formaldehyde in PTEM for 12 min at room temperature
in Fig. 17A and 17C. After fixation, cells were washed with PBS, blocked with 3% w/v
BSA in PBS for 20 min and then stained for 1h at room temperature with the appropriate

combination of primary antibodies diluted in blocking solution. The following antibodies

were used:
Primary antibody Host Dilution Company Reference
y-tubulin mouse 1:1000 Thermo Fisher Scientific MA1-19421
y-tubulin AF488 mouse 1:100 SCBT sc-17787
ANKRD26 rabbit 1:800 GeneTex GTX128255
Arl13B mouse 1:500 SCBT sc-515784
centrin-1 rabbit 1:500 Protein Tech 12794-1-AP
CEP128 rabbit 1:500 Sigma Life Science HPAOO1116
CEP164 mouse 1:500 SCBT sc-515403
FBF1 rabbit 1:500 Sigma Life Science HPAO023677
myc-tag mouse 1:500 Thermo Fisher Scientific MA1-980
myc-tag rabbit 1:500 CST #2278
ODF2 rabbit 1:500 Sigma Life Science HPAO001874
PIDDI1 mouse 1:500 Enzo Life Sciences ALX-804-837
V5-tag rabbit 1:500 CST #13202

Cells were washed with PBS and incubated with the appropriate species-specific
fluorescent secondary antibody together (excluding for Fig. 9A and 9E) with 1 pg/mL
Hoechst 33342 (Invitrogen, H3570) for 45 min. The following antibodies were used:
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Secondary antibody Dilution Company Reference
Alexa Fluor 488 goat anti-mouse 1:1000 Invitrogen A11029
Alexa Fluor 488 goat anti-rabbit 1:1000 Invitrogen A11034
Alexa Fluor 555 goat anti-mouse 1:1000 Invitrogen A21424
Alexa Fluor 555 goat anti-rabbit 1:1000 Invitrogen A21429
Alexa Fluor 647 goat anti-mouse 1:1000 Invitrogen A21236

After incubation, cells were washed with PBS and distilled water, and mounted in
ProLong™ Diamond Antifade Reagent (Invitrogen, P36965) (Fig. 9A and 9E) or
ProLong™ Gold Antifade Reagent (Invitrogen, P36934) (all other figures). All images
were acquired on a spinning disk Eclipse Ti2 inverted microscope (Nikon Instruments
Inc), equipped with Lumencor Spectra X [lluminator as LED light source, an X-Light V2
Confocal Imager and an Andor Zyla 4.2 PLUS sCMOS monochromatic camera using a
plan apochromatic 100x/1.45 oil immersion objective. Images were deconvolved with
Huygens Professional software (Scientific Volume Imaging, Hilversum, The
Netherlands).

For 2D stimulated emission depletion (STED) microscopy (Fig. 9A and 9E),
images were acquired on an SP8 gSTED microscope (Leica Microsystems, Wetzlar,
Germany) equipped with an 80 MHz pulsed white light laser (WLL),aCW 592 nm STED
depletion laser and a pulsed 775 nm STED depletion laser. For Fig. 9A the 592 nm STED
depletion laser was used, whereas in Fig. 9D STED depletion was performed at 775 nm.
4-5 z-planes were acquired for each image to allow post-processing by deconvolution to
boost lateral resolution. All STED images stacks were z-aligned and deconvolved with
Huygens Professional software using the GMLE algorithm. All images were exported
with Fiji to obtain maximum intensity projections of z-stacks and to adjust contrast and
brightness, and further processed with Adobe Photoshop. For STED imaging, primary

antibodies were used at 1:200 dilution and the following secondary antibodies were used:

Secondary antibody Dilution Company Reference
Alexa Fluor 594 goat anti-mouse 1:120 Invitrogen A11037
STAR RED goat anti-mouse 1:120 Abberior 2-0002-011-2
STAR 440SXP goat anti-rabbit 1:200 Abberior 2-0012-003-4
STAR 488 goat anti-mouse 1:200 Abberior 2-0002-006-8
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Quantification of immunofluorescence images

Fluorescence intensities in circular regions of interest (ROIs) with a diameter of
20 pixels including the parent centriole(s) were calculated with Fiji from at least five
independent images obtained by maximum intensity projections of z-stacks. For each
specific ROI, the value of a background ROI (placed in proximity to the centrosome) was
subtracted and fluorescence intensity was expressed either as absolute value or as the ratio
between the fluorescence intensity of the protein of interest and the intensity of a
centriolar reference marker. Co-localization analysis of STED micrographs was
performed on deconvolved images and no further pre-processing was applied. Co-
localization between PIDD1 and ODF2, PIDD1 and FBF1, and PIDD1 and ANKRD26
was evaluated using the automated 3D object-based co-localization analysis tool
implemented in the DiAna v.1.47 plugin for ImagelJ (Gilles et al, 2017). Threshold and
size parameters used for the object segmentation step were optimized for each protein and
kept constant for all the images. Data are shown as the ratio between the number of
touching objects on the total number of objects. For ciliogenesis assays, the fraction of
ciliated cells was determined by visual counting from immunofluorescence micrographs.
Ciliary length was estimated by manually following the ciliary shape with a segmented
line from the basal body (CEP128 signal) to the ciliary tip (opposite end of the ARL13B

signal) on 2D maximum intensity projections using Fiji.

Cell lysis and immunoblotting

Cells were harvested by trypsinization and lysed in 50 mM Tris pH 7.4, 150 mM
NaCl, 0.5% NP-40, 50 mM NaF, 1 mM Na3VO0O4, 1 mM PMSF, one tablet/10 mL
Pierce™ Protease Inhibitors Mini Tablets, EDTA-free (Thermo Fisher Scientific,
#A32955), 2 mM MgCl: and 0.2 mg/mL DNase I (Thermo Fisher Scientific, #89836).
Protein concentration was determined by bicinchoninic acid assay (Pierce™ BCA Protein
Assay Kit, Thermo Fisher Scientific, 23225) using a plate reader. For immunoblotting
analysis, equal amounts of protein samples were resolved on polyacrylamide gels using
self-made gels or pre-cast gels (Biorad 5678095). Proteins were electroblotted on
nitrocellulose membranes (GE Healthcare RPN3032D) using wet transfer. 5% w/v non-

fat milk in PBS-Tween 0.1% v/v was used as blocking solution and antibody diluent.
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Membranes were incubated overnight at 4°C with primary antibodies, washed with PBS-
Tween 0.1% and then incubated with HRP-conjugated secondary antibodies for 45 min
at room temperature. Chemiluminescence signals were obtained incubating the
membranes with Amersham™ ECL Select™ Western Blotting Detection Reagent (GE
Healthcare, RPN2235) and visualized with an Alliance LD2 Imaging System (UVITEC

Cambridge). The following antibodies were used:

Primary antibody Host Dilution Company Reference
ANKRD26 rabbit 1:500  GeneTex GTX128255
CASP2 rat 1:1000  Enzo Life Sciences ALX-804-356
CDC27 mouse  1:1000  BD Biosciences 610455
CEP83 rabbit 1:500 Sigma Life Science HPAO038161
HSP90 mouse  1:5000 SCBT sc13119
MDM2 mouse  1:1000 Invitrogen MATI-113
myc-tag mouse  1:1000 Thermo Fisher Scientific MA1-980
p53 rabbit 1:1000  Cell Signaling Technology #9282
V5-tag mouse  1:1000 Invitrogen R96025
Secondary antibody Dilution Company Reference
Goat anti-mouse I[gG/HRP  1:5000 Dako PO161

Goat anti-rabbit [gG/HRP 1:5000 Dako P0448

Goat anti-rat [gG/HRP 1:5000 Thermo Fisher Scientific 31470

Time lapse video microscopy

RPEI cells transduced with a pHR-SFFV-CETN1-EGFP lentivirus were seeded
into Ibidi u-Slide 8 Well dishes (Ibidi, 80826) and either treated with DMSO or DHCB.
6h before imaging, cells were washed with PBS and DMEM/F12 medium was replaced
with supplemented Leibovitz-15 culture medium without phenol red (Thermo Fisher
Scientific, 21083027), in the presence of 1 pM SiR-DNA (Spirochrome, SC007) to
visualize the DNA. Movies were recorded every 4 min for the first hour and then every
10 min for up to 16h. Each field contained around 25 z-slices collected in 0.6 pm steps.
Four-dimensional tracking of centrosomes Single particle tracking of centrosomes was
performed on 3D (x,y,z) live-cell time-lapse movies using the semi-automatic plug-in of

Fiji called TrackMate (Tinevez et al, 2017). Movie pre-processing before tracking
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analysis only involved uniform denoising and background subtraction steps. TrackMate
plug-in settings were optimized for successful detection and linking of the spot-like
structures corresponding to the CETN1-GFP signal and have been kept constant for all
the analysed movies. Gap-closing events were allowed for a maximum of 3 consecutive
frames. From the X, y and z coordinates of each centrosome, provided by the plug-in over
time, the reciprocal distance between the two centrosomes was calculated (one of the two

centrioles of each pair was randomly selected for this calculation).

Measurement of centrosomal PIDD1 protein turnover by FRAP

12,000 PIDD1-deficient RPE1 cells transduced with a lentiviral vector expressing
PIDD1- L828E-mNeonGreen were seeded for each well of a 24-well glass bottom dish
(Ibidi). Cells were treated with either DMSO or DHCB for 16 hours before imaging on
an Axio Observer Z1 microscope (Zeiss) equipped with a 3i Marianas spinning disk
confocal system, a CSU-X1 confocal scanner unit (Yokogawa Electric Corporation),
Plan-Apochromat 63x/1.4NA Oil Objectives (Zeiss), Orca Flash 4.0 sCMOS Camera
(Hamamatsu) and a VectorTM High Speed FRAP module. Imaging was performed in
COs> independent medium (Gibco, 18045054) supplemented with 10% fetal bovine serum
(Clontech), 2 mM L-glutamine (PAN Biotech), 100 IU/mL penicillin, and 100 pg/mL
streptomycin (GIBCO). Three independent experiments, for a total of 12 cells, were
analysed for both conditions. FRAP analysis was carried out in the presence of either
DMSO or DHCB as previously described (Overlack et al, 2017). Briefly, a region of
interest (ROI) of 1.72 x 1.72 pm containing the centrosomes was bleached for 20 ms with
a 488 nm laser line at 100% power. Images were binned 2x2 to increase signal-over-
camera noise. At each time point, a z-stack consisting of 3 sections at 0.8 um intervals
was acquired. The mNeonGreen signal was imaged for 4 time-frames before
photobleaching. After bleaching, a z-series was acquired every 1 s for a total duration of
2 min with an exposure time of 100 ms. Images were converted into maximal intensity
projections and exported as 16-bit TIFF files for measurements of fluorescence intensity
recovery rates using Imagel. Apart from the bleached centrosome, a control non-bleached
ROI from the same cell and a non-bleached ROI from outside of the cell (baseline) were
also measured. The relative fluorescence intensity was calculated as RFI =

(FROI(t)/FBG(t)) / (FROI(t0)/FBG(t0)), as described previously (Chen & Huang, 2001),
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to correct for background intensity and for photobleaching that occurred during image
acquisition. FROI(t) is the intensity of the bleached ROI containing the centrosome at
different time points after bleaching, FBG(t) is the intensity of the control non-bleached
ROI at the corresponding time points. FROI(t0) is the average intensity of the bleached
ROI containing the centrosome for the 4 time-frames before photobleaching, FBG(t0) is
the average intensity of the control non-bleached ROI before bleaching. A baseline value,
calculated from the region outside the cell, was subtracted from all values. RFIs were then
fitted to a double exponential curve using GraphPad Prism 6.0. Choice of the preferred
fitting model was made with an extra sum-of-squares F test (selects the simpler model

unless P is <0.05) in which both curves showed a P<0.0001.

Quantification of PIDD1 protein species using targeted PRM-LC-MS
analysis

A549 cell samples were resuspended in lysis buffer (0.1 M ammonium
bicarbonate, 8 M urea, 5 mM TCEP, and 10 mM chloroacetamide), and lysed with a
Bioruptor sonicator (10 cycles, Bioruptor, Diagnode). Lysates were reduced and alkylated
for 1h at 37°C followed by digestion overnight at 37°C with trypsin (1/50 w/w; Promega,
Madison, Wisconsin). Peptides were purified using C18 reversed phase spin columns
according to the manufacturer’s instructions (Macrospin, Harvard Apparatus). Samples
were dried under vacuum and stored at -80°C until further use. For targeted MS analysis,
proteotypic peptides were selected from public repositories ProteomicsDB
(www.proteomicsdb.org) and MaxQB (maxqgb.biochem.mpg.de) to represent all PIDD1
fragments with unique and specific sequences. Peptides lacking missed cleavages,
methionine and glutamine at the N-termini as well as peptides frequently observed were
preferred. The final peptide list is illustrated in Fig. 16A. For these, synthetic heavy
reference peptides were ordered (JPT Peptide Technologies) and pooled. In a first step,
parallel reaction-monitoring (PRM) assays (Peterson et al, 2012) were generated from a
mixture containing 100 fmol of each heavy reference peptide and shotgun data-dependent
acquisition (DDA) LC-MS/MS analysis on a Thermo Orbitrap Fusion Lumos platform
(Thermo Fisher Scientific). The setup of the uRPLC-MS system was as described
previously (Ahrné et al, 2016). Chromatographic separation of peptides was carried out

using an EASY nanoLC 1200 system (Thermo Fisher Scientific), equipped with a heated
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RP-HPLC column (75 pm x 30 cm) packed in-house with 1.9 um C18 resin (Reprosil-
AQ Pur, Dr. Maisch). Peptides were analysed per LC-MS/MS run using a linear gradient
ranging from 95% solvent A (0.1% formic acid) and 5% solvent B (99.9% acetonitrile,
0.1% formic acid) to 45% solvent B over 60 minutes at a flow rate of 200 nl/min. Mass
spectrometry analysis was performed on Thermo Orbitrap Fusion Lumos mass
spectrometer equipped with a nanoelectrospray ion source (both Thermo Fisher
Scientific). Each MS1 scan was followed by high-collision-dissociation (HCD) of the 10
most abundant precursor ions with dynamic exclusion for 20 seconds. Total cycle time
was approximately 1 s. For MS1, 1e6 ions were accumulated in the Orbitrap cell over a
maximum time of 100 ms and scanned at a resolution of 120,000 FWHM (at 200 m/z).
MS2 scans were acquired at a target setting of 1e5 ions, accumulation time of 50 ms and
aresolution of 30,000 FWHM (at 200 m/z). Singly charged ions and ions with unassigned
charge state were excluded from triggering MS2 events. The normalized collision energy
was set to 30%, the mass isolation window was set to 1.4 m/z and one microscan was
acquired for each spectrum. The acquired raw-files were database searched against a
human database (Uniprot, download date: 2019/03/27, total of 34350 entries) by the
MaxQuant software (Version 1.6.2.3). The search criteria were set as following: full
tryptic specificity was required (cleavage after lysine or arginine residues); 3 missed
cleavages were allowed; carbamidomethylation (C) was set as fixed modification; Arg10
(R), Lys8 (K) and oxidation (M) as variable modification. The mass tolerance was set to
10 ppm for precursor ions and 0.02 Da for fragment ions. The results were imported to
Skyline (version 4.1) by generating a spectral library and manually selecting the peptides
of interest and the best 6 transition thereof. Then, a scheduled (10 min windows) mass
isolation lists containing all selected peptide ion masses were exported form Skyline and
imported into the Lumos operating software PRM analysis using the following settings:
the resolution of the orbitrap was set to 60k FWHM (at 200 m/z) and the fill time was set
to 150 ms to reach a target value of 1e6 ions. lon isolation window was set to 0.4 Th and
the scan range was set to 150-1500 Th. A MS1 scan using the same setting as used for
DDA above was included in each MS cycle. Each condition was analysed in biological
triplicates. All raw-files were imported into Skyline for protein / peptide quantification.
To control for variation in sample amounts, the total ion chromatogram (only comprising
peptide ions with two or more charges) of each sample was determined by Progenesis QI

(version 2.0, Waters). Here, the best peptide ions peak areas were normalized on total
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MSI1 signal (only considering doubly or higher charged peaks), and relative

quantifications were calculated on the mean value of parental non-treated values.

RNA isolation and RT-qPCR

Total RNA was isolated using NucleoSpin RNA Plus kit (Macherey-Nagel
740984) and reverse transcribed using RevertAid First Strand cDNA Synthesis kit
(Thermo Fisher Scientific K1622) and random hexamer primers, following
manufacturer’s protocol. PIDD1 gene expression was monitored via quantitative PCR
using qPCRBIO Probe Mix (PCR Biosystems PB20.24) and the following probe sets
were used: PIDD1 probe 1 (PCR amplicon spanning exon 5 and 6)(Hs.PT.58.1440761.g,
IDT), PIDDI1 probe 2 (PCR amplicon spanning exon 10 and 11)(Hs.PT.58.3199598.gs,
IDT), B-actin (Hs.PT.39a.22214847, IDT) and RPLPO (Hs.PT.39a.22214824, IDT). All
probes were conjugated with a 6-FAM/ZEN/IBFQ dye/quencher mode. qPCR assays
were performed on a CFX Touch Real-Time PCR Detection System (Biorad) and Ct
values were extracted using a Bio-Rad CFX Manager software. Expression values were
normalized to the geometric mean of 3- actin and RPLPO (Vandesompele et al/, 2002) and
the relative quantification is presented as linearized C; values (2°22Y), normalized to the

wild type untreated reference values.

DNA content analysis by flow cytometry

Cells were harvested, washed with PBS, fixed with ice-cold 70% v/v ethanol in
PBS for at least 20 min at -20°C and stored at —20°C until analysis. Fixed cells were
centrifuged at 1000 g for 3 min, washed twice with PBS, and stained with 10 pg/mL
propidium iodide (Invitrogen, P3566) for 30 min at 37°C in the presence of 100 pg/mL
PureLink™ RNase A (Invitrogen, 12091-021). Cells were then analysed in a flow
cytometer (FACSCanto, BD Bioscience). Data analysis and figure generation were

performed using FlowlJo software (FlowJo, LLC).
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EdU incorporation assessment by flow cytometry

DNA replication was assessed via EdU incorporation by pulse labeling
asynchronously growing cells. Cells were pulsed for 1h with 10 uM EdU, harvested and
prepared for flow cytometry using the Click-iT™ EdU Alexa Fluor® Flow Cytometry
Assay kit (Thermo Scientific, C10634), according to the instructions of the manufacturer.
Briefly, cells were fixed and permeabilized with the provided solutions. Click-It reaction
was performed using an Alexa-647 fluorophore. Eventually, samples were stained with
propidium iodide as described above and analysed in a flow cytometer (FACSCanto, BD
Bioscience). The percentage of induced tetraploid cells was calculated from values gated

as in Appendix Fig. S3 as follows:
% of cells > 4C (DHCB) — % of cells = 4C (DMSO)
The percentage of proliferating tetraploid cells was calculated as follows:

% of cells > 4C (release) — % of cells > 4C (DMSO)
induced tetraploid cells

Yeast-two-hybrid analyses

The yeast-two-hybrid screens were performed by Hybrigenics Services, S.A.S.,
Evry, France. The coding sequence of PIDD1 1-758 S446A/S588A was PCR-amplified
and cloned into pB66 as a C-terminal fusion to the Gal4 DNA-binding domain. The
construct was used as bait to screen a random-primed Human Lung Cancer Cells cDNA
library constructed into pP6. 51 million clones (5-fold the complexity of the library) were
screened using a mating approach with YHGX13 (Y187 ade2- 101::loxP-kanMX-1oxP,
mata) and CG1945 (mata) yeast strains as previously described (Fromont-Racine et al,
1997). 180 Hist colonies were selected on a medium lacking tryptophan, leucine and
histidine. Prey fragments of positive clones were amplified by PCR and sequenced at their
5’ and 3’ junctions. The resulting sequences were used to identify the corresponding
interacting proteins in the GenBank database (NCBI) using a fully automated procedure.
For the interaction domain mapping screen, the fragment containing amino acids 538-

1204 of ANKRD26 (identified as prey in the previous Y2H screen) was enzymatically
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fragmented. Fragments were dA-tailed, enriched by PCR and eventually cloned into the
yeast prey vector pP9 using homologous recombination in yeast. The ANKRD26
fragment library had a size of 39,000 independent fragments. Amino acids 1-758 of
PIDD1 (S446A, S588A) were cloned into pB27 as a C-terminal fusion to LexA (LexA-
PIDDTI). 1.3 million clones of the ANKRD26 fragment library were screened using a
mating approach with YHGX13 (Y187 ade2-101::loxP-kanMX-loxP, mato) and
L40DGal4 (mata) yeast strains as previously described (Fromont-Racine et al, 1997).
His+ colonies were selected on a medium lacking tryptophan, leucine and histidine. Prey
fragments of positive clones were amplified by PCR and sequenced at their 5’ and 3’
junctions. The sequences of 75 experimental ANKRD26 fragments were overlapped and
their positions calculated relative to the full-length ANKRD26 protein. The minimal
region that overlaps in all experimental ANKRD26 fragments represents the selected

interacting domain.

Statistical analysis

Data are presented either as dot plot (mean in red + s.e.m. in black) or as bar chart
(mean + s.e.m), unless differently specified in the corresponding figure legend. Normality
of datasets was determined by Shapiro-Wilk test. Statistical differences were calculated
by unpaired two-tailed Student’s t-test or Mann-Whitney test (between two groups), and
by one-way ANOVA or Kruskal-Wallis test (between multiple groups). Tukey’s multiple
comparison test was used as post hoc test when every mean was compared to every other
mean, whereas Dunnett’s multiple comparison test was used to compare every mean to a
control mean. Statistical significance was annotated as: *p<0.05). Statistical analyses and
graphs were produced using GraphPad Prism 8 (GraphPad, San Diego, CA, USA)

software.
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RESULTS

PIDD1 is a distal appendage protein whose localization relies on ANKRD26

We previously reported that PIDD1 decorates only centrioles positive for CEP164
(Fava et al, 2017), a known member of distal appendage proteins (DAPs) (Graser ef al,
2007), demonstrating thereby that PIDD1 specifically localizes to parent centrioles.
Taking into account that the clearest determinant of parent centrioles is the presence of
DAs and SDAs, we wondered whether PIDD1 displays a preferential association with
any of those structures. To address this question, we employed 2D stimulated emission
depletion (STED) microscopy and co-stained PIDD1 with known members of SDA
proteins (SDAPs) or DAPs, namely ODF2 and FBF1, respectively (Tanos et al, 2013;
Mazo et al, 2016). Strikingly, PIDD1 STED signal displayed a 9-fold rotational
symmetric arrangement that best co-localized with FBFI, suggesting that PIDDI
preferentially associates with DAs (Fig. 9A). To test whether PIDDI1 is a bona fide DAP,
we exploited the notion that despite abolishing ciliogenesis, preventing DA assembly
allows cell proliferation in culture (Mazo et al, 2016). Thus, we utilized the CRISPR/Cas9
technology to deplete CEP83/CCDC41, a protein necessary for the assembly of DAs
(Tanos et al, 2013) (Supplementary Fig. 1 reports a comprehensive validation of the
CRISPR/Cas9 knock-out cell lines used in this work). Loss-of-function CEP83
derivatives were obtained from non-transformed retinal cells of the pigmented epithelium
hTERT-RPEI (hereafter referred to as RPE1) and from lung adenocarcinoma A549 cells.
While CEP83 depletion was effective in perturbing DAs assembly (Supplementary Fig.
2A and B), SDAs recruitment appeared largely unaffected in both loss-of-function cell
lines (Supplementary Fig. 2C and D). More importantly, CEP83 depletion drastically
impinged on the PIDDI recruitment to parent centrioles in both cell lines (Fig. 9B and
C). Thus, super resolution microscopy and reverse genetics support the notion that PIDD1

is a DAP.
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Figure 9. PIDDL1 is a distal appendage protein whose localization relies on ANKRD26. (A) 2D STED
micrographs of RPE1 cells co-stained with the indicated antibodies. Scale bar: 200 nm. (B) Dot plots
showing the average pixel intensities at individual parent centrioles expressed as the PIDD1/ODF2
fluorescence ratio in the indicated cell lines and genotypes. Mean values (red lines) £ s.e.m. are reported.
Data obtained from images as in (C). N > 50 centrosomes were assessed for each condition, a.u. = arbitrary
units. Unpaired Mann-Whitney test (****P < 0.0001). (C) Representative fluorescence micrographs from

the indicated cell lines co-stained with the indicated antibodies. Blow-ups without Hoechst 33342 are
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magnified 2.5X. Scale bar: 5 um. (D) Co-localization between ODF2 and PIDD1 (n=11), FBF1 and PIDDI1
(n=21), and ANKRD26 and PIDD1 (n = 17) assessed on images as in (A and E). The value represents the
fraction PIDD1 objects touching either ODF2, FBF1 or ANKRD26 objects. Mean values (red lines) + s.e.m.
are reported. Kruskal-Wallis test (***P < 0.001; *P < 0.05; n.s. = non-significant). (E) 2D STED
micrographs of RPE1 cells co-stained with the indicated antibodies, scale bar: 200 nm. (F) Representative
fluorescence micrographs of RPE1 cells of the indicated genotypes co-stained with the indicated antibodies.
Blow-ups without Hoechst 33342 are magnified 2.5X. Scale bar: 5 um. (G) Dot plot showing the average
pixel intensities at individual parent centrioles expressed as the PIDD1/CEP128 fluorescence ratio in RPE1
of the indicated genotypes. Mean values (red lines) = s.e.m. are reported. Data obtained from images as in
(F). N > 50 centrosomes were assessed from as many individual cells for each condition, a.u. = arbitrary
units. Statistical significance was assessed by KruskalWallis test, comparing each sample to the wild type
(*¥***P <0.0001). (H) Scheme summarizing the epistatic interdependencies between DAPs emerging from

work displayed in this figure.

Next, we aimed to better define the PIDD1 position in the physical and epistatic
map of DAPs. To this end, we performed a yeast-two-hybrid screen using the PIDD1 1-
758 (see below) fragment as bait against a cDNA library obtained from an equimolar mix
of three different lung cancer cell lines (including A549). This screen retrieved only one
particularly the portion comprised between amino acid 538 and 1204 (Supplementary Fig.
2E-F). Consistently, co-staining of PIDD1 with ANKRD26 in STED microscopy
revealed the highest degree of co-localization among our super resolution analyses (Fig.
9D-E), strengthening the notion that PIDD1 and ANKRD26 directly interact at DAs in
human cells.

The recent annotation of ANKRD26 as DAP was accompanied by detailed
analysis of its localization at the outermost periphery of DAs (Bowler et al, 2019).
However, the epistatic relationship between ANKRD26 and PIDDI1 relative to other
DAPs remained to be defined. To this end, we generated RPE1 derivatives lacking the
expression of several individual known DAPs, namely SCLTI1, CEP164 and FBF1 in
addition to cells defective for ANKRD26 and PIDD1 themselves. Among these proteins,
SCLT1 appeared as the most upstream factor in the epistatic tree, as all other proteins
were delocalized by its depletion (Fig. 9F). CEP164, FBF1 and ANKRD26 appeared to
be recruited to DAs independently from each other and downstream of SCLT1 (Fig. 9F).
While PIDD1 deficiency did not display any notable eftect on the recruitment of all the
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other DAPs analysed, ANKRD26 deficiency, but not CEP164 or FBF1 depletion,
abrogated PIDDI recruitment to DAs (Fig. 9F-G). Hence, we defined the position of
PIDDI1 in the epistatic map of DAPs, demonstrating that it represents the most
downstream member among those included in our analysis (Fig. 9H). Taken together,
yeast-two-hybrid, epistatic studies and super resolution microscopy demonstrate that
PIDDI1 is a bona fide DAP and suggest a tight, likely direct, association between
ANKRD26 and PIDD1 at the DA periphery.

Peripheral DAPs are dispensable for ciliogenesis

The presence of DAs on parent centrioles has been functionally linked to the
centrosomes’ capability to become basal bodies and to promote the formation of primary
cilia (PC). Therefore, considering the fact that PIDD1 is a novel member of DAPs, we
hypothesized that PIDD1 might contribute to ciliogenesis. To tackle this question, we
took advantage of our set of RPE1 derivatives defective for individual DAPs and exposed
them to serum-starvation in order to promote PC formation. Consistently with previous
results (Tanos ef al, 2013), SCLT1 and CEP164 deficiency completely abolished PC
formation (Fig. 10A-B). Moreover, re-expressing SCLT1 with a lentiviral strategy in
SCLT1-deficient RPE1 cells allowed us to restore the ciliogenesis process, demonstrating
that the observed phenotype was dependent on SCLT1 protein depletion rather than on
artefacts caused by CRISPR/Cas9 (Fig. 10C-D). In line with a less stringent requirement
for FBF1 functionality to support ciliogenesis (Yang ef al, 2018), FBF1 deficiency
triggered a clear reduction of the average ciliary length, yet allowing the formation of
shorter cilia in about 40% of serum-starved cells (Fig. 10A-B and E). ANKRD26
depletion instead resulted in a more nuanced phenotype, not impinging on the percentage
of ciliated cells but leading to the generation of shorter PC, probably reflecting a role of
this protein in ciliary gating (Yan et al, 2020) (Fig. 10A-B and E). Interestingly, PIDD1
deficiency did not interfere with ciliogenesis in any of the assays we performed (Fig.
10A-B and E). Taken together, our data demonstrate that the ANKRD26-dependent
centrosome recruitment of PIDD1 appears dispensable for PC formation, revealing that
DAs might also serve as scaffolds to promote cellular functions distinct from ciliogenesis

(Fig. 10F).
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Figure 10. Peripheral DAPs are dispensable for ciliogenesis. (A) RPE1 cells of the indicated genotypes
were subjected to serum-starvation followed by immunofluorescence with the indicated antibodies to
visualize the PC. Representative micrographs are shown. Blow-ups without Hoechst 33342 are magnified
2X. Scale bar: 5 um. (B) The percentage of ciliated cells was assessed by visual scoring of micrographs as
in (A) across 3 biological replicates, with > 50 cells per replicate. Individual values of biological replicates,
their mean + s.e.m. are reported. ANOVA test, comparing each sample to the wild type (**P < 0.01; n.s. =
non-significant). (C) Fluorescence micrographs of RPE1 cells of the indicated genotypes, either left

untransduced (mock) or transduced with a lentiviral vector expressing Myc-SCLT1, and co- stained with
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the indicated antibodies. Blow-ups without Hoechst 33342 are magnified 2.5X. Scale bar: 5 um. (D) RPE1
cells of the indicated genotypes were either left untransduced (mock) or transduced with a lentiviral vector
expressing Myc-SCLT1 and subjected to serum starvation. Immunofluorescence with the indicated
antibodies allowed visualization of the PC. Representative micrographs are shown, blow-ups without
Hoechst 33342 are magnified 2X. Scale bar: 5 um. (E) Ciliary length was measured from the same dataset
described in (B), violin plots showing values for individual cilia obtained by pooling at least three biological
replicates (> 150 cells); n.a. = not applicable due to absence of ciliated cells. Median values (red lines) and
quartiles (black, dashed lines) are shown. Kruskal-Wallis test, comparing each sample to the wild type
(*¥***P <0.0001; n.s. = non-significant). (F) Scheme summarizing the epistatic interdependencies between
DAPs emerging from data displayed in Fig. 9 and the functional implications described in this figure. PC

= primary cilium.

ANKRD?26 directly recruits PIDD1 to DAs

With the aim to better define the minimal ANKRD26 fragment required for
PIDDI recruitment to DAs, we performed a follow-up yeast-two-hybrid screen. Briefly,
we generated a deletion library of the previously identified ANKRD26 fragment (amino
acids 538 — 1204). This new library was then screened against the same PIDD1 bait,
eventually restricting the putative PIDD1 Minimal Interaction Domain (PMID) of
ANKRD26 to the region between amino acid 911 and 1181 (overlapping with the
annotated CCDC144C-like domain) (Fig. 11A).

In order to test the impact of ANKRD26’ PMID on PIDDI centrosomal
localization, we cloned lentiviral constructs encoding a Myc-tagged version of
ANKRD?26 lacking the newly identified PMID (ANKRD26-APMID) and the PMID alone
(ANKRD26-PMID), together with a full-length form of ANKRD26 (ANKRD26 WT).
Complementation studies in RPEI derivatives deficient for ANKRD26 revealed that
while ANKRD26-PMID alone was not sufficient for DA localization, ANKRD26-
APMID localized to DAs similarly to ANKRD26 WT (Fig. 11B-C). Furthermore,
exogenously expressed ANKRD26 WT, but not ANKRD26-APMID, was able to rescue
the ability of PIDD1 to localize at DAs (Fig. 11D-E). Taken together, we refined the
ANKRD?26 region sustaining a direct interaction with PIDD1 and demonstrated that the
same region, despite being dispensable for ANKRD26 localization, is necessary for

PIDD1 docking at the centrosome.
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Figure 11. ANKRD26 directly interacts with PIDD1 at DAs. (A) Schematic of the ANKRD26 domain
identified as PIDDI1 interactor by yeast-two-hybrid screen. PMID = PIDD1 Minimal Interaction Domain;
CCDC144C-like = Coiled-Coil Domain similar to CCDC144C; DUF: Domain of Unknown Function. (B)
Representative fluorescent micrographs of RPE1 cells of the indicated genotypes, either transduced with
the indicated lentiviral vectors or left untransduced (mock). Cells were co-stained with the indicated
antibodies. Blow-ups without Hoechst 33342 are magnified 2.5X. Scale bar: 5 um. (C) Dot plot showing
the average pixel intensities of the Myc signal at individual parent centrioles in RPE1 cells of the indicated
genotypes, either transduced with the indicated lentiviral vectors or left untransduced (mock). Mean values
(red lines) + s.e.m. are reported. N > 50 centrosomes were assessed for each condition in as many individual
cells; a.u. = arbitrary units. Kruskal-Wallis test (****P < 0.0001; n.s. = non-significant). (D) Dot plot

showing the average pixel intensities of the PIDD1 signal at individual parent centrioles in RPEI cells of
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the indicated genotypes, either transduced with the indicated lentiviral vectors or left untransduced (mock).
Mean values (red lines) = s.e.m. are reported. N > 50 centrosomes were assessed for each condition in as
many individual cells; a.u. = arbitrary units. Kruskal-Wallis test (****P < 0.0001; n.s. = non-significant).
(E) Representative fluorescent micrographs of RPE1 cells of the indicated genotypes, either transduced
with the indicated lentiviral vectors or left untransduced (mock). Cells were co-stained with the indicated

antibodies. Blow-ups without Hoechst 33342 are magnified 2.5X. Scale bar: 5 um.

PIDD1 localization to DAs is necessary for PIDDosome activation

Defining the epistatic and physical position of PIDDI1 in the context of DAs (Fig.
9 and 11) readily enabled us to test whether there is a link between PIDD1 localization to
DAs and its functional output in terms of PIDDosome activation. As PIDD1 localizes to
parent centrioles irrespectively of PIDDosome activation (Fava et al, 2017), we reasoned
that DA localization might represent a prerequisite for PIDDosome activation mediated
by supernumerary centrosomes. To test this hypothesis, we utilized RPE1 derivatives
lacking the expression of several individual DAPs and assessed their ability to activate
the PIDDosome by measuring the accumulation of MDM2 cleavage fragments in
response to cytokinesis failure. The inhibition of actomyosin ring functionality upon
dihydrocytochalasin-B (DHCB) treatment resulted in MDM2 cleavage in parental cells
(Fig. 12A). Releasing the cells from DHCB into fresh medium did not revert the
accumulation of MDM2 cleavage products, suggesting that this latter event depends on
one of the consequences of failed cell division (i.e. extra centrosomes, Fig. 12B), rather
than on the drug treatment itself (Fig. 12A). Cells lacking CEP164 or FBF1, two DAPs
that were dispensable for PIDDI localization to parent centrioles, behaved similarly to
the parental line (Fig. 12A). In stark contrast, depletion of all the proteins required for
PIDDI1 recruitment to DAs, namely CEP83, SCLT1 and ANKRD?26, in addition to
PIDDI deficiency itself, led to complete abrogation of PIDDosome activation upon
cytokinesis failure (Fig. 12A). The extent of binucleation induced by DHCB in the
various genotypes appeared comparable, thereby excluding the possibility that
differences in PIDDosome activation depend on reduced proliferation rate (Fig. 12B-C).
Consistently, no reduction in the rate of supernumerary centrosome acquisition upon
DHCB treatment could be observed when comparing knock-out cell lines with parental
cells (Fig. 12B and D). Importantly, lack of PIDDosome activation upon cytokinesis

failure led to genome reduplication in all the experimental conditions analysed, as
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assessed by EdU incorporation analysis upon DHCB treatment (Fig. 12E and
Supplementary Fig. 3).
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Figure 12. PIDD1 localization to DAs is necessary for PIDDosome activation. (A) RPE]1 cells of the
indicated genotypes were treated either with DMSO or with DHCB for 24h. A fraction of DHCB treated
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cells were released into fresh medium for other 24h (release). Samples were subjected to immunoblotting;
n = 3 independent experiments. (B) Fluorescence micrographs of RPE1 cells of the indicated genotypes,
either treated for 24h with DHCB or with vehicle alone (DMSO). Blow-up without Hoechst 33342 is
magnified 2.5X. Scale bar: 5 pm. (C) Immunofluorescence micrographs of RPE1 as in (B) were used to
visually assess the percentage of cells presenting one or two nuclei. N = 3, > 50 cells from each independent
experiment. Mean values + s.e.m. are reported. The increase in the number of binucleated cells between the
wild type sample and all the other genotypes was assessed (ANOVA test; *P < 0.05). (D)
Immunofluorescence micrographs of RPEI as in (B) were used to visual score the number of centrosomes
per cell by counting the number of y-tubulin-positive centrioles. N = 3, > 50 cells from each independent
experiment. Mean values + s.e.m. are reported. The increase in the number of cells with > 2 centrosomes
between the wild type sample and all the other genotypes was assessed (ANOVA test; **P < 0.01). (E)
Quantitative assessment of the fraction of RPE1 cells undergoing cytokinesis failure upon DHCB treatment,
inferred on the basis of the increase of ploidies > 4C (upper panel), and of the fraction of the
abovementioned cells undergoing genome reduplication upon release after DHCB treatment (lower panel).
Individual values of biological replicates, their mean and standard deviations are reported. ANOVA test,
comparing each sample to the wild type (****P < 0.0001; n.s. = non-significant). (F) RPE1 cells were either
left untransduced (mock) or transduced with lentiviral vectors expressing the indicated Myc-ANKRD26
constructs. Subsequently, cells were treated either with DMSO or ZM447439 for 24h and subjected to

immunoblotting; n = 3 independent experiments.

Moreover, the abovementioned paradigm is not restricted to RPE1 cells, as
SCLTI1- deficient A549 cells displayed compromised PIDDI recruitment to DAs,
PIDDosome activation and cell cycle arrest in response to cell division failure, all of
which could be rescued by exogenously expressing SCLT1 (Fig. 13). Finally, we assessed
the ANKRD26-APMID ability to sustain PIDDosome activation (Fig. 12F),
demonstrating that surgical removal of the PMID leads not only to PIDD1 delocalization
but also to defective PIDDosome activation. Thus, interfering with PIDD1 localization to
DAs by different genetic means invariably compromised PIDDosome activation and the

resulting cell cycle arrest in response to cytokinesis failure.
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Figure 13. Complementation of SCLT1 in SCLT1 KO cells rescues PIDDosome activation also in
A549 cells. (A) Fluorescence micrographs of A549 cells of the indicated genotypes. Cells were either left
untransduced (mock) or transduced with a lentiviral vector expressing Myc41 SCLT1, and co-stained with
the indicated antibodies. Blow-ups without Hoechst 33342 are magnified 2.5X. Scale bar: 5 pm. (B) Dot
plot showing the average pixel intensities of PIDD1 at individual parent centrioles in A549 cells of the
indicated genotypes, treated as in (A). Mean values (red lines) = s.e.m. are reported. N > 50 centrosomes
were assessed for each condition in as many individual cells; a.u. = arbitrary units. Mann-Whitney test (n.s.
= non-significant). (C) A549 cells of the indicated genotypes were either left untransduced (-) or transduced
with a lentiviral vector expressing Myc-SCLT1 (+). Cells were treated either with DMSO or with
7ZM447439 for 24h and subjected to immunoblotting; n = 3 independent experiments. (D) DNA content
analysis of A549 cells of the indicated genotypes. Cells were either left untransduced (mock) or transduced
with a lentiviral vector expressing Myc- SCLT1, treated with ZM447439 for up to 72h and processed for
DNA content analysis.

Only the PIDD1 precursor is capable of localizing to centriole DAs.

Once established that ANKRD26 concurs to form the centrosomal receptor for
PIDDI1, we set out to look for the PIDDI portion sustaining its localization. Of note,

PIDDI1 has been previously shown to undergo autoprocessing following a proteolytic
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mechanism displayed also by the nucleoprotein Nup98 and the transmembrane receptor
Unc5CL (Heinz et al, 2012; Tinel et al, 2007). PIDD1 autoproteolysis can occur at two
sites, resulting in the coexistence of different PIDDI protein species: i) PIDD1-FL, the
Full-Length precursor of 910 amino acids, ii) PIDD1-N (amino acids 1- 445), the N-
terminal fragment resulting from cleavage at the first autoproteolytic site, iii) PIDD1-C
(amino acids 446-910), the C-terminal fragment resulting from the aforementioned
cleavage site, and iv) PIDD1-CC (amino acids 588-910), resulting from cleavage at the
second autoproteolytic site (Fig. 14A). Notably, three of these PIDDI1 species (i.e.
PIDD1-FL, PIDD1-C and PIDD1-CC, but not PIDD1-N) contain the death domain (DD),
essential for PIDDosome activation (Park et al, 2007). To address our question, we
established a lentiviral strategy allowing to re-express VS5-epitope tagged PIDDI1
fragments in A549 derivatives deficient for PIDDI1. Strikingly, while exogenously
expressed wild type PIDDI1 localized to the centrosome, neither PIDD1-N, PIDD1-C
(carrying the S588 A mutation that prevents further cleavage into PIDD1-CC) nor PIDDI1-
CC displayed any detectable recruitment to the centrosome, despite being expressed at
levels comparable to those obtained via autoproteolysis of the wild type precursor (Fig.
14B-D). The lack of centrosomal localization of PIDD1 autoproteolytic fragments was
also verified in presence of supernumerary centrosomes, excluding the possibility that
PIDDI1 fragments selectively acquire competence to localize at the centrosome in
PIDDosome activating conditions (Supplementary Fig. 4A). Consistently, the expression
of a PIDD1 version defective in autoproteolysis (PIDD15446A-55884) "leading thereby to
the production of the sole PIDD1-FL precursor, displayed proficiency in localizing at the
centrosome (Fig. 14E-F). Furthermore, deletion mutants of PIDD5446A-S384 jdentified
the 1-758 portion of PIDDI as the minimal PIDDI precursor fragment displaying DA
recruitment (Fig. 14E-F and Supplementary Fig. 4B). Thus, our data demonstrate that
only the PIDD1 noncleaved precursor can localize to centrosomes and that several PIDD1

domains concur to PIDD1 recruitment to DAs.
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Figure 14. Only the PIDD1 non cleaved precursor is capable of localizing to centriole DAs. (A)
Schematic of the PIDD1 domain structure and of the different PIDD1 species generated by autoproteolysis.
LRR = Leucin Rich Repeat Domain; ZU5 (N and C) domains = Domain present in ZO-1, Unc3-like netrin
receptors and in ankyrins; UPA domain = conserved in UNCS5, PIDD, and Ankyrins; DD = death domain.
(B) A549 cells of the indicated genotypes were either left untransduced (mock) or transduced with lentiviral
vectors expressing the indicated PIDD1-V5 derivatives and subjected to immunoblotting. N = 2
independent experiments. (C) Fluorescence micrographs of A549 cells of the indicated genotypes either

left untransduced (mock), or transduced with PIDD1-V5 lentiviral vectors as in (B), and co- stained with
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the indicated antibodies. Blow-ups without Hoechst 33342 are magnified 2.5X. Scale bar: 5 um. (D) Dot
plot showing the average V5 pixel intensities at individual parent centrioles in A549 cells of the indicated
genotypes, either transduced with the indicated lentiviral vectors or left untransduced (mock). Mean values
(red lines) £ s.e.m. are reported. Data obtained from images as in (C). N > 50 centrosomes were assessed
for each condition in as many individual cells; a.u. = arbitrary units. Kruskal-Wallis test (****P < 0.0001).
(E) Dot plot showing the average V5 pixel intensities at individual parent centrioles in A549 cells of the
indicated genotypes, either transduced with the indicated lentiviral vectors or left untransduced (mock).
Mean values (red lines) + s.e.m. are reported. Data obtained from images as in (F). N > 50 centrosomes
were assessed for each condition in as many individual cells; a.u. = arbitrary units. Kruskal-Wallis test
(*¥***P <0.0001; n.s. = non-significant). (F) Representative fluorescence micrographs of A549 cells of the
indicated genotypes. Cells were either left untransduced (mock) or transduced with PIDD1-V5 lentiviral
vectors expressing the PIDD1 non-cleavable derivative (PIDD1S446A-S588A) or truncations thereof.
Blow-ups without Hoechst 33342 are magnified 2.5X. Scale bar: 5 pm.

PIDD1 autoproteolysis is constitutive and occurs independently of its centrosomal
localization

The analysis of the functional relevance of PIDD1 autoproteolytic products has
been so far confined to the assessment of Caspase-2 activation induced by the ectopic
overexpression of PIDD1 species in HEK293T cells, revealing that PIDD1-CC is the only
DD-containing species capable of supporting Caspase-2 activation in this assay (Tinel et
al, 2007). The importance of the centrosomal localization of the PIDD1 precursor shown
here suggested us in turn that PIDD1 recruitment at DAs might be necessary to sustain
its autoproteolysis. Given our inability to reliably detect endogenous PIDD1 species by
immunoblotting with the available antibodies, we decided to tackle this issue with two
independent experimental approaches. Firstly, we exploited our lentiviral
complementation strategy: V5-tagged PIDD1 underwent constitutive autoproteolysis
when re-expressed in PIDDI1-deficient cells and sustained Caspase-2 activation in
response to cytokinesis failure (Fig. 15A). Strikingly, CEP83-, SCLT1- and ANKRD26-
deficient cells exposed to the same titre of PIDDI lentiviral vectors maintained their
ability to promote PIDDI autoprocessing, despite losing the potential to activate the
PIDDosome (Fig. 15A). Secondly, in collaboration with Dr. Alexander Schmidt
(Proteomics Core Facility, Biozentrum, University of Basel, Switzerland) we developed
a mass spectrometric assay relying on high resolution and precision parallel reaction

monitoring (PRM) to assess endogenous PIDD1 abundance (Peterson et al, 2012),
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Figure 15. PIDD1 autoproteolysis is constitutive, occurs independently of DAs localization but is
necessary for PIDDosome activation. (A) A549 cells of the indicated genotypes were either left
untransduced or transduced with a lentiviral vector expressing PIDD1-V5 in its wild type form. Cells were
treated either with DMSO or with ZM447439 for 24h and subjected to immunoblotting. N = 2 independent
experiments. (B,C) A549 cells of the indicated genotypes were either left untransduced (mock), or
transduced with lentiviral vectors expressing PIDD1-V5 in its wild type form or carrying the indicated point
mutations. Cells were treated either with DMSO or with ZM447439 for 24h and subjected to

immunoblotting. N = 2 independent experiments. (D) Fluorescence micrographs of A549 cells of the
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indicated genotypes. Cells were either left untransduced (mock) or transduced with PIDD1-V5 lentiviral
vectors carrying the indicated point mutations, and stained with the indicated antibodies. Blow-ups without

Hoechst 33342 are magnified 2.5X. Scale bar: 5 um.

focusing on four different reference peptides spanning the different autoproteolytic
species (Fig. 16A). PRM analyses demonstrated that neither cell division failure nor
delocalization of PIDDI from DAs (achieved by SCLT1 deficiency) had any impact on
the abundance of the four endogenous peptides (Fig. 16B). Taken together, our data
demonstrate that PIDD1 localization to DAs is a requirement for PIDD1 function, yet it

does not influence PIDD1 proteostasis.

A
) PRM PIDD1 reference peptides
Peptide # | Residues Sequence Contained in
1 183-198 | LQTLPPALGALSTLQR FL,N
2 491-497 VSMQVVR FL,C
3 616-623 VNLIALQR FL,C,CC
4 871-877 AVLELGR FL,C,CC
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Figure 16. Endogenous PIDDI1 localization to DAs does not influence its proteostasis. (A) Table
reporting features of the reference (isotopically labelled) synthetic peptides that served as internal
references for the quantification of the corresponding endogenous PIDDI1 peptides. (B) Quantification
across a biological triplicate of four different PIDD1 peptides (described in A) in A549 cells of the indicated
genotypes treated either with DMSO (-) or with ZM447439 (+) by means of parallel reaction monitoring.

Mean values + standard deviations are reported.
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Autoproteolytic generation of PIDD1-CC is necessary for PIDDosome activation
by supernumerary centrosomes

Bearing in mind that PIDD1 autoproteolysis occurs independently of PIDDI1
localization and of PIDDosome activation, the importance of PIDD1 autoprocessing in
this context appears unclear. Yet, our complementation strategy afforded a unique
opportunity to investigate the relationship between PIDDI autoproteolysis and
PIDDosome function in a physiologically relevant context, namely PIDDosome
activation in response to extra centrosomes. Clearly, an autoproteolytically defective
version of PIDD1 (PIDD1S446A-S588A) could not restore endogenous PIDD1 function
(Fig. 15B). The utilization of mutants selectively impinging on one of the two cleavage
sites (PIDD1S446A and PIDD1S588A) revealed that the production of PIDD1-CC (and
not PIDD1-C) is crucial to activate the PIDDosome (Fig. 15C). Nonetheless, all PIDD1
mutants impinging on autoproteolytic events could equally localize to the centrosome
(Fig. 15D and Supplementary Fig. 4C). Taken together, our data show that the ability of
the PIDDI1 precursor to autoprocess into PIDDI1-CC appears indispensable for
PIDDosome activation. However, autoproteolysis seems not sufficient, since the PIDD1-
CC fragment is constitutively produced in the absence of an active PIDDosome and

independently of PIDD1 ability to localize to the centrosome.

Extra centrosomes generate clusters

To further unveil the mechanism by which extra centrosomes instruct PIDDosome
activation, we decided to characterize the PIDDI centrosomal localization across an
unperturbed cell cycle as well as upon cytokinesis failure in RPE1 cells. Previous work
highlighted that while the DAP CEP83/CCDC41 retained association with parent
centrioles throughout the cell cycle, including the mitotic cell division, more peripheral
DAPs such as CEP164 and ANKRD26 appeared to dissociate from parent centrioles
during mitosis, demonstrating thereby that DAs undergo an important reorganization
while traversing mitosis (Bowler et al, 2019). Similarly, endogenous PIDD1 dissociates
from parent centrioles only at mitosis onset (Fig. 17A-B). During the late stages of
mitosis, one centriole for each spindle pole becomes increasingly competent for PIDD1
localization to DAs. Eventually, both G1 daughter cells display one PIDD1-positive
centriole (Fig. 17A-B).
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Figure 17. Extra PIDDI1-positive centrosomes generate clusters. (A) Representative fluorescence
micrographs across the indicated cell cycle phases from RPEL cells stably expressing CETN1-GFP.
Centrosomal antigens were stained with the indicated antibodies. Blow-ups without Hoechst 33342 are
magnified 2.5X. Scale bar: 5 um. The centrioles subjected to fluorescence intensity measurement in (B) are
labelled with numbers. (B) Quantification of the PIDD1 average pixel intensity at individual centrioles
across the indicated cell cycle phases of RPE1 cells stained as in (A). Mean values + s.e.m. are reported. N

> 50 centrioles were assessed for each phase, a.u. = arbitrary units. Kruskal-Wallis test (****P < 0.0001;
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**P < 0.01; *P < 0.05; n.s. = non-significant). (C) Fluorescence micrographs of RPE1 cells stably
expressing CETN1-GFP treated either with DMSO or with DHCB for 24h. Blow-ups without Hoechst
33342 are magnified 2.5X. Scale bar: 5 um. (D) Dot plot showing PIDD1 average pixel intensities at
individual parent centrioles calculated from images as in (C). Mean values (red lines) + s.e.m. are reported.
N > 50 centrosomes were assessed for each condition, a.u. = arbitrary units. Unpaired Student’s t-test, two
tails (n.s. = non-significant). (E) Movie stills of a representative RPE1 cell stably expressing CETN1-GFP
treated with DHCB and subjected to time-lapse video microscopy in the presence of SiR-DNA. Time is
expressed in minutes, relative to anaphase onset. The dashed line indicates the plasma membrane of the cell
of interest, arrowheads indicate the centrosomes’ position. Scale bar: 5 um. (F) Centrosomal distance over
time in RPE1 cells stably expressing CETN1-GFP and treated with DHCB. Time zero corresponds to the
frame preceding anaphase onset. Coloured dots (lower panel) summarize the clustering time for each cell,
mean + 38 standard deviation in black. Data calculated from four-dimensional imaging as in (E). N = 10

cells.

Strikingly, in cells that failed cytokinesis, extra centrosomes appeared invariably
clustered and, intriguingly, PIDD1-positive parent centrioles appeared to organize in
closed proximity to each other within the clusters (Fig. 17C). Moreover, the amount of
PIDDI at individual centrioles within the clusters did not vary if compared to untreated
cells in interphase, suggesting that no major changes in the protein recruitment to DAs
occur upon cytokinesis failure (Fig. 17D). Live imaging of RPE1 cells expressing
Centrin1-GFP and treated with the cytokinesis inhibitor DHCB demonstrated that 12
centrosome clusters form 184 + 61 min after anaphase onset (average + standard
deviation, n = 10) and that, once clusters are formed, they remain stably associated (Fig.
17E-F and Supplementary Fig. 5).

Despite the fact that the overall PIDD1 levels at individual centrosomes did not
vary upon cytokinesis failure, we reasoned that a differential exchange rate between the
centrosomal and the cytoplasmic pool of PIDDI might account for PIDDosome
activation. In fact, an increased exchange rate at the centrosome, selectively recruiting
the PIDD1 uncleaved precursor, might concur to locally elevate the concentration of the
active PIDD1-CC fragment, necessary for PIDDosome activation. Thus, in collaboration
with Dr. Stefano Maffini (Department of Mechanistic Cell Biology, Max Planck Institute
of Molecular Physiology, Dortmund, Germany) we performed Fluorescence Recovery
After Photobleaching (FRAP) analysis on PIDD1-deficient RPEI cells stably expressing

PIDDI1L828E-mNeonGreen. This mutant retains both autoproteolysis and centrosomal

62



recruitment, while preventing PIDDosome activation (Park et al, 2007; Fava et al, 2017)
(Fig. 18A-C), thereby allowing us to analyse PIDD1 dynamics uncoupled from the cell
cycle consequences of PIDDosome activation. Our FRAP analysis showed recovery rates
that were best described by a double exponential fitting curve (Fig. 18D-E). Nearly 60%
of PIDD1L828E-mNeonGreen molecules showed a rapid recovery halftime of 1.7 s,
while the slower component turned over with a halftime of 13.8 s. These values highlight
how the centrosomal PIDDI1 pool displays a high turnover, when compared to other
centriolar proteins, e.g. CEP89: ~ 1 min; CEP120: ~ 2 min; Ninein: ~ 2.5 min (Sillibourne
et al, 2013; Mahjoub et al, 2010; Moss et al, 2007). To our surprise, DHCB treated cells
exhibit only a slight decrease in PIDDI recovery (3.0 s for the fast component and 28.1 s
for the slow component, Fig. 18D-E), a variation that appears unlikely to account for
PIDDosome activation.
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Figure 18. PIDD1 displays a rapid exchange rate between the centrosomal and cytoplasmic pool. (A)
A549 cells of the indicated genotypes were either left untransduced (mock), or transduced with lentiviral

vectors expressing PIDD1-V5 in its wild type form or carrying the L828E mutation. Cells were treated
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either with DMSO or with ZM447439 for 24h and subjected to immunoblotting; n = 2 independent
experiments. (B) Fluorescence micrographs of A549 cells of the indicated genotypes, treated as in (A) and
co- stained with the indicated antibodies. Blow-ups without Hoechst 33342 are magnified 2.5X. Scale bar:
5 um. (C) Dot plot showing the average pixel intensities of V5-tag at individual parent centrioles in A549
cells, measured from micrographs as in (B). Mean values (red lines) + s.e.m. are reported. N > 50
centrosomes were assessed for each condition in as many individual cells; a.u. = arbitrary units. Mann-
Whitney test (n.s. = nonsignificant). (D) FRAP analyses of centrosomal PIDD1L828E-mNeonGreen
turnover in PIDD 1-deficient RPE1 cells treated with either DMSO or DHCB. Graph shows the median with
interquartile range (N = 12 cells per condition). FRAP curves for both experimental conditions were best

fitted with a double exponential curve. (E) Relevant recovery parameters of FRAP experiments.

Centrosome clustering is necessary for PIDDosome activation

Considering that a rapid exchange rate between the centrosomal and cytoplasmic
pool of PIDDI is an intrinsic property of the centrosome, we reasoned that the physical
proximity between two structures rapidly turning over the PIDD1 uncleaved precursor
might locally augment the concentration of PIDD1-CC, thereby promoting PIDDosome
activation. As microtubules had been shown to contribute generating cohesive forces
between centrosomes (Panic et al, 2015), we speculated that microtubule
depolymerisation could prevent centrosome clustering and hence PIDDosome activation.
To test this hypothesis, we titrated nocodazole in conditions which lead both to
cytokinesis failure (via Aurora B kinase inhibition) and a rapid mitotic traverse
irrespectively of the presence of the microtubule poison (via Mpsl kinase inhibition)
(Santaguida et al, 2010) in AS549 cells. Increasing concentrations of nocodazole
progressively led to i) an effective de-clustering of parent centrioles (measured as an
increase in the distance between PIDD1-positive centrioles, Fig. 19A), without impinging
on the simultaneous presence of two PIDDI-positive centrosomes in the same cell
(Appendix Fig. 6A); ii) a decline in PIDDosome activation, which was completely
abolished when cells were treated with 1 uM nocodazole (Fig. 19B); and iii) a dose-

dependent propensity to genome reduplication (Fig. 19C) following cytokinesis failure.
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Figure 19. Centrosome clustering is necessary for PIDDosome activation. (A) Dot plot showing the
distance between parent centrioles pairs in A549 cells following the indicated treatments (ZM = ZM447439;
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and 95% confidence interval thereof (black) are shown. N > 50 cells were analysed. (B) Immunoblot of
AS549 cells subjected to the indicated treatments for 24h as in (A). N = 3 independent experiments. (C)
DNA content analysis of A549 cells subjected to the indicated treatments as in (A) either for 24h (left
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panels) or 48h (right panels). N = 2 independent experiments. (D) Schematic of the experimental conditions
utilized to synchronize RPE1 cells and to specifically interfere with centrosome clustering after telophase.
(E) Immunoblots of RPE1 cells synchronized as in (D). N = 3 independent experiments. (F) Representative
fluorescence micrographs of RPE1 cells synchronized as in (D). Centrosomal antigens were stained with

the indicated antibodies. Blow-ups without Hoechst 33342 are magnified 2X. Scale bar: 5 pum.

These data support the notion that clustering of supernumerary centrosomes is
required to promote PIDDosome activation, which is in turn essential to halt the cell cycle
progression. Importantly, nocodazole did not perturb PIDDosome activation in response
to another trigger (camptothecin or CPT, see below and Supplementary Fig. 6B) nor
PIDDI recruitment to the centrosome (Supplementary Fig. 6C). While the possibility that
nocodazole perturbs PIDDosome activation independently of its declustering activity
cannot be presently ruled out, our data demonstrate that the nocodazole effect shown here
did not depend on direct PIDDosome inhibition or on altered centriolar competency to
sustain PIDDosome activation. Declustering centrosomes using a protocol to specifically
depolymerize microtubules in cells synchronized in telophase, i.e. right before
centrosome clustering, allowed to recapitulate the reported findings also in RPEI cells
(Fig. 19D-F and Supplementary Fig. 6D). Taken together, our data support the notion that

centrosome clustering is key for enabling PIDDosome activation.

PIDD1 localization to DAs is required for PIDDosome activation in response to
DNA damage

The longest-known PIDDosome activating cue is represented by genotoxic stress
(Tinel & Tschopp, 2004; Sladky et al, 2017). As it has been reported that i) PIDD1 gene
can be transactivated by the p53 protein, leading to its increased expression upon DNA
damage (Lin et al, 2000) and that ii) DNA damage can promote the formation of extra
centrosomes by multiple means (Mullee & Morrison, 2016), we reasoned that perturbing
the centrosome-PIDDosome signalling axis could afford a way to genetically dissect the
contribution of extra centrosomes to PIDDosome activation in response to DNA damage.
With this aim, we treated A549 derivatives defective for SCLT1 or ANKRD26 with CPT,
a topoisomerase I inhibitor, previously shown to induce robust PIDDosome activation

(Ando et al, 2017). Immunoblot analysis revealed that PIDDosome activation upon CPT
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was entirely dependent on PIDDI1 recruitment to the centrosome, as both SCLT1 and
ANKRD26 knock-out cell lines displayed no activation (Fig. 20A). To our great surprise,
this activation was not resulting from an increase in centrosome number, as CPT
treatment did not impinge on centrosome abundance in our experimental conditions (Fig.
20B), nor on PIDDI levels at the centrosome (Fig. 21A). Furthermore, this phenomenon
was not restricted to A549 cells, as RPE1 derivatives exhibited a similar behaviour (Fig.

21B-D).
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Figure 20. PIDD1 localization to DAs is required for PIDDosome activation in response to DNA
damage. (A) A549 cells of the indicated genotypes were treated for 24h as indicated (CPT = camptothecin,
ZM = 7ZM447439). Samples were subjected to immunoblotting; n = 3 independent experiments. (B) A549
cells treated as in (A) were subjected to fluorescence microscopy and centrosome abundance was assessed
by visually scoring y-tubulin-positive centrioles per cell. Mean values + s.e.m. are reported. N = 3, > 50
cells from each independent experiment. ANOVA test (n.s. = non-significant). (C) RT-qPCR analysis of
PIDD1 mRNA expression in A549 cells upon treatment with increasing doses of Nutlin 3a (i.e. 3.3 uM or
10 uM) using two independent probes. The average fold of induction + standard deviation is shown. N =3
biological replicates with two technical replicates each. Comparisons were performed between treatments
of every genotype and the corresponding treatment of wild type (WT) cells, ANOVA test (****P <0.0001;
*¥**p < 0.001; n.s. = non-significant). (D) Immunoblot analysis of samples treated as in (C). N = 3

independent experiments.
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Figure 21. PIDD1 localization to DAs is required for PIDDosome activation in response to DNA
damage also in RPE1 cells. (A) Dot plot showing the average pixel intensities of PIDD1 at individual
parent centrioles in A549 cells of the indicated genotypes and treatments (CPT = camptothecin, ZM =
7M447439). Mean values (red lines) + s.e.m. are reported. N > 50 centrosomes were assessed for each
condition in as many individual cells; a.u. = arbitrary units. Kruskal-Wallis test (n.s. = non-significant). (B)
RPEL1 cells of the indicated genotypes were treated either with CPT or ZM or DMSO for 24h. Samples
were subjected to immunoblotting; n = 3 independent experiments. (C) RPE1 cells treated as in (B) were
subjected to fluorescence microscopy and centrosome abundance was assessed by counting the number of
y-tubulin-positive centrioles per cell across different genotypes and treatments. Mean values =+ s.e.m. are
reported. N = 3, > 50 cells from each independent experiment. ANOVA test (n.s. = non-significant). (D)
Dot plot showing the average pixel intensities of PIDD1 at individual parent centrioles in RPE1 of the
indicated genotypes and treatments. Mean values (red lines) + s.e.m. are reported. N > 50 centrosomes were
assessed for each condition in as many individual cells; a.u. = arbitrary units. Kruskal-Wallis test (n.s. =
nonsignificant). (E) RPE1 cells of the indicated genotypes were either left untreated or treated with Nutlin-
3a (3.3 uM or 10 uM). Cells were subjected to immunoblotting; n = 3 independent experiments. (F) A549

cells were either treated with 10 uM Nutlin-3a for 24h or left untreated. Cells were subjected to fluorescence
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microscopy and centrosome abundance was assessed by counting the number of y-tubulin-positive
centrioles per cell across different genotypes and treatments. Mean values = s.e.m. are reported. N = 3, >

50 cells from each independent experiment. ANOVA test (n.s. = non-significant).

As our data with CPT were obtained in two p53-proficient cell lines, we reasoned
that p53-dependent PIDD] transactivation (Lin ef al, 2000) could be responsible of
centrosome-dependent PIDDosome activation in response to DNA damage. To test this
notion, we induced non-genotoxic p53 activation using the small molecule MDM?2
inhibitor Nutlin-3a (Vassilev et al, 2004), which led to a p53- and dose- dependent
elevation of PIDD1 mRNA (Fig. 20C). Conceivably, this p53- dependent phenomenon
did not require the presence of intact DAs. Strikingly, however, p53 stabilization was
accompanied by the appearance of MDM2 cleavage fragments only in wild type cells,
while DAP knock-out cell lines completely blunted Nutlin-3a-dependent PIDDosome
activation (Fig. 20D). Similar results were obtained for RPE1 cells, excluding the
possibility of cell line dependent artifacts (Fig. 21E). Furthermore, no significant increase
in centrosome number was detected upon Nutlin-3a treatment, ruling out the possibility
of PIDDosome activation was due to this event (Fig. 21F). Taken together, our results
demonstrate that while an elevation of PIDD1 expression, such as during the DNA
damage response, is sufficient to bypass the requirement for extra centrosomes to promote
PIDDosome activation, it still requires the concomitant local accumulation of the PIDD1

precursor in the vicinity of the centrosome’s DAs.
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DISCUSSION

In healthy cells, centrosome number is accurately controlled, as this organelle
exerts a crucial role for correct and timely chromosome segregation. Thus, continuous
cell proliferation preventing centrosome amplification or depletion is assured by several
mechanisms, among which a regulated centriole duplication, tightly coupled with the cell
division cycle, and a faithful distribution between daughter cells at the end of cell
division. Since centrosome abnormalities can lead to the assembly of abnormal mitotic
spindles and, consequently, to aneuploidy and oncogenesis, cells have evolved specific
signalling cascades which sense these defects and induce cell cycle arrest, mainly relying
on p53 activation.

It has been previously reported that the multiprotein complex PIDDosome is
specifically activated upon cytokinesis failure, acting as an essential and nonredundant
p53 activator, engaged as a surveillance mechanism responsive to supernumerary
centrosomes (Fava et al, 2017). Even if the PIDDosome component PIDD1 has been
reported to localize at the centrosome, numerous mechanistic aspects of how cells sense
extra centrosomes remained unanswered.

Here, starting from a super resolution microscopy approach, PIDD1 protein
localization at the periphery of DAs has been precisely shown. In addition, yeast-two-
hybrid established a direct interaction between PIDD1 and ANKRD26, a protein recently
annotated as peripheral component of DAs (Bowler et al, 2019). Furthermore, we defined
the ANKRD26 fragment interacting with PIDD1: the PMID (PIDD1 Minimal Interaction
Domain, amino acids 911-1181). Importantly, the ANKRD26> PMID appeared
dispensable for its recruitment to DAs, yet necessary for PIDD1 localization, validating
the physiological relevance of the yeast-two-hybrid interaction. Taking into consideration
the high exchange rate displayed between PIDDI1 centrosomal and cytoplasmic fractions
measured by FRAP (Fig. 18), it is not surprising that PIDD1 has never been identified in
centrosomal protein inventories relying on biochemical isolation of centrosomes followed
by shotgun proteomics (Jakobsen et al, 2011). Reverse genetics instead readily
circumstantiated the notion that PIDDI1 is a novel bona fide DAP whose localization
depends on ANKRD26 (Fig. 9 and Fig. 11). Moreover, DAP-deficient cellular derivatives
allowed us to solidly establish a direct link between PIDD1 centrosomal localization and

its ability to sustain PIDDosome activation (Fig. 12). Furthermore, PIDDosome
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activation and PC formation appeared as genetically separable determinants of DAPs
(Fig. 10). This did not only allow to avoid confounding effects in our analyses but could
also clearly establish that DAs bear novel functions that had not been appreciated to date,
namely activating the PIDDosome to signal to p53.

The potential implications of this work on human pathophysiology go beyond
tumour suppression. The ANKRD26 locus has been in fact associated to autosomal
dominant thrombocytopenia, a bleeding disorder caused by platelet depletion (Noris et
al, 2011). The megakaryocyte, the platelets’ cellular precursor, physiologically reaches a
hyperploid state via consecutive rounds of endomitosis, thereby carrying supernumerary
centrosomes (Nagata et al, 1997). Thus, megakaryocytes must naturally prevent
PIDDosome activation. Intriguingly, one study has demonstrated that ANKRD26
becomes normally silenced during late stages of healthy megakaryopoiesis and that
ANKRD26 mutations found in thrombocytopenic patients compromise the
abovementioned repression (Bluteau et al, 2014). Taken together, the findings presented
in this Thesis contribute to explain how megakaryocytes can tolerate supernumerary
centrosomes and, on the other hand, suggest that pharmacologically inhibiting the
PIDDosome, e.g. via available Caspase-2 inhibitors (Poreba et al, 2019), might have
beneficial effects on thrombocytopenic patients carrying ANKRD26 mutations.

The structural determinants of PIDD1 autoproteolysis were defined in a rigorous
way (Tinel et al, 2007). However, such analysis preceded the discovery of the dependency
of PIDDosome activation on centrosomes (Fava et al, 2017). Thus, the physiological
relevance of PIDDI1 autoproteolytic fragments has remained elusive. Clearly, the
generation of the shortest C-terminal fragment, PIDD1-CC, appears necessary for
PIDDosome activation by extra centrosomes (Fig. 15). Lack of ANKRD26 and more
upstream DAPs impinged on PIDD1 function independently of its protein stability and of
its autoproteolytic processing, highlighting that PIDDosome activation requires both
PIDDI localization and autoproteolysis, two elements that are not interdependent (Fig.
15 and 16). Moreover, the fact that centrosomes selectively recruit the PIDD1 precursor
clearly allows to temporally order the events: PIDDosome activation is preceded by i)
recruitment of the PIDD1 precursor to DAs downstream of ANKRD26 and subsequently
by ii) PIDD1 autoproteolysis into PIDD1-CC. While the quick turnover of PIDD1 at the
centrosomes readily supports the model according to which the centrosome primes
autoproteolytic PIDD1-CC fragments for PIDDosome activation, the molecular nature of

this priming remains unclear. The simplest model predicts that PIDD1 might require local

71



autoproteolysis in the proximity of the centrosome, yet alternative models, suggesting for
example proteolysis of the PIDDI precursor in the cytoplasm after acquisition of a post-
translational modification at the centrosome, cannot be excluded.

PIDDI1 localization at DAs and PIDD1 precursor autoproteolysis appear necessary
for PIDDosome activation, yet they are not sufficient as they all occur constitutively. How
can the system discriminate between the presence of a single parent centriole and the
simultaneous presence of two parent centrioles? The maturation of the youngest
centrosome is accompanied by the acquisition of appendages on its oldest centriole and
requires the mitotic traverse (Kong et al, 2014). During mitosis, and thus during the
centrosome maturation process, PIDD1 appears to dissociate from the centrosome itself
(Fig. 17A-B). During telophase, one of the two centrosomes (likely to be the oldest)
becomes decorated by PIDD1 and, only eventually, the second centrosome recruits
PIDDI1 (Fig. 17A-B). Thus, in an unperturbed cell cycle, the only temporal window (i.e.
telophase) in which two PIDDI-positive centrioles coexist in the same cell is
characterized by maximal distance between those structures. Cytokinesis failure instead
yields to the simultaneous presence of two juxtaposed PIDD1-positive structures (Fig.
17C), as short after cell division failure extra centrosomes show rapid directional
movement towards each other (Fig. 17E-F). Importantly, perturbing the spatial
arrangement of extra centrosomes uncouples the presence of two PIDD1-positive parent
centrioles from PIDDosome activation (Fig. 19). Taken together, this evidence suggests
that the presence of the physical proximity of two parent centrioles, a condition that is
promoted by the microtubule network and maintained over time, can give rise to
PIDDosome activation (Fig. 19).

Considering that the exact cellular cue leading to PIDDosome activation had
remained mysterious, the data presented here demonstrate that the overall cellular
availability of the PIDDI1-CC species is not the only discriminant for PIDDosome
activation. However, it can be speculated that the selective centrosome affinity for the
PIDDI1 precursor, together with the constitutively fast exchange rate of this species with
the cytoplasmic PIDD1 pool, grants a higher local concentration of PIDDI1-CC
autoproteolytic product in the vicinity of the centrosome (Fig. 22). We propose that the
simultaneous presence of two adjacent sources of PIDD1-CC, such as the clustered parent
centrioles generated by cell division failure, critically contributes to surpass a

concentration threshold, tipping the balance towards PIDDosome activation.
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Figure 22. Proposed model for the centrosome-dependent PIDDosome activation upon different
stimuli. The centrosome constitutively acts as PIDD1 centralizer. A local increase in PIDD1 concentration
(achieved either by centrosome clustering or upon p33 activation) triggers PIDDosome activation. In
ANKRD26-deficient cells, the inability of the centrosome to generate a local increase in PIDDI

concentration hinders the activation of the complex in response to both stimuli.

Additional work is needed to directly test the proposed model. In particular, it
would be interesting to investigate whether artificially tethering PIDD1 to a cellular
compartment other than the centrosome in cells devoid of this organelle could lead to
PIDDosome activation as well. This experiment would address whether a high local
concentration of PIDDI1 active species is sufficient for PIDDosome activation or if
additional centrosome-based cues are needed. Moreover, another aspect which should be
clarified is the role of interphase centrosome clustering upon cytokinesis failure. The
model hypothesized in this thesis suggests that centrosome clustering is a crucial event
for PIDDosome activation. Nevertheless, it has not been determined whether sustained
clustering is needed to promote the assembly of the complex or whether a transient
clustering is sufficient to ignite the process. Clarifying these aspects would not only
elucidate additional aspects of centrosome contribution to PIDDosome activation but also
reveal whether p53 activation in this context is irreversible or whether an additional

regulatory layer is present and carried out at the centrosome level.
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Following the model proposed in this thesis, the ability of the centrosome to act
as a PIDDI centralizer could explain how PIDDosome activation is induced not only by
supernumerary centrosomes but also in the context of the DNA damage response, leading
it back to a single mechanism. In fact, the elevation of the overall PIDD1 levels promoted
by p53-dependent PIDDI transactivation was shown to readily bypass PIDDosome
activation requirement for extra centrosomes (Fig. 20) yet maintaining the dependency
on PIDDI precursor recruitment to the centrosome. While it cannot be excluded that the
PIDDosome still assembles in the absence of PIDDI1 recruitment to the centrosome and
that the regulation of its activity towards MDM?2 is exerted more downstream, the
simplest model predicts that the centrosome directly contributes to the assembly of the
complex. Furthermore, the data presented in this work clearly demonstrate that the
centrosome is not only involved in generating a cell cycle inhibitory signal in response to
mitotic malfunctions, but also contributes to shaping the DNA damage response. In fact,
recent work has established that the PIDDosome is of paramount importance for dictating
the p53 dynamic in response to ionizing radiation, with clear implications in determining
the type of p53 response (Tsabar et al, 2020). Surprisingly, we demonstrate that i) the
PIDDosome activation following DNA damage requires PIDDI docking to the
centrosome and that ii) this phenomenon does not necessarily rely on accumulation of
extra centrosomes, e.g. via passage through a faulty mitosis. Nonetheless, the presence of
supernumerary centrosomes might contribute rewiring cellular signalling triggered by
DNA damage, e.g. synergizing on p53 activation.

In summary, this thesis offers new insights into the regulation of PIDDosome
activation, proposing a model which is able not only to explain some mechanistic aspects
of'the cell response to supernumerary centrosomes but also to reconcile several seemingly
unrelated or contradictory observations in the field. Firstly, it clarifies that PIDDosome
assembly can indeed occur following DNA damage, as a consequence of p53-dependent
PIDDI transactivation. Secondly, it explains why DNA damage triggers a robust
PIDDosome activation in p53-defective cells only when they are forced into mitosis (e.g.,
through CHK1 inhibition) (Sidi et al, 2008). Conceivably, in this context PIDDosome
assembly cannot rely on the p53-dependent elevation of PIDD1 levels but rather relies on
the presence of supernumerary centrosomes, a common outcome of faulty mitoses arising
in this experimental condition. Thirdly, it explains how the PIDDosome can be activated
both upstream and downstream of p53. In the first scenario, PIDDosome assembly is

triggered by the presence of extra centrosomes and results into p53 stabilization due to
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Caspase-2-dependent MDM?2 inactivation. On the contrary, in the context of DNA
damage, the PIDDosome is engaged at a later stage, subsequently to p53 activation.
Importantly, when the DNA damage response alone has failed to elicit a pS3 output
sufficient to halt cell division, PIDDosome activation becomes particularly prominent,
imparting measurable changes to the dynamics of p53 accumulation (Tsabar er al, 2020).
Considering that p53 dynamic is important to define the cellular fate upon DNA damage,
it appears that the PIDDosome can act as an important fail-safe mechanism when the
canonical DNA damage response signalling proves uncapable to effectively stop the cell

division cycle (Fig. 23).
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Figure 23. Sources and consequences of PIDDosome activation. Supernumerary centrosomes lead to
Caspase-2 activation via the PIDDosome, resulting into either p53-dependent cell cycle arrest or apoptosis.
DNA damage can induce PIDDosome activation following two different paradigms. In the first one, p353
stabilization transactivates P/DDI, resulting in a global increase in its cellular levels (red arrow). The
centrosome, locally concentrating PIDD1 active moieties, leads to PIDDosome assembly. In the second
scenario, cells which halted their cell cycle during DNA damage response can escape this proliferative
block and re-enter mitosis (red dashed inhibitory arrow). Proliferation in the presence of unrepaired DNA
damage or an under-replicated genome frequently leads to abnormal cell division and accumulation of
supernumerary centrosomes, which eventually drive PIDDosome assembly. Caspase-2 activation promotes
the proteolytic cleavage of its two main substrates, MDM2 and BID, culminating in cell cycle arrest or

apoptosis, respectively.
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Taken together, we speculate that the most physiological trigger for PIDDosome
activation is the lack of cytokinesis, always resulting into the acquisition of
supernumerary mature centrosomes. Yet, it appears that DNA damage alone or in
combination with a faulty mitosis can trigger different degrees of PIDDosome activation,
invariably relying on the centrosome as activatory scaffold to kickstart PIDDosome
assembly (Fig. 23). The proposed model, however, does not clarify the contribution of
p53-independent DNA damage response events in defining PIDDosome activation. It has
been previously shown that PIDD1 death domain becomes phosphorylated at Thr788 in
an ATM-dependent manner, promoting RAIDD binding and Caspase-2 autocatalytic
activation (Ando et al, 2012). It will be interesting to investigate whether this and other
posttranslational modifications can concur to set the threshold for PIDDosome activation
capacity also in the context of a centrosome driven response, representing a general
shared feature. Furthermore, an additional aspect that still remains elusive is what defines
the output of PIDDosome activation. In fact, while in our experimental conditions the
primary consequence of PIDDosome activation is a p53-dependent cell cycle arrest,
Caspase-2 has also been shown to promote apoptosis in different settings. One might
speculate that specific subcellular compartments possess peculiar PIDDosome regulators,
as shown for NPM1 scaffolding activity towards PIDDI in the nucleolus (Ando et al,
2017), thereby compartmentalizing Caspase-2 activity and concurring to promote distinct
fates. Moreover, different cellular cues could be responsible for a distinctive
posttranslational modification profile of PIDDosome components, ultimately resulting
into differential proteolytic activities. Eventually, since cell cycle blockade depends on
MDM?2 cleavage whereas apoptosis relies additionally on the proteolytic processing of
the proapoptotic BCL-2 family member BID (Guo et al, 2002; Lopez-Garcia et al, 2017),
it could be speculated that PIDDosome-dependent cell fate determination could be shaped
by the relative abundance of Caspase-2 key substrates at its primary activation site.

In conclusion, we have started to uncover how the centrosome can generate
signals able to modulate cellular signalling and thus influence the cellular behaviour.
Considering that several other crucial mediators of the DNA damage response, such as
BRCAT1, BRCAZ2 and p53 itself have been shown to physically localize at the centrosome
(Contadini et al, 2019; Hsu & White, 1998; Nakanishi et al, 2007), future investigations
will unveil how the centrosome can contribute to the coordination of signalling events
across different subcellular compartments, namely the nucleus and the cytoplasm, thereby

providing a molecular understanding of the carcinogenic role of extra centrosomes.
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SUPPLEMENTARY FIGURES

A)
y Type of ICE Immunoblot MDM2 cleavage
GlangNaing. |/Galtiling 9RNA sequence INDEL | KO score | characterization proficiency
CEPB83 3#4 Ab549 AAGAATACAGGTGCGGCAGT +1 99 Yes (App. Fig. S1B) No
CEP83 4#2 A549 | GGCTGAAGTAGCGGAATTAA -344 na Yes (App. Fig. S1B) No
CEP83 3#A3 RPE1 AAGAATACAGGTGCGGCAGT | -7,-11 94 Yes (App. Fig. S1B) No
CEP83 3#A5 RPE1 AAGAATACAGGTGCGGCAGT -7 99 Yes (App. Fig. S1B) No
SCLT1 2#D1 A549 GGGCCTCAGTCATATGTTCC -2,-8 97 na No
SCLT1 2#1 RPE1 GGGCCTCAGTCATATGTTCC +1 99 n.a. No
ANKRD26 2#22 | A549 GCTCCTCTGCCGCCGCGCGA | -7,.-2 94 Yes (Fig. 5A) No
ANKRD26 4#28 | RPE1 ATGTCTGTGACAACGAAAAC +1 99 Yes (Fig. 3F) No
PIDD1 2#10 A549 GCCGATAGCGGATGGTGATG + 99 n.a. No
PIDD1 2#5 RPE1 GCCGATAGCGGATGGTGATG n.a. n.a. n.a. No
PIDD1 4#10 RPE1 | GGCCCGGCGCTGCCGTGAAG -10 99 n.a. No
FBF11#3 RPE1 TATCAGCATCCATGCCGTCC +1 99 | n.a. Yes
CEP164 2#25 RPE1 CTGATGTGGCTGGCGCGAGA -2 100 n.a. Yes
TP53 4#1 A549 TCCATTGCTTGGGACGGCAA -218 n.a. Yes (App. Fig. S1E) na
TP53 4#9 RPE1 TCCATTGCTTGGGACGGCAA -725 n.a. Yes (App. Fig. S1E) na
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Supplementary Figure 1. Characterization of knock-out cell lines generated in this study. (A)
Comprehensive list of CRISPR/Cas9 knock-out clones used in this study and their molecular/functional
characterization; n.a. = not applicable. (B) A549 and RPE1 cells of the indicated genotype were subjected
to immunoblot. (C) Representative immunofluorescence micrograph from the indicated cell lines co-
stained with the indicated antibodies. Blow-ups without Hoechst 33342 are magnified 2.5X. Scale bar: 5
um. (D) Dot plot showing the PIDD1 average pixel intensity at individual centrioles. Data obtained from
images as in (C). N > 50 centrosomes were assessed for each condition in as many individual cells, a.u. =
arbitrary units. Mann-Whitney test. (E) A549 and RPE1 cell lines of the indicated genotypes were either
left untreated or treated with 10 uM Nultin-3a for 24h and subjected to immunoblot.
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Supplementary Figure 2. Characterization of appendage-deficient cell lines and PIDD1:ANKRD26
yeast-two-hybrid interaction. (A) Representative fluorescence micrographs from the indicated cell lines
co-stained with the indicated antibodies. Blow-ups without Hoechst 33342 are magnified 2.5X. Scale bar:
5 um. (B) Dot plots showing the FBF1 average pixel intensities at individual parental centrioles. Data
obtained from images as in (A). N > 50 centrosomes were assessed for each condition in as many individual
cells, a.u. = arbitrary units. Mann-Whitney test. (C) Representative fluorescence micrographs from the
indicated cell lines co-stained with the indicated antibodies. Blow-ups without Hoechst 33342 are
magnified 2.5X. Scale bar: 5 um. (D) Dot plots showing the FBF 1 average pixel intensities at individual
parental centrioles. Data obtained from images as in (A). N > 50 centrosomes were assessed for each
condition in as many individual cells, a.u. = arbitrary units. Mann-Whitney test. (E) Schematic of the
domain structures of PIDD1 and ANKRD26. The bait utilized in the screen corresponded to PIDD1544¢A-
$588A 4.a. 1-758 and retrieved as prey the 538-1204 fragment of ANKRD26. ANKRD26 annotated domains:
ANK repeats = Ankyrin repeats, CCDC144C-like = Coiled-coil domain similar to CCDC144C, DUF:
Domain of Unknown Function. For PIDD1 domain descriptions see Fig. 14A. (F) One by one interaction
between the PIDDI1 bait and the ANKRD26 prey plasmid isolated from the screen. Yeasts transformed with
the indicated bait and prey plasmids were tested for growth on selective plates devoid of tryptophan and

leucine (-Trp -Leu) or devoid of tryptophan, leucine and histidine (-Trp -Leu - His).
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Supplementary Figure 3. Representative raw data and gating strategies relative to Fig. 12E. (A-B)
Chosen gating strategy for the assessment of genome reduplication upon cytokinesis failure, displayed for
RPEL1 parental cells (A), showing a limited degree of genome duplication, as well as for PIDD1 KO RPE1
derivatives (B), showing a high degree of genome reduplication. RPE1 cells of the indicated genotypes
were treated either with DMSO or with DHCB for 24h. A fraction of DHCB treated cells were released
into fresh medium for other 24h (release), allowing to assess the degree of genome reduplication. FSC =
forward scatter, SSC = side scatter, PI = propidium iodide, EdU = 5-Ethynyl-2’-deoxyuridine. (C) PI vs
EdU dot plots of the indicated RPE1 genotypes treated and gated as in (A-B).
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Supplementary Figure 4. Data related to Fig. 14 and 15. (A) RPEI cells of the indicated genotypes were
either left untransduced (mock) or transduced with lentiviral vectors expressing PIDD1-VS5 in its wild type
form or autoprocessing fragments. Cells were treated either with DMSO or with DHCB for 24h and
subjected to immunostaining with the indicated antibodies. Blow-ups without Hoechst 33342 are magnified
2.5X. Representative micrographs are shown. Scale bar: 5 pm. (B) Immunoblots corresponding to
fluorescence micrographs displayed in Fig. 4F. A549 cells of the indicated genotypes were either left
untransduced (mock) or transduced with lentiviral vectors expressing the PIDD1-V5 non-cleavable
derivative or truncations thereof. N = 2 independent experiments. (C) Dot plot showing the average V5
pixel intensities of at individual parent centrioles in A549 cells of the indicated genotypes, either left
untransduced (mock) or transduced with lentiviral vectors expressing PIDD1-V5 in its wild type form or
carrying the indicated point mutations. N > 50 centrosomes were assessed for each condition in as many

individual cells; a.u. = arbitrary units. Kruskal-Wallis test.
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CETN1-GFP

SiR-DNA

Supplementary Figure 5. Untreated control cell related to Fig. 17E. (A) Movie stills of a representative
RPET1 cell stably expressing CETN1-GFP treated with DMSO, exposed to SiR-DNA and subjected to time-

lapse video microscopy. The dashed line indicates the plasma membrane of the cell of interest, arrowheads

indicate the centrosome position. Scale bar: 5 pm.
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Supplementary Figure 6. Data related to Fig. 19. (A) A549 cells were either left untreated (DMSO) or
treated with the indicated combination of drugs for 24h and co-stained with the indicated antibodies.
Representative fluorescence micrographs are shown. Blow-ups without Hoechst 33342 are magnified 2.5X.
Scale bar: 5 pm. (B) A549 cells of the indicated genotypes were either left untreated or treated with CPT
and/or nocodazole (1 uM) as reported for 24h and subjected to immunoblot. N = 3 independent experiments.
(C) Dot plot showing the average pixel intensities of PIDDI1 at individual parent centrioles in A549 treated
as in (A). 1 uM Nocodazole was used. N > 50 centrosomes were assessed for each condition in as many
individual cells; a.u. = arbitrary units. Kruskal-Wallis test. (D) Distance of parent centrioles in binucleated
RPEL1 cells subjected to synchronization as in Fig. 19D. Cells were release in DHCB in the absence (-) or

presence (+) of nocodazole during telophase. Distances were calculated in > 50 individual cells per



SUPPLEMENTARY TABLES

Table 1 sgRNAs for CRISPR/Cas9
Target gene sg# Sequence §5'-3’ Target exon
ANKRD26 2 | GCTCCTCTGCCGCCGCGCGA 1
ANKRD26 4 ATGTCTGTGACAACGAAAAC 2
CEP164 2 | CTGATGTGGCTGGCGCGAGA 4
CEP83 3 | AAGAATACAGGTGCGGCAGT 7
CEP83 4 | GGCTGAAGTAGCGGAATTAA 7
FBF1 1 TATCAGCATCCATGCCGTCC 8
PIDD1 2 | GCCGATAGCGGATGGTGATG 6
PIDD1 4 | GGCCCGGCGCTGCCGTGAAG 7
SCLT1 2 | GGGCCTCAGTCATATGTTCC 7
TP53 4 | TCCATTGCTTGGGACGGCAA 4
Table 2 Primers for ICE analyse s
Target gene sg# Primer Sequence 5'-3’ Notes
FW GCTTGCGACGCCTATTACCT
ANKRD26 2 RV GAACACTCAGCCAGACTCCC
FW TTGCCATGGACATCCGCAAG
ANKRDZ6 4 RV GTTTIGAGACAGTGCACTACAGTT
CEP164 2 FW AATACGATTTTCTCATTGATGGAGAG
RV GAGATAGCATGCTTGGATTCAAGTG
CEP83 3 FW TTAAGACATTTCAGATAGGTGACTTGACTCCC
RV GGAAAAGCTTTGGAGTAGTCAGAGTTTTGG
CEPS3 4 FW TTAAGACATTTCAGATAGGTGACTTGACTCCC
RV GGAAAAGCTTTGGAGTAGTCAGAGTTTTGG
FBEA 1 FW GTGCTGACTTTGAGTCTCTCATCCC
RV GCTTCTGGCAGGGAAACGAGG
PIDD1 o4 FW TGGGGTGGGTTGAGGGGGC
RV GGAAGTTGCCAGGGACACAGGG
SCLTA 5 FW CCACAATTTCAAAATAAGGAACTTTATGTCTTC
RV TTGAGCAGGTTTCTTCACTGGCC
FW TACGGCCAGGCATTGAAGTC
P53 4 RV GACCCAGGGTTGGAAGTGTC AS49
FW TTGGCGTCTACACCTCAGGA
TFs3 4 RV GCAGTCAGATCCTAGCGTCG REE
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