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RIASSUNTO:

Le calpaine appartengono alla famiglia delle proteasi calcio-dipendenti, coinvolte in
diversi processi cellulari, tra i quali la regolazione delle dinamiche di adesione
cellula-cellula, il processo di proliferazione e migrazione cellulare, e infine il
controllo del processo autofagico e apoptotico.

Nelle cellule sono espresse diverse isoforme di calpaina, ma quelle piu studiate e
conosciute sono le ubiquitarie micro e milli-calpaina (CAPN1 e CAPN2
rispettivamente). Per la loro attivazione, entrambe hanno bisogno della subunita
regolativa chiamata calpain small subunit 1 (CAPNS1). Nel nostro laboratorio ¢ stato
dimostrato che le calpaine ubiquitarie, sono indispensabili per il normale progresso
del processo autofagico.

In questo studio Bif-1 ¢ stato identificato come substrato della micro-calpaina, e come
possibile fattore di collegamento tra Dattivita proteolitica di queste proteine e
I’autofagia.

All’inizio del progetto sono state studiate le dinamiche di formazione degli
autofagosomi in cellule U208, dove ¢ stato silenziato stabilmente il gene che codifica
per la subunita regolativa, CAPNS1. Come fattore di stress si ¢ scelto di utilizzare la
tapsigargina, un inibitore dell’ ATPasi del reticolo sarco-endoplasmatico, che in primo
luogo, causando stress del reticolo, induce I’attivazione del processo autofagico. In
secondo luogo, il blocco di questa ATPasi provoca un aumento della concentrazione
di Ca*" citoplasmatico, in grado di promuovere 1’attivazione delle calpaine.

Risultati preliminari hanno dimostrato che in cellule senza calpaina ¢ presente un
livello maggiore della proteina LC3 lipidata (LC3-II) rispetto alle cellule di controllo.
Risultati simili sono stati osservati mediante microscopia confocale, utilizzando il
costrutto pH-sensibile GFP-RFP-LC3. Questo marker permette di decorare tutte le
strutture vescicolari che caratterizzano il processo autofagico, dal fagoforo
all’autolisosoma. Di fatto, in cellule senza calpaina ¢ stato riscontrato un aumento di
strutture positive per LC3-II che non rappresentano autolisosomi ma strutture
precedenti, suggerendo una connessione tra 1’attivita regolativa di calpaina e le prime
fasi di formazione dell’autofagosoma.

In seguito ¢ stata valutata la distribuzione dell’apparato del Golgi, che rappresenta una

delle risorse lipidiche necessarie per la formazione e la maturazione



dell’autofagosoma. Nelle cellule in cui ¢ stata silenziata calpaina la localizzazione del
Golgi appare completamente differente dalle cellule di controllo. Di fatto, in
quest’ultime, le cisterne circondano il nucleo, mentre nelle cellule senza calpaina, la
struttura ¢ raggruppata a un lato del nucleo. L’assenza di calpaina comporta quindi
una differente localizzazione del Golgi, che potrebbe in qualche modo provocare
alterazioni nel processo di formazione e maturazione degli autofagosomi.

ATGY ¢ I'unica proteina trans-membrana che regola le fasi iniziali del processo
autofagico e che ¢ in parte localizzata nel trans-Golgi network.

Per studiare il comportamento di ATG9 in relazione ad LC3 e ai suoi interattori,
Vps34 e il recettore per la transferrina (TfR), sono state usate tecniche di microscopia
confocale, e saggi d’interazione.

Nelle cellule silenziate per CAPNS1 si nota chiaramente una differenza nelle
dinamiche di movimento delle strutture positive per ATG9. Nelle cellule di controllo,
vescicole positive per ATGY si muovono distintamente verso vescicole positive per
LC3. Nelle cellule senza calpaina invece, dopo induzione di autofagia, si ¢
evidenziata una situazione piu stabile, quasi di blocco del traffico di ATG9.

Una delle proteine chiavi per la regolazione delle dinamiche degli organelli, tra cui il
Golgi, ¢ Bif-1. Questa proteina ¢ coinvolta, grazie ai suoi domini strutturali, nel
processo di fissione del Golgi; inoltre interagisce indirettamente con Beclinl,
componente importante del complesso PI3K di classe III, la cui attivita ¢ essenziale
nella fase di nucleazione dell’autofagosoma.

Inizialmente abbiamo verificato se la presenza o meno di calpaina potesse in qualche
modo interferire con le normali attivita di Bif-1. Mediante immunofluorescenza
abbiamo dimostrato che nelle cellule di controllo, una volta indotta autofagia, la
proteina Bif-1 co-localizza con ATGY9, lontano dalle membrane del Golgi. Al
contrario, nelle cellule senza calpaina, Bif-1 e ATG9 rimangono sul Golgi. Questo
dato rivela un’attivita diretta di calpaina su questa fase di trasporto, guidata da Bif-1,
di vescicole positive per ATG9 dal Golgi verso il sito dove si forma I’autofagosoma.
Grazie all’utilizzo di un software bio-informatico, abbiamo identificato nella
sequenza amminoacidica di Bif-1, due ipotetici siti di taglio di calpaina. Il primo
situato subito dopo [I’alfa-elica presente al N-terminale della proteina, che ¢
responsabile del legame di Bif-1 alle membrane. Il secondo sito di taglio si trova
invece alla fine del dominio N-BAR. Saggi di taglio in vitro hanno rivelato che il

taglio avviene in prossimitda del N-terminale di Bif-1. Nuove analisi, come



spettrometria di massa e studi funzionali, saranno in seguito effettuate, con lo scopo
finale di identificare esattamente il sito di taglio e I’attivita della forma processata di
Bif-1.

In conclusione abbiamo identificato Bif-1 come nuovo substrato di calpaina,
coinvolto nella regolazione del trasporto di vescicole dall’apparato del Golgi verso il
sito di formazione degli autofagosomi. Questi risultati, non solo aggiungono nuove
informazioni a quanto fino ad ora si conosce sull’attivita delle calpaine, ma
rappresenta anche un ottimo punto di partenza per lo sviluppo di strategie terapeutiche

basate sulla regolazione del processo autofagico.
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AMP: adenosine monophosphate

AMPK: AMP-activating protein kinase

APAF1: apoptotic protease activating factor 1
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ATF6: activating transcription factor 6
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BAX: Bcl-2 associated x protein
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BIF-1: Bax interacting factor 1
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COP-I: coat protein 1

CDKS: cyclin-dependent kinase 5

DFPCI1: double FY VE-containing protein 1

ER: endoplasmic reticulum

ERGIC: ER-Golgi intermediate compartment

FAK: focal adhesion kinase

FCCP: carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone
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JNK: c-Jun NH(2)-terminal kinase

LAMP1/2: lysosome-associated membrane protein 1/2

LC3: microtubule-associated protein 1a/1b light chain 3
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THESIS ABSTRACT

Calpains are a family of calcium dependent intracellular proteases implicated in a variety of
cellular processes, from cell adhesion to cell proliferation and migration, and also autophagy.
Cells express different isoforms of calpain, among which the best studied are the ubiquitous
micro and milli-calpain (CAPN1 and CAPN?2), that share a common regulatory subunit called
calpain small subunit 1 (CAPNS1). Our lab demonstrated that ubiquitous calpains are
important for the proper progression of the autophagic process; in this scenario calpain could
be a promising target for the development of anti cancer treatment.

In this study we identified Bif-1 as a calpain substrate, implicated in the early stages of the
autophagosome formation. Firstly, we studied autophagosomes formation kinetics in U20S
cell line stably depleted for CAPNSI1. As a stressor factor we choose thapsigargin that blocks
the sarco/endoplasmic reticulum Ca2+-ATPase (SERCA), causing endoplasmic reticulum
stress and autophagy induction. In addition, the blocking of the pump increases the
cytoplasmic levels of calcium, thus activating calpain. Cells lacking for calpain showed a
higher level of lipidated LC3 as compared to control cells. Similar results were obtained with
a confocal microscope, using the pH sensitive RFP-GFP-LC3 baculovirus reagent, able to
stain all the structures that characterize the autophagic pathway, from the phagophore to the
autolysosome. Indeed, in CAPNS1 depleted cells we saw an increase in the amount of RFP-
GFP-LC3 suggesting a role of calpain in the early stages of autophagy. Then, we focused our
attention on Golgi distribution, since this organelle is one of the membrane sources
indispensible for the nucleation of the autophagosome. Interestingly, in CAPNSI1 depleted
cells the distribution of this structure is completely different from the distribution of control
cells. This indication led us to hypothesize that without calpain, the Golgi membranes are not
delivered properly to the site where the autophagosome starts to form. One of the proteins
responsible for the fission of the Golgi network is the autophagy-related protein 9 (ATG9),
the only trans-membrane protein of the process. Live cell imaging techniques and
biochemical assays were applied to study the dynamics of ATG9 positive vesicles together
with LC3 and with its interactors, Vps34 and Transferrin Receptor. The depletion of
CAPNSI clearly affects the behaviour of this protein, underlining again its involvement in
the early stages of autophagy, and in particular in the process of delivery of Golgi membranes

toward the site where phagophore forms. At this point we focused our attention on Bif-1, an



important protein that regulates membrane dynamics of organelles, such as Golgi,
mitochondria and autophagosomes. We verified whether the activity of calpain on Bif-1
could play an important role in this dynamics. By immunofluorescence, we found that in
U20S control cells, overexpressing ATGY, Bif-1co-localized together with ATGY9 and away
from the Golgi membranes after induction of autophagy with thapsigargin; on the opposite, in
CAPNSI depleted cells, Bif-1 and Atg9 remain on the Golgi. At this point, we checked by
means of a bio-informatics tool, whathever the Bif-1 aminoacid sequence contains putative
calpain cleavage sites. Interestingly, two hypothetical sites were found: one after the N-
terminal helix responsible for Bif-1 binding to membranes, and the other one at the end of the
N-BAR domain. In-vitro cleavage assays revealed that the cleavage occurs at the very N-
terminal of Bif-1. Further works, including mass spectrometry analysis and functional studies
of Bif-1 mutants, are going on, in order to exactly identify the aminoacid cleaved by calpain
and the activity of the Bif-1 cleaved form.

In conclusion, we identified Bif-1 as a calpain substrate, possibly implicated in the delivery
of Golgi membranes towards the sites where autophagosomes start to form. These findings
not only increase the nowadays knowledge about calpain implication in the progression of
autophagy, but represent a starting point for the development of therapeutic strategies that

seek in the regulation of autophagy a possible treatment.



AIM OF THE PROJECT

Calpains are cysteine proteases involved in numerous physiological and pathological
phenomena. They are considered as a bio-modulator, indeed their proteolytic activitity
generate new functional proteins known to be directly or indirectly implicated in a variety of
cellular processes with cancer development and progression being one of them. The most
intensely studied are the ubiquitous micro and milli-calpain that share a common regulatory
subunit called calpain small subunit 1. Several studies have linked different types of cancers
to an altered expression of different members of the calpain system. For instance high
expression of milli-calpain in basal-like or triple-negative diseases is associated with adverse
breast cancer-specific survival, underling the importance of calpain in tumor growth and
progression. Interestingly our group identified the role of calpain in the regulation of breast
cancer stem cells proliferation, highlighting the implication of these proteins also in cellular
architecture and cell fate decision. The results are contained in the following paper (enclosed
at the end of this thesis):

Raimondi, M., Marcassa, E., Cataldo, F., Arnandis, T., Mendosa-Maldonado, R., Benstagno,
M., Schneider, C., Demarchi, F., (2016). Calpain restrains the stem cells compartment in
breast cancer. Cell Cycle; 15(1):106-16.

These observations led us to investigate in details the role of the ubiquitous micro and milli-
calpain in cells survival processes, such as apoptosis and autophagy, both phenomena that
closely overlap with signalling pathways regulating tumorigenesis.

Autophagy is an extremely complex network, regulated by a system of different proteins that
respond to intra and extra-cellular signals. In literature, there are fews works that well
demonstrated how the pleiotropic activity of this protease is linked both to a positive and a
negative regulation of autophagy. Indeed, as a bio-modulator, calpain acts on different
substrates, controlling in different ways the autophagic process and as a consequence tumor
growth and progression. Therefore we wanted to dissect the role of the ubiquitous calpains in
the regulation of macroautophagy, focusing our attention on the identification of the

mechanism in which calpain is involved.



1. INTRODUCTION

1.1 THE CALPAIN SYSTEM

1.1.1 The Calpain superfamily: overview

Calpains are a well-conserved family of calcium-dependent cysteine proteases that are
implicated in a variety of calcium-regulated processes such as signal transduction, cell
proliferation, cell cycle progression, cell differentiation, apoptosis, and membrane fusions
(Suzuki et al., 2004). Alterations in the activity of these proteins are connected to a series of
diseases such as neuronal degeneration, Alzheimer, cancer, and multiple sclerosis (Zatz and
Starling, 2005).

Calpains were firstly identified in 1964 as cytosolic proteases, showing calcium-dependent
proteolytic activity at neutral pH (Guroff, 1964). Nowadays they are defined as modulator
proteases; theirs activity is not dependent on a particular aminoacid sequence but they
recognize bonds between domains. As a result the substrates are transformed into new
functional proteins with new activities within cells (Sorimachi et al., 2011).

The name “calpain” was chosen to underline calcium dependence and the homology with the
cysteine-protease papain. Indeed, calpains belong to the papain superfamily of cysteine
proteases, but their similarities to papains and cysteine cathepsins are less significant than the
similarities between different calpains (Sorimachi et al., 2011).

Calpain proteins are found in all eukaryotes and in few bacteria; currently there are 15 known
human calpain isoform genes (Table 1.1) which are defined by the presence of a protease
domain similar to that found in the two most well studied isoforms micro and milli-calpain

(CAPN1 and CAPN2).

1.1.2 Proprieties and structure of calpains

Micro and milli-calpain are heterodimers consisting of a catalytic subunit (80 kDa) encoded

by CAPNI and CAPN2 genes respectively, and a common regulatory subunit (28 kDa),
called calpain small subunit 1, encoded by CAPNSI gene (Storr et al., 2011).



X-rays analysis of calpain’s crystals well elucidated the topology of these proteins; thanks to
these data different domains were identified within the aminoacid sequences (Blanchard et al.,
1997; Hosfield et al., 1999). Micro and milli-calpain, together with their regulatory subunit,
belong to the group of the conventional calpain, characterized by a well-conserved aminaocid
structure. On the other hand there are unconventional calpains that share with the other
members of the family, only the presence of a protease domain (DII).

The catalytic subunits of micro and milli-calpain, are formed by four domains (DI to DIV;
Fig. 1.1). The DI is the N-terminal domain, characterized by a short a-helix that is autolysed
at the moment of the activation of calpains by calcium. The DII possesses the conserved
protease domain that represents the core of the enzyme activity. It is made by two
subdomains IIa and IIb, which bind calcium ions forming the catalytic cleft. In particular the
active site is forming between the Cys-105 on the Ila and His-262-Asn-286 on the IIb
subdomain (Suzuki et al., 2004). The DIII has no apparent sequence homology to other
proteins; it has an orderly structure similar to the C2 domain (a structural domain that is
involved in membrane targeting) of the phospholipase C; for this reasons it is also called C2
like domain. This domain is also able to bind calcium ions that are responsible of the
interaction with phospholipids (Tompa et al., 2001). The carboxyl-terminal DIV domain
contains the five EF hands motifs (EF-hand unit consist of two helix linked by a calcium-
binding loop), responsible for calcium binding. The last EF hand region cannot bind calcium
but it is important for the interaction with the EF hand of the regulatory subunit allowing their
dimerization.

CAPNSI is composed only by two domains: DV and DVI. The DV, also called glycine-rich
domain, is characterized by a string of glycine residues responsible for the interaction with
the plasma membrane (Imajoh et al., 1986). During calpain activation most of the glycine
cluster is autolysed. The carboxyl-terminal domain DVI of CAPNSI is characterized by five
EF hands motifs.

DI Dlla Dllb DIl DIV
Protease C2-like EF hands
DV i DVI S
| CAPNS1

EF hands

Figure 1.1: Schematic structure of p-, milli-calpain and the regulatory subunit
(CAPNSI) (Modified by Storr et al., 2011).



Micro and milli-calpains (p-calpain and m-calpain) are 62% identical at the aminoacid level;
however they differ in terms of the Ca*" concentration (uM versus mM) required for their
proteolytic activity in vitro. Calpain normally exists as an inactive enzyme in the cytosol
where it is in direct contact with other proteins; indeed it remains structurally inactive in the
absence of calcium. But when this is present, calpain translocates to membranes where ions
can bind both Ila and IIb of the DII domain, causing a conformational change that allows the
formation of the catalytic cleft. Autocatalytic hydrolysis of DI takes place during activation,
and dissociation of the regulatory subunit from the catalytic subunit occurs as a result
(Sorimachi et al., 2004). In addition to their structural features, calpains are also categorized
according to their tissue and organ distribution (Table 1.1); there are ubiquitously expressed
calpains and others that are expressed only in specific tissues or organs (Sorimachi et al.,

2011).

Calpain Product Gene Other Names Tissue Distribuition Association with t!le
regulatory subunit
Calpain 1 CAPNI p-calpain large subunit Ubiquitous +
Calpain 2 CAPN2 m-calpain large subunit Ubiquitous +
Calpain 3 CAPN3 P94,nCL-1 Skeletal Muscle
Calpain 5 CAPNS hTRA-3, nCL-3 Ubiquitous
Calpain 6 CAPN6 CANPX Placenta, Embryonic Muscle
Calpain 7 CAPN7 PalBH Ubiquitous
Calpain 8 CAPNS nCL-2 Stomach
Calpain 9 CAPN9 nCL-4 Digestive Tract +
Calpain 10 CAPNI10 Ubiquitous ND
Calpain 11 CAPNI11 Testis ND
Calpain 12 CAPNI12 Hair Follicle ND
Calpain 13 CAPNI3 Ubiquitous ND
Calpain 14 CAPN14 ND ND
Calpain 15 SOLH SOLH Ubiquitous ND
CAPNSI CAPNSI CAPN4/Calpair11 Small Subunit Ubiquitous .
CAPNS2 CAPNS?2 Calpain Small Subunit 2 Ubiquitous +

Table 1.1: Human calpain family members: for each protein gene name, alternative names, distribution and

possible association with the regulatory subunit were reported.




1.1.3 Calpain regulation

The mechanisms by which calpains are activated and identify their protein targets are
complex and poorly understood. An intricate strategy for the regulation of calpain activity
seems to be necessary because calpain is an abundant cytoplasmic protease that can cleave
many intracellular signaling and structural proteins (Zatz, M., Starling, A., 2005).

Calpastatin is the ubiquitously expressed endogenous inhibitor of p-calpain and m-calpain; it
seems to be present only in vertebrate tissues. Calpastatin is released from intracellular
storage aggregates into the cytosol following calcium influx to allow the interaction with
calpain.

By a structural point of view it consists of an N-terminal XL domain, a L region and four
repetitive inhibitory domains (I-IV) (Wendt et al., 2004). Each inhibitory domain inhibits one
calpain molecule and is characterized by four subdomains (A, B, C and D). The inhibitory
action of calpastatin requires calcium-induced structural changes in calpain to allow the A, B
and C regions to bind. Region B blocks the active site of calpain (Hanna et al., 2008;
Moldoveanu et al., 2008) (Fig. 1.2).

A single gene (CAST) encodes for calpastatin and it has multiple promoters that generate
different isoforms; these promoters can be differentially regulated in a tissue-specific manner.
Both, type I and type II, calpastatin contain the L domain but have different N-terminal
sequences generated from tandem promoters that are associated with exons 1xa and 1xb.
Type III calpastatin is the product of a promoter that is associated with the untranslated exon

lu resulting in a protein in which the XL region is absent from the L domain; type IV

Protein R T 1 ] %

A B (
cDNA = : [ : | : : =

goNA — [H] ! - RIRTHEN| r

il
1xa 1xb 1y 1z 1u 234

ATG

1xa ly|12/2 3 |4(5| 6 7 |8
Type 1 ATG

1xa 1y|1z, 2 NA4|5| 6 7 |8
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TRl v [z[2[3]4[5[ 6 [ 7 [8
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IEI) 1z 2NA4(5 6 7 |8
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1u Z2|3[|4|5| 6 7 |8
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lu | 2 NA4(5 6 7 font 1o

Type 2

Type 3

Figure 1.2: Schematic structure of Calpastatin (Storr et al., 2011)



calpastatin is a testis-specific isoform that is generated from a promoter between exons 14
and 15 and lacks the L domain and the inhibitory domain I.

The activity of calpastatin is predominantly regulated by post-translational modifications;
indeed it was demonstrated that calpastatin derived from rat skeletal muscle and from rat
brain is subjected to in vitro phosphorylation by protein kinase C (PKC) and protein kinase A
(PKA), and this modification can modulate calpastatin specificity (Salamino et al., 1994) or
inhibitory efficiency (Salamino et al., 1997). More recently, it was shown that in human
neuroblastoma cells, PKA triggers calpastatin phosphorylation, and this event leads to
aggregation of calpastatin, while calcium influx leads to disaggregation, through a protein
phosphatase activity. This reversible phosphorylation event regulates the amount of soluble
calpastatin available to bind and inhibit calpain (Averna et al., 2001).

Membrane localization of calpains is another important mechanism for the regulation of their
activity; the binding to phospholipids decreases the Ca*" requirement for calpain activation
(Suzuki et al., 1992). Once calpain is activated, autolyzed fragments appear; this mechanism
replaces the need for high Ca®" levels. This cleavage eliminates respectively the first 18 and
26 aminoacids from the N-terminal of the catalytic subunits (micro and milli-calpain). It has
also been proposed that the dissociation of the large subunit from the regulatory subunit is a
mechanism of activation; moreover other proteins can act as co-activator. For example the
acyl-CoA-binding protein has been identified as an activator of m-calpain in rat skeletal
muscle (Melloni et al., 2000).

Most recently, phosphorylation has been proposed as being involved in activating p- and m-
calpain; indeed there are three sites each of phosphotyrosine, phosphoserine and
phosphothreonine within calpains (Kuo, et al., 1994).

A gene product with a specific calpain inhibitory activity has been characterized at
Laboratorio Nazionale CIB: the growth arrest specific gene 2 (Gas2) (Benetti et al., 2001).
The expression of this gene is specifically induced during the GO arrest phase of the cell cycle
in NIH3T3 fibroblasts, (Schneider et al., 1988). Gas2 is a component of the microfilament
system and co-localizes with actin fibers (Brancolini et al., 1992). Gas2 binds domain III and
IV of m-calpain through its amino-terminal domain, while its carboxyl-terminal region exerts
the inhibitory function. The isolated amino-terminal region has been demonstrated to act as a
dominant negative form of Gas2 (Gas2DN), being able to bind, but not to inhibit, calpain

activity and to rescue the effects of Gas2 on calpain function in vivo (Benetti et al., 2001).



1.1.4 Cellular functions of ubiquitous calpains

The calpain family catalyses the proteolysis of a large number of specific substrates; many of
these have been identified and characterized in vivo and in vitro; nevertheless the
physiological roles of the calpains remain unclear. The presence of conserved p- and m-
calpain in almost all mammalian cells, suggests that these enzymes are essential in a cellular
environment, but the absence of specific inhibitors has so far prevented unambiguous proof
of a particular physiological role.

To understand their activities, calpain transgenic mouse models were used. Homozygous
disruption of CAPNSI in mouse cells eliminates both p- and m-calpain activities, but they
grow and divide apparently normally. CAPNSI +/- mice are viable, fertile, and
phenotypically normal but the CAPNS1 double knockout is embryonic lethal, indicating the
essential role of calpains in embryogenesis (Arthur et al., 2000). In the same way, also
CAPN?2 -/- mice, which lack the m-calpain catalytic subunit, die at the pre-implantation stage
of development (Dutt et al., 2006). On the other hand, CAPN1 knockout mice show no
apparent phenotype, indicating that m-calpain compensates for p-calpain in this scenario
(Azam et al., 2001). Their Ca®" dependence suggests a connection to signal transduction, and
the common assumption that the calpains become membrane bound on exposure to Ca*"
suggests that cytoskeletal proteins may be among the favored substrates. The list of proposed
calpain substrates is very long and they suggest that calpain may be involved in different
cellular processes such as cell adhesion, spreading, and migration, myoblast fusion, cell cycle
control, and mitosis. Moreover its function and the biological outcome of calpain activity are

strictly dependent on the cellular context.

1.1.4.1 Calpain and cell migration

The localization of calpains to integrin-associated focal adhesion structures indicates a clear
action of these proteases in the regulation of cell migration (Huttenlocher et al., 1997) (Fig
1.3). Focal adhesions are clustered integrins that mediate cell adhesion and signalling in
association with numerous proteins (Lebart and Benyamin, 2006).

The formation of the focal adhesion complex is a calpain-dependent mechanism and it is
characterized by the presence of B3 integrin subunit and spectrin, both cleaved by calpain

(Bialkowska et al., 2000; Bialkowska et al., 2005).
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Figure 1.3: Calpain and cell migration (Storr et al., 2011)

m-calpain mediated cleavage of the focal adhesion component, talin, promotes the
disassembly of cell-substratum adhesions (Beckerle et al., 1987); this specific effect suggests
that the linking of integrins to the actin cytoskeleton made by this protein is important for
regulating the integrity of adhesive contact sites (Franco et al., 2004). Another important
component involved in the regulation of cell-cell adhesion through talin is the focal adhesion
kinase (FAK). FAK promotes cell migration, orchestrating the signalling cascade between
integrins and growth factors receptors. Calpain-mediated limited proteolysis of FAK affects
talin dynamics and as a result they together regulate the turn-over of the adhesions (Chan et
al., 2010). Besides the cleavage of FAK and talin, calpain can cleave numerous other
substrates to promote cellular motility, such as paxillin (Yamaguchi et al., 1994), fodrin (Sato
et al., 2004), ezrin (Wang et al., 2005), vinculin (Serrano and Devine, 2004), and alpha-
actinin (Selliah et al., 1996).

On the other hand, there are also cases where the proteolytic activity works as a negative
regulator, reducing cellular migration. Paxillin is an adaptor protein that localizes to focal
adhesions and has been implicated in cell motility; normally it promotes cell migration, but
interestingly calpain activity generates also an inhibitory fragment of paxillin that reduces the
motility of cells (Cortesio et al., 2011).

It seems now clear that calpain proteases not only act on the destabilization of adhesion to the
extracellular matrix, but also play an important role in the formation and turnover of new

adhesion complexes.
1.1.4.2 Calpain, cell death and survival

As mentioned before, the activity of calpain proteases is dependently on the localization, on

the level of expression, and also on the cellular context.
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Calpain has been implicated in both pro-survival and pro-apoptotic processes; it is considered
as the leading factor of a degradation pathway that is parallel but completely independent
from the proteasomal degradation process.

Calpain is able to cleave wild-type p53, regulating protein stability to prevent p53-dependet
apoptosis (Kubbutat and Vousden, 1997). In addition to this mechanism, m-calpain can
physically interacts with GAS2 protein, preventing p53 cleavage (Benetti et al.,, 2001).
Calpains play also an important role in the regulation and activation of the systemic
inflammatory response. Once the cytokine tumor necrosis factor o (TNF-a) have bound its
receptor followed the activation of the signaling cascade that also activates cytosolic m-
calpain. The protease degrades the cytoplasmic inhibitor nuclear factor of kappa light
polypeptide gene enhancer in B-cells inhibitor alpha (IkBa), allowing the translocation of the
transcription factor nuclear factor kB (NF-kB) in the nucleus and the activation of the
transcription (Han et al., 1999). In the same way calpain degrades in vivo the transcription
factor c-Myc; indeed inhibition of calpain activity using cell-permeable inhibitors leads to c-
Myc accumulation (Small et al., 2002). Moreover in certain cellular context, calpain cleaves
at lysine 298 of Myc generating Myc-nick, a cytoplasmic form of the transcription factor that
promotes a-tubulin acetylation, activating changes in cell morphology and accelerating
muscle differentiation (Conacci-Sorrell et al., 2010).

Calpain activity can also affect cell cycle progression, through mechanisms that include
cleavage of cyclin E to a more active low-molecular mass form in breast cancer (Wang et al.,
2003), and altered cellular location of m-calpain during mitosis (Schollmeyer, 1988).

In addition, calpain can interfere with the interaction between protein phosphatase 2A (PP2A)
and serine/threonine-specific PKB to prevent forkhead box O (FOXO)-mediated cell death
(Bertoli et al., 2009). Interestingly, PP2A can also negatively regulate calpain during cell
migration (Xu and Deng, 2006).

Several studies have shown that calpains cooperate with the caspase cysteine protease
machinery for the induction of apoptosis (Storr et al., 2011). Caspase 7, 9, 10 and 12 are all
subjected to calpain-mediated cleavage (Gafni et al., 2009; Chua et al., 2000). During
endoplasmic reticulum stress calapin can activate caspase 12, resulting in c-Jun N-terminal
kinases-dependent apoptosis (Tan et al., 2006).

Calpain can facilitate apoptosis through the cleavage of various members of the apoptosis
regulating B-cell lymphoma 2 (BCL-2) family, including promoting apoptosis through Bcl-2-

associated X protein (BAX) and BH3 interacting-domain death agonist-mediated cytochrome
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c release (BID), and cleavage of BCL-2 to allow BAX translocation into the mitochondria
(Wood et al., 1998).

Calpain is able to activate several other substrates that are involved in promoting apoptosis,
such as the cyclin-dependent kinase 5 (CDKS; Lin et al., 2006), the apoptotic protease
activating factor 1, (APAF1; Fettucciari et al., 2006), the c-Jun N-terminal kinases (JNK; Tan
et al., 2006), JUN and FOS (Pariat et al., 2000).

1.1.4.3 Calpain and autophagy

Autophagy is a process involved in the maintenance of cellular homeostasis; in a
physiological context, damaged organelles and proteins are delivered to the lysosomes for
degradation. There is a clear cross-talk between autophagy and apoptosis; in this context
conventional calpains play an important role (Moretti et al., 2014). In melanoma cells, the
inhibition of conventional calpains enhances the basal autophagic response, which acts as a
protective mechanism against cisplatin cytotoxicity (Del Bello et al., 2013).

Calpains can inhibit autophagy through the cleavage of Gy, (a-subunit of heterotrimeric G-
proteins); the resulting increase of adenylyl cyclase activity produces high levels of cyclic
AMP, which, in turn, inhibits autophagy. Indeed p- and m-calpain knockdown by siRNA and
calpain inhibitors cause an increase in the level of production of microtubule-associated
protein la/lb light chain 3 (LC3) -positive vesicles, together with an increase in the
autophagosomes number (Williams et al., 2008).

Calpain knockdown in Drosophila protects against the aggregation and toxicity of proteins,
like mutant huntingtin, in an autophagy-dependent fashion. Furthermore the overexpression
of the calpain inhibitor, calpastatin, increases autophagosome levels (Menzies et al., 2015).
Several Atg (Autophagy-related gene) proteins involved in different phases of autophagy are
proteolytic targets of Calpain-1 in vitro (Norman et al., 2010). For example calpain-mediated
Atg5 cleavage provokes apoptotic cell death; indeed truncated Atg5 translocated from the
cytosol to mitochondria, associated with the anti-apoptotic molecule Bcl-xL and triggered
cytochrome c release and caspase activation. This proteolytic process represents again a
molecular link between autophagy and apoptosis (Yousefi et al., 2006).

Moreover, the calpain-mediated degradation of p62 contributes to the abrogation of the pro-
survival function of autophagy in tumor cells and in cancer stem cells (Colunga et al., 2014).
Calpain localized predominantly near the endoplasmic reticulum and Golgi membranes, that
represent sites where the autophagosome stars to form; different cellular and extracellular

stimuli and various treatments, such as tunicamycin, an inhibitor of N-glycosylation and
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thapsigargin, an inhibitor of the SERCA pump, are able to induce ER stress, activating
autophagy (Ogata et al., 2006). In this scenario, the cytoplasmic level of calcium increases
and calpain becomes active.

Our group demonstrated that in mouse fibroblast cells that are deficient in calpain, autophagy
is impaired with a resulting dramatic increase in apoptotic cell death. Indeed in CAPNSI-
depleted cells, ectopic LC3 accumulates in early endosome-like vesicles that may represent a

salvage pathway for protein degradation when autophagy is defective (Demarchi et al., 2006).

1.1.5 Calpain in human diseases

A number of pathologic conditions have been associated with disturbances of the calpain
system. They include type 2 diabetes, cataracts, Duchenne’s muscular dystrophy, Parkinson’s
and Alzheimer’s disease, rheumatoid arthritis, ischemia, stroke and brain trauma, various
platelet syndromes, hypertension, liver dysfunction, and some types of cancer.

Several studies show that the conventional calpain system is differently expressed in human
tumor tissues (and/or in tumor cell lines) compared to normal counterparts (Moretti et al.,
2014). Aberrant expression of calpain has been implicated in tumorigenesis. Increased
expression of p-calpain is observed in schwannomas and meningiomas (Kimura et al., 2000).
There is a correlation between higher p-calpain mRNA levels with increased malignancy in
renal cell carcinoma (Braun et al., 1999).

The role played by calpains in prostate cancers, where calpains have been show to be over-
expressed under basal conditions (Rios-Doria et al., 2004) and after androgen deprivation
(Liu et al., 2014), is of particular interest. Androgen receptors (AR), which play a pivotal role
in prostate cancer cell proliferation and viability, undergo a calpain-mediated breakdown
during chemotherapy-induced apoptosis. However, AR can also undergo calpain-mediated
processing, which generates a constitutively active truncated receptor. This post-translational
modification contributes to the transition from hormone-sensitive to hormone-refractory state,
the latter condition being not curable by androgen-ablation therapy (Libertini et al., 2007).
Interesting findings with therapeutic implications were shown in Human Epithelial growth
factor Receptor 2 (HER2) -positive breast cancer cells. Acquired-resistance to anti-HER2
Trastuzumab therapy occurs commonly in HER2-positive breast cancer, and involves over-
activation of HER2 and its crosstalk with other HER family members. In Trastuzumab-

resistant cells suppression of CAPNSI1, which is up-regulated in all HER2-positive breast
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cancers, decreases cell survival and restores Trastuzumab-response (Kulkarni et al., 2012).
Further calpain family members are implicated in cancer, including increased expression of
calpain 6 in uterine sarcomas and carcinosarcomas (Lee et al., 2007), as well as in uterine
cervical neoplasia (Lee et al., 2008); decreased expression of calpain 3 variants in melanoma
(Moretti et al., 2009); and decreased expression of CAPNO in gastric cancer (Yoshikawa et
al., 2000).

Mutation in CAPN3 gene, that codifies for skeletal muscles calpain 3 causes the limb-girdle
muscular dystrophy type 2A (LGMD2A), a progressive disorder of the skeletal muscles (Zazt
et al., 2003). CAPN3 mutations lead to a deficiency in the protein production and a
subsequent death of muscle-cell nuclei (myo-nuclear apoptosis) together with a perturbation
of IxBa pathway (Baghdiguian et al., 1999). A ubiquitous calpain involved in the onset of
type 2 diabetes is calpain 10; a polymorphism within intron 3 in the CAPN10 gene affects its
translation to mRNA. Low levels of calpain 10 mRNA were observed in association with the
up-regulation of PKC essential for the phosphorylation of insulin receptor (Baier etal., 2000).
Calpain 10 may have a role in the actin reorganization that is required for insulin-stimulated
translocation of insulin-responsive glucose transporter 4 (GLUT4) to the plasma membrane
in adipocytes (Paul et al., 2003).

The principle feature of the Alzheimer’s disease is the deposit of B-amyloid peptides in
extracellular amyloid plaques. Calpains are not directly related to this phenotype, however
calcium and m-calpain levels are elevated in this scenario, together with autolysis of p-
calpain (Grynspan et al., 1997; Saito et al., 1993). In addition in patients with Alzheimer’s
disease, calpain cleaves p35 protein, essential for the development of neuronal tissues. The
cleavage product p25 activates CDKS5 (Kusakawa et al., 2000).

The insurgence of numerous diseases is connected to a disturbed calcium homeostasis within
muscles cells, caused by different factors. For example in Duchenne’s muscular dystrophies,
the absence or a deficiency of dystrophin, causes an increased Ca*" level in muscle and
inappropriate calpain activity (Tidball, J., G., Spencer, M.,J., 2000). In the myocardial
infarction Ca®" homeostasis is lost, triggering inappropriate calpain activity.

In cataracts, a sight disturb, calcium influx activates m-calpain that cleaves o- and -
crystalline but not y-crystalline; the crystalline fragments aggregate causing this illness

(Shearer et al., 2000).

14



1.2 THE AUTOPHAGIC PROCESS
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Figure 1.4: Three different types of autophagy (Boya et al., 2013)

b Chaperone-mediated autophagy

Autophagy is a lysosome-mediated degradation pathway for non-essential or damaged
cellular components that plays an important homeostatic role in cell survival, differentiation
and development (Mizushima N., 2007).

There are three types of autophagy (Fig. 1.4): macroautophagy allows the degradation of
damaged organelles and proteins through the activity of an intermediate vesicular structure
called autophagosome; microautophagy concerns to a degradation process where only small
molecules can be directly engulfed by the lysosome. The last one is the chaperone-mediated
autophagy, where proteins that have to be degraded, are firstly recognized by a chaperone and
then delivered to the lysosome. Indeed, proteins carrying the penta-peptide KFERQ-like
sequence are recognized by the Heat Shock cognate protein 70 (Hsp70) chaperone which
then associates with the integral lysosome associated membrane protein 2A (LAMP-2A),
triggering its oligomerization. This event leads the translocation of the bound protein into the
lysosome interior through a process that requires Hsp70 (Boya et al., 2013).

Recent studies have clearly demonstrated that autophagy has a great variety of physiological
and pathophysiological roles, such as starvation adaptation, intracellular protein and organelle
clearance, development, anti-aging, elimination of microorganisms, cell death, tumor

suppression, and antigen presentation (Mizushima N., 2005).
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1.2.1 Macroautophagy

Macroautophagy, hereafter autophagy, is a multistep process that allows the degradation of
entire parts of cytoplasm, thanks to a double-membrane structure, the autophagosome.

Under physiological condition (basal condition) autophagy is important for the constitutive
turnover of cytosolic components; in particular situation such as starvation, hypoxia and other
stress stimuli, this process can be induced (Mizushima N., 2007). Several signaling molecules
and cascades modulate autophagy in response to numerous cellular and environmental cues
(Boya et al., 2013).

Autophagosome formation represents the initial of the process, also called nucleation step; at
this level, the cytoplasmic constituents including organelles, are sequestered by a unique
membrane called phagophore or isolation membrane, which is a very flat organelle like a
Golgi cisterna. Complete sequestration by the elongating phagophore results in the formation
of the autophagosome, which is typically a double-membraned organelle. The origin of the
autophagosome membranes has been a major question in the field and at present, there is
much controversy about the organelle from which the membranes originate. Recent studies
suggest that there may be contributions from multiple sources.

Under conditions in which autophagy is induced by various forms of starvation,
autophagosomes appear to be formed at the endoplasmic reticulum (ER) in
phosphatidylinositol 3-phosphate (PI3P) enriched regions, via structures called omegasomes
(Axe et al., 2008; Hayashi-Nishino et al., 2010; Hamasaki et al., 2013; Yli-Anttila et al.,
2009) and at mitochondria (Hailey et al., 2010). Moreover also plasma membrane and the
Golgi network contribute to nascent autophagosomes under both basal and autophagy
induction conditions (Ravikumar et al., 2010; Geng, J. and Klionsky, D., J. 2010).

Once tha autophagosome is formed it goes toward the process of its maturation; this phase
consists in different events including the fusion with multi-vesicular bodies (MVBs) and
endosome vesicles. This step is fundamental because endosomes and MVBs provide to the
nascent autophagosome the machinery (lysosomal membrane proteins and proton pumps)
required for the final step: the fusion with lysosomes (Tooze et al., 1990; Berg et al., 1998).
During the fusion process, the inner membrane of the autophagosome and the cytoplasm-
derived materials contained are degraded by lysosomal hydrolases. These degradation
structures are called “autolysosomes” or “autophagolysosomes”. Once macromolecules have
been degraded monomeric units, such as amino acid are transported back to cytoplasm where

they can be reused for biosynthesis or energy production (Mizushima N., 2007).
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1.2.2 The regulation of autophagy

Basal-level autophagy is very low under normal conditions; therefore, an efficient mechanism
to induce autophagy is crucial for organisms to adapt to stress and extracellular signals.
During nutrient deprivation, autophagy is induced through two major signaling cascades that
sense nutrient status, activate cell division and growth, and negatively regulate autophagy.
These are the target of rapamycin (TOR) and Ras-cAMP-PKA pathways (Fig.5; He, C., and
Klionsky, D., J., 2009).

In mammal cells, in nutrient-rich conditions TOR (mTOR) interacts with, phosphorylates and
inactivates the Unc-51 like autophagy activating kinases 1 and 2 (ULKSs), and the autophagy-
related protein 13 (ATG13), suggesting a negative regulative role for mTOR in the process.
During starvation mTOR is inactivated and autophagy is activated. Currently there are three
theories that could describe how the signal cascade works. The first one suggests that mTOR
directly senses and is phosphorylated in response to nutrient signal (Long et al., 2005).
However evidence in Drosphila and mammals proposed that the Ras-related small GTPases
activates mTOR in response to aminoacids, mediating the translocation of the complex to
subcellular compartments that contains the Ras homolog enriched in brain (Rheb), the
activator of mTOR (Sancak et al., 2008). Other studies indicated that mTOR activation can
depend also by the vacuolar protein sorting protein 34 (Vps34); indeed this protein is
stimulated by the presence of amino acids, which leads to the activation of mTOR (Nobukuni

et al., 2005).
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Figure 1.5: Regulatory pathways of autophagy, in response to aminoacid, hormones
and energy stimuli (He C., and Klionsky, D., J., 2009)
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All these three mechanisms have as a final result the activation of the downstream proteins
ULKI1 and ULKZ2; these proteins are responsible for the phosphorylation of the Atgl3 and the
focal adhesion kinase family-interacting protein of 200 kD (FIP200), and finally the
activation of autophagy (Hosokawa et al., 2009).

The Ras/cAMP-dependent PKA signalling pathway is important for glucose sensing within
cells. In nutrient rich condition, the small GTPases, Rasl and Ras2, are active and enhance
the production of cAMP. High levels of cAMP bind to the regulatory subunit of PKA
releasing its inhibitory effect. The activation of Ras/PKA axis leads to autophagy inhibition
probably mediated by the directly regulation of ULK1 (Budovskaya et al., 2004; Schmelzle et
al., 2004).

Autophagy can also be activated by growth factors that regulate the pathway through a
different signaling cascade compare to that one of nutrients, but again at the end converge on
mTOR. Insulin and insulin like growth factors bind and phosphorylated theirs receptors,
inducing the recruitment of the insulin receptor substrate 1 and 2 (IRS1 and IRS2). These two
proteins allow the binding of other adaptor molecules, including p85 that belongs to the class
I PtdIns3K. p85 is important for the generation of phosphatidyl-inostiol 3-phosphate (PIP3)
that induces the activation of Protein Kinase B (PKB) signaling through phosphoinositide-
dependent protein kinase 1, (PDK1) (Alessi et al., 1997; Stokoe et al., 1997). Also Ras
signaling play a role in autophagy regulation by growth factors. Indeed Ras represents a
negative regulator for nutrient deprivation-induced autophagy through the class I PI3-kinase
signaling pathway (Furuta et al., 2004).

A reduction in the cellular energy, in terms of adenosine triphosphate (ATP), is considered
another signal to induce autophagy in mammals. A decrease of the ATP/AMP ratio activates
5’-AMP-activated protein kinase (AMPK) that phosphorylates the tuberous sclerosis complex
(TSC1 and TSC2), which inhibits mTOR activity through Rheb (Inoki et al., 2003) (Fig.1.5).
Different intracellular and extracellular stress signals lead to the induction of autophagy. A
low level of oxygen (at or below 1%) is considered as a hypoxia; this particular condition is
presented in physiological developing embryo and in different pathological conditions
including also cancer. Little is known about the pathway involved in the hypoxia response;
hypoxia-inducible factor 1 (HIF1) is the primary transcription factor activated by low level of
oxygen. In general this factor controls a set of genes that regulate mitochondrial autophagy
(mitophagy) (Zhang et al., 2008). Another signal that activates overall mitophagy is the
oxidative stress. Indeed, the generation of reactive-oxygen species (ROS) within

mitochondria induces the activation firstly of mitophagy that allows the elimination of
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damaged mitochondria and also the program of autophagy cell death. In normal condition,
some ROS target the conserved Cys81 on Atg4 that is responsible for the cleavage of LC3
before the autophagosome-lysosome fusion. The oxidation of the cysteine inhibits the
protease activity of Atg4 and promotes the lipidation of LC3 (Scherz-Shouval et al., 2007).
The last important consideration has to be done with regard to the connection of autophagy
signaling with the endoplasmic reticulum and its activity. In this cellular compartment newly
synthesized proteins are folded and they are delivered to other subcellular structures and
vesicles. Moreover it is the major Ca*" reservoir of the cell. Different cellular stimuli such as
hypoxia, glucose deprivation, calcium efflux and so on, lead to the accumulation of unfolded
proteins and to the activation of the unfolding protein response (UPR) (Fig. 1.6; Bernales et
al., 2006). The UPR signals in mammals involved three different downstream pathways,
headed by three distinct proteins: inositol-requiring kinase 1 (IRE1), activating transcription
factor 6 (ATF6) and RNA-dependent protein kinase-like ER kinase (PERK). These factors
signal misfolded protein levels in the ER and activate the transcription of different target
genes. JNK is the downstream target of IRE1 and it is essential for the lipid conjugation of
LC3 induced by tunicamycin of by accumulation of misfolded protein in the cytoplasm due to
proteasome inhibition (Ding et al., 2007b; Ogata et al., 2006). ER stress also induces release
of luminal Ca®" to the cytosol, activating a series of proteins such as the Calcium-activated
calmodulin-dependent kinase kinase-f3 (CaMKKJ) that activates AMPK inducing autophagy
(Hoyer-Hansen et al., 2007).
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Figure 1.6: ER pathways activating autophagy, in response to ER stress (He
C., and Klionsky, D., J., 2009)
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These numerous ways to induce or inhibit autophagy show how this process is important to
sustain cellular homeostasis. At the end it is possible that autophagy plays dual roles in
determining cell fate, depending on specific cell types, stimuli and conditions (Ding et al.,

2007a).

1.2.3 The Autophagy-related (ATG) proteins

The autophagic process is tightly regulated by a set of specific Autophagy-related Genes
(ATG). The first yeast genetic screening revealed the activity of 15 different ATG genes
(Tsukada, M. and Oshumi, Y., 1993). Currently, 27 ATG genes have been identified in S.
cerevisiae. Most are gathered together into three large groups by their function: non-selective
autophagy (17 genes), selective autophagy (7 genes), and degradation of autophagic bodies (2
genes) (Wang, C., W. and Klionsky, D., J., 2003). Several mammalian homologues of yeast
ATG genes have been identified (Table 1.2 and Figure 1.7), and the mechanisms of yeast
autophagy are largely conserved in mammals. Starting from now only mammalian autophagy
will be discussed.

Once autophagy is activated the constitutively active ULK complex, made by ULK1, ULK2,
Atgl3 and FIP200, can moved toward the site of formation of the autophagosome. ULKI
phosphorylates FIP200 and Atgl3 to allow the formation of this complex (Mizushima, N.,
2010). The ULK complex resides in the cytoplasm and is normally inactivated by mTOR
(Hosokawa et al., 2009).

One of the main components of autophagosomal membranes is the PI3P; this phospholipid is
found in all types of cellular membranes where it helps to recruit different proteins. Vps34
produces PI3P for autophagy and is one of the members of the Class III phosphatidylinositol
3-kinase complex (Class III PI3K complex) together with Vacuolar protein sorting protein 15
(Vps15), Beclinl and Atgl4 (Itakura et al., 2008). The localization of this complex near the
ER in proximity of the site of formation of the phagophore, is driven by the N-terminal
region of Atgl4 (Matsunaga et al., 2010). The kinase activity of ULK1 is essential for Atgl4
activity.

Mammals have at least other two Class III PI3K complexes that play roles in endosomal
transport and autophagosome-lysosome fusion. One of these include UV irradiation

resistance-associated gene (UVRAG) instead of Atgl4 (Zhong et al., 2009). Beclinl binds
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also other proteins such as Bcl-2, the Autophagy/Beclin-1 Regulator 1 (AMBRA1) and
vacuole membrane protein 1 (VMP1) (Funderburk et al., 2010).

The third component of the process that participates to the formation of the isolation
membrane is the “Atgl2 Conjugation System”. This complex is made by: Atgl2, Atgl6 and
Atg5 together with two enzymes Atg7 and Atgl0. This is presented as a dimer (2:2:2) on the
outer membrane of the phagophore and is essential for proper elongation of the membrane
(Mizushima et al., 2011). Immediately after the completion of autophagosome formation it
dissociates from the membrane. This system is necessary for the formation of the “LC3
Conjugation System”. LC3 is an ubiquitin-like protein, synthesized as a precursor (LC3 1)
with additional sequence at the C-terminal, which are processed by the cysteine protease
Atg4 (Kabeya et al., 2004). The resulting C-terminal glycine-exposed form of LC3 is
activated by Atg7, transferred to Atg3 and finally covalently linked to an amino group of
phosphatidylethanolamine (PE), a major membrane phospholipid. Both these conjugation
systems are good markers for the detection of membrane structures during autophagy; the
first one (Atgl2-Atg5-Atgl6) localizes specifically to the isolation membrane, whereas the
second one tracks the full process (Kabeya et al., 2000; Kirisako et al., 1999).

In addition to these well-defined complexes there are single proteins that play alone different
roles along the process. VMPI1 is an ER- and Golgi complex-associated transmembrane
protein, firstly discovered in pancreatic exocrine cells (Dusetti et al., 2002); later it was
shown to localize to the site of formation of the autophagosome and to interact with Beclinl
(Itakura E., Mizushima, N., 2010; Repolo et al., 2007). The precise role of VMPI is not well
defined; recent data suggest that this protein transiently localizes to early autophagic
structures and dissociated from them in a PI3K-dependent manner (Itakura E., Mizushima, N.,
2010).

Another ER-localized protein is the Double FYVE Containing Protein 1 (DFCP1). DFCPI
was identified as a PI3P binding protein; indeed it binds to PI3P thanks to its FYVE domain
(Axe et al., 2008). Upon starvation, DFCP1 co-localizes with isolation membrane and
autophagosome markers, underling the idea that the ER may provide components for
autophagosome formation; one of this is DFCP1 that provides phospholipid to the nascent
membrane.

Mammalian cells have four Atgl8 homologs, which are known as WD-repeat protein
interacting with phosphoinositides (WIPI) 1-4 (Jeffries et al., 2004). Their activity is again
related to the initial step of autophagy: similar to DFCP1, they translocate from membranes

or ER to autophagosome formation site upon induction of the process.

21



The only transmembrane autophagy related protein is ATG9 that is involved in the delivery
of membrane to the initiation site of autophagy (Noda et al., 2000); normally it is localized on
the Golgi cisternae and in late endosome vesicles; upon autophagy induction ATG9 co-

localized with LC3 (Yamamoto et al., 2012; see paragraph 1.3.4)
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Table 1.2 and Figure 1.7: In the table there are listed the proteins involved in the regulation of autophagy and the
complexes that they form, both for yeast and mammals. The figure represents the schematic roles of each
components of the pathway (Modified by Ding et al., 2011).

1.2.4 Non-Atg Components required for autophagy

Autophagy is a process directly connected with other cytoplasmic processes, overall the
secretory and endocytic pathways. Indeed, components of the latter processes fuse at different
levels with structures of the autophagy machinery. In this scenario “non ATG” proteins
involved in the trafficking of endosomes, exosomes and MVBs could be essential for the
normal progression and conclusion of the autophagic pathway.

The hairpin-type-tail anchored soluble N-ethylmaleimide-sensitive factor Attachment Protein
receptor (SNARE) Syntaxin 17 was identified as an autophagsomal SNARE protein

necessary for the fusion event between the autophagosome and the endosome/lysosome. This
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elegant study shows how the peculiar features of the tertiary structure of the protein are
essential for its targeting to the membrane of the autophagosome (Itakura et al., 2012).
Another SNARE protein implicates in this process is the Vesicle Associated Membrane
Protein 7 (VAMP7) that is essential, together with other SNARE partners, to allow the
maturation of the autophagosome. More in details, VAMP7 regulates the process of
homotypic fusion between membranes positive for ATG16, but negative for LC3; this step is
necessary to increase the size of the phagophore, therefore the formation of a mature
autophagosome (Moreau et al., 2011).

The cytoskeleton, in particular microtubules, mediates an efficient protein trafficking during
the autophagosome formation. The microtubule motor protein, dynein, is required for the
autophagic clearance of protein aggregates in mammalian cells (Ravikumar et al., 2005); in
the same context, it appears that autophagosomes are formed at random location in the cell,
but transported toward the nucleus along microtubules after completion (Jahreiss et al., 2008).
Ras superfamily of monomeric G proteins (Rab) are a key regulators of membrane trafficking
and fusion events; in mammals there are almost 70 known Rab proteins, among which about
10 have a defined function in autophagy (Szatmari, Z., Sass, M., 2014). One example is Rab5,
a well-known early endosome protein, involved in the early stages of autophagosome
formation; it may have a role in the recruitment of the autophagic BECN1-PIK3C3 complex

and subsequent PtdIns3P production on the phagophore membrane (Ravikumar et al., 2008).

1.2.5 Autophagy in human diseases

Since the discovery of Atg genes in the 1990s, there has been a proliferation of studies on the
physiological and pathological roles of autophagy in a variety of autophagy cellular and
animal models (Jiang, P., Mizushima, N., 2014).

A big part of the researches converge on the dissection of the role of autophagy during
diseases associated with the accumulation of protein aggregates in cellular cytoplasm, such as
Huntington’s and Parkinson’s diseases. Another big part of the work is trying to elucidate
exactly in which way autophagy could help the prevention of tumorigenesis or, in an opposite
way, it could help cancer cells to survive to anti-cancer treatments. Also muscles disorders, in
particular cardio-myopathies have acquired a remarkable importance in this field.

The multi-step nature of the autophagic process makes it vulnerable to failure at different

levels. Expression of ATGS5 protein, a component of the ATGI2 conjugation system,
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essential for the initial step of the formation of the autophagosome, was found aberrant in
different type of prostate cancers (Kim et al., 2011). Another protein involved in the initial
step of the process connected to a series of cancers is Beclinl, a tumour suppressor protein.
Indeed mono-allelic deletion of BECN1 has been detected in human breast, ovarian and
prostate tumour specimens. In particular, the aberrant expression of Beclinl was found in
many kinds of tumour tissues correlates with poor prognosis (Liang et al., 1999; Han et al.,
2014). Moreover latest data confirm another putative tumour suppressor protein involved at
the beginning of autophagy. The Beclinl interacting UVRAG is mono-allelically mutated at
high frequency in human colon cancers. UVRAG-mediated activation of the Beclinl—
PI3KC3 complex promotes autophagy and also suppresses the proliferation and
tumorigenicity of human colon cancer cells (Liang et al., 2006).

Very recent data derived from mouse models knock-out for ATGS or/and ATG7, together
with preclinical investigations allow the developing of the first set of the autophagy inhibitor
hydroxychloroquine (HCQ) clinical trials in patients with advanced cancer (Rebecca V., W.,
Amaravadi, R., K., 2015). Paget disease of bone (PDB) is a common disorder characterized
by focal and disorganized increase of bone turnover. Two independent mutational events at
the same position in p62 may be frequently associated with PDB (Laurin et al., 2002).
Genome wide association studies of non-synonymous of single nucleotide polymorphisms
(SNPs) have linked ATG16L1 variants with susceptibility to Crohn’s disease, a debilitating
inflammatory bowel disease (IBD) that can involve the entire digestive tract (Hampe et al.,
2006; Murthy et al., 2014). ATG16 is a key player during the initial step of autophagy; it
forms a complex with the ATG12 conjugation system and it is essential for the lipidation of
LC3. The Atgl6L1 protein possesses a C-terminal WD repeat domain, and the Crohn’s
disease-associated mutation (T300A, also known as Alal97Thr) is within or immediately
upstream of this domain. Unfortunately the precise effect of this mutation in the onset of the
illness is still unknown (Murthy et al., 2014).

Regarding diseases connected to the latest step of the autophagic process, a big part of the
studies has been done on lysosome dysfunction. Lysosomal storage disorders (LSDs), are a
family of disorders caused by inherited gene mutations that perturb lysosomal homeostasis.
These diseases are characterized by the accumulation of undigested macromolecules in the
cell. As a result the lysosomal dysfunction is accompanied by impaired autophagic flux and
accumulation of autophagy substrates such as p62, poly-ubiquitinated proteins, and damaged
mitochondria (Lieberman et al., 2012). The first discovered LSD where autophagy is

implicated is the Danon diseases, also called “Lysosomal glycogen storage disease with
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normal acid maltase”. This pathological condition is characterized by cardiomyopathy,
myopathy and variable mental retardation; sequence analysis of LAMP2 derived from
patience affected by this disease unveil the presence of eight different mutations that abolish
the cytoplasmic and the transmembrane domain of the protein (Nishino et al., 2000).

A well-known neurodegenerative disease where two autophagic proteins are involved is
Parkinson’s disease that causes the reduction of the dopaminergic transmission in the basal
ganglia (Fahn, S., 2003). PTEN-induced putative kinase protein 1 (PINK1) is a mitochondria-
associated protein kinase that acts upstream of Parkin, an E3 ubiquitin ligase implicated in
the selective degradation of damaged mitochondria by autophagy. Mutations in the genes that
codify both these proteins lead to autosomal recessive or sporadic juvenile-onset Parkinson’s
disease (Kitada et al., 1998; Valente et al., 2004). Normally, when mitochondria is damaged
and lose its membrane potential, PINK1 recruited Parkin which ubiquitin different proteins
activating mitophagy. Excessive mitochondrial damaged could be linked to Parkinson’s
disease.

All these pathological conditions described until know are just a part of a long list of diseases

connected to deregulation or dysfunction of autophagy (Table 1.3).

GENES FUNCTIONSIN AUTOPHAGY ASSOCIATED HUMAN DISEASE

ATGS Autophagosome formation Prostate Cancer
ATGIG6L1 Autophagosome formation Chron’s Disease

BECNI Autophagosome formation Breast, Ovarian and Prostate Cancer

pe62 An adaptor protein for selective autophagy Paget Disease of Bone

UVRAG Autophagosme degradation Colorectal Cancer

Parkin Mitophagy induction Parkinson’s Disease

PINK1 Mitophagy induction Parkinson’s Disease

Table 1.3: List of the principal autophagic genes that are associated with a pathological condition in human.
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1.3 NEW INSIGHTS ABOUT THE INITIAL STEPS OF AUTOPHAGOSOME
FORMATION

The first crucial event in the autophagic process is the nucleation of the membrane that will
become the autophagosome. The exact site where this process starts is not well understood
and above all, the membrane sources forming the isolation membrane are not yet defined.

In the recent years, with the developing of new imaging techniques and fractionation
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Figure 1.8: Schematic representation of the autophagic pathway and organelles that are involved in
the process (Lamb et al., 2013)
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protocols, it was possible to mark precisely all the compartments that participate to the
initiation of autophagy. In addition the usage of electron tomography had helped
understanding the organelles interplay. In this complex scenario, the ER plays a central role,
together with mitochondria; during the progression of the process other cellular
compartments like Golgi cisternae and vesicles such as endosomes, function as lipids sources
(Fig 1.8). In addition, during starvation, other membrane origins may provide the site for the

nucleation of the autophagosome.
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1.3.1 The site where the autophagosome starts to form

In the 1960s electron microscopy studies identified the ER as the first membrane sources for
autophagosome biogenesis (Novikoff, A., B., and Essner, E., 1962). Different ER-resident
proteins are involved in the formation of the autophagosome among which DFCP1, a PI(3)P-
binding protein localized on ER and Golgi membranes. In response to aminoacid starvation,
DFCP1 translocates to the ER-associated membrane called “omegasome”, where
autophagosomal proteins reside (Axe et al., 2008). Here, for example, DFCP1 co-localizes
with ATG14L, another ER protein necessary for the recruitment of the PI3-kinase complexes
onto the ER surface (Matsunaga et al., 2010). Another study describes the involvement of the
VMP1 in the initiation of the process. VMP1 is a trans-membrane protein localized on the ER
and at the Golgi; upon autophagy activation its expression is induced (Vaccaro et al., 2008).
In addition it was shown that VMP1 interacts with Beclinl, forming a complex essential for
the recruitment and for the activation of the Class III PI3K complex on the site of
autophagosome formation (Molejon et al., 2013). Finally also two elegant independent
electron microscopy works had revealed the involvement of the ER in the formation of the
phagophore (Yla-Anttila et al., 2009; Hayashi- Nishino et al., 2009).

Mitochondrial studies were also performed in order to validate the implication of this
organelle. An artificial mitochondrial marker made by the sequence of the cytochrome b5
tagged to the fluorescent lipid NBD (7-nitro-2, 1, 3-benzoxadiazol-4-yl), was transferred
from the outer membrane of the mitochondria to the autophagosome, upon starvation (Hailey
et al., 2010). This event clearly suggests that autophagosomes could form also from the
mitochondria. Moreover, the pro-apoptotic factor Bcl-2 localizes on mitochondria and its
binding to the BH3 domain of Beclinl, prevents the formation of the Class III PI3K complex
and subsequently the activation of the process (Pattingre et al., 2005). Following autophagy
induction, Bcl-2 activity is inhibited by AMBRAI, that at the same time, induces the activity
of Beclinl, finally activating autophagay (Strappazzon et al., 2011).

ER and mitochondria contact sites were also taken in consideration. In fact one model well
explain by immunofluorescence and electron microscopy the collaboration between
mitochondrial and ER proteins in the regulation of the nascent autophagosome. In particular
it was found that the ER SNARE protein Syntaxin 17 (Stx17) binds and recruits ATG14L at
these sites after autophagy induction (Hamasaki et al., 2013).
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To summarize, a general consensus is emerging in the autophagy field. Autophagosomes
membranes generate above all, from the ER but also mitochondria seem to play an important

role; not less important, also de-novo synthesis has to be taken in account.

1.3.2 Autophagosome growing and maturation from the Golgi

After the step of nucleation, the phagophore starts to expand and to mature in a complete
autophagosome. Golgi membrane, plasma membrane and endosomes contribute to this
progression, delivering proteins and lipids that determine the final composition of the
autophagosome. Regarding the Golgi dynamics, three molecular pathways participate to this
step with the involvement of Golgi-resident proteins like Rab proteins, class III PI3K
complex and ATGY. The Rab family of small GTPase regulates indirectly membrane fusion
between different compartments. Rab1l and Rab33B are both involved in the progression of
autophagy. Rabl localizes in the ER-Golgi intermediate compartment (ERGIC) and in the
Golgi stacks. It is necessary for the formation of DFCP1-positive omegasome (Mochizuki et
al., 2013). Instead Rab33B is involved later in the process; it interacts with ATG16L1 (Itoh et
al., 2008). More recently, the tubuling folding cofactor D 25 (TBC1D25) was identified as a
Rab GAP of Rab33B; TBC1D25 binding LC3 controls autophagosome-lysosome fusion
promoting GTP hydrolysis of Rab33B-GTP (Itoh et al., 2011). Autophagy can be negative
regulated by the sequestration of Beclinl, a component of the class III PI3K complex, in the
Golgi membrane; the Golgi-associated plant pathogenesis-related protein 1 (GAPRI1) is
responsible for the interaction and for the recruitment of Beclinl towards the Golgi cisterna
(Shoji-Kawata et al., 2012). The last protagonist of the maturation and growing of the
autophagosome is ATG9 that is responsible for the proper delivery of Golgi membranes
toward the site of formation of the autophagosome; details about this protein and its activity

will be discussed in the paragraph 1.3.4.

1.3.3 The endocytic pathway contribution to autophagy

The convergence of the autophagosome and endocytic pathways was recognized in early
morphological studies. In fact endosomes actively contribute to phagophore formation and

expansion.
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Endocytosis transports nutrients and grow factors from the outside of the cell within the
cytoplasm, thanks to different types of vesicles. The process starts from the plasma
membrane where specific proteins recognized molecules that have to be internalized. The
pathway mainly consists of early endosomes, late endosomes and lysosomes. Endosomes
function requires continuous vesicular budding and fusion events that are mediated by Rab
proteins (Rink et al., 2005). Once the clathrin-coated vesicles are formed from the plasma
membrane, these are converted in Rab5-early endosomes, which mature into Rab7-late
endosome; these final structures can fuse with lysosome or directly with autophagosome.
Therefore, the activity of endosomes is extremely important for autophagosome maturation.

Indeed, once autophagosome is formed, it acquires proteins and enzymes that are normally
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Figure 1.9: Schematic representation of the contribution of the endocytic pathway to autophagy (Lamb et
al., 2013)

presented in early, late endosomes and MVBs (Dunn, 1990). EM studies detected endocytic
markers in early and advanced autophagic vesicles (Punnonen et al. 1993; Liou et al. 1997).

Clathrin-mediated endocytosis provides membrane that contributes to the formation of
Atgl6L1-positive, LC3-negative pre-autophagosomal structures (Fig.1.9). These precursors
maturate thanks to homotypic fusion, essential for the subsequent autophagosome formation;
this fusion event depends on different SNARE proteins, including VAMP7 (Moreau et al.,
2011). Rabl1-positive recycling endosomes (RE) carry ULK1 and ATG9Y; upon autophagy

induction, ULK1 complex together with transferrin and transferrin receptor are delivered in
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Rabl1-positive vesicles to forming autophagosome (Longatti et al., 2012). Finally the same
work verified the presence of the RE/Endosome marker transferrin between the outer
membrane of the autophagosome (Longatti et al., 2012), further affirming the connection

between the endocytic pathway and autophagy.

1.3.4 The role of the autophagy-related protein 9

Atg9 was firstly identified in yeast genetic screening as the only transmembrane protein
involved in the autophagic process (Lang et al., 2000). It is a multi-spanning protein with six
highly conserved transmembrane domains and cytosolic NH; and COOH- terminal domains
that are different in terms of length and aminoacid compositions (Noda et al., 2000).

Atg9 homologues exist in all species so far examined, and although its function is still
unknown, it is required for autophagy in all species studied. In mammalian cells there are two
functional orthologous: ATGI9L1 and ATG9L2; the first one is ubiquitous while the second
one is expressed only in placenta and pituitary gland. SiRNA-mediated knockdown of ATG9
impaired LC3 lipidation and protein degradation in HEK293 cells (Yamada et al., 2005),
suggesting an involvement of this protein in the autophagic process; moreover it was
demonstrated that ATG9 is essential for the survival of mice after birth, as described for
ATGS (Saitoh et al., 2009).

In nutrient rich conditions, ATG9 localizes in juxta-nuclear regions and is dispersed in the
peripheral cytoplasm where it co-localizes with marker of late and early endosome, such as
Rab5, Rab7 and Rab9. During starvation ATGY9 moves towards the cytoplasm and co-
localizes with LC3 protein alone, or together with Rab7, suggesting that ATG9 is present
both in the immature and in the degradative autophagosomes (Saitoh et al., 2009).
Additionally it was shown that ATG9 resides also in the recycling endosome that could
represent the equivalent of the ATG9 reservoir found in yeast (Orsi et al., 2012).

The trafficking of ATG9 seems to be orchestrated by different cytoplasmic proteins. One
study suggested that ULK1 controls the localization of ATG9 via a cascade involving myosin
II. After induction of starvation the ULK1-Zipper-Interacting Protein Kinase (ZIPK)-Myosin
IT axis is activated and ATG9 is redistributed to the peripheral cytoplasm (Tang et al., 2010).
Also the class III PI3K complex seems to be involved in the distribution of ATG9; indeed
inhibitors of this complex or depletion of UVRAG or Beclinl prevents its movement after

induction of autophagy (Takahashi et al., 2011). All these data suggest an essential role of
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ATGY in the recruitment of the class III PI3K complex; this activity was well demonstrated
in response to Salmonella infection (Kageyama et al., 2011). It could also be possible that this
mechanism is efficient also for macroautophagy.

Another elegant work shows that ATG9 is indirectly involved in the recruitment of WIPI2 to
the site where the autophagosomes start to form. Indeed, WIPI2 is thought to be recruited to
phagophores by PI3P, the product of PI3K (Polson et al., 2010); here ATG9 may play a role
in the recruitment of the class III PI3K complex in the context (Kageyama et al., 2011).

One interacting protein of ATG9 discovered in a yeast two-hybrid screening is the p38
interacting protein (p38IP) (Webber, J., L. and Tooze, S., A. 2010). In mammals p38IP
contains a nuclear localization sequence, a peptide sequence rich in proline (P), glutamic acid
(E), serine (S), and threonine (T) (PEST domain) and two serine rich domains. p38IP is
essential for the redistribution of ATGY upon starvation; indeed siRNA-mediated depletion of
p38IP results in the loss of ATGY dispersal and its retention at the juxta-nuclear pool. The
interaction is mediated by the C-termini of each proteins and it is governed by p38a MAPK,
which competes with ATG9 for p38IP binding. Thus, in nutrient-rich conditions, p38a is
phosphorylated and thus activated, allowing it to bind p38IP with increased affinity,
sequestering p38IP away from ATGY, and thereby preventing ATG9 dispersal and autophagy
activation (Webber, J., L. and Tooze, S., A. 2010).

An additional regulator of ATGY trafficking is the membrane curvature-driving protein
Endophilin B1, also known as Bax-interacting factor 1 (Bif-1). Bif-1 is essential for the
tabulation of the Golgi membranes and therefore for the movement of ATG9 toward the site
of formation of the phagophore (Takahashi et al., 2011).

All these data suggest an essential role for ATG9Y in the regulation and in the progression of
autophagy, in particular during the step of formation of the autophagosome; moreover several
proteins seems to be linked to this scenario; altough the precise mechanism by which ATG9

acts remains unknown.

1.3.5 The Bax-interacting factor 1 as a novel regulator of autophagy
Bax-interacting factor 1 (Bif-1) is a member of the endophilin protein family involved in the

regulation of apoptosis, mitochondria morphology and autophagy; it was originally

discovered as a Bax-binding protein (Pierrat et al., 2001; Cuddeback et al., 2001).
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Endophilins are a well-conserved family of proteins involved in different membrane
dynamics. Looking to the aminoacid sequence similarity, these proteins can be subdivided in
two groups: the Endophilin A, involved in the formation of the endocytic vesicles and
Endophilin B that includes Bif-1, important for membrane dynamics of organelles like Golgi
and mitochondria, as well as autophagosomes (Pierrat et al., 2001).

This group of proteins is characterized by an amino-terminal N-Bin—Amphiphysin—Rvs (N-
BAR) domain that is responsible for the binding to the lipid bilayers, inducing membrane
curvature, and a carboxyl-terminal Src-homology 3 domain (SH3) that presents a proline-rich
region essential for the formation of complexes with other proteins. More in details, the N —
BAR domain has two o-helixes that form a coiled-coil structure responsible for the
dimerization of the protein: the amphipathic helix (HO) and the amphipathic helix inserted
helix 1(HI1I). The HO region plays a crucial role in binding to membranes, while the H1I is
inserted into the membrane driving the membrane curvature together with the BAR main
body (Gallop et al., 2006).

Bif-1 was firstly identified in a yeast screening as a Bax-binding protein; Bax is a
cytoplasmic protein that plays an important role in Bcl-2 dependent apoptosis. Normally Bax
is localized in the cytoplasm but after induction of apoptosis, it binds to Bif-1 undergoing to a
conformational change that allows its binding to the mitochondrial membrane, promoting

apoptosis (Wolter et al., 1997).

Recently Bif-1 has acquired new importance in the UVRAG

autophagy field. Indeed it was published that Bif-1

interacts with Beclin 1 through UVRAG, activating

autophagy and giving news insight the class III

PI3K complex and the formation of the

autophagosome (Fig.1.10; Takahashi et al., 2007).

Upon starvation Bif-1 binds to UVRAG thanks to giigf_ulrzulrirllgtaitcohggztyic( gll-;;ehsssnﬁlazszlofz (t)l(l)% )r.ole of
its SH3 domain; this interaction is essential for the

activation of the class III PI3K complex. Moreover Bif-1 deficient cells are unable to form
autophagosomes, suggesting an essential role of this protein in the process.

Bif-1 activity could also affect autophagy in other ways. For instance it has been
demonstrated that Bif-1 plays a critical role in vesicle formation for coat protein I (COPI)-
mediated retrograde transportation from the trans-Golgi network (TGN) to the endoplasmic

reticulum (Yang et al., 2006). Therefore Bif-1 could be important for the delivery of COPI-

vesicles membranes at the initiation site of formation of the phagophore.
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Another elegant work made by Hong-Gang Wang and his group, describes the importance of
Bif-1 activity in the fission of Golgi membrane that are characterized by the presence of
ATGY proteins. It is well known that in physiological conditions ATG9 resides in the TGN
and upon starvation, it moves towards cytoplasmic site where LC3 is also present. What is
not completely clear is how ATG9 shifts from these two cellular locations. In this work it was
demonstrated that Bif-1 plays an essential role for the trafficking of ATG9 from the Golgi
membrane to the peripheral cytoplasm. Indeed, in response to nutrient starvation, Atg9-
positive Golgi membranes were dispersed throughout the cytoplasm where they co-localized
not only with Bif-1, but also with LC3 and Atgl6. In this step it seems that both the a-helix
(HO and H1I) are essential for the interaction with the Golgi membranes and for their fission

(Takahashi et al., 2011).
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1.4 CALPAIN AND MITOPHAGY

1.4.1 Autophagic clearance of damage mitochondria: mitophagy

Mitochondria produce energies in terms of ATP, through different metabolic pathways, using
a series of cellular sources, such as lipids, aminoacids and carbohydrates. Mitochondrial
metabolism is tightly regulated in order to meet cellular requirements. Among these
regulative processes, the control of mitochondrial mass is determinant to maintain the
metabolism of a cell (Melser et al., 2015).

In physiological condition, a dynamic process of biogenesis and degradation sustains
mitochondrial mass. The mechanism of degradation was characterized very recently and it is
called mitophagy (Lemasters, 2005).

Mitophagy is a specific type of macroautophagy that allows the elimination of whole
damaged mitochondria, passing through the autophagosome vesicle. It represents a crucial
mechanism for mitochondrial quality control. Once the process is active, the phagophore
recognize, tether and engulf the mitochondrion to form the autophagosome that at the end,
fused with the lysosome. To this aim, cells need specialized molecules that sense damaged
organelles and mark them with a signal for autophagic disposal (Eiyama A., & Okamoto, K.,
2015).

Two main mitophagy mechanisms have been described in mammalian cells. The first one
occurs during reticulocyte maturation where the autophagic protein ULK1 and ATG7 are
mobilized during the early step of the process (Kundu et al., 2008). In addition also the
mitochondrial protein BCL2/adenovirus E1B 19 kDa protein-interacting protein 3-like
(BNIP3L or NIX) is involved (Schweers er at., 2007; Sandoval et al., 2008). NIX is a single
pass membrane protein belonging to the BH3 family, imbedded in the outer membrane of the
mitochondrion. Importantly, NIX contains an LC3-interacting region (LIR) at its N-terminal,
facing the cytosol (Novak et al., 2010). With this domain NIX recognizes the pool of LC3
present on the phagophore surface and allow the formation of the autophagosome around the
mitochondria.

The second mechanism is explained by the activity of two proteins: the E3 ubiquitin ligase
Parkin, and PINK1 (Narendra et al., 2008; Fig.1.11). Normally, PINK1 is kept at an
undetectable level in cells, by a mechanism that consists in two different post-translational

cleavages that provoke the dissociation of the protein form the mitochondria. After the
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mitochondrial substrates, including mitofusins dependent mitophagy (Gerald W, Dorn IL. 2015)

(MFN1/2), leads to the recruitment of p62 and
LC3. Then, mitochondria are engulfed into the autophagosome and eliminated through

mitophagy.

1.4.2 Bif-1 and mitochondria

Bif-1 was firstly identified as a pro-apoptotic factor that binds to and activates Bax protein, in
response to apoptotic stimuli (Cuddenback et al., 2001). Its membrane binding activity
underling Bif-1 implication in the regulation of mitochondrial morphology; indeed its
knockdown results in elongated mitochondria in HeLa cells (Karbowski et al., 2004). On the
contrary in neuronal cells, Bif-1 knockdown attenuates apoptosis and promotes mitochondrial
fragmentation (Wang et al., 2014). Loss of Bif-1 supresses mitophagy in MEF expressing
Parkin, treated with the uncoupling reagent carbonyl cyanide m-chlorophenyl hydrazone
(CCCP); in addition in this scenario, cells accumulate ER-associate immature
autophagosome-like structures (Takahashi et al., 2013). The same work proposed a model in
which Bif-1, together with Class III PI3K complex II, regulates the delivery of Golgi
membranes positive for ATG9, to damaged mitochondria, to promote the formation of
autophagosomes.

Until now there is no evidence about the involvement of calpain in the regulation of
mitophagy; its connection with Bif-1 might indicate a possible role of this protease also in the

control of this process.
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2. MATERIALS AND METHODS:

2.1 Plasmids and reagents

The pAmCyan-N1-Bifl, pGEX-4T1-Bif-1, pEF6-Bif-1wt-Myc-HisA, pEF6-Bif-1dSH3-Myc
and the pEF6-Myc-HisA-Bif-1S were a kind gift of Dr. Hong-Gang Wang. pHAGE-N-GFP-
ATGY9 and MSCV-Tet-FLAG-HA-IRES-PURO-ATG9 were generously provided by Dr. Ivan
Dikic. HcRed-LC3 was constructed by inserting human LC3 in HcRed plasmid. Thapsigargin
and Isopropil-B-D-1-tiogalattopiranoside (IPTG) were bought from Sigma. Antibodies were
obtained from the following sources: rabbit anti-ATGY9, mouse anti-Bif-1 and rabbit anti-
pIRE from Novus Biologicals; mouse anti-Flag, rabbit anti-Actin, and mouse anti-CAPNSI
from Sigma; mouse anti-GM130 and mouse anti-p62 from BD Transduction Laboratories;
mouse anti-Myc-Tag from Cell Signaling; goat anti-CAPNI precursor and goat anti-
CD71(TfR) from Santa Cruz; rabbit anti-active CAPN1 from Abcam; rabbit anti-Vps34 from
ThermoFisher Scientific. LC3 antibodies were purified from rabbit serum after immunization
with GST-LC3 according to standard procedures. siRNA targeting CAPNS1 was purchased
from Eurofins MWG Operon (Germany): the pool of four siRNAs targeting CAPNS1 (1-
GAG CAU CUC UAU AAC AUG AUU TT, 2-CCA CAG AAC UCA UGA ACA UUU TT,
3-UCA GGG ACC AUU UGC AGU AUU TT, 4-GAA GAU GGA UUU UGA CAA CUU
TT). The Baculovirus reagents, RFP-GFP-LC3, GFP-Rab5a, RFP-KDEL-Calreticulin, and
GFP-El-alpha-pyrivate-dehydrogenase, were purchased from ThermoFisher Scientific. For
the in-vitro transcription and translation of radio-marked proteins TnT T7 Quick Coupled

Transcription/Translation System (Promega) was used.

2.2 Cell Culture, transfection and shRNA mediated silencing

U20S cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) low glucose,
supplemented with 10% FCS, 1% penicillin/streptomycin (Lonza) and L-glutamine. U20S
pRS-control and pRS-shCAPNS1 were produced according to standard procedures. For cell
infections: 293GP packaging cells were transfected with the calcium-phosphate method with
pRetroSuper-shCAPNS1 or vector alone, after 72 hours the supernatant was harvested,
filtered and added to U20S cells. The infected cells were selected by the addition of
puromycin and after 7 days the expression of CAPNSI was checked by western blot. The
same protocol was used to produce U20S cells stably expressing HA-Flag-ATG9. For the

production of the sShACAPNSI stable cell line with the reintroduction of calpain small subunit,
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the U20S cells describe above were infected with a pwzL vector expressing CAPNS1. 293T
cells were grown in DMEM high glucose, supplemented with 10% FCS and 1%
penicillin/streptomycin. Wild-type, CAPNSI1-/- and rescued mouse embryonic fibroblasts
(Arthur et al., 2000) were a kind gift of Dr. Peter A. Greer (Ontario, Canada); cells were
grown in DMEM high glucose, supplemented with 10% FCS, 1% penicillin/streptomycin and
Non-Essential Aminoacids solutions 100X (Sigma). For transient transfection and silencing,
TransIT-LT1 transfection reagent (Mirus) and Lipofectamine RNAIMAX (Invitrogen) were

used respectively, according to the manufacturer’s instructions.

2.3 Western Blot analysis and immunoprecipitation

Western blotting was performed on cells lysates (50 mM Tris-HCI pH 7.5; 150 mM NacCl, 5
mM EDTA, 1% Triton X-100, supplemented with 0.5 mM NaF, 2 mM EGTA, 1 mM Sodium
orthovanadate and complete protease inhibitor cocktail (Sigma)). Lysates were clarified by
centrifugation for 10 min at 4°C and protein concentrations were assessed using Bradford
protein assay (BioRad Laboratories). Samples containing equal amounts of proteins were
boiled in SDS sample buffer, resolved using SDS-PAGE and transferred to nitrocellulose
membranes. The blots were then probed with the appropriate antibodies. Before
immunoprecipitation, U20S cells stably expressing HA-Flag-ATG9 were transiently silenced
for CAPNSI1 for 3 days, and then treated for 1 h with 100 nM thapsigargin. Whole cell
lysates (20 mM CHAPS, 125 mM NaCl, 50 mM TrisHCI, pH 7.5, supplemented with 0.5
mM NaF, | mM Sodium orthovanadate, complete protease inhibitor cocktail (Sigma)) were
incubated for 2 h with anti-Flag antibody or with the anti-Myc antibody as a negative control.
Protein G (GE Healthcare Life Sciences) was used to immunoprecipitate whole lysates for 2

h at 4°C. Samples were subjected to SDS-PAGE and immunoblotted.

2.4 Confocal Microscopy and live-cell imaging

Staining of U20S cells transiently transfected with GFP and AmCyan tagged proteins or with
Baculovirus reagents was performed after the cells were fixed on coverslips with 3% PFA for
20 min., washed with 0,1 M glycine in PBS and stained with Hoechst or Propidium Iodide for
5 min at room temperature. For immunofluorescence: after fixation with PFA, cells were
permeabilized with 0,1% Triton-X100 in PBS for 5 min., and blocked in PBS containing 5%
BSA for 30 min. at room temperature; then the slides were stained with the appropriate
antibodies (antibodies dilution 1:100) and incubated for 2 h at 37°C. Following 3 washings

with PBS, samples were stained with secondary antibody for 1 h at room temperature. Images
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were acquired with LSM510 confocal microscope (Zeiss), and processed using Imagel
software. Imaging of live U20S cells, grown on Nunc Glass Base dishes (Thermo Scientific)
was performed on LSM510 confocal microscope (Zeiss), equipped with a cells incubator.

During the 2 h time-lapse experiment, images were acquired every 2 min.

2.5 In vitro cleavage assay:

3S-labelled in-vitro translated proteins were produced by standard procedures and incubated
with micro-calpain on ice in 10 mM Tris, pH 7.5, 1.5 mM DTT, 750 uM CacCl,. Reactions
were terminated at the indicated time points by adding SDS-PAGE loading buffer and
analysed on SDS-PAGE.

2.6 Electron Microscopy

Electron microscopy analysis was performed in collaboration with Eeva Liisa Eskelinen
(University of Helsinki). In details, monolayers were fixed in 2% glutaraldehyde in 0,2 M
Hepes buffer, pH 7.4, for 1 h at room temperature. Next the cells were incubated in 1%
osmium tetroxide in 0,1 M sodium cacodylate buffer, pH 7.4, with the addiction of 15 mg/mL
of potassium ferrocyanide, for 1 hour at room temperature. Then slides were dehydrated in a
graded series of ethanol and embedded in Epon using routine procedures. Approximately 60-
nm sections were cut and stained using uranyl acetate and lead citrate and were examined
with a transmission electron microscope (Jeol JEM-1400). For autophagosome (AP) and
autolysosomes (AL) quantification, sections were screened systematically at 4000x and
pictures were acquired, in order to cover all the surface of the sections. Then the number of

AP and AL was counted and reported as number of vacuoles per cell.

2.7 Expression and purification of GST-Bif-1

GST-Bif-1 wild type was expressed by pGEX-4T-1 plasmid in BL21de3 strain of
Escherichia coli. Briefly, transformed cells were grown in Luria Bertani medium containing
100 pg/mL ampicillin at 37°C to an Aepo nm 0,8; then 1 mM IPTG was added to induce
protein expression at 37°C for 3 h. Cells were lysed in PBS, pH 7.4, supplemented with 0.5
mM NaF, 2 mM EGTA, 1 mM Sodium orthovanadate and complete protease inhibitor
cocktail, by sonication and centrifuged at 8000 xg for 30 min. The resulting supernatant was
incubated with Glutathione Sepharose 4B (GE Healthcare) at 4°C for 1 h and then washed
three times with PBS. The protein was eluted with 10 mM reduced glutathione in 50 mM
Tris-HCI, pH 8.
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2.8 FACS analysis

Cells were harvested and incubated with Mitotracker Orange CMTMRos (Invitrogen) or
TMRE (Abcam), at room temperature for 45 min., then washed in PBS and resuspended in
500 uL of PBS. Unstained cells were used to set the threshold for FLH2 positive cells. 10.000
cells were analysed for each condition using a FACS Calibur flow cytometer (BD

Biosciences); data were analysed using FlowJo software (Tree Star, Ashland, USA).

2.9 Statistical analysis
Results are expressed as means + standard deviation of at least three independent experiments
performed in triplicate, unless indicated otherwise. Statistical analysis was performed using

Student’s t-test. The p-value is indicated in the graph.
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3. RESULTS AND DISCUSSION

Calpain represents a promising target for cancer therapy; the expression levels of micro-
calpain and calpastatin are significantly associated with -clinical-pathological criteria
including tumour grade and oestrogens receptor expression. High expression of milli-calpain
in basal-like or triple-negative disease is associated with adverse breast cancer-specific
survival (Stoor et al, 2012). Recently, our group demonstrated that calpain small subunit 1 is
involved in the switch from symmetric to asymmetric division of breast cancer stem cells
(Raimondi et al., 2016). For these reasons, the principal interest of our laboratory is to study
the roles of calpain, in cellular processes that function as a barrier against tumorigenesis.
Autophagy is one of these processes. It was demonstrated that calpain activity is necessary
for the proper progression of macroautophagy (Demarchi et al., 2006), indeed the depletion
of CAPNSI causes the accumulation of LC3 proteins in endosome like structures that could

represent an alternative pathway, when autophagy is defective.

3.1 Autophagy studies after thapsigargin treatment

In order to characterize the role of calpain in the regulation of the autophagic pathway, we
generated a U20S cell line, where the regulatory subunit of the ubiquitous calpains, CAPNSI,
is stably depleted and as a consequence also the activity of CAPN1 and CAPN2 are
abrogated. Thapsigargin was utilized as an inducer of autophagy, since it inhibits the activity
of the SERCA pump, that firstly causes endoplasmic reticulum stress (ER stress) and
consequently autophagy induction (Ogata et al., 2006; Ding et al., 2007). In addition, the
block of the SERCA pump causes an increase in the cytoplasmic levels of calcium,
promoting calpain activation. For this study, 100 nM thapsigargin was added to shControl
and shCAPNS1 U20S cells. As shown in the western blot of the figure 3.1A, thapsigargin
can rapidly and transiently induce an increase in active CAPN1 and a reduction in CAPN1
precursor. In order to monitor autophagosome formation kinetics, control and shCAPNSI1
cells were incubated for 0, 30, 60 120 min. with 100 nM thapsigargin and lysates collected. In
control cells, LC3 is converted to its lipidated form after 120 min, while in CAPNS1 depleted
cells, the kinetics of LC3 lipidation appears faster (Fig. 3.1B). On the other hand p62
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degradation couples LC3 lipidation in control cells; in contrast it is considerably reduced in

shCAPNSI cells (Fig. 3.1B and quantification in Fig. 3.1C).

Ultra-structural analysis made in collaboration with Eeva-Liisa Eskelinen from the University

of Helsinki, demonstrate that a reduced number of autophagosomes are formed in CAPNSI

depleted cells, after autophagy induction, compared to control cells (Fig. 3.1D). Collectively

these data suggest that CAPNSI is involved in LC3-vesicles dynamics and autophagosome

formation in response to thapsigargin treatment.
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Figure 3.1 Thapsigargin treatment induces calpain activation and autophagy: A: Thapsigargin induces the
activation of CAPN1. Control and shCAPNSI cells were treated with 100 nM thapsigargin for 10, 20 and 30 min.
and the lysates subjected to western blot analysis to quantify the precursor and the active form of CAPNI1. The
graphs represent the levels of precursor and active form normalized by tubulin. B: Control and shCAPNSI1 cells
were treated with 100 nM thapsigargin for 30, 60 and 120 min. and the lysates subjected to immune blot analysis to
detect LC3, p62, pIRE, CAPNSI and tubulin. C: Quantification of p62 and LC3-II levels of the figure B normalized
by tubulin. D: Control U20S and shCAPNSI1 cells treated with 100 nM thapsigargin were analyzed by transmission
electron microscopy. On the left representative pictures of autophagosome=AP and autolysosome=AL; scale bars
correspond to 500 nM. The graph on the right shows the number of vesicles per cell.
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3.2 Early endosomes dynamics are perturbed in CAPNS1 depleted cells

The endocytic pathway is strictly connected with the autophagic process, not only to deliver
the degradative enzymes necessary to the lysosome, but also contributing at different stages
to the progression of autophagy, from phagophore formation to autophagosome maturation
(Tooze et al., 2014).

We previously reported that CAPNS1 depletion causes the impairment in autophagosome
formation and ectopic LC3 accumulation in early endosome-like structure (Demarchi et al.,
2006). To further characterize this phenotype live-cell imaging experiments were performed.

Control and CAPNSI1 depleted USO2 cells were stained with commercial baculovirus
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Figure 3.2: Early endosomes dynamics are impaired in CAPNS1 depleted cells: A: Control and shCAPNS1 U20S
cells were grown on petri dishes, infected with a commercial baculovirus expressing GFP-Rab5a protein and 12 hours
after transfection, were analyzed using a confocal microscope to detect the dynamics of Rab5a positive vesicles.
Images were acquired every 2 min., the first (ti) and last (tf) pictures of each time lapse are shown. Scale bars
correspond to 20 pM. B: Corrected total cell fluorescence (CTCF) levels of GFP-Rab5a measured on fixed control and
shCAPNS1 cells. The graph indicates the percentage of cells that show a CTFC > 3x10°% the error bars represent
standard deviation of three different independent experiments, where 100 cells were analyzed; p value < 0,01.

expressing the GFP tagged early-endosome marker Rab5a. 24 hours later, a 2 hours time-
lapse experiment was performed using the LSM-510 Zeiss confocal microscope. After the
first 15 minutes, 100 nM thapsigargin was added to trigger calpain activation and to induce
autophagy. Upon treatment, GFP-Rab5a stained endosomes accumulate in shCAPNS1 cells,
in particular near the perinuclear regions (Fig. 3.2A, lower panels). This phenomenon is not
observed in control cells (Fig. 3.2A, upper panels). To further verify Rab5a behaviour and to
quantify this phenotype, the same experiment was repeated and the cells were analysed after

fixation on a coverslips. Corrected total cell fluorescence (CTCF), was measured using
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ImagelJ software. As in indicated in figure 3.2B, almost 40% of CAPNSI1 depleted cells are
characterized by a CTCF > 3x10°, 2 hours after thapsigargin addition, showing a four fold
increase in the levels of GFP-Rab5a fluorescence intensity respect to control cells,
confirming the data obtained by time-lapse video microscopy. Interestingly, in control cells
treated with Calpeptin, a synthetic calpain inhibitor peptide, Rab5a stained endosomes
accumulate just like upon CAPNSI depletion (Fig. 3.3). Collectively these results
demonstrate that calpain deficiency affects early endosomes dynamics upon autophagy

induction.

shControl + Calpeptin

GFP-Rab5a/RFP-KDEL-Calreticulin

Figure 3.3: Representative field of control U20S cells stained with GFP-Rab5a and RFP-KDEL-calreticulin
baculovirus reagents; 12 h after infection, cells were treated for 2 h with 0,5 mM Calpeptin, a calpain inhibitory
peptide. Samples were then fixed and analyzed under a confocal microscope.

3.3 CAPNSI depletion causes an accumulation of LC3-II-positive structures

We have already demonstrated that in cells lacking for calpain there is an increase in the level
of expression of the lipidated LC3 (Fig. 3.1B). This form binds double lipids layer
characterizing not only the matured autophagosome, but also earlier structures like the
phagophore, and finally also the autolysosome. Time-lapse imagining of live cells clearly
shows that CAPNSI1 depletion influences early-endosomes trafficking in thapsigargin treated
cells; we therefore applied the same technology to monitor RFP-GFP-LC3 behaviour, upon
thapsigargin treatment. This double tagged marker stains all the structures that characterize
the autophagic process; indeed, it is a pH-sensitive marker that stains in yellow the
autophagosomes and earlier structures, while it stains in red autolysosomes, where the acid
pH of theses vesicles bleach the GFP fluorescence.

U20S cells were seeded and grown on coverslips for 24 hours; then RFP-GFP-LC3
baculovirus reagent was added to the cells. The day after, cells were treated with 100 nM

thapsigargin for 2 hours, fixed and analysed with a confocal microscope. Figure 3.4A shows
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some representative fields. The number of yellow dots was counted and graphed in figure
3.4B. CAPNSI depletion is coupled to an increase in the amount of yellow dots as compared

to control cells.
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Figure 3.4: CAPNSI1 depletion causes an accumulation of LC3-II-positive structures: (A) Control and CAPNS1
CAPNSI depleted U20S cells were treated with commercial RFP-GFP-LC3 expressing baculovirus. 12 hours later,
cells were treated with 100 nM Thapsigargin or DMSO for 2 hours, and then fixed and analyzed. Representative
confocal microscopy pictures of the experiments are shown. (B) Quantification of the yellow dots staining shown in
panel A; error bars represent the standard deviation of the mean of three different independent experiments, where
25 cells were analysed.

shControl

shCAPNS1

RFP-GFP-LC3

Figure 3.5: LC3 dynamics are altered in CAPNS1 depleted cells: First (ti) and last (tf) pictures of a live-cell
imaging experiment, to study LC3 dynamics. Control and CAPNS1 depleted U20S cells were treated with RFP-
GFP-LC3 baculovirus reagent; 12 hours after infection, the samples were analyzed under a confcoal microscope for
2 h time-lapse experiment. After the first 15 min, 100 nM thapsigargin to induce autophagy.

To further examine LC3 dynamics, we followed its behaviour in a time-lapse experiment. In
CAPN S1 depleted cells we noticed an increase in the levels of yellow dots as compared to

control cells (Fig. 3.5, right panels). Taken together the increasing number of Rab5a positive
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early-endosome structures, and the accumulation of LC3-II-positive structures, suggest a
possible connection between calpain activity and the regulation of the early stages of

autophagosome formation and maturation.

3.4 CAPNSI depletion is coupled to Golgi redistribution

One of the major events for the nucleation of the autophagosome is the delivery of recycling
membranes from different sources within the cytoplasm. Indeed the growing phagophore
receives membranes from the ER-Golgi intermediate compartment, recycling endosomes,
plasma membrane and also Golgi. We hypothesized that calpain could interfer at this level,
regulating the delivery of membranes toward the site of autophagosome formation. In order
to verify this hypothesis control, CAPNS1 depleted, and their derivative with reintroduced
CAPNSI1 U20S cells were used to immunostain the endogenous cis-Golgi protein GM130.
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Figure 3.6: CAPNSI1 depletion perturbs Golgi distribution: A: Control, CAPNS1 depleted and shCAPNS1 with
the reintroduction of CAPNS1 cells were fixed and stained with GM 130 antibody. Hoechst die was used to decorate
nuclei. A fluorescence microscope was used to acquire pictures; scale bars represent 20 uM. B: The graph reports
the quantification of % of cells with Golgi membranes surrounding the nucleus; 100 cells for each sample were
considered; the error bars represent the standard deviation of three different independent experiments. C: Control
and shCAPNS1 U20S cells were analyzed by transmission electron microscopy, 20 cells for each sample were
considered; the graph reports the percentage of cells with Golgi membranes surrounding the nucleus.
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Fluorescence analysis reveals that in U20S lacking CAPNS1 activity, the Golgi network
preferentially localizes at one site of the nucleus, while in control cells its distribution is more
scattered (Fig. 3.6A and quantification in B). To further examine the localization of the Golgi
membranes we performed a transmission electron microscopy study. As expected in control
cells, Golgi membranes surround the nucleus while, in cells depleted for CAPNSI it is
mainly gathered at one side of it (Fig. 3.7 and quantification in fig. 3.6C). Similar results
were obtained also in mouse embryonic fibroblast (MEFs). Altogether these results indicate
that calpain activity is important for Golgi distribution; a disruption of the regular localization
of Golgi cisternae within the cytoplasm might have consequences also on the autophagic

process.

shControl

shCAPNS1

Figure 3.7: Ultrastructural analysis of Golgi membranes: Representative electron microscopy micrographs of
control (upper picture) and CAPNS1 depleted (lower picture) U20S cells that show the localization of Golgi
membranes within the cytoplasm: in control cells Golgi distributes all around the nucleus; while in CAPNSI1 cells it
is mainly found at one side. Arrows indicate Golgi stacks.

3.5 ATGY dynamics are altered in CAPNS1 depleted cells

The only trans-membrane protein required for the progression of the autophagic process is

ATG9. This protein normally localizes on the trans-Golgi region and co-localizes with late
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and early endosome markers; upon autophagy induction it co-localizes with LC3 (Young et
al., 2006). Recent findings demonstrated that ATG9 is responsible for the delivery of Golgi
membranes towards the site where autophagy starts (Takahshi et al., 2011). Since calpain
depletion affects not only LC3-II production, but also the distribution of the Golgi
membranes, we investigated ATG9 and LC3 dynamics in our U20S cellular system. Control
and shCAPNS1 U20S cells were transiently co-transfected with GFP-ATG9 and HcRed-LC3
and 24 hours later analysed by in vivo imaging in a 2 hours time-lapse experiment. After the
first 15 minutes, 100 nM thapsigargin was added to induce autophagy. In control cells, ATG9
clearly localizes in the trans-Golgi region (Fig. 3.8A shControl, left panel); after autophagy
induction it co-localizes with LC3 and it is more likely presented in the peripheral cytoplasm
(Fig. 3.8 A shControl right panel). On the contrary, in shCAPNSI1 cells, ATG9 has a different
behaviour: ATGY positive vesicles localize near LC3 positive dots; interestingly unstained

vesicles appear near the nucleus (Fig. 3.78 shCAPNS1 right panel).
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Figure 3.8: ATG9 dynamics is impaired in CAPNS1 depleted cells: A: ShCAPNS1 and control cells were co-
transfected with GFP-Atg9 and HcRed-LC3. 12 hours after transfection, cells were analyzed using a confocal
microscope to detect Atg9 and LC3 dynamics. Images were acquired every 2 minutes; the first (ti) and last (tf)
merged pictures of the two hours time-lapse experiments are shown. Scale bars represent 20 uM. Magnifications of
boxed areas are shown in right panels. B: Images sequences (tl, 2, 3) of the GFP-ATG9/HcRed-LC3 time lapse
experiment made in control and CAPNSI1 depleted U20S cells. In control cells the arrow indicates one ATG9
vesicle that meets and fuses with the LC3 positive vesicle. In sSiICAPNSI1 cells ATG9 and LC3 positive vesicles are
more stationary.
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Moreover, in CAPNS1 depleted cells ATG9/LC3 positive vesicles are more stationary as
compared to the ones in control cells (Fig. 3.8B), suggesting the impairment in vesicles

dynamics.

3.6 CAPNSI is important for the interaction of ATG9 with its targets

To further assess the involvement of calpin in ATGY9 dynamics, we investigated
biochemically its interaction with reported targets: the transferrin receptor (TfR), a protein
that characterizes the recycling endosomes, and Vps34 a component of the Class III PI3K
complex. Flag-ATG9 was immunoprecipitated from control and CAPNSI silenced cells and
the immunoprecipitation products checked for the presence of TfR, both in basal and in
autophagy induced conditions. As it was already reported, ATGY9 interacts with TfR in
control cells; notably CAPNSI1 depletion reduced this interaction. Moreover upon autophagy

induction with 100 nM thapsighargin, this is even less evident in shCAPNSI cells (Fig.3.9).
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Figure 3.9: Biochemical studies of ATGY interactors: Flag-ATG9 stably expressing U20S cells were transfected
with a CAPNSI1 specific siRNA or a Control siRNA. 48 hours later the cells were treated for 1 hour with DMSO or
100 nM Thapsigargin before lysis and immunoprecipitation with an anti FLAG antibody. Western blot was
performed to visualize FLAG-ATG9, endogenous TfR and Vps34.

In parallel we also checked for the interaction of ATG9 with Vps34, a component of the class
III PI3K. We found that in control cells ATGY interacts with this protein, underlying again

the importance of ATG9 in the initial step of the autophagic process. Moreover, the presence
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of CAPNSI is essential for this interaction. Taken together, these data demonstrate that

calpain is dispensable for the proper trafficking of ATG9.

3.7 CAPNSI1 depletion prevents trafficking of ATG9 and Bif-1 containing vesicles upon
induction of autophagy by thapsigargin

Endophilin B1/Bif-1 allows Golgi fission and the delivery of ATGY9, upon autophagy
induction. Bif-1 interacts directly to the double lipid layer of membranes thank to its N-BAR
domain promoting Golgi fission (Takahashi et al., 2011). As a first approach to test any effect
of calpain on Bif-1, we checked its distribution respect to LC3, in presence or absence of
CAPNSI. AmCyan-Bif-1 and HcRed-LC3 constructs were transiently transfected in control
and shCAPNSI depleted cells. The day after cells were fixed and analysed with a confocal
microscope. As it is shown in figure 3.10A and B, CAPNSI depletion causes an
accumulation of Bif-1 positive aggregates near the nucleus, when compared to control cells.
Thus, calpain is important for Bif-1 distribution within the cytoplasm. Interestingly, in Bif-1-
positive aggregates, also LC3-positive dots are visible. To study ATG9 and Bif-1 movement
together and respect to the Golgi compartment, we transiently transfected Am-Cyan-Bif-1 in
a U20S cell line derivative stably expressing a Flag-ATG9 construct, after CAPNSI
depletion or treatment with a control siRNA. Before or after induction of autophagy with 100
nM thapsigargin, we analysed ATGY9 and Bif-1, and endogenous GMI130 by
immunofluorescence staining.

We found that in control cells, Bif-1 co-localized together with ATG9 and away from the
Golgi, after induction of autophagy (Fig. 3.10C, upper panels); on the contrary, in CAPNSI
depleted cells after autophagy induction, Bif-1 and ATG9 remain on the Golgi (Fig. 3.10C,
lower panels; quantification in Fig. 3.10D). Collectively these data suggest that calpain
regulates the delivery of Golgi derived membranes toward the site of autophagosome

formation.
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Figure 3.10: ATG9 Bif-1 trafficking from the Golgi is impaired in CAPNS1 depleted cells: A: Control and
shCAPNS1 U20S cells were transiently co-transfected with AmCyan-Bif-1 and HcRed-LC3. 16 hours later, the
cells were fixed and analyzed with a confocal microscope. Scale bars represent 20 pM. B: 100 cells for each sample
were considered and the number of cells where Bif-1 forms aggregates or single dots was counted. The graph
represents the means and standard deviations of three independent experiments. C: U20S cells stably expressing
Flag-Atg9 were transiently silenced with a CAPNSI1 specific or control siRNA and then transfected with AmCyan-
Bif-1. 24 h later they were treated for 1 h with or without 100 nM thapsigargin and then fixed and analysed by
Immunofluorescence to visualize endogenous GM130, Flag-Atg9 and AmCyan-Bifl. Confocal merged pictures are
reported in panel C; scale bars represent 20 uM. 50 cells for each sample were considered and the n® of cells where
Atg9/Bif-1 proteins remains on the Golgi membranes was counted. The graph in panel D shows the mean and
standard deviation of three independent experiments.

3.8 Bif-1 as a possible substrate of calpain protease activity

The identification of a possible calpain substrate is not easy because its protease activity is

not dependent on a specific aminocid sequence, but recognizes bonds between domains

(Suzuki et al., 2004). In the last few years, bio-informatics tool based on the Multiple Kernel

Learning algorithm, have been developed with the aim to identify putative calpain cleavage

sites on an aminoacid sequence (duVerle et al, 2011; http://calpain.org/). Taking advantage of

this tool, two putative calpain cleavage sites were identified on Bif-1 sequence: one after the

66" aminoacid, in the middle of the N-BAR domain, while the second one, indicates a

putative cleavage site after the 253" that represents the end of the N-BAR domain
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(Fig.3.11A). To verify this prediction, we performed an in-vitro cleavage assay. Wild-type
Bif-1 (Bif-1wt), Bif-1 lacking the SH3 domain (Bif-1 dSH3) and the SH3 domain alone (Bif-
1 SH3) were produced as [35S]-methionine-labelled proteins by in-vitro transcription and

translation.
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Figure 3.11: The N-terminal region of the Bif-1 protein is cleaved by calpain: A: Schematic representation of the
domain structure of wild type Bif-1 and mutants. Bif-1 contains an N-BAR domain and a C-terminal SH domain.
Arrows indicate 2 putative calpain cleavage sites on Bif-1. B: In vitro cleavage of Bif-1: Bif-1 wt, Bif-1 dSH, Bif-1 S
or p5S0 NF-kB1 were produced as [35S]methionine-labelled proteins by in vitro transcription and translation and
incubated for the indicated time intervals (minutes) with commercial micro-calpain, as previously described
(Demarchi 2005). The reactions were then stopped in Laemmli buffer and analyzed by SDS-PAGE and
autoradiography. Parallel reactions in the presence of 10 uM EGTA were carried out to prove the calcium
dependency of the reactions. Arrowheads indicate the cleavage product.
NF-kB1 p50 was produced as a positive and negative control for the cleavage experiment.
Radioactive products were incubated for the indicated time intervals (0, 2 and 10 min.) with
commercial micro-calpain. As it is shown in figure 3.11B, a cleavage product is formed both
from Bif-1 wt and for Bif-1 dSH3, but not from Bif-1 SH3, or in control samples treated with
EGTA, an inhibitor of calpain proteases. These results demonstrate that micro-calpain cuts

Bif-1 outside the SH3 domain.

3.9 GST-Bif-1 cleavage made by micro-calpain

To further investigate the cleavage site of calpain on Bif-1, we performed a pilot in-vitro

cleavage assay using purified N-terminal GST tagged Bif-1 wilt type. For protein production,

BL21de3 competent cells were transformed with pGEX4T-1-Bif-1 plasmid. GST-Bif-1 was

expressed and purified with standard procedures. To better characterize the putative calpain
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cleavage on Bif-1, we incubated for different times (0°, 10°, 20’) the purified protein with
micro-calpain. The cleavage products were analysed by western blot analysis, using both
anti-Bif-1 and anti-GST antibodies. As it is shown in figure 3.12 (indicated by the arrows),
the 70 kDa GST-Bif-1 full length band is evident in all the lanes, stained by both the
antibodies, but it is less present in the samples treated with calpain; in addition a cleavage
product at an apparent molecular weight slightly higher than GST alone is recognized both by
the anti-GST and the anti-Bif-1 antibody (that recognizes the N-terminal region of Bif-1).
This assay demonstrates therefore that the cleavage occurs near the N-terminus of Bif-1, as
suggested by the invitro cleavage assay performed with 35S-labeled full length and shorter
Bif-1 constructs. Further experiment, including mass spectrometry analysis have to be

performed in order to establish the precise Bif-1 aminoacid cleaved by calpain.
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Figure 3.12: Bif-1 protein is cleaved by calpain: in vitro cleavage of GST-Bif-1wild type: briefly, synthetic
GST-Bif-1, expressed and purified from E. coli, was incubated for the indicated time (10° and 20’) with purified
CAPNI1; the resulting products were analyzed by western blot and decorated with anti GST antibody (upper images)
and with anti Bif-1 antibody (lower image). Arrows indicate the full length GST-Bif-1 while the cleavage product is
indicated in the rectangular shapes.

3.10 Calpain activity coupled to mitochondrial behaviour

Calpain is important for the proper activity of Bif-1, that is a protein involved also in the
mitochondrial apoptotic response through BAX. To verify if calpain activity on Bif-1 is
specific for the regulation of autophagy or if affects also other processes, we investigated if
the depletion of CAPNSI1 affects mitochondrial dynamics. First of all, we stained
mitochondria using GFP-Pyruvate-dehydrogenase baculovirus reagents and we checked the

cells fixed on coverslips, with a confocal microscope. As shown in figure 3.13A, preliminary
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results didn’t show emerging differences in the staining. In parallel mitochondrial content
was quantified using Image J software and results reported as % of mitochondrial area
compared to whole cell area (Fig. 3.13B). Also in this experiment there are no significant
differences in the amount of mitochondrial organelles in control and CAPNSI depleted
U20S. Collectively both this information suggests that the lacking of CAPNS1 doesn’t affect
mitochondrial behaviour. To test if calpain activity on Bif-1 is important also for
mitochondrial dynamics, we treated cells with 10 pM carbonyl cyanide-4-
(trifluoromethoxy)phenylhydrazone (FCCP). This reagent is able to uncouple mitochondrial
membranes, allowing the recruitment of Parkin and promoting mitochondrial autophagy.
After 20 hours of treatment with FCCP, cells were stained with MitoTracker Orange, and
analysed by FACS, detecting the fluorescence intensity (FLH2) of 10000 cells. As reported in
figure 3.13C there are not significant differences in the FLH2 levels of the samples. As
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Figure 3.13: Mitochondrial behaviours in CAPNS1 depleted cells: A: Representative confocal microscopy fields
of control and CAPNS1 depleted U20S cells stained with GFP- pyruvate dehydrogenase. B: Quantification of
mitochondrial content in control and shCAPSN1 cells. Error bars represent the standard deviation of the mean of
three different independent experiments. C: Graph represents FACS analysis of control and CAPNS1 depleted cells
stained with Mitotracker Orange, treated or not for 12 h with 10 uM FCCP.

expected, FCCP treated cells, shown a slightly lower level of FLH2, confirming that a % of
mitochondria are damaged and they can’t retain the staining. In parallel, we have confirmed

this data, using another fluorescent probe, the tetramethylrhodamine ethyl-ester (TMRE); this
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reagent stains active mitochondria and therefore measures changing in mitochondrial
membrane potential (data not shown).
Collectively these preliminary results led us to hypothesis that calpain activity on Bif-1 is not

important for its interaction with BAX.
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CONCLUSION

Ubiquitous micro and milli-calpain are cytoplasmic proteases that require the calpain small
subunit 1 for theirs proper activity (Goll et al., 2003). In this study we identified a calpain
substrate that is involved in the early step of the autophagic process: the Endophilin B1/Bif-1
protein.

The controversial role of autophagy in cancer formation and progression, make this field
really challenging. Indeed, the autophagic process can be activated in response to cellular
stress signals, damaged organelles and increasing metabolic demand, having thus a protective
role against tumour formation. On the other hand, cancer cells can exploit the autophagic
machinery to escape from anti-cancer treatments, helping the progression of tumour. As we
have already mentioned, the calpain system is involved in different cellular contexts
connected to salvage pathways such as apoptosis and autophagy, and its overexpression was
observed in different type of cancers. For these reasons the aim of this project was to dissect
the role of calpain in the regulation of autophagy, in particular on macroautophagy. The
cellular system choosen for this study is the U20S cell line, where CAPNSI is stably
depleted and as a consequence also the activity of CAPN1 and CAPN2 are abrogated.

As a first approach we studied the kinetics of autophagosomes formation in our cellular
system, measuring the levels of the expression of two well-known autophagic markers: p62
and LC3. Interestingly, this experiment showed us that calpain depletion is coupled to an
increase in the level of lipidated LC3 expression, suggesting an alteration in the autophagic
dynamics. Similar results were obtained using confocal imaging experiments. Moreover
ultra-structural analysis performed with a transmission electron microscopy confirmed this
data, displaying a defect in the formation of autophagosome vesicles in calpain depleted cells,
upon autophagy induction. The study of the early endosome marker Rab5a, led us to identify
an impairment also in the endocytic pathway, that is known to be connected at different levels
with the autophagic process. The LC3-II accumulation coupled with the increase of the
expression of Rab5a verified in calpain-depleted cells, suggest a possible involvement of
calpain in the earlier stages of the autophagic process. Autophagosomes grow and mature as a
consequence of different cellular events; one of these is the fusion with membranes derived
from other organelles, such as the endoplasmic reticulum, the Golgi network, mitochondria

and plasma membrane. Interestingly, in cells lacking calpain we saw a completely different

55



distribution of the Golgi network, as compared to control cells. Indeed, without calpain,
Golgi stacks localized only at one side of the nucleus, while in control cells they surround the
nucleus. This difference in the distribution of the Golgi network in calpain-depleted cells,
could interfere with the process of formation of the autophagosome and partially explains the
accumulation of lipidated LC3 as well as the aggregation of Rab5a positive vesicles. The
only trans-membrane protein of the autophagic process, normally localized on the trans-Golgi
membranes, is ATG9. One reported function of this protein is the delivery of Golgi stacks
toward the site where the autophagosome forms (Takahasi et al., 2011). Upon autophagy
induction it is localized together with LC3 and in peripheral cytoplasm. Time-lapse
experiments evidenced that in CAPNSI depleted cells, once autophagy is induced, the
behaviour of ATGY9 is completely different as compared to control cells. Moreover,
biochemical studies showed that ATG9Y interacts less with its targets: the TfR, marker of the
recycling endosomes, and Vps34, component of the Class III PI3K complex. Taken together
these data suggest that calpain is directly or indirectly necessary for the proper activity of
ATGY; one possibility is that in control cells, once autophagy is active, ATG9 delivers Golgi
membranes towards the phagophore, where interacts with components of the Class IIT PI3K;
then it is recycled back thanks to recycling endosomes. On the contrary, in CAPNSI cells,
ATGY remains on the Golgi membrane; therefore there is no interaction with its targets.
Trying to explain if calpain acts directly or not on ATG9, we became interested in another
protein that in the last years has acquired always more importance in the autophagy field: Bif-
1. This protein is responsible of membrane dynamics of different organelles, including also
the Golgi membranes. In particular, thanks to its N-BAR domain, directly binds to the lipid
layers, inducing the curvature of membranes. Interestingly Bif-1 is essential for the delivery
of ATGY positive Golgi membranes, toward the site where autophagy starts. In this scenario,
ubiquitous calpains could act on Bif-1 promoting its detachment from Golgi membranes once
autophagosome is formed. Results obtained analysing with a confocal microscopy, ATG9,
Bif-1 and Golgi dynamics together, highlights this possibility. In fact in control cells, Bif-1
co-localized together with ATGY9 and away from the Golgi membranes after induction of
autophagy with thapsigargin; on the opposite, in CAPNSI1 depleted cells, Bif-1 and Atg9
remain on the Golgi. In parallel, taken advantages of a bio-informatics tool able to predict
calpain cleavage site on an aminoacid sequence, we identified two putative cleavage sites on
Bif-1. To test this prediction we performed an in-vitro cleavage assay using micro-calpain,
and we identified a cleavage product of Bif-1. Micro calpain cleaves the very N-terminal of

Bif-1, corresponding to the region characterized by the presence of the amphipathic helix (H)
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that plays a crucial role in binding to membrane. In calpain-depleted cells Bif-1 is able to
bind to Golgi membranes but it’s not detached from these, possibly because calpain is not
acting. This hypothesis is sustained by the imaging studies performed in this work that
revealed a general dysfunction at the beginning of the autophagic process, an altered
behaviours of ATG9 and Bif-1 positive structures and a different distribution of the Golgi
network in absence of calpain. Interestingly, a preliminary study on mitochondria dynamics,
suggests that calpain activity on Bif-1 could be specific only for macroautophagy. In fact we
didn’t see differences in mitochondrial behaviour in cells depleted for calpain, in terms of
mitochondria content and mitophagy activation following FCCP treatment. We can therefore
speculate that calpain activity on Bif-1 is not required for its interaction with Bax or we can
support the hypothesis that calpain is able to cleave only Bif-1 bound to Golgi membranes.

Collectively these results led us to identify a new calpain substrate, Bif-1. Calpain activity on
this protein could regulate the earlier stages of autophagy, in particular the step of the
delivery of Golgi membranes toward the site where a nascent autophagosomes is forming.
This important information not only deepen the nowadays knowledge regarding autophagy
regulation, but could also represent a starting point for the development of an anti-cancer

treatment based on autophagy regulation.
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ABSTRACT

ARTICLE HISTORY

CAPNST1 is essential for the stability and function of ubiquitous CAPN1 and CAPN2. Calpain modulates by
proteolytic cleavage many cellular substrates and its activity is often deregulated in cancer cells, therefore
calpain inhibition has been proposed as a therapeutical strategy for a number of malignancies. Here we
show that CAPNS1 depletion is coupled to impairment of MCF7 and MCF10AT cell lines growth on plate
and defective architecture of mammary acini derived from MCF10A cells. In soft agar CAPNS1 depletion
leads to cell growth increase in MCF7, and decrease in MCF10AT cells. In both MCF7 and MCF10AT,
CAPNS1 depletion leads to the enlargement of the stem cell compartment, as demonstrated by
mammosphere formation assays and evaluation of stem cell markers by means of FACS and western blot
analysis. Accordingly, activation of calpain by thapsigargin treatment leads to a decrease in the stem cell
reservoir. The expansion of the cancer stem cell population in CAPNS1 depleted cells is coupled to a
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defective  shift from symmetric to asymmetric division during mammosphere growth coupled to a

decrease in NUMB protein level.

Introduction

CAPNSI regulatory subunit is essential for the stability and
function of ubiquitous calpain-1, CAPN1 and calpain-2,
CAPN2.'"* Both CAPNI1 and CAPN2 are generally overex-
pressed upon transformation.'” CAPN1 expression is associ-
ated with relapse-free survival in breast tumors from patients
treated with trastuzumab following adjuvant chemotherapy.'®
Conversely, high expression of CAPN2 in basal-like or triple-
negative disease was associated with adverse breast cancer-spe-
cific survival.'” We reported that CAPNSI interferes with
PP2A-Akt interaction, consequently affecting FoxO3A-depen-
dent cell death in mouse embryonic fibroblasts and human
MCF?7 cells. We therefore suggested that ubiquitous Calpain
inhibition might be exploited as a tool to induce apoptosis in
tumors sensitive to FoxO activation.' In accordance with our
findings, CAPN2 regulates proliferation, survival, migration,
and tumorigenesis of breast cancer cells in mouse models, via
the PP2A-Akt-FoxO-p27Kip1 signaling axis.” CAPNI1 stabilizes
USP1 deubiquitinating enzyme during the G1 phase of the cell
cycle in human osteosarcoma cells and fibroblasts, indeed cal-
pain inhibits USP1 proteasomal degradation, acting as a break
on the CDK5/APC/C™™ axis.> USP1 belongs to the class of
Fanconi anemia proteins that are required for DNA repair of
interstrand crosslinks and consequently for genome stability
maintenance. FANCD1/BRCA2, another essential protein of

the Fanconi anemia repair pathway, also plays a key role in the
BRCA repair pathway, a safeguard against breast cancer, sug-
gesting the existence of functional overlapping between the 2
machineries. USP1 stabilizes the inhibitor of differentiation
ID2 and consequently preserves cellular stemness in undiffer-
entiated osteosarcomas'® therefore represents suitable targets
for differentiation therapy of specific tumors.” Notably, a recent
study reported that the expression of the USP1 target ID2 was
directly associated with the Nottingham Prognostic Index,
worsening clinical outcome and with worse disease-free and
overall survival in human breast cancer.'® In this study we
unveiled a multifacet effect of CAPNS1 depletion in breast can-
cer biology, including a destabilizing effect of NUMB protein, a
well known protein switch from symmetric to asymmetric cel-
lular division.'>!%%!2

Results

CAPNS1 depletion in MCF7 and MCF10AT cells perturbs
both anchorage dependent and independent growth

In order to investigate the effect of CAPNS1 depletion on
anchorage dependent and independent growth of breast cancer
cells, colony assays and soft agar assays were performed using
both luminal type MCF7 and basal like MCF10AT cell line.
CAPNSI depleted MCF7 and MCF10AT cells and respective
wild type controls were seeded on tissue culture plates and 2
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weeks later the number of colonies was counted after staining
with crystal violet. As it is shown in the representative pictures
and in the graphs of Figure 1A and B, CAPNSI1 depletion is
coupled to a reduction of cellular growth on tissue culture
plates. The effect of calpain on anchorage dependent growth of
breast cancer cells confirms a previous study that demonstrated
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an essential role for this protease in cell adhesion mediated by
paxillin cleavage.*

Next, CAPNSI depleted MCF7 and MCF10AT cells and
respective controls were employed for soft agar assays accord-
ing to standard procedures. Three weeks after cells seeding,
pictures were taken and analyzed by Image J software. Typical
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Figure 1. CAPNS1 depletion alters breast cancer cells growth on plate and in soft agar. Control and CAPNS1 depleted MCF7 cells (1A) or MCF10AT (1B) were plated on
6 cm dishes at the indicated concentration. Two weeks later, the cells were stained with crystal violet and images were acquired by Epson scanner. Images of representa-
tive experiments are shown. Colonies were counted using image J software; the graph reports the average of 3 independent experiments (p values <0.01). Control and
CAPNS1 depleted MCF7 cells (1C) or MCF10AT (1D) were resuspended in 0.3 % agar and the indicated number of cells was plated on 1% agar according to standard pro-
cedures. Three weeks later colonies were counted. The graphs report the average number of colonies counted in 3 independent experiments (p values <0.01). Represen-

tative pictures are shown next to the graphs.
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colonies are shown in Figure 1C, 1D, and the average number
of colonies counted in 3 independent experiments are indicated
in the graphs. CAPNSI depletion enhances the growth of
MCF7 in soft agar, while its loss impairs the growth of
MCFI0AT cells in the same semisolid medium. A similar out-
come of CAPNSI1 depletion on cell growth both on plates and
in soft agar was reported for the highly metastatic AC2M2
mouse mammary cells.® It is not surprising that interfering
with essential enzymes like calpain may produce opposite
effects not only in different genetic settings, but also in alterna-
tive growing environments.

Calpain modulates mammary acini formation

To assess whether calpain may play a role in the maturation of
mammary acini, we performed 3D studies using MCF-10A
cells, a widely used model system for understanding epithelial
cell biology. When plated in a mixture of collagen and laminin
MCFI10A cells form 3D structures that resemble acini struc-
tures of the human breast. The size of the acini is sharply
reduced in CAPNS1 depleted cells as compared to control ones
(Fig. 2A, C), although the number of acini is not affected
(Fig. 2B). Staining with GM130, B-catenin and E-cadherin spe-
cific antibodies (Fig. 2D) revealed that the architecture of acini
derived from CAPNSI1 depleted cells is perturbed. These data
suggest that calpain is required for the correct formation of the
basic unit of breast epithelium and may play an important role
in the initiation of the differentiation process in this system.

The same type of analysis was performed in MCF10AT cells,
the Ras"" transformed derivative of MCF10A cells. In this sys-
tem the differences between control and CAPNSI1 depleted cells
appear less evident, since also control cells have lost the capac-
ity to form acini with well defined cavities, as already reported
by others (Supplementary 1A, 1B).

To address the role of CAPNSI in stem cell maintenance
and differentiation in a more general context, we employed
mice embryonic stem (ES) cells. CAPNSI was knocked out by
siRNA in mice ES cells prior the induction of differentiation
and the kinetics of disappearance of stem cell markers was
investigated by real time PCR. CAPNS1 depletion does not
alter the kinetics of disappearance of stem cell markers, indicat-
ing that its depletion is not sufficient to affect differentiation in
this system. However, CAPNS1 mRNA levels clearly decrease
upon differentiation, just as the standard stem cell markers,
OCT4 and SOX2 and NANOG (Fig. 2E). A similar behavior is
observed for USP1 that is involved in a calpain-modulated axis
in osteosarcoma and MEFs.?

Calpain modulates breast cancer stem cells compartment

Cancer stem cells are considered the fuel of cancer recurrence
and therefore, a satisfactory chemotherapy must be effective
also against this cancer reservoir. The assay of choice to assess
the role of specific genes/pathways in stem cell maintenance/
growth in vitro is the mammospheres formation assay. We first
applied this methodology to MCF7 cells where CAPNS1 deple-
tion is linked to a decrease of growth in 2D, but an increase of
growth in soft agar. In this system CAPNS1 depletion is linked
to an increase in mammosphere formation efficiency (Fig. 3B),
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Figure 2. CAPNS1 depletion does not affect mammary acini number, but is
involved in mammary acini growth and architecture. (A) Representative bright field
pictures of control (left panel) and shCAPNS1 (right panel) MCF10A cells grown in
3D. Scale bar corresponds to 50 xm. (B) Average number of acini counted in 3
independent experiments (p value = 0.2). (C) Percentage of acini of different
dimensions as indicated. The graph represent mean values obtained in 3 indepen-
dent experiments (p values <0.01). (D) Representative immunofluorescence pic-
tures of control (upper panels) and shCAPNS1 (lower panels) MCF10A cells grown
in 3D, stained with the indicated antibodies. Scale bar corresponds to 50 um.
(E) Mouse embryonic stem cells were silenced with control siRNA or CAPNS1
specific siRNA and grown in differentiation media. The graph indicates the quanti-
fication of mMRNA expression of the indicated transcripts by real time PCR analysis
(p values <0.01).

and to an alteration of mammospheres shape that is less spheric
respect to control (Fig. 3A).

Next, we applied mammosphere assay to MCF10AT cells
where calpain depletion is coupled to a decrease of both
anchorage dependent and independent growth. The shape of
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Figure 3. Calpain affects mammosphere forming efficiency. Control and CAPNS1 depleted MCF7 and MCF10AT cells were plated in 96 wells multiwell plates (1000 cells/
well) in mammosphere specific medium. After ten days, the mammospheres were collected and disaggregated. Mammospheres derived cells were counted and plated
as for the first generation and 7 d later picture were taken. (A) typical MCF7 mammospheres. Scale bar corresponds to 50 xum. (B) reports the average number of second
generation MCF7 mammospheres obtained in 3 independent experiments (p values <0.01). (C) typical MCF10AT mammospheres. Scale bar corresponds to 50 pm.
(D) reports the average number of second generation MCF10AT mammospheres obtained in 3 independent experiments (p values <0.01). (E) shows the average
number of mammospheres counted in 3 independent experiments in control and shCAPNST MCF10AT treated or not treated with thapsigargin
(p values<005). Briefly, control and CAPNS1 depleted MCF10AT cells were plated on 96 wells multiwells (1000 cells/well) in mammosphere specific medium. After
7 days, the mammospheres were incubated or not with 100 nM thapsigargin for 6 hours. Mammospheres derived cells were counted and plated as for the first generation
and 7 d later the number of second generation mammospheres was counted. Control and CAPNS1 depleted MCF10AT cells derived from second generation mammo-
spheres were stained with anti CD44 and anti CD24 antibodies and analyzed by FACS. Adherent cells were analyzed in parallel. The dot plot (F) and the graph

(G) are the results of a typical FACS analysis.

mammospheres derived from CAPNS1 depleted cells is more
irregular as compared to the shape of control mammospheres,
as it is the case for MCF?7 cells (Fig. 3C). Also in this system,
CAPNSI depletion is coupled to an increase in mammospheres
formation efficiency (Fig. 3D). On the basis of these findings
we hypothesized that calpain activation could hamper the
expansion of the stem cell population. To verify this hypothesis,
100 nM thapsigargin was added for 6 hours to the first genera-
tion mammospheres to induce calcium release from the endo-
plasmic reticulum and activate calpain. Such treatment does
not significantly affect cell viability, as monitored by a cell via-
bility assay and FACS analysis performed 48 hours after treat-
ment (Data not shown). Control and CAPNS1 depleted

MCF10AT cells were employed for a standard mammosphere
formation assay. After counting the mammospheres of the first
generation M1, the cells were either treated or not with 100 nM
thapsigargin to activate calpain. Six hours later, the mammo-
spheres number was counted again before harvesting and dis-
aggregation. Afterwards, equal amounts of cells were seeded in
mammosphere specific medium. The number of mammo-
spheres in the subsequent generation, M2, decreases in thapsi-
gargin treated cells, and the entity of the reduction in control
cells is almost twice the reduction occurring in CAPNS1
depleted cells (Fig. 3E). Notably, calpain activation by ionomy-
cin has the same effect of thapsigargin on mammosphere form-
ing efficiency, and the calcium chelator BAPTA prevents such
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effect (data not shown). These results show that transient cal-
pain activation may limit stem cell expansion.

In order to further verify the increase of stem cell population
in CAPNSI depleted cells, parental adherent cells and mammo-
spheres derived cells were collected and analyzed by FACS to
evaluate the surface expression of the widely recognized stam-
inality markers CD44 and CD24. Cells derived from mammo-
spheres originated from CAPNS1 depleted cells are clearly
more enriched in the CD24 low/CD44 high population as com-
pared to control cells (Fig. 3F, G).

CAPNS1, a novel marker of breast cancer stem cells and
mouse embryonic stem cells

CAPNS1 depleted MCF10AT cells and respective controls were
sorted by FACS in order to isolate the CD44 high/CD24 low
population from each cell line. An aliquot of sorted cells was
utilized for nuclear/cytoplasmic fractionation and western blot
analysis, and the remaining cells were employed for mammo-
sphere formation assays. As expected, E-cadherin protein level
is lower in sorted cells as shown in Figure 4A, indicating that
epithelial-mesenchymal transition is taking place in CD44
high/CD24 low MCF10AT cells. Notably, as already observed
for osteosarcomas and MEFs, full length USP1 (indicated by an
arrow) decreases in CAPNS1 depleted cells. Interestingly, both
calpain and USP1 are more abundant in the sorted CD44 high/
CD24 low cell population, enriched in cancer stem cells. In par-
ticular, CAPN1 is present also in the nuclear compartment and
USP1 is present also in the cytoplasmic compartment in the
cancer stem cells enriched population. Our findings suggest
that calpain and USP1 may be novel markers of breast cancer
stem cells.

As already observed for unsorted cells, the CD44 high/
CD24 low population derived from CAPNS1 depleted cells
is characterized by an increase in first generation mammo-
sphere forming efficiency (Fig. 4B). This result is in accor-
dance with the higher surface expression of CD44 in
CAPNSI depleted sorted cells, shown in Figure 3F, G. The
number of second generation mammospheres originated
from CD44 high/CD24 low MCF10AT cells is unaffected by
CAPNS1 depletion possibly due to exhaustion of stem cell
potential. Indeed, the size of mammospheres originated
from CAPNSI1 depleted cells, is significantly larger, as quan-
tified and reported in Figure 4C.

Calpain acts as a switch from symmetric
to asymmetric division

On the basis of the data reported above, we hypothesized
that calpain may be involved in the switch from symmetric
division to asymmetric division at the onset of differentia-
tion of human mammary cells. In order to investigate
whether calpain is involved in this switch, we followed the
distribution of the vital dye PKH26 during the growth of
mammosphere originated from control cells and from
CAPNSI1 depleted cells. Two representative pictures are
shown in Figure 4D and the quantification of the percent-
age of the surface of the mammospheres that retains
PKH26 is shown in graph 4E. Notably, the surface of

stained mammospheres, that reflects the number of stained
cells, is larger when CAPNSI is depleted.

As a first approach to understand the molecular basis of
the expansion in cancer stem cells coupled to CAPNSI1
depletion, the levels of key proteins in cell extracts from
adherent cells and mammospheres of the first and second
generation were evaluated by western blot. As it is shown
in Figure 4F, comparing adherent cells to mammospheres,
E-cadherin protein levels decrease, while vimentin becomes
more abundant both in control and CAPNS1 depleted cells,
as expected when epithelial/mesenchimal transition is taking
place. Notably, active beta-catenin, that positively modulates
mammary stem cells long-term expansion, is more abun-
dant in CAPNS1 depleted adherent and M1 cells as com-
pared to the control counterparts, in accordance with the
increase in cancer stem cells characteristics reported above
for CAPNSI1 depleted cells. Genotoxic stress was shown to
activate p21 and consequently to induce symmetric division
in mammary cancer stem cells, leading to the expansion of
stem cell compartment.” Interestingly, p21 is more abun-
dant in mammospheres from CAPNS1 depleted cells, as
compared to control cells, further supporting the expansion
of the stem cell compartment in CAPNS1 depleted
mammospheres.

CAPNST1 reintroduction rescues the wild type phenotype
and reduces stem cells expansion

To verify whether CAPNSI reintroduction could rescue the
phenotype observed in CAPNSI depleted mammospheres, we
produced a novel set of MCF10AT cell lines: a control cell line,
a CAPNSI depleted cell line and a CAPNSI depleted cell line,
expressing a CAPNS1 mRNA resistant to CAPNSI silencing
(Fig. 5A). Mammosphere formation assay was performed, con-
firming an increase in mammosphere formation efficiency in
CAPNS1 depleted cells. Notably, CAPNSI reintroduction is
coupled to a reduction of mammosphere forming efficiency,
further confirming that the expansion of the stem cell compart-
ment observed in CAPNS1 depleted cells is dependent on
CAPNSI (Fig. 5B).

The three cell lines were further employed for mammo-
sphere formation and staining with PKH26. Pictures were
taken at subsequent time points, namely 3, 5, 7, 10 d after stain-
ing and seeding. Typical pictures are shown in Figure 5D. In
order to quantify the number of PKH26 positive cells, FACS
analysis was performed 9 days after staining (Fig. 5C). These
novel sets of experiments further confirm that the number of
cells retaining the PKH26 die negatively correlates with
CAPNSI protein level.

NUMB protein level is lower in CAPNS1 depleted cells

Numb is an essential modulator of the shift between sym-
metric and asymmetric division, therefore we evaluated
NUMB protein level in CAPNSI1 depleted MCF7, MCF10A
and MCFI10AT cells, as compared to control cells. NUMB
level is lower in CAPNSI depleted MCF7 cells, while it is
apparently unaffected by CAPNS1 depletion in MCF10A
and MCF10AT cells (Fig. 6A). However, analysis of nuclear
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Figure 4. CAPNS1 depletion is coupled to breast cancer stem cells expansion.CD44+/CD24- population was sorted by FACS analysis from CAPNS1 depleted and control
MCF10AT cells. Nuclear and cytoplasmic extracts obtained from sorted cells and analyzed by western blot with the indicated antibodies (A). In parallel, sorted CD44-+/
CD24- cells were utilized for mammosphere formation assay. (B) reports the average mammosphere forming efficiency for the first (M1) and second generation (M2) (p
values <005). (C) reports the average MFE of second generation mammospheres with diameter larger than 250 micrometres (p values <005). (D, E) Control and
shCAPNS1 MCF10AT were stained with PHK26 vital dye and after extensive washing were plated in mammosphere forming medium. Pictures were taken after 2 weeks.
Scale bar corresponds to 50 um. The percentage of PKH26 stained area of 4 planes of 4 control and 4 shCAPNS1 mammospheres was measured by Image J and is
reported in the graph. (F) CAPNS1 depleted and control adherent MCF10AT cells and cells derived from first and second generation mammospheres derived from the

same cells were lysed and analyzed by western blot with the indicated antibodies.

and cytoplasmic fractions of MCFI0AT cells shows that
NUMB protein level is lower in cytoplasms extracted from
CAPNS1 depleted as compared to control ones (Fig. 6B).
The decrease in NUMB protein level coupled to CAPNSI1
depletion is sharper in the cytoplasms of CD44 high/CD24
low population (Fig. 6C).

Why the increase in the expansion of the stem cell com-
partment is sharper in MCF7 cells than in MCF10AT cells?
We previously reported that CAPNS1 positively modulates

USP1 stability in osteosarcoma and MEFs. Since USP1 inhi-
bition/depletion was shown to induce differentiation in vari-
ous cellular contexts, we hypothesized that USP1 reduction
might buffer the effect due to NUMB reduction.

CAPNSI was transiently depleted in MCF10A, MCF10AT,
MCF10CA1, MCF?7 cells and USP1 level was evaluated by west-
ern blot. As expected, USP1 level decreases in MCF10A and
MCF10AT cells, upon CAPNS1 depletion, but it is unaffected
in MCF?7 cells.
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Figure 5. CAPNS1 depletion is linked to expansion of PKH26 stained cells that can be rescued upon CAPNST reintroduction. (A) CAPNS1 expression in MCF10AT cell lines:
control MCF10AT, shCAPNS1 MCF10AT, shCAPNS1 MCF10AT stably expressing siRNA resistant CAPNS1. (B) Average number of mammosphere number obtained in 3 inde-
pendent experiments with MCF10AT derived cell lines described above (p values <005). (C) Average of PKH26 stained cells in mammospheres obtained in 3 independent
experiments (p values <005). (D) Subsequent pictures taken 3, 5, 7, 9 d after seeding of representative mammosphere obtained from the above described cell lines. Scale

bar corresponds to 50 pm.

Discussion

CAPNSI depletion is coupled to a reduction of growth on
plates in both epithelial MCF7 and basal like MCF10AT cancer
cells. On the other hand, CAPNS1 depletion has opposite
effects on soft agar growth of MCF10AT and MCF7 and

suggest that when cancer cells bypass the first environmental
barrier and become able to grow in an anchorage independent
manner, the overall role of calpain may vary in different genetic
settings. The positive effect of CAPNS1 on MCF10AT cells
growth in soft agar is in accordance with the previously
reported negative role of APC/C*™ in the same experimental
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Figure 6. CAPNS1 depletion is coupled to a decrease in NUMB protein level. NUMB protein level was compared by western blot in CAPNS1 depleted versus control cells,
using total cell lysates of MCF7, MCF10A and MCF10AT cells (A) nuclear and cytoplasmic extracts of MCF10AT cells (B) and cytoplasms from CD44 high/CD24 low sorted
MCF10AT cells (C). (D) CAPNS1 specific, USP1 specific or a control siRNA were transfected in the indicated cell lines. 48 hours later, lysates were analyzed by western blot

to monitor USPT and CAPNST1 levels. Actin was used as loading control.

system.” Indeed, calpain negatively modulates APC/CeM'>!!
and therefore in CAPNSI depleted cells, APC/C“™™ is more
active and growth results impaired.

The negative effect of CAPNS1 depletion on the growth
of MCF10AT cells demonstrated by colony and soft agar
assays is in accordance with the results obtained by Wai
Chi-Ho et al. in ACM2 cells.® Interestingly, they demon-
strate that while CAPN2 knockout reduced tumor growth in
a breast tumor engraftment model, lung metastasis was not
affected by CAPN2 depletion and the percentage of mice
with metastasis in the 2 reported experiments was higher
when CAPN2 depleted cells were injected. This result is in
agreement with our finding on the expanded cancer stem
cell compartment in CAPNS1 depleted MCF7 and
MCF10AT cells. Accordingly, we have shown that calpain
activation reduces the expansion of this compartment in a
calpain dependent manner. Cancer stem cells are resistant
to standard therapies that reduce the bulk of the tumor.
Thus new therapies specifically targeting this tumor reser-
voir are warranted.

Altogether previously published data and our findings
highlight a role of calpain as a master director of cellular
architecture and cell fate decision. In this study we have also
demonstrated by mammosphere formation assays, western
blot and FACS analysis of breast cancer stem cell markers
that calpain depletion increases the amplification of the
breast cancer stem cell compartment. The vital dye PKH26
used to stain the individual cancer stem cells is inherited by
a larger number of daughter cells when CAPNSI is depleted,
indicating a longer persistence of symmetric division.
Accordingly, NUMB protein, a master regulator of the shift
between symmetric to asymmetric division that is coupled to
differentiation, is reduced in CAPNS1 depleted cells.

Materials and methods
Chemicals and reagents

Thapsigargin and PKH26 were bought from Sigma-Aldrich.
Lipofectamine™ RNAiMAX from Invitrogen. USP1 specific
siRNA with the following sequence: AACCCUAUGUAU-
GAAGGAUAU was purchased from Eurofins Mwg/Operon.
RNAi oligonucleotides specific for CAPN1, Cdk5 and cdhl
were purchased from Santa Cruz Biotechnology. CAPN2 RNAi
and SMARTpool for CAPNSI silencing were purchased from
DHARMACON, Inc., Dallas, TX (USA). AllStars Negative
Control siRNA (Qiagen) was used as negative control.

Cell culture and transfections

MCEF-7 cells were grown in Eagle’ s Minimum Essential
Medium supplemented with 10% fetal calf serum, 1% Penicil-
lin/Streptomycin (Lonza) and Non essential Amino Acid
Solution 100X (Sigma). MCF10A and MCF10AT cells were cul-
tured in DMEM:F12 media (1:1) supplemented with 10.g/ml
Insulin (Sigma), 20ng/ml EGF (PEPROTECH), 500ng/ml
hydrocortisone (Sigma), 5% horse serum, 10U/ml Penicillin,
100pg/ml Streptomycin and 1% HEPES (Gibco). MCF10CA1l
were cultured in DMEM:F12 media (1:1) supplemented with
10% foetal calf serum, 1% Penicillin/Streptomycin (Lonza).
MDA-MB231 and MDA-MB468 were grown in Dulbecco’s
modified Eagle’s Medium (DMEM) supplemented with 10%
foetal calf serum, 1% Penicillin/Streptomycin (Lonza). SKBR3
cells were grown in RPMI supplemented with 10% foetal calf
serum, 1% Penicillin/Streptomycin (Lonza). Mouse embryonic
stem (ES) cells were cultured on 0.2% gelatin-coated plates in
mESC  self-renewal medium: Dulbecco’s modified Eagle’s
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medium (DMEM) supplemented with 15% knockout serum
replacement (Gibco), 1% nonessential amino acids (Gibco),
1 mM sodium pyruvate (Invitrogen), 0.1 mM f3-mercaptoetha-
nol, 1% penicillin/streptomycin (Invitrogen), and 1,000 U/ml
mouse leukemia inhibitory factor (LIF). All cells were grown in
5% CO, at 37°C in a humidified incubator. MCF10A,
MCF10AT, MCF10CA1l (obtained from Karmanos Cancer
Institute, US), MCF-7, MDA-MB-231, MDA-MB468 and
SKBR3 cells at 60-80% confluence, and ES cells at low conflu-
ence were transiently oligofected using Lipofectamine RNAi-
MAX (Invitrogen) according to the manufacturer’s
instructions.

Viral constructs

shCAPNSI was obtained by annealing the following sense oli-
gonucleotide: 5'- GAT CCC CGC CAC AGA ACT CAT GAA
CAT TCA AGA GAT GTT CAT GAG TTC TGT GGC TTT
TTA - 3’ to the following antisense oligonucleotide: 5" - AGC
TTA AAA AGC CAC AGA ACT CAT GAA CAT CTC TTG
AAT GTT CAT GAG TTC TGT GGC GGG G - 3. The
annealed product was inserted by standard procedures in pRe-
troSuper vector, previously linearized by BglIl and HindIII
digestion, and checked by sequencing.

Cell infections

293GP packaging cells were transfected with the calcium-phos-
phate method with pRetroSuper-shCAPNS1 or vector alone,
after 72 hours the supernatant was harvested, filtered and
added to MCF10AT or MCF-7 cells. The infected cells were
selected by the addition of puromycin and after 7 d the expres-
sion of CAPNS1 was checked by western blot.

Colony formation assay

Cells were seeded at 1000 cells/ml and 2000 cells/ml for MCE-7
and 100 cells/ml and 300 cells/ml for MCF10AT in a 21 cm? cell
culture dish and incubate at 37°C in a humidified, 5% CO, atmo-
sphere. After incubation for 15 days, cell culture plates containing
colonies were gently washed with PBS twice, fixed with 4% para-
formaldehyde for 20 minutes at room temperature and stained
with 0.5% Crystal violet. Excess stain was removed by washing
repeatedly with PBS and colonies were counted. For quantifica-
tion, the colonies were analyzed using Image] software. Three
reduplicate dishes were used from each condition.

Soft-agar assay

To evaluate anchorage-independent growth, 5 x 10%> and 1 x
10* MCF-7 cells and MCF10AT were resuspended in 0.3% aga-
rose in growth media. Cells were plated on a solidified bed of
1% agarose in growth media in 21 cm” plates. Plates were incu-
bated for 3 weeks at 37°C. Bright field images of MCF-7 and
MCF10AT colonies were taken using a 10x objective. The
number of colonies per field was counted using Image] soft-
ware. The experiments were conducted in triplicate.

Three dimensional culture

3D culture was carried out based on the method as already
described by others.” Briefly, 12 mm round glass coverslips were
coated with 80 ul of ice-cold rBM (Cultrex) and incubated at
37°C for 20 minutes to allow rBM to solidify. The coated cover-
slips were placed in a 24-well plate with the rBM facing up. Single
cell suspensions containing 7000 cells/well for MCF10A and 5000
cells/well for MCF10AT, were resuspended in 25041 of complete
growth medium with 2% (v/v) of Cultrex and plated on top of the
rBM coated chamber slides and incubated at 37°C for 30 minutes
to let the cells attach. Then 2501 of the assay medium was added
per well and the cells were cultured al 37°C and 5% CO, for 3
weeks, with the medium being changed every 3 d.

Immunostaining and microscopy

The three-dimensional structures in rMB Cultrex were fixed in
4% paraformaldehyde at room temperature for 20 minutes,
permeabilized with 1% Triton X-100 in PBS for 15 minutes and
washed with 100 mM glycine in PBS, 3 times at 10 min/wash.
After the 3-dimensional structures were blocked with IF
(immunofluorescent) blocking buffer (0.1% BSA, 0.2% Triton
X-100, 0.05% Tween 20, 7.7 mM NaNj; in PBS) containing
10% normal goat serum for 1h and incubated overnight at 4°C
with the following primary antibodies: anti-GM130 (BD Bio-
sciences), anti-E-cadherin (Takara bio) and anti-Bcatenin
(Santa Cruz). Samples were then washed with IF buffer (0.1%
BSA, 0.2% Triton X-100, 0.05% Tween 20, 7.7 mM NaNj; in
PBS) 3 times at 20 min/wash and stained with secondary anti-
body for 1h at room temperature. This was followed by 3
washes with IF buffer at 10 min each. To stain the nuclei, the
slides were incubated with RNase 200pg/ml for 15 min at
room temperature and then stained with Propidium Iodide
25ug/ml for 5 min at room temperature, washed 3 times with
PBS and mounted on glass coverslips. Confocal microscopic
images of the acinus structures were captured by the Z-stacking
function for serial confocal sectioning (LSM-510 META confo-
cal microscope) and then analyzed by Image] software. The
experiments were conducted in triplicate.

Mammosphere cultures

To generate mammospheres, confluent monolayers cells were
trypsinized, counted and plated as single suspension (1000
cells/well) in a low attachment plates (Corning) and grown in
non-adherent culture conditions, as described in Dontu et al,
2003. MCFI10AT cells were grown in a serum-free mammary
epithelial growth medium (MEBM) (Lonza) supplemented
with 2 % of B27 (Invitrogen), 20 ng/mL hEGF (PEPROTECH),
20 ng/mL bFGF (Provitro), and 4 pug/mL heparin (Sigma),
10 ng/ml hydrocortisone (Sigma) and 5 pg/ml Insulin (Sigma)
and 1% Penicillin/Streptomycin (Lonza) while MCF-7 cells
were grown in a serum-free mammary epithelial growth
medium (MEBM) supplemented with B27 (Invitrogen), 20 ng/
mL hEGF (PEPROTECH) 5 pg/ml Insulin (Sigma) and 1%
Penicillin/ Streptomycin (Lonza). Primary mammospheres
after 10 d were collected by gentle centrifugation (800 rpm)
and dissociated enzymatically to be re-seeded to obtain
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secondary mammospheres. The number of mammospheres
(> 250 pum) per well was then counted and percentages of
mammospheres forming efficiencies (% MFE) was calculated as
a number of mammospheres divided by the plated cell number
and multiplied for a hundred.

PKH26 assay

Primary mammospheres were collected and dissociated enzy-
matically, resuspendend in PBS and labeled with PKH26
(Sigma) 1077 M for 5 min. To stop the staining, an equal vol-
ume of serum was added to the cells and incubated for 1 min-
ute to allow binding of excess dye. Labeled cells were re-plated
(1000cells/well) in ultralow attachment plates in mammo-
spheres culture medium to obtain secondary mammospheres.
After 10 days, secondary mammospheres were analyzed by
confocal microscopy.

Drug treatments

Cells in 3D culture and primary mammospheres were treated
with 100nM thapsigargin. For cells in 3D culture, the drug was
added after a week and replaced every 3 days, while for primary
mammospheres, 100nM of thapsigargin was added 6h before
collection, dissociation, and re-seeding to obtain secondary
mammospheres.

Flow cytometric analysis and cell sorting

Single cell suspension of adherent cells or mammospheres was
stained with CD24-FITC (BD Biosciences) and CD44-PE (BD
Biosciences). Appropriate isotype controls were used to set the
threshold for CD44 and CD24 positive cells. Cells were incu-
bated with the appropriate antibodies at room temperature in
the dark for 30 minutes, then washed with PBS and finally
resuspended in 500uL of PBS. 10,000 cells were analyzed for
each condition using a FACSCalibur flow cytometer (BD Bio-
sciences); data were analyzed using Flow]Jo software (Tree Star,
Ashland, USA).

To separate CD44"8"/CD24'°" MCF10AT cells, flow cyto-
metric cell sorting was performed on single-cell suspensions
previously stained with CD44 and CD24 antibody.

Quantitative Real Time PCR (qQRT-PCR) analysis of ES cells

ES cells were transiently transfected using Lipofectamine
RNAIMAX (Invitrogen) according to the manufacturer’s
instructions, using a control siRNA (AllStars Negative Control
siRNA, Qiagen) or a siRNA targeting mouse CAPNS1 (5 -
CAGGCTATATACAAACGCTTT - 3'). 72 hours later, ES cells
were re-seeded and subjected to a second round of siRNA
silencing, and grown for 72 hours in mESC differentiation
medium: DMEM supplemented with 15% ES cell certified
serum (Invitrogen), 1% non-essential amino acids (Gibco),
1 mM sodium pyruvate (Gibco), 0.1 mM f3-mercaptoethanol
and 1% penicillin/streptomycin (Lonza).

For quantitative real-time PCR, total RNA from ES cells was
purified using QIAzol lysis reagent (Qiagen). 1.5 ug of total
RNA was treated with DNase (RQ1, Promega) and subjected to
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reverse transcription in the presence of random primers
(Promega) or oligo dT primers using SuperScriptIIl Reverse
Transcriptase (Invitrogen) according to the manufacturer’s
suggestions. Quantitative real-time PCR was performed on Ste-
pOnePlus real-time PCR machine (Applied Biosystems), using
SYBR Green Universal PCR Master Mix (Applied Biosystems)
and the following oligonucleotides targeting mouse genes:
CAPNS1 for TTCATCAGCTGCTTGGTCAG, rev AGC-
CACTCCTGGATGTTCAC; USP1 for CATTTGAAGTGC
TTTGCTGCT, rev CTTGGAAAGTCCACCACCAT; Gapdh:
for TTCACCACCATGGAGAAGGC, rev CCCTTTTGGC
TCCAC; Nanog for TTCTTGCTTACAAGGGTCTGC, rev
AGAGGAAGGGCGAGGAGA; Oct4 for CAGGGACACCT
TTCCCAGGG, rev TTTAAGAACAAAATGATGAG; Sox2 for
TGCTGCCTCTTTAAGACTAGGG, rev TCGGGCTCCAAAC
TTCTCT.

Quantitative RT (qQRT-pCR) was performed in triplicate and
relative expression levels were normalized to controls by using
the comparative Ct (AACt) method, using Gapdh mRNA as
internal control.

Western blot analysis

Western blotting was performed on cells protein lysates
(50 mM Tris-HCl pH 7.5; 150 mM NaCl, 5 mM EDTA, 1% Tri-
ton X-100, 0.5 mM NaF, 1 mM Sodium orthovanadate, com-
plete protease inhibitor cocktail Sigma-Aldrich). When
specified, nuclear and cytoplasmic extracts were prepared using
nuclear and cytoplasmic extraction reagents (ThermoScientific)
according to manufacturer instructions. Lysates were clarified
by centrifugation for 15 min at 4°C and protein concentrations
were assessed using Bradford protein assay (BioRad Laborato-
ries). Samples containing equal amounts of protein were boiled
in SDS sample buffer, resolved using SDS-PAGE (15-20 ug
protein per lane) and transferred to nitrocellulose membranes.
The blots were then probed with the following antibodies:
anti-B-catenin active (Abcam), anti-E-cadherin (Takara bio),
anti-Capnsl, anti-Capn2, anti-sfS-catenin, anti-o Actin (Sigma-
Aldrich), anti-Capnl, anti-p21, anti-p53, anti-f-catenin,
anti-Cdc27, anti-Cdc6 (Santa Cruz), anti-cdhl (Calbiochem),
anti-USP1 (Bethyl Laboratories) and anti-vimentin (BD
Bioscences), overnight at 4°C, then washed, incubated with
horseradish  peroxidase-conjugated secondary antibodies
(Sigma), and analyzed by enhanced chemiluminescence

Statistical analysis

Results are expressed as means + standard deviations of at least
3 independent experiments. Statistical analysis was performed
using Student’s ¢ test with the level of significance set at
P < 0.05.
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