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Abstract

Caspases are required for the successful implementation of apoptosis. Nonetheless, when
apoptosis is not possible, signals that normally trigger apoptosis are still capable of inducing cell
death. Caspase-3 is an executioner caspase that is activated downstream of mitochondrial events
in intrinsic apoptosis. However, previous work demonstrates that Casp3-deficient mouse
embryonic fibroblasts (MEFs) are resistant to mitochondrial-mediated apoptosis and display a
delay in the mitochondrial events of apoptosis, including Bax activation, mitochondrial outer
membrane permeabilization (MOMP), and cytochrome c release. In the following chapters, we
detail work demonstrating that caspase-3 regulates fibronectin secretion, and through this function
influences cell morphology, adhesion, migration and the apoptotic threshold of the cell.
Furthermore, we show that in the absence of fibronectin, serum withdrawal-induced death occurs
by a caspase-independent mechanism. We go on to show that death in this circumstance is
autophagy-dependent, and that ablating the cells ability to undergo autophagy results in a blockade
of cell death. Taken together our data indicate that Casp3-deficient MEFs are incapable of
executing apoptosis triggered by serum withdrawal and are protected from autophagy-dependent
death by fibronectin-mediated adhesion. The implications of our research to the cell death field,
and consequently diseases involving aberrant cell death, such as cancer, may prove significant.

Our work is the first to link autophagy-dependent death to fibronectin adhesion.
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1. Introduction

A. Cell Death

Naturally occurring cell death was first described by Karl Vogt in 1842, when he reported
that the notochord and adjacent cartilage of the midwife toad is eliminated by cell death during
metamorphosis, thereby facilitating the genesis and development of vertebrae (Clarke and Clarke,
1996;Fuchs and Steller, 2015;Tang et al., 2019). Over 100 papers involving cell death were
published in the 19th century, with landmark studies focused on insects, amphibians, fish and
mammals (Clarke and Clarke, 1996). Study of cell death continued intensely in the first half of the
20th century. However, for over a century, cell death was thought to be a passive and inevitable
phenomenon (Fuchs and Steller, 2015;Galluzzi et al., 2018). This perspective began to shift with
a number of studies in the 1960s that indicated cell death during development is genetically
"programmed" (Lockshin and Williams, 1964;Saunders, 1966;Tata, 1966;Lockshin, 1969). In
1972, Kerr, Wyllie and Currie published a seminal paper in which they coined the term 'apoptosis'
(from the Greek for "falling off"; referring to leaves in Autumn). to described an active, inherently
programmed form of cell death involving breakdown of cells into membrane bound apoptotic
bodies, under both physiological and pathological conditions (Kerr et al., 1972), in contrast to
necrosis, in which cells swell, rupture and die due to overwhelming stress or injury die by (Fuchs
and Steller, 2011). This paper led to an explosion of cell death research, and accordingly, our
knowledge of cell death has expanded dramatically and become infinitely more detailed (Danial
and Korsmeyer, 2004;Fuchs and Steller, 2011;2015;Green and Llambi, 2015;Galluzzi et al.,
2018;Tang et al., 2019). Currently, more than a dozen subroutines of cell death are recognized
(Galluzzi et al., 2018;Tang et al., 2019). These include intrinsic apoptosis, extrinsic apoptosis,

autophagy-dependent cell death (ADCD), necroptosis, ferroptosis, pyroptosis, parthanatos,



mitochondiral permeability transition (MPT)-driven necrosis, entotic cell death, NETotic cell
death, lysosomal-dependent cell death (LDCD), immunogenic cell death (ICD), oxeiptosis, and
alkaliptosis (Galluzzi et al., 2018;Tang et al., 2019). For the purposes of this dissertation, I will

focus on intrinsic apoptosis and autophagy-dependent death.

B. Intrinsic Apoptosis

Apoptosis is the most widely known and well-studied form of cell death (Yuan et al.,
1993;Xue et al., 1996;Zou et al., 1997;Earnshaw et al., 1999;Creagh and Martin, 2001;Wei et al.,
2001;Danial and Korsmeyer, 2004;Jiang and Wang, 2004;Bao and Shi, 2007;Kumar, 2007;Riedl
and Salvesen, 2007;Li and Yuan, 2008;Taylor et al., 2008;Youle and Strasser, 2008;Chipuk et al.,
2010;Green and Llambi, 2015;Shalini et al., 2015;Kalkavan and Green, 2018). It is crucial to
development and tissue homeostasis, while its dysregulation underlies various pathologies, most
notably tumorigenesis (Hanahan and Weinberg, 201 1;Elliott and Ravichandran, 2016;Singh et al.,
2019). Apoptosis is morphologically characterized by cellular shrinkage, nuclear condensation,
DNA fragmentation, and disintegration of the cell into well-preserved membrane-bound structures
termed apoptotic bodies, which are subsequently cleared by phagocytic cells (Kerr et al.,
1972;Wyllie, 1980;Elliott and Ravichandran, 2016). In contrast, cells that die by necrosis swell,
rupture and leak cellular contents, causing inflammation (Fink and Cookson, 2005;Nirmala and
Lopus, 2020).

Mutagenic studies in Caenorhabditis elegans by Horvitz and colleagues defined much of
the core machinery of apoptosis (Ellis and Horvitz, 1986;Hengartner et al., 1992;Yuan and
Horvitz, 1992;Yuan et al., 1993). Strikingly, the proteins involved and the central pathway itself

are conserved from C. elegans to mammals (Ellis and Horvitz, 1986;Yuan et al., 1993;Hengartner



and Horvitz, 1994;Xue et al., 1996;Lamkanfi et al., 2002;Green and Llambi, 2015). Drosophila
melanogaster and mammalian systems are more complex than that of C. elegans (Lamkanfi et al.,
2002;Kumar, 2007;Fuchs and Steller, 2015). Egl-1 is similar to proapoptotic BH3-only proteins in
mammalian cell, CED-9 is a multidomain Bcl-2 family member, CED-4 is a homolog of APAF-
1, CED-3 is an apoptotic caspase orthologue (Hengartner, 2000;Fuchs and Steller, 2011).
Apoptosis consists of two subtypes, extrinsic and intrinsic apoptosis, which are mediated
by cell surface receptors and mitochondria, respectively (Danial and Korsmeyer, 2004;Elmore,
2007;Tang et al., 2019). Both extrinsic and intrinsic apoptosis ultimately result in activation of
executioner caspases (Cysteine-dependent ASPartate-specific prote4SES), which complete
apoptosis (Creagh and Martin, 2001;Elmore, 2007;Taylor et al., 2008). Intrinsic apoptosis can be
triggered by a number of different cell-intrinsic death signals, including growth factor deprivation,
DNA damage, and endoplasmic reticulum (ER) stress (Cornelis et al., 2005;Ro0s et al., 2016;Pihan
et al., 2017). Upon a death signal, proteins of the Bcl-2 family coordinate the formation of pores
in the mitochondrial outer membrane, culminating in mitochondrial outer membrane
permeabilization (MOMP) (Fig. 1) (Chipuk et al., 2010;Czabotar et al., 2014). The Bcl-2 protein
family consists of proapoptotic (e.g., Bax, Bak, Bad, and Bid) and antiapoptotic (e.g., Bcl-2, Bcl-
X1, and Mcl-1) members, which regulate MOMP via complex interactions (Chipuk et al.,
2010;Kale et al., 2018). Ultimately, Bax and Bak oligomerize and are inserted into the
mitochondrial outer membrane causing the release of mitochondrial contents, including
cytochrome ¢ (Korsmeyer et al., 2000;Kuwana et al., 2005;Tait and Green, 2010). Cytochrome ¢
is a hemeprotein localized to the mitochondrial intermembrane space (until MOMP occurs), which
plays crucial roles in apoptosis and the electron transport chain. Upon release into the cytosol,

cytochrome ¢ enables formation of the apoptosome, a sophisticated oligomeric signaling platform



consisting of several molecules each of cytochrome ¢, apoptotic protease-activating factor 1
(APAF-1) and the initiator caspase procaspase-9 (Li et al., 1997;Bao and Shi, 2007;Riedl and
Salvesen, 2007;Dorstyn et al., 2018). Upon recruitment to the apoptosome, inactive monomeric
procaspase-9 molecules dimerize and become activated (Renatus et al., 2001;Boatright et al.,
2003;Pop et al., 2006). Importantly, cleavage is not required for the activation of procaspase-9
(Rodriguez and Lazebnik, 1999;Stennicke et al., 1999). Consequently, procaspase-9 activation is
reversible, and thereby circumvents adventitious activation (Riedl and Salvesen, 2007). Once
activated, procaspase-9 cleaves the zymogens procaspase-3 and procaspase-7, giving rise to the
active executioners caspase-3 and caspase-7 (Li et al., 1997;Zou et al., 1997;Srinivasula et al.,
1998;Boatright et al., 2003). In contrast to initiator caspases such as procaspase-9, executioner
caspases such as caspase-3 and caspase-7 exist as dimers both in their latent forms and catalytically
active forms, and are activated by irreversible cleavage (Earnshaw et al., 1999;Riedl and Salvesen,
2007). An executioner caspase typically undergoes two cleavage events, one leading to the release
of a short N-terminal prodomain, the other separating the large and small subunits, thereby
activating the enzyme (Earnshaw et al., 1999;Fuentes-Prior and Salvesen, 2004). Catalytically
active caspase-3 and caspase-7 proceed to dismantle the cell from within via selective proteolysis
of hundreds of proteins (Creagh and Martin, 2001;Kumar, 2007;Luthi and Martin, 2007;Dix et al.,

2008;Mahrus et al., 2008;Mcllwain et al., 2015).



Death signal

l Bcl-2

®— family
g 4
n®
Bax/Bak pore

¢__ Cytochrome ¢

% Apoptosome

@ .
.\
.. § ~ .o
\.c .& ]
~ a8 ®\-

Figure 1. Intrinsic apoptosis. Cell-intrinsic death signals, such as growth factor deprivation,
trigger proteins of the Bcl-2 family to coordinate the formation of Bax/Bak pores in the
mitochondrial outer membrane. This results in mitochondrial outer membrane permeabilization
(MOMP), causing the release of mitochondrial contents, including cytochrome ¢, which enables
formation of the apoptosome, a sophisticated oligomeric signaling platform consisting of several
molecules each of cytochrome ¢, apoptotic protease-activating factor 1 (APAF-1) and the initiator
caspase procaspase-9. Upon recruitment to the apoptosome, inactive monomeric procaspase-9
molecules dimerize and become activated. Activated procaspase-9 cleaves the zymogens
procaspase-3 and procaspase-7, giving rise to the active executioners caspase-3 and caspase-7
which degrade the cell through proteolysis of hundreds of target proteins.



C. Caspases

Caspases are a highly conserved family of proteases that are inextricably linked to
apoptosis in all metazoans (Earnshaw et al., 1999;Creagh and Martin, 2001;Kumar, 2007;Li and
Yuan, 2008;Shalini et al., 2015;Julien and Wells, 2017). Caspases are best known for their
functions in cell death and inflammation (Tang et al., 2019;Van Opdenbosch and Lamkanfi,
2019;Kesavardhana et al., 2020). The founding member of the caspase family, caspase-1, was
initially identified as interleukin-1B-converting enzyme (ICE), the human protease responsible for
activating the precursor of interleukin-1B (Cerretti et al., 1992;Thornberry et al., 1992). In 1993,
the first study to suggest caspases function in cell death was published (Yuan et al., 1993). In this
seminal paper, the protein encoded by the C. elegans "cell death gene" CED-3 was cloned and
demonstrated to be similar to ICE (Yuan et al., 1993). At least a dozen caspases have been
identified in both humans and mice (Mcllwain et al., 2015;Van Opdenbosch and Lamkanfi, 2019).
Based on functionality and domain architecture, three classes of caspases exist, namely initiator
(or apical) apoptotic caspases, executioner (or effector) apoptotic caspases, and inflammatory
caspases (Kumar, 2007;Salvesen and Ashkenazi, 2011;Mcllwain et al., 2015;Van Opdenbosch and
Lamkanfi, 2019). In mice and humans, the initiators are caspase-8, -9, and -10, while the
executioners are caspase-3, -6, and -7 (Kumar, 2007;Salvesen and Ashkenazi, 2011;Mcllwain et
al., 2015;Van Opdenbosch and Lamkanfi, 2019). The latent or zymogen forms of initiator caspases
are monomeric, whereas those of effector caspases are dimeric (Salvesen and Ashkenazi,
2011;Mcllwain et al., 2015). The active forms of both initiators and executioners are obligate
dimers (Degterev et al., 2003;Fuentes-Prior and Salvesen, 2004). However, while initiator
caspases require only dimerization to become active, executioner caspases require dimerization as

well as cleavage by initiator caspases (Riedl and Salvesen, 2007;Julien and Wells, 2017).



A plethora of evidence indicates that caspases also have numerous critical non-apoptotic,
non-inflammatory functions in various contexts, including roles in adhesion, migration,
autophagy, tumorigenesis, metastasis, necroptosis, signaling, cell proliferation and tissue
regeneration, cell-fate determination and differentiation, neuronal development and plasticity,
axon pruning, and progressing neurological disease (Fujita et al., 2008;Janzen et al., 2008;Li and
Yuan, 2008;Yi and Yuan, 2009;D'Amelio et al., 2010;Shalini et al., 2015;Unsain and Barker,
2015;Aram et al., 2017;Mukherjee and Williams, 2017;Tsapras and Nezis, 2017). In fact, the term
'caspase-dependent non-lethal cellular processes' or CDPs was recently coined by Aram, Yacobi-
Sharon and Arama, to generally refer to nonapoptotic functions of caspases (Aram et al., 2017).
Published in 2003, the first paper to show a non-apoptotic caspase function demonstrated that
caspase activity and is required for sperm differentiation in D. melanogaster (Arama et al., 2003).
Furthermore, caspase-8 has been shown to be required for maintained expression of the integrin
subunit a5, which is essential for adhesion and migration of proangiogenic endothelial progenitor
cells (Scharner et al., 2009). Additionally, in the eye, the enucleation process that epithelial cells
undergo during their differentiation into a lens fiber cell is dependent upon caspase-3 activity
(Ishizaki et al., 1998). A number of non-apoptotic functions of caspases do not require the catalytic
activity of the enzyme (Cheng et al., 2008;Brentnall et al., 2014;Kamber Kaya et al., 2017). For
example, active caspase-1 has been shown to regulate unconventional protein secretion, including
that of IL-1a, FGF-2 and caspase-1 itself. Interestingly, neither IL-1a nor FGF-2 is a substrate of
caspase-1. Instead, caspase-1 physically interacts with both proteins, suggesting a role as a carrier
in an ER/Golgi-independent protein secretion pathway (Keller et al., 2008). Additonally, in
neuroblastoma, caspase-8 forms a protein complex with Src, and thereby promotes a Src-

dependent adhesion phenotype and subsequent activation of the Erk signaling pathway, regardless



of proteolytic activity (Finlay and Vuori, 2007). Caspase-8 also has a non-apoptotic, non-
enzymatic role as a scaffold protein for the assembly of a pro-inflammatory "FADDosome"
complex that forms upon TRAIL stimulation (Henry and Martin, 2017). Furthermore,
hematopoietic stem cell responsiveness to inflammatory cytokines is limited by caspase-3
independently of proteolytic activity (Janzen et al., 2008). Importantly, several non-apoptotic, non-
enzymatic functions are performed not by a mature caspase, but by a zymogen procaspase. In
dopaminergic neurons, procaspase-3 acts as a regulator of mitochondria biogenesis via TFAM,
Nrf-1, and PGC-1a (transcriptional activators of mitochondrial biogenesis) without affecting
autophagy (Kim et al., 2018). Furthermore, in the same study, the authors show that lack of
procaspase-3 in dopaminergic neurons dramatically reduced electron transport chain complex I,
II, and IV activity. Treatment with caspase-3 inhibitor failed to mimic the observed effects,
suggesting that caspase-3-dependent mitochondrial biogenesis is independent of its catalytic
activity. Procaspase-3 was recently shown to regulate mitochondrial biogenesis activators Tfam
and Nrf-1 (Kim et al., 2018). Additionally, it has been demonstrated in fibrosarcoma cells, that
when an interaction between procaspase-8 and Src is disrupted, Src activates ERK and JNK and
autophagic cell death occurs (Chen et al., 2011). It has been suggested that caspase-1 plays a role

in cytoprotective autophagy during hypoxia-induced mitochondrial stress (Sun et al., 2013).

D. Caspase-3

Caspase-3 is activated by caspase-8 or caspase-9, in extrinsic and intrinsic apoptosis,
respectively (Kumar, 2007;Mcllwain et al., 2015;Tang et al., 2019). During apoptosis, activated
caspase-3 cleaves hundreds of specific protein targets, which vary greatly in their functionality

(Luthi and Martin, 2007;Dix et al., 2008;Mahrus et al., 2008). For example, it activates caspase-



activated deoxyribonuclease (CAD) through cleavage of its inhibitor (ICAD), which leads to DNA
fragmentation characteristic of apoptosis (Enari et al., 1998). Caspase-3 further promotes DNA
fragmentation by cleaving poly (ADP-ribose) polymerase (PARP), which is crucial to DNA repair
(Nicholson et al., 1995;Tewari et al., 1995;Le Rhun et al., 1998). Caspase-3 also cleaves caspase-
9 as part of a feedback mechanism which propagates the caspase activation cascade (Srinivasula
et al., 1998;Slee et al., 1999;Walsh et al., 2008). Also, during apoptosis, caspase-3 impacts cell
morphology through cleavage of the cytoskeletal protein a-fodrin, the actin-modulating protein
gelsolin, and the cytoskeleton regulator Rho-associated protein kinase/ROCK I (Kothakota et al.,
1997;Jéanicke et al., 1998;Sebbagh et al., 2001). Caspase-3 has been shown to be important in the

autophagy pathway, as well, specifically through cleavage of beclin-1 (Cho et al., 2009).

E. Caspase-3 in Cancer

Dysregulation of apoptosis underlies tumorigenesis (Hanahan and Weinberg, 2011). Not
surprisingly, defective caspase activation that culminates in insufficient cell death can promote
tumorigenesis (Mcllwain et al., 2015). Although caspases have crucial functions in cell death,
unlike mutations of p53 or members of the PI3K pathway, mutation of CASP genes is not common

in cancer (Mcllwain et al., 2015).

F. Autophagy

Christian de Duve coined the term autophagy from the Greek for "self-eating" in 1963 (Klionsky,
2008). Three types of autophagy have been described: macroautophagy, microautophagy, and
chaperone-mediated autophagy with all three culminating in lysosomal degradation of cellular

constituents (Uttenweiler and Mayer, 2008;Kaushik and Cuervo, 2012;Noda and Inagaki, 2015).
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Macroautophagy is a highly coordinated pathway that entails sequestration of cytoplasmic
components of the cell, such as macromolecules and organelles, through formation of double-
membraned autophagosomes, which subsequently fuse with lysosomes to generate autolysosomes
capable of degrading cellular cargo (Klionsky and Emr, 2000;Galluzzi et al., 2017a). In contrast,
microautophagy does not involve autophagosomes, instead lysosomes directly engulf autophagic
cargo for degradation (Uttenweiler and Mayer, 2008;Schuck, 2020). Chaperone-mediated
autophagy involves selective degradation of certain proteins, delivered to the lysosome by
chaperones and internalized via receptors (Kaushik and Cuervo, 2018). It should be noted that both
macroautophagy and microautophagy are capable of cargo selectivity, as well (Sahu et al.,
2011;Stolz et al., 2014). Macroautophagy (hereafter referred to as 'autophagy') is conserved in all
eukaryotes, is performed at basal levels by virtually all cell types, and is increased by various
intracellular and extracellular stimuli (Levine and Kroemer, 2019). Autophagy is essential to
cellular homeostasis, and is a crucial prosurvival mechanism under various conditions of stress,
including both nutrient and growth factor withdrawal (Levine and Kroemer, 2008;Mizushima and
Komatsu, 2011;Levine and Kroemer, 2019). Autophagy promotes cell survival by providing
energy and macromolecular precursors through recycling of cellular components such as protein
aggregates and damaged mitochondria (Mizushima and Komatsu, 2011;Galluzzi et al.,
2017a;Levine and Kroemer, 2019).

Autophagy is best understood in the context of nutrient starvation (Kroemer et al.,
2010;Mizushima and Komatsu, 2011). The autophagy pathway can be viewed as a five-step
process: (1) initiation, (2) phagophore nucleation, (3) phagophore expansion, (4) autophagosome-
lysosome fusion, and (5) lysosomal substrate degradation (Galluzzi et al., 2017b;Galluzzi and

Green, 2019). Nonspecific autophagy is inhibited by nutrient-rich conditions (Klionsky and Emr,
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2000). The process is initiated by nutrient-sensing mechanisms, for example, when energy in the
form of ATP becomes limiting, AMP kinase (AMPK) becomes activated and induces autophagy
(Green and Levine, 2014). Similarly, growth factor or amino acid starvation causes inhibition of
the mammalian target of rapamycin (mTOR) complex 1 (mTORC1), which, under nutrient-rich
conditions, exerts a negative regulatory effect on autophagy via interaction with Unc-51-like
kinase 1/2 (ULK1/2) (Klionsky and Emr, 2000;Kroemer et al., 2010;Green and Levine, 2014).
ULK1/2 also regulates the lipid kinase activity of the Beclin 1/class III phosphatidylinositol 3-
kinase (PI3K) complex, which is required for autophagy (Kroemer et al., 2010). Induction of
autophagy leads to the formation of an isolation membrane also known as a phagophore (Kroemer
et al., 2010;Galluzzi et al., 2017b). The phagophore can be generated from multiple sources,
including the endoplasmic reticulum (ER) (Axe et al., 2008), the mitochondrial outer membrane
(Hailey et al., 2010), and the plasma membrane (Ravikumar et al., 2010). Two ubiquitin-like
conjugation systems participate in phagophore elongation (Kroemer et al., 2010). The first
pathway involves the conjugation of Autophagy related 12 (Atgl2) to Atg5, facilitated by the E1-
like enzyme Atg7 and E2-like enzyme Atgl0O (Kroemer et al., 2010). Atgl2-Atg5 then
noncolvalently binds Atgl6, and this complex enhances the Atg3-mediated conjugation of
phosphotidylethanolamine (PE) to microtubule associated protein light chain 3 (LC3). This
conjugation converts the un-lipidated form of the protein, known as LC3-I, to its lipidated form
(LC3-II), which subsequently enters pre-autophagosomal and autophagosomal membranes
(Kabeya et al., 2000;Kabeya et al., 2004). LC3, particularly the LC3B isoform, is commonly
employed to monitor autophagy (Mizushima, 2007;Klionsky et al., 2016). LC3B-II is localized to
the interior membrane of the mature autophagosome, and subsequently the autolysosome, where

it degraded in the same fashion as other protein cargo.
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The Autophagy Related 5 (ATGS) gene is required for canonical macroautophagy.
Specifically, it is essential to the phagophore expansion stage of autophagosome formation
(Klionsky 2016B). A protein complex containing ATGS is responsible for conjugation of LC3B-I
to PE, thereby generating LC3B-II (Otomo et al., 2013). LC3B-II can be elevated by increased
autophagy or by decreased degradation. In the later stages of autophagy, the autophagosome fuses
with the lysosome forming the autolysosome. Thus, in the newly formed autolysosome, the cargo
of the autophagosome, including LC3B-II, is introduced into the acidic environment contributed
by the lysosome. In the autolysosome, pH-dependent proteases, including cathepsins, are optimally

active and protein degradation, including that of LC3B-II, takes place (Takahashi, Yamashima).

G. Autophagy-dependent Cell Death

Historically, three types of morphologically-defined cell death have been described: Type
I (apoptosis), Type 2 (autophagic cell death), and Type 3 (necrosis) (Fuchs and Steller, 2015).
Autophagy was first proposed to be cell killing mechanism in 1990 (Clarke, 1990). Whether
autophagy directly causes cell death, as opposed to merely accompanying it, has been controversial
for quite some time (Debnath et al., 2005;Liu and Levine, 2015). However, more recently, a
causative role of autophagy in cell death has been defined in a number of distinct circumstances
(Liu and Levine, 2015;Galluzzi et al., 2018).

Autophagy maintains cellular homeostasis through removal of unnecessary or
dysfunctional cellular components, such as damaged organelles and protein aggregates (Klionsky,
2008). Under conditions of stress, such as nutrient or growth factor deprivation, for example,
autophagy serves as a cytoprotective mechanism providing energy and biosynethetic precursors to

cells (Komatsu et al., 2006;Colell et al., 2007;Kroemer et al., 2010;Sun et al., 2013). However, it
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can result in autophagy-dependent cell death under certain circumstances (Liu et al., 2013;Liu and
Levine, 2015;Bialik and Dasari, 2018;Galluzzi et al., 2018;Denton and Kumar, 2019;Nassour et
al., 2019;Tang et al., 2019). Autophagy has been shown to cause cell death when apoptosis is not
possible, such as growth factor withdrawal (Lum et al., 2005) or etoposide- and staurosporine-
treatment in Bax-/-Bak-/- mouse embryonic fibroblasts (Shimizu et al., 2004;Shimizu et al., 2010),
or caspase inhibition in murine fibroblasts (Yu et al., 2004;Yu et al., 2006). There is also a form
of non-apoptotic autophagy-dependent death termed autosis, which depends on the cellular
NA* K*-ATPase (Liu et al., 2013). Additionally, autophagy can degrade prosurvival proteins
related to other types of cell death (Gump et al., 2014;He et al., 2014;Gao et al., 2016;Hou et al.,
2016). For example, ferritinophagy, the autophagic degradation of ferritin, promotes ferroptosis
(Gao et al., 2016;Hou et al., 2016).

Autophagic degradation of protein tyrosine phosphatase, non-receptor type 13 (PTPN13, also
known as FAPI) favors FAS-driven extrinsic apoptosis (Gump et al., 2014). Autophagic
degradation of baculoregulator repeat containing 2 (BIRC2, also known as cIAP1) promotes

necroptosis (He et al., 2014).

H. Apoptosis and Autophagy

Apoptosis and autophagy have a complex relationship (Maiuri et al., 2007). The two
pathways can be triggered by the same stimuli, and even share molecular components(Maiuri et
al., 2007;Eisenberg-Lerner et al., 2009). Apoptosis and autophagy are capable of interacting in
several distinct ways, with autophagy usually working as a prosurvival response, but sometimes
functioning as a cell death mechanism. They can work in collaboration as well as in opposition to

one another. Additionally, although autophagy most often serves as a cytoprotective process, it
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can also function as a killing mechanism under certain conditions, including when a cell is

incapable of performing apoptosis.

I. Statement of Problem

Knowledge of the molecular mechanisms underlying apoptosis has provided crucial
insights into the causes of multiple diseases where aberrant cell death regulation occurs, and has
revealed new approaches for identifying small drugs for more effectively treating these illnesses
(Reed and Tomaselli, 2000). Similarly, a more complete knowledge of the molecular mechanisms
underlying autophagy-dependent death will provide insight into diseases involving this type of cell
death and corresponding therapies.

Autophagy and apoptosis share a complex relationship that involves extensive cross talk
between the two pathways. The two pathways share many of the same upstream triggers, molecular
components and regulatory genes. For example, members of the Bcl-2, ATG, and caspase protein
family play roles in both autophagy and apoptosis (Shimizu et al., 2004;Luo and Rubinsztein,
2007;Cho et al., 2009;Gross and Katz, 2017). Perturbations of one pathway can have major effects
on the other, as well cell fate. They can work in concert with one another, or the two can be
diametrically opposed. Autophagy most often functions as a cytoprotective mechanism, however
it can also lead to cell death under certain conditions, including when apoptosis is defective.
Bax/Bak-deficient MEFs have been found to undergo a non-apoptotic cell death program that is
dependent upon autophagic proteins when treated with etoposide (Shimizu et al., 2004).
Additionally, bone marrow-derived IL-3-dependent Bax/Bak-deficient mouse cells were shown to
activate autophagy and ultimately succumb to cell death, when withdrawn from IL-3 (Lum et al.,

2005). Furthermore, zVAD was demonstrated to induce autophagic cell death in L929 cells when
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caspase-8 expression was decreased (Yu et al., 2004). However, several gaps in the field remain.
Importantly, no work has been done linking autophagy-dependent death to cell adhesion.

In the following chapters, we detail work demonstrating a newly discovered link between
autophagy-dependent death and cell adhesion. Specifically, we show that knockdown of
fibronectin blocks the ability of Casp3-deficient MEFs to spread in one hour. Having shown this,
the adhesion-dependent survival advantage of Casp3-deficient MEFs and that Casp3-deficient
MEFs secrete higher amounts of fibronectin, we then went on to demonstrate that fibronectin is
required for the survival of Casp3-deficient MEFs following serum withdrawal. Furthermore, in
the absence of fibronectin, serum withdrawal results in caspase-independent cell death in Casp3-
deficient MEFs. Additionally, cytochrome c release is independent of serum-withdrawal-induced
death in Casp3-deficient MEFs. Bcl-X1. blocks both cytochrome c¢ release and death. Crucially, we
show that autophagy is increased by serum withdrawal in Casp3-deficient MEFs when FN is
silenced. Perhaps most importantly, we demonstrate that ablation of ATGS5 expression blocks
serum withdrawal-induced death in Casp3-deficient MEFs. These findings shed light on a link
between adhesion and autophagy-dependent death, specifically the importance of fibronectin in

this arena.
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Summary:

Caspase-3 is an effector caspase that is activated downstream of mitochondrial outer membrane
permeabilization (MOMP) during apoptosis. However, previous work demonstrates that
caspase-3-deficient MEFs are resistant to mitochondrial-mediated cell death and display a delay
in the mitochondrial events of apoptosis including Bax activation, MOMP and release of
cytochrome c. Here we show that caspase-3 regulates fibronectin secretion and impacts cell
morphology, adhesion and migration. Surprisingly, the catalytic activity of caspase-3 is not
required for these non-apoptotic functions. Moreover, we found that caspase-3-deficient MEFs
are not resistant to death induced by anoikis and exogenous fibronectin protects WT MEFs from
serum withdrawal-induced cell death. Together, our data indicate that procaspase-3 has a
non-apoptotic function, which regulates the secretion of fibronectin and influences morphology,

adhesion and migration. Furthermore, this novel procaspase-3 function may alter the apoptotic

threshold of the cell.
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Introduction:

During stimulation of intrinsic apoptosis, BH3-only proteins regulate the activation of Bax and
Bak, which causes mitochondrial outer membrane permeabilization (MOMP) and the release of
cytochrome c. This results in the formation of the apoptosome, caspase-9 activation and
subsequent activation of effector caspases, including caspase-3 (Danial and Korsmeyer, 2004).
The role of these effector caspases during the degradation phase of apoptosis is well
characterized and includes activation of DNA fragmentation, cell shrinkage and membrane
blebbing (Woo et al., 1998;Shi, 2002). However, previous work shows that caspase-3-deficient
MEFs display a delay in the mitochondrial events of intrinsic apoptosis, including Bax
activation, MOMP and cytochrome c release, which are thought to occur upstream of caspase-3
activation (Lakhani et al., 2006). These data suggest that caspase-3 either feeds back on the
mitochondria after activation or has other novel functions upstream of the mitochondria that
influence the apoptotic threshold of a cell.

Classically, caspases are thought to act as cysteine proteases that cleave their substrates at
specific aspartic acid residues (Shi, 2002). However, “day jobs” of these caspases that can be
distinguished from their catalytic functions have recently been discovered. Caspase-8 has been
shown to interact with the p85 subunit of PI3K to promote Rac activation during migration and
caspase-11 has been shown to interact with Aipl and promote actin depolymerization during cell
migration (Li et al., 2007;Senft et al., 2007). Therefore we hypothesized that caspase-3 also has a
non-apoptotic function and that loss of this function could result in a change in the apoptotic
threshold of the cell.

Here we show that caspase-3 regulates cell morphology, adhesion and migration. Interestingly,
we found that the catalytic activity of caspase-3 is not required for these novel non-apoptotic
functions. Furthermore, we found that caspase-3 regulates fibronectin secretion and by doing so,
influences the apoptotic threshold of a cell. Taken together, our data indicate that procaspase-3
has a novel non-apoptotic “day job” that is independent of its role as an executioner caspase, yet

can influence the apoptotic threshold upstream of the mitochondrial events of apoptosis.
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Results:

While studying the role of caspase-3 in mitochondrial dysfunction during apoptosis, we made the
empiric observation that caspase-3-deficient MEFs were difficult to trypsinize from cell culture
plates and displayed changes in morphology. This raised the possibility that in addition to its role
as an executioner caspase during apoptosis, caspase-3 could have other cellular functions and
these novel functions could influence the apoptotic threshold of a cell. Specifically, we
hypothesized that caspase-3 was a negative regulator of adhesion and loss of caspase-3 resulted
in an increase in adhesion-mediated survival signaling. Therefore, we formally tested the role of
caspase-3 on adhesion-associated cellular events. Initially, we measured the effects of loss of
caspase-3 on cellular morphology and adhesion. WT MEFs display a small rounded morphology
with some cells having a distinct leading edge-lamellipodia structure (Fig. 1A). Casp3”’- MEFs
share a similar overall size to WT MEFs (Fig. 1B), however they have more of an elongated
morphology (Fig. 1A). WT MEFs have an average cell length of 42.2 pm + 1.7 pm, while
caspase-3-deficient MEFs are nearly two times longer (67.8 um + 3.6 um) (Fig. 1C). These
changes were not due to differences in overall size or cell volume of Casp3”- MEFs (Fig. 1B, D)
indicating that caspase-3 influences cell spreading and elongation which are regulated in part
through the binding of integrins to the extra-cellular matrix (ECM) (Gumbiner, 1996). Therefore,
we next determined whether caspase-3-deficient MEFs are more adherent. We plated an equal
number of cells into 96-well plates and allowed cells to adhere for .5, 1, 2 and 4 hours. Medium
was then aspirated and adherent cells were fixed and stained with crystal violet to analyze
adhesion. Casp3”- MEFs display a 3-fold increase in adhesion compared to WT MEFs after 30

minutes and at least a 2-fold increase in adhesion through 4 hours (Fig. 1E).

The regulation of actin-cytoskeleton organization and focal adhesion assembly and disassembly
are essential for cell migration (Ballestrem et al., 2000;Matthias Krause et al., 2003;Ridley et al.,
2003). Since caspase-3 is regulating morphology and adhesion, we next determined its role in
cell motility. In vitro wound healing assays were performed with WT and Casp3-- MEFs and
percent wound closure was analyzed by time-lapse microscopy. Casp3”- MEFs are unable to
close wounds as efficiently as WT MEFs showing 37.8 % + 8.2 % and 50.5 % + 9.4 % wound
closure at 9 and 12 hours, respectively, while WT MEFs display 63.8 % +4.9 % and 84.0 % +

7.2 % wound closure at these time points (Fig. 2). Wound closure can be accomplished through
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activation of cell migration and/or cell proliferation (Maria B. Witte and Adrian Barbul,
1997;Tseng et al., 2007;Chera et al., 2009;Li et al., 2010). Therefore, we determined the cell
proliferation rate in WT and Casp3”- MEFs through analysis of cell cycle and cell doubling time.
In a standard cell cycle assay, the percent of cells in G1, S, or G2 phase of the cell cycle is not
significantly different between Casp3”- and WT MEFs (Fig. 3A). However, this did not represent
a wound healing situation where cells are at confluency and then are released from contact
inhibition. Therefore, we determined cell cycle distribution while simulating wound healing by
growing cells to confluency and then scratching the plates with 8 parallel scratches or a grid of
16 scratches. After 12 hours of migration, analysis indicated no difference in cell cycle
distribution under conditions of 8 scratches or 16 scratches (Fig. 3B). WT and Casp3’- MEFs
were also seeded and counted over time to analyze cell proliferation and doubling time. There is
no significant difference in the fold change over time of cell number between Casp3”- and WT
MEFs (Fig. 3C). Thus the differences in wound closure are not due to changes in cell

proliferation, indicating that caspase-3 regulates cell motility.

Since no differences in proliferation were detected, the two most likely explanations for a defect
in wound healing are a decrease in migration velocity or a loss of directional persistence.
Therefore, we performed single cell tracking to identify changes in migration that result in
inefficient wound closure in Casp3”- MEFs. Cell tracks show that WT MEFs move further into
the wound than Casp3”- MEFs (Fig. 4A). The cell tracks were analyzed for average cell velocity
(distance / time) and meandering index (displacement / distance). WT MEFs have an average
velocity of 37.9 um/h + 1.7 um/h, while a significant decrease in average velocity for

Casp3” MEFs was observed (21.7 um/h + 1.2 um/h) (Fig. 4B). WT MEFs have a meandering
index of 0.79 £ 0.02, while Casp3”- MEFs display a statistically significant albeit marginal,
decrease in their meandering index (0.74 + 0.02) (Fig. 4C). Taken together, our data indicate that
caspase-3 regulates adhesion and is required for efficient migration velocity during in vitro

wound healing.

Our data demonstrate that caspase-3 has non-apoptotic functions in regulating cell morphology,
adhesion and migration. Since these MEFs developed in the absence caspase-3, we next

determined if these effects were a direct consequence of the absence of caspase-3 or due to
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changes in development. Additionally, the changes in morphology and migration are displayed
when there is no exogenous apoptotic stimulation suggesting that there is either localized and
controlled activation of caspase-3 or these functions are independent of the catalytic activity of
caspase-3. In order to test these possibilities, we introduced caspase-3 (Casp3) or a catalytically
inactive caspase-3 (Casp3¢!9S) into the caspase-3-deficient MEFs and determined if the
reconstituted MEFs revert to a WT phenotype. Casp3 and Casp3¢!S are expressed at similar
levels when compared to endogenous expression in WT MEFs (Fig. 5A). Introduction of
Casp3WT into the Casp3”- MEFs restored DEVDase activity comparable to levels in WT MEFs
following serum withdrawal, while introduction of Casp3¢!% did not (Fig. 5B). Remarkably, we
found that both Casp3 and Casp3¢!5S revert Casp3”- MEFs to a WT morphology (Fig. 5C, D) and
to a WT migration phenotype. Casp3”- C3 and Casp3-- C3¢163S MEFs close wounds as efficiently
as WT MEFs (Fig. 5SE) primarily by increasing average velocity which allows cells to move
further into the wound during this time (Fig. 5F, G). The modest change in directional
persistence observed in Casp3”- MEFs is also corrected by introduction of Casp3WT or Casp?©16*S
(Fig. 5H). Taken together, these data indicate that caspase-3 regulates morphology and migration

through a mechanism that is independent from its catalytic activity.

Caspase-3-deficient MEFs display increased cell adhesion and elongation along the ECM, and a
slower average velocity compared to WT MEFs. These phenotypes could be explained by
increased mature focal adhesion complexes, which are required for adhesion and have been
shown to be detrimental to migration (Beningo et al., 2001;Totsukawa et al., 2004;Gardel et al.,
2010). However, we were unable to detect differences in integrin 3-1 protein expression on the
cell surface, integrin 3-1 mRNA levels, or integrin [3-3 protein expression on the cell surface
(Fig. 6A and not shown). Alternatively, these phenotypes could be the result of the increased
production and secretion of ECM, which is required for adhesion (Gumbiner, 1996;Pankov and
Yamada, 2002b). The previous adhesion experiments were performed in serum-containing
medium and/or on fibronectin-coated glass, both of which are an exogenous source of
components of the ECM. Therefore, to determine if the adhesion phenotype of Casp3”- MEFs
was due to endogenous production of ECM, exogenous factors were removed through a 4-hour
serum withdrawal and then an adhesion assay was performed for 1 hour on glass coverslips with

or without fibronectin coating. Additionally, to determine the role of secretion of endogenous
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ECM, assays were also performed in the presence of the ER-golgi transport inhibitor brefeldin A.
Both Casp3”- and WT MEFs adhere to and spread on fibronectin with some localized FAK
activation on the cellular edge, however only Casp3”- MEFs spread in the absence of a supplied
ECM at this time point (Fig. 6B) and addition of brefeldin A blocks the ability of Casp3”- MEFs
to spread. Introduction of Casp3 or Casp3¢!%S reverts Casp3”- MEFs to a WT phenotype (Fig.
6B). These data suggest that caspase-3-deficient MEFs are able to produce and/or secrete their
own ECM more efficiently than WT MEFs, indicating that procaspase-3 regulates secretion of
ECM through a mechanism that is independent of its catalytic activity. To analyze production
and secretion of ECM, we repeated the adhesion assay, however cells were fixed without
permeabilization and stained with phalloidin (actin) and DAPI (nucleus) as well as with a
fibronectin specific antibody. Casp3”- MEFs spread faster than WT MEFs and have prominent
extracellular fibronectin staining after 1 hour of adhesion (Fig. 6C). Some cells were also fixed
without permeabilization and stained with phalloidin (actin) and DAPI (nucleus) as well as with
an antibody specific for an intracellular protein, P-FAK, to demonstrate that under these
conditions, antibodies do not have access to intracellular space (compare P-FAK staining in Fig.
6B to 6C). To demonstrate this in a more quantitative fashion, we also analyzed fibronectin
secretion by ELISA after performing an adhesion assay and found that when compared to WT
MEFs, Casp3”- MEFs have a significantly higher level of soluble fibronectin in the medium
when normalized to cell number (Fig. 6D). However, intracellular levels of fibronectin are not
significantly different between WT and Casp3’- MEFs (Fig. 6D). Moreover, fibronectin steady
state mRNA levels are not different between these cells (data not shown). Taken together, these
data suggest that fibronectin production alone cannot account for the increased adhesion of
Casp3”- MEFs. To determine if fibronectin secretion is altered by loss of procaspase-3, we
determined the effects of brefeldin A on fibronectin levels in the culture medium and cells.
Consistent with the cell spreading data (Fig. 6B), we found that brefeldin A significantly reduces
the amount of fibronectin in the culture medium of Casp3’- MEFs, returning them to the level of
WT MEF secretion (Fig. 6D). To directly test the role of fibronectin in the Casp3”- adhesion
phenotype, we next determined the effects of silencing fibronectin in Casp3”- MEFs. Consistent
with an important role for cell adhesion in the survival of these cells (see below) we were unable
to stably silence fibronectin in a constitutive fashion (data not shown). Therefore we developed

stable lines carrying an inducible fibronectin shRNA (Tet-On). In the absence of doxycycline,
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these cells adhered in a similar fashion as cells infected with empty vector (pLKO) (Fig. 6E) or
parental Casp3-- cells (Fig. 6B). However, treatment with doxycycline for 72 hours prior to
assaying adhesion resulted in a significant decrease in cellular fibronectin and a reversion to an
adhesion phenotype similar to WT cells (Fig. 6E). Importantly, addition of exogenous
fibronectin rescues the adhesion phenotype, demonstrating that neither the shRNA nor
doxycycline are having off-target effects. Taken together, these data demonstrate that fibronectin

secretion is necessary for the Casp3-- adhesion phenotype.

Previous work has demonstrated that during cell death stimulation, effector caspase-deficient
MEFs display delayed Bax activation, MOMP, and cytochrome c release (Lakhani et al., 2006).
Based on the current findings, it is possible that the delay in the mitochondrial events of
apoptosis in caspase-3-deficient MEFs may be explained by their ability to adhere and signal
more efficiently resulting in an increased apoptotic threshold. To test this possibility, we
examined the role of adhesion in the cell death of WT and Casp3-- MEFs. Cells were seeded in
the presence or absence of serum in plates coated with or without polyHEMA, which blocks
adhesion and results in the induction of anoikis (Munoz et al., 2010). Consistent with previous
findings, Casp3”- MEFs are significantly protected from serum withdrawal-induced cell death
when compared to WT MEFs at all time points analyzed (Fig. 7A). After 24 hours of serum
withdrawal, WT MEFs are 38.3 % + 6.6 % annexin V-positive, while Casp3”- MEFs are only 7.7
9 + 1.2 % annexin V-positive (Fig. 7A, p = 0.01). Caspase-3-deficient MEFs are not completely
resistant to serum withdrawal-induced cell death, however after 96 hours of serum withdrawal,
WT MEFs are 88.0 % + 2.5 % annexin V-positive, while Casp3”- MEFs are still significantly
protected yet display 55.7 % + 4.5 % annexin V-positive cells (Fig. 7A, p = 0.003). In contrast to
serum withdrawal, Casp3”- MEFs are significantly less resistant to cell death induced by anoikis.
After 24 hours of anoikis, Casp3’- MEFs are 29.3 % + 1.8 % annexin V-positive and by 72 hours
loss of caspase-3 offers no significant protection (Fig. 7A). Thus the protective effects of
caspase-3 deficiency require cell adhesion. Interestingly, at 24 and 48 hours, the combination of
serum withdrawal and anoikis has an additive killing effect on WT MEFs. In contrast, this
combination is antagonistic during the first 48 hours in Casp3-- MEFs. This suggests that serum
withdrawal is protective against anoikis when cells lack caspase-3. We hypothesize that this

initial protection is from the activation of autophagy by serum withdrawal and this is currently
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under investigation. Consistent with this possibility, we observed a similar effect of anoikis and
the topoisomerase II inhibitor, etoposide, on the death of WT MEFs. However, etoposide does
not confer protection against anoikis in Casp3-deficient MEFs (data not shown). Caspase-3 is the
primary executioner caspase during serum withdrawal (Brentnall et al., 2013) and consistent with
this observation, the effects of serum withdrawal and anoikis on Casp3/Casp7 DKO MEFs are
identical to that seen in Casp3”’- MEFs (Fig. 7B). Taken together, these data indicate that
procaspase-3 is regulating adhesion dependent survival signaling upstream of the mitochondria,
which alters the apoptotic threshold of the cell and allows the mitochondrial events of apoptosis

to happen quickly and efficiently upon cell death stimulation.

Our data indicate that loss of Casp3 protects cells in an adhesion-dependent manner and that
these cells secrete approximately twice as much fibronectin as WT MEFs. This would suggest
that relatively modest changes in fibronectin secretion could have profound effects on inhibition
of cell death. To test this possibility, we performed a serum withdrawal of WT, Casp3--, Casp3"
C3 and Casp3-- C3¢'%3S MEFs on plates coated with a range of fibronectin from 0 — 10 pg/cm?
fibronectin. WT MEFs display 48.7 % + 4.4 % cell death in the absence of a supplied ECM,
however even at the lowest concentration of fibronectin tested (0.6 pg/cm?) a trend toward cell
protection is observed and significantly less cell death was observed when cells were plated on
fibronectin at concentrations of 2.5 pg/cm?or greater (Fig. 8). Interestingly, the amount of
protection is not statistically different at concentrations greater than 2.5 pg/cm?. These data
suggest that a minimal increase in the concentration of fibronectin is needed to confer protection
from serum withdrawal-induced cell death. Casp3”- MEFs do not significantly die during serum
withdrawal and therefore the addition of fibronectin does not protect these cells. However,
Casp3”- C3 MEFs die in a similar fashion to WT MEFs during serum withdrawal-induced cell
death and the addition of fibronectin at concentrations of 2.5 pug/cm?or greater protects cells (Fig.
8). Introduction of C3¢16%8 did not result in a significant increase in cell death. This is consistent
with the lack of DEVDase activity observed in these cells (Fig. 5B) and our previous finding that
caspase-3 is the primary executioner during serum withdrawal (Brentnall et al., 2013). Together
these data suggest that in the presence of fibronectin, caspase-3 activity is still required for serum

withdrawal-induced death.
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Discussion:

Cells constitutively express many if not most of the pro-apoptotic proteins required to initiate
and execute programmed cell death. This has lead to the concept that all cells are poised to die if
and when they encounter a stress signal such as loss of trophic factors (Ishizaki et al., 1995).
However, several studies have now demonstrated that pro-death molecules have additional
unrelated functions, which they perform in living cells. Importantly, these “day jobs” often do
not require the same activity or domains necessary for these proteins to participate in cell death.
The first example of a protein having two distinct functions is cytochrome ¢, where the region
required for binding to Apaf-1 in formation of the apoptosome during apoptosis is dispensable
for its “day job” in electron transport (Kluck et al., 2000;Yu et al., 2001). More recently, the
BH3-only protein Bad was shown to be important in the regulation of glucokinase and insulin
secretion (Danial et al., 2003;Danial et al., 2008). Interestingly, the BH3 domain is important for
both its pro-apoptotic and metabolic functions, however in the latter case it must be
phosphorylated. In these two cases, neither protein has enzymatic activity, therefore separating
the “day jobs” from the pro-apoptotic activity must occur in part through inhibition of the pro-
apoptotic activity. In the case of cytochrome c this occurs through compartmentalization while
for Bad the post-translational modification that is required for regulation of glucokinase inhibits
its ability to function as a Bcl-2 antagonist (Danial et al., 2003;Danial et al., 2008). In contrast to
these examples, “day jobs” of caspases may or may not involve the same catalytic activity
involved in apoptosis. For example, caspase-8 was shown to increase cell motility and metastasis
in neuroblastoma cancer cells through Rab5 activation that is independent of its catalytic activity
(Torres et al., 2010). The inflammatory caspase, caspase-11, regulates macrophage migration by
regulating actin dynamics through an interaction with Aip1 (Li et al., 2007). However, caspase-8
and -10 can also regulate cell survival through catalytic activity. Caspase-8 prevents RIPK-
mediated necrosis, while a recent report demonstrated that caspase-10 prevents autophagic death
of myeloma cells by cleaving the Bcl2-interacting protein BCLAF1 (Green et al., 2011; (Kaiser
etal.,2011)Lamy et al., 2013; Oberst et al., 2011).

Caspase-3 has also recently been shown to have non-apoptotic roles. Low levels of caspase-3

activation were shown to regulate cell differentiation through activation of a DNase, which was
controlled by NF- k B signaling to avoid apoptosis (Basu et al., 2012; Larsen et al., 2010). Also,

during wound healing, caspase-3 activation in apoptotic cells promotes proliferation of
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surrounding cells by activating growth signals through the release of prostaglandin in a process
termed “phoenix rising” (Li et al., 2010). Another form of controlled and localized activation of
caspase-3 is needed for the removal of neuronal dendrites during pruning ((Williams et al.,
2006;Larsen et al., 2010;Li et al., 2010;Basu et al., 2012). Although these are non-apoptotic roles
of caspase-3, these functions are dependent on the catalytic activity of the protein and often
resemble specialized forms of cellular degradation. We now provide evidence that procaspase-3
also has a non-apoptotic “day job” controlling cell adhesion that is not related to its function in
apoptosis or its catalytic activity. Our data demonstrate that procaspase-3 is regulating
fibronectin secretion and that fibronectin secretion is required for the cell adhesion phenotype
observed in caspase-3-deficient cells. However, we have not ruled out the possibility that the
secretion or cell surface expression of additional molecules also contributes to this phenotype.
Our data suggests procaspase-3 plays a role in ER/Golgi transport or vesicle trafficking and this
is currently under investigation. However, by regulating cellular adhesion, procaspase-3 can
indirectly regulate the apoptotic threshold of the cell. Thus a re-evaluation of survival data in
caspase-3-deficient cells may be appropriate. Finally, these data also provide new insight as to
why caspase-3 is rarely lost or mutated in cancer (Jiger and Zwacka, 2010b). Previously, it was
believed that this was due to the lack of selective pressure to lose a protein that functioned
“passed the point of no return” in cell death (Ghavami et al., 2009). However, these new findings
raise the possibility that caspase-3 is maintained in cancer cells so that they have a motility or

migration advantage.
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Materials and methods:

Cell Culture. Immortalized mouse embryonic fibroblasts (MEFs) were generated and grown in
Dulbecco’s Modification of Eagle’s Medium (DMEM, Cellgro) supplemented with 10% fetal
bovine serum (Cellgro), 1% Penicillin - Streptomycin (Cellgro), 1% L-Glutamine (Cellgro), 1%
non-essential amino acids (Cellgro), 1% sodium pyruvate (Cellgro) and 0.001%
2-Mercaptoethanol (Gibco) at 37°C in a humid 5% CO, incubator. ®NX-Ecotropic packaging
cell lines (Nolan lab, Stanford University) and 293T cells were grown in DMEM medium
(Cellgro) supplemented with 10% fetal bovine serum (Cellgro), 1% Penicillin - Streptomycin
(Cellgro), 1% L-Glutamine (Cellgro), 1% non-essential amino acids (Cellgro) and 1% sodium
pyruvate (Cellgro) at 37°C in a humid 5% CO, incubator. Serum free medium for death assays
was made as described without 10% fetal bovine serum. Splitting and harvesting of adherent
cells was conducted by washing cells with phosphate buffered saline (PBS, Cellgro) and
applying 0.25% Trypsin (Cellgro) for 5-10 minutes.

Morphological studies. Cells were grown on glass coverslips (Fisher) coated with 5 pg/cm?
fibronectin unless otherwise specified (Chemicon International) and fixed with PHEMO buffer
(68 mM PIPES, 25 mM HEPES, 15 mM EGTANa,, 3 mM MgCl,6H,0, 10% DMSO, pH 6.8)
supplemented with 3.7% formaldehyde (Fisher), 0.05% glutaraldehyde (Fisher) and 0.5% Triton
X-100 (Fisher) for permeabilization when indicated. Actin was labeled by staining with Alexa
Fluor 555 phalloidin (Invitrogen) and DNA was stained with 300 nM
4’-6-diamidino-2-phenylinodle, dilactate (DAPI, Invitrogen) for 5-10 minutes in dH,O.
Coverslips were then mounted on microslides (Fisher) polyvinyl alcohol mounting medium with
DABCO anti-fade (Fluka). Cell morphology was determined by visualizing cells using a point
scanning laser confocal microscope (LSM 510 META) and analyzing cell length and cell

footprint area using Ziess Image Browser’s region of interest tool (ROI).

Cell adhesion. 5 x 10° cells were seeded in 96-well plates in triplicate and allowed to adhere for
indicated times. Cells were then fixed with PHEMO fixative and stained with crystal violet
(Fisher Scientific) in 2% ethanol for 10 minutes. Plates were washed 3x in H,O and then 2%
SDS was added for 30 minutes to reconstitute the remaining crystal violet. Absorbance was

measured on a 96-well plate reader at 590 nM (Humpbhries, 2009).
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Cell volume analysis. Cells were harvested by trypsinization, resuspended in FACS buffer (PBS
with 1% BSA and 0.01% Sodium Azide) and cell volume was measured by forward scatter

(FSC) on a FACSCanto II flow cytometer and analyzed with FlowJo software.

Motility analysis. Cells were seeded into 35 mm x 10 mm cell culture dishes (Corning) and
allowed to grow until confluent. Initiation of migration was achieved by scratching confluent
cells with a p10 pipette tip. Motility was measured on a Ziess Axiovert 200m microscope
mounted with a Perkin Elmer Ultraview ERS enclosed in a heated chamber (37°C) with 5% CO,
injection. Images were acquired every 10 minutes for at least 15 hours (Liang et al., 2007). After
image acquisition, Volocity software was used to determine percent wound closure at designated
time points and to analyze single cell tracks over time to obtain velocity and meandering index.
The meandering index is a direct measure of how straight a cell moves on a scale from 0 to 1,

where a meandering index of 1 is a straight line (displacement = distance).

Cell cycle analysis. Cells were seeded in 6-well plates, allowed to grow for 24 hours, harvested
and fixed. Cell cycle analysis was performed on a FACSCanto II flow cytometer after staining
with PI/RNase staining buffer (BD Pharmingen) for 30 minutes at room temperature (Krishan,

1975).

Motility cell cycle analysis. Cells were seeded in 6-well plates and allowed to grow to
confluency. A p10 pipette tip was used to make 8 parallel scratches or an 8 by 8 scratch grid in
order to mimic motility assay conditions and the release of cells from contact inhibition. After 12
hours of migration was allowed to occur in a 37°C incubator, the cells were harvested and cell

cycle was analyzed as above.

Doubling time analysis. 5 x 10* cells were seeded in 6-well plates and then cells were

trypsinized and counted on a hemocytometer at indicated time points.

Retroviral transduction. ®NX-Ecotropic packaging cell lines (Nolan lab, Stanford University)

were transfected with a plasmid (pBabe-puro, Casp3 pBabe-puro or Casp3¢!%S pBabe-puro)
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using Lipofectamine (Invitrogen). Target MEFs were seeded in 6-well plates and allowed to
grow for 24 hours. Viral supernatants were collected and filtered through 0.45 pum syringe filters
(Pall) at 24, 28, and 32 hours and then replaced with fresh medium. At each time point, viral
supernatants were applied directly on target cells for infection using Polybrene Infection /
Transfection Reagent (Millipore). After 24 hours viral supernatants were removed from the
target cells and replaced with fresh medium for 24-72 hours. Once cells recovered from infection

they were selected with 2.5 pg/ml puromycin (Sigma).

Western blot analysis. Cells were harvested, lysed and subjected to western blot as previously
described (Johnson and Boise, 1999). Primary antibody to Casp3 (Cell Signaling) was used.
Actin (Sigma) was used as a loading control and was visualized as previously described (Johnson

and Boise, 1999).

Caspase activity assay. Cells were seeded and allowed to grow for 24 h. Then medium was
removed and replaced with complete medium or serum (FBS) free medium and cells were
collected after 48 h. Caspase activity was determined using a colorimetric caspase activity assay

kit (Invitrogen).

Flow cytometry for integrin expression. Cells were collected and stained with a FITC
conjugated integrin -1 antibody (Molecular Probes) or a FITC conjugated IgG isotype control
(BioLegend) in FACS buffer for 15 minutes at 4°C. Cells were then washed, resuspended in
FACS buffer and analyzed by flow cytometry.

Cell spreading. Cells were harvested, washed and incubated under serum-free conditions +
brefeldin A at 37°C for 4 hours. Cells were resuspended in Hanks’ Balanced Salt Solution
(HBSS, Cellgro) + brefeldin A and seeded onto glass coverslips with or without fibronectin
coating. Plates were incubated at 37°C for 1 hour and then cells were fixed, permeabilized when
indicated, stained with phalloidin, DAPI and either an antibody for P-FAK (Sigma) or

fibronectin (Sigma). Cells were then mounted and visualized as described above.
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Fibronectin secretion and production analysis. Cell spreading assays were performed as
described above with equal cell numbers that were plated on to plastic petri dishes. Medium was
collected for soluble fibronectin secretion analysis by a fibronectin ELISA kit (Abcam) and cells

were collected and lysed for intracellular fibronectin production by ELISA.

Lentiviral transduction and fibronectin knockdown. 293T packaging cell lines were
cotransfected with a plasmid (pLKO-TET-on, or pLKO-TET-on-shFibronectin) and two helper
plasmids using Lipofectamine (Invitrogen). Target MEFs were seeded in 6-well plates and
allowed to grow for 24 hours. Viral supernatants were collected and filtered through 0.45 pm
syringe filters (Pall) at 24, 28, and 32 hours and then replaced with fresh medium. At each time
point, viral supernatants were applied directly on target cells for infection using Polybrene
Infection / Transfection Reagent (Millipore). After 24 hours viral supernatants were removed
from the target cells and replaced with fresh medium for 24-72 hours. Once cells recovered from
infection they were selected with 2.5 pg/ml puromycin (Sigma). Fibronectin knockdown was
accomplished by growing cells in 5 pg/ml doxycycline (Sigma) for 72 hours prior to

experiments.

Cell death assays. Cells were seeded in 6-well plates and treated as indicated. After the
indicated time points, medium and adherent cells were harvested, washed with PBS and stained
with annexin V-FITC (Biovision) and propidium iodide (PI, Sigma) as previously described
(Johnson and Boise, 1999). Cell death was determined by flow cytometry on a BD FACSCanto

IT system with FACSDiva software and data was analyzed with FlowJo.

Statistics. Student’s t-test was performed using GraphPad Prism software and statistical

significance was determined by p < 0.05.
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Figure 1. Caspase-3 regulates morphology and adhesion. (A-C) MEFs were grown on

32

fibronectin coated glass coverslips for 24 hours, fixed and stained with phalloidin and DAPI. (A)
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Casp3’- MEFs display an elongated morphology. Cell morphology was determined by confocal
fluorescent microscopy. Data representative of at least 3 independent experiments. 40x scale bar
50 pm, 100x scale bar 20 um. (B) Casp3”- MEFs have a cell footprint in contact with the ECM
that is comparable in size to WT MEFs. Area of contact was quantitated using LSM 510 META
software and are presented as mean + SEM of > 30 individual cells from at least 3 independent
experiments. (C) Casp3”- MEFs have a longer cell length compared to WT MEFs. Cell length
was quantified using LSM 510 META software and are presented as mean + SEM of > 30
individual cells from at least 3 independent experiments. (*** p < 0.0001) (D) Casp3”- MEFs
have the same cell volume as WT MEFs. Cell volume was analyzed by flow cytometry on the
FSC channel. Data representative of at least 3 independent experiments. (E) Casp3”- MEFs
adhere at a faster rate than WT MEFs. MEFs were allowed to adhere for indicated times and
crystal violet staining was quantitated as described in methods. Data presented as mean + SEM

of at least 3 independent experiments.
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Figure 2. Caspase-3 regulates migration. (A, B) MEFs were grown to confluency, plates were
wounded and then analyzed by time-lapse microscopy for at least 15 hours. (A) Casp3”’- MEFs
display defective wound closure. Data representative of at least 3 independent experiments. (B)
Data quantitated using Volocity software and presented as mean + SEM of at least 3 independent

experiments.
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Figure
3. WT and Casp3’- MEFs have comparable rates of proliferation. (A) MEFs were grown for 24
hours and cell cycle was analyzed by PI staining. Data presented as mean + SEM of at least 3
independent experiments. (B) Casp3”- and WT MEFs display comparable amounts of
proliferation when migration is stimulated. MEFs were grown to confluency, scratched with 8

parallel scratches or a grid of 16 scratches. After 12 hours of migration, cell cycle was analyzed



37

by PI staining. Data presented as mean + SEM of at least 3 independent experiments. (C)
Casp3”- and WT MEFs proliferate at the same rate. Doubling time was analyzed by cell counting

at indicated times. Data presented as mean + SEM of at least 3 independent experiments.
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Figure
4. Casp3”- MEFs display a decrease in average velocity and directional migration. (A) Single cell
tracks of approximately 10 hours were analyzed using Volocity software, representative (upper
panels) and total (lower panels) tracks are shown. (B, C) Data quantified and presented as mean
+ SEM of at least 36 individual cells from at least 3 independent experiments. (* p = 0.03, *** p

<0.0001)
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Figure

5. Caspase-3 regulates morphology and migration through a mechanism that is independent of its

catalytic activity. (A) Casp3”- MEFs were reconstituted with Casp3 or Casp3¢'%* and caspase-3

expression was analyzed by western blot. (B) Casp3¢!%S does not function as a catalytic caspase.

DEVDase activity was measured after 48 hours of serum withdrawal. Data presented as mean +
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SEM of at least 3 independent experiments. (C, D) Casp3-- C3 and Casp3”- C3¢'93 MEFs revert
to a WT morphology. MEFs were fixed, stained with phalloidin and DAPI, scale bar 20 um.
Data quantitated using LSM 510 software and are presented as mean = SEM of at least 30
individual cells from at least 3 independent experiments. (E) Casp3”- C3 and Casp3-- C3¢1638
MEFs revert to a WT migration phenotype. MEFs were grown to confluency, plates were
wounded and then analyzed by time-lapse microscopy for at least 15 hours. Data quantitated
using Volocity software and are presented as mean + SEM of at least 3 independent experiments.
(F-H) Casp3”- C3 and Casp3-- C3¢!95 MEFs revert to a WT average velocity and directional
migration. Single cell tracks of approximately 10 hours were analyzed using Volocity software,
total tracks shown and are presented as mean = SEM of at least 36 individual cells from at least 3

independent experiments. (** p < 0.01, *** p < 0.0001)
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Figure

6. Caspase-3 regulates the secretion of fibronectin. (A) WT and Casp3”- MEFs have similar

levels of cell surface integrin 3-1 protein expression. Cells were collected and stained with a

FITC conjugated integrin -1 antibody or a FITC conjugated IgG isotype control and analyzed

by flow cytometry. Flow cytometry representative of 3 independent experiments, WT MEFs
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isotype control (black), WT MEFs anti-integrin (green), Casp3”- MEFs isotype control (grey),
Casp3’- MEFs anti-integrin (red). (B, C) Casp3”- MEFs adhere to and spread on uncoated glass
coverslips at a faster rate than WT MEFs. (B) MEFs were subjected to serum withdrawal +
brefeldin A for 4 hours and then allowed to adhere + brefeldin A for 1 hour. Cells were fixed,
permeabilized and stained with phalloidin, DAPI and antibodies for P-FAK. Scale bar 20 pum.
(C) MEFs were subjected to serum withdrawal for 4 hours and then allowed to adhere for 1 hour.
Cells were fixed without permeabilization and stained with phalloidin, DAPI and antibodies for
either fibronectin or P-FAK. Data representative of at least 3 independent experiments. Scale bar
20 um. (D) Casp3”- MEFs secrete an increased amount of fibronectin. MEFs were subjected to
serum withdrawal for 4 hours + brefeldin A and then allowed to adhere for 1 hour + brefeldin A.
Supernatants and cells were collected and analyzed for fibronectin by ELISA. Data presented as
mean + SEM of at least 3 independent experiments. (E) Knockdown of fibronectin blocks the
ability of Casp3”’- MEFs to spread. Casp3” pLKO or Casp3-- shFN MEFs were treated for 72
hours + doxycycline. Cells were then trypsinized, subjected to serum withdrawal for 4 hours and
then allowed to adhere for 1 hour + fibronectin coating (upper panel) or were collected and
analyzed for fibronectin by ELISA (lower panel). Data presented as mean = SEM of at least 3

independent experiments. (* p < 0.05, ** p < 0.01)
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Figure 7. Caspase-3 regulates the apoptotic threshold of cells through adhesion and independent
of caspase-7. (A, B) MEFs were seeded into + polyHEMA coated plates (+/- A) in medium +
serum (+/- S). At the indicated times, cell death was analyzed by annexin V staining. Data
presented as mean = SEM of at least 3 independent experiments. (A) Casp3”- MEFs are protected
from serum withdrawal-induced cell death, however they are not protected from death induced
by anoikis. (B) Caspase-3 regulates the apoptotic threshold of the cell through adhesion,
independent of caspase-7. C37-C7”- MEFs die in a similar manner to C3"- MEFs during serum

withdrawal and/or anoikis.
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Figure

8. Fibronectin protects WT and C3”- C3 MEFs from serum withdrawal-induced cell death. MEFs

were seeded into plates coated with increasing concentrations of fibronectin in serum free

medium. After 24 hours, cell death was analyzed by annexin V staining. Data presented as mean

+ SEM of at least 3 independent experiments. (statistics compared to serum withdrawal, * p <

0.01)
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Abstract

Caspases are required for execution of apoptosis. However, in their absence, signals that typically
induce apoptosis can still result in cell death. Our laboratory previously demonstrated that Casp3-
deficient mouse embryonic fibroblasts (MEFs) have increased fibronectin (FN) secretion, and an
adhesion-dependent survival advantage compared to wild type (WT) MEFs. Here, we show that
FN is required for survival of Casp3-deficient MEFs following serum withdrawal. Furthermore,
when FN is silenced, serum withdrawal-induced death is caspase-independent. However,
procaspase-7 is cleaved, suggesting that MOMP is taking place. Indeed, in the absence of FN,
cytochrome c release is increased following serum withdrawal in Casp3-deficient MEFs. Yet death
does not correspond to cytochrome ¢ release in Casp3-deficient MEFs. This is true both in the
presence and absence of FN. Additionally, caspase-independent death is inhibited by Bcl-Xp
overexpression. These findings suggest that Bcl-X1 is not inhibiting death through regulation of
Bax/Bak insertion into the mitochondria, but through a different mechanism. One such possibility
is autophagy and induction of autophagy is associated with caspase-independent death in Casp3-
deficient cells. Importantly, when ATGS is ablated in Casp3-deficient cells, autophagy is blocked
and death is largely inhibited. Taken together, our data indicate that Casp3-deficient fibroblasts
are incapable of undergoing canonical serum withdrawal-induced apoptosis and are protected from

autophagy-dependent death by FN-mediated adhesion.



1 Introduction

Caspases are a highly conserved family of cysteine-dependent aspartate-specific proteases
that are an integral part of apoptosis (Creagh and Martin, 2001;Kumar, 2007;Li and Yuan,
2008;Shalini et al., 2015;Julien and Wells, 2017). The intrinsic apoptotic pathway
ultimately results in the activation of executioner caspases, at which point the enzymes
complete apoptosis (Danial and Korsmeyer, 2004;Taylor et al., 2008;Fuchs and Steller,
2011;Green and Llambi, 2015;Galluzzi et al., 2018). Upon a death signal, such as growth
factor deprivation, Bcl-2 family proteins regulate insertion of Bax/Bak channels into the
mitochondria, resulting in mitochondrial outer membrane permeabilization (MOMP) and
the release of mitochondrial contents, including cytochrome ¢ (Korsmeyer et al., 2000; Wei
et al., 2001;Letai et al., 2002;Kuwana et al., 2005). When released into the cytoplasm,
cytochrome c triggers the formation of the apoptosome, a protein complex composed of
multiple molecules each of apoptotic protease-activating factor 1 (APAF-1) and the
zymogen procaspase-9. Upon recruitment to the apoptosome, the molecules of procaspase-
9 become activated by proximity to one another and cleave the zymogens procaspase-3 and
procaspase-7, thereby giving rise to their catalytically active forms (Li et al., 1997;Zou et
al., 1997;Srinivasula et al., 1998;Boatright et al., 2003). Caspase-3 and caspase-7 proceed
to perform internal demolition of the cell, through the selective proteolytic cleavage of
hundreds of proteins (Creagh and Martin, 2001;Kumar, 2007;Luthi and Martin, 2007;Dix
et al., 2008;Li and Yuan, 2008;Mahrus et al., 2008;Shalini et al., 2015;Julien and Wells,
2017).

Our laboratory previously demonstrated that in MEFs, procaspase-3 negatively

regulates fibronectin (FN) secretion, which impacts cell adhesion, migration, and survival

48



(Brentnall et al., 2014). FN is an essential component of the extracellular matrix (Johansson
et al., 1997;Plow et al., 2000;Pankov and Yamada, 2002a). Adherent cells receive
prosurvival signals via integrins bound to FN and depend on integrin-fibronectin binding
for survival (Plow et al., 2000;Horton et al., 2015;Kechagia and Ivaska, 2019). Procaspase-
3 regulation of FN secretion is distinct and independent from the executioner function of
caspase-3 in apoptosis. Furthermore, we determined that cell survival in the absence of
Casp3 occurred in an adhesion-dependent manner (Brentnall et al., 2014). However, it
remains unclear whether FN is necessary for this cell survival.

Here we show that FN is required for survival of Casp3-deficient cells in the
absence serum. Additionally, we demonstrate that cells lacking Casp3 die following serum
withdrawal through a caspase-independent mechanism when FN is absent. Furthermore,
we show that this caspase-independent death involves induction of autophagy and is
blocked by inhibition of autophagy. Taken together, these data indicate that when serum
withdrawal-induced apoptosis is inhibited by loss of Casp3, cells become more dependent

on FN-mediated adhesion that blocks an autophagy-dependent death pathway.

2 Results

Fibronectin is required for survival of Casp3-deficient cells following serum
withdrawal

Our previous study demonstrated that Casp3-deficient (Casp3”") mouse embryonic
fibroblasts (MEFs) secrete higher levels of FN than wild type (WT) MEFs, and that their
survival advantage following serum withdrawal is dependent on cell adhesion (Brentnall
et al., 2014). However, we never tested if this dependence is mediated by FN. Therefore,

to determine the role of FN in the survival of cells lacking Casp3, we examined the effect
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of FN silencing on serum withdrawal-induced death in WT and Casp3”~ MEFs.
Specifically, we employed a doxycycline (Dox)-inducible shRNA expression system
(shFN) to knockdown FN, as previously described (Brentnall et al., 2014) followed by
serum withdrawal. A schematic of the experimental design is provided in Figure 1A. Dox-
induced FN knockdown was confirmed by western blot in both WT and Casp3~ (Fig. 1B).
Cell death was analyzed via annexin V-propidium iodide (PI) staining and flow cytometry,
and was defined as annexin V+, and/or PI+, (Fig S1). WT pLKO MEFs (control cells
containing empty vector) exhibited baseline cell death of 5.31%=+1.13% when seeded in
medium containing serum (Fig. 1C). Death significantly increased following serum
withdrawal (32.52%+2.47%) (Fig. 1C). Serum withdrawal-induced death was partially
inhibited when exogenous FN was supplied (22.12%+1.87%) (Fig. 1C). Dox
administration had no effect on serum withdrawal-induced death in WT pLKO MEFs in
the absence or presence of exogenous FN (Fig. 1C). Importantly, serum withdrawal-
induced death was nearly identical in WT shFN MEFs when Dox was not administered,
consistent with a tightly regulated inducible system. However, Dox-induced FN silencing
led to significantly increased death due to serum withdrawal in WT shFN MEFs
(48.36%+2.22%) (Fig. 1C). This change is due to an on-target effect, as the death
phenotype was significantly inhibited by exogenous FN (Fig. 1C). Casp3”- pLKO MEFs
displayed baseline death of 2.22%+0.22% when cultured in medium containing serum (Fig.
1D). Consistent with our previous findings with Casp3”’~ MEFs (Brentnall et al.,
2013;Brentnall et al., 2014), Casp3”- pLKO MEFs are more resistant to serum withdrawal-
induced death than their WT counterparts, and addition of exogenous FN resulted in a

minimal, yet statistically significant decrease in death (Fig. 1D). Administration of Dox
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had no effect on cell death in Casp3”-pLKO MEFs, and again in the absence of Dox, shFN
had no effect. However, silencing resulted in a significant increase in serum withdrawal-
induced death for Casp3”- shFN MEFs, reaching 26.62%+0.97% (Fig. 1D). Thus, FN
knockdown ablates the resistance of Casp3” MEFs to serum withdrawal. Importantly,
when FN was knocked down and exogenous FN was supplied, the protection from cell
death seen in Casp3”- MEFs was restored, with death reduced to baseline serum withdrawal
levels (Fig. 1D). Therefore, FN is required for the protection from serum withdrawal seen

in Casp3-deficient MEFs.

In the absence of fibronectin, serum withdrawal-induced death is caspase-
independent in Casp3-deficient MEF's

Since we determined that cell survival in the absence of Casp3 is dependent upon FN, we
wanted to further delineate the mechanism of cell death and whether this cell death is
caspase-dependent. To this end, we included the pan-caspase inhibitor Q-VD-OPh (10uM)
or a DMSO control in 24hr serum withdrawal experiments (Fig. 2). WT and Casp3”- MEFs
containing the Dox-inducible shFN were seeded in media with or without serum, in the
absence or presence of Dox, and in the absence or presence of Q-VD-OPh. WT shFN MEFs
displayed baseline death of 5.32%=+0.94% when grown in the presence of serum (Fig. 2A).
Death rose to 39.48%+2.14% following serum withdrawal (Fig. 2A top panel). Death due
to serum withdrawal was blocked by Q-VD-OPh, dropping to 20.58%+3.87% (Fig. 2A).
In agreement with previous findings, serum withdrawal-induced cell death increased to
62.10%=3.44% when FN was knocked down. Death decreased to 26.30%+4.56% with the

addition of Q-VD-OPh (Fig 2A). These data are consistent with a role for caspases in serum
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withdrawal-induced apoptosis. In contrast, caspase inhibition had no effect on death due to
serum withdrawal in Casp3”~ MEFs both with and without endogenous FN (Fig. 2B).
Casp3”~ MEFs grown in medium containing serum exhibited baseline death of
4.40%+1.06% (Fig. 2B). Death increased to 16.80%+0.74% following serum withdrawal
and was unaffected by addition of Q-VD-OPh (Fig. 2B). In the absence of FN, cell death
was increased following serum withdrawal. However, in contrast to WT cells this was
unaffected by Q-VD-OPh, suggesting that death is caspase-independent. To assure caspase
activity was inhibited, we performed western blot analysis of caspase-3 and caspase-7 in
the absence and presence of Q-VD-OPh (Fig. 2C). As expected, in WT shFN MEFs that
were not administered Dox, cleavage of both procaspase-3 and -7 was evident under serum
withdrawal (Fig. 2C left panel). Cleavage of both procaspase-3 and -7 was significantly
inhibited when Q-VD-OPh was added under these conditions (Fig. 2C left panel). The
amount of procaspase-3 and -7 cleavage under serum withdrawal increased when FN was
knocked down, as compared to control (Fig. 2C left panel). This cleavage was also
significantly inhibited in the presence Q-VD-OPh (Fig. 2C left panel). Casp3”- shFN MEFs
displayed procaspase-7 cleavage when serum starved, and cleavage was reduced by Q-VD-
OPh administration (Fig. 2C right panel). Like WT shFN MEFs, Casp3”- shFN MEFs
exhibited an increased amount of procaspase-7 cleavage due to serum withdrawal when
FN was knocked down. Cleavage was inhibited by Q-VD-OPh when FN was knocked
down as it was when FN was at baseline (Fig. 2C right panel). These data indicate that
Casp3”~ MEFs subjected to FN knockdown and serum withdrawal die in a caspase-

independent manner. They are also consistent with our previous findings that caspase-7 is
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dispensable for serum withdrawal-induced death (Brentnall et al., 2013;Brentnall et al.,

2014).

Caspase-independent death following serum and fibronectin withdrawal results in
the induction of MOMP and is inhibited by Bel-Xy,

Cleavage of procaspase-7 in Casp3-deficient MEFs subjected to serum withdrawal when
FN is silenced implies that mitochondrial outer membrane permeabilization (MOMP) is
occurring. To explore this possibility, we examined how MOMP inhibition affects caspase-
independent cell death by overexpressing Bcl-Xi, a prosurvival member of the Bcl-2
protein family, in WT and Casp3-deficient MEFs. Cell lines containing a Bcl-Xp
expression vector or empty vector were generated (Fig. 3A) and seeded into media with or
without serum, in the absence or presence of Dox (Fig. 3B,C,D). To measure the degree of
MOMP in each set of conditions, we employed a flow cytometric cytochrome c¢ release
assay (Ryan et al., 2016). Representative flow cytometric plots are included in figure 3B.
Briefly, following permeabilization, staining, and fixing, intact cells were sorted by light
scatter characteristics, and changes in cytochrome c staining intensity were detected. Both
serum withdrawal-induced cell death and cytochrome ¢ release were measured in vector
control (pBABE) cells (Fig. 3C) and Bcl-X1. overexpressing cells (Fig. 3D). The antibiotic
alamethicin was used as a positive control for cytochrome c release. Under all conditions,
WT shFN pBABE cells displayed corresponding death and cytochrome c release. These
data are consistent with activation of the intrinsic apoptotic pathway following serum
withdrawal with inhibition of FN secretion resulting in increased intrinsic apoptotic

signaling. In contrast, in Casp3”" cells, death did not mirror cytochrome c release. In fact,
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there was no difference between cytochrome c release in WT and Casp3™ cells, while
significant differences were observed in cell death. This suggests that all of the differences
between the WT and Casp3™- cells occurs downstream of MOMP, a finding consistent with
loss of an effector caspase. However, when Bcl-X1. was introduced into the cells, it was
able to block both cytochrome c release and cell death regardless of caspase-3 expression
(Fig. 3D). Together, these findings suggest that in the absence of caspase-3, the caspase-
independent death that is observed is inhibitable by Bcl-X1.. One possibility is that the death
is due to MOMP itself. However, when FN is present, MOMP levels were high yet death
was low (Fig. 3C). Therefore, we investigated the role of an alternate Bcl-Xi-inhibitable

pathway, autophagy.

Induction of autophagy is associated with death in Casp3-deficient cells

To determine whether autophagy is occurring in Casp-3-deficient MEFs subjected to FN
knockdown and serum withdrawal, we measured lipidated-LC3B (LC3B-II) via western
blot (Fig. 4). Serum withdrawal resulted in an increase in LC3B-II in both WT (Fig. 4A,C)
and Casp3”- (Fig. 4B,D) cells and this was enhanced by FN silencing. Additionally, LC3B-
IT accumulation was blocked by Bcl-X1. overexpression. To assure that LC3B-II induction
was due to an increase in autophagy and not a decrease in autophagic flux, we repeated the
experiment in Casp3-deficient cells containing empty vectors (Casp3” shFN pPBABE LCv2
MEFs; defined below) and added bafilomycin A1 (Baf) (100nM) or a DMSO control for
the final 4 hours to block autophagosomal protein degradation. Baf addition resulted in
further increase in LC3B-II (Fig. S2A,B), indicating that the serum withdrawal-induced

changes were due to an increase in autophagy. LC3B-II was not observed in cells lacking
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ATGS5 (Casp3”- shFN ATG5”- 1 MEFs; defined below) under any conditions tested (Fig.
S2A). Baf administration had no effect on cell death in serum withdrawal experiments (Fig.
S2C). We next quantified the change in LC3B-II as per recommended methods (see
Materials and Methods) across several experiments. Interestingly, the increase in LC3B-II,
and by inference the induction of autophagy, was greater in the Casp3-deficient cells
following serum withdrawal both in the presence and absence of endogenous FN (Fig. 4).

To verify induction of autophagy, autophagic vacuolization was measured in WT
and Casp-3-deficient MEFs subjected to FN knockdown and serum withdrawal using
transmission electron microscopy (TEM) (Fig. 5). TEM images were captured and
autophagosomes, or early autophagic vacuoles, and autolysosomes, or late autophagic
vacuoles, were enumerated together and generally termed “autophagic vacuoles” (AVs).
Early autophagic vacuoles typically have a double membrane and intact cargo, while late
autophagic vacuoles typically have only one membrane and contain cargo at various stages
of degradation (Klionsky et al., 2021). AVs can be seen at baseline levels, as well as under
conditions of serum withdrawal, both with and without FN knockdown (Fig. 5). Consistent
with levels of LC3B lipidation, serum withdrawal resulted in elevated numbers of
autophagic vacuoles (AVs) per cell in both WT and Casp-3-deficient MEFs (Fig. 5A,B).
In medium containing serum, WT and Casp-3-deficient MEFs had 5.00+1.10 and
6.20+0.73 AVs/cell, respectively (Fig. 5A,B). Under conditions of serum withdrawal, WT
MEFs displayed 14.60+1.70 and Casp-3-deficient MEFs showed 30.00+4.90 AVs/cell
(Fig. 5A,B). The number of AVs was further increased to 57.80+7.50 by FN knockdown
in Casp-3-deficient MEFs subjected to serum withdrawal, which also corroborates with

LC3B lipidation data (Fig. 5A,B) The trend of increased autophagy due to FN knockdown
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under serum withdrawal appears in WT MEFs, with 19.8041.32 AVs/cell, but there is not
a statistically significant difference compared to serum withdrawal without FN knockdown
(Fig. 5A,B). Taken together, these data are consistent with the concept that autophagy is
limited by the induction of apoptosis and suggests that autophagy is unchecked in the
Casp3-deficient MEFs. This raised the possibility that the caspase-independent death that

occurs under these conditions is due to excess autophagy.

Autophagy inhibition blocks death in Casp3-deficient cells

Since we had demonstrated that both cell death and the amount of autophagy induced by
serum withdrawal in Casp-3-deficient MEFs increase significantly when FN is knocked
down, we investigated whether autophagy is required for cell death under conditions of FN
knockdown and serum withdrawal. In order to test this, we used CRISPR-Cas9 to knock
out Autophagy Related Gene 5 (ATGS) (Fig. 6A). A single cell clone containing the empty
vector (Casp3”- shFN pBABE LCv2 MEFs) was used as a control. Additionally, a single
cell clone that received the vector containing a single guide RNA (sgRNA) but did not have
ATGS5 knocked out (Casp3”~ shFN pBABE ATG5"*) was used as an additional control.
Two single cell clones that received the same sgRNA as the Casp3”- shFN pBABE
ATGS5"" MEFs but lost ATG5 (Casp3”- shFN pBABE ATG5”* 1 and Casp3”- shFN
pBABE ATG5”- 2 MEFs) were tested to determine the effect of ATGS5 knockout on serum
withdrawal with and without endogenous FN. Consistent with Figure 4, following serum
withdrawal, Casp3-deficient MEFs that retained ATGS5 showed patterns of LC3B-II

consistent with induction of autophagy (Fig. 6B,C). In contrast, in both ATG5-deficient
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clones, serum withdrawal-induced autophagy was completely blocked as evidenced by a
complete block in LC3B lipidation (Fig. 6B). Importantly, ATGS loss and autophagy
induction resulted in a complete block of cell death in FN-silenced cells following serum
withdrawal (Fig. 6D). To ensure that loss of the autophagic function, and not an alternate
function, of ATGS is responsible for blockade of cell death, we separately used CRISPR-
Cas9 to knock out a second gene required by the autophagy pathway, Autophagy Related
Gene 7 (ATG7). A population of cells that grew out following infection and selection as a
bulk culture containing the empty vector (Casp3”- shFN pBABE LCv2 Bulk MEFs) was
used as a control, and a similarly selected population of ATG7 knockout cells (Casp3™-
shFN pBABE ATG77) were tested. Following serum withdrawal, Casp3-deficient MEFs
expressing ATG7 displayed LC3B-II levels corresponding to autophagy induction (Fig.
S3A,B). Conversely, in ATG7 knockout cells, serum withdrawal-induced autophagy was
almost completely blocked, as indicated by a nearly total loss of LC3B lipidation (Fig.
S3A,B). In agreement with results from ATGS5 knockout experiments, death in FN-silenced
cells following serum withdrawal was inhibited by ATG7 knockout (Fig. S3C). Taken
together, these data indicate that death due to serum withdrawal in Casp3-deficient MEFs

with diminished FN secretion requires autophagy.

3 Discussion

Apoptosis and autophagy have a complex connection (Maiuri et al., 2007;Eisenberg-Lerner
et al., 2009;Fuchs and Steller, 2015;Tsapras and Nezis, 2017). The two pathways share
molecular components, can be triggered by the same stimuli, and are capable of interacting
in several distinct ways (Maiuri et al., 2007;Eisenberg-Lerner et al., 2009;Fuchs and

Steller, 2015;Song et al., 2017;Tsapras and Nezis, 2017). They can work in collaboration
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(Espert et al., 2006;Ravikumar et al., 2006;Scott et al., 2007;Pan et al., 2020), as well as in
opposition to one another (Boya et al., 2005;Y ousefi et al., 2006;Zhu et al., 2010;Tiwari et
al., 2011;Pagliarini et al., 2012;Fitzwalter et al., 2018). Additionally, although autophagy
most often serves as a cytoprotective process (Komatsu et al., 2006;Colell et al., 2007;Sun
et al., 2013), it can also function as a killing mechanism under certain conditions, including
when a cell is incapable of performing apoptosis (Shimizu et al., 2004;Yu et al., 2004;Lum
et al., 2005;Pattingre et al., 2005;Yu et al., 2006;Lamy et al., 2013;Kim et al., 2018;Denton
and Kumar, 2019;Nassour et al., 2019;Zhou et al., 2019). Bax/Bak-deficient MEFs were
found to undergo a non-apoptotic cell death program that is dependent upon autophagic
proteins when treated with etoposide (Shimizu et al., 2004). Additionally, bone marrow-
derived IL-3-dependent Bax/Bak-deficient mouse cells activate autophagy and ultimately
succumb to cell death, when withdrawn from IL-3 (Lum et al., 2005). Furthermore, zZVAD
was demonstrated to induce autophagic cell death in L929 cells when caspase-8 expression
was decreased (Yu et al., 2004). In this study, we demonstrate that cells lacking Casp3
become dependent on FN for survival following serum withdrawal, and cells undergo non-
apoptotic, autophagy-dependent death.

Our laboratory previously showed that procaspase-3 is a negative regulator of FN
secretion and impacts adhesion, migration and survival independent of catalytic function
(Brentnall et al., 2014). Introduction of WT or a catalytically inactive mutant caspase-3
reversed the adhesion and migration phenotypes seen in Casp3 deficient MEFs (Brentnall
et al., 2014). Additionally, we showed that casp3-deficient MEFs have an adhesion-
dependent survival advantage over WT MEFs following serum withdrawal (Brentnall et

al., 2014). However, introduction of a catalytically inactive mutant caspase-3, had no effect
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on survival of Casp3 deficient MEFs following serum withdrawal (Ponder and Boise,
2019). These data indicate that loss of caspase-3, and not the effects on increased FN
secretion were primarily responsible for increased cell survival. The change in FN secretion
due to procaspase-3 loss was only a two-fold change (Brentnall et al., 2014). In the current
study we investigated the effect of loss of FN on the survival of Casp3-deficient MEFs.
Here, we show that in Casp3-deficient MEFs, FN is required for protection from caspase-
independent death following serum withdrawal. These findings agree with previous data
showing that caspase-7 is dispensable for this death mechanism (Brentnall et al., 2013).
Following serum withdrawal, autophagy is induced in Casp3-deficient cells, and cells
survive. Interestingly, when FN is silenced, autophagy increases significantly, and death
occurs. This raises the possibility that death is contingent upon autophagy. Importantly,
blocking autophagy inhibits serum withdrawal-induced death in Casp3-deficient cells,
indicating that death is indeed autophagy-dependent.

In WT MEFs, serum withdrawal triggers MOMP, as well as autophagy signaling.
MOMP leads to activation of caspase-3, which in turn both inhibits autophagy and
completes apoptosis. Inhibition of autophagy by caspase-3 is well documented (Norman et
al., 2010;Zhu et al., 2010;Pagliarini et al., 2012). Therefore, it is reasonable to postulate
that loss of caspase-3 not only blocks apoptosis, but releases constraints on autophagy. Our
model (Fig. 7) posits that serum withdrawal of Casp3-deficient MEFs stimulates MOMP
and induces an increased amount of autophagy. However, these cells survive serum
withdrawal, primarily because they cannot complete canonical apoptosis due to their lack
of caspase-3. Importantly, in the absence of FN, serum withdrawal induces still more

autophagy, and under these conditions cell death occurs. Thus, in Casp3-deficient
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fibroblasts, FN blocks death that results if autophagy proceeds unhampered.

In WT MEFs, increased autophagy is observed under conditions of serum
withdrawal in the absence of FN compared to serum withdrawal in its presence, It might
be predicted from our model that increased activated caspase-3 under these conditions
would result in the opposite. However, there is evidence that autophagy induction occurs
when integrin-mediated cell attachments to ECM are lost (Fung et al., 2008;Chen and
Debnath, 2013;Vlahakis and Debnath, 2017). Furthermore, autophagy has been
demonstrated to be protective against detachment-induced apoptosis (Fung et al.,
2008;Vlahakis and Debnath, 2017). Therefore, it stands to reason that the increase in
autophagy observed in serum withdrawn WT MEFs lacking FN compared to those
retaining FN is being contributed by a subpopulation of cells that are surviving.

These findings open up several important questions. For example, how exactly are
Casp3-deficient cells in the absence of FN dying following serum withdrawal? Cells may
be undergoing autophagy-dependent cell death, but not death directly caused by autophagy
itself. Autophagy may be activating another death pathway that ultimately kills the cell.
Evidently, cells are not dying via necroptosis, as death was not blocked by RIPK3
inhibition (data not shown). Furthermore, a lack of membrane disruption is observed under
these experimental conditions (Fig. S4). Although we have not ruled out ferroptosis or
pyroptosis, based on this finding, it is unlikely that either is involved.

Additionally, how does FN protect Casp3-deficient cells from death? Perhaps
Casp3-deficient cells are resistant to loss of one prosurvival signal, i.e., serum or FN
signaling, but are not capable of withstanding the loss of both signals. Excessive autophagy

may result when both survival signals are lost. Alternatively, FN signaling via integrins
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may modulate the cellular response to serum withdrawal. Crosstalk between integrins and
growth factor receptors are important signaling mechanisms (Brooks et al., 1997;Schneller
et al., 1997;Mattila et al., 2005). Coupling integrin signaling and growth factor receptor
signaling is crucial for cultivating the appropriate cellular response for a given context
(Brooks et al., 1997;Schneller et al., 1997;Mattila et al., 2005). The autophagy signal
received by cells due to the absence of growth factors may be dampened by FN signaling.
Possible signaling pathways involved include Ras-Raf-MEK-ERK and PI3K/Akt. In
contrast, the level of autophagy induced by serum withdrawal in the absence of FN may be
the same as in its presence, but the signal is never turned off, resulting in excessive
autophagy. Furthermore, although the prosurvival signal arising from FN is almost
definitely mediated by integrins, it is not clear which integrins are involved. At least a
dozen integrin dimers bind FN (Plow et al., 2000). We have previously shown that Casp3-
deficient MEFs have cell surface expression of integrins 31 and 33 (Brentnall et al., 2014).
Whether an individual integrin dimer or a combination of integrin dimers binds FN under
experimental conditions is yet to be determined.

Taken together, our data demonstrate that loss of Casp3 results in cellular
dependence on FN for protection from autophagy-dependent death. This may have
implications in disease settings, such as cancer, where adhesion, autophagy and cell death
all play crucial roles. It would be expected that cancer cells would lose caspase-3, as a
means of evading apoptosis, yet this is rarely the case (Jiger and Zwacka, 2010a). In fact,
caspase-3 expression has been found to be elevated in a number of cancer types (Yoo et
al., 2002;0'Donovan et al., 2003;Patel et al., 2015). Perhaps losing caspase-3 would leave

cells vulnerable to excessive autophagy. Autophagy has complicated and sometimes
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diametrically opposed roles in cancer (Boya et al., 2005;Degenhardt et al., 2006;Y ousefi
et al., 2006;Karantza-Wadsworth et al., 2007;Levy et al., 2017). A number of studies
suggest autophagy serves as a barrier against oncogenesis (Takamura et al., 2011;Belaid et
al., 2013;Rosenfeldt et al., 2013;Dou et al., 2015;Wang et al., 2016). Conversely,
compelling evidence supports a role for autophagy in survival of established cancer cells
(Boya et al., 2005;Degenhardt et al., 2006;Karantza-Wadsworth et al., 2007;Altman et al.,
2014;Masui et al., 2016;Kun et al., 2017). Genes encoding central components of the
autophagy pathway are generally not lost or mutated in cancer (Lebovitz et al.,
2015;Amaravadi et al., 2016;Yang and Klionsky, 2020). However, these types of mutations
do occur in specific cancer types (Liang et al., 1999;Qu et al., 2003;Lebovitz et al., 2015).
Heterozygous deletion of beclin 1 is found in 40-75% of sporadic breast, ovarian and
prostate cancer (Liang et al., 1999;Qu et al., 2003). Three core autophagy genes,
RB1CCI1/FIP200, ULK4, and WDR45/WIPI4, were found to be under positive selection
for somatic mutations in endometrial carcinoma (Lebovitz et al., 2015). This is also true of
ATGT7 in clear cell renal carcinoma (Lebovitz et al., 2015). Frameshift mutations in
ATG2B, ATGS, ATGY9B, and ATG12 were found in more than a quarter of gastric and
colorectal cancers with microsatellite instability (Kang et al., 2009). The significance of
these recurrent mutations in certain cancer types is yet to be determined. Perhaps restricting
autophagy in tumor cells where autophagy is already very high provides protection from
death. It has been suggested that autophagy might cause cancer cell death (Baehrecke,
2005). Additionally, a number of cancer therapies induce autophagy (Bursch et al.,
1996;Kanzawa et al., 2004;Opipari et al., 2004;Shao et al., 2004;Eum and Lee,

2011;Natsumeda et al., 2011). When administered low doses of estrogen agonists, MCF-7
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breast cancer cells, one of the few cancer cell lines lacking caspase-3, were shown to have
extensive autophagosome formation and die by a nonapoptotic mechanism (Bursch et al.,
1996). We tested these cells and determined that they also induce autophagy upon serum
withdrawal. However, in contrast to the MEFs used in this study, they also die under these
conditions (data not shown). It remains to be determined if this is a difference due to
transformation or cell differentiation state. If it is related to cell transformation, it may
provide insight into the therapeutic window that exists for the use of autophagic inducers

in the treatment of cancer.

4 Materials and Methods

Cell culture
MEFs, ®NX-ecotropic, and HEK293T (American Type Culture Collection) cells were

cultured and split as previously described (Brentnall et al., 2014).

Retroviral transduction and generation of stable cell lines

ONX-ecotropic packaging cells were transfected with pPBABE-hygro (Addgene plasmid #
1765; empty or Bcl-Xi) using Lipofectamine 2000 (Invitrogen). Target MEFs were
retrovirally transduced as previously described (Brentnall et al., 2014). Once cells
recovered from infection, they were selected through hygromycin B (Calbiochem)

selection.

Lentiviral transduction and generation of stable cell lines
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HEK293T packaging cells were co-transfected with lentiCRISPR v2-Blast (Addgene
plasmid # 83480; empty, ATGS5-specific sgRNA [AAGATGTGCTTCGAGATGTG;
designed using crispr.mit.edu], or ATG7-specific sgRNA
[GAACGAGTACCGCCTGGACG; designed using crispor.tefor.net]), psPAX2 (Addgene
plasmid # 12260), and pMD2.G (Addgene plasmid # 12259) using jetPRIME transfection
reagent (Polyplus) according to the manufacturer's instructions. Fresh medium was added,
and cells were incubated for 48hr at 37°C in a humid incubator under 5% CO,. Target
MEFs were seeded on six-well plates and allowed to grow for 24 hours. Viral supernatents
were collected and filtered through 0.45um syringe filters (Pall), at 48 hours. Viral
supernatents were applied directly to target MEFs for infection using Polybrene
Infection/Transfection Reagent (Millipore). After 24 hours, viral supernatents were
removed and replaced with fresh medium. Once cells had recovered from infection, they

were selected with blasticidin (Thermo Fisher).

Western blot analysis

SDS/PAGE and western blot analysis were performed as previously described (Morales et
al., 2008). Primary antibodies against Caspase-3 (Cell Signaling #9662), Caspase-7 (Cell
Signaling #9492), Fibronectin (Abcam ab2413), Bcl-Xi (Cell Signaling #2764), LC3B
(Sigma L7543), ATGS (Cell Signaling #12994), ATG7 (Cell Signaling #8558) and actin

(Sigma A1978) were used.

FN knockdown and coating

64



To perform FN knockdown, 100 thousand MEFs were seeded in a 100mm cell culture dish
and cultured for 24 hours. Subsequently, where indicated, cells were administered 5Spg/ml
doxycycline (Sigma) for 48hr, then media and dox were replaced with fresh media and
dox, and cells were incubated for another 24hr (for a total administration period of 72hr).
FN coating was accomplished by adding phosphate buffered saline (PBS, Cellgro) and
human plasma fibronectin (Millipore) to six-well plates (Corning). Plates were incubated
for 4 hours at 37°C in a humid incubator under 5% CO,. PBS was removed immediately

prior to experiments.

Cell death assays

Cells were trypsinized for 5 minutes. Trypsin was inactivated using medium containing
serum. Cells were washed three times with serum-free medium, resuspended in serum-free
medium, counted, and 250 thousand cells were seeded into six-well cell culture plates,
treated as indicated and placed in cell incubator. After 24 hours, the cell supernatant and
floating cells were collected. Adherent cells were washed once with PBS, which was also
collected and combined with cell supernatant. Adherent cells were trypsinized for 5
minutes. Trypsin was inactivated using medium containing serum. Trypsin-medium
mixture containing cells was collected and combined with cell supernatant-PBS mixture.
Total mixture was centrifuged for 5 minutes, supernatant was discarded, and cells were
stained with annexin V-FITC (BioVision) and propidium iodide (PI, Sigma), as described
previously (Johnson and Boise, 1999). Cell death was determined by flow cytometry on a

BD FACSCanto II system with FACSDiva software, and data was analyzed with FlowJo.
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Cell death was defined as annexin V+, PI+, or annexin V+/PI+ (i.e., both types of single

positives, as well as double positives, are all considered dead; see Fig. S1).

Caspase inhibition assays
Inhibition of caspases was accomplished through administration of the pan-caspase

inhibitor Q-VD-OPh (BioVision) at a concentration of 10uM.

Cytochrome c release assay

After serum withdrawal, cells were collected, subjected to digitonin (0.001%) treatment,
fixed, stained with an Alexa Fluor 488 anti-cytochrome ¢ antibody (BD #560263), and
analyzed via flow cytometry. Where indicated, cells received alamethicin (15uM)
treatment concurrent with digitonin (0.001%) treatment, and served as positive controls.
Cytochrome c release was determined by flow cytometry on a BD FACSCanto II system

with FACSDiva software, and data was analyzed with FlowJo.

Densitometry and LC3B-II/actin quantification

LC3B-II/actin quantification and comparison were accomplished via methods widely used
to monitor autophagy (Klionsky et al., 2016). Briefly, Fiji software was used to calculate
OD values for LC3B-II and actin for each condition of three different western blots from
independent sets of lysates. The ratio of LC3B-II to actin (LC3B-II/actin) was expressed

as a fold change normalized to negative control cells.

Lysosomal acidification inhibition assay
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Acidification of the lysosome was inhibited through administration of the V-ATPase

inhibitor Bafilomycin A1 (Cell signaling) at a concentration of 100nM.

Necroptosis assay

MEFs were grown for 24 hours and subsequently administered doxycycline (Sigma) for 72
hours, as indicated. Cells were then trypsinized for 5 minutes. Trypsin was inactivated
using medium containing serum. Cells were then washed three times with serum-free
medium, seeded into six-well plates, and treated as indicated, including treatment with a
necroptosis-inducing cocktail consisting of the SMAC mimetic BV6 (0.5uM;
Calbiochem), TNFa (25ng/ml; Peprotech) and zVAD-fmk (25uM; Enzo). SYTOX Green
(Invitrogen) was included in all conditions as an indicator of necroptosis. Necroptosis was
determined by live-cell imaging on an IncuCyte Zoom system (Essen), data was analyzed

with IncuCyte Zoom software (Essen).

Transmission Electron Microscopy

Serum withdrawal was performed as described above (cell death assay section) up to but
not including centrifugation before annexin V-PI staining. Instead, cells were transferred
to a 1.5ml microcentrifuge tube and spun at 300rcf for 5 minutes. The supernatant was
discarded, cells were washed once in PBS, and spun again at 300rcf for 5 minutes. The
PBS wash was discarded and the cell pellet was fixed in a mixture of 2.5% glutaraldehyde
and 2% paraformaldehyde in 0.1 M cacodylate buffer at 4°C for 24 hours. After washing
with 0.1 M cacodylate buffer, cells were post-fixed with 1% osmium tetroxide for an hour,

washed with distilled water, and en bloc stained with 2% uranyl acetate for 30 minutes.
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The pellets were dehydrated in an ascending ethanol series ending in two changes of 100%
dry ethanol followed by two changes of propylene oxide. Cells were infiltrated with epoxy
resin starting with 1:1 mixture of epoxy resin and propylene oxide overnight, followed by
two changes of 100% resin over a day, then polymerized at 60°C for two days. The blocks
were thin sectioned (70 to 80 nm) using a diamond knife (Diatome, Hatfield, PA) and a
Leica Ultracut S ultramicrotome (Leica Microsystems Inc., Buffalo Grove, IL), and
collected onto 200 mesh copper grids. The sections were post stained in 5% Uranyl Acetate
and Reynold’s Lead Citrate. The sections were imaged using a JEOL JEM-1400
transmission electron microscope (TEM) (Tokyo, Japan) at 80kV. The images were
acquired at magnifications of 800X, 1200X, 5,000X and 10,000X, using a Gatan US1000
CCD camera (Gatan, Inc., Pleasanton, CA). Images of 5 cells from each of 8 conditions
were captured. Autophagic vacuoles (AVs) were enumerated by eye in each of these 40
cells. Images were coded before analysis, allowing for blinded enumeration. Autophagic
vacuoles (AVs) were counted manually. AVs were defined as circular structures enclosed
by at least one limiting membrane, containing cytoplasmic material and/or organelles at

various stages of degradation.

Statistics

Ordinary one-way ANOVA with Sidak’s multiple comparison testing was used to analyze
data from at least three independent experiments. Statistical analyses were used to compare
serum withdrawal conditions only (i.e., conditions including serum were not included in

analyses). Data are represented as mean =+ standard error of the mean.
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Fig. 1. FN is required for the survival of Casp3-deficient MEFs following serum
withdrawal. (A) Schematic of experimental design. (B) Cell lysates were analyzed via

western blot. (C) WT pLKO and WT shFN, and (D) Casp3”- pLKO and Casp3”~ shFN



MEFs were seeded in medium with or without serum, in the presence or absence of Dox
(5pg/ml), and incubated for 24 hr. Plates were coated with exogenous FN as indicated. Cell
death was analyzed via annexin V-PI staining and flow cytometry, and was defined as
annexin V+, PI+, or annexin V+/PI+ (Fig S1). Data are represented as mean + s.e.m. All
data are from at least three independent experiments. Ordinary one-way ANOVA of WT
pLKO: F =7.297, p = 0.0027; of WT shFN: F = 41.24, p < 0.0001; of Casp3”~ pLKO: F =
8.135, p = 0.0016; and of Casp3” shFN: F = 188.7, p < 0.0001. Sidak’s multiple

comparisons: *p <0.0360, **p = 0.0028, ****p < 0.0001.
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Fig. 2. In the absence of FN, serum withdrawal results in caspase-independent cell

death in Casp3-deficient MEFs. (A) WT shFN and (B) Casp3~~ shFN MEFs were seeded

in medium with or without serum, in the absence or presence of Dox (5ug/ml), in the

absence or presence of Q-VD-OPh (QVD, 10uM), and incubated for 24hr. Cell death was

analyzed via annexin V-PI staining and flow cytometry. (C) Cell lysates were analyzed via

western blot. Data are represented as mean + s.e.m. All data are from at least three

independent experiments. Ordinary one-way ANOVA of WT shFN: F =26.08, p <0.0001;

of Casp3” shFN: F = 46.92, p < 0.0001. Sidak’s multiple comparisons: *p = 0.0121, **p

=0.0033, ****p < (0.0001.
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Fig. 3. Cytochrome c release is independent of serum withdrawal-induced death in
Casp3-deficient MEFs. (A) WT shFN and Casp3”- shFN MEF cell lines with empty
expression vector pBABE-hygro (pBABE) or vector containing Bcl-Xi were generated
(WT shFN pBABE, WT shFN Bcl-Xi, C37- shFN pBABE, and C37~ shFN Bcl-Xy). Cell

lysates were analyzed via western blot. (B) Representative flow cytometry plots from



cytochrome c release assay. (C, left panel) WT shFN pBABE and C3”~ shFN pBABE, and
(D, left panel) WT shFN Bcl-X1. and C3”- shFN Bcl-X1. MEFs were seeded in medium with
or without serum, in the absence or presence of Dox (5ug/ml), and incubated for 24hr. Cell
death was analyzed via annexin V-PI staining and flow cytometry. (C center and right
panels) WT shFN pBABE and C3”- shFN pBABE, and (D center and right panels) WT
shFN Bcl-Xi, and C37 shFN Bcl-X;, MEFs were treated as indicated, permeabilized,
stained with a cytochrome ¢ antibody conjugated to Alexa Fluor 488, and analyzed via
flow cytometry. Data are represented as mean + s.e.m. All data are from at least three
independent experiments. Ordinary one-way ANOVA of Fig. 3C left panel: F = 87.89, p
<0.0001; of Fig. 3D left panel: F = 2.085, p = 0.1806; of Fig. 3C right panel: F = 15.21, p
=0.0011; and of Fig. 3D right panel: F = 1.305; p = 0.3380. Sidak’s multiple comparisons:

*p=0.0115, **p= 0.0037, ***p < 0.0009, ****p <0.0001.
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Fig. 4. Autophagy is increased by serum withdrawal in Casp3-deficient MEFs when
FN is silenced. Cell lysates from subsets of (A) WT shFN pBABE and WT shFN Bcl-Xi,
and (B) Casp3”- shFN pBABE MEFs and C3”- shFN Bcl-X;, MEFs in Figure 3 were
analyzed via western blot. (C,D) Quantification of LC3B-II in panels A and B, respectively.
Data are represented as mean + s.e.m. All data are from at least three independent
experiments. Ordinary one-way ANOVA of Fig. 4C: F = 17.03, p = 0.0008; of Fig. 4D: F
= 149.4, p < 0.0001. Sidak’s multiple comparisons: **p < 0.0095, ***p = (.004, ****P <
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Fig. 5. Number of autophagic vacuoles is increased by serum withdrawal in Casp3-
deficient MEFs when FN is silenced. (A) WT shFN and (B) C37- shFN MEFs were
seeded in medium with or without serum, in the absence or presence of Dox (5ug/ml), and
incubated for 24hr. Cells were subsequently trypsinized, fixed and imaged via transmission
electron microscopy (TEM). Images were captured of 5 cells from each set of conditions.
Images were coded before analysis, allowing for blinded enumeration. Autophagic
vacuoles were defined as circular structures enclosed by at least one limiting membrane,
containing cytoplasmic material and/or organelles at various stages of degradation, and
were counted manually. Representative autophagic vacuoles are labeled (AV), as are
mitochondria (mi). Boxed areas in upper panels are enlarged in lower panels. Scale bars
(left to right) top row: 2um, 2pm, 1pm, 2um; 2" row: all 0.2um; 3" row: 2pum, 2pm, 1um,
1pm; bottom row: all 0.2um; Ordinary one-way ANOVA: F = 17.49, p < 0.0001; Sidak’s

multiple comparisons: **p = 0.0024, ***p = 0.0001.
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pBABE LCv2 and Casp3”- shFN pBABE ATGS5"") and single cell clones with loss of

ATGS expression (Casp3”- shFN pBABE ATG57- 1 and Casp3”- shFN pBABE ATG57- 2)
were generated. Cell lysates were analyzed via western blot. (B) Casp3”- shFN pBABE

LCv2, C37- shFN pBABE ATG5"*, Casp3”- shFN pBABE ATGS5™ 1, and Casp3”~ shFN



pBABE ATG5”- 2 MEFs were seeded in medium with or without serum, in the absence or
presence of Dox (5pg/ml), and incubated for 24hr. Cell lysates were analyzed via western
blot. (C) Quantification of LC3B-II in Casp3”- shFN pBABE LCv2 and C3”- shFN pBABE
ATGS5"* MEFs in panel B. (D) Cell death was analyzed via annexin V-PI staining and flow
cytometry. Data are represented as mean + s.e.m. All data are from at least three
independent experiments. Ordinary one-way ANOVA of Fig. 5C: F = 20.94, p < 0.0001;

of Fig. 5D: F = 19.42, p < 0.0001. Sidak’s multiple comparisons: ***p < 0.001.
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Fig. 7. Casp3-deficient MEFs require FN for protection against autophagy-dependent

death following serum withdrawal. (A) WT MEFs grown in medium containing serum

have both FN and growth factors for integrins and growth factor receptors to bind to,

respectively. Under these conditions, cells have baseline autophagy and no MOMP takes

place. (B) Serum withdrawal induces both autophagy and MOMP in WT MEFs. MOMP

allows release of cytochrome ¢ from mitochondria, which leads to activation of caspase-3.

Once activated, caspase-3 both inhibits autophagy and completes apoptosis. (C) Serum



withdrawal in the absence of FN results in increased autophagy and MOMP in the WT
MEF population. Higher amounts of MOMP allows release of more cytochrome ¢, and
thus more caspase-3 activation. Elevated levels of active caspase-3 still inhibit autophagy
and results in more apoptotic death within the WT MEF population. (D) Casp3-deficient
MEFs grown in medium containing serum also have both FN and growth factors for
integrins and growth factor receptors to bind to, respectively. Under these conditions,
Casp3-deficient MEFs also have baseline autophagy, while no MOMP takes place. (E) In
Casp3-deficient MEFs, serum withdrawal induces increased autophagy compared to WT
MEFs, but the same amount of MOMP. Caspase-3 is not present to inhibit autophagy or
complete apoptosis, and cells survive. (F) In the absence of FN, serum withdrawal induces
still more autophagy, as well as increased MOMP in Casp3-deficient MEFs. Cells die in

an autophagy-dependent, non-apoptotic fashion.
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Fig. S1. Representative flow cytometry plot of cell death experiment. (A) Casp3”~ shFN
MEFs were seeded in medium without serum, in the presence of Dox (5pg/ml) and
incubated for 24hr. Cell death was analyzed via annexin V-PI staining and flow cytometry

with the dead cells defined as those in the gate (Annexin V- and/or PI-positive)
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Fig. S3. ATG7 knockout inhibits serum withdrawal-induced death in Casp3-deficient
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Bulk) and a bulk population of cells with ATG7 knockout (Casp3”- shFN pBABE ATG7-
"~ Bulk) were seeded in medium with or without serum, in the absence or presence of Dox
(Spg/ml), and incubated for 24hr. Cell lysates were analyzed via western blot. (B)
Quantification of LC3B-II in Casp3”- shFN pBABE LCv2 Bulk and C3”- shFN pBABE
ATG7”- Bulk MEFs in panel A. (D) Cell death was analyzed via annexin V-PI staining and
flow cytometry. Data are represented as mean + s.e.m. All data are from at least three
independent experiments. Ordinary one-way ANOVA: F = 214.1, p < 0.0001; Sidék’s

multiple comparisons: **p = 0.0036, ****p <(0.0001.
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Fig. S4. Casp3-deficient MEFs die in a non-necroptotic fashion following serum
withdrawal in the absence of FN. (A) Casp3”- shFN MEFs were seeded in medium with
or without serum, in the presence of Dox (5ug/ml), in the absence or presence of a
necroptosis-inducing cocktail [BV6 (0.5uM), TNF (25ng/ml), zVAD (25 uM)], and
incubated for 24hr. The cell-impermeant dye Sytox green was included in all conditions.
Necroptosis was analyzed via bright field and fluorescence imaging. (B) The percentage
of Sytox green-permeable cells was plotted over time. (C) Cell death was analyzed via

annexin V-PI staining and flow cytometry.



IV. Discussion

A. Implications of studies

Balance between cell survival and cell death is crucial to the maintenance of healthy
tissues and organs. Cells can die via a variety of cellular programs. Understanding of cell
death programs sheds light on diseases in which they are nonfunctional or partially
functional. Crucially this opens avenues for potential therapies to those diseases. In our
studies of caspase-3-deficient fibroblasts, we demonstrated that these cells require
fibronectin for protection against autophagy-dependent death due to serum withdrawal.
Previous work using these cells investigated changes in apoptosis. Our work, on the other
hand, has focused on a non-apoptotic role of caspase-3, specifically its function as a
negative regulator of fibronectin secretion. Extensive crosstalk between cell survival and
cell death exists. It’s possible that autophagy serves as a potential back up mechanism for
cells deficient in apoptosis that need to die. This could prove important to diseases with
aberrant cell death programs, such as cancer. Resisting cell death is well established as one
of the hallmarks of cancer (Hanahan and Weinberg, 2011). If a cell with a nonfunctional
apoptotic program were allowed to survive death signals, that cell might become a problem
with regards to organismal homeostasis. That cell might continue to grow and divide,
possibly picking up genomic instability leading to tumorigenesis. Autophagy-dependent
death may function as a failsafe or back up mechanism to prevent tumorigenesis from
occurring.

Apoptosis and autophagy have a complex relationship (Maiuri et al.,
2007;Eisenberg-Lerner et al., 2009;Fuchs and Steller, 2015;Tsapras and Nezis, 2017). The
two molecular pathways can be triggered by the same stimuli, share individual

components, and are capable of interacting in several distinct ways (Maiuri et al.,
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2007;Eisenberg-Lerner et al., 2009;Fuchs and Steller, 2015;Song et al., 2017;Tsapras and
Nezis, 2017), including in collaboration (Espert et al., 2006;Ravikumar et al., 2006;Scott
et al., 2007;Pan et al., 2020), as well as in opposition to one another (Boya et al.,
2005;Yousefi et al., 2006;Zhu et al., 2010;Tiwari et al., 2011;Pagliarini et al.,
2012;Fitzwalter et al., 2018). Crucially, despite the fact that autophagy usually functions
as a cytoprotective mechanism (Komatsu et al., 2006;Colell et al., 2007;Sun et al., 2013),
it can also cause cell death under certain conditions, including when a cell is incapable of
undergoing apoptosis (Shimizu et al., 2004;Yu et al., 2004;Lum et al., 2005;Pattingre et
al., 2005;Yu et al.,, 2006;Lamy et al., 2013;Kim et al., 2018;Denton and Kumar,
2019;Nassour et al., 2019;Zhou et al., 2019). For example, when MEFs lacking the proteins
Bax and Bak were treated with etoposide, they were found to die via a non-apoptotic
program that is dependent upon autophagic proteins (Shimizu et al., 2004). Furthermore,
bone marrow-derived IL-3-dependent Bax/Bak-deficient mouse cells activate autophagy
and ultimately succumb to cell death, when withdrawn from IL-3 (Lum et al., 2005).
Additionally, autophagic cell death was induced by zZVAD in L929 cells when caspase-8
expression was decreased (Yu et al., 2004). It is crucial to note that these previous studies
that looked at autophagy-dependent death in the absence of apoptosis blocked MOMP or
events upstream of MOMP, while our manipulations were post-MOMP. In these studies,
we demonstrate that cells lacking Casp3 become dependent on FN for survival following
serum withdrawal, and cells undergo non-apoptotic, autophagy-dependent death. In this
particular instance autophagy and apoptosis are working against each other—caspase-3
limits autophagy in WT MEFs, so that when the apoptotic machinery is functioning

autophagy is “turned off.” In Casp3-deficient MEFs autophagy is functioning as a
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cytoprotective mechanism. It is only when Casp3-deficient MEFs do not have fibronectin
to bind to that autophagy becomes excessive and cells actually die from this over-active
prosurvival pathway.

This work makes an important contribution to understanding how autophagy-
dependent cell death is regulated by a fibronectin-dependent mechanism. Prior to these
findings, no work had been done relating autophagy-dependent death to cell adhesion. This
new knowledge opens up new possibilities in the understanding of certain diseases,
including cancer, and applications for therapy. Numerous cancer therapies induce
autophagy (Bursch et al., 1996;Kanzawa et al., 2004;Opipari et al., 2004;Natsumeda et al.,
2011). When administered low doses of estrogen agonists, MCF-7 breast cancer cells, one
of the few cancer cells lacking caspase-3, were shown to have extensive autophagosome
formation and die by a non-apoptotic mechanism (Bursch et al., 1996). Targeting cancer
cells via promotion of autophagy has been suggested as a therapeutic approach (Levy et
al., 2017;Levy and Thorburn, 2020). Many clinical trials have investigated cancer therapies
that induce autophagy (Wu et al., 2005;Farag et al., 2009;Nahta and O'Regan,
2010;Rothbart et al., 2010). However, the vast majority of those trials did not involve
intentional enhancement of autophagy, nor attempt to determine if autophagy is increased
by treatment (Levy and Thorburn, 2011). Most previous investigation focused on
autophagy-based therapies has involved inhibiting it (Levy et al., 2017;Levy and Thorburn,
2020). Our findings suggest that research focused on autophagy-based cancer therapies that
enhance autophagy may be further warranted. Additionally, there are implications to
metastasis, specifically to the ability of cells to survive traveling through the blood stream

with no prosurvival signaling from fibronectin-integrin interactions. Given our work
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showing that Casp3-deficient MEFs cannot survive serum withdrawal without fibronectin,
perhaps cells circulating tumor cells (CTCs) would be vulnerable to an autophagy-inducing
therapy. One study found that melanoma cells in lymph experience less oxidative stress
and form more metastases than melanoma cells in blood(Ubellacker et al., 2020). Exposure
to the lymphatic environment was shown to protect melanoma cells from ferroptosis and
increase their ability to survive during subsequent metastasis through blood (Ubellacker et
al., 2020). One might wonder if the lymphatic environment might influence autophagy and

possibly autophagy-dependent cell death.

B. Opportunities for further research

Our studies demonstrated that fibronectin secretion is regulated by procaspase-3.
Our data suggests procaspase-3 plays a role in ER/Golgi transport or vesicle trafficking.
However, we never formally demonstrated whether secretion of other extracellular matrix
proteins, or cell surface expression of additional adhesion molecules also contributes to
this phenotype.

One major caveat to our studies is the use of only a single cell type, namely mouse
embryonic fibroblasts. We attempted to apply our studies to one other cell line, but met
with little success. Specifically, we attempted to perform serum withdrawal experiments
on MCF7 cells. The MCF7 cell line is one of the very few cancer cell lines that lacks
caspase-3. Given its central role in apoptosis, one might expect caspase-3 to be frequently
lost in cancer. In fact, this is not the case, and caspase-3 is rarely lost in cancer. We used
the parental MCF7 cell line, and a daughter cell line that we introduced caspase-3. We ran

into difficulties because MCF7 cells lacking caspase-3 died due to serum withdrawal, and
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the introduction of caspase-3 did little to change the amount of cell death. This indicates
that a death program other than autophagy-dependent death was triggered in those cells.
Future research should include an additional cell line that lacks caspase-3. This cell line
may have to be generated from a parental cell line that expresses caspase-3.

Another limitation of the current studies is that they are performed only in vitro.
We hypothesize that the role of autophagy in caspase-3-deficient cells may have
implications with regards to cancer. To effectively test this hypothesis, experiments must
be performed at the organismal level and not just cells in culture. Future studies should
include in vivo experiments in murine systems and, if successful, ultimately in human
participants.

Despite the limitations of these studies, our findings make some important
contributions to the overall understanding of cell death mechanisms. We show that
inhibiting apoptosis downstream of MOMP can lead to a program switch to autophagy-
dependent death. Additionally, we show that there is a definitive link between fibronectin-

mediated adhesion and autophagy-dependent death in the absence of apoptosis.
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