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Introduction

1 Introduction

1.1 Programmed cell death

In multicellular organisms, cell death is the result of the natural process to remove unrequired,
injured, or malfunctioning cells, which will be in turn replaced by new ones. Cell death can occur
in non-physiological processes, passively caused by external factors, such as trauma or infection,
which exceed the cell’s repair capacity. This form of cell death is called necrosis and is
characterised by swelling of the organelles and rupture of the plasma membrane (Kerr et al.,

1972; Walker et al., 1988; Chen et al., 2018).

In contrast to necrosis exists another form of cell death, termed programmed cell death (PCD).
PCD, also called cell suicide, takes place upon regulated processes inside of a cell leading to the
cell’s self-determined death. PCD plays an essential role in embryonic development (Saunders,
1966) and in the elimination of defective cells to maintain tissue homeostasis (Kerr et al., 1972).
Additionally, PCD is an indispensable mechanism for the development of the nervous system, as
50 % of the developing neurons get removed by PCD (Dekkers et al., 2013), and it also has a role
in protection from infections (Perez et al., 1998; Aachoui et al., 2013). A malfunctioning
regulation of PCD is associated with a variety of pathological conditions. Hyperregulation can
cause neurodegenerative diseases, such as Alzheimer’s and Parkinson’s disease, whereas
insufficient PCD can lead to cancer and autoimmune disorders (Fadeel et al., 1999; Vigneswara

& Ahmed, 2020).

Initially, apoptosis (Chapter 1.2) was discussed as the only cell death modality of PCD (Kerr et al.,
1972). However, in recent years, the number of newly discovered PCD mechanisms increased,
of which some are still not sufficiently studied. Therefore, their classification is still under debate.
Additional ambiguity is caused by various crosstalks between different PCD pathways (Vanden
Berghe et al., 2015). Here, one of the most recent classification systems, based on Yan et al.
(2020), is briefly represented (Figure 1). This system majorly differentiates between apoptotic
PCD, which is dependent on the enzyme family called caspases, and non-apoptotic PCD, which
shares some hallmarks of apoptosis or necrosis, but is regulated independently of caspases,
hence it is also termed “apoptosis- or necrosis-like” (Leist & Jaattela, 2001; Kroemer & Martin,

2005).

Several mechanisms belong to the class of non-apoptotic PCD, which can be subgrouped based

on their signal-dependency and molecular mechanisms. These include necroptosis, which is a

1



Introduction

form of programmed necrosis, hence a pro inflammatory cell death. This RIPK1/3-dependent
cell death signalling pathway is known to act as a backup pathway, when caspases are inhibited,
as for example during viral infections (Holler et al., 2000; Chan et al., 2003; Degterev et al., 2005;

Feng et al., 2007; Cho et al., 2009; Nailwal & Chan, 2019).

Another group of non-apoptotic PCD is linked to the function of the immune system. Member
of this category is the cell death pathway termed NETosis, a process, in which neutrophils build
up NETs (Neutrophil extracellular traps) in a ROS (Reactive oxygen species) dependent manner
within the cell, followed by breakage of the membrane (Brinkmann et al., 2004; Fuchs et al.,
2007). Whereas the other member of this group, the pyroptosis pathway, is characterised by
the formation of the inflammasome complex, that leads to the activation of inflammatory

caspases and gasdermin-D mediated pore formation (Cookson & Brennan, 2001; Shi et al., 2017).

Another group is the iron-linked non-apoptotic PCD, termed ferroptosis, which is initiated upon

an iron-dependent accumulation of oxidised lipids (Dixon et al., 2012).

Also discussed is a non-apoptotic PCD group, with a characteristic link to mitochondria, like the
cell death termed parthanatos, which is defined by PARP1 hyperactivation (David et al., 2009).
Whereas, MPT-driven regulated necrosis, also called mitoptosis, takes place through

permeabilisation of the mitochondrial membrane (Skulachev, 1999; Chaabane et al., 2013).

Another group of non-apoptotic PCD is phenotypically associated with vacuole formation.
Among them, cell death termed paraptosis, which is featured by cytoplasmic vacuolation
(Sperandio et al., 2000). But also, the pathway of methuosis, which is characterised by a massive
accumulation of macropinosome derived vacuoles (Chi et al., 1999; Maltese & Overmeyer, 2014).
Entotic cell death is an actomyosin-dependent cell-in-cell internalisation (Entosis) via lysosomes
(Overholtzer et al.,, 2007). But also, autophagy, which is a cathepsin-dependent self-
cannibalisation mechanism and mainly important to dispose cellular debris and misfolded
proteins through double-membrane vesicles, called autophagosomes, is a form of PCD
(Nikoletopoulou et al., 2013; Tiwari et al., 2014). Besides a cytoprotective function, autophagy

can also serve pro-death functions during normal development (Mizushima & Levine, 2010).

The class of apoptotic PCD consists of apoptosis, which is further described in chapter 1.2, and
cell death termed anoikis. Anoikis is a special version of apoptosis and takes place when adhesive
cells lose the cell-matrix interaction. The activating mechanism of anoikis is still unknown (Frisch

& Francis, 1994).
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As previously mentioned, the general aim of PCD is the clearance of malfunctioning cells without
harming surrounding tissue and its dysregulation is the cause of many pathologic conditions.
Therefore, it is not surprising that the research on PCD mechanisms, which can be utilised for

clinical therapies is steadily increasing, as further described in chapter 1.2.1.

Programmed Cell Death
(PcD)

| Apoptotic I | Non-apoptotic |

Autophagy

Apoptosis Entosis

Methuosis

Paraptosis

Anoikis

Mitoptosis
Mitochondria

Parthanatos

—( Ferroptosis Iron

Pyroptosis

Immune

NETosis

Figure 1. Classification of programmed cell death.

Categorisation of programmed cell death (PCD) pathways, based on morphological properties, signal-dependency,
and molecular mechanisms (Maniam & Maniam, 2021).

1.2 Apoptosis

Apoptosis is an evolutionary highly conserved form of PCD, which occurs in multicellular
organisms. Morphologically it is characterised by shrinkage of the cell, DNA fragmentation,
nuclear fragmentation, and membrane blebbing (Kerr et al., 1972; Hacker, 2000). In contrast to
necrosis, apoptosis leads to the formation of cell fragments, called apoptotic bodies, which are
presenting phosphatidylserine on their outer plasma membrane (Verhoven et al., 1995), a signal
for initiation of phagocytosis. This helps to avoid harming of surrounding cells with the cell

content as through lysis, which would cause inflammation as it does under necrosis.

Activation of apoptosis can be mediated via two pathways, called the extrinsic or death

receptor-dependent pathway and the intrinsic or mitochondria-dependent pathway (Figure 2).
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The intrinsic pathway is triggered by intracellular stress signals, like hypoxia, free radicals, high
cytosolic concentrations of calcium, toxins, DNA damage, and deficiency of growth factors
(Orrenius et al., 2003; Roos & Kaina, 2006; Elmore, 2007). All these stimuli can lead to the
activation of Bcl-2 associated X protein (BAX) and Bcl-2 homologous antagonist/killer 1 proteins
(BAK) by Bcl-2 homology 3-only proteins (BH3-only), which subsequently causes mitochondrial
outer membrane permeability (MOMP) and thereby the release of cytochrome-C from the
intermembrane space of mitochondria (Lindsten et al., 2000; Wei et al., 2001; Dadsena et al.,
2021). Cytochrome-C binds apoptosis protease activating factor-1 (Apaf-1), ATP, and pro-
caspase-9, thus creating a complex called apoptosome, which converts the initiator caspase-9

into its active state (P. Li et al., 1997; Zou et al., 1999; Green & Llambi, 2015).

The extrinsic pathway is stimulated by external death ligands binding to death receptors (DRs)
on the cell surface. The DRs contain an extracellular cysteine-rich subdomain for specific
recognition of their corresponding ligands. To date, six DRs are known: DR1
(TNFR1/CD120a/p55) binds TNF and lymphotoxin alpha, DR2 (alias Fas/CD95/Apol) binds
CD95L/FasL, DR3 (alias Apo3/TRAMP/LARD) binds Apo3L and TL1A, DR4 (alias Apo2/TRAILR1)
and DR5 (alias TRAILR2/TRICK2/KILLER) bind TRAIL/Apo2l, whereas DR6 is not yet well
characterised (Mahmood & Shukla, 2010). The DRs bear a homologous intracellular cysteine-
rich domain termed death domain (DD), relevant for transmitting the death signal via protein-
protein interaction (Tartaglia et al., 1993; Nagata, 1997). The proteins which bind intracellularly
to the receptors carry a DD themselves, like Fas-associated protein with death domain (FADD)
(Grimm et al., 1996; Chaudhary et al., 1997) and tumor necrosis factor receptor type 1-
associated death domain protein (TRADD) (Hsu et al., 1995). Their recruitment further leads to
the binding of pro-caspase-8 or -10 which results in the formation of the so called death-inducing
signalling complex (DISC) and ultimately to the activation of initiator caspase-8 or -10 (Kischkel

et al., 1995; Kischkel et al., 2001).

Following the activation of initiator caspases, effector caspase-3, -6, or -7 get cleaved by the
active initiator caspases and thereby get activated. At this point, the intrinsic and extrinsic
pathway converge. Active effector caspases proteolytically cleave specific intracellular proteins,
which leads to a gradual decomposition of the cell, determining its death. A prominent substrate
of effector caspases is Poly (ADP-Ribose)-Polymerase 1 (PARP) (Kaufmann et al., 1993) or the
inhibitor of caspase-activated DNAse (ICAD) (Sakahira et al., 1998), each relevant for DNA

cleavage. Both apoptotic pathways can also act simultaneously. For example, caspase-8 can
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additionally process Bid (BH3 interacting domain death agonist) to t-Bid, which subsequently
activates the intrinsic pathway through initiating MOMP (Plati et al., 2008; Kiraz et al., 2016).
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Figure 2. Schematic illustration of the apoptotic pathways.

The extrinsic pathway starts with an external death inducing ligand, which binds to the death receptor (DR).
Recruitment of Fas-associated protein with death domain (FADD) and pro-caspase-8/-10 leads to the formation of
the death inducing signalling complex (DISC) and the subsequent caspase-8/-10 activation. The Intrinsic pathway
follows BH3-only protein (Bcl-2 homology 3 only proteins) and BAX/BAK (Bcl-2 associated X protein/Bcl-2 homologous
antagonist/killer 1) activation. These proteins are inducing mitochondrial outer membrane permeabilisation (MOMP),
resulting in cytochrome-C release. Cytochrome-C, apoptosis protease activating factor-1 (Apaf-1), and pro-caspase-9
form the apoptosome resulting in caspase-9 activation. Active initiator caspase-8/-10/-9 can eventually converge the
pathways by activating caspase-3/-7, which in turn cleave apoptotic substrates, resulting in the decomposition of the
cell. The extrinsic and intrinsic pathways are also connectable via the BH3 interacting domain death agonist (Bid),
which can be cleaved by caspase-8/-10, leading to BAX/BAK activation.
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1.2.1 Therapeutic utilisation of the apoptotic machinery in cancer treatment

As previously mentioned, malfunctioning PCD causes pathological conditions. Dysregulation of
apoptosis often leads to uncontrollable proliferation and insufficient cell death, which can

subsequently result in cancer development. Many oncologic cases are described, where
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components of the apoptotic pathway are affected. Therefore, targeting apoptotic proteins is
of great interest to restore the defects in the apoptotic pathway (Figure 3). However, harnessing
apoptotic processes for therapy needs caution, since on the one side healthy surrounding tissue
should not be collaterally damaged, but on the other side, an inefficient treatment can lead to
a rapid development of resistant cells (Fadeel et al., 1999). In order to find new targets, to

optimise current treatments, and to overcome tumor resistance, additional research is required.

Hereinafter, a simplified list of apoptotic dysregulations in cancer and the equivalent therapeutic

options, which are currently in pre-clinical or clinical trials, are briefly described.

For addressing the extrinsic, receptor-inducing apoptotic pathway, one of the therapeutic
strategies is to target the tumor marker cFLIP, which is the negative regulator of caspase-8
(Irmler et al., 1997). Since cFLIP is overexpressed in many different tumor types, downregulation
of cFLIP with metabolic inhibitors, as well as enhancing caspase-8 activity with interferon are
feasible strategies to activate receptor-induced apoptosis in tumors (Fulda & Debatin, 2002;

Shirley & Micheau, 2013).

Another death receptor-inducing therapeutical strategy is the usage of the ligand TRAIL to
induce apoptotic signalling. However, since TRAIL shows a preferential effect in tumor cells,
soluble recombinant TRAIL derivates were developed (Amarante-Mendes & Griffith, 2015). Also
promising is CaspPro, a small molecule, which supports the activation of caspase-8 upon TRAIL
stimulation (Bucur et al., 2015). However, therapeutics inducing TRAIL mediated apoptosis,
which have passed the pre-clinical phase, did not prove a good clinical efficacy so far (Carneiro

& El-Deiry, 2020).

As for the intrinsic apoptotic pathway, several drugs, which inhibit anti-apoptotic proteins, like
Bcl-2, Bcl-xL, and Mcl-1, are under development and in clinical trials. Such inhibitors target for
example the BH3 or BH4 domain of the Bcl-proteins by mimicking pro-apoptotic BH3-only
proteins (Oltersdorf et al., 2005; Kang & Reynolds, 2009; Albershardt et al., 2011; Carneiro & El-
Deiry, 2020).

IAPs (Inhibitor of apoptosis protein) are at high level in various cancers and function as the
intrinsic inhibitors of caspases. For therapeutical downregulation of IAPs, siRNA and antisense
oligonucleotides are in development and pre-clinical trials. Their administration in combination
with chemotherapy or radiation showed a sensitisation towards apoptosis in some therapy
resistant tumors (Sasaki et al., 2000; Amantana et al., 2004; Wong, 2011; Tekedereli et al., 2013;

Pistritto et al., 2016; Carneiro & El-Deiry, 2020). For example, targeting the IAP protein survivin,
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which directly binds and suppresses caspase-3, -7, and -9 activity is of great interest. Effects
could be shown by the administration of survivin anti-sense, siRNA (Wong, 2011), and a small

molecule suppressant (Nakahara et al., 2007).

The protein Smac/DIABLO (second mitochondria derived activator of caspases/direct IAP
binding protein with low PI) antagonises the activity of IAPs and high level of Smac in cancer
patients is associated with longer overall survival. Some mimetics of Smac were shown to induce
apoptosis and have a sensitising effect in combination with cytotoxic treatment, by blocking the

IAP mediated inhibition of caspases (Sun et al., 2010; Fulda, 2015; Maniam & Maniam, 2021).

Another promising option is a direct intervention on effector caspase level by caspase-3 gene-
therapy or small caspase activating molecules, which could show enhanced apoptosis, drug

sensitivity, and reduced tumor growth (Philchenkov et al., 2004; Wong, 2011).

The tumor suppressor and transcription factor p53 is the most studied protein involved in cell
cycle arrest and apoptosis (Vousden & Lane, 2007). Wildtype p53 is activated upon genotoxic
stress and does transcriptionally regulate the level of TNFR, pro-survival proteins, and pro-
apoptotic proteins of the Bcl-2 family. In 50 % of tumor types p53 is mutated, deleted, or
affected by other regulatory proteins, making p53 a challenging target for therapy (Pistritto et
al., 2016). Recently, a novel compound named APR-246, which directly interacts and thereby
restores the p53 activity, entered the clinical phase (Q. Zhang et al., 2018). Besides other
approaches for p53 restoration, as by immuno- and gene-therapy (Wong, 2011), there are
ongoing clinical trials to specifically address the tumor suppressor function of p53 indirectly by

targeting its antagonist MDM2 (Carneiro & El-Deiry, 2020).

The E3 ligase MDM2 binds to p53 and thereby initiates its proteasomal degradation. Many
tumor types have a high level of MDM2 (Momand et al., 2000). It could be demonstrated that
inhibition of MDM2 leads to an increased sensitivity of tumors towards apoptosis (Shangary &
Wang, 2008). Furthermore, the induction of p53 activity with doxorubicin can be elevated by
the administration of zinc ions, which interfere with the negative regulation of MDM2 on p53

(Garufi et al., 2015).

MicroRNAs (miRNAs) also have a significant role in the posttranscriptional regulation of many
apoptosis regulating proteins. The list of apoptosis regulating miRNAs is long and covers the
regulation of mRNA translation of death receptors, ligands, and Bcl-proteins. Some miRNAs
regulate and are regulated by p53, and consequently are affected by p53 mutations (Lima et al.,

2011; Garibaldi et al., 2016). Therefore, the number of developed synthetic miRNAs for cancer
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treatment is increasing and a few have already reached clinical application status, like MRX34

and TargomiRs (Pistritto et al., 2016).

Finally, there are compounds, like the viral death effector protein apoptin, which can induce
p53- and Bcl-2-independently apoptosis and shows promising effects in the induction of

apoptosis, specifically in cancer cells (Rohn & Noteborn, 2004; Malla et al., 2020).

In summary, divers strategies for therapeutical cancer treatment have been discovered and are
currently under optimisation (Figure 3). However, many promising therapeutical compounds do
not pass the pre-clinical or the clinical stage (Mullard, 2016), which means continuous research

on cell death signalling for successful cancer treatment is mandatory.
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Figure 3. Strategies for therapeutical modulations of apoptosis.
Intervention options in the apoptotic pathway, based on observed dysregulations in diseases (Fadeel et al., 1999).

1.2.2 Caspases

Caspases are cysteine-dependent endoproteases, which recognise certain tetrapeptide motifs
and cleave after a specific aspartic residue (Thornberry et al., 1997; Lamkanfi et al., 2002).
Caspases have conserved structures in diverse organisms, and likewise their molecular
mechanisms are conserved across species (Sakamaki & Satou, 2009). They take place in different
cellular functions, such as initiating and executing cell death, but are also involved in the control
of inflammation by processing proinflammatory mediators, like IL-13 and IL-18 (Nicholson, 1999;
Martinon & Tschopp, 2007; Van Opdenbosch & Lamkanfi, 2019). Therefore, caspases are divided
into three functional categories (Figure 4). Group 1 is summarised as the inflammatory caspases
(Caspase-1, -4, -5, and -11 (the mouse homologue of caspase-4 and -5)). Group 2 are the initiator
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caspases (Caspase-8, -9, -10) and group 3 are the effector caspases (Caspase-3, -6, -7) (Van
Opdenbosch & Lamkanfi, 2019). Caspase-2, -12, and -14 are more complex in their function and
therefore difficult to clearly assign to one of the mentioned groups (Figure 4). Caspase-2 will be
discussed in detail in the next section (Chapter 1.3). Caspase-12 often gets phylogenetically
classified as an inflammatory caspase, although its function remains unclear (Van Opdenbosch
& Lamkanfi, 2019), and the deviating caspase-14 has a very particular localisation and is

functionally linked to PCD in the process of cornification (Markiewicz et al., 2021).

All caspases exist first as inactive zymogens, which require activation through proteolytic
processing. Initiator caspases, structurally characterised by containing a long pro-domain, like
the caspase recruitment domain (CARD) or the death effector domain (DED) (Muzio et al., 1996;
Hofmann et al., 1997), are processed after being recruited to an adaptor protein. The through
dimerisation induced proximity leads hereby to its autocleavage (Pop & Salvesen, 2009). In
contrast, effector caspases have a short pro-domain and are cleaved by active initiator caspases,

which leads to their activation (Pop & Salvesen, 2009).
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Figure 4. Structure and functional classification of mammalian caspases.

Caspase-1, -4, -5, and -11, are inflammatory caspases, caspase-8, -9, and -10 are apoptotic initiator caspases, whereas
caspase-3, -6, and -7 are apoptotic effector caspases. The functional classification of caspase-2, -12, and -14 are
indicated. Abbreviations: Caspase recruitment domain (CARD); death effector domain (DED); large and small catalytic
subunit (Van Opdenbosch & Lamkanfi, 2019).
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1.3 Caspase-2

Caspase-2 received its name by being the second mammalian caspase, which was historically
characterised. Initially, caspase-2 was identified by a hybridisation screen for mouse genes that
are highly expressed in neural precursors cells and was named NEDD-2 (neuronally expressed
developmentally downregulated gene 2), since the mRNA level of this gene was downregulated
during brain development. The human NEDD-2 homolog was observed to be genetically related
to the Caenorhabditis elegans death gene-3 (CED-3) and the interleukin-1 beta-converting
enzyme (ICE) and therefore originally has been termed ICH-1 (ICE and CED-3 homolog 1) (Kumar

et al., 1994; Wang et al., 1994; Kumar et al., 1995), which later was renamed to caspase-2.

Caspase-2 is the evolutionary most conserved member of the caspases (Lamkanfi et al., 2002).
Two isoforms of caspase-2 exist, due to differential splicing of the pro-caspase-2 encoding mRNA
(Droin et al., 2000). Caspase-2 contains a long N-terminal pro-domain (CARD), similar to the
initiator caspase-9, and C-terminally a catalytic domain consisting of a large (p19) and a small
(p12) subunit (Figure 4). Unlike other caspases, caspase-2 has a nuclear localisation signal (NLS),
which is responsible for its predominant localisation in the nucleus (Kumar, 2009). But caspase-2
also resides in the nucleolus (Ando et al., 2017), the Endoplasmic reticulum (ER) (Cheung et al.,
2006), the mitochondria (Zhivotovsky et al., 1999), and the Golgi apparatus (Mancini et al., 2000),
leading to the implication of a localisation specific function. Interestingly, caspase-2 acts also as
an effector caspase since it can selectively cleave protein substrates, similar to caspase-3 and -7

(Wejda et al., 2012; Brown-Suedel & Bouchier-Hayes, 2020).

1.3.1 Activation of caspase-2

Induction of caspase-2 activation has been observed in the extrinsic, as well as in the intrinsic
pathway. The experimentally best-known extrinsic inducers of caspase-2 include TNF, CD95L,
and TRAIL. As for the intrinsic induction, caspase-2 activation was observed under genotoxic
stress, metabolic stress, endoplasmic reticulum (ER) stress, reactive oxygen species (ROS), heat
shock, and deprivation of neurotrophic factors (Vigneswara & Ahmed, 2020). Also, stimulation
with the pore-forming alpha-toxin, which induces potassium efflux, led to the activation of

caspase-2 (Imre et al., 2012).

Regarding the mechanistic enzyme activation, caspase-2 structurally resembles initiator

caspases, which principally transform from their inactive monomeric zymogen state into the
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active state by homodimerisation via their pro-domains (Butt et al., 1998). Caspase-2 also needs
the proximity of two pro-caspase molecules, which induces a two-stage proteolytic cleavage
process, whereby the large and small subunits are separated, and the pro-domain is removed.
The cleaved fragments form a fully active heterotetramer (Baliga et al., 2004). However, linker
cleavage is not essential for the catalytic activity of caspase-2, since mutated caspase-2 retains

20 % activity, even as a dimer (Baliga et al., 2004).

As previously described, initiator caspases get activated via induced proximity. The initiator
caspase-9 achieves proximity by recruitment to the apoptosome complex, and caspase-8 by
recruitment to the DISC complex. Caspase-2 also can be recruited to a high molecular weight
activating platform, which is called PIDDosome. This complex consists of PIDD (p53 inducible
protein along with a death domain) and RAIDD (receptor-interacting protein-associated ICH-1
homologous with a death domain) (Duan & Dixit, 1997; Lin et al., 2000; Read et al., 2002; Tinel
& Tschopp, 2004).

On the other hand, activation of caspase-2 was also detected PIDD independently, suggesting
that alternative modes of caspase-2 activation do exist (Kim et al., 2009; Manzl et al., 2009; Imre
et al., 2012; Imre et al., 2017). A PIDD independent caspase-2 recruitment to TNFR1 via RAIDD,
TRAF2, and RIP1 was observed and might act as an alternative and localisation dependent
pathway. However, the catalytic activity of caspase-2 is not required for further signalling by this
complex (Vigneswara & Ahmed, 2020). Caspase-2 activation can also occur through the receptor
complexes TRAILR and CD95 DISC formation (Brown-Suedel & Bouchier-Hayes, 2020), and
another PIDD independent and RAIDD mediated activation of caspase-2 was observed with the
anticancer drug LBH589, which induces the intrinsic pathway (Hasegawa et al., 2011; Vigneswara

& Ahmed, 2020).

Surprisingly, sole ectopic overexpression of caspase-2 leads to proximity-driven autocatalytic
activation without additional stimulation (H. Li et al., 1997; Baliga et al., 2004). However, the

relevance of this mechanism in vivo remains questionable.

Effector caspases can be activated through proteolytic transactivation by other caspases.
Caspase-2 transactivation was observed to happen by caspase-3, -7, -8, and -9, whereas caspase-
2 itself does not process other pro-caspases (Vigneswara & Ahmed, 2020). Activation of
caspase-2 downstream of effector caspases was shown to be dispensable for cell death
signalling, thus implicating that auto-processing might be the more prominent activation mode
for caspase-2 (Brown-Suedel & Bouchier-Hayes, 2020). It is obvious, that more investigation is

required to understand, whether the cleavage by other caspases between the subunits of
11
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caspase-2 may serve as a mechanism of activity enhancement or is specifically related to

caspase-2 isoform transactivation (Baliga et al., 2004; Vigneswara & Ahmed, 2020).

Although caspase-2 structurally resembles the initiator caspases, its known activation
mechanisms differ and are context dependent. In summary, the current experimental data

cannot precisely explain the physiological activation of caspase-2 (Figure 5).
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Figure 5. The enigmatic pathway of caspase-2 in apoptosis.

A schematic illustration, representing the current understanding of caspase-2 signalling, which is strongly dependent
on the activating signal, the localisation of caspase-2 in the cell, and the cellular conditions. Abbreviations: Death
receptor (DR), Fas-associated protein with death domain (FADD), Bcl-2 homology 3 only proteins (BH3-only proteins),
Bcl-2 associated X protein (BAX), Bcl-2 homologous antagonist/killer 1 (BAK), apoptosis protease activating factor-1
(Apaf-1), and BH3 interacting domain death agonist (Bid) and its truncated version tBid.

1.3.2 Functional role and substrates of caspase-2

Initially, caspase-2 was postulated as an initiator caspase due to its structure and implicated role
in apoptotic cell death, which was based on the observations of cell death induction by

caspase-2 overexpression (Kumar et al., 1994). Meanwhile, many further studies have been
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conducted by employing different death stimuli resulting in caspase-2 activation (Puccini,

Dorstyn, et al., 2013; Vigneswara & Ahmed, 2020).

The observation that caspase-2 depletion does not generally protect from cell death undermines
its unified role in apoptosis (Bouchier-Hayes & Green, 2012). Furthermore, caspase-2 knockout
mice are missing a concrete phenotype, thus indicating caspase-2 as redundant (Bergeron et al.,
1998). The lack of identification of caspase-2 specific substrates and the missing adequate
technologies to investigate the functional role of caspase-2 resulted in caspase-3 getting into
the spotlight, mainly due to its catalytic efficiency and its high abundance, whereas research on
caspase-2 got impeded (Vakifahmetoglu-Norberg & Zhivotovsky, 2010; Olsson et al., 2015;
Vigneswara & Ahmed, 2020). The following challenge in caspase-2 research was to confirm its
role as an apoptotic initiator or as an amplifier by mediating pro-apoptotic feedback loops.
Further complicating this attempt, caspase-2 activation can take place up- and downstream of
effector caspases, depending on the stimulus and the investigated context (Krumschnabel et al.,

2009; Vigneswara & Ahmed, 2020).

Contrary to its apparently subordinate role in apoptosis, caspase-2 shows several proofs of non-
apoptotic functions. For example, the splice variants of caspase-2 can exert opposing functions.
Whereas the caspase-2L isoform acts pro-apoptotic, has the caspase-2S isoform an anti-
apoptotic role (Droin et al., 2000; Iwanaga et al., 2005; Han et al., 2013). Another non-apoptotic
function of caspase-2 is mediated via its recruitment to the TNFR, thus conditionally leading to
apoptotic or anti-apoptotic signalling via NF-kB activation, which even happens independent of
caspase-2’s catalytic activity (Lamkanfi et al., 2006; Vigneswara & Ahmed, 2020). Furthermore,
phosphorylation of caspase-2 was shown to influence its function. For example, serine
phosphorylation promotes to cell cycle arrest and DNA repair, whereas dephosphorylated
caspase-2 promotes apoptosis under genotoxic stress (Nutt et al., 2005; Andersen et al., 2009;

Shi et al., 2009; Lim, De Bellis, et al., 2021).

Moreover, caspase-2 got postulated as a potential tumor suppressor. Several oncogene-driven
mice and cancer models in combination with caspase-2 depletion showed increased
proliferation, tumorigenicity, and poorer overall survival. Notably, caspase-2 depletion
singularly was unable to cause carcinogenesis (Ho et al., 2009; Parsons et al., 2013; Puccini,
Shalini, et al., 2013; Terry et al., 2015; Shalini et al., 2016). In line with that, caspase-2 is
downregulated in some human cancer types (Fava et al., 2012). Additionally, it was observed,
that genomic instabilities and aneuploidy take place under caspase-2 deficiency, indicating a loss

of cell cycle control and a potential role of caspase-2 mediated cell death upon genomic
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aberrations (Parsons et al., 2013; Puccini, Shalini, et al., 2013; Dawar et al., 2017; Lopez-Garcia
et al., 2017). In accordance with that, a connection of caspase-2 with the p53 tumor suppressor
has been observed (Lim, Dorstyn, et al., 2021). Cells oscillate their p53 level via autoregulative
feedback loops. P53 transcriptionally upregulates MDM2, which then degrades p53. On the
other hand, under genotoxic stress, p53 regulates PIDD expression and subsequent PIDDosome
formation which leads to an activation of caspase 2. In consequence, caspase-2 cleaves MDM2,
leading to stabilisation of p53 and resulting in a turnover from cell cycle arrest to apoptosis.
Notably, caspase-2 activation and cell cycle arrest were also found to occur p53-independently

(Sidi et al., 2008; Vigneswara & Ahmed, 2020; Lim, Dorstyn, et al., 2021).

Caspase-2 also seems to be involved in senescence, since depletion affects ageing related
metabolic changes, like the ROS (Reactive oxygen species) defence in mice (Zhang et al., 2007;
Dorstyn et al., 2012). Along with it, caspase-2 is also involved in DNA damage sensing. It was
shown that the PIDDosome formation varies in response to the intensity of DNA damage. Mild
damage leads to a different PIDD processing and signals survival, whereas severe damage
mediates caspase-2 dependent apoptosis (Tinel et al., 2007; Ando et al., 2012; McCoy et al.,
2012).

Caspase-2’'s subcellular localisation is confirmed in the nucleus, nucleolus, cytoplasm,
mitochondria, endoplasmic reticulum (ER), and Golgi apparatus, which implies a role in exerting
compartment specific functions via access to compartment specific substrates (Vigneswara &
Ahmed, 2020). To date, roughly 250 substrates of caspase-2 were identified which is
approximately half the number of known caspase-3 substrates. Notably, only a dozen of them
are confirmed experimentally (Brown-Suedel & Bouchier-Hayes, 2020). In accordance with the
localisation based function, the majority of experimentally identified substrates correlate with
the exclusive localisation of caspase-2 (Brown-Suedel & Bouchier-Hayes, 2020). For example,
cleavage of golgin-160 by caspase-2 in the Golgi apparatus leads to Golgi body dissolution during
apoptosis (Tinel & Tschopp, 2004) and cleavage of MDM2 (Mouse double minute 2 homolog) in
the nucleus affects cell cycle control by p53 (Brown-Suedel & Bouchier-Hayes, 2020).
Furthermore, caspase-2 was shown to act upstream of effector caspases by cleaving Bid,
resulting in MOMP, and subsequently in the activation of apoptosis (Guo et al., 2002; Bonzon et

al., 2006).

It is to be emphasised, that in recent times, caspase-2 finally gets its rightful attention, since its
functional role turned out to be much more complex and versatile than initially assumed (Figure

6). The elucidation of various roles in both, apoptotic and non-apoptotic functions sets caspase-2
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into a new perspective. The current experimental revelations indicate that the function of
caspase-2 is strongly dependent on the cell type and the context. For a profound understanding
of the role and mechanisms of caspase-2, more investigations are needed. This further includes

the revelation of novel caspase-2 specific substrates (Vigneswara & Ahmed, 2020).
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Figure 6. Map of functional interrelations of caspase-2.
Systemic illustration of the functional connections and interrelations of caspase-2 in cellular processes directly and
indirectly. Abbreviations: ROS (Reactive oxygen species). (Olsson et al., 2015).

1.4 The protein p54nrb/NonO

The human protein p54nrb (54 kDa nuclear RNA-binding protein) and the equivalent mouse
protein NonO (Non POU [Pituitary-specific factor, octamer transcription factor, neural
un-coordinated-86] domain-containing octamer-binding protein) are ubiquitously expressed
(Yang et al., 1993). P54nrb belongs to the DBHS (Drosophila behaviour/human splicing) protein
family, exclusively found in vertebrates and invertebrates, with multipurpose mediating
functions (Knott, Bond, et al., 2016). Vertebrate DBHS family proteins include splicing factor
proline/glutamine rich (SFPQ or PSF), paraspeckle protein component 1 (PSPC1 or PSP1), and
p54nrb/NonO. Invertebrate members of the DBHS family include protein no-on-transient A
(NonA) and NonA-like in Drosophila melanogaster, and NonO-1 in Caenorhabditis elegans (Knott,

Bond, et al., 2016) (Figure 7 A).

The DBHS proteins have a highly conserved core structure of roughly 300 amino acids, consisting
of two RNA recognition motifs (RRMs), which are N-terminally positioned, a NonA (protein no-

on-transient A)/paraspeckle domain (NOPS), and a coiled-coil domain is found at the C-terminus
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(Dong et al., 1993), followed by a nuclear localisation signal (NLS) (Zhang & Carmichael, 2001)
(Figure 7 A).

Besides the conserved core elements, DBHS family proteins vary in length and sequence
complexity. The protein p54nrb/NonO (Figure 7 A and B) bears a N-terminal histidine, proline,
and glutamine rich region (HPQ), and C-terminally a helix-turn-helix, a basic/acidic charged
stretch (+/-), and a glutamine and proline rich region (GP) (Shav-Tal & Zipori, 2002; Knott, Bond,
et al., 2016). As indicated by the NLS, p54nrb is localised in the nucleus (Andersen et al., 2002),

but is also part of a specific nuclear substructure termed paraspeckles (Fox et al., 2002).

The structural features of the DBHS protein domains allow its binding to different interaction
partners. This and different post-translational modifications facilitate the multifunctional

characteristics of p54nrb/NonO, which are described in detail in the following sections.
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Figure 7. Structure of the DBHS protein p54nrb/NonO.

(A) Schematic model of the DBHS protein domains with the RNA recognition motifs (RRM) RRM1 and RRM2, the
NonA/paraspeckle (NOPS) domain, and the coiled-coil domain, as well as the aminoacid-boundraries (HPQ-, GP-, G-,
GPQ-, HP-rich), and the uncharacterised DNA-binding domain (DBD) as indicated of NonO, SFPQ, and PSPC1 from
Homo sapiens, and NonO-1 from Caenorhabditis elegans (Knott, Bond, et al. (2016). Representative protein structure
models of (B) a p54nrb monomer (www.wwpdb.org) and (C) a p54nrb dimer (Knott, Panjikar, et al., 2016).
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1.4.1 The interaction and modification modes of p54nrb

As previously described, p54nrb consists of several conserved structural core elements, equally
found in all DBHS proteins, which mediate interactions. The RRM1 domain contains aromatic
residues, which can stack with RNA nucleotides, combined with an attachment through charged
side chains. The RRM2, in contrast, by bearing several conserved salt bridges is rather similar to
a typical double stranded DNA/RNA recognition motif. The NOPS domain is the dimerisation
platform. It allows contact with the RRM2 and coiled-coil domain of a partner protein through
hydrophobic residues (Figure 7 C). Some basic residues in the NOPS domain resemble parts in
the RRM2 and thereby may be involved in nucleic acid binding (Knott et al.,, 2015). The
C-terminal helix-turn-helix motif in combination with the charged stretch is suggested to act as
a DNA binding site (DBD). The proline and glutamine rich regions are supposed to be relevant

for interaction with other proteins (Yang et al., 1993).

It has been described that DBHS proteins can interact reciprocally (Dong et al., 1993).
Dimerisation of p54nrb with PSPC1 was shown by co-purification and X-ray crystallography (Fox
et al., 2005; Passon et al., 2011), but also with SFPQ (Dong et al., 1993), as well as a p54nrb

homodimerisation (Figure 7 C) (Knott, Panjikar, et al., 2016).

Besides the different interaction sites of p54nrb, it is known that post-translational
modifications can affect its function. For example, p54nrb gets phosphorylated in the coiled-coil
domain during mitosis, influencing its binding ability (Proteau et al., 2005; Bruelle et al., 2011).
Also, dephosphorylation by protein phosphatase-1 was shown to deactivate p54nrb’s
transcriptional repressor function (Liu et al., 2011). The phosphorylation of p54nrb further
seems to influence the localisation of p54nrb, as described by Otto et al. (2001). Likewise, a
methylation can affect p54nrb’s interactions. For instance, methylation of arginine in the coiled-

coil domain disrupts p54nrb’s binding to mRNA (Hu et al., 2015).

1.4.2 The functional diversity of p54nrb

Since the interaction partners of p54nrb have been reported to affect its function, the operation
field of p54nrb is likewise very divers. Through its ability to bind proteins, DNA, and RNA, it was
early on apparent that p54nrb may be involved in the fields of transcription, splicing, or
translation. Indeed, p54nrb was shown to act in transcriptional regulation, in both modes,

co-activation and co-repression (Hallier et al., 1996; Basu et al., 1997; Yang et al., 1997; Ishitani
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et al., 2003; Yadav et al., 2014). In addition, p54nrb also shows a role in post-transcriptional
processing (Emili et al., 2002; Peng et al., 2002; Kameoka et al., 2004; Liang & Lutz, 2006; Hall-
Pogar et al., 2007; Kaneko et al., 2007; Lu & Sewer, 2015). Later, after the detection of a binding
to DNA-topoisomerase | (Straub et al., 1998), Bladen et al. (2005) and Li et al. (2009) could

confirm a role of p54nrb in DNA double strand repair.

The discovery of p54nrb’s localisation in the subnuclear bodies within the nucleus, termed
paraspeckles, gave a new idea about the execution of p54nrb’s divers activities (Fox et al., 2002;
Fox et al., 2005). Paraspeckles primarily accommodate mature mRNA for retention (Zhang &
Carmichael, 2001; Chen & Carmichael, 2009). In this regard, the location of p54nrb matters for

its functional role.

Another reported role of p54nrb is the participation in the circadian oscillator mechanism by
acting as a transcriptional cofactor (Kowalska et al., 2012). Following this investigation, evidence
was found, that p54nrb is likewise a regulator of the cell-cycle G1-S checkpoint (Kowalska et al.,

2013).

Further research revealed, that p54nrb is also of clinical relevance. Raghavendra et al. (2010)
detected a p54nrb binding to pre-integration complexes from HIV-1 and Cao et al. (2015)
discovered a binding of a noncoding lytic transcript from Epstein-Barr virus to p54nrb. Besides,
p54nrb is also relevant in some human diseases. P54nrb mutation leads to syndromic
intellectual disability (Mircsof et al., 2015), intron 4 mutation of p54nrb causes a cardiac
phenotype (Scott et al., 2017; Sun et al., 2020), and decreased expression of p54nrb can also
lead to aortic dissection (Ren et al., 2014). In rheumatoid arthritis progression, p54nrb acts as a

transcriptional regulator (Q. Li et al., 2017).

Recently, more indications of a role of p54nrb in cancer have been assembled. P54nrb is
frequently overexpressed in tumorous tissues. For instance, in prostate cancer (Ishiguro et al.,
2003), neuroblastoma (Liu et al., 2014), as well as in breast cancer cells. In the latter case, p54nrb
is involved in the regulation of the lipid metabolism (Zhu et al., 2016). P54nrb also plays a role
in insulinomas (Kharade et al., 2018) and malignant pleural mesothelioma (Vavougios et al.,
2015). In malignant melanoma, p54nrb is regulated by MIA (Melanoma Inhibitory Activity), a
protein which drives tumor progression (Schiffner et al., 2011). P54nrb is also overexpressed in
colorectal cancer, where p54nrb expression correlates with a reduced overall survival (Nelson

et al., 2012) and with increased chemotherapeutic resistance (Tsofack et al., 2011).
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P54nrb’s multifunctionality and its developing clinical significance, yet limited understanding of

its mechanical complexity makes it a fascinating and adequate research object.
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1.5 Aim of the thesis

Apoptosis mediating proteins have been of interest as therapeutical targets since the discovery
of diseases being caused by malfunctioning apoptotic signalling. The enigmatic enzyme caspase-
2 was shown to take place in the execution of apoptosis, although caspase-2 knockout does not
universally inhibit apoptotic signalling. On the other hand, caspase-2 was also suggested as a
tumor suppressor, by means exerting non-apoptotic functions. However, the underlying

mechanisms of caspase-2’s function are still not completely understood.

This study aimed to unveil the mechanistic relations by which caspase-2 accomplishes its tumor
suppressor function. Since only a few caspase-2 substrates are known so far, an important part
of this investigation was to experimentally identify novel caspase-2 specific substrates. Because
caspase-2, uniquely among other members of the caspase family, resides prominently in the

nucleus, compartment specific substrates to mediate its specific functional role seem apparent.

To experimentally confirm new caspase-2 substrates, apoptosis inducing compounds in
combination with a caspase-2 inhibitor, as well as gain of function and loss of function

approaches of caspase-2, and immunoprecipitation assays, were employed.

P54nrb is a nuclear protein, able to bind RNA and DNA, and is involved in divers cellular
processes. Since p54nrb is overexpressed in several human tumor types, its role as an oncogenic
factor seems apparent. The aim of this study was the investigation of the underlying regulatory
mechanism of p54nrb in cancer cells. Therefore, the cell viability of three tumor cell types was
measured with flow cytometry, and tumor growth behaviour was analysed with a 3D anchorage-
independent growth assay of p54nrb depleted cells. Furthermore, since p54nrb is known to be
involved in transcriptional regulation, mass-spectrometric analyses were performed to unveil

p54nrb regulated proteins, which can exert tumorigenic functions.

In summary, this study aimed to elucidate the mechanism of caspase-2’s tumor suppressor
function through the regulatory protein p54nrb. Data from this study may open novel

therapeutic avenues to improve current cancer therapies.
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2 Materials and Methods

In the following subsections, the used materials and methods are described and listed.

2.1 Materials

2.1.1 Celllines

In Table 1 the used cell lines are presented. Additionally, the corresponding media are listed.

Table 1. List of cell lines

Cell line

Culture medium

Identifier

DLD-1 (Human colon cancer
cells, p53 mutation)

DMEM
10 % (v/v) FBS
1% (V/V) Pen-Strep

ATCC CCL-221

DLD1 CRISPR-caspase-2

DMEM
10 % (v/v) FBS
1% (V/V) Pen-Strep

Generated in this project

DLD1 CRISPR-control

DMEM
10 % (v/v) FBS
1% (V/V) Pen-Strep

Generated in this project

DLD1 shRNA-control

DMEM
10 % (v/v) FBS
1% (V/V) Pen-Strep

Generated in this project

DLD1 shRNA-p54nrb

DMEM
10 % (v/v) FBS
1% (V/V) Pen-Strep

Generated in this project

HEK-293T (Human embryonic
kidney cells)

DMEM
10 % (v/v) FBS
1% (V/V) Pen-Strep

ATCC CRL-11268

Hela (Human Cervix
Carcinoma)

RPMI
10 % (v/v) FBS
1% (V/V) Pen-Strep

ATCC CCL-2

Hela shRNA-caspase2

RPMI
10 % (v/v) FBS
1% (V/V) Pen-Strep

Generated in this project

Hela shRNA-control

RPMI
10 % (v/v) FBS
1% (V/V) Pen-Strep

Generated in this project
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Hela shRNA-p54nrb

RPMI
10 % (v/v) FBS
1% (V/V) Pen-Strep

Generated in this project

RKO (Human colon cancer
cells, p53 wild type)

DMEM
10 % (v/v) FBS
1% (V/V) Pen-Strep

Germany)

LGC-Promochem (Wiesbaden,

SK-MEL shRNA-control

DMEM
10 % (v/v) FBS
1% (V/V) Pen-Strep

Generated in this project

SK-MEL shRNA-p54nrb

DMEM
10 % (v/v) FBS
1% (V/V) Pen-Strep

Generated in this project

SK-MEL-28 (Human
Melanoma)

DMEM
10 % (v/v) FBS
1% (V/V) Pen-Strep

ATCC HTB-72

2.1.2 Small RNAs

In this section the used small RNAs (Table 2, Table 3, Table 4) for gene knockdowns are listed.

Table 2. List of siRNAs

siRNA Company Identifier

siRNA-control Qiagen GmbH (Hilden, Germany) | #1027310

SiRNA-p54nrb#2 Qiagen GmbH (Hilden, Germany) | #2999579

Table 3. List of shRNAs
shRNA Sequence Company Identifier
shRNA-caspase-2 | CCGGGATATGTTGCTCACCACC | Sigma-Aldrich Chemie | TRCN-
Egccgﬁ_iﬁ_(éﬁﬁri?GTGGTGAG GmbH (Taufkirchen, 0000003508

Germany)

shRNA-control Non-target shRNA sequence Sigma-Aldrich Chemie | SHC016-1EA
GmbH (Taufkirchen,
Germany)
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ShRNA-p54nrb#1 | CCGGGCCAGAATTCTACCCTGG | Sigma-Aldrich Chemie | TRCN-
AAACTCGAGTTTCCAGGGTAGA .
ATTCTGGCTTTTTG GmbH (Taufkirchen, 0000286693
Germany)
ShRNA-p54nrb#3 | CCGGGCAGGCGAAGTCTTCATT | Sigma-Aldrich Chemie | TRCN-
CATCTCGAGATGAATGAAGACT .
TCGCCTGCTTTTTG GmbH (Taufkirchen, 0000074560
Germany)
Table 4. List of sgRNAs
sgRNA Sequence

No.1-Forward

CACCGAGTCACGGACTCCTGCATCG

No.1-Reverse

AAACCGATGCAGGAGTCCGTGACTC

No.2-Forward

CACCGAACTCTAAAAAAGAACCGAG

No.2-Reverse

AAACCTCGGTTCTTTTTTAGAGTTC

No.3-Forward

CACCGAATTCTCACCTGTCGACAGG

No.3-Reverse

AAACCCTGTCGACAGGTGAGAATTC

2.1.3 Plasmids

The used plasmids are listed below (Table 5). Additionally, a short description of their properties

are given.

Table 5. List of plasmids

Plasmids

Properties

Identifier

pcDNA3-caspase-2-C303A-Flag

6895 bp, ampicillin bacterial
resistance, CMV-promoter,
caspase-2 with C303A mutation,

C-terminal Flag-tag

#11812, Addgene,
Watertown, MA USA

pcDNA3-caspase-2-Flag

6750 bp, ampicillin bacterial
resistance, CMV-promoter, C-

terminal Flag-tag

#11811, Addgene,
Watertown, MA USA
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pcDNA3-caspase-3-C163A-myc

6303 bp, ampicillin bacterial
resistance, CMV-promoter,
caspase-3 with C163A mutation,

C-terminal Myc-tag

#11814, Addgene,
Watertown, MA USA

pcDNA3-caspase-3-myc

6350 bp, ampicillin bacterial
resistance, CMV-promoter, C-

terminal Myc-tag

#11813, Addgene,
Watertown, MA USA

pcDNA3-caspase-7-Flag

6446 bp, ampicillin bacterial
resistance, CMV-promoter, C-

terminal Flag-tag

#11815, Addgene,
Watertown, MA USA

pcDNA3-Flag-HA-1436

5505 bp, ampicillin bacterial
resistance, CMV-promoter, N-

terminal HA/Flag-tag

#10792, Addgene,
Watertown, MA USA

pFlag-p54nrb

6831 bp, ampicillin bacterial
resistance, CMV-promoter, N-

terminal Flag-tag

#35379, Addgene,
Watertown, MA USA

pLentiCRISPRv2

14877 bp, ampicillin bacterial

resistance, EF-1a promoter

#98290, Addgene,
Watertown, MA USA

psPAX2 10709 bp, ampicillin bacterial #12260, Addgene,
resistance Watertown, MA USA
pMD2.G 5822 bp, ampicillin bacterial #12259, Addgene,

resistance, CMV-promoter

Watertown, MA USA

pcDNA3.1-p54nrb-D422N-Flag

6831 bp, ampicillin bacterial
resistance, CMV-promoter,
p54nrb with D422N mutation, N-

terminal Flag-tag

Generated in this
project in cooperation
with Dr. Koraljka

Husnjak

pcDNA3.1-p54nrb-D58N-Flag

6831 bp, ampicillin bacterial
resistance, CMV-promoter,
p54nrb with DN mutation, N-

terminal Flag-tag

Generated in this
project in cooperation
with Dr. Koraljka

Husnjak
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2.1.4 Chemicals, reagents, and kits

In this section the used chemicals, reagents (Table 6), and kits (Table 7) are presented.

Table 6. List of chemicals and reagents

(Taufkirchen, Germany)

Chemicals and reagents Company Identifier

1 kb DNA Ladder RTU Nippon Genetics EUROPE GmbH (Diren, | #MWD1
Germany)

1,4-Dithiothreitol (DTT) Carl Roth GmbH & Co. KG (Karlsruhe, #6908.1
Germany)

2-[(3,4-Dichlorophenyl) amino]- | Tocris Bioscience (Bristol, UK) #2172

1,4-dihydro-6-nitro-4-oxo-N-2-

propenyl-8-

guinazolinecarboxamide;

AQZ-1 (Caspase-3 selective

non-peptide inhibitor)

3-[3-Cholamidopropyll- Carl Roth GmbH & Co. KG (Karlsruhe, #1479.1

dimethylammonio]-1- Germany)

propanesulfonate (CHAPS)

4-(2-hydroxyethyl)-1- Sigma-Aldrich Chemie GmbH #3375

piperazineethanesulfonic acid (Taufkirchen, Germany)

(HEPES)

Agarose, SeaKem®LE Lonza Biosciences (Basel, Switzerland) #50004

Alpha-toxin (Staphylococcus Merck KGaA (Darmstadt, Germany) #H9395

aureus)

Ammoniumperoxodisulfat Carl Roth GmbH & Co. KG (Karlsruhe, #9592.2

(APS) Germany)

BlueStar Prestained Protein Nippon Genetics EUROPE GmbH (Diren, | #MWP03

Marker Germany)

Boric acid Merck KGaA (Darmstadt, Germany) #1.00165

Bovine Serum Albumin (BSA) Sigma-Aldrich Chemie GmbH #A2153
(Taufkirchen, Germany)

Bromphenol blue Sigma-Aldrich Chemie GmbH #114405
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Calcium chloride (CaCl,) Carl Roth GmbH & Co. KG (Karlsruhe, #5239.1
Germany)

Chloroform Sigma-Aldrich Chemie GmbH #C2432
(Taufkirchen, Germany)

Crystal violet Sigma-Aldrich Chemie GmbH #V5265
(Taufkirchen, Germany)

Desoxynucleotidetriphosphates | Thermo Fisher Scientific (Pittsburgh, #R0191

(dNTPs) USA)

Diethylpyrocarbonat (DEPC) Sigma-Aldrich Chemie GmbH #D5758
(Taufkirchen, Germany)

Dimethylsulfoxide (DMSO) Sigma-Aldrich Chemie GmbH #D8418
(Taufkirchen, Germany)

DMEM (1x) + GlutaMAX™.-| Gibco® Thermo Fischer Scientific #61965-026
(Waltham, USA)

Doxorubicin (hydrochloride) Cayman Chemical Company (Michigan, #15007
USA)

Dulbecco’s Phosphate Buffered | Gibco® Thermo Fischer Scientific #14190-094

Saline (DPBS) (Waltham, USA)

Ethanol Sigma-Aldrich Chemie GmbH #32221-M
(Taufkirchen, Germany)

Ethylene glycol-bis (B- AppliChem GmbH (Darmstadt, Germany) | #A0878

aminoethyl ether)-N,N,N’,N’-

tetraacetic acid (EGTA)

Ethylenediaminetetraacetic AppliChem GmbH (Darmstadt, Germany) | #A1103

acid (EDTA)

Etoposide Sigma-Aldrich Chemie GmbH H#E1383
(Taufkirchen, Germany)

FASTGene 100bp DNA Ladder Nippon Genetics EUROPE GmbH (Diren, | #MWD100
Germany)

Fetal Bovine Serum (FBS) Sigma-Aldrich Chemie GmbH #F7524
(Taufkirchen, Germany)

Geneluice®Transfection Merck Millipore (Burlington, USA) #70967

Reagent
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Glycerol Carl Roth GmbH & Co. KG (Karlsruhe, #3783.1
Germany)

Glycine Carl Roth GmbH & Co. KG (Karlsruhe, #0079.4
Germany)

GlycoBlue™ Coprecipitant Invitrogen, Thermo Fisher (Pittsburgh, #AM9515
USA)

HiPerFect Transfection Reagent | Qiagen GmbH (Hilden, Germany) #301705

Isopropanol Sigma-Aldrich Chemie GmbH #33539-M
(Taufkirchen, Germany)

Magnesium chloride (MgCl,) AppliChem GmbH (Darmstadt, Germany) | #A3618

Methanol VWR International GmbH (Darmstadt, #83638.320
Germany)

Midori-green Advance Biozym Scientific GmbH (Hessisch #617004
Oldenburg, Germany)

OPTI-MEM®] (1x) Gibco® Thermo Fischer Scientific #31985-062
(Waltham, USA)

Penicillin/Streptomycin (Pen- Gibco® Thermo Fischer Scientific #11548876

Strep) (Waltham, USA)

Phenol-chloroform Sigma-Aldrich Chemie GmbH #P3803
(Taufkirchen, Germany)

Polybrene Infection Sigma-Aldrich Chemie GmbH #TR-1003-G

/Transfection Reagent (Taufkirchen, Germany)

Polyethylenglycol 800 (PEG New England Biolabs GmbH (Frankfurt, #B1004A

800) Germany)

Poly-L-lysine Sigma-Aldrich Chemie GmbH #P4707
(Taufkirchen, Germany)

Potassium chloride (KCl) AppliChem GmbH (Darmstadt, Germany) | #A1362

Propidium-iodide Sigma-Aldrich Chemie GmbH #P4864
(Taufkirchen, Germany)

Protease-inhibitor-cocktail Roche Biochemicals (Miinchen, #04693132001

Complete® (PIM) Germany)

Protein G Sepharose™ 4 Fast GE Healthcare (Miinchen, Germany) #17-0618-01
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Proteinase K Merck Millipore (Burlington, USA) #CS203218

Puromycin neolab Migge GmbH (Heidelberg, #1299
Germany)

RiboLock Rnase inhibitor Thermo Scientific, Fermentas (Dreieich, #11581505
Germany)

Rotiphorese®Gel 30 (37; 5:1) Carl Roth GmbH & Co. KG (Karlsruhe, #3029.2

Acrylamid/Bisacrylamid Germany)

RPMI Medium 1640 (1x) + Gibco® Thermo Fischer Scientific #61870-010

GlutaMAX™| (Waltham, USA)

SeaPlaque™-Agarose Lonza Biosciences (Basel, Switzerland) #50101

Skim Milk Carl Roth GmbH & Co. KG (Karlsruhe, #T145.2
Germany)

Sodium acetate (NaOAc) Sigma-Aldrich Chemie GmbH #W302406
(Taufkirchen, Germany)

Sodium chloride (NacCl) Sigma-Aldrich Chemie GmbH #31434-M
(Taufkirchen, Germany)

Sodium fluoride (NaF) Sigma-Aldrich Chemie GmbH #201154
(Taufkirchen, Germany)

Sodium orthovanadate Sigma-Aldrich Chemie GmbH #450243

(Na3V0,) (Taufkirchen, Germany)

Sodiumdodecylsulfat (SDS) Carl Roth GmbH & Co. KG (Karlsruhe, #CN30.3
Germany)

Staurosporine Tocris Biosciences (Bristol, UK) #1285

SYTOX™ Blue dead cell stain Invitrogen, Thermo Fisher (Pittsburgh, #534857
USA)

Taxol/Paclitaxel Sigma-Aldrich Chemie GmbH #T7402
(Taufkirchen, Germany)

Tetramethylethylenediamine Carl Roth GmbH & Co. KG (Karlsruhe, #2367.3

(TEMED) Germany)

TRAIL PeproTech, Thermo Fisher Scientific #310-04
(Hamburg, Germany)

Tris-hydroxymethyl- Carl Roth GmbH & Co. KG (Karlsruhe, #4855.2

aminomethane (Tris)

Germany)
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Triton X-100 Carl Roth GmbH & Co. KG (Karlsruhe, #3051.2
Germany)

Trizol/TRI-Reagent Sigma-Aldrich Chemie GmbH #T9424
(Taufkirchen, Germany)

Trypsin/EDTA, 0.05 % (1x) Gibco® Thermo Fischer Scientific #25300-054
(Waltham, USA)

Tween-20/Polysorbate-20 AppliChem GmbH (Darmstadt, Germany) | #A4974

z-VAD-fmk Tocris Biosciences (Bristol, UK) #2163

(Carbobenzoxy-valyl-alanyl-

aspartyl-[O-methyl]-

fluoromethylketone)

z-VDVAD-fmk APExBIO (Houston, USA) #A1922

(Methyl (3S)-5-fluoro-3-[[(2S)-

2-[[(2S)-2-[[(2S)-4-methoxy-2-

[[(2S)-3-methyl-2-(phenyl

methoxy carbonyl amino)

butanoyl] amino]-4-

oxobutanoyl] amino]-3-

methylbutanoyl] amino]

propanoyl] amino]-4-

oxopentanoate)

Table 7. List of kits
Kits Source Identifier

Annexin V-EGFP Apoptosis

ENZO Life Science GmbH (Lorrach,

#ALX-850-253-

Substrate

USA)

Detection Kit Germany) KI02

Green GoTaq G2 DNA Promega GmbH (Walldorf, Germany) #M7841

Polymerase Kit

Micro BCA protein assay kit Thermo Fisher Scientific (Pittsburgh, #23235
USA)

Pierce™ ECL Western Blotting Thermo Fisher Scientific (Pittsburgh, #32106

29



Materials and Methods

Quickchange Il site directed Agilent (Santa Clara, USA) #200523
mutagenesis kit
RevertAid cDNA Synthesis kit Thermo Fisher Scientific (Pittsburgh, #K1622
USA)
2.1.5 Enzymes and proteins
Used recombinant proteins and enzymes are listed in Table 8.
Table 8. List of enzymes and proteins
Enzymes and proteins Source Identifier

Recombinant active caspase-2

ENZO Life Science GmbH (Lorrach,

Germany)

#ALX-201-057

Recombinant active caspase-3

ENZO Life Science GmbH (Lorrach,

#ALX-201-059

Germany)

Recombinant p54nrb OriGene Technologies Inc. (Rockville, H#TP326567
USA)

RNase A Qiagen GmbH (Hilden, Germany) #19101

2.1.6 Antibodies

In Table 9 the used primary and secondary antibodies are listed. Their species source, detectable

size, and used dilution are mentioned.

Table 9. List of antibodies

Antibody Species | Size | Dilution Company Identifier
(kDa)

Alexa Fluor Goat - 1:1000 Invitrogen, Thermo #A32731

488 Anti- Fisher (Pittsburgh, USA)

Rabbit
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Alexa Fluor Goat - 1:1000 Invitrogen, Thermo #A21235
647 Anti- Fisher (Pittsburgh, USA)
Mouse
Beta-Actin Mouse | 42 1:5000 Sigma-Aldrich Chemie #A5441
in 5% Milk-TBST | GmbH (Taufkirchen,
Germany)
Caspase-2 Rat 48, 1:2000 Merck Millipore #MAB3507
32, in 5 % Milk-TBST | (Burlington, USA)
14
Caspase-3 Rabbit | 35 1:1000 Cell Signaling #9662
in 5% Milk-TBST | Technology
(Danvers, USA)
Caspase-3 Rabbit | 17 1:1000 Cell Signaling #9664
cleaved in 5% Milk-TBST | Technology
(Danvers, USA)
Caspase-7 Rabbit | 35, 1:1000 Cell Signaling #9492
20 in 5 % Milk-TBST | Technology
(Danvers, USA)
Cathepsin-Z Rabbit | 35 1:5000 Abcam (Cambridge, UK) | #Ab182575
in 5 % Milk-TBST
CDKN2A/ Rabbit | 17 1:2000 Abcam (Cambridge, UK) | #Ab108349
p16INK4a in 5 % Milk-TBST
Flag M2- Mouse | - 1:400 Sigma-Aldrich Chemie #A8592
Peroxidase in 5% Milk-TBST | GmbH (Taufkirchen,
Germany)
Gelsolin Rabbit | 83 1:1000 Cell Signaling #12953
in 5 % Milk-TBST | Technology
(Danvers, USA)
Mouse IgG Rabbit | - 1:5000 Cell Signaling #58802
HRP in 5 % Milk-TBST | Technology
(Danvers, USA)
NQO1 Mouse | 30 1:200 Invitrogen, Thermo #39-3700

in 5% Milk-TBST

Fisher (Pittsburgh, USA)
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P54nrb Rabbit | 54, 1:2000 Biomol GmbH/Bethyl #A300-
51, in 5% Milk-TBST | Lab 587A
48 (Hamburg, Germany)
Rabbit IgG Goat - 1:5000 Sigma-Aldrich Chemie #A0545
Peroxidase in 5% Milk-TBST | GmbH (Taufkirchen,
Germany)
Rat 1gG HRP Goat - 1:5000 ENZO Life Science #01281513
in 5% Milk-TBST | GmbH
(Lérrach, Germany)
TPD52 Rabbit | 25 1:5000 Abcam (Cambridge, UK) | #Ab182578
in 5 % Milk-TBST
Wheat-germ- Wheat | - 1:1000 Thermo Fisher #W11263
agglutinin germ Scientific
Alexa Fluor350 (Pittsburgh, USA)
(WGA)

2.1.7 Oligonucleotides

Table 10 lists the oligonucleotides used for PCR reactions, ordered from Sigma-Aldrich Chemie

GmbH.

Table 10. List of oligonucleotides

Oligonucleotide

Sequence (5’-3’)

Cathepsin-Z Forward

CTCATGTTAAACATTAACCAAG

Cathepsin-Z Reverse

CTTCCCATCCTTATAGGTG

Gelsolin Forward

GCCAGTCTAATGAGATATACAC

Gelsolin Reverse

CTTATTTTCACCATTTATCTATATG
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2.1.8 Instruments

Table 11 lists the instruments used during this study.

Table 11. List of instruments

Instrument

Company

Agfa CP 1000 Developer

Agfa (Mortsel, Belgium)

BD FACS Canto™ II

BD Biosciences (Heidelberg, Germany)

CO; Incubator HERAcell™ VIOS 160i

Thermo Fisher Scientific (Washington, USA)

Dual Monochromator Spectramax M5e

ELISA-reader

Molecular Devices (Ismaning, Germany)

Heat block Thermomixer compact

Eppendorf (Hamburg, Germany)

Heraeus Microfuge Fresco 21

Thermo Fisher Scientific (Washington, USA)

Heraeus Multifuge 1S-R

Thermo Fisher Scientific (Washington, USA)

Herasafe Steril bank

Thermo Fisher Scientific (Washington, USA)

Laser Scanning Microscope LSM 510 META

Carl Zeiss (Jena, Germany)

Mini-PROTEAN Tetra Vertical

Electrophoresis Cell

BIO-RAD Laboratories Inc. (Minchen,

Germany)

MS2 Minishaker

IKA (K6In, Germany)

Nanodrop ND-1000 spectrophotometer

Thermo Fisher Scientific (Washington, USA)

PCR Thermocycler GeneAmp 9700

Applied Biosystems (Forster City, USA)

pH-Meter PB-11

Sartorius AG (Gottingen, Germany)

PowerPac Universal™ Power Supply

BIO-RAD Laboratories Inc. (Minchen,

Germany)

Rotating Mixer

Rettberg (Gottingen, Germany)

Semidry Blotter Trans-Blot Turbo

BIO-RAD Laboratories Inc. (Miinchen,

Germany)

UV Gel camera GelDoc 1000

BIO-RAD Laboratories Inc. (Miinchen,

Germany)

Zeiss Axioskop 2

Carl Zeiss (Jena, Germany)
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2.1.9 General materials

General materials which were used are listed in Table 12.

Table 12. List of general materials

(Karlsruhe, Germany)

Material Company Identifier

u-slide 8-well uncoated Ibidi GmbH (Grafelfing, Germany) #80821

Amersham Hypercassette Cytica (Amersham, UK) #10499404

Blotting paper (3 mm) neolab Migge GmbH (Heidelberg, #2-4323
Germany)

Cell Culture Flask (175 cm?) Greiner Bio-One GmbH #660160
(Frickenhausen, Germany)

Cell Culture Petri dish (10 cm) Greiner Bio-One GmbH #P7612
(Frickenhausen, Germany)

Cell Culture Plate (6, 12, 96-well) Greiner Bio-One GmbH -
(Frickenhausen, Germany)

Cell scraper Sarstedt AF & Co. KG (Nulrnbrecht, | #83.3951
Germany)

Cryogenic Storage Vials Greiner Bio-One GmbH #126261
(Frickenhausen, Germany)

Cytiva Amersham™ Hperfilm™ MP | GE Healthcare (Miinchen, #28906844
Germany)

Inject Syringe (10 ml) B. Braun SE (Melsungen, Germany) | #12742637

Microtiter plate Greiner Bio-One GmbH #655101
(Frickenhausen, Germany)

Nitrocellulose membrane 0.45 um | BIO-RAD Laboratories GmbH #1620115
(Miinchen, Germany)

ROTILABO PVDF Filter 0.45 um Carl Roth GmbH & Co. KG #P667.1

Safe-Lock Tubes (1.5, 2 ml)

Eppendorf SE (Hamburg, Germany)

Steril Conical Tube (15 ml)

Greiner Bio-One GmbH

(Frickenhausen, Germany)

#GB188261-N

Steril Conical Tube (50 ml)

Greiner Bio-One GmbH

(Frickenhausen, Germany)

#GB210270
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2.1.10 Softwares

All utilised softwares are listed in Table 13.

Table 13. List of softwares

Software

Utilisation

Company

FACS Diva™ Software

Flow Cytometry

BD Biosciences (Heidelberg,

Germany)

GraphPad Prism 9

Statistics and Graphics

GraphPad Software Inc.

Imagel 1.41

Quantification

Wayne Rasband (NIH)

Office Excel 2010 Statistics Microsoft (Redmond, USA)
Office Powerpoint 2010 Graphics Microsoft (Redmond, USA)
Office Word 2010 Text Microsoft (Redmond, USA)

Quantity One 4.6.5

Agarosegel visualisation

BIO-RAD Laboratories GmbH

(Miinchen, Germany)

QuickChange Primer

Design

Primer design

Agilent (Santa Clara, USA)

SoftMax Pro Software 4.6.5

ELISA-Reader

Molecular Devices (Ismaning,

Germany)

Zeiss Zen Imaging Software

2008

Fluorescence microscopy

Carl Zeiss (Jena, Germany)
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2.2  Methods

2.2.1 Cell culture

All works on cell lines were done in sterile conditions under a laminar flow hood. Cells were
cultured in 175 cm? culture flasks at 37 °C with 5% CO,. For splitting of confluent cells, the
supernatant was discarded, the cells were washed with 5 ml DPBS and subsequently washed
with 3.5 ml Trypsin/EDTA (0.05 %) and incubated for 5 minutes. The cells were detached by

gentle resuspending in 10 ml complete medium and then diluted in a ratio of 1:5.

2.2.2 Longterm storage of cells and thawing

To store cell lines long term, a confluent culture flask was trypsinised and the resuspension
centrifugated at 2000 rpm for 4 minutes. The cell pellet was resuspended in 3 ml medium with
10 % DMSO and 1 ml aliquots were frozen at -80 °C for 24 hours before transferring them into

liquid nitrogen for long term storage.

To thaw cells, the cryogenic aliquot was thawed in a 37 °C water bath for 90 seconds and added
to 10 ml prewarmed medium. After 4 minutes of centrifugation at 1000 rpm, the supernatant
was discarded, the cells resuspended in fresh medium, and transferred to a culture flask. Cells

were split at least one time before using for experiments.

2.2.3 Cell transfection with siRNA

For transient knockdown, cells were cultured until 70-80 % confluency. 100 pl/ml OptiMEM,
9 ul/ml Hiperfect and 3 pl/ml siRNA (20 uM siRNA-Control (Qiagen, #1027310) or siRNA-
p54nrb#2 (Qiagen, #2999579)) were mixed, incubated for 15 minutes at room temperature, and

added dropwise to the cells. Then the cells were incubated in the incubator with 5 % CO, at 37 °C.

2.2.4 shRNA lentiviral knockdown

To produce shRNA lentiviral transduction particles, HEK-293T cells were seeded in 6-well plates.

At 70-80 % confluency, the cells were transfected with 4 packaging vectors (each 0.25 pg/ml)
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and plenti-shRNA (pLKO.1) target-vector (1 ug/ml) using Geneluice. The supernatant was
harvested after 24 hours, refilled with medium, and after further 24 hours harvested a second

time. The collected supernatants were pooled and filtered using a 0.45 um pore size filter.

To generate shRNA knockdown, 30.000 cells/100 pL were seeded in a 96-well plate. The next
day, the filtered viral supernatants (100 pl/well) or ready-to-use viral particles (Sigma-Aldrich)
(MOI=5.6) and 8 pug/ml polybrene were added to the cells. After 24 hours, the medium was
changed and 2.5 pg/ml puromycin was added for selection. After reaching 90-100 % confluency,
the cells were transferred to a 12-well plate. Again, after reaching 90-100 % confluency, the cells
were transferred to a 6-well plate. And finally, the cells were transferred to a cell culture flask,

while samples were taken for knockdown validation.

2.2.5 CRSIPR-Cas9 gene editing

To generate CRISPR-Cas9 directed gene deletion of caspase-2, sgRNA sequences targeting
caspase-2 were designed using rule set 2 (PMID: 26780180). The sgRNA sequences targeting
caspase-2 were cloned into the pLentiCRISPRv2 by employing BsmBI restriction digestion and

ligation based on the protocol from Wegner et al. (2019).

To produce infectious lentiviral CRISPR particles, HEK-293T cells were seeded in 6-well plates to
70-80 % confluency and then transfected with 1.35 pug/ml psPAX2 and 0.5 pug/ml pMD2.G
packaging vectors, and a mix of pLentiCRISPRv2 vectors harbouring three different sgRNA
sequences (1.65 pg/ml) using Geneluice. The supernatant was harvested at 24 hours, refilled
with fresh complete medium, and after further 24 hours incubation, harvested a second time.

The collected supernatants were pooled and filtered using a 0.45 um pore size filter.

To generate CRISPR knockout cells, 30.000 cells/100 pl were seeded in a 96-well plate. On the
next day, the filtered viral supernatants (200 pl/well) and 8 pg/ml polybrene were added to the
cells. After 24 hours, the medium was changed, and 2.5 pg/ml puromycin was added for
selection. After reaching 90-100 % confluency, the cells were transferred to a 12-well plate. After
reaching 90-100 % confluency, the cells were transferred to a 6-well plate. And finally, the cells

were transferred to a cell culture flask, while samples were taken for knockout validation.
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2.2.6 Invitro site-directed mutagenesis

The site directed mutagenesis was performed in cooperation with Dr. Koralika Husnjak. In the
Flag-p54nrb vector, Aspartate D58 and D422 were exchanged for asparagine (N). The point-
mutations were achieved by employing the Quickchange Il site directed mutagenesis kit
following the manufacturer’s instructions. The primers harbouring the mutated sequences were
designed by using the primer design software from Agilent. The mutations in the corresponding
sequence were validated by employing standard DNA sequencing services (Microsynth Seqlab

GmbH).

2.2.7 Cell transfection with plasmids

For ectopic expression of proteins, cells were cultured until 70-80 % confluency. Then, 100 pl/ml
OptiMEM was mixed with Geneluice (Ratio of 1 ug DNA: 3 ul Geneluice) and incubated at room
temperature for 5 minutes. Then 1 pg plasmid per 1 ml volume of 1 well was added, mixed, and
incubated for further 15 minutes. The mix was dropwise slowly added to the cells and then

incubated in 5 % CO, at 37 °C.

2.2.8 Cell harvest and protein measurement

For harvesting cell samples, the cells were detached by use of a cell scraper and centrifuged at
2000 rpm for 4 minutes. The cell pellet was washed with 1 ml DPBS and the cell pellet was then
lysed by giving freshly prepared lysis buffer. For samples of one well of a 12-well plate 50 pl lysis
buffer was given, per well of a 6-well plate 80 pl, and per 10 cm Petri dish 100 ul were given
respectively. Lysis buffer was prepared freshly by mixing 1 ml total protein buffer (137 mM NaCl,
20 mM Tris-HCl pH 8,5 mM EDTA pH 8, 10 % Glycerol, 1 % Triton X-100) with 40 ul 25x Protease-
Inhibitor-Mix, 10 pl Na3VOa (Cena= 1 mM), and 1 pl NaF (cens= 1 mM). After resuspension in the
lysis buffer, the cells were frozen five times in liquid nitrogen and thawed at 30 °Cin a heat block,
followed by 30 minutes of centrifugation at 13.000 rpm at 4 °C. The supernatant was transferred
to a new vessel and the protein concentration was determined in duplicates with a Pierce BCA
protein assay kit. Therefore, in a 96-well plate 149 pl double-distilled water (dd-H.0) was
pipetted, 1 ul lysate sample was added, followed by 150 ul working reagent (25 parts of reagent

A, 24 parts of reagent B and 1 part of reagent C). For quantitative evaluation, a standard curve
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was established by using BSA in concentrations from 2.5 to 200 pg/ml. The plate was covered to
protect it from light and incubated at 60 °C for 45 minutes. The absorbance was measured at

562 nm on a microplate Elisa-reader using SoftMax Pro software.

2.2.9 Western blot analysis

2.2.9.1 SDS gel electrophoresis

To separate proteins according to their molecular weight, Sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) was used. The gel was cast in two phases (Table
14). The lower phase, called resolving gel, was prepared first, and covered by isopropanol to
even the surface border. After polymerisation, the isopropanol was discarded and the upper

phase with the well comb, called stacking gel, was prepared.

Table 14. SDS-PAGE recipe

Ingredients Resolving gel Stacking gel
10 % gel 12 % gel

dd-H,0 10.4 ml 8.8 ml 7.9 ml

3MTrispH9 2.5ml -

1 M Tris pH 6.8 - 1.5ml

20 % SDS 100 pl 50 ul

10 % APS 200 pl 100 pl

30 % Bis-acrylamide 6.7 ml 8.3 ml 1.46 mi

TEMED 20 ul 10 ul

A lysate with a content of 40 ug protein was mixed with 4x Laemmli buffer (40 % Glycerol, 10 %
SDS, 125 mM Tris-HCI pH 6.8, 50 mM DTT, 0.01 % Bromphenol blue) and dd-H,0 to the final
volume of 18 ul. The samples were heated for 5 minutes at 95 °C and the complete volume was
subjected to an SDS-PAGE. Additionally, 5 pl of page ruler prestained protein ladder was loaded

as a molecular weight marker.

Protein separation on the SDS-PAGE was carried out in a gel chamber filled with SDS-running

buffer (25 mM Tris-base, 192 mM Glycine, 0,1 % SDS) at 50 mA.
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2.2.9.2 Protein transfer to a nitrocellulose membrane

The protein transfer from SDS-PAGE to a nitrocellulose membrane (0.45 um) was performed by
using a blotting chamber. Two sheets of blotting paper were wet with Towbin transfer buffer
(25 mM Tris-base, 192 mM Glycine, 20 % Isopropanol). On top of the paper was put, likewise
wet with Towbin buffer, a nitrocellulose membrane, followed by the SDS-PAGE gel, which was
washed in Towbin buffer. The gel was covered with further two wet sheets of blotting paper.

The transfer was carried out at 70 mA for 80 minutes.

2.2.9.3 Immunodetection of proteins

The nitrocellulose membrane was blocked for 1 hour with 5% milk in TBST (20 mM Tris-HClI
pH 7.5, 150 mM NaCl, 0.1 % Tween) at room temperature, washed three times for 5 minutes
with TBST and then incubated with the indicated primary antibody in 5 % milk in TBST overnight
at4 °C. The next day, the membrane was washed three times for 5 minutes with TBST, incubated
with the corresponding HRP-conjugated secondary antibody for 1 hour at room temperature
and washed again three times for 5 minutes. Finally, the membrane was incubated with ECL

solution for 5 minutes and luminescence was detected using a light sensitive X-ray film.

2.2.10 Endogenous Immunoprecipitation

For an endogenous immunoprecipitation, 1 mg of protein lysate was incubated with 30 pl
protein-G sepharose beads for 2 hours at 4 °C under rotation to preclean the lysate of unspecific
binding. After a short centrifugation at 2000 rpm for 1 minute, the supernatant was transferred
into a new vessel and adjusted to 1 ml with lysis buffer. 50 ul of FBS and 1 ug antibody (same
amount and species of 1gG for control) were added and incubated at 4 °C under rotation
overnight. The next day, 70 ul protein-G sepharose beads, which were pre-washed 3 times with
500 ul ice-cold lysis buffer and supplemented with protease and phosphatase inhibitor, were
added to the overnight reaction, and incubated for 2 hours at 4 °C under rotation. The reaction
was centrifuged at 10.000 rpm for 1 minute at 4 °C and washed as described in the following

methods: ChIP (Chapter 2.2.11) and RIP (Chapter 2.2.12).
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2.2.11 Chromatin Immunoprecipitation (ChlIP)

After endogenous immunoprecipitation as described (Chapter 2.2.10), the supernatant was
discarded and the beads were washed four times for 20 minutes with 500 pl RIPA buffer (50 mM
Tris-HCI pH8, NaCl, 1 % Triton-X100, 0.1 % SDS) at 4 °C under rotation. After the last repetition,
all liquid was removed from the beads. Next, the immunoprecipitation was validated by western

blot analysis and the isolation of DNA was performed.

For DNA isolation, the beads were resuspended in 200 ul elution buffer A (1 % SDS, Tris-EDTA
pH 8) and incubated for 10 minutes at 62 °C and 500 rpm rotation. After centrifugation at
13.000 rpm for 2 minutes the supernatant was collected in a new vessel. The beads were now
resuspended in 200 pl elution buffer B (0.67 % SDS, Tris-EDTA pH 8), incubated at 62 °C and
500 rpm rotation for 10 minutes, centrifuged and pooled with the previous batch. To the pooled
supernatant, 365 pl water, 4 ul 5 M NaCl, and 1 ul RNase A were added and incubated at 65 °C
for 4 hours. Subsequently, 2 ul Protein K, 2 ul 0.5 M EDTA pH 8, and 2 ul 1M Tris-HCl pH 6.5 were
added and incubated for 2 hours at 42 °C. Then, samples were mixed with 400 pl basic phenol-
chloroform and centrifuged at 13.000 rpm for 15 minutes at 4 °C. The upper layer was
transferred to a new vessel and supplemented with 1 ml Ethanol, 40 ul 3 M NaOAc pH 5.2, and
4 ul Glycoblue. DNA was precipitated overnight at -20 °C. The next day, the samples were
centrifuged at 13.000 rpm at 4°C for 15 minutes and the supernatant was removed. The pellet
was washed with 1 ml 70 % ice-cold ethanol and centrifuged again. After carefully removing the
supernatant, the pellet was dried at 37 °C for 4 minutes and then resuspended in 20 pl dd-H,0.

The DNA content was measured with a Nanodrop spectrophotometer.

2.2.12 Ribonucleoprotein Immunoprecipitation (RIP)

After endogenous immunoprecipitation as described (Chapter 2.2.10), the supernatant was
discarded and the beads were washed under rotation three times for 20 minutes at 4 °C with
500 pl of low salt wash buffer (100 mM NaCl, 50 mM Tris-HCI pH 7.4, 2 mM EDTA pH 8, 2 mM
EGTA pH 8, 0.1 % SDS, 0.2 % Tween) and also under same conditions three times with high salt
wash buffer (350 mM NaCl, 50 mM Tris-HCI pH 7.4, 2 mM EDTA pH 8, 2 mM EGTA pH 8, 0.1 %
SDS, 0.2 % Tween). After the last step, all liquid was removed from the beads. Next, the
immunoprecipitation was validated by western blot analysis and the isolation of RNA was

performed.
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For RNA isolation, 1 ml Trizol was added to the dried beads and mixed with 200 ul chloroform
thoroughly mixed for 10 seconds. Samples were centrifuged for 15 minutes at 13.000 rpm at
4 °C and upper aqueous phase was carefully transferred to a new RNase-free vessel. 800 ul
isopropanol and 3.5 ml Glycoblue was added and incubated overnight at -20 °C. Samples were
centrifuged at 13.000 rpm for 20 minutes at 4 °C and the supernatant was carefully removed.
The RNA pellet was washed with 500 pl ice-cold 70 % ethanol and then dried for 5 minutes at
37 °C. The pellet was resuspended in 15 ul DEPC-treated water for 10 minutes at 65 °C. The RNA

content was measured with a Nanodrop spectrophotometer.

2.2.13 In vitro immunoprecipitation assay

For the in vitro p54nrb/DNA binding assay, 0.5 pg human recombinant p54nrb (Origene,
Rockville, MD USA) and 100 ng plasmid containing the coding sequence of gelsolin (Ch-gelsolin)
[#37262] [Addgene]) were incubated at 37 °C for 18 hours. Immunoprecipitation was performed
by employing either 1 ug p54nrb antibody or the same amount and species of IgG as the control
(Chapter 2.2.10). Next, DNA was isolated as described (Chapter 2.2.11). P54nrb precipitation
was confirmed by immunoblot detection. The DNA content of the isolates was measured by
nanodrop, and equal amounts were added to the PCR reaction (Chapter 2.2.15), employing

gelsolin-specific primers. Amplification was confirmed by agarose gel electrophoresis.

2.2.14 Reverse Transcriptase (RT) reaction

To synthesis cDNA from RNA, a RT reaction was performed as described in the following. For
one RT reaction was mixed: 1 pl Random Hexamer Primer, 4 pl 5x RT-PCR reaction buffer, 2 ul
10 mM dNTP-mix, 1 ul RNase inhibitor 40 U/ul, 1 ul Revert-Aid Reverse Transcriptase 200 U/uL,
1 ug RNA and adjusted to 20 pl with dd-H,0. The sample run in a PCR thermocycler with the
program of 25 °C for 5 minutes, followed by 60 minutes at 37 °C, and terminated with 5 minutes

at 70 °C.
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2.2.15 Polymerase Chain Reaction (PCR)

For DNA amplification by PCR, the following components were mixed per sample: 3 ul 5x Green
GoTaq buffer, 1 ul 50 uM Primer forward, 1 pl 50 uM Primer reverse, 2 ul 10 mM dNTP-mix, 0.15
ul GoTag G2 DNA Polymerase 5 U/ul, 3 pul 25 mM MgCl,, and 200 ng DNA-template and adjusted
t0 25.15 pl with dd-H,0.

The reaction-mix run in a PCR thermocycler with the program of 94 °C for 4 minutes, followed
by 35-40 cycles of 30 seconds at 94 °C, 45 seconds at 55 °C, and 45 seconds at 72 °C, and a single
final step for 5 minutes at 72 °C. PCR amplifications were analysed with agarose gel
electrophoresis. Therefore, next to 5 pul 100 bp-DNA-ladder, whole PCR sample volumes were
loaded onto a 2 % (w/v) Agarose-TBE gel (TBE buffer: 90 mM Tris-HCI, 80 mM Boric acid, 2 mM
EDTA pH 8.3) with 5 ul/100 ml Midori-green and run at 50 V for 1-2 hour. DNA separation was

visualised under a UV transilluminator and documented by using Gel Doc software.

2.2.16 Subcellular fractioning

For the isolation of the subcellular fractions, nucleus and cytoplasm, cells were seeded ina 10 cm
petri dish. After reaching 90 % confluency the cells were harvested by scratching in ice-cold DPBS
with 0.5 mM EDTA. After 5 minutes centrifugation at 6000 rpm and 4° C, the cell pellet was
resuspended in 70 ul hypotonic buffer A (10 mM HEPES pH 7.9, 10 mM KCl, 0.1 mM EDTA, 0.1
mM EGTA; before use freshly added: 1x Protease inhibitor mix, 1 mM NasVO,4, 1 mM NaF). After
incubation onice for 10 minutes, 4.7 ul 10 % NP40 were added and mixed thoroughly and further
centrifuged at 10.000 rpm and 4° C for 3 minutes. The supernatant was separated as the

“cytoplasmic fraction” into a new vessel and stored at -20° C.

The remaining pellet was resuspended in 70 pl ice-cold high salt buffer C (20 mM HEPES pH 7.9,
25 % glycerol, 0.4 M NaCl, 1 mM EDTA, 1 mM EGTA; before use freshly added: 1x Protease
inhibitor mix, 1 mM NasVO4, 1 mM NaF) and thoroughly mixed for 30 min on a shaker machine
at 4° C. Then, the sample was centrifuged at 13.000 rpm and 4° C for 30 minutes and the

supernatant was separated as the “nuclear fraction” and stored at -20° C.
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2.2.17 Liquid Chromatography-Mass Spectrometry (LC-MS) analysis and label-free

guantification analysis

LC-MS analysis was performed in cooperation with the working group of Prof. Stefan Tenzer

from the university of Mainz.

Proteins were extracted and digested using filter-aided sample preparation (FASP), as described
in detail before (Wisniewski et al., 2009; Distler et al., 2016). In brief, samples (corresponding to
20 pg of total protein) were loaded onto spin filter columns (Nanosep centrifugal devices, 30 kDa
MWCO; Pall, Port Washington, NY). After washing the samples three times with a buffer
containing 8 M urea, proteins were reduced and alkylated using dithiothreitol (DDT) and
iodoacetamide (IAA), respectively. Excess IAA was quenched by the addition of DTT. Afterwards,
the membrane was washed three times with 50 mM NH;HCOs and proteins were digested
overnight at 37 °C using trypsin (Trypsin Gold, Promega, Madison, WI) at an enzyme-to-protein
ratio of 1:50 (w/w). After proteolytic digestion, peptides were recovered by centrifugation.
Samples were subsequently acidified with trifluoroacetic acid (TFA) to a final concentration of
1% (v/v) TFA. After lyophilisation, purified peptides were reconstituted in 0.1 % (v/v) formic acid
(FA) for LC-MS analysis.

Tryptic peptides were analysed as detailed before using a NanoAQUITY UPLC system (Waters
Corporation, Milford, MA) coupled online to a Synapt G2-S high definition mass spectrometer
(Waters Corporation, Milford, MA) (Distler et al., 2014; Distler et al., 2016). In brief, peptides
were loaded directly onto an HSS-T3 C18 1.8 um, 75 um x 250 mm reversed-phase analytical
column (Waters Corporation) running a gradient 5 to 40 % (v/v) mobile phase B (0.1 % (v/v) FA
and 3 % (v/v) DMSO in ACN) at a flow rate of 300 nL/min over 90 min. Mobile phase A was 0.1 %
(v/v) FA and 3 % (v/v) DMSO in water. MS analysis of eluting peptides was performed by ion-
mobility separation (IMS) enhanced data-independent acquisition (DIA) in UDMSE mode as
described in detail before (Distler et al., 2014; Distler et al., 2016).

The LC-MS raw data was processed in ProteinLynx Global Server (PLGS, ver.3.0.2, Waters
Corporation). Data were searched against a custom compiled human proteome database
(UniProtkB human reference proteome release 2020) which contained a list of common
contaminants. For database search, the following parameters were applied: i) trypsin as enzyme
for digestion, ii) up to two missed cleavages per peptide, and iii) peptides had to have a length
of at least six amino acids. Carbamidomethyl cysteine was set as fixed, and methionine oxidation

as variable modification. The false discovery rate (FDR) for peptide and protein identification
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was assessed using the target-decoy strategy by searching a reverse database and was set to

0.01 for database search in PLGS.

Postprocessing of data and label-free quantification analysis was performed using the software
tool ISOQuant ver.1.8 as detailed before (Distler et al., 2014, Distler et al., 2016). An FDR of 0.01
at the peptide-level was applied for cluster annotation in ISOQuant. Proteins were only reported
if they had been identified by at least two peptides with a minimum length of six amino acids, a
minimum PLGS score of 5.5 and no missed cleavages. For each protein, absolute in-sample
amounts were calculated using TOP3 quantification (Silva et al., 2006). To identify significantly
regulated proteins (p < 0.01), a two tailed t-test was performed and corrected for multiple-
hypothesis testing using Benjamini-Hochberg correction. To be included in the final list of
significantly regulated proteins, proteins had to be additionally identified in all biological

replicates and display a log;-ratio of >0.5 or <-0.5 as compared to the control group.

2.2.18 Cell death detection by flow cytometry

For cell death analysis, flow cytometry was employed. Therefore, 0.5x10° cells were seeded and
treated in a 12-well plate. The samples were harvested by collecting the supernatant, washing
with 150 ul DPBS, incubating for 5 minutes with 150 pl Trypsin-EDTA and collecting the detached
cells. 300 pl of cell suspension was incubated for 30 minutes in the dark with the staining
solution (10 pl resuspension buffer (ENZO), 0.75 ul 1 M CaCl,, 3 ul propidium iodide (P1) (ENZO)
or 0.3 ul Sytox-Blue (Life Technologies GmbH), and 3 ul Annexin-V-EGFP (ENZOQ)). The
measurement was held on FACS Canto-Il flow cytometer (BD Bioscience) by using the software
FACS Diva. 10.000 events in total were measured. Thereby first, cell debris (population exhibiting
low FSC/SSC intensity) were excluded from the analysis by employing the FSC/SSC dot-plot. Cell
death was measured by employing the PI/FL2 channel (488 nm blue laser/585 nm band-pass
filter) or Sytox-Blue/FL1 channel (405 nm violet laser/450 nm band-pass filter) and the annexin-
V-EGFP/FL1 channel (488 nm blue laser/530 nm band-pass filter). The resulting cell populations
were gated accordingly upon the negative cell control and the cell death and viability share were

evaluated in percentage of measured events.
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2.2.19 3D soft agar tumor growth assay

Anchorage independent growth was monitored by employing a 3D soft agar assay. Thereby cells
get cast in an agarose solidified medium. Like this, metastatic-like growth can be monitored. To
prepare the assay, 1.5 ml/well agar-base (0.75 % (w/v) SeaPlaque-Agarose (Lonza) - DMEM) was
poured and solidified in a 6-well plate. Then, 1000 cells/well in 1.5 ml agar-topper (0.45 % (w/v)
SeaPlaque-Agarose - DMEM) were poured and hardened on top of the agar-base. The plate was
cultured at 37 °C with 5 % CO; for 3 weeks, while adding 200 ul DMEM medium every four days
to keep the plate from drying out. For quantitative analysis cell colonies were stained with 0.1 %
crystal violet for 3 hours, then washed three times with 1 ml dd-H,O for 1 hour each. Images of

the plates were taken, and cell colonies were quantified by employing Imagel.

2.2.20 In vitro caspase cleavage assay

For validation of caspase-2 cleavage in vitro, 0.7 ug recombinant p54nrb and 1-4 U recombinant
active caspase-2 or recombinant active caspase-3 were mixed with caspase-buffer (0.1 M HEPES
pH 7, 10 % PEG, 0.1 % CHAPS, 10 mM DTT). The samples were incubated for 6 hours at 37 °C.

Next, the samples were mixed with 4x Laemmli and used for western blot detection.

2.2.21 Immunologic staining for fluorescence microscopy

For fluorescence microscopical detections in cells, a p-slide 8-well was coated with 300 pl poly-
L-lysine for 1 hour at 37 °C. After washing two times with DPBS, 50.000 cells/well were seeded
and incubated for 48 hours in 5 % CO; at 37 °C. The plate was kept on ice, washed two times
with DPBS, and 200 ul ice cold methanol was pipetted on the slides for 4 minutes, then once
again washed two times with DPBS. Then, the samples were incubated in 5 % Milk-PBS for 1 hour
at room temperature. After washing two times with DPBS, the primary antibody (2 ng/ul) in
0.1 % BSA-DPBS was added to the samples for 1 hour at room temperature. After two times
washing with DPBS, the secondary antibody was added (1:1000) in 0.1 % BSA-DPBS and
incubated for 1 hour at room temperature in the dark. After two times washing with DPBS,
5 ug/ml WGA and 1 ug/ml propidium-iodide in DPBS were added for 10 minutes at 37 °C. Finally,
the samples were washed three times with DPBS. Afterwards, fluorescence was detected with

laser scanning microscopy.
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3 Results

3.1 P54nrb has a role in the regulation of key tumorigenic features of tumor cells

P54nrb is reported to be overexpressed in various cancer types and is even seen as a potential
independent prognostic marker for some cancers (Feng et al., 2020). Despite its functional
characterisation as a multipurpose scaffold and observations of a tumorigenic role in cancers,

the underlying mechanisms still need to be revealed and are addressed in this study.

3.1.1 P54nrb is overexpressed in tumor cells

First, the p54nrb expression level in different tumor cells was validated. By using the online data
mining tool oncomine.org, the pS4nrb mRNA level of tissue samples, derived from patients with
solid tumors of cervix carcinoma, colon carcinoma, and melanoma, were evaluated in silico. The
p54nrb mRNA level was significantly elevated in all three tumor tissue types in comparison to
the equivalent healthy tissue types. The mRNA level of p54nrb in cervix carcinoma cells is
1.63-fold upregulated (Figure 8 A), in colon carcinoma cells by 2.32-fold (Figure 8 B), and in
melanoma cells by 1.54-fold (Figure 8 C).
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Figure 8. Expression level of p54nrb mRNA in human tissue.

Healthy versus tumor tissue samples from patients were analysed and evaluated in silico based on the p54nrb mRNA
level. The mRNA expression values (Log2 median centred intensity) were obtained from the oncomine.org database
with the criteria of a threshold of p<1E-6 and a fold change of >1.5. Student’s t-test was performed for significance
with ****p<0.0001. Tissues of (A) Cervix squamous epithelium (21 samples) and cervical squamous cell carcinoma
(32 samples) (Scotto et al., 2008), (B) Colon and colon adenocarcinoma (each 18 samples) (Notterman et al., 2001),
and (C) Skin tissue (7 samples) and cutaneous melanoma (45 samples) (Talantov et al., 2005), were evaluated (Eichler
etal., 2022).
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To experimentally analyse the functional role of p54nrb’s overexpression in tumor cells, stable
depletion of p54nrb by lentiviral shRNA knockdown was performed in Hela cervix carcinoma,
DLD-1 colon carcinoma, and SK-MEL melanoma cells. The efficiency of the knockdown of p54nrb

in these cell lines was evaluated by western blot analysis (Figure 9).
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Figure 9. Generation of p54nrb knockdown cells.

(A) Immunoblot of the p54nrb-level in HeLa shRNA-control, shRNA-p54nrb#1, and shRNA-p54nrb#3 cells. (B)
Immunoblot of the p54nrb-level in DLD-1 shRNA-control and shRNA-p54nrb#1 cells. (C) Immunoblot of the p54nrb-
level in SK-MEL shRNA-control and shRNA-p54nrb#1 cells. Figures from Eichler et al. (2022), except A.

3.1.2 Depletion of p54nrb affects anchorage independent growth

To investigate the impact of p54nrb on tumorigenic traits of the cells, the generated p54nrb
knockdown cells in comparison to the control cells were assessed in a 3D soft agar growth assay.
This assay serves as a model for metastatic growth by monitoring colony formation and long-
term survival capacity of cells under anchorage independency. To this end, cells are poured into
agarose medium and after the end of 21 days of incubation, the grown colonies are dyed and

quantified.

The growth assay of Hela cervix carcinoma cells did not show a significant effect in growth
behaviour between p54nrb knockdown and control cells (Figure 10 A). However, DLD-1 colon
carcinoma cells (Figure 10 B) showed a 1.5-fold reduction in the number of grown colonies under
p54nrb depletion. SK-MEL melanoma cells (Figure 10 C) showed a significant 4-fold reduction in

both, size, and number of the grown colonies with p54nrb knockdown in comparison to the
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control cells. Thus, the p54nrb protein level affects anchorage independent growth in DLD-1 and

SK-MEL cells.
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Figure 10. Anchorage independent growth of p54nrb depleted cells.

3D soft agar tumor growth assay of (A) Hela, (B) DLD-1, and (C) SK-MEL cells with counts of colonies (left) and a
photography of one representative experiment (right) with three technical replicates of each, shRNA-Control (upper
three wells) and shRNA-p54nrb cells (lower three wells). 1000 cells/well were seeded and grown for 3 weeks and
stained with 0.1 % crystal-violet. Student’s t test was employed to test significance. Non-significant (ns), *p<0.05,
**p<0.01, n=3. Figures from Eichler et al. (2022), except photography C.
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3.1.3 Depletion of p54nrb sensitises towards cell death

In order to investigate the role of p54nrb on tumorigenic features that have an immediate
impact on cell fate, the effect of p54nrb on cell death and survival was measured. Therefore, the
generated p54nrb knockdown cells of Hela cervix carcinoma, DLD-1 colon carcinoma, and SK-
MEL melanoma in comparison to their equivalent control cells were measured by flow
cytometry. Thereby, cells were stained with annexin-V and propidium-iodide (Figure 11 A) or
annexin-V and Sytox-Blue (Figure 11 B), to detect apoptotic and necrotic cells, and non-stained

viable cells were quantified.

The knockdown of p54nrb in Hela cells did not significantly affect the viability in comparison to
the control cells (Figure 11 A and B). Hence, the cells were further stressed by the induction of
apoptosis with chemotherapeutic compounds. To stimulate apoptosis, etoposide and
doxorubicin were applied for activation of the intrinsic pathway, and TRAIL (human recombinant

TRAIL) was used for inducing the extrinsic pathway.

Under apoptotic stimulation, the HelLa shRNA p54nrb knockdown cells showed significantly
reduced viability in comparison to the stimulated control cells. P54nrb knockdown with 10 uM
etoposide, 240 ng/ml TRAIL, or 10 pg/ml doxorubicin stimulation for 24 hours, led to a reduction

of viability by 20 % in comparison to the stimulated control cells (Figure 11 A and B).

Also, the administration of nocodazole, an inducer of mitotic arrest, led to a reduced viability
under p54nrb knockdown, which was detected by an increased apoptotic SubG1 population in
comparison to the stimulated control cells. The application of 1 ug/ml nocodazole for 24 hours

led to an increased SubG1 population of 10 % with p54nrb depletion (Figure 11 C).
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Figure 11. Cell death analysis of p54nrb depleted Hela cells.

(A) Flow cytometry of HeLa shRNA-control and shRNA-p54nrb#3 cells at 24 h after treatment with 10 uM etoposide
(Eto) and 240 ng/ml human recombinant TRAIL (TRAIL). The cell viability was measured by detection and totalling of
annexin-V single positive and annexin-V and propidium-iodide double positive cells. The cells not falling to either of
these categories were considered as viable cells. A significance was calculated with Student’s t test, *p<0.05, n=3. (B)
Flow cytometry of HeLa shRNA-control and shRNA-p54nrb#3 cells at 24 h after treatment with 10 ug/ml Doxorubicin
(Doxo). The cell viability was measured by detection and totalling of annexin-V single positive and annexin-V and Sytox
Blue double positive cells. The cells not falling to either of these categories were considered as viable cells. A
significance was calculated with Student’s t test, **p<0.01, n=3. (C) Flow cytometry of HeLa shRNA-control and
shRNA-p54nrb#1 cells at 24 h after treatment with DMSO or 1 ug/ml Nocodazole (Noc). The percentages of the SubG1
(lower DNA content due to apoptotic DNA fragmentation) population are indicated. A significance was calculated
with Student’s t test, ¥*p<0.05, n=3 (Eichler et al., 2022).
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Analog results were obtained from measurements by flow cytometry with DLD-1 colon
carcinoma cells. The depletion of p54nrb alone in comparison to the control cells did not affect
the viability of DLD-1 cells. However, DLD-1 cells were 10 % more susceptible to cell death under
p54nrb depletion in comparison with the control cells, when stimulated with 20 uM etoposide

for 24 hours (Figure 12 A).

A flow cytometry measurement of SK-MEL melanoma cells likewise showed that the depletion
of p54nrb had no significant effect on viability in comparison to the control cells. SK-MEL cells,
additionally stimulated with 250 nM staurosporine for 24 hours, showed 30 % more cell death

under p54nrb depletion when compared with the stimulated control cells (Figure 12 B).
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Figure 12. Cell death analysis of p54nrb depleted DLD-1 and SK-MEL cells.

(A) Flow cytometry of DLD-1 shRNA-control and shRNA-p54nrb#1 cells at 24 h after treatment with DMSO or 20 uM
etoposide (Eto). Percentage of annexin-V positive (green) and propidium-iodide annexin-V double positive (red) cells
are indicated. (B) Flow cytometry of SK-MEL shRNA-control and shRNA-p54nrb#1 cells at 24 h after treatment with
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DMSO or 250 nM staurosporine (STS). The percentage of annexin-V positive (green) and propidium-iodide annexin-V
double positive (red) cells are indicated (Eichler et al., 2022).

A minor sensitising effect towards cell death of p54nrb knockdown in Hela cells was also
measured for a shorter time of 6 hours of stimulation with a higher dose of etoposide. With
depletion of p54nrb, an 11 % increase in cell death was measured by flow cytometry under
stimulation with 100 uM etoposide, when compared to the stimulated control cells (Figure 13).
Thus, the sensitising effect of p54nrb depletion on cell death might be restricted to a certain

time period.
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Figure 13. Cell death analysis of p54nrb depleted Hela cells after 6 hours stimulation.

Flow cytometry of HelLa shRNA-control and shRNA-p54nrb#3 cells at 6 h after treatment with DMSO or 100 pM
etoposide (Eto). The percentage of annexin-V positive (green) and propidium-iodide annexin-V double positive (red)
cells are indicated (Eichler et al., 2022).

Since the proteins of the DBHS family were observed to functionally compensate each other’s
function by adjustment of their expression level (Knott, Bond, et al., 2016), additional

experiments were made to measure the effects under transient depletion of p54nrb.

To this end, a transient p54nrb knockdown with siRNA was performed in Hela cells (Figure 14
A) and cell death was measured by flow cytometry. A transient knockdown of p54nrb did not
affect the cell viability significantly in comparison to cells transfected with control siRNA.
However, administration of 60 ng/ml TRAIL over 24 hours led to increased cell death under

p54nrb transient knockdown by 23 % in comparison to stimulated control cells (Figure 14 B).
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Figure 14. Cell death analysis of Hela cells under transient p54nrb depletion.

(A) Immunoblot of the p54nrb-level in HeLa siRNA-control and siRNA-p54nrb cells. (B) Flow cytometry of HelLa siRNA-
control and siRNA-p54nrb cells at 24 h after treatment with DMSO or 60 ng/ml TRAIL. The cell viability was measured
by detection and totalling of annexin-V single positive and annexin-V and propidium-iodide double positive cells. The
cells not falling to either of these categories were considered as viable cells. A significance was calculated with
Student’s t test, **p<0.01, n=3 (Eichler et al., 2022).

3.1.4 P54nrb regulates cell death in a p53 independent manner

The tumor suppressor p53 is known to induce apoptosis in cells under high stress level. Although,
in many cancer types, p53 is mutated or not expressed. To exclude a p53 dependent function of
p54nrb, the p53 inhibitor pifithrin-a was applied. The administration of 30 uM pifithrin-a 1 hour
prior to stimulation with 10 mM etoposide for 24 hours in p54nrb knockdown Hela cells had no
significant effect on the cell viability, compared to the cells without p53 inhibitor, as measured
with flow cytometry (Figure 15). Thus, the p54nrb mediated cell death sensitisation is p53

independent in these cells.
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Figure 15. Cell death analysis of p54nrb depleted cells with p53 inhibitor.

Flow cytometry of HeLa shRNA-p54nrb#1 cells, 1 h prior treated with 30 uM pifithrin-a and 24 h treatment with DMSO
or 10 uM etoposide (Eto). The percentage of annexin-V positive (green) and propidium-iodide annexin-V double
positive (red) cells are indicated (Eichler et al., 2022).

3.1.5 P54nrb overexpression negatively affects cell death signalling

The impact of p54nrb on cell death regulation was additionally investigated by ectopic
overexpression of p54nrb in shRNA-p54nrb knockdown Hela cells with and without induction
of apoptosis and subsequent measurement of the cleavage level of PARP, which is a prominent

substrate downstream in the apoptotic cascade (Figure 16).

Here, the ectopic expression of the empty vector already led to a basal cleavage level of PARP.
However, the ectopic overexpression of p54nrb in comparison to the empty vector in the

unstimulated cells led to a reduction of the PARP cleavage ratio by about a half.

Upon stimulation with 50 uM etoposide, the cells with empty vector expression, showed about
a double intense PARP cleavage level in comparison to the unstimulated empty vector

expressing cells, confirming the apoptotic induction by etoposide.

An ectopic overexpression of p54nrb in the with etoposide stimulated cells led to a comparable
less PARP cleavage, when compared to the empty vector expressing stimulated cells, with a
reduction of the PARP cleavage ratio of about 0.5. This additionally confirms the protective role

of p54nrb in cell death, which seems to act upstream of the effector caspases.
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Figure 16. Effect of the p54nrb level on PARP cleavage.

(A) Immunoblot of p54nrb-Flag and PARP of HeLa shRNA-p54nrb#3 cells after ectopic overexpression of pCDNA3.1 or
p54nrb-Flag plasmids for 48 h in total and a stimulation with 50 uM etoposide (Eto) for 24 h. (B) Quantification of the
cleaved to full length ratio of PARP (Eichler et al., 2022).

3.1.6 Depletion of p54nrb affects the expressional level of tumorigenic proteins

P54nrb was described to have a role in transcriptional regulation (Shav-Tal & Zipori, 2002). To
investigate the impact of p54nrb on the expressional regulation of tumorigenic proteins, a label
free quantitative mass spectrometry of HeLa shRNA-p54nrb knockdown and control cells was
performed. Proteins with significant down- or upregulation in all three biological replicates were
chosen as hit (Figure 17 A) and the list of hits was further narrowed down by employing a
functional annotation bioinformatics tool (Database for Annotation, Visualisation, and

Integrated Discovery/DAVID) (Huang da et al., 2009).

Hereby, hits with experimentally proven relevance in key biological processes involved in cancer
progression and regulation, such as cytoskeletal rearrangement, apoptosis, cell cycle regulation,
and metabolic processes were selected for further investigations (Figure 17 B and C, Table 15
and Table 16). Out of these categories, candidates with strong relevance were chosen for further

experimental validations.
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Figure 17. Identification of p54nrb dependently regulated tumorigenic proteins in Hela cells.
(A) Volcano plot diagram of LC-MS data derived from the analysis of HeLa shRNA-control versus shRNA-p54nrb cells
(n=3). Arrowheads depict 2-fold changed (X-axis) and significantly (p<0.01, Y-axis) upregulated (arrow up, red) and
downregulated (arrow down, blue) proteins, and the total numbers of both categories are indicated on the diagram.
(B) Down- and (C) up-regulated proteins (p<0.01, Log, ratio either >0.5 or <-0.5) of Hela-shRNA-p54nrb cells
compared to shRNA control cells, which exert tumor regulatory and/or apoptosis regulatory properties. Differently
coloured oval diagrams represent various functional subcategories of these hits and bold written proteins were
further investigated within this project (Eichler et al., 2022).
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The selected candidates were validated with immunoblot detection. In Hela cells, the proteins
gelsolin (Apoptosis inhibition (Koya et al., 2000)), cathepsin-Z (Cell migration, tumor invasion,
proteolysis (Wang et al., 2011; Mitrovic et al., 2017)), Tumor Protein D52 (TPD52) (Proliferation
(Ummanni et al., 2008; Wang et al., 2020)), and NAD(P)H Quinone Dehydrogenase 1 (NQO1)
(Metabolic processes (Zhou et al., 2019)) were confirmed being significantly downregulated. The
Cyclin Dependent Kinase Inhibitor 2A (CDKN2A) (Cell cycle, tumor suppression (Liggett &
Sidransky, 1998)) was significantly upregulated in HeLa shRNA-p54nrb knockdown cells (Figure
18 A and Figure 19).

The effect of p54nrb knockdown on the gelsolin and cathepsin-Z protein levels was also
monitored in SK-MEL (Figure 18 B) and DLD-1 cells (Figure 18 C), whereas the protein level of
TPD52 and NQO1 was not affected and the protein CDKN2A was not detectable (Figure 18 B and
C).

These findings demonstrate a correlation of the protein level of p54nrb with the protein level of
divers tumorigenic proteins. The expression pattern of some of these regulated proteins (TPD52

and NQO1) show a cell type dependent variability.
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Figure 18. Altered expression level of tumorigenic proteins in p54nrb knockdown cells.

Immunoblot of the p54nrb, gelsolin, cathepsin-Z, NQO1, TPD52, and CDKN2A levels from (A) HeLa shRNA-control,
shRNA-p54nrb#1, and shRNA-p54nrb#3 cells, (B) SK-MEL shRNA-control, shRNA-p54nrb#1, and shRNA-p54nrb#3 cells,
and (C) DLD-1 shRNA-control and shRNA-p54nrb#1 cells. Modified from Eichler et al. (2022).
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Figure 19. Quantification of the expression level of tumorigenic proteins in p54nrb depleted Hela cells.
Quantitative analysis of immunoblots of p54nrb, Gelsolin, Cathepsin-Z, NQO1, and TPD52 from HelLa shRNA-control
and shRNA-p54nrb#1 and #3 cells (Figure 18 A). Their functions in tumor/apoptosis regulatory processes are indicated
under each diagram. Student’s t test was employed to test significance with *p<0.05, **p<0.01, ***p<0.001,
****p<0.0001, n=3 (Eichler et al., 2022).

3.2 Identification of p54nrb as a novel caspase-2 substrate

As presented in the chapter 3.1, p54nrb plays a role in directing tumorigenesis and cell fate. To
investigate the functional role of p54nrb in cell death, further experimental approaches were

performed to elucidate its mechanistic relations within the apoptotic cascade.

3.2.1 P54nrbis cleaved upon apoptotic induction in a caspase-2 dependent manner

Originally, p54nrb was predicted as a caspase-3 substrate in vitro (Thiede et al., 2001). Indeed,
when Hela cells were stimulated with staurosporine, a model compound for intrinsic apoptotic
induction, lower molecular weight fragments, characteristic of substrates cleaved by caspases
were observed. By employing western blot, the detected fragments of p54nrb appeared
approximately at the level of the protein marker bands of 51 and 48 kDa (Figure 20 A and B).
The p54nrb cleavage under apoptotic stimulation with staurosporine or etoposide was also

detected in DLD-1 colon carcinoma cells (Figure 22 C and D) and SK-MEL melanoma cells (Figure

20 D and E).

The application of pan-caspase inhibitor z-VAD-fmk prior to the apoptotic induction prevented
the p54nrb cleavage (Figure 20 A). To confirm the prediction of p54nrb being a caspase-3

substrate, the specific caspase-3 inhibitor AQZ-1 was employed. However, this inhibitor did not
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hamper the p54nrb cleavage (Figure 20 A). Instead, the administration of specific caspase-2
inhibitor z-VDVAD-fmk prevented the occurrence of p54nrb cleavage induced by staurosporine
and etoposide (Figure 20 B). In accordance with this, alpha toxin, a bacterial pore forming toxin
from Staphylococcus aureus, known to induce caspase-2 activation (Imre et al., 2012; Imre &

Rajalingam, 2012), led likewise to p54nrb cleavage (Figure 20 C).
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Figure 20. P54nrb cleavage upon apoptotic stimulation and caspase inhibition.

(A) Immunoblot of p54nrb cleavage in Hela cells treated with a general caspase inhibitor (50 uM Z-VAD-fmk) or a
non-peptide caspase-3 inhibitor (25 uM AQZ1) 1 h prior to 24 h treatment with 250 nM staurosporine (STS). (B)
Immunoblot of p54nrb cleavage, caspase-2 activation, and PARP cleavage in Hela cells at 24 h after treatment with
DMSO or 20 uM Z-VDVAD-fmk (-1 h) and 250 nM staurosporine (STS) or 10 uM etoposide (Eto). (C) Immunoblot of
p54nrb cleavage in Hela cells at 24 h after treatment with 300 and 600 ng/ml alpha toxin. (D) Immunoblot of p54nrb
cleavage in SK-MEL cells at 24 h after treatment with 250 nM staurosporine (STS). (E) Immunoblot of p54nrb cleavage
in SK-MEL cells at 24 h after treatment with 50 uM etoposide (Eto). Figures from Eichler et al. (2022), except E.

The following aim was to confirm caspase-2 dependency with several approaches. First, ectopic
overexpression of active caspase-2 and caspase-3 in Hela cells was performed. Supporting the
previous findings, caspase-2 overexpression led to p54nrb cleavage in a concentration
dependent way (Figure 21). On the other hand, overexpression of the effector caspase-3 did not

cause p54nrb cleavage (Figure 21). Likewise, the overexpression of effector caspase-7 did not
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lead to p54nrb cleavage (Figure 21 B). Moreover, ectopic expression of inactive caspase-2, with
a mutation at cysteine 303 of its active centre, did not result in p54nrb cleavage (Figure 21 B).

This proves that the p54nrb cleavage is dependent on caspase-2 activity.
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Figure 21. P54nrb cleavage upon ectopic expression of caspase-2.

(A) Immunoblot of p54nrb cleavage and caspase expression in Hela cells. Hela cells were transfected either with 300
or 1000 ng/ml pcDNA3-caspase-2-Flag or pcDNA3-caspase-3-myc. After 24 hthe cells were treated either with DMSO
or 250 nM staurosporine (STS) for further 24 h. (B) Immunoblot of p54nrb cleavage in Hela cells at 48 h after ectopic
expression of 1 ug/ml pcDNA3-Flag, pcDNA3-caspase-2-Flag, pcDNA3-caspase-2-C303A-Flag, pcDNA3-caspase-3-myc,
pcDNA3-caspase-3-C163A-myc and pcDNA3-caspase-7-Flag (Eichler et al., 2022).

A second approach to confirm caspase-2 dependency was the application a genetic depletion of
caspase-2. To this end, stable shRNA knockdown of caspase-2 in Hela cells (Figure 22 A and B)
and CRISPR-Cas-9 caspase-2 depletion in DLD-1 cells (Figure 22 C and D) was generated. Under
induction of apoptosis with either staurosporine or etoposide, the p54nrb cleavage was

diminished in both caspase-2 depleted cells lines, in Hela (Figure 22 A and B) and in DLD-1 cells
(Figure 22 C and D).
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Figure 22. Caspase-2 depletion prevents p54nrb cleavage under apoptotic induction.
(A) Immunoblot of p54nrb cleavage and caspase-2 activation in HeLa shRNA-control and shRNA-caspase-2 cells, 24 h
after treatment with DMSO, 250 nM or 1uM staurosporine (STS), or 10 uM etoposide (Eto). (B) Immunoblot of p54nrb
cleavage and caspase-2 activation in Hela shRNA-control and shRNA-caspase-2 cells with 1 puM staurosporine
stimulation with different incubation times as indicated. (C) Immunoblot of p54nrb cleavage in DLD-1 CRISPR-control
and DLD-1 CRISPR—caspase-2 cells, 24 h after treatment with DMSO or 250 nM staurosporine (STS). (D) Immunoblot
of p54nrb cleavage, caspase-2 activation, and PARP cleavage in DLD-1 CRISPR-control and DLD-1 CRISPR—caspase-2
cells, 24 h after treatment with DMSO, 10 uM, or 50 uM etoposide (Eto) (Eichler et al., 2022).
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In order to confirm the interaction between caspase-2 and p54nrb, an endogenous
immunoprecipitation of p54nrb was performed. The subsequent immunoblot detection proved
a simultaneous precipitation of caspase-2 with p54nrb. In contrast, a co-precipitation of

caspase-3 with p54nrb could not be confirmed (Figure 23). This demonstrated an interaction of

p54nrb with caspase-2.

Hela Endogenous
IP

Input
Control-1gG
pS4nrb-1gG

54 kDa —| s - | pS4nrb
48 kDa — w==m | Caspase-2
32 kDa — . e | Caspase-2 cleaved

35 kDa —{ Caspase-3

Figure 23. Endogenous co-precipitation of caspase-2 with p54nrb.

Immunoblot of p54nrb, caspase-2, and caspase-3 after endogenous immunoprecipitation of p54nrb from Hela cells
(Eichler et al., 2022).

To exclude intermediate factors in the interaction and to prove the proteolytic function of
caspase-2 on p54nrb, an in vitro cleavage assay was carried out. Recombinant p54nrb and active
recombinant caspase-2 or active recombinant caspase-3 were co-incubated, and p54nrb
cleavage was subsequently detected via immunoblot. The presence of active caspase-2 caused
a p54nrb cleavage in a concentration dependent manner. In contrast, caspase-3 resulted only in
minor p54nrb cleavage only at the high concentration of 4 U (Unit) (Figure 24). With this, a direct

correlation of caspase-2 activity and cleavage of p54nrb was verified.
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Figure 24. In vitro cleavage of p54nrb by caspase-2.
Immunoblot of p54nrb, caspase-2, and caspase-3 after an in vitro caspase cleavage assay with recombinant p54nrb
and human recombinant active caspase-2 or caspase-3 after 6 h incubation at 37 °C (Eichler et al., 2022).

3.2.2 Caspase-2 co-localisation with p54nrb in the nucleus

Since caspase-2 has a unique subcellular localisation in the nucleus, which implicates a
compartment specific role (Ando et al., 2017), a subcellular fractionation approach was applied
to further determine the interaction of p54nrb with caspase-2. Herewith, p54nrb’s localisation
in the nucleus could be demonstrated and the localisation of caspase-2 was validated in the
nucleus, as well as in the cytoplasmic fraction by employing subcellular fractionation and
immunoblot detection (Figure 25). In addition, a confocal microscopy of stained Hela cells

further confirmed the nuclear localisation of p54nrb (Figure 26).
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Figure 25. Subcellular distribution of p54nrb and caspase-2.
Immunoblot of pS4nrb and caspase-2 of a nuclear and cytoplasmic fraction of Hela cells. Lamin-A was detected as

nuclear marker (Eichler et al., 2022).

Propidium iodide (nucleus) WGA (membrane)

p54nrh-Alexad88 (p54nrb) merge

Figure 26. Confocal microscopy of p54nrb.
Fluorescence microscopy of Hela cells stained with 1 pg/ml propidium iodide (red), 5 ug/ml Wheat Germ Agglutinin

(WGA) (white), and 2 ng/ul Anti-p54nrb-Alexa-488 (cyan). Scale bar: 5 um.
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Additionally, confocal microscopy of Hela cells with staining of p54nrb (green) and caspase-2

(red) revealed a co-localisation in the nucleus in a dot-like manner (yellow) (Figure 27).

The co-localisation of p54nrb and caspase-2 was monitored endogenously (Figure 27 A), as well
as with ectopic overexpression of caspase-2 (Figure 27 B and C). This provides a further proof,

that p54nrb and caspase-2 co-exist in the same location within the nucleus.

A p54nrb Caspase-2 Merge

10 pm

Ectopic caspase-2
B p54nrb overexpression Merge

Ectopic caspase-2

C p54nrb overexpression

Figure 27. Confocal microscopy of the co-localisation of p54nrb and caspase-2.

Fluorescence microscopy of Hela cells (A) without and (B) with 1 pg/ml caspase-2 (pCDNA3.1-Caspae-2-Flag)
overexpression for 24 h, stained with 2 ng/ul Anti-p54nrb-Alexa-488 (green) and Anti-caspase-2-Alexa-647 (red).
10 um scale is indicated. (C) Single cell close-up from caspase-2 overexpressing cells. 1 um scale is indicated (Eichler
etal., 2022).
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3.2.3 Caspase-2 cleaves p54nrb at aspartate D422

Since caspases cleave their substrates at aspartate (D) residues of specific tetra motifs following
the pattern of DXXD (X = any amino acid) (Fava et al., 2012), the sequence of p54nrb was
analysed to find potential cleavage sites which can result in the fragment sizes of 48 and 51 kDa.
Two potential cleavage sites were found in the amino acid sequence of p54nrb at the aspartate

residue D58 and D422 (Figure 28 A).

For validation, a point mutation in the p54nrb encoding amino acid sequence was administrated,
at aspartate D58 or D422, where the codons encoding aspartate residues (D) were exchanged
to the codons of asparagine (N). These p54nrb mutants were ectopically overexpressed in
p54nrb depleted Hela cells and additionally treated with etoposide. The etoposide treatment
resulted in p54nrb cleavage in the cells overexpressing wildtype p54nrb and p54nrb-D/N58, but
not in the cells with p54nrb-D/N422 overexpression (Figure 28 B). This proves that the p54nrb

cleavage occurs at the aspartate residue D422.
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Figure 28. Caspase-2 cleaves p54nrb at D422.
(A) Graphical illustration of p54nrb cleavage by activated caspase-2 via either overexpression, apoptotic induction, or
recombinant caspase-2 protein. The active site of the caspase-2 dimer is marked with red stars. The location of the
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putative cleavage sites in the p54nrb protein domains are marked with arrows and its anticipated cleavage fragments
are shown. Modified from Eichler et al. (2022). (B) Immunoblot of p54nrb cleavage in HeLa shRNA-p54nrb#1 cells
after ectopic expression of pcDNA3-Flag, pFlag-p54nrb, pFlag-p54nrb-D/N58, and pFlag-p54nrb-D/N422 (1 pg/ml
plasmid) for 24 h and further 24 h treatment with 50 uM etoposide (Eto) (Eichler et al., 2022).

3.2.4 Caspase-2 is dispensable in the apoptotic pathway

It is known that caspase-2 knockout does not generally inhibit apoptosis upon cell death
induction (Bouchier-Hayes & Green, 2012). Therefore, caspase-2 does not exclusively exert an
apoptotic function but can act as a feedback enhancer or might even act outside the classical
apoptotic cascade, exerting non-apoptotic functions. Caspase-2’s minor role in the apoptotic
pathway could be demonstrated in this study by detection of unaffected PARP cleavage under
apoptotic stimulation with etoposide, staurosporine, and doxorubicin in shRNA-caspase-2
depleted Hela cells. Detected by immunoblot, the processing of PARP is not affected in the
caspase-2 depleted cells, compared to the control cells (Figure 29 A). Also, in CRISPR-caspase-2
depleted DLD-1 cells the PARP cleavage is not reduced in comparison to the control cells under

stimulation with etoposide or staurosporine (Figure 29 B).

This implicates, that p54nrb cleavage by caspase-2 is dispensable for the apoptotic cascade and
might serve as a pro-apoptotic feedback loop or takes place in the exertion of caspase-2’s non-

apoptotic functions.
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Figure 29. Caspase-2 depletion does not inhibit PARP cleavage under apoptotic induction.

(A) Immunoblot of PARP cleavage in HeLa shRNA-control and shRNA-caspase-2 cells, 24 h after stimulation as with
DMSO, 10 or 50 uM etoposide (Eto), 250 or 500 nM staurosporine (STS), or 5 or 10 ug/ml doxorubicin (Doxo). (B)
Immunoblot of PARP cleavage in DLD-1 CRISPR-control and CRISPR-caspase-2 cells after 24 h stimulation with DMSO,
10 or 50 uM etoposide (Eto), or 250 or 500 nM staurosporine (STS) (Eichler et al., 2022).

3.2.5 P54nrb cleavage is p53 independent

It is known that caspase-2 activity also leads to cleavage of the endogenous inhibitor of p53,
MDM2, which subsequently leads to stabilisation of p53 and mediation of cell cycle arrest and
apoptosis (Lim, Dorstyn, et al., 2021). To examine if the p54nrb cleavage occurs independent of

p53 signalling, two experiments were performed.

In Hela cells, treated with the p53 inhibitor pifithrin-a prior to stimulation with staurosporine,
etoposide, or doxorubicin, the execution of p54nrb cleavage and the activation of apoptosis
were not affected (Figure 30 A). RKO cells, expressing wildtype p53, stimulated with etoposide,
staurosporine, or doxorubicin showed p54nrb cleavage (Figure 30 B). In comparison, DLD-1 cells,
expressing mutated p53, likewise showed p54nrb cleavage upon apoptotic stimulation (Figure
22 Cand D). These data show, that the process of p54nrb cleavage occurs in a p53 independent

manner.
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Figure 30. P53 independent cleavage of p54nrb.

(A) Immunoblot of p54nrb, caspase-2, caspase-3, and PARP cleavage in Hela cells treated with 30 uM pifithrin-a (-1 h)
and treated with DMSO, 250 nM staurosporine (STS), 10 uM etoposide (Eto), or 5 pg/ml doxorubicin (Doxo). (B)
Immunoblot of p54nrb and caspase-2 cleavage in RKO cells treated with DMSO, Eto (10, 50, and 100 uM), STS (250,
500, and 1000 nM), or Doxo (1, 4, and 8 pug/ml) for 24 h (Eichler et al., 2022).

3.3 P54nrb cleavage by caspase-2 disrupts its transcriptional regulatory function

The subsequent aim was to demonstrate a direct link between the cleavage of p54nrb by
caspase-2 and its function in tumorigenesis, based on a potential expressional regulation of
tumorigenic proteins, as p54nrb was shown to have a role in transcriptional regulation (Knott,

Bond, et al., 2016).

3.3.1 P54nrb cleavage affects the protein level of cathepsin-Z and gelsolin

We hypothesised, that p54nrb cleavage results in the loss of its regulatory function, which in
turn would result in the same effect as a depletion of p54nrb. To validate this hypothesis, HelLa
cells were stimulated with various compounds to induce apoptosis and the cleavage of p54nrb,
and the protein level of cathepsin-Z and gelsolin were detected via immunoblot (Figure 31). The
protein level of both, cathepsin-Z and gelsolin, were reduced when p54nrb was cleaved.

Furthermore, the protein level correlated with the level of full length p54nrb. The level of
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cathepsin-Z was reduced only under strong p54nrb cleavage (Figure 31 A), whereas the level of

gelsolin was already reduced under slight p54nrb cleavage (Figure 31 B).
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Figure 31. P54nrb cleavage level affects the level of cathepsin-Z and gelsolin.

(A) Immunoblot of p54nrb cleavage and cathepsin-Z in Hela cells, 24 h after treatment with DMSO, 500 nM
staurosporine (STS), 120 ng/ml TRAIL, 50 uM etoposide (Eto), 600 ng/ml alpha toxin, 10 ng/ml taxol, and 2 pM
doxorubicin (Doxo) (Eichler et al., 2022). (B) Immunoblot of p54nrb cleavage and gelsolin in HeLa shRNA-control,
shRNA-p54nrb#1, and #3 cells, and shRNA-control cells with 10 uM etoposide stimulation for 24 h.

3.3.2 P54nrb interacts with cathepsin-Z and gelsolin DNA

The multipurpose scaffold protein p54nrb was previously demonstrated to have a role in
transcriptional regulation (Knott, Bond, et al., 2016). P54nrb contains a putative DNA binding
site at the C-terminus. The cleavage of p54nrb at aspartate D422 is located in the same region
(Figure 28). Therefore, it was investigated whether p54nrb regulates the transcription via
interaction with the DNA sequences of the cathepsin-Z and gelsolin genes or their translation

via interaction with their mRNA.

An endogenous precipitation of p54nrb from Hela cells was performed with a subsequent
ribonucleoprotein or chromatin immunoprecipitation. The co-precipitated nucleic acids, either
DNA (Figure 32 -1) or RNA (Figure 32 -2), were isolated. RNA was transcribed into cDNA and
analysed in comparison with isolated DNA by running a PCR, using primers to amplify a fragment

of the cathepsin-Z or gelsolin encoding sequences.
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An amplified fragment of the cathepsin-Z and gelsolin encoding sequences in the isolates of co-
precipitated DNA was detected with agarose gel electrophoresis (Figure 32 B-1). In contrast, no
amplification from the cDNA derived from the cathepsin-Z or gelsolin encoding mRNA sequences

(Figure 32 B-2).
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Figure 32. Endogenous co-precipitation of p54nrb binding nucleic acids.

(A) Endogenous immunoprecipitation (elP) of p54nrb, validated by immunoblot, linked with (1) chromatin (ChIP) or
(2) ribonucleoprotein (RIP) co-immunoprecipitation and a subsequent isolation of DNA or RNA (coupled with cDNA-
synthesis). (B) Validation of co-precipitated nucleic acids of cathepsin-Z or gelsolin encoding sequences by PCR with
the isolates of the elP, and the subsequent agarose gel electrophoretic detection (Eichler et al., 2022).

The direct binding of p54nrb to the gelsolin encoding DNA sequence was further confirmed by
a newly designed in vitro assay. To this end, recombinant p54nrb was incubated with plasmid
DNA, containing the coding sequence of gelsolin. After immunoprecipitation of p54nrb (Figure
33 A), DNA isolation was performed with a subsequent PCR to amplify a fragment of the gelsolin
encoding gene (Figure 33 B). The amplified fragment of the gelsolin encoding sequence was
detected with agarose gel electrophoresis. The result is in accordance with the previous findings
and points out the regulatory interaction of p54nrb on DNA level with the gelsolin encoding

sequence.
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Figure 33. In vitro binding assay of recombinant p54nrb and gelsolin DNA.

In vitro p54nrb/DNA binding assay. 0.5 pg human recombinant p54nrb (Origene, Rockville, MD USA) and 100 ng
plasmid, containing the coding sequence of gelsolin (Ch-gelsoln) [#37262] [Addgene]) were incubated at 37 °C for
18 h. Immunoprecipitation (IP) was performed by employing either p54nrb antibody or the same amount and species
of IgG as control. P54nrb was detected by immunoblot (A). Next, the DNA was isolated as described (see ChIP assay).
and the co-precipitation of the gelsolin DNA was confirmed by PCR, employing gelsolin-specific primers and the
subsequent agarose gel electrophoresis detection (B) (Eichler et al., 2022).
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4 Discussion

4.1 I|dentification of p54nrb as a novel caspase-2 substrate

Caspase-2 is the evolutionary most conserved, yet strongly understudied member of the caspase
family. To understand the mechanistic and functional role of caspase-2, the identification of
novel caspase-2 specific substrates is fundamental. Although around 250 caspase-2 substrates
are catalogued based on their sequence in the MEROPS database, so far, only a dozen of them

were experimentally confirmed (Brown-Suedel & Bouchier-Hayes, 2020).

In this study, p54nrb was identified as a direct and specific substrate of caspase-2. Induction of
apoptosis with staurosporine or chemotherapeutic compounds, such as etoposide or
doxorubicin led to caspase-2 activation and subsequent cleavage of p54nrb to smaller fragments,
in a similar pattern as other caspase substrates (Julien & Wells, 2017). Consequently, a specific
enzymatic inhibition or genetic depletion of caspase-2 prevented the cleavage of p54nrb. In line
with these findings, ectopic overexpression of active caspase-2 or administration of recombinant
active caspase-2 in vitro likewise led to p54nrb cleavage. A physical interaction of p54nrb with
caspase-2 was shown by means of co-immunoprecipitation and visualised by confocal
fluorescence microscopy. Furthermore, a specific cleavage site in p54nrb was identified at the
aspartate residue D422 and the functional impact was confirmed by alteration of the amino acid

residue through point mutation.

As shown, upon apoptotic stimulation in Hela cells, two p54nrb fragments occurred at a lower
molecular weight with sizes of approximately 48 kDa and 51 kDa. A caspase-2 specific cleavage
resulting in the 48 kDa fragment of p54nrb could be confirmed. On the other hand, the 51 kDa
fragment appeared after treatment with apoptotic stimuli and consequential caspase-2
activation in the cells, but it was not consistently detectable, for example in vitro with

recombinant protein.

Previous studies by Thiede et al. (2001) and Schmidt et al. (2007) described an in vitro cleavage
of p54nrb by caspase-3. They observe a cleavage into five fragments of 48, 32, 28, 26, and 22 kDa
in cis-platin stimulated Jurkat-T-cells. They identified cleavage sites of p54nrb at D231, D286,
and D422 by in vitro transcription of p54nrb mutants and employing recombinant caspase-3. In
contrast, within our studies the ectopic overexpression of effector caspase-3 or -7 did not result
in p54nrb cleavage, and our in vitro cleavage assay of p54nrb with recombinant caspase-3 could

also not confirm the results of Schmidt et al. (2007). To be mentioned, Schmidt et al. (2007) used
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a high concentration of 20 Units of recombinant enzyme, whereas employing less than 4 Units
of recombinant caspase-2 in our study already resulted in cleavage of the recombinant p54nrb
protein. Notably, the 51 kDa fragment could not be confirmed in our in vitro cleavage assay, as
well as in cells ectopically expressing p54nrb upon cell death induction. Since the in vitro assay
with caspase-2 only led to a 48 kDa fragment, a second cleavage by caspase-2 or caspase-3
resulting in the occurrence of the 51 kDa fragment is unlikely. But the non-physiological
condition of the in vitro setup can lead to artificial results. Therefore, putative other cleavage

relevant factors, in addition to the caspase activity should be considered.

A cleavage at the aspartate residue D58 of p54nrb could be excluded from this study.
Additionally, no further putative caspase cleavage sites with the classic amino acid sequence
pattern DXXD (X = any amino acid) (Thornberry et al., 1997) or even single aspartate residues,
which could result in the sizes of 51 and 48 kDa could be identified. Therefore, endogenous post
translational modifications, as observed for Bid (Zha et al., 2000; Degli Esposti et al., 2003) or
alternative splicing variants (Pavao et al., 2001) can be envisaged for the generation of the 51
kDa fragment. Also, cleavage by non-aspartate proteases, as it has been observed for the

caspase-3 substrate acinus (Fischer et al., 2003) cannot be excluded.

An off-target effect of the shRNAs, which seems to affect the occurrence of the 51 kDa fragment
needs also further consideration (Caffrey et al., 2011; Song et al., 2015). A comparison with
different expression manipulating techniques, such as CRISPR-Cas9 for depletion could help to
rule out off-target effects, since in comparison to the shRNA modified Hela cells, in the DLD-1

CRISPR-Cas9-Control cells the 51 kDa fragment of p54nrb was detected.

Notably, the occurrence of the 51 kDa fragment also seems to depend on the cell type and on
the cell death stimulus, since it was not detected in cell death stimulated SK-MEL cells or upon
treatment with alpha-toxin in Hela cells. This matter is also in accordance with the observation
of a cell type and condition dependence on the caspase-2 activity and function (Vigneswara &
Ahmed, 2020). It is possible that an involvement of the caspase-2 activation platform
PIDDosome or other caspase-2 regulating conditions have a relevant influence on the processing
of p54nrb by caspase-2, depending on the cell type and stimulus. Those context dependent

conditions are not replicable with an in vitro assay.
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4.1.1 A compartment specific role of caspase-2

It has been observed that the functional diversity of caspase-2 depends on many factors,
including cell type, activating stimulus, and subcellular localisation, which determines the
enzymes access to different subsets of proteolytic targets (Brown-Suedel & Bouchier-Hayes,
2020). Among the known caspase-2 substrates with compartment specific functions are the

nuclear protein MDM2 and golgin-160 in the Golgi apparatus.

DNA damage induced cleavage of MDM2 by caspase-2 can control p53 stability in a feedback-
loop manner, and thereby regulates cell cycle arrest, whereas full length MDM2 leads to p53
degradation (Oliver et al., 2011). This demonstrates a p53-dependent role of caspase-2 in cell
cycle control in the nucleus. The protein golgin-160 is involved in regulating the Golgi structure
and protein shuttling. It is cleaved by caspase-2, but also by caspase-3 and -7 upon apoptotic
stimulation at an early stage of apoptosis, leading to Golgi body degradation. However, it was
also observed that the golgin-160 fragment can further translocate into the nucleus exerting a
pro-survival effect (Mancini et al., 2000; Hicks & Machamer, 2002; Sbodio et al., 2006). Thus,
golgin-160 is another compartment specific substrate of caspase-2 which may direct the fate of

the cell.

The experimental identification of the nuclear protein p54nrb as a substrate of caspase-2 affirms
a compartment specific role of caspase-2, due to the predominant nuclear localisation of both
interacting proteins (Colussi et al., 1998; Bouchier-Hayes & Green, 2012). The nuclear
localisation of caspase-2 as a pro-enzyme may provide a pole position for cleaving specific
nuclear substrates, especially at an early time point. In comparison, caspase-3 requires
activation in the cytoplasm prior to its shuttling to the nucleus for cleaving its nuclear substrates
(Kamada et al., 2005). To be mentioned, in contrast to the in vitro analysis of Thiede et al. (2001)
and Schmidt et al. (2007), in terms of p54nrb processing, specific cleavage by other effector
caspases could not be experimentally confirmed, making p54nrb an exclusive caspase-2

substrate.

Noteworthy, caspase-2 can trigger cytochrome-C release while being localised in the nucleus
(Paroni et al., 2002). This implicates a signal transmission out of the nucleus via nuclear
caspase-2 substrates (Paroni et al., 2002). Meanwhile, it is tempting to speculate that the distinct
localisation of caspase-2 and its substrate specificity might be mainly essential for its proposed

non-apoptotic functions (Vigneswara & Ahmed, 2020) and the herein identified substrate
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p54nrb, as a multifunctional scaffold with a transcription regulating function has great potential

in conducting it, as demonstrated in this study.

4.2 The caspase-2—p54nrb axis exerts a tumor suppressor function

Evasion of apoptosis is a hallmark of tumors, and therefore, since discovery of apoptotic
signalling, caspases have been of great therapeutical interest (Fulda, 2010). However, the role
of the unique caspase family member caspase-2 in apoptosis is questionable since knockout
does not universally inhibit apoptotic signalling or causes an overt phenotype (Bergeron et al.,
1998; O'Reilly et al., 2002). Besides its questionable role in directing apoptosis, other studies
could indicate potential non-apoptotic functions of caspase-2, such as tumor suppression, cell
cycle control, DNA repair, and ageing (Dorstyn & Kumar, 2009; Brown-Suedel & Bouchier-Hayes,
2020). The underlying mechanisms to the non-apoptotic functions of caspase-2 were not
characterised so far. For this reason, the current thesis focused on elucidating the direct

downstream substrates of caspase-2, which might mediate its tumor suppressor function.

4.2.1 P54nrbis a transcriptional regulator of tumorigenic proteins

In this study, p54nrb was discovered as an exclusive substrate of caspase-2. The multifunctional
nuclear protein p54nrb has been reported to be relevant in different regulatory steps of gene
expression, starting from DNA unwinding (Straub et al., 2000), and continuing with the activation,
elongation, and termination of transcription (Hallier et al., 1996; Basu et al., 1997; Emili et al.,
2002; Ishitani et al., 2003; Hall-Pogar et al., 2007; Kaneko et al., 2007; Yadav et al., 2014).
Furthermore, p54nrb is involved in mRNA processing and splicing (Peng et al., 2002; Kameoka
et al., 2004; Liang & Lutz, 2006; Lu & Sewer, 2015), retention of defective RNA (Hu et al., 2015),
and even repair of DNA (Bladen et al., 2005; Li et al., 2009). Hence, p54nrb was observed in many
biological key processes, such as cell proliferation, apoptosis, and migration (Feng et al., 2020).
Moreover, p54nrb is overexpressed in several tumors, such as melanoma, cervix carcinoma, and
breast cancer. Accordingly, high levels of p54nrb have been linked to the overall poor survival
of patients (Feng et al., 2020). An overexpression of p54nrb in cancer cells could be validated in

this study by evaluating expression data from the database called oncomine.org.
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A further goal of this study was to unravel the functional connection of p54nrb and caspase-2.
Based on the knowledge of p54nrb being involved in transcriptional regulation, a part of this
project was the identification of proteins, which were altered at the expression level in
dependency of p54nrb. Therefore, a quantitative mass spectrometry of p54nrb depleted cells in
comparison to control Hela cells was employed. Proteins with significantly altered expression

were selected according to their relevance in tumorigenesis.

Thereby, among the potential p54nrb regulated proteins was CDKN2A (cyclin-dependent kinase
inhibitor 2 A), based on its upregulation in p54nrb knockdown cells. CDKN2A is long known to
act as a tumor suppressor, as it is frequently mutated or deleted, especially in melanoma cells
(Liggett & Sidransky, 1998). Low CDKN2A expression levels have also been observed in cervix
carcinoma (Luan et al., 2021). In colorectal cancer, methylation of the CDKN2A promoter and
loss of transcription has been commonly observed (Shima et al., 2011). The CDKN2A gene
encodes two proteins, which both act as tumor suppressors and affect cell proliferation,

senescence, anoikis, and growth (Rocco & Sidransky, 2001).

Another chosen candidate was gelsolin, which is a protein well known for its critical role in
regulating dynamic changes in the actin cytoskeleton, relevant for cell motility and growth, but
also implied in apoptosis (Koya et al., 2000). In addition, in cervical carcinoma and melanoma

gelsolin was observed to be overexpressed (Liao et al., 2011; Mazurkiewicz et al., 2021).

A further identified candidate was cathepsin-Z (CTSZ), also known as cathepsin-X or cathepsin-P.
Cathepsin-Z has a role in cancer, as high expression levels of this gene is linked with tumor
malignancy (Rumpler et al., 2003; Vizin et al.,, 2012). Independent of its catalytic activity,
cathepsin-Z can regulate cell migration and adhesion, as well as invasion and metastasis. It is
involved in EMT (Epithelial-mesenchymal transition) regulation (Wang et al., 2011) and integrin

mediated interactions with the extracellular matrix (Akkari et al., 2014).

Another identified candidate was NQO1 (NAD(P)H: Quinone Oxidoreductase 1), a flavoprotein,
which catalyses the reduction of quinone substrates and thereby protects cells from oxidative
stress (Dinkova-Kostova & Talalay, 2010). An overexpression of NQO1 was observed in cancer
cells of breast, colon, cervix, lung, pancreas, and in melanoma (Oh & Park, 2015; K. Zhang et al.,

2018).

A further candidate was TPD52 (Tumor protein D52), also called PrLZ (prostate leucine zipper),
which is commonly overexpressed in different types of cancer, including breast and prostate,

but also in colorectal (Petrova et al., 2008; J. Li et al., 2017) and cervix carcinoma (Safi et al.,
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2021). The expression of this gene correlates with poor survival of patients and could reflect an

early event in tumor progression (Lewis et al., 2007; Byrne et al., 2014).

The expressional alterations of these proteins upon knockdown of p54nrb in Hela cells were
validated by western blot. The documented expression levels in cancers of the tumorigenic
proteins partially correlates with the expression level of p54nrb. This further underlines our

hypothesised regulatory connection of those targets with p54nrb.

A p54nrb dependent expression of gelsolin and cathepsin-Z was also detected in SK-MEL and
DLD-1 cells. Surprisingly, CDKN2A could not be detected in SK-MEL and DLD-1 cells. Whereas the
levels of TPD52 and NQO1 were not affected by knockdown of p54nrb and therefore pointing

to a tumor cell specific phenomenon.

4.2.1.1 P54nrb directly regulates gelsolin and cathepsin-Z expression

Another finding in this study was the proof of a direct expressional regulation of gelsolin and
cathepsin-Z by p54nrb. By stimulating Hela cells with apoptotic inducers leading to p54nrb
cleavage, a reduced protein level of gelsolin and cathepsin-Z could be detected. This clearly
shows, that p54nrb cleavage, equally to a genetic depletion, leads to a reduced level of the

gelsolin and cathepsin-Z proteins.

In this study, a caspase-2 cleavage site in p54nrb could be identified at the aspartate residue
D422, which is situated in the proline-rich region at the C-terminal site of the protein. This
proline-rich region (amino acids 404-432) is postulated to mediate mainly protein-protein
interactions which are relevant for the activation of transcription (Yang et al., 1993). The
preceding helix-turn-helix motifs (amino acids 289-310 and 320-341) in combination with the
charged region close by, is characteristic for a DNA-binding domain found in octamer-binding
proteins (Yang et al., 1993). These data lead to the presumption that cleavage by caspase-2 at
D422 disrupts the transcriptional regulatory function of p54nrb on gelsolin and cathepsin-Z
through interruption of the contact of p54nrb with the gelsolin and cathepsin-Z encoding

sequences caused by loss of its DNA-binding domain.

Indeed, by employing an endogenous ChIP assay, as well as a novel in vitro ChIP approach, a
direct interaction of p54nrb with the gelsolin and cathepsin-Z encoding DNA was confirmed,

thus underlying the direct transcriptional regulation of both genes by p54nrb.
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A potential direct regulation of NQO1 by p54nrb requires further investigations on both, DNA
and RNA levels. Experimental data from others have demonstrated that NQO1 gene expression
depends on several cis-elements (Jaiswal, 2000), which represent potential p54nrb target
sequences, in a similar way to the reported interaction of p54nrb with the IAP proximal enhancer
element (IPE) (Basu et al., 1997). Alternatively, an indirect gene regulation via p54nrb through
targeting other transcriptions factors, like Nrf2 or c-Jun (Hallier et al., 1996; Jaiswal, 2000), as
well as a direct regulation of the translation by interaction with the NQO1 encoding mRNA

through its RNA recognition motifs can be postulated (Dong et al., 1993; Hallier et al., 1996).

To date, there is no data available, demonstrating a relationship between p54nrb and TPD52
expression. So far, the current literature demonstrates, that TPD52 overexpression in cervical
cancer correlates with its gene amplification value (Byrne et al., 2005) indicating that TPD52 is
not primarily regulated by transcriptional regulation. In line with this study, other groups
described a regulation of TPD52 by radiation induced overexpression of the microRNA miR-15a-
3p in cervical cancer, resulting in enhanced apoptosis and inhibition of cell proliferation (Wu et
al., 2018). Therefore, an indirect regulation of TPD52 by p54nrb via miR-15a-3p decay mediated
through paraspeckles, is feasible (Pisani & Baron, 2019). Also, a direct regulation of TPD52 by
p54nrb on the mRNA level through binding via its RNA recognition motifs cannot be excluded

and needs further investigation (Dong et al., 1993; Hallier et al., 1996).

The direct interaction of p54nrb with the CDKN2A gene or mRNA was not further investigated
in this study. However, previous studies confirmed a direct activation of the CDKN2A gene by
p54nrb in mouse fibroblasts, relevant for the regulation of gating the circadian clock to the cell
cycle which consequently affects wound healing processes (Kowalska et al., 2013). It is therefore
tempting to speculate that a direct interaction of p54nrb with the CDKN2A encoding gene may

also occur in human cells.

4.2.2 P54nrb negatively affects cell death

Since p54nrb cleavage by caspase-2 was detected in response to apoptotic stimulation, the
functional consequences from loss of p54nrb upon cell death induction were monitored by flow
cytometry. A clear sensitising effect towards cell death could be measured in p54nrb knockdown
in cells stimulated with apoptotic inducers. However, p54nrb knockdown alone did not show a
toxic effect and caspase-2 was observed to be dispensable for apoptotic signalling, as confirmed

in this study by unaffected cleavage of PARP upon apoptotic stimulation in caspase-2 knockdown
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cells. This let us assume, that under apoptotic stimulation the caspase-2—p54nrb axis possibly
may act as a positive feedback loop to enhance the apoptotic signalling, in a similar fashion as
the caspase-2—MDM2 axis (Oliver et al., 2011). In this scenario, the altered expression of
tumorigenic proteins, regulated by p54nrb leads to loss of cell death protection and

consequently to a sensitisation towards cell death upon apoptotic stimuli or exceeding cell stress.

Targeting transcriptional regulators through catalytic cleavage during the execution of cell death
has a delayed effect due to the longer signalling process, when compared to a direct targeting
of enzymes or scaffold proteins (Fischer et al., 2003; Dudgeon et al., 2009). Based on this, the
cleavage of p54nrb by caspase-2 during the apoptotic cascade seems redundant for the fast
execution of apoptosis. Instead, a predominant effect on the cell in a more substantial manner,

as a slow feedback loop and in long term survival of tumors, seems plausible (Hat et al., 2016).

In this context, there are several reports in the literature of caspase-2 exerting non-apoptotic
functions, such as tumor suppression. However, the underlying mechanisms are largely
unknown (Puccini, Dorstyn, et al., 2013). The newly identified caspase-2 substrate p54nrb may
contribute to the observed tumor suppressor function of caspase-2. Hereby, the cleavage of
p54nrb by caspase-2 might not be lethal, as measured by flow cytometry with p54nrb
knockdown cells, but leads to loss of the regulatory function of p54nrb on tumorigenic genes.
The role of p54nrb as a regulator of several tumorigenic genes is in complete agreement with
the observed overexpression of p54nrb in tumors and with its postulated role in malignancy
(Feng et al., 2020). In line with that, the caspase-2 level is often reduced in tumors (Fava et al.,
2012). According to this assumption, caspase-2 may act as a cellular stress sensor, a function of

caspase-2 which is also discussed in the literature (Fava et al., 2012; Vigneswara & Ahmed, 2020).

The results of this study let us assume, that the observed effects of p54nrb on cell death are
probably mediated through the regulation of tumorigenic genes. Hereinafter, the known

apoptosis related features of the tumorigenic candidates are shortly discussed.

For instance, it has been demonstrated that full length gelsolin exerts an inhibitory effect on
apoptosis and blocks caspase-3 activation by regulating the mitochondrial membrane potential,
which leads to blockage of cytochrome-C release in Jurkat T-lymphocytes (Koya et al., 2000).
However, the functional role of gelsolin in cancer has been shown to be cell type dependent, as
gelsolin has a tumor suppressive role in colon cancer (Chen et al., 2019), but seems pro-

tumorigenic in cervical carcinoma (Liao et al., 2011).

81



Discussion

Furthermore, overexpression of NQO1 has been reported to exert an oncogenic function
through protection of SIRT6 from ubiquitin-proteasome degradation, thereby leading to an

enhanced SIRT6/AKT/XIAP signalling in hepatocellular carcinoma (Zhou et al., 2019).

TPD52 knockdown has been shown to induce caspase-3 and -9 activation, mainly through loss
of the mitochondrial membrane potential, subsequently leading to apoptotic cell death in
prostate cancer cells (Ummanni et al., 2008). Similarly, an increased cell death rate was observed

upon TPD52 knockdown in several breast cancer lines (Shehata et al., 2008; Roslan et al., 2014).

The gene product p16 of CDKN2A (p16INK4A) regulates cell cycle arrest by blocking CDK4 and
CDK®6 activity via CCND1 (Cyclin D 1), whereas the gene product p14 (p14ARF) can inhibit MDM?2,
resulting in p53 stabilisation (Sekulic et al., 2008). The constitutively increased level of p53 leads
to the activation of the cell death signalling cascade. In addition, it could be demonstrated that
the gene product p14 of CDKN2A regulates cell cycle arrest and subsequently induce apoptosis
in a p53 independent manner (Eymin et al., 2003). A p53 independent cell death regulation by
CDKN2A, which represents a target of p54nrb regulation goes in accordance with the measured

p53 independence of p54nrb.

4.2.3 P54nrb enhances tumor growth

The ability to grow independently from growth factors, such as a solid surface is considered as
a hallmark of carcinogenesis (Mori et al., 2009). In this study it could be demonstrated that the
p54nrb protein level in SK-MEL melanoma and DLD-1 colon carcinoma cells significantly affects
the anchorage independent growth potential. These findings are in accordance with previous
studies demonstrating a reduced migration and proliferation of melanoma cells upon
knockdown of p54nrb (Schiffner et al., 2011). The altered expression of tumorigenic proteins,
caused by knockdown of p54nrb, underscores the gene regulatory function of p54nrb, possibly
relevant for the alteration in cell growth ability. The impact of the p54nrb dependently regulated

proteins on growth is discussed in the following.

For instance, it was demonstrated, that the actin-regulatory protein gelsolin has an impact on
prostate cancer proliferation, mobility, migration, and growth, as postulated from experiments
with knockdown of gelsolin (Chen et al., 2017). Similarly, Litwin et al. (2012) measured reduced
migratory potential of melanoma cells with gelsolin downregulation. Thereby, the gelsolin

mediated migration is dependent on the extracellular matrix proteins (Mazurkiewicz et al., 2021).
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In Hela cells, gelsolin downregulation led to reduced MMP2 and vimentin levels, and
upregulated E-cadherin and fibronectin, indicating a crucial role of gelsolin in EMT driven tumor
migration and invasion (Liao et al., 2011). Comparable effects were found in colorectal cancer,

where gelsolin is required for invasion as observed by Zhuo et al. (2012).

Also, cathepsin-Z was previously linked to growth behaviour. Cathepsin-Z overexpression in
hepatocytes results in enhanced growth, as measured by employing soft agar assay by Wang et
al. (2011), via modulation of EMT and extracellular matrix remodelling. Besides, cathepsin-Z is
involved in the regulation of adhesion and migration via cleavage of integrin receptors (Lechner
et al., 2006; Lines et al., 2012) and profilin-1 (Pecar Fonovic et al., 2013). Noteworthy, also a
catalytically independent interaction of cathepsin-Z with integrins and extracellular matrix was

observed (Akkari et al., 2014).

A p54nrb dependent regulation of NQO1 and TPD52 in SK-MEL and DLD-1 cells could not be
confirmed in this study. Nevertheless, they still might contribute to growth, proliferation, and
metastatic potential, as indicated by their increased expression levels in these tumors, when

compared to healthy tissue.

For instance, an overexpression of TPD52 leads to a significant increase in anchorage-
independent growth in breast cancer cells, as shown by Shehata et al. (2008). Other studies on
pancreatic cancer proved a direct functional link of TPD52 to proliferation, migration, and
invasion, mainly through a deactivation of the Akt pathway (Ummanni et al., 2008; Wang et al.,

2020).

Although CDKN2A (p16INK4/p14ARF) was not detectable in SK-MEL and DLD-1 cells in this study,
it can affect tumor growth. CDKN2A expression is known to be significantly reduced in
melanoma A375 cells and consequently, overexpression of CDKN2A negatively affects
proliferation and migration of the tumor cells (Bai et al., 2016). Similarly, loss of p16 seems to
be an early cause of tumor progression as suggested by results from precancerous lesion analysis
(Rocco & Sidransky, 2001). Interestingly, a study by Plath et al. (2000) revealed a novel function
of p16 in regulating anoikis (anchorage dependent cell death) through the a5-integrin level in
cancer cells from different sources, including the pancreas, liver, skin, and canine kidney. Hereby,
mechanistically, a5-integrin binds to the fibronectin receptor, which consequently signals cell

death (Frisch & Ruoslahti, 1997).

In this study, melanoma cells showed the most striking effect on growth upon p54nrb

knockdown. One of the most prominent oncogenic factors of melanoma is mutations in the
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retinoblastoma protein signalling pathway, which is crucial for mediation of cell cycle arrest.
Mutations in p16 and its downstream target CDK4 were found in SK-MEL-29 cells (Wolfel et al.,
1995) and in three melanoma families (Zuo et al., 1996; Soufir et al., 1998). Therefore, an
elevation in the expression of these oncogenic factors could exhibit strong effects on tumor

development.

Astonishingly, in p54nrb knockdown Hela cells, no significant effects were measured on
anchorage independent growth. An explanation could be that Hela cells might grow too
aggressively to be affected in growth by the absence of an anchorage, as measured by soft-agar
assay. By using a transwell assay on cervical cancer cells, Luan et al. (2021) could demonstrate a
negative effect of CDKN2A on invasion, mediated by suppressing LDHA through the inhibition of
the AKT-mTOR pathway (Luan et al., 2021). Also, different expression patterns of p54nrb
regulated tumorigenic proteins between the three measured cell lines may explain the

differences in the cell growth properties.

In this study CDKN2A was neither detectable in DLD-1 colon carcinoma control cells, nor upon
knockdown of p54nrb. Although the CDKN2A/p16 gene is present in DLD-1 cells as measured by
Okamoto et al. (1994), our used DLD-1 cell line might differ in its COKN2A expression.

The hypothesis of p54nrb acting as a regulator of proteins with relevance in cell growth is further
in accordance with the observation of an enhanced growth of caspase-2 knockout MEF cells in

an soft agar assay, which is dependent on its catalytic function (Ren et al., 2012).

4.2.4 The caspase-2—p54nrb axis acts p53 independent

P53 is a well-known tumor suppressor, which also is an indirect target of caspase-2 through
MDM?2 cleavage, which in turn leads to p53 stabilisation (Lim, Dorstyn, et al., 2021). However,
in many tumors, p53 is abolished or mutated (Muller & Vousden, 2013). In addition, caspase-2
can bypass p53 in a cell and context dependent manner (Sidi et al., 2008). In fact, p53 driven
caspase-2 activation via PIDDosome does even facilitate carcinogenesis in hepatocellular
carcinoma (Sladky et al., 2020). Overexpression of MDM?2 is considered as a prognostic marker
in melanoma cells, associated with better clinical outcomes. Therefore, it seems evident that
MDM2 cleavage in melanoma most likely does not account for a tumor suppressive function

(Polsky et al., 2002). This raises the possibility of an alternative mechanism for how caspase-2
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may control tumorigenesis in cells lacking functional p53 (Brown-Suedel & Bouchier-Hayes,

2020).

The data of this study clearly demonstrate, that p54nrb cleavage by caspase-2 occurs
independent of p53, since p54nrb cleavage and cell death were not affected in Hela cells treated
with the p53-inhibitor pifithrin-a. Further, no effect on p54nrb cleavage was observed in p53

mutated DLD-1 cells, when compared to wildtype p53 expressing RKO cells.

Together, these data identified p54nrb as a novel caspase-2 substrate which navigates tumor

survival and cell death sensitivity in a p53 independent manner.

4.3 Open questions and future perspectives

A prominent problem in cancer therapy is the development of drug resistant metastasis
(Mansoori et al., 2017). In this study, a novel substrate of caspase-2, p54nrb, was identified. In
accordance, an overexpression of p54nrb was measured in several cancer types and knockdown
of p54nrb caused tumor cells to lose their resistance to stressors and led to cell death
susceptibility. In contrast, knockdown of p54nrb itself was not lethal. Thus, p54nrb may
represent a novel cell type specific target for cancer therapy and represents a potent biomarker.
The exact functional relevance and clinical applicability of this axis warrants further
experimental investigation. For example, measuring the effect of an expressional compensation
of the tumorigenic protein levels in p54nrb knockdown cells. Future investigations on p54nrb’s
gene regulation and correlated consequences for tumorigenesis in other p54nrb overexpressing

cancers would also be of interest and could be compared with non-cancerous cells.

For investigation of an in vivo relevance of the tumor cell death susceptibility upon
chemotherapeutic treatment with depletion of p54nrb, monitoring for example mouse models
like xenografts or GEMM (Genetically engineered mouse model) could offer an appropriate
method. In this context the investigation of effects of p54nrb on treatment with other commonly

used chemotherapeutical drugs is also of interest to solidify the clinical relevance.

Furthermore, as presented in this study, p54nrb can regulate the expression of cathepsin-Z and
gelsolin directly by interaction with their DNA sequence. Whether p54nrb may additionally
regulate the expression of other candidate targets such as NQO1, TPD52, and CDKN2A need

further investigation.
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Additionally, the identification of the exact sequence motifs of the gelsolin and cathepsin-Z
encoding genes, which are bound by p54nrb is of further interest. Binding assays, like EMSA
(Electrophoretic  mobility  shift), DPI-ELISA (DNA-protein-interaction enzyme-linked
immunosorbent assay) (Brand et al., 2010), or reporter gene assays are valid approaches for
investigating this issue. Also, a binding assay for monitoring interaction of p54nrb cleavage
fragments with cathepsin-Z and gelsolin genes would address the question, whether p54nrb
cleavage rather interrupts completely the binding to the DNA or inactivates a transactivation

activity.

It needs to be mentioned, that the mass-spectrometric analysis of p54nrb dependently
regulated tumorigenic proteins had to be narrowed down to only a small number of candidates
in order to be able to confirm their regulation by additional experiments. However, the list of
expressional altered tumorigenic proteins includes further interesting candidates, which

definitely deserve future investigations.

In this study p54nrb cleavage was shown to alter the expression of gelsolin and cathepsin-Z.
However, this does not exclude alternative functions by the p54nrb fragments. Analysing the
effect of an ectopic overexpression of p54nrb fragments could give answers to other functions

by the p54nrb fragments after the cleavage.

As previously introduced, p54nrb’s function is often regulated by interaction with other proteins.
Especially known are dimerisation with other proteins of the DBHS family. It is of further interest
to investigate a relevance of p54nrb interacting proteins, specifically in the context of p54nrb’s
regulation function on tumorigenic proteins and to also address the question if other DBHS

proteins are putative caspase-2 substrates.
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5 Summary

5.1 Summary (English short version)

Caspase-2 is the evolutionary most conserved member of the caspase family and was shown to
be involved in genotoxic stress induced apoptosis, control of aneuploidy, and ageing related
metabolic changes. However, its role in apoptosis seems redundant due to the observation, that
knockout does not inhibit apoptotic signalling exclusively. Instead, knockout of caspase-2 leads
to tumor susceptibility in vivo, which led to the assumption, that caspase-2 has non-apoptotic
functions and can act as a tumor suppressor. The underlying mechanism of the tumor
suppressor activity of caspase-2 has not been clarified so far. Furthermore, caspase-2, has a
prominent, and as pro-enzyme exclusive localisation in the nucleus and other subcellular

compartments, implicating a distinct and location specific role.

In this study, a novel caspase-2 specific substrate, termed p54nrb, was identified. P54nrb is
harbouring a caspase-2 specific cleavage site at the aspartate residue D422, and cleavage of

p54nrb leads apparently to disruption of its putative DNA binding domain at the C-terminus.

P54nrb is a nuclear multifunctional RNA and DNA binding protein, known for roles in
transcriptional regulation, DNA unwinding and repair, RNA splicing, and retention of defective
RNA. Overexpression of p54nrb has been observed in several human cancers, such as cervix

carcinoma, melanoma, and colon carcinoma.

Data from this study revealed, that depletion of p54nrb in tumor cell lines results in a loss of
resistance to drug induced cell death and to reduced capability of anchorage independent
growth, which is functionally equivalent to a reduced tumorigenic potential. Meanwhile, p54nrb

depletion alone is not cytotoxic.

The investigation of p54nrb dependent gene regulations by high resolution quantitative
proteomics uncovered an altering expression of multiple tumorigenic genes. For two of these
candidates, the tumorigenic protease cathepsin-Z and the anti-apoptotic gelsolin, p54nrb
dependent expression was detected universally in all three investigated tumor cell lines, cervix
carcinoma, melanoma, and colon carcinoma. Additionally, a direct interaction of p54nrb with
the cathepsin-Z and gelsolin encoding DNA, but not with their corresponding mRNA, could be

demonstrated.

Conjointly, this study unveils a novel mechanistic feature of caspase-2 as a tumor suppressor.

The caspase-2—p54nrb axis (Figure 34) can orchestrate the levels of several tumorigenic
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proteins and thereby determine the cell death susceptibility and long-term tumor survival.

These findings might be of great value for future therapeutic interventions and for overcoming

drug resistance of tumors.
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Figure 34. The caspase-2—p54nrb axis.
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Schematic illustration of p54nrb‘s regulatory function on the gene expression of tumorigenic proteins with and
without active caspase-2 and its subsequent effects on the tumor cell survival. Modified from Eichler et al. (2022).
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5.2 Zusammenfassung (Ausfihrliche deutsche Version)

Apoptose ist eine Form des programmierten Zelltods und ist in multizelluldren Organismen
essentiell fir die embryonale Entwicklung, sowie im adulten Zustand notwendig fir die
Zellhomoostase. Dabei werden redundante oder fehlerhafte Zellen entfernt, ohne umliegende
gesunde Zellen zu schadigen. Der Prozess der Apoptose ist durch das Schrumpfen der Zelle,
welche sich dabei von den umliegenden Zellen |6st, charakterisiert. In der Zelle kondensiert die
DNS und wird zusammen mit anderen Zellbestandteilen sukzessive abgebaut. Dabei bilden sich
charakteristische Membranblaschen und apoptotische Kérperchen, welche anschliefend durch
Makrophagen erkannt und verdaut werden. Damit unterscheidet sich die Apoptose
entscheidend von der Nekrose, welche durch nicht-physiologische Prozesse wie einem Trauma
oder einer Infektion auftritt. Die Nekrose ist gekennzeichnet durch ein Anschwellen der Zelle mit
anschlieRender Ruptur der Zellmembran, was haufig mit der Einleitung von

Entzindungsreaktionen im umliegenden Gewebe verbunden ist.

Da der programmierte Zelltod essentiell fiir multizelluldare Organismen ist, erfordert er eine
komplexe Regulation. Eine Fehlregulation fihrt in den meisten Fallen zur Entstehung von
Krankheiten, wie beispielsweise zu Autoimmunitat, neurodegenerativen Krankheiten, aber auch
zur Entstehung von Krebszellen, oftmals verbunden mit Resistenzen gegeniber
chemotherapeutischen Substanzen. Um Krebs erfolgreich behandeln zu konnen sind bessere
Kenntnisse zur Regulation des programmierten Zelltods eine wesentliche Voraussetzung fiir die
Entwicklung effizienter Tumortherapeutika, insbesondere zur Uberwindung von

Resistenzentwicklungen.

Derzeit wird zwischen einem guten Dutzend verschiedener Signalwege des programmierten
Zelltods unterschieden. Die bekannteste Form ist die Apoptose. Die apoptotische Signalkaskade
ist abhdngig von einer Enzymgruppe, genannt Caspasen, welche kaskadenhaft aktiviert werden.
Diese Cysteinproteasen erkennen und schneiden spezifische Proteinsubstrate an selektiven
Aminosequenzen hinter einem Aspartat. Apoptotische Caspasen werden in Initiator- und
Effektor-Caspasen untergruppiert. Initiator-Caspasen werden in der apoptotischen Kaskade
zuerst aktiviert. Dies geschieht Giber eine Rekrutierung zu spezifischen Aktivierungs-Plattformen.
Effektor-Caspasen wiederum kdnnen nur von aktiven Initiator-Caspasen aktiviert werden.
Neben den apoptotischen Caspasen, gibt es auch inflammatorische Caspasen, welche an

Entziindungsprozessen, aber nicht an der Apoptose, beteiligt sind.
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Die Caspase-2 gilt als das in der Evolution am hdéchsten konservierte Mitglied der Caspasen-
Familie. Bedingt durch ihren verhaltnismaRig unscheinbaren Knockout-Phanotyp wurde dieser
Caspase jedoch fiir lange Zeit wenig Beachtung geschenkt. Bemerkenswerterweise zeigt die
Caspase-2 charakteristische Besonderheiten, wie die Prdsenz einer CARD-Domane (Caspase
Rekrutierungsdomane), welche typisch fir Initiator-Caspasen sind. Zugleich weist diese aber

auch eine Aktivitat als Effektor-Caspase auf, welche spezifische Substrate spaltet.

Der Caspase-2 konnte eine Rolle in durch genotoxischen Stress induziertem Zelltod, bei der
Kontrolle von Aneuploidie, sowie bei alterungsbedingten metabolischen Verdanderungen
nachgewiesen werden. Im programmierten Zelltod scheint die Caspase-2 jedoch eher eine
redundante Rolle zu spielen, da ein Caspase-2 Knockout die Zelltod Signalwege nicht
ausschlieBlich beeintrachtigt. Anstelle dessen flihrt ein Knockout der Caspase-2 in Mausen,
welche konstitutiv Onkogene exprimieren, zu einer erhohten Anfilligkeit gegeniber
Aneuploidie und einer beschleunigten Tumorgenese, was zu der Annahme fiihrte, dass die
Caspase-2 eine nicht-apoptotische Funktion als Tumorsuppressor innehat. Die

zugrundeliegenden Mechanismen sind derzeit jedoch noch nicht bekannt.

Zudem ist die Caspase-2, einzig unter den Caspasen, im Zellkern und anderen
Zellkompartimenten, wie beispielsweise dem Golgi-Apparat, lokalisiert. Dies weist auf eine
lokalisationsspezifische Rolle der Caspase-2, durch die Kontrolle (iber Kompartiment spezifische
Substrate, hin. Bislang konnten nur wenige Substrate der Caspase-2 identifiziert werden, von

welchen wiederum weniger als ein Dutzend experimentell ausreichend bestatigt sind.

Ziel dieser Arbeit war die experimentelle Untersuchung der Funktion der Caspase-2 als
Tumorsuppressor. Als Zellkulturmodelle dienten hierbei Tumorzelllinien von Zervix (Hela),
Kolon (DLD-1) und Haut (SK-MEL-28). Ein besonderer Fokus stellte dabei die Identifizierung von

neuen Caspase-2 Substraten dar.

In dieser Arbeit wurde p54nrb, oder auch NonO genannt, als ein bisher unbekanntes Substrat
der Caspase-2 identifiziert. Tumorzelllinien zeigten unter Stimulierung mit Apoptose
induzierenden Substanzen, wie Etoposid, Staurosporin und Doxorubizin, eine proteolytische
Spaltung des Proteins p54nrb, welche fiir Caspase Substrate charakteristisch ist. Eine Caspase-2
spezifische Spaltung konnte mittels ektopischer Caspase-2 Uberexpression, sowie genetischer
Caspase-2 Depletion und enzymatischer Caspase-2 Inhibition bestatigt werden. Die
Durchfiihrung eines in-vitro Assays mit rekombinantem p54nrb und rekombinanter aktiver

Caspase-2 bestatigte eine Caspase-2 vermittelte p54nrb Spaltung.
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Eine Zellkompartiment spezifische physikalische Interaktion von Caspase-2 und p54nrb wurde
anhand der Ergebnisse von Ko-Immunoprazipitations-Experimenten mit p54nrb und Caspase-2
postuliert und konnte mit einer fluoreszenzmikroskopisch beobachteten Ko-Lokalisation belegt
werden. P54nrb ist ein nukledres Protein und Caspase-2 ist als einzige Caspase auch als Pro-
Enzym im Zellkern lokalisiert. Dies wurde in dieser Arbeit mittels biochemischer
Zellfraktionierung bestatigt. Die Ergebnisse unterstreichen die Hypothese einer

Zellkompartiment spezifischen Funktion der Caspase-2.

P54nrb gehort zur Familie der DBHS-Proteine, dessen Struktur aus konservierten Elementen und
individuellen C- und N-Termini Strukturen besteht. P54nrb ist ein multifunktionelles RNS- und
DNS-Bindeprotein. Es ist an Prozessen, wie der transkriptionellen Regulation, der DNS
Entwindung und Reparatur, dem RNS SpleiBen, sowie beim Riickstau von defekter RNS, beteiligt.
Eine Uberexpression von p54nrb konnte bei verschiedenen humanen Krebsarten nachgewiesen
werden, wie beispielsweise bei Zervixkarzinomen, Melanomen, sowie bei Kolorektal-
karzinomen. Diese Befunde wurden in dieser Arbeit anhand von in silico Analysen von mRNA-

Expressions-Messungen aus der Online Datenbank Oncomine.org validiert.

In dieser Arbeit wurde eine Spaltung von p54nrb zu zwei kleineren Fragmenten, mit den GrolRen
48 und 51 kDa, detektiert. Innerhalb der Aminosauresequenz von p54nrb konnten die beiden
Aspartate, D58 und D422, als potentielle Spaltstellen identifiziert werden. Durch die
Generierung von p54nrb-Aspartat/Asparagin-Mutanten konnte gezeigt werden, dass die
Spaltung von p54nrb durch die Caspase-2 an der spezifischen Schnittstelle des Aspartats D422

stattfindet und tatsachlich zur Bildung des 48 kDa Fragments flihrt.

Desweiteren konnte in dieser Arbeit gezeigt werden, dass die Depletion von p54nrb in
Tumorzelllinien, durch einen stabilen lentiviralen Knockdown, zum Verlust der Resistenz
gegeniber Stressoren fiihrt. So wurde eine Zelltod-Sensitivierung mittels Durchflusszytometrie
nachgewiesen. Im Vergleich zu den Kontroll-Zellen flihrte die Depletion von p54nrb unter Zelltod
Stimulation mit chemotherapeutischen Substanzen zu einer verringerten Lebensfahigkeit,
welche anhand von Annexin-V und Propidium-lodid-Farbungen gezeigt werden konnte. Die
Depletion von p54nrb alleine, ohne zusatzlichem Stressor, zeigte hingegen keinen zytotoxischen

Effekt.

Ebenfalls konnte gezeigt werden, dass eine Depletion von p54nrb zu einem reduzierten
onkogenen Potential von verschiedenen Tumorzelllinien fiihrt. Mittels 3D-Soft-Agar Assays
konnte ein verringertes Wachstum und eine verringerte Kolonienbildung von p54nrb

depletierten DLD-1 und SK-MEL-28 Zellen im Vergleich zu Kontroll-Zellen bestatigt werden. Eine
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Depletion von p54nrb in Hela Zellen hatte jedoch keinen Effekt auf das mittels 3D-Soft-Agar

Assay gemessene Kolonien-Wachstum.

Aufgrund der bekannten Funktion von p54nrb in der transkriptionellen Regulation, wurde
dessen Auswirkungen auf die Regulation von bekannten onkogenen Proteinen untersucht. Mit
Hilfe hochauflésender Massenspektrometrie von p54nrb depletierten Hela Zellen im Vergleich
zu Kontroll-Zellen wurden Proteine mit einer signifikant veranderten Expression ermittelt.
AnschlieBend wurden diese mittels des bioinformatischen Programmes DAVID (Database for
Annotation, Visualisation and Integrated Discovery) klassifiziert und Proteine mit einer
nachgewiesenen Rolle in onkogenen Schlisselfunktionen ausgewahlt. Aus dieser Auswahl
wurden wiederum die fiinf Kandidaten Gelsolin, Cathepsin-Z, NQO1, TPD52 und CDKN2A mittels

Western Blot Analyse validiert.

In p54nrb depletierten Hela Zellen ist das Protein Gelsolin, welches vor allem fir die
Aufrechterhaltung des mitochondrialen Membranpotentials verantwortlich ist und damit eine
anti-apoptotische Funktion innehat, herabreguliert. Ebenso herabreguliert ist die Expression
von Cathepsin-Z, welches an der Modellierung der extrazellularen Matrix beteiligt ist und damit

die Adhasion und Migration von Zellen maligeblich beeinflussen kann.

Eine Herabregulierung konnte auBerdem flr das Tumor Protein D52 (TPD52), welches eine Rolle
in der Proliferation hat, gezeigt werden. Desweiteren ist die Expression von NAD(P)H Quinone
Dehydrogenase 1 (NQO1) nachweislich herabreguliert. Dem zum Metabolismus beitragenden
Enzym NQO1 wurde eine onkogene Funktion zugesprochen, da es moglicherweise an der
Stabilisierung von XIAP beteiligt ist. Hochreguliert ist in p54nrb depletierten Hela Zellen
hingegen das Protein CDKN2A (Cyclin Dependent Kinase Inhibitor 2A), welches an der Regulation
des Zellzyklus beteiligt ist und dadurch letztlich Einfluss auf die Zellproliferation hat.

Gelsolin und Cathepsin-Z waren in samtlichen der untersuchten drei Zelllinien (HelLa, DLD-1 und
SK-MEL-28) p54nrb-abhangig reguliert, wiahrend TPD52 und NQO1 nur in Hela Zellen eine
Abhdngigkeit von p54nrb zeigten. CDKN2A konnte hingegen nur in Hela Zellen detektiert
werden. Die Unterschiede in den von p54nrb regulierten onkogenen Proteinen zwischen den
einzelnen Zelltypen weist auf eine Zelltyp Abhangigkeit hin. Diese ist auch eine mogliche
Erklarung fiir die unterschiedlichen Effekte einer p54nrb Depletion zwischen den verschiedenen

Zelltypen, wie sie anhand des Kolonien-Wachstums Assays gemessen wurde.

Zusatzlich konnte mit Hilfe von Protein-DNS und -RNS Ko-Immunoprazipitationen gezeigt

werden, dass p54nrb an die DNS-Sequenz von Cathepsin-Z und Gelsolin und nicht an die fir
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Cathepsin-Z und Gelsolin kodierenden mRNS-Sequenzen bindet. Ein in dieser Arbeit konzipierter
und durchgefihrter in-vitro Assay belegte zusatzlich die Interaktion von p54nrb mit der

doppelstriangigen Gensequenz von Gelsolin.

Basierend auf der Beobachtung, dass p54nrb mit der Gensequenzen von Cathepsin-Z, als auch
der von Gelsolin interagiert und mit der Spaltung von p54nrb eine verminderte Expression
beider Genprodukte gemessen wurde, kann vermutet werden, dass die Spaltung von p54nrb am
D422 durch Caspase-2 zum Verlust der Interaktion mit den Gensequenzen fiihrt. Diese Erklarung
deckt sich zudem mit der Lokalisation der am C-Terminus von p54nrb postulierten DNS-

Bindedomane.

Zusammengefasst, tragen die Ergebnisse dieser Arbeit maligeblich zur besseren Kenntnis der
Mechanismen der Tumorsuppressor-Funktion der Caspase-2, in Verbindung mit dessen Substrat
p54nrb, bei. Durch Spaltung von p54nrb durch die Caspase-2 am Aspartat D422 wird der Spiegel
des ,Full-length” Proteins vermindert. Der Proteinspiegel von p54nrb wiederum korreliert mit
dem Expressionsspiegel verschiedener onkogener Proteine. P54nrb agiert hierbei als
transkriptioneller Regulator und interagiert hierzu mit der DNS-Sequenz von Gelsolin und
Cathepsin-Z. Folgend beeinflussen die Expressionsspiegel der onkogenen Proteine wiederum die

Zelltodsensitivitat und das Uberleben der Tumorzellen.

Damit stellt die hier identifizierte Caspase-2—p54nrb Achse (Abbildung 35) ein potentielles
therapeutisches Modell der modernen Tumortherapie dar, insbesondere zur Bewaltigung von

Tumorresistenzen.
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Abbildung 35. Die Caspase-2—p54nrb Achse.

Schematische lllustration der genregulatorischen Funktion von p54nrb mit und ohne aktiver Caspase-2 und die
dadurch erfolgenden Effekte auf das Uberleben von Tumorzellen. Die Spaltung von p54nrb durch die Caspase-2 fiihrt
zum Verlust der Genregulation der Onkoproteine Gelsolin und Cathepsin-Z. Modifiziert von Eichler et al. (2022).
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7 Appendix

7.1 Supplemental results

Table 15. List of downregulated tumorigenic proteins
LC/MS analysis data derived from analysis of HeLa shRNA-control versus shRNA-p54nrb cells (n=3). Significantly
(p<0.01, Log2 ratio <-0.5) downregulated proteins (from Figure 17 B). Their functions in tumor/apoptosis regulatory

processes are indicated.

Protein Alias name Function

6-phosphofructo-2-kinase/fructose-2,6- | PFKFB2 Metabolism

biphosphatase 2

Aldo-keto reductase family 1 member AKR1C3 Metabolism, growth

c3

Aldo-keto reductase family 1 member AKR1C4, 3a-HSD | Metabolism

C4, 3a-hydroxysteroid dehydrogenase

Cathepsin-Z, -X, -P CTSZ, CTSX Adhesion

Clusterin CLU Golgi chaperone, adhesion,
anti-apoptotic

Enolase 2 ENO2 Metabolism, neuronal cell
survival

Epoxide hydrolase 1 EPHX1 Metabolism, detoxification

Gelsolin GLN Cell structure

Glutamate-cysteine ligase catalytic GCLC Metabolism

subunit

Glutathione S-transferase Mu 2 GSTM?2 Metabolism, detoxification

Glutathione-disulfide reductase GSR Metabolism, oxidative stress

HECT and RLD domain containing E3 HERC2 Growth, DNA repair,

Ubiquitin Protein Ligase 2 centrosome assembly

Laminin subunit alpha-3 LAMA3 Basement membrane
structure, migration

NAD(P)H dehydrogenase (quinone)l NQO1 Metabolism, detoxification

NDRG1 NDRG1 Growth, DNA repair, ageing

Thioredoxin reductase 1 TXNRD1 Metabolism, oxidative stress

Tumor protein D52 TPD52 Vesicle Trafficking, exocytosis,

migration
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Table 16. List of upregulated tumorigenic proteins

LC/MS analysis data derived from analysis of HeLa shRNA-control versus shRNA-p54nrb cells (n=3). Significantly
(p<0.01, Log2 ratio >0.5) upregulated proteins (from Figure 17 C). Their functions in tumor/apoptosis regulatory

processes are indicated.

Protein Alias name Function

Arginase 1 ARG1 Metabolism

BRCA2 and CDKN1A-interacting protein | BCCIP Cell cycle, DNA repair
Catenin beta-1 CTNNB1 Adhesion, transcription
CDA44 antigen CD44 Adhesion, migration

Cyclin-dependent kinase inhibitor 2A

CDKN2A, p16-

Cell cycle, tumor suppressor

INK4A
Cyclin-dependent protein kinase 6 CDK6 Cell cycle, migration
Desmocollin-3 DSC3 Adhesion, migration
Filaggrin FLG Structure
Galectin-7 LGALS7 Adhesion, apoptotic
Glutathione S-transferase pil GSTP1 Metabolism, detoxification
Integrin subunit beta 4 ITB4 Adhesion
Kallikrein-14 KLK14 Metabolism
Keratin 5 KRT5 Cytoskeleton
Keratin type Il cytoskeletal 78 KRT78 Cytoskeleton
Mitochondrial fission 1 protein FIS1 Mitochondrial structure,

Cytochrome-C release

Nicotinamide N-methyltransferase NNMT Metabolism
PDZ and LIM domain protein 5 PDLIM5 Cytoskeleton
Ras-related protein Rap-2b RAP2B Cytoskeleton, migration
$100 calcium binding protein A14 S100A14 Tumor suppressor
Serpin B3 SERPINB3 Proliferation
SH3 domain containing GRB2 like 2, SH3GL2 Transcription, membrane
Endophilin-Al structure
Zinc finger protein RIf RLF Transcription
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Table 17. List of exclusively downregulated proteins
LC/MS analysis data derived from analysis of HeLa shRNA-control versus shRNA-p54nrb cells (n=3). Significantly

(p<0.01, Log2 ratio <-0.5) and exclusively downregulated proteins (15). Their attributed functions are indicated.

Protein Alias name Function

60S ribosomal protein L36a RPL36A Translation

Ankyrin repeat domain-containing ANKRD35 Unknown

protein 35

Creatine kinase S-type, mitochondrial CKMT2 Metabolism

Glutamine-fructose-6-phosphate GLMS Metabolism

aminotransferase (isomerizing)

Golgin subfamily A member 3 GOLGA3 Nuclear transport, Golgi
apparatus localization

GRAM domain-containing protein 2B GRAMD2B Unknown

Histone H1t HISTIH1T DNA packing

Histone H3.3 H3-3A DNA packing

Laminin subunit alpha-3 LAMA3 Basement membrane
structure, migration

Putative 40S ribosomal protein S26-like | RPS26 Translation

Putative ubiquitin-conjugating enzyme UBE2NL Unknown

E2 N-like

RNA-binding Raly-like protein RALYL Unknown

Sodium/potassium-transporting ATPase | ATP1A4 Metabolism

subunit alpha-4

Tubulin alpha-3C chain TUBA3C Cytoskeleton
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Table 18. List of exclusively upregulated proteins
LC/MS analysis data derived from analysis of HeLa shRNA-control vs shRNA-p54nrb cells (n=3). Significantly (p<0.01,
Log2 ratio >0.5) and exclusively upregulated proteins (10). Their attributed functions are indicated.

Protein Alias name Function

Alpha-1,3/1,6-mannosyltransferase ALG2 Metabolism

Band 4.1-like protein EPB41L1 Cytoskeleton

Catenin beta-1 CTNNB1 Adhesion, transcription

Cationic amino acid transporter 2 SLC7A2 Metabolism

Keratin, type | cytoskeletal K’s Growth, migration, cell
integrity

Keratin, type Il cytoskeletal CK’s Growth, migration, cell
integrity

L-lactate dehydrogenase C chain LDHC Sperm motility

Poly(rC)-binding protein PCBP2 Translation

Putative uncharacterized protein Unknown Unkown

SH3 domain containing GRB2 like 2, SH3GL2 Transcription, membrane

Endophilin-Al structure
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