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Introduction

SUMMARY

The tumor biomarker Survivin belongs to the family of inhibitors of apoptosis proteins and is
associated with malignant tumor progression and poor treatment outcomes. The reasons are
manifold because Survivin impacts apoptosis and several other essential cellular processes like
autophagy, thereby promoting therapy resistance. Nanotechnology is a promising tool that can be
used to target Survivin-related pathways and overcome tumor resistance.

In the context of chemotherapy, nanoparticles are commonly used as carriers of chemotherapeutic
drugs. However, nanoparticles can function as a strengthening adjuvant, since nanoparticulate
material has cellular effects. Therefore, pristine, amorphous silica nanopatrticles (SiNP) were used
as model particles to test their influence on Survivin-expressing cancer cell models.

Biochemical methods were applied to reveal a Survivin-based protective mechanism against
nanotoxicity. The cell-based analyses were complemented by qualitative and quantitative
microscopy techniques, including organelle-specific immunofluorescent staining and automated
high-content cell analysis.

Overall, the toxicity of SINP was characterized as a rapid process, which depended on the
concentration and the exposure time in a serum-free environment. The toxicity of SINP was
manifested through apoptotic and necrotic phenotypes and exhibited increased autophagic
characteristics. Mechanistically, SiNP induced the generation of ROS and activated stress kinase
p38, while pro-survival kinases Akt and MAPK 44/42 (ERK) were downregulated. Mitochondrial
stress was identified as the main ROS source, while lysosomal leakage could be excluded. The
initiation of SiNP-dependent autophagy was confirmed through immunoblot analysis and
microscopic tracking of autophagy-related organelles, further suggesting a PISK/Akt/mTOR
independent initiation pathway. SiNP destabilized the cytoskeleton, leading to cytoskeleton
collapse, and thereby triggering autophagy. Unexpectedly, the results also suggested that SiNP
may impair autophagy in the late stage, leading to the accumulation of autophagy-related
organelles and autophagy-dependent cell death. Remarkably, Survivin overexpression delayed
those SiNP-dependent effects and suppressed autophagy. Overall, an elevated Survivin level
suppressed all autophagy characteristics and stabilized the cytoskeleton structure. In response to
the SiINP-generated ROS stress, Survivin altered the mitochondrial phenotype and suppressed the
activation of p38. Moreover, p38 inhibition increased the viability of Survivin overexpressing cells
but not wild-type cells, indicating a Survivin-specific mechanism.

To prove the detailed role of autophagy in SiNP-induced toxicity, SiNP treatment was combined
with different autophagy modulators. Taken together, impairing the late stage of autophagy leads
to enhanced nanotoxicity compared to the initiation or inhibition of initial autophagy.

In summary, this work supports the hypothesis that autophagy plays a crucial role in Survivin-
induced resistance. Therefore, novel cancer treatments targeting Survivin should consider its role

in autophagy as a potential target for combined therapies.
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1 INTRODUCTION

1.1 CANCER

In recent decades, cancer has been the subject of intensive research analyzing the causes,
development, and disease itself. Nevertheless, cancer is still one of the top ten causes of death
worldwide. According to the International Agency for Research on Cancer (IARS), powered by
the World Health Organization (WHO), the breast, lung, prostate, and digestive tract are the
tissues most commonly affected by cancer, with lung cancer causing the most deaths
worldwide in 2020 (IARC, 2024).

In general cancer cells can originate from epithelial cells, endothelial cells, and blood or
immune cells, categorizing the malignant cancer types into Carcinomas, Sarcomas, and
Leukemias/Lymphomas (Cooper, 2000). The development of cancer is a multistep process
and a consequence of acquired mutations initiated by environmental factors such as ultraviolet
radiation, viral diseases, or dietary issues such as obesity, and abusive use of alcohol and
tobacco. Genetic predisposition, age-related hormone disbalances, and others can act as
tumor promotors by stimulating the outgrowth of cells in early tumor development (Blackadar,
2016). Even though intensive research has helped to successfully identify cancer-inducing
factors such as substances in tobacco or different types of viruses, cancer-related diseases
are on the rise. The reasons for the high number of cancer-related deaths today are manifold.
The more than 200 types of cancer are categorized into several subtypes with varying genetic
and molecular expression patterns leading to different tumor behaviors. The diversity of cancer
cell types in malignant tumors increases further by acquiring several genetic mutations during
tumor growth. However, as large as the variety of cancer types and subtypes is, a single
cancerous tissue can consist of different variations of cancer cells, each of which may respond
differently to standardized cancer therapy (Ma et al., 2019). This tumor cell inconsistency has
the consequence that one cancer drug might not be enough to address all tumor cells and
instead promotes cancer cell progression and resistance of nonresponding tumor cells (Shi et
al., 2023).

The classical standard procedure involves surgical resection of the tumor tissue followed by a
combination of radiation and chemotherapy. The accessibility of the tumor and the tumor
stadium limits the application of surgical resections (Arruebo et al., 2011). On the other hand,
radiation and chemotherapy are often accompanied by side effects since healthy tissue is
affected by both treatment approaches (Moses et al., 2003). In recent decades, non-invasive
ablation techniques extended the surgical resection by applying radiofrequency, microwave,
or ultrasound to create hyperthermia or by use of cryoablation as a hypothermic application to
reach the tumor side (Chu & Dupuy, 2014; Yakkala et al., 2019).
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New cancer-specific treatment approaches include hormones, stem cells, genes, and
immunotherapy. Another cancer treatment approach, covered by the umbrella term targeted
drug therapy, uses cancer-specific motilities for targeted drug delivery and drug design (Debela
et al., 2021).

A prerequisite for cancer-targeted therapy is the molecular characterization of the tumor,
including the genetic clarification of the tumor cells, necessary for the development of a precise
drug design. The targeted drug therapy aims for an improved treatment outcome while
minimizing side effects. A specific drug design combined with cancer-targeting moieties, such
as antibodies and peptides, should reduce the drug load, increase the bioavailability of the
drug, avoid fast clearance from the blood, and improve the drug release and application and
the tumor side while avoiding healthy cells at best (Min & Lee, 2022).

The past decades turned out that targeted therapy has a problem with drug resistance. Hence,
most cancer cells have a high mutation rate, and tumor cells adapt fast to chemotherapeutic
drugs, avoiding cell death through various mechanisms (Sabnis & Bivona, 2019): Targeted
cancer cells can increase the DNA repair capacity, suppressing cell death pathways while
promoting pro-survival factors and tumor reorganization, also known as tumor plasticity.
Furthermore, cancer cells can modulate the tumor microenvironment (TME) to protect the
tumor tissue from immune cells. In addition, tumor cells might neutralize, export, or simply not
take up the drug (Lei et al., 2023).

The challenges for targeted drug therapies are immense, considering the highly diverse
complexity of tumors and their inclination for resistance mechanisms. However, for this very
reason, it is of great interest to intensify cancer research efforts to achieve a precise and
successful treatment application for malignant cancer diseases.

In this context, cancer cell markers are important for the characterization of tumor tissue and,
in addition, serve as specific target structures for optimal cancer therapy. The anti-apoptotic
protein Survivin is abnormally expressed in various cancer types among other diseases and
rarely expressed in healthy adult tissue, making Survivin an attractive therapy target (Albadari
& Li, 2023). However, Survivin-expressing tumor cells evade cell death and promote cancer
progression, dysregulating the essential cell processes, apoptosis, and autophagy (Lin et al.,
2019). Regarding this influence, understanding these mechanisms is of great importance for
the development of effective cancer drugs. Therefore, the essential cell processes are
presented first, followed by further details on Survivin as a modulator of the described

processes, the nanotechnological treatment approach, and the aim of the work.
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1.2 CELL DEATH MECHANISMS: NECROSIS AND APOPTOSIS

Cell death signals are often suppressed in malignant tumor cells through enhanced expression
of inhibitor of apoptosis (IAP) proteins such as Survivin. In general, cell death occurs in two
categories: energy-independent necrosis and energy-dependent apoptosis.

The energy-independent cell death mechanism, necrosis, is triggered by toxic stimuli and
occurs as secondary cell death after apoptosis or in parallel to the apoptotic process,
depending on the initiation signal and level of stimulus. In contrast to apoptotic cell death,
necrosis is not limited to single cells and rather affects a whole area of cells in a tissue. Cell
swelling, membrane rupture, and the fragmentation of the nucleus, known as karyorrhexis,
characterize necrotic cell death (Figure 3). Moreover, the energy metabolism and the
morphology of cell organelles are affected. However, a controlled form of necrosis has been
described, referred to as necroptosis, mediated by receptor interaction protein kinases 1
(RIPK1) and 3 (RIPK3) and is associated with inflammatory processes (Cui et al., 2016;
Kawahara et al., 1998).

Apoptosis, referred to as programmed cell death, involves the controlled activation of
caspases. Apoptosis exhibits a specific time-dependent phenotype: First, cell shrinkage and
chromatin condensation, also known as pyknosis, occur. Then, apoptotic bodies form,
enclosing the cell content in intact plasma membranes. Macrophages digest the apoptotic
bodies to prevent inflammation from release of cell contents. Under cell culture conditions, this
clearance pathway is unavailable, leading to secondary cell death, which ascribes to necrosis.
Apoptosis can be triggered extrinsically by cell death receptor activation or through intrinsic
stimuli via mitochondria (Figure 1).

The extrinsic pathway begins with the activation of transmembrane receptors through ligand
binding: The ligand-receptor couples include the tumor necrosis factor (TNF)/ type 1 TNF
receptor (TNFR1), the Fas-Ligand (Fas-L)/ Fas receptor (CD95/Apo-1) and TNF-related
apoptosis-inducing ligand (TRAIL)/TRAIL receptor. Then, adaptor proteins are recruited and
bind to the receptor's cytosolic death domain, inducing an activation cascade forming the
death-inducing signaling complex (DISC). Then DISC activates the initiation caspases
caspase-2, -8, -9, and -10, which consequently activate effector caspases triggering apoptosis
(Jan & Chaudhry, 2019).

A wide range of stress stimuli, such as growth factor depletion, oxidative stress, toxins,
hypoxia, viral infection, and others, can trigger the intrinsic cell death pathway. The stress
signals can change the mitochondrial membrane, initiating the opening of the mitochondrial
permeability transition pore. As a result, the mitochondrial membrane potential collapses, and
mitochondrial proteins promote an apoptosis outflow into the cytosol. The release of

mitochondrial cytochrome C into the cytosol initiates the formation of the cell death complex,
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called apoptosome. The apoptosome is a heptameric structure with repeating units consisting
of apoptotic protease activating factor 1 (Apaf-1) and cytochrome C, which recruits and
activates the apoptotic initiator caspase-9. In addition, the released mitochondrial proteins
HtrA2/Omi and Smac/DIABLO increase the apoptotic stimulus by neutralizing inhibitors of

apoptosis (IAP) family members such as Survivin, Bcl-2, and BcL-XL, among others.
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Figure 1. lllustration of the extrinsic and intrinsic apoptotic pathway. The extrinsic cell death pathway is triggered by
ligand-receptor interactions, promoting the assimilation of the DIS complex (DISC), activating initiation caspases,
which activate effector caspases and the intrinsic cell death pathway, leading to apoptosis. The intrinsic cell death
pathway is triggered by several cell stress stimuli and is associated with the release of mitochondrial proteins. The
mitochondrial proteins activate initiation caspase-9 and inactivate anti-apoptotic proteins such as XIAP and other
IAP family members. The image was adapted from Micheau et al. (2018) (Micheau, 2018), using the
BioRender.com template “Apoptosis Extrinsic and Intrinsic Pathways” (https://app.biorender.com/biorender-

templates, accessed on 05 January, 2024).

Furthermore, unfolded, and accumulated proteins can trigger the so-called unfolded protein
response (UPR) of the endoplasmic reticulum (ER), inducing apoptosis. The unfolded protein
response is a cellular stress response that activates three proteins: inositol-requiring protein-
1a (IRE1a), PERK protein kinase RNA (PKR)-like ER kinase (PERK) and activating
transcription factor 6 (ATF6). Their role is to restore protein homeostasis by increasing the
expression of ER chaperones, reducing mRNA translation to alleviate ER stress, and exporting

unfolded proteins into the cytosol for degradation through either the ubiquitin pathway or the
5
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ER-assisted degradation (ERAD). When ER stress is not relieved, it triggers apoptosis through
stress kinases p38 and (c-Jun-N-terminal kinase) JNK, as well as pro-apoptotic transcription
factor CHOP. In turn, Bax activation and Bcl-2 inhibition promote mitochondrial protein release
and initiate the apoptotic pathway (Sano & Reed, 2013).

However, as soon as an initiation caspase activates effector caspase-3, -6, or -7, apoptosis
progresses irreversibly regardless of the apoptosis pathway. The most effective caspase, the
caspase-3, is targeted by both cell death pathways. Active caspase-3 cleaves and releases
the caspase-activated DNase (CAD) from CAD inhibitor ICAD. In turn, CAD degrades
chromosomal DNA and induces pyknosis. Gelsolin is the nucleation base for actin fibers and
represents an important target of caspase-3 cleavage. The degradation of gelsolin leads to
cytoskeleton reorganization, which impairs intracellular transport and signal transduction and
further promotes the formation of apoptotic bodies (Elmore, 2007).

1.3 AUTOPHAGY

Autophagy is an umbrella term for several kinds of autophagy pathways, including chaperone-
mediated autophagy (CMA), microautophagy, and macroautophagy. Generally, it is a highly
regulated process conserved across species. Canonical autophagy is an essential process
balancing cell homeostasis and obtaining cell survival. It acts as recycling machinery, removes
damaged organelles like mitochondria, and degrades obsolete proteins and RNA to usable
building blocks fed back into the metabolic cycle. Thereby, canonical autophagy regulates the
supply of amino and nucleic acids under nutrition-deprived conditions (Kocot & Wroblewska,
2022; Mizushima & Komatsu, 2011). The CMA and microautophagy direct cargo straight to
lysosomes for degradation. Macroautophagy involves the formation of autophagosomes,
which then fuse with lysosomes, resulting in the degradation of the autophagosomal content
(Parzych & Klionsky, 2014). Other autophagy types involve the degradation of targeted
organelles: Mitophagy degrades damaged mitochondria, while lysophagy describes a process
that renews old lysosomes (Yao et al., 2021).

The protein of interest, Survivin, was recently described as a switch between autophagy and
apoptosis (Lin et al., 2019). Cancer cells either activate autophagy to avoid apoptosis or
suppress it to promote tumor progression, which is linked to cancer-related characteristics
such as modified metabolism and immunomodulation (X. Chen et al., 2016; Xi et al., 2022).
Additionally, autophagy encourages the development of cancer stem cells and the epithelial-
to-mesenchymal transition (EMT) (Alvarez-Meythaler et al., 2020). Cancer stem cells describe
a subpopulation of cancer cells that are immortal, highly resistant, and self-renewing and
further possess a differentiation potential. As a result, cancer stem cells can increase the tumor

drug resistance (Nazio et al., 2019). In addition, EMT increases the invasive nature of cancer

6
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cells, and consequently, metastasis, increasing the mortality of the cancer diseases in the long
term (Gundamaraju et al., 2022). However, cancer cells can disrupt autophagy, highlighting

the role of autophagy as a crucial target for cancer therapy (Abulikemu et al., 2022).
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Figure 2. Canonical autophagy. Stress stimuli from different sources activate the ULK1 and PI3KC3 complex,
initiating the autophagy process. Autophagosome nucleation starts with an omegasom-shaped membrane, which
extends in the elongation process to a phagophore. The enlarged phagophore membrane encloses cargo. Then,
the phagophore is sealed and released from the donor membrane in the segregation process, generating an
autophagosome. The autophagosome is further maturing on the way to the perinuclear region through the fusion
of endosomes. The fusion with lysosomes creates autophagolysosomes. Lysosomal hydrolysis degrades the
autophagolysosomal content. In the final step, the degraded components flow into the cytosol, and lysosomes

recover. Created with biorender.com

The autophagy process splits into eight steps, beginning with the initiation and nucleation and
followed by the elongation, segregation, closure, and maturation of the autophagosomal
membrane and finishes with the autophagosomal fusion, degradation and the recycling and
recovery step (Figure 2). Autophagy is initiated by several stimuli of chemical or mechanical
nature, promoting the formation of the ULK-1 complex consisting of ULK, FIP200, ATG101,
and ATG13 and further activation of the PI3KC3 complex (Beclinl, VPS14, VPS34, ATG 14L).
Because of the PI3BKC3 complex activation, phosphatidylinositol-3-phosphate (PI(3)P) forms
that initiate a recruiting cascade via WD-repeat protein interacting with phosphoinositides
(WIPI), resulting in the recruitment and lipidation of ATG8, ATG2, and ATG9. Autophagy-
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related genes (ATG) and their proteins are essential for lipidation and formation of
autophagosome membranes. The recruited ATGs (ATG8, ATG2, and ATG9) promote the
membrane bending of an organelle donor membrane to an omegasome and further to a
phagophore, referred to as a nucleation step of autophagosomes (Figure 2). ATGs such as
ATG3, AG7, ATG5, ATG12, and ATG 16L1 mediate the elongation and the segregation of the
phagophore membrane from the cytosolic organelle donor membrane. ATG7 activates ATG12
and promotes with ATG3 the lipidation of LC3. ATG10 mediates the conjugation of ATG12 with
ATG5. The conjugate can promote LC3 lipidation and is a conjugation partner for the
complexation of ATG16L1, essential for the formation of autophagosomes. During the
elongation, cytosolic LC3-lconjugate to phosphatidylethanolamine (PE) on the curved
phagophore membrane to generate LC3-Il, which is incorporated into the elongated
autophagosomal membrane. LC3-1l is a specific autophagosomal marker, responsible for
selecting and loading of certain cargos and for the further progression of the autophagy
process (Birgisdottir et al., 2013). When the early autophagosomes are fully loaded, PI(3)P
and ATGs are cleared from the membrane surface, initiating the membrane fusion via SNARE,
and generating a double-membraned autophagosomal vesicle. The SNARE-mediated fusion
with endosomes further maturates autophagosomes. Parallel to the maturation process,
autophagosomes, and lysosomes move to the perinuclear region via dynein on microtubules.
In the final step, mature autophagosomes fuse with lysosomes forming autophagolysosomes
(Figure 3). On the lysosomal surface, the tethering of those vesicular organelles is mainly
facilitated by the homotypic fusion and vacuole protein sorting (HOPS) complex. The HOPS
complex interacts with LC3-Il and STX17 on autophagosomes, inducing the complexation of
STX17, SNAP29, and VAMPS8 to the SNARE complex. Finally, the SNARE complex mediates

the fusion to autophagolysosomes.
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Figure 3. Tethering and fusion of autophagosomes with lysosomes. Tethering facilitated by the HOPS complex
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After the lysosomal degradation of the autophagolysosomal content, including the inner
membrane of the autophagosome, autophagy is completed. In the recovery process of
lysosomes, the degraded soluble content is ejected through the membrane that is
accompanied by a water outflow, resulting in the shrinkage of the organelle. Then, assisted by
actin fiber constructs the vesicular membrane bents to tubular structures. The tubular shape
facilitates the constriction of newly recovered lysosomal vesicles. A new autophagic cycle can
start. (Hernandez-Caceres et al., 2021; Mizushima, 2020; Yu et al., 2018).

1.4 AUTOPHAGY RELATED ALTERNATIVE CELL DEATH MECHANISMS

The intensity and duration of stress signhals determines the outcome of autophagy
consequences. Sublethal stress signals trigger protective autophagy through JNK-mediated
Bcl-2 phosphorylation and release of Beclin-1, an initiator of autophagy (Liu et al., 2017; Wei,
Pattingre, et al., 2008). Stress signals with a high intensity or prolonged duration induce
apoptosis by activating JNK-dependent Bcl-2 multiphosphorylation that results in Bax
activation and mitochondrial release of mitochondrial proapoptotic proteins cytochrome C and
Smac/DIABLO into the cytosol (Wei, Sinha, et al., 2008). Autophagy regulates intracellular
reactive oxygen species (ROS) levels by increasing mitophagy through HIF-1a/BNIP3 pathway
activation, avoiding ROS-dependent apoptosis induction (Zhang et al., 2019). However,
several autophagy-related proteins can induce apoptosis: ATG5 and ATG12 can interact with
IAP family members like Bcl-2 and Mcl-1. They can also promote the release of mitochondrial
cytochrome C (Rubinstein et al., 2011; Yousefi et al., 2006). On the other hand, apoptosis-
related caspases regulate autophagy by cleaving and degrading ATGs, controlling the
autophagy activation level (Tsapras & Nezis, 2017).

Various alternate cell death mechanisms have been described in the past few decades,
sharing certain features with apoptosis and necrosis, while others function entirely differently.
They classify into entosis, ferroptosis, methuosis, necroptosis, NETosis, parthanatos,
pyronecrosis, pyroptosis, lysosome-dependent cell death, autophagy-associated cell death
(autosis) and autophagic cell death (Nirmala & Lopus, 2020). The last three mechanisms,
which are the most relevant for this work, will be described in more detail.

The lysosome-dependent cell death is induced by the permeabilization or rupture of lysosome
membranes, releasing lysosomal proteases like cathepsins and increasing the acidic level in
the cytoplasm (Serrano-Puebla & Boya, 2018; Uchimoto et al., 1999). Cytosolic proteases,
lysosome-penetrating compounds, and elevated ROS levels can induce this type of cell death.
Consequently, pro-apoptotic proteins such as Bid and Bax activate the cell death cascade via
mitochondrial cytochrome C release (Aits & Jaattela, 2013).

Jung et al. (2020) differentiated the terms of autophagy-involving cell death mechanisms:

Authentic autophagy cell death can be prevented by autophagy inhibitors and does not involve
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apoptotic or necrotic phenotypes. In contrast, autophagy-mediated cell death (autosis) is
associated with an increased autophagy flux but involves other apoptotic and necrotic
characteristics necessary for an efficient cell death process (Jung et al., 2020). Autosis has
several indicators, such as chromatin condensation, increased formation of autophagosomes
and autophagolysosomes, enlarged mitochondria, fragmented ER, and membrane
destabilization or rupture (Nirmala & Lopus, 2020). Autosis depends on Na+, and K+-ATPases
triggered by the viral transactivator of transcription (Tat) peptide, through interaction with
autophagy-inducing factor Beclin-1, or starvation (Bai et al., 2023).

In summary, autophagy can directly mediate cell death or appear as part of an orchestrated
cell death together with other cell death pathways: Autophagy and apoptosis form a highly
dynamic system that responds quickly to various stimuli of different origins and intensities,
regulating numerous cell processes. The complex crosstalk complicates the development of
specific and efficient anti-cancer drugs cause the experimental differentiation between those
processes is difficult and the evaluation of the specific drug effects challenging.

1.5 SURVIVIN

The anti-apoptotic protein Survivin is abnormally expressed in various cancer types. Hence,
Survivin is promoting the cancer progression by regulating both apoptosis and autophagy, and

further is acting as a switch between the two processes, Survivin will be described in detail.

1.5.1 MOLECULAR FUNCTIONS OF SURVIVIN

Survivin has a size of 16.5 kDa and is the smallest member of the inhibitor of apoptosis (IAP)
family and can act as a monomer or dimer, as well as homo- and heterodimer, increasing the
functionality of the smallest IAP member. All IAP members bear at least one highly conserved
N-terminal baculovirus inhibitor of apoptosis repeat (BIR) domain with a Zn2+ finger formation,
which is responsible for the integrity of the a-helical BIR domain (Figure 4) (Deveraux & Reed,
1999). Survivin has only one BIR domain, contributing to its small size and function, and lacks
a C-terminal RING finger domain, unlike other IAP members like XIAP, c-1IAP-1, c-IAP-2, NAIP,
and BRUCE (Deveraux & Reed, 1999). The N-terminal BIR domain and the C-terminal a-helix
enable the dimeric Survivin to interact with both helices with various interaction partners.
Survivin can appear in seven splice variants, while the ex2 isoform is the most common splice
variant, referred to as the wild-type (wt) form. (Pavlyukov et al., 2011; Wheatley & Altieri, 2019;
Wolanin & Piwocka, 2007).
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Figure 4. Molecular structure of Survivin. A) Graphical illustration of Survivins functional domains adapted from Hu
et al. (2017), (Hu et al., 2017) and created with Biorender.com. B) Adapted crystal structure of a Survivin dimer,
created by Chantalat et al. (2000) (Chantalat et al., 2000).

A central linker region positioned between aa 90-120 modulates the dimerization and further
the molecular functions of Survivin (Verdecia et al., 2000). Stauber et al. (2006) showed that
Survivin bears a nuclear export signal (NES) that is located in the dimerization region (89-98),
resulting in nuclear accumulation of the Survivin dimer (Stauber et al., 2006), while monomeric
Survivin mainly stays in the cytoplasm (Engelsma et al., 2007). Several studies proposed a
balanced regulatory process between the monomeric and dimeric forms of Survivin: Wang et
al. (2010) showed that CREB-binding protein (CBP) mediated acetylation of Lys129 promotes
the dimeric form of Survivin. The free deacetylated Survivin monomers can interact with the
CRML1 export receptor and translocate to the cytoplasm (Wang et al., 2010). Pavlyukov et al.
(2011) analyzed the role of monomeric Survivin in apoptotic processes by mutating the linker
region and further showed that Survivin monomers interact with Smac/DIABLO and XIAP more
efficiently than Survivin dimers (Pavlyukov et al.,, 2011). Another group showed that the
monomeric but not the dimeric form is part of the chromosomal passenger complex (Delacour-
Larose et al.,, 2007). The chromosomal passenger complex is formed during mitosis to
separate the chromosome pairs and distribute them to the two daughter cells (Carmena et al.,
2012). In more detail, the chromosomal passenger complex assembles by monomeric Survivin
binding to INCENP and borealin. Simultaneously, Survivin detaches from the kinetochore
binding microtubules and destabilizes the microtubule network, while dimeric Survivin
enhances the microtubule stability (Cheung et al., 2009; Delacour-Larose et al., 2007;
Jeyaprakash et al., 2007; Pavlyukov et al., 2011). In addition, Survivin carries a mitochondrial
targeting sequence (MTS) responsible for the mitochondrial localization of Survivin (Dunajova
et al., 2016). The different signal sequences, Survivin can localize in the nucleus, mitochondria,
or the cytoplasm (Dunajova et al., 2016; Engels et al., 2007; Stauber et al., 2007). The
localization of Survivin is a key element for its function as an apoptosis inhibitor. In normal non-

transformed cells, Survivin controls the mitotic cell division as a member of the chromosomal
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passenger complex and as part of the mitotic spindle assembly checkpoint, guiding the
transition from metaphase to anaphase (Knauer et al., 2006). Therefore, non-malignant cells
have a limited cytosolic and nuclear expression of Survivin, while mitochondrial Survivin
correlates with cancerous malignancy. Mitochondrial Survivin suppresses several
mitochondrial proteins through direct binding and results in a suppressed apoptosis (Ceballos-
Cancino et al., 2007; Dohi et al., 2004; Townley & Wheatley, 2020).

1.5.2 SURVIVIN IN NON-CANCEROUS DISEASES

Abnormal levels of Survivin are associated with several diseases such as hyperplasia, different
autoimmune disorders, and cancer (Li et al., 2021). Survivin is expressed in hepatocytes of
patients with chronic hepatitis and during cirrhotic phases of the infection, correlating with the
development of hepatocellular carcinoma (HCC) (Akpinar et al., 2020). Typically,
phosphorylation of Survivin is increased in peripheral blood mononuclear cells (PBMCs), while
patients with Behecet's Disease (BD) show a decreased Survivin phosphorylation level in the
plasma (Pahlavan et al., 2020). Hence, Survivin is a critical player in hematopoiesis, the
depletion of Survivin leads to bone marrow loss associated with high patient mortality (Leung
et al., 2007). Inflammatory processes can trigger the Survivin expression in macrophages and
granulocytes complying with metabolic demands and further increasing the lifespan as IAP
protein, which plays an important role in autoimmune and allergic reactions (Liu & Cao, 2016;
Navegantes et al., 2017). In addition, Survivin controls the antigen presentation of dendritic
cells and the autoantibody production, promoting autoimmune diseases such as rheumatic
arthritis (Andersson et al., 2012; Svensson et al., 2010). Elevated Survivin levels were also
documented for smoking patients with autoimmune disorders (Perricone et al., 2016). Smoking
is under suspicion to promote the secretion of Survivin, resulting in a decrease of Survivin
targeting cytotoxic T-cells associated with arthritis (Wasen et al., 2017). An increased number
of leukocytes is an indicator of inflammatory processes. However, in addition, it is associated
with an increased Survivin expression level determined in several diseases such as
inflammatory bowel diseases, lichen planus, multiple sclerosis, myasthenia gravis, psoriasis,
pulmonary arterial hypertension, rheumatic arthritis, and systemic sclerosis (Gravina et al.,
2017). In addition to the immunological role of Survivin, Survivin is a critical resistor against
oxidative stress and apoptosis in neuronal cells, ensuring the early development of the brain
and promoting repair mechanisms. A depletion of Survivin resulted in reduced brain mass and
apoptosis and was associated with neurodegenerative diseases such as Alzheimer's (Baratchi
et al., 2011, Jiang et al., 2005; Sriramoju et al., 2015). Decreased Survivin levels are also
critical for liver regeneration (Hagemann et al., 2013). However, elevated Survivin levels in

fibroblasts led to hyperplasia, vasculopathy, and organ failure (Brunasso & Massone, 2016).
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In sum, elevated Survivin levels are related to inflammatory diseases and increase
autoimmune reactivity. However, Survivin can also act as a resistor against neurodegenerative

processes, and inflammation and further promotes regeneration and homeostasis.

1.5.3 SURVIVIN IN CANCER

The Survivin coding mRNA is one of the top five elevated mRNAs in cancer and is handled as
a promising treatment target for various tumor types (Velculescu et al., 1999).

Splicing variants, posttranslational modification, the formation of dimers and subcellular
compartmentalization determine the regulatory functions of Survivin, complicating the cancer
treatment. Nuclear Survivin regulates pro-survival genes or initiates DNA repair mechanisms
(Vequaud et al., 2016). The accumulation of nuclear Survivin can promote the survival of
senescent cancer cells (Wang et al., 2011). Further, nuclear Survivin suppresses the miRNA
transcription (Andersson et al., 2017). Du et al. (2012) demonstrated that several tumor cells
exhibit a reduced miRNA expression level, especially chemo-resistant tumor cells that

envelope a miRNA deficiency (Du & Pertsemlidis, 2012).
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Figure 5. Survivin in apoptosis and autophagy. Survivin inhibits apoptotic and autophagy-related processes,

favoring cancer cell resistance, survival, and progression. Created with biorender.com

Survivin is a protein that can contribute to the progression of cancer cells by inhibiting
apoptosis and promoting proliferation (Figure 5). When it accumulates in mitochondria, it can
prevent the activation of intrinsic apoptotic stimuli. Therefore, mitochondrial Survivin is a
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specific indicator for many types of cancer cells (Dohi et al., 2004). Survivin can bind
mitochondrial pro-apoptotic molecules such as Smac/DIABLO and prevent their release into
the cytosol. Several studies have analyzed the direct interaction between Survivin and
Smac/DIABLO. However, when mitochondria release Smac/DIABLO into the cytosol, it can
neutralize IAP proteins and restore caspase activity. (Ceballos-Cancino et al., 2007). In
consequence, IAP proteins cannot inhibit pro-apoptotic effector caspases, and the apoptotic
pathway is triggered. Due to the binding of Survivin to Smac/DIABLO in mitochondria, the
release of Smac/DIABLO can be suppressed or delayed. Additionally, the complex is stabilized
in the cytosol, preventing Smac/DIABLO from binding, and activating pro-apoptotic proteins in
the cytoplasm. In the end, Survivin is accumulated in mitochondria and neutralizes
Smac/DIABLO on the spot, preventing or delaying apoptosis (Ceballos-Cancino et al., 2007).
Furthermore, Survivin decreases the mitophagy flux by inhibiting the ubiquitination of
depolarized mitochondria mediated by E3 ligase parkin (Figure 5) (Townley & Wheatley, 2020).
In turn, defective mitochondria accumulate in cancer cells, and the metabolic pathway switches
from oxidative phosphorylation to glycolysis, also known as the Warburg effect. The altered
metabolism produces less ROS, in exchange for a reduced ATP level, thereby protecting cells
from high oxidative stress (Lu et al., 2015). In addition, Survivin can prevent FoxO3-mediated
ROS generation (Hagenbuchner et al., 2013). As a consequence of the alternate metabolism,
cancer cells produce more lactate and enhance the expression of hyaluronic acid and its
receptor CD44, causing decreased adherence of the cells, promoting migration phased in
metastasis (Stern et al., 2002). However, anaerobic glycolysis leads to an acidified
extracellular tumor microenvironment, preventing macrophage-selected phagocytosis of tumor
cells. Moreover, acidification can impair the T-cell metabolism and function, protecting tumors
against immunological clearance (Chen et al., 2020; Kornberg, 2020).

Ausserlechner and Hagenbuchner (2016) defined a Survivin complex that is generated after
the recruitment of dynamic-like-protein 1 (Drpl) by Survivin-inducing mitochondrial fission, the
survivosome (Hagenbuchner et al., 2016). The complex contains autophagy-inducing protein
beclin-1, PTEN-induced-kinase-1 (PINK-1), and ubiquitin ligase PARK2, also known as parkin.
This complex is responsible for morphological changes in the mitochondrial network, leading
to aberrant metabolism, increasing glycolysis, and reduced ROS production due to the
downregulation of respiratory complexes (Hagenbuchner et al., 2013). Through this pathway,
Survivin can decrease the sensitivity of cancer cells against ROS-depending cancer
therapeutics. In contrast, glycolysis inhibitors like lonidamine (LND) or 2-deoxy-D-glucose
(2DG) interrupt the formation of the survivosome and induce the degradation of Survivin,
mediated by parkin and beclin-1, which is culminating in apoptosis (Ausserlechner &
Hagenbuchner, 2016). In a recent publication, Hagenbuchner et al. (2019) showed that the

disruption of the XIAP-Survivin complex is responsible for the morphological transformation of
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mitochondria. Survivin is released from XIAP and recruits Drpl to translocate from the
cytoplasm to the mitochondria, accompanied by the downregulation of respiratory complexes
I and IV (Hagenbuchner et al., 2019). Furthermore, Chen et al. 2018 investigated that Notch
signaling increases by Drp-related mitochondrial fission, which promotes enhanced expression
of Notchl in a positive feedback loop (Chen et al., 2018). Active Notchl, also known as Notchl
intracellular domain (NICD1), facilitates RBP-Jk binding to the Survivin promotor for
transcriptional activation (Chen et al., 2011).

Survivin has a regulatory function in the autophagy process by decreasing the basal activity
level of autophagy (Lin et al., 2019). Survivin might protect the cancer cells by limiting
autophagy on the basal level since the cell-protective autophagy can switch into autophagy-
dependent cell death when autophagy is in an excessive mode (Humphry & Wheatley, 2018).
Regarding cancer therapy, this adaptive mechanism would be of great importance for the
strategic design of combinatorial cancer treatments, targeting autophagy in Survivin
overexpressing cancer cells. Most common treatment strategies involve Survivin-specific
inhibitors, which directly address the Survivin protein expression or indirectly suppress the
Survivin upstream promotors. The most common Survivin inhibitor is the small molecule
sepantronium bromide (YM155) that directly attenuates the transcription of Survivin.
LY2181308, a short hairpin shRNA, was used against Survivin in acute lymphoblastic
leukemia, a prostate cancer (Raetz et al., 2014; Wiechno et al., 2014). Interrupting the
PI3K/Akt, Wnt/B-catenin or JAK/STAT3 signaling pathway, as well as the endothelial receptor
pathway, or triggering p53 activity attenuates Survivin expression and protein level (Gravina
et al., 2017).

However, a single point of attack is usually not sufficient to overcome tumor resistance, which
is why the combination of Survivin inhibitors with other treatment strategies and targets is of
great interest. The autophagy process was identified as a promising target pathway for a
combination treatment with amorphous silica hanoparticles (SiNP). Nanomaterials and SiNP,

used in cancer treatments, will be presented in the following sections.

1.6 NANOMATERIALS

Nanomaterials possess many favorable physical and chemical properties and are therefore on
the rise as main products or supplements for different applications in various fields such as the
food-, drug-, cosmetic- and electronic industries, among others.

In general, nanomaterials are categorized as one- to three-dimensional materials based on the
number of dimensions that exceed 100 nm in size. One-dimensional hanomaterials include
nanotubes, nanorods, or nanowires that exhibit one dimension outside the 100 nm scale.
Nanofilms, -layers, or -coatings are classified into two-dimensional nanomaterials due to their

plate-like structure. Nanomaterials with no confined 100 nm scale, like powders, dispersions
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of nanoparticles, bundles of nanowires, or tubes are classified as three-dimensional
nanomaterials. Single particles in a size range of <100 nm have been defined as zero-
dimensional nanomaterials (Joudeh & Linke, 2022). In addition, nanomaterials, especially
nanoparticles, can be produced with hollows, mesopores, or in a dense state (Figure 6A).
Nanomaterials are highly attractive for diverse applications in different industry branches due
to their high surface-to-volume ratio on the nanometer scale, shape diversity, and modifiable
surface chemistry. Especially nanoparticles are easy to produce in a bulk range that increases
the production amount every year (Vance et al., 2015). They can be prepared from different
materials such as carbon, metal, metal oxide, polymers, lipids, semiconductors, and others.
The properties of nanomaterials can differ dramatically in their physical, chemical, and
biological reactivity from their bulk material properties and consequently must be evaluated
separately for their hazardous potential (Ji et al., 2021).

1.7 SILICA NANOPARTICLES

The fields for possible silica nanoparticle (SiNP) applications increase every year due to the
benefits of easy, low-cost production methods and simple surface modification chemistry. The
following section presents the advantages and current application fields of silica hanoparticle-
based technologies.

In general, SiNP are categorized into crystalline and amorphous SiNP while the first type is
highly cell- and genotoxic, the FDA approved the latter type as a food supplement (Diab et al.,
2017; Mebert et al., 2017; Murugadoss et al., 2017).

The fields for SINP applications include SiNP as carriers for pesticides in the agriculture sector.
Other fields use SINP in the desalination of ocean water, as an absorbent for metallic
contaminations, or as a supplement for refrigerants and many others (Liu & Sayes, 2022). In
addition, solid particles such as SiNP can stabilize oil-water mixtures, also known as Pickering
emulsions (Tikekar et al., 2013). This ability makes SiNP a popular supplement in the food
industry as an anticaking agent E551 (Brand et al., 2021). In the biomedical field, SINP improve
contrast and imaging quality, either used as drug delivery vehicles or for diagnostics purposes,
(Blechinger et al., 2010; Darwish et al., 2020). For medical formulations, drugs can be
conjugated to the surface via Si-OH groups, absorbed into porous SiNP, or enclosed into
hollow SiNP (Figure 6) (Gao et al., 2020; Takai-Yamashita & Fuji, 2020).
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In general, the toxicity or rather safety of SINP depends on the concentration and application
form. Besides the safe production and application of SiNP, natural sources as well as industrial
waste and the release of SINP as pollutants are bearing the risk of being inhaled, and causing
harmful effects in the distal airways and further in the alveolar or other tissues after the
absorption into the bloodstream (Greenberg et al.,, 2007; Leung et al., 2012). Outside the
mining industry, the most likely sources for SiINP are food products, drugs, or cosmetics
absorbed by the gastrointestinal tract and the skin (Liu & Sayes, 2022). After the intravenous
absorption of SiNP, or nanopatrticles in general, most of the nanoparticles accumulate in the
liver and spleen for clearance (Duan & Li, 2013). On the cellular level, especially SiNP are
more often detected in lysosomes than in the cytoplasm, initiating autophagy and potentially
impairing late-stage autophagy due to the accumulation in lysosomes (Abulikemu et al., 2022;
Chu etal., 2011). Further, ER stress, inflammation, genotoxicity, apoptosis, and necrosis occur
due to exposure to SiNP under specific conditions (Liu & Sayes, 2022).

However, nanomaterials, especially SiNP can enhance the efficacy of traditional

chemotherapy drugs due to their unique physical and chemical properties.

1.7.1 SILICA NANOPARTICLE-BASED TECHNOLOGY IN CANCER THERAPY

The cell diversity of a tumor is responsible for the inadequate effectiveness of

chemotherapeutic drugs, promoting multidrug resistances and tumor recurrences (J. Wang et
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al., 2017). In addition, classical chemotherapeutics such as cisplatin or doxorubicin have major
side effects that can burden the patient's quality of life (L. Dai et al., 2016; Ongnok et al., 2020).
The development of novel nanomaterials, functionalized with anti-cancer drugs, is ongoing in
hopes of reducing the side effects of chemotherapeutic drugs. Drug delivery vehicles in the
form of nanoparticles address these problems by encapsulating the active components into
the nanoparticle's inner voids or absorbing them to the surface. In addition, coupling the drug
to a protective carrier can improve the drug solubility, enhance the bioavailability, and increase
the number of additional targeting moieties while diminishing the necessary drug load and
related adverse side effects (Mu et al., 2020). The combination of silica-based nanoparticles
showed great potential to potentiate the treatment efficiency used as a carrier or as an adjuvant
for the combination with different anti-cancer drugs. In general, most anti-cancer drugs have a
hydrophobic character that favors rapid excretion, resulting in a low body distribution and
consequently limiting the tumor treatment efficiency (Gao et al., 2020).

Hence SIiNP can be easily produced and modified cost-effectively. SiNP provide great
opportunities to improve drug formulations and the therapy efficiency of the anti-cancer drug.
Several groups tested mesoporous silica nanoparticles (MSN) as drug delivery vehicles (Gao
et al., 2020): Fang et al. (2019) loaded MSN with the common chemotherapeutic drug
doxorubicin, and a photoreactive component. The activation of the photoactive component in
combination with doxorubicin showed synergistic effects, improving the treatment efficiency
(Fang et al., 2017). Hyperthermia therapy presents another technique to increase the efficiency
of common chemotherapeutic drugs through a temperature increase induced by coupled
photothermal agents (Chu et al., 2011; Tian et al., 2018). Besides the classical drugs, new
approaches were pursued based on tumor-specific genetic mutations using siRNA, miRNA,
shRNA, and plasmids or DNA fragments. Those nucleic acids are incorporated into modified
MSN with cationic polymers to prevent early degradation (L. Chen et al., 2016; Dilnawaz &
Sahoo, 2018; Lin et al., 2017; Liu et al., 2018; Tsai et al., 2019). Silicon-based mesoporous
nanoparticles are further used as sonosensitizers: MSN stimulation in the cell with therapeutic
ultrasound irradiation, triggers the diffusion of molecules through the MSN pores, catalyzing
the formation ROS, inducing ROS-dependent cell stress (Y. W. Chen et al., 2016; Osminkina
et al., 2015).

In sum, nanomaterials, especially silica-based nanoparticles, possess various application
possibilities for cancer treatments. SiNP can be easily synthesized and modified specifically
for the intended purpose. These advantages may increase the likelihood of developing a SiNP-
based cancer drug that increases the treatment efficacy and minimizes side effects of the used

anti-cancer compound.
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1.8 AIM OF THE STUDY

The specific expression of Survivin in various tumor types makes Survivin and its coding gene
BIRC5 a promising target for cancer-specific therapies (Kondapuram et al., 2023). An
enhanced Survivin expression level in cancer cells promotes cancer cell progression through
the suppressive modulation of apoptosis and autophagy (Figure 7). However, Survivin
inhibitors of different types have not fulfilled expectations since they showed insufficient anti-
tumor effects and high cell toxicity against noncancerous cells, due to the essential role of
Survivin in mitosis (Li et al., 2019).

In this regard, nanoparticles are a promising tool to increase the efficacy of cancer drugs and
to reduce therapeutic stress combined with increased patient well-being (Haleem et al., 2023).
Nanoparticles such as SiNP have been shown to induce cell death under specific conditions
addressing apoptosis, autophagy, or necrosis (Figure 7). However, the inhibitor of apoptosis
protein Survivin suppressed or prevented apoptosis mediated by SiNP (Breder-Bonk et al.,
2023; Liu & Sayes, 2022).
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Figure 7. Types of cell death triggered by SiNP. SiNP trigger (A) apoptosis, (B) autophagy, and (C) necrosis. On
the other hand, the tumor biomarker Survivin suppresses apoptosis and autophagy initiation. Created with
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Thus, the aim of the thesis was to reveal the detailed underlying mechanism of Survivin’s
protective function against SiNP-induced toxicity. Cell toxicity effects, especially considering
autophagy-associated cell death were studied by use of pristine SINP model particles of type

NexSil20/AmSil20. Taken together, the main scientific objectives of this thesis are:

o Investigation of nanotoxicity-associated cellular effects and pathways, such as
formation of ROS, initiation of autophagy, and biomechanical effects.

. Probing cellular resistance mechanisms against nanotoxicity in epithelial cancer cell

models differing in their expression of Survivin.

. Evaluation of potential synergistic effects of combined treatments of SiNP treatments

with different autophagy modulators.

Survivin as an anti-apoptotic protein has been extensively studied in the last few decades
(Wheatley & Altieri, 2019). The molecular understanding of Survivin as a molecular switch
between autophagy and apoptosis, promoting cancer resistance and progression, remains
unclear and therefore will be elucidated in this work. The extended knowledge of Survivin-
dependent mechanisms in autophagy-related processes might help develop customized silica
nanoparticle-based drug formulations, and to improve the cancer treatment efficiency by

facilitating the rational design of conjugated or encapsulated drugs.
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Results and Discussion

2 RESULTS AND DISCUSSION

2.1 AMORPHOUS SILICA NANOPARTICLES

2.1.1 CHARACTERIZATION OF AMORPHOUS SILICA NANOPARTICLES

Nanosized materials have several chemical and physical advantages responsible for their
popularity in diverse fields, including the food, cosmetic, and drug industries. Amorphous silica
nanoparticles are widely considered harmless and approved by the FDA as a food additive.
However, due to the wide distribution of nanoparticles the risk for an unintentional nanoparticle
uptake increases, which makes it necessary to monitor potential harmful effects on human
health.

Amorphous silica nanoparticles used in this study were commercially purchased as
NexSil™ 20 (Nyacol® Nano Technologies, Ashland, USA) and further referred to as AmSil20
or SINP. The AmSil20 were previously characterized as exhibiting a radius of 15.7 £ 1.9 nm
and a negative zeta potential (-51 mV in water) resulting in a negative surface charge
(Supplementary Table 1) (Breder-Bonk et al.,, 2023). The nanoparticle surface was not
functionalized and therefore nanoparticles were categorized as naked/ plain. To visualize the
interaction with the cell membrane as well as the cellular uptake a second comparable
nanoparticle system was used. Kisker nanopatrticles are plain SiNP with a diameter of 50 nm,
bearing green or red fluorophores (Kisker® red/green, Kisker Biotech GmbH & Co. KG,
Steinfurt).

2.1.2 AMORPHOUS SILICA NANOPARTICLES IMPAIR THE CELL VIABILITY

Due to the surface properties of plain AmSil20 nanopatrticles, cell exposure was performed in
a medium without serum; otherwise, serum proteins might form a protein corona around the
nanoparticles, reducing the likelihood of interaction with cells and thus masking potential toxic
effects (Docter et al., 2014).

The treatment of confluent A431 wild-type (wt) cells with the model particles (AmSil20) in a
serum-free medium revealed a decrease in cell viability in a time and concentration-dependent
manner (Figure 8). First toxic effects were detected after incubation with high nanoparticle
concentrations (300, 600 pg/mL). In addition, nanopatrticle concentrations of 60 pg/mL exhibit
a significant impact on the cell viability after a prolonged incubation (24 h).

Hence, the results confirm that SiNP exhibited a time- and concentration-dependent toxicity
under defined serum-free conditions, SINP should be considered as potentially harmful

material despite FDA approval.
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Figure 8. Time and concentration dependent SiNP cell toxicity. A431 wt cells incubated with increasing
concentration of SINP (AmSil20) in serum-deprived medium for 2, 4, and 24 h (4.2.2.1). Alamar Blue viability assay
was performed for each time point and data was normalized to control groups that were incubated in serum-deprived
medium without SiNP (black). The experiment was repeated three times and Anova two-way test was performed
for each time point with p*<0.05, p***<0.001, p****<0.0001, ns= not significant.

2.2 CHARACTERIZATION OF SURVIVIN-MEDIATED RESISTANCE

AGAINST SINP-MEDIATED TOXICITY

2.2.1 SURVIVIN OVEREXPRESSION CAN RESCUE CELLS FROM SINP-MEDIATED

CELL ToXICITY

It is well known that elevated Survivin levels correlate with increasing tumor resistance against
chemo- and radiation- therapy, and further cancer progression. Therefore, Survivin is used as
a common biomarker for the cancer prognosis (Huang et al., 2016; Tirro et al., 2006). The wide
use of SINP as drug carriers for chemotherapeutic drugs increases the interest for the inhibitor
of apoptosis protein Survivin (Fytianos et al., 2020; Go et al.,, 2017; Janjua et al., 2023).
Besides the nanoparticle-dependent cell toxicity mechanism of the model particles (AmSil20),
the cell protective mechanism of Survivin were examined in the following sections.

To investigate if Survivin acts as a resistor against SiNP toxicity the epithelial cell line A431
with an artificially elevated Survivin expression level (A431 Survivin-GFP) was compared to
A431 wt cells with an endogenous level of Survivin (en. Survivin). Therefore, the workgroup
established a stably transfected A431 cell line bearing a Survivin-GFP plasmid. The
transfected cell line was sorted for different expression levels of Survivin-GFP via
fluorescence-activated cell sorting (FACS, 4.2.7). The cells were sorted by low, moderate, and
high Survivin-GFP intensities. Cells with a relatively low intensity of Survivin-GFP were used
for all following experiments and referred to as A431 Survivin-GFP or Surv.-GFP (Figure 9A).
Then, A431 wt and A431 Surv.-GFP expressing cells were challenged with increasing SiNP

concentrations. Both cell types exhibited a concentration-dependent decrease in cell viability.
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However, the elevated expression of Survivin enhanced the resistance against SiINP-mediated

toxicity (Figure 9).
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Figure 9. Survivin enhances resistance against SiNP. A) Confirmation of Survivin-GFP expression in stable
transfected A431 cells in comparison to non-transfected A431 wt cells via immunoblot analysis. B) Concentration-
dependent SiNP toxicity in A431 wt and Survivin-GFP expressing cells. Cells were treated for 4 h in serum serum-
deprived medium with increasing SiNP concentrations (ug/mL). Cell viability was determined by the use of Alamar
Blue reagent and data normalized to untreated control groups. An experiment was performed in triplicates and

statistical analysis was performed with Anova two-way test with p***<0.001, p****<0.0001.

2.2.2 EXPOSURE TIME IN SERUM-FREE MEDIUM DETERMINES SINP TOXICITY

To clarify the exact sequence of SiNP-mediated toxicity, time kinetics with fluorescence-la-
beled SiNP (Kisker, red) were performed. Experiments with A431 Survivin-GFP expressing
cells showed that SiNP of type Kisker (red) attached immediately to the outer cell surface (
Figure 10,

Supplementary Figure 5).

Exposure to SiNP leads to cell contraction and loss of cell-cell contacts. After 90 min, the first
strangulated vesicles become visible, also referred to as apoptotic bodies, indicating initiated
apoptosis. After 115 min, necrotic processes were observed, resulting in membrane rupture
and cell bursting, leading to the release of cytoplasmic content into the extracellular space until
an end was reached at 150 min. The same set of experiments was performed with A431 GFP
expressing and A431 wt cells. Those cell types showed a significantly forward-shifted apoptotic
process; A431 wt cells exhibited apoptotic vesicles shortly after incubation with SiNP (exposed
less than 1 min), while GFP-expressing cells showed the same effects after approximately
20 min (Supplementary Figure 2).

Hence, SiNP potentially accumulate in lysosomes, autophagosomes, or related vacuolar struc-
tures, late-stage autophagy inhibitor Chloroquine (CQ) was used to increase the size of these

organelles. Clear dots of Kisker red nanopatrticles (Kisker NP) were detected by use of CQ (
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Figure 10) while no clear puncta were observed without CQ incubation (Supplementary Figure
1). However, with prolonged incubation in a serum-free medium Kisker NP aggregated over
time and settled to the bottom. In addition, adhered Kisker NP form small aggregates, which
became visible as demarcated spots after 1 min to 10 min on the cell membrane. These ag-
gregates disappeared after 30 min, while the cytoplasm exhibited a stronger staining, indicat-
ing an uptake of the particles by endocytosis. Necrotic cell death was promoted by prolonged
incubation with Kisker NP, characterized by cell bursting. Subsequently, the Kisker NP fluo-
rescence disappeared from the cytoplasmic region. Another explanation for the disappearance
of the fluorescence would be the rupture and shrinkage of the cell membrane to which the

Kisker NP were attached.
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Based on the above-described findings (2.2.1 and 2.2.2), the incubation time for SiNP in se-
rum-free medium was shortened; A431 wt cells were treated with SINP for 10 min and culti-
vated for two additional hours in a serum-containing medium. The shortened treatment was
compared to the previous treatment with SiNP in a serum-free medium for 2 h. Different ap-
proaches were designed to provide information on whether autophagy-related cell death is

initiated by SiNP or forced by the serum-free medium conditions alone (Figure 11).
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The first treatment approach (A) corresponds to the previous experimental setup, in which cells
remained in a serum-free medium for the entire treatment period with SiNP. In B, C, and D,
cells were treated with SINP in a serum-free medium for 10 min. The SiNP-containing medium
was removed (C) or left in place (B) and an additional serum-containing medium was added
to (B) and (C). In the treatment approach (D), cells were additionally washed three times with
serum-free medium after treatment with SiNP, before FCS-containing medium was added.
Subsequently, all approaches were incubated for 2 h 10 min. For time point 24 h, cells were
washed three times, and a medium with FCS was added for further cultivation. Then the impact

of the different treatment approaches on the cell viability was analyzed via Alamar Blue reagent

ﬁ
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assay (Figure 11).
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Figure 11. Contact and time dependent SiNP toxicity. A431 wt cells treated with rising SINP concentrations starting
from O pg/mL up to 600 pg/mL. Different treatment strategies were applied to investigate SiNP toxicity-related fac-
tors. For all approaches, cells were washed before the treatment to remove serum proteins. Then, cells were treated
for 10 min with 100 pL serum-free medium containing different SINP concentrations. After the 10 min incubation
cells were treated as follows; A) Cells left in serum-free medium containing SiNP. B) 100 pL of serum-containing
medium added to the remaining SiNP-containing medium C) Treatment medium discarded and 100 pL of serum-
containing medium added. D) The treatment medium was removed, and cells were washed three times with serum-
free medium and substituted with 100 pL of serum-containing medium. A-D) Cells were incubated for 2 h at 37°C,
5% COs2. Cell viability was measured via Alamar Blue reagent assay after 2 h 10 min incubation (see section
4.2.9.1). The experiment was performed in three independent approaches and data were compared with a two-way
ANOVA test to the intern control (0O pg/mL) for each experimental set (A-D). Significant differences to the control
were defined as p*<0.05, p**<0.005, p***<0.001, p****<0.0001.

This experimental setting uncovered that adding a serum-containing medium can reduce the
toxicity of high SINP concentrations (Figure 11B, C, D) compared to complete treatment in a
serum-free medium. This effect was independent of whether the SiINP-containing medium was
exchanged completely (C) 21.3% + 5.8% (300 pg/mL), 49.3% + 12.3% (600 ug/mL), or serum-
containing medium was added in addition to the treatment medium on top (B) 24.9% + 4.9%
(300 pg/mL), 49.8% £ 19.4% (600 pg/mL). Furthermore, washing before adding serum-con-

taining medium decreased the toxicity of SiNP additionally, when 300 pg/mL were used D)
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37.2% £ 15.7% (300 pg/mL), but not with 600 pg/mL (44.4% + 14.8%). For all four ap-
proaches, the cell viability decreased with prolonged cultivation (24 h), (Supplementary Figure
3). These results indicate that the contact and uptake in the first 10 min of SiNP exposure is
sufficient to damage cells as they progress. Specifically, cells that were washed after SiNP
exposure (D) showed an additional decrease in cell viability at 24 h compared to 2 h. However,
this loss of viability was overall lower than in approaches without washing steps (Figure 11A,
B, C).

In addition, the results suggest that the number of particles adhering to the cell surface plays
a crucial role in the toxicity induced by SiNP. Treatment (A) prevents the formation of a protein
corona, which may otherwise weaken or prevent physical interaction with the cell membrane
(Docter et al., 2014). Furthermore, the absence of serum in the treatment triggers autophagy.
These two conditions result in increased toxicity of SINP. Comparing treatments in which the
serum-containing medium was added after exposure in serum-free medium B (SiNP remained
in the medium) and C (medium with SiINP removed), it is striking that the cell viability did not
differ after 2 h (0.5-4.4%) and after 24 h (0.9-11.0%). These results support the assumption
that the SINP toxicity is determined on the one hand by the fast adherence of uncoated SiNP
and on the other hand by the protein corona formation in the presence of a serum-containing
medium. Furthermore, the comparison between approaches B and C showed that the protein
corona formation can almost eliminate the concentration-dependent toxicity of SiNP.

2.2.3 SUMMARY

The uptake and the toxicity of SINP depend on serum-free conditions. Under optimized test
conditions, the used SiNP caused a fast decline of the cell viability in a time and concentration-
dependent manner. Morphological changes indicate the participation of apoptotic and necrotic
cell death processes in SINP-mediated toxicity. However, the artificially enhanced expression
of the inhibitor of apoptosis protein Survivin increased the resistance against SiNP.

2.3 ROLE OF AUTOPHAGY IN SINP-MEDIATED TOXICITY AND SUR-

VIVIN-MEDIATED RESISTANCE

2.3.1 SINP INDUCE A LYSOSOMAL SHIFT RELATED TO AUTOPHAGY INITIATION

The canonical autophagy is triggered by serum starvation to deal with the lack of growth factors
and nutrition (Kocot & Wroblewska, 2022). Starving cells induce the generation of
autophagosomes, which provide cellular content for lysosomal degradation. Since serum-free
conditions are required for the application of SiNP, autophagy must be considered as a

reaction process. Chloroquine (CQ), a late-stage autophagy inhibitor, prevents the degradation
30



Results and Discussion

of autophagosomes by impairing their fusion with lysosomes, resulting in the accumulation of
autophagosomes and lysosomes. In addition, CQ causes osmotic imbalances, which lead to
the swelling of acidic organelles (Mauthe et al., 2018). The CQ-related effects enable the
observation of the autophagy process, especially the autophagy initiation level, via Lysotracker
dyes and immunoblot analysis. Lysotracker dyes are cell-permeable weak bases coupled to
fluorophores that intercalate into acidic lumens of lysosomes, late endosomes, or
autophagolysosomes in living cells (Zhitomirsky et al., 2018).

The staining of acidic bodies with Lysotracker red dye revealed an enhanced generation of
acidic puncta as a response to SiNP and a shift of acidic puncta from a peripheral localization

in the cytoplasm to accumulated puncta in the perinuclear region, as depicted in Figure 12.

A ctn SiNP B Ctrl SiNP

__w/oCQ
w CQ

Figure 12. Autophagy-related lysosomal shift. A431 wt cells were cultivated for 24 h in the absence (A) or presence
(B) of 20 pM CQ and then treated with 60 pg/mL SiNP for 4 h. Cells were stained alive with 2 ug/mL Hoechst 33342
for 10 min and with 50 pM Lysotracker red (Invitrogen) for 30 min and imaged immediately after (4.2.5.5). Arrows

point to acidic bodies localized in the peripheral or perinuclear region. The scale bar is equal to 25 pm.

To determine if SINP address autophagy through lysosome or autophagosome manipulation
both organelle types were stained parallel with LAMP-1 (FITC, green) as a marker for
lysosomes and LC3 (Cy3, red) for autophagosomes, in the presence (Figure 13A) or absence
(Figure 13B) of late-stage autophagy inhibitor CQ. In the presence of CQ, separated LAMP-1
and LC3 puncta were evenly distributed in the cytoplasm of control cells (Figure 13A), while
LAMP-1 and LC3 double positive puncta (orange) were absent. Orange dots indicate
autophagolysosomes, which appeared prominently in cells without CQ treatment, supporting
CQ as a suitable late-stage autophagy inhibitor (Figure 13B). However, a characteristic of
autophagy initiation is the shift of autophagosomes and lysosomes from the peripheral
cytoplasm to the perinuclear region. The achieved proximity of lysosomes and
autophagosomes is essential for autophagolysosomal fusion (Heuser, 1989; Jahreiss et al.,
2008). The translocation of LAMP-1 and LC3 positive puncta was observed in starving cells
and was enhanced due to SiNP treatment. In more detail, treatment with SiNP in the presence
of CQ, translocated LAMP-1 and LC3 positive puncta near the nucleus, forming a dense, but
non-overlapping accumulation of LAMP-1 and LC3 puncta, which was less pronounced in

control cells. In addition, SINP promoted the generation of more lysosomes compared to
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control cells indicated by the increased number of green puncta in Figure 13B. This issue is
further elaborated in the following sections. However, this first experiment gives evidence that

SiNP affected the autophagy process.

Figure 13. Localization of lysosomes and autophagosomes. A431 wt cells incubated for 2 h in serum-deprived
medium (Ctrl) or treated with 60 pg/mL SiNP (A, B) in the presence (A) or absence (B) of 20 uM CQ. Samples were
fixed and permeabilized, then stained with LAMP-1 (FITC, green) to mark lysosomes and with LC3 (Texas red) to
tag autophagosomes. Nuclei stained with Hoechst 33342 (4.2.5.2). Overlapping yellow fluorescence indicates
autophagolysosomes. A squared area of 50 pixels was magnified by a factor of 2.2x for a better observation of the

co-localization of LC3 and LAMP-1 positive puncta. The scale bar indicates 10 pm.

2.3.2 SURVIVIN SUPPRESSES SILICA NANOPARTICLE-INDUCED AUTOPHAGY

Considering that SINP affected autophagy in A431 wt cells (2.3.1), the autophagy-inducing
effect of SINP on Survivin-overexpressing cells (A431 Surv.-GFP) was investigated with the

use of CQ with different techniques (Figure 13, Figure 15,

Figure 17). Autophagy is a dynamic process where LC3-lis converted to the autophagy active
form LC3-1l to elongate the autophagosomal membrane (Figure 14A). In the late stage of
autophagy, autophagosomal LC3-11 is degraded due to the fusion with lysosomes. CQ stops

the autophagolysosomal degradation without affecting the autophagy initiation (Mauthe et al.,
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2018). Considering CQ-treated and untreated samples it is possible to make conclusions on

the entire autophagy flux based on the LC3-I to LC3-Il ratio in these samples (Figure 14B).
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In this regard, serum deprivation, as well as SiNP, initiated the conversion of LC3 proteins,
shifting the ratio from LC3-I to the LC3-Il form in A431 wt and Survivin-GFP expressing cells,
indicating autophagy (Figure 14, Figure 15). A sharp increase of LC3-Il in A431 wt cells was
induced in response to SiNP in comparison to control treatments (without CQ: 8.1x higher; with
CQ: 3.0x time higher). Interestingly, A431 Survivin-GFP expressing cells exhibited to the same
stimuli a comparable LC3 conversion pattern in response, but overall generated less LC3-I and
LC3-1I: In the absence of serum, A431 Survivin-GFP cells generated 3.0x less LC3-l and 3.5x
less LC3-1l in samples without CQ, and 1.5x less LC-I and 3.5x less LC3-1l in samples with CQ
than A431 wt cells. In response to SiNP, A431 Survivin-GFP expressing cells generated in
comparison to A431 wt cells without CQ 1.4x less LC3-l and 7.3x less LC3-1l, and with CQ
1.1x less LC3-I and 4.5x less LC3-Il. The experiment showed that SiNP increased the LC3
conversion and consequently the autophagy flux in addition to serum starvation. Furthermore,
the results indicated that an elevated Survivin level does not prevent the SiNP-dependent
autophagy initiation; it rather suppressed the overall reaction to autophagy-triggering stimuli in

the cells.
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Under the same treatment, conditions as used in the LC3 conversion immunoblot assay
(Figure 15A, B) the staining with Lysotracker red exhibited supporting results (Figure 15C).
The treatment with serum-deprived medium or SiNP induced the characteristic autophagy-
related organelle shift to the perinuclear region in A431 wt and Survivin-GFP expressing cells.
Serum-deprived medium induced canonical autophagy to keep cellular homeostasis balanced
as indicated by the shift of acidic bodies (1% and 3™ column, Figure 15). The treatment with
SiNP promoted the additional generation and accumulation of acidic puncta in the perinuclear
region, indicating enhanced autophagy initiation and flux (2"¢ and 4™ column, Figure 15). These
observations were valid for A431 wt and Survivin-GFP expressing cells. However, by use of
CQ in the experimental settings A431 wt cells showed significantly more and bigger acidic
puncta than Survivin-GFP expressing cells, especially when treated with SiNP (lower row,
Figure 15). Nonetheless, the treatment with SINP led to dense accumulations of acidic bodies
in the perinuclear region in A431 wt cells, again less pronounced in Survivin-GFP expressing
cells. In summary, the SINP triggered the translocation of acidic bodies to the perinuclear
region, indicating autophagy. Furthermore, elevated Survivin levels show the potential to
suppress the translocation and the generation of acidic bodies in response to serum

deprivation, especially in response to SiNP.
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2.3.3 SURVIVIN AS AUTOPHAGY MODULATOR

After it was shown that an increased Survivin level attenuates autophagy in response to various
stress stimuli, the role of Survivin in autophagy was further investigated by switching off
Survivin using siRNA technology. Different Survivin expression levels were achieved by
transient transfection of Survivin silencing siRNA BIRCS5. Furthermore, cells with an enhanced
Survivin level (A431 Surv.-GFP) and cells with an endogenous Survivin level (A431 GFP) were
transfected to compare various Survivin ranges. The Survivin-specific knockout was confirmed
by the loss of the GFP fluorescence in A431 Survivin-GFP expressing cells (Figure 16 A,
Supplementary Figure 4).

A

B Surv-GFP
siCTRL siBIRC5

siCTRL

w CQ
w/o SiNP

w SiNP

Figure 16. Tracing of the acidic body generation via Lysotracker staining. A431 Survivin-GFP or GFP expressing
cells transiently transfected with siBIRC5 or with siCTRL. Transiently transfected cells were incubated for 2 h in a
serum-deprived medium in the absence or presence of 60 ug/mL SiNP. Samples stained with 50 nM Lysotracker
red dye for 30 min and imaged immediately. The successful Survivin knockdown was confirmed by a vanished GFP

fluorescence (

Supplementary Figure 5). The scale bar is equal to 25 pum.

Survivin takes part in the mitotic process as a member of the spindle-forming complex (Kallio
et al., 2001 305) hence, Survivin knockdown results in an impaired cell division, recognizable
by multinuclear cells and large misshaped nuclei. This phenomenon is prominent in siBIRC5
transiently transfected A431 GFP expressing cells and rarely seen in siBIRC5 transiently
transfected A431 Survivin-GFP expressing cells (Figure 16 B3), indicating a remaining Survivin
expression level attributed to the stably transfected Survivin-GFP bearing plasmid
(Supplementary Figure 6 B3). Again, the SiNP treatment led to the perinuclear accumulation
of acidic puncta compared to cells incubated in a serum-deprived medium in all cell types.
Focusing on the impact of different Survivin expression levels on the formation of acidic bodies

there was no distinct difference between siBIRC5 and siCTRL transiently transfected A431
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Survivin-GFP or GFP cells (Supplementary Figure 6). To elaborate on the overall generation
of acidic puncta, the transiently transfected cells were incubated with CQ before being treated
with aSiNPs. The inhibition of the autophagy turnover via CQ revealed that siBIRC5 transient
transfected cells (Figure 16 A3, B3) increased the number of acidic puncta after serum
deprivation when compared to siCTRL transfected cells (Figure 16 Al, B1). In response to
SiNP, the cells induced the autophagy characteristic translocation of acidic bodies to the
perinuclear region, independent from the Survivin level. However, with a decreasing Survivin
level (Figure 16 A4, B4), the accumulations of acidic puncta got denser than in cells with a
higher Survivin level (Figure 16 A2, B2). In addition, the Survivin knockdown in A431 GFP
(Figure 16 B4) led to dense accumulations as observed in similar treated A431 Survivin-GFP
cells (Figure 16 A4), but due to the impaired mitosis the siBIRCS5 transiently transfected A431
GFP cells exhibited more acidic puncta (Figure 16 B4).

The results so far indicate a suppressive effect of enhanced Survivin levels on the generation
of acidic bodies. How different Survivin levels might influence the localization of LAMP-1
positive lysosomes, LC3 positive autophagosomes, and double positive autophagolysosomes
was pursued via immunofluorescence microscopy in A431 wt cells transiently transfected with
SiBIRC5 or siCTRL in the presence of 20 uM CQ (

Figure 17).

The distribution and localization of autophagosomes and lysosomes were used to conclude
the autophagy progression (Heuser, 1989; Jahreiss et al., 2008). Under normal conditions,
lysosomes localize at the outer membrane region. During autophagy lysosomes and
autophagosomes translocate to the perinuclear region to facilitate the fusion of
autophagolysosomes.

The experiment showed that under normal growth conditions (w FCS), LC3 puncta (Cy3, red)
were observed throughout the cell, but when compared to control cells (A), Survivin-
suppressed cells exhibited an increased number of LC3 puncta (

Figure 17B). Similar observations were made for LAMP-1 puncta (FITC, green). In contrast,
serum deprivation (w/o FCS) led to a dense accumulation of LC3 and LAMP-1 puncta at the
perinuclear region in siBIRC5 transiently transfected cells and less pronounced in control cells
with intact Survivin protein expression (

Figure 17A).

To review SINP as an autophagy inducer next to serum deprivation, the SiINP exposure time
was shortened to 10 min and compared to the standard incubation time (2 h), (

Figure 17). The typical shift of autophagy-related LC3 and LAMP-1 puncta to the perinuclear
region, as observed after 2 h in siCTRL transiently transfected cells, was also seen after a

shortened treatment time (
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Figure 17A). In contrast, Survivin suppression via SiBIRC5 resulted in an alternate circle-like
phenotype of the organelles, when treated for 10 min or 2 h with SiNP. In addition, siBIRC5
transiently transfected cells reacted with a distinct accumulation in response to serum
deprivation compared to control cells (

Figure 17B).

37



Results and Discussion
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In sum, Survivin knockdown resulted in the enhanced generation of autophagy-related
organelles and increased the sensitivity to serum-starvation-induced autophagy, indicated by
LC3 and LAMP-1 puncta shifting to the perinuclear region. In addition, the SiNP-stimulated
autophagy initiation is delayed or reduced rather than prevented by enhanced Survivin levels,
which was indicated by a less pronounced perinuclear shift of acidic bodies compared to cells
with a Survivin knockdown. The results support Survivin as a main regulator of autophagy-

related organelle cellular organization and transport during the autophagy process.

However, Survivin knockdown cells showed increased autophagy characteristics such as an
enhanced generation of acidic bodies and their accumulation in the perinuclear region.
Therefore, the effects of the Survivin knockdown were further investigated by an LC3
conversion assay performed as immunoblot analysis (
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Figure 18).
A431 wt cells were transiently transfected with siBIRC5 or siCTRL and challenged with SINP
in the presence or absence of 20 uM CQ. Hence, ROS might play a role in the SiNP-mediated

cell toxicity the ROS scavenger N-acetylcysteine (NAC) was examined in addition.
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The use of NAC did not affect LC3 protein expression or autophagy dependent LC3
conversion, but increased Survivin expression in control transfected cells

Figure 18A). As seen in Supplementary Figure 4 Survivin was successfully depleted by
siBIRC5. The Survivin knockdown resulted in a complete conversion of LC3-l into the
autophagy active form LC3-1I while Survivin-expressing cells maintained LC3-I bands.
Furthermore, siCTRL transfected cells exhibited a significantly higher amount of LC3-1l after
treatment with SiNP than Survivin-silenced cells (

Figure 18). However, CQ treatment revealed comparable amounts of LC3-II in siBIRC5 and
SiCTRL transiently transfected cells. Taken together, the Survivin knockdown accelerates the
conversion of LC3-1 to the autophagy-active form LC3-II (

Figure 18A) and the autophagy-dependent LC3-II degradation (
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Figure 18B). In sum, the Survivin knockdown increased the autophagy flux. The experiment
showed that Survivin does not affect LC3 protein expression, as seen by the constant amount
of LC3-Il in the presence of CQ (

Figure 18B), but rather controls the LC3 conversion and the autophagy turnover.

Hence the autophagy flux is affected by the Survivin knockdown, related cell signaling
pathways were examined via immunoblot analysis (

Figure 18B). Concurrent with a decreased Survivin expression, mTOR disappeared after
treatment in a serum-free medium without and with SiNP, whereas GAPDH protein levels
slightly increased compared to siCTRL transiently transfected cells. Hence, autophagy was
initiated by mTOR suppression, it fits that the activated autophagy process was correlating
with a decreased mTOR activation and expression (Jung et al., 2010). However, the Survivin
suppression had no significant impact on the activation of the pro-survival kinase Akt, which
promotes the mTOR activation (Glaviano et al., 2023). In contrast, stress kinase p38 was
activated in Survivin-suppressed cells after serum deprivation and after treatment with SiNP,
while siCTRL transiently transfected cells did not activate p38 after serum deprivation. On the
contrary, SiNP-dependent activation of p38 was significantly lower in control cells than in
Survivin-suppressed cells.

In general, inhibitors, as well as specific inhibitors often affect more than one target. Here, the
late-stage autophagy inhibitor affected the glycolytic housekeeping gene GAPDH, decreased
p38 activation, and overall p38 protein expression. Interestingly, CQ-dependent inhibition of
the autophagy turnover led to p-mTOR/ mTOR stabilization. Therefore, the CQ-specific effects

have to be considered, when used in combination with other autophagy-targeting drugs (2.7).

2.3.4 SUMMARY

SiNP induced autophagy and increased the autophagy turnover (Figure 12, Figure 13, Figure
15,

Figure 17 B). Survivin decelerates the autophagy turnover rather than downregulating the LC3
protein expression by suppressing the perinuclear translocation of autophagy-related
organelles. However, the late stage of autophagy might be impaired by SiNP, which is
supported by several studies (Abulikemu et al., 2022; Guo et al., 2016). Furthermore, SiNP
activated the stress kinase MAPK p38, while pro-survival kinase Akt was downregulated
(Figure 16B). In addition, Survivin suppressed p38 and might represent a resistance

mechanism against the SINP toxicity.

2.4 ROLE OF THE CYTOSKELETON STABILITY IN SURVIVIN-MEDIATED

RESISTANCE AGAINST SINP ToxicITy
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In section 2.3.3 it was proposed that Survivin has an impact on the localization of lysosomes
and autophagosomes thereby regulating the autophagy turnover rate. Further, in section 2.2.2
the direct interaction of SiNP with the cell membrane was shown. Hence mechanical stress
can potentially induce autophagy, SiINP were examined as a mechanical stressor (Hernandez-
Caceres et al., 2021). Hence, autophagosome maturation is accompanied by actin, and cause
the autophagy-related lysosomal movement is microtubule-dependent (Aumuller et al., 1997)
the effect of SiINP on the cytoskeletal structure was examined considering B-actin and f3-
tubulin.

Treatment with SINP in the presence of serum (FCS) showed no obvious influence on the actin
distribution and structure, pointing out that serum-coated SiNP have a minimized potential to
interact with cell membranes (Figure 19). This assumption is further supported by viability
assays in Figure 11. However, over time serum deprivation led to distinct staining in the
perinuclear region attributable to actin's role in the formation of autophagosomes and
autophagolysosomes, which was summarized by Hernandez-Caceres (2021) (Hernandez-
Caceres et al., 2021). In addition to the distinct perinuclear accumulation of actin, the exposure
to SINP led to actin puncta in the outer membrane region, while serum deprivation alone
showed none. Hence, actin is essential for endocytosis-related deformation of the cell
membrane; these actin puncta might mark endocytic vesicles (Akamatsu et al., 2020).
However, such prominent actin puncta in the outer membrane region appeared less often in

Survivin-GFP-expressing cells.
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Figure 19. Impact of SiNP on the actin network. A431 wt and Survivin-GFP expressing cells were incubated either

in medium with serum (FCS) +/- 60 pug/mL SiNP, or in serum-deprived medium +/- 60 pg/mL SiNP for 5, 30, or 60
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minutes. Cells stained with Hoechst (blue) and B-actin (red) (4.2.5). Arrows point on actin accumulations, related to

autophagy or endocytosis. Scale bar indicates for 50 um.

The transport of autophagosomes, lysosomes, and autolysosomes is accomplished by motor
proteins dynein and kinesis, using microtubule as the anchor and directional guide (Geeraert
et al., 2010; Nakamura & Yoshimori, 2017). Hence microtubule-dependent transport is a highly
dynamic system, switching between microtubule polymerization and depolymerization (Kimura
et al., 2008; Yang et al., 2011), the impact of SiNP and Survivin was examined on the base of
B-tubulin by immunofluorescence staining (Figure 20).

A full growth medium, containing serum, was used as control for the normal state of
microtubule structure (first row). Here, B-tubulin shows long filaments starting from
centrosomes in the perinuclear region reaching the outer membrane. Full growth medium
supplemented with SINP showed no anomalies in comparison to the FCS control (second row).
Serum deprivation for 1 h decreased cytoplasmic microtubule formations (third row), while
additional exposure to SiNP induced shrinkage of the cytoplasmic microtubule network and a
denser microtubule formation around nuclei (fourth row). The altered phenotype correlated
with a shape indicating early events of detachment. Hence Survivin was shown to stabilize
microtubules (Giodini et al., 2002; Rosa et al., 2006), it was speculated that Survivin may
protect cancer cells against SiNP-induced cell death by promoting microtubule polymerization.
Indeed, Survivin overexpression stabilized the microtubule network against the SiNP-induced
shrinkage (fourth row).

w FCS
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Figure 20. Impact of SiNP onto microtubule dynamics of B-tubulin. A431 GFP and Survivin-GFP expressing cells
incubated in FCS or without FCS in combination with 60 pg/mL SiNP for 1 h. Cells were stained with Hoechst (blue)

and B-tubulin (red) (4.2.5) to visualize the microtubule network. Scale bar indicates 25 pm.

2.4.1 SUMMARY

Amorphous SiNP are taken up by endocytosis and induce the generation of autophagosomes
and/or autolysosomes (Figure 19). Survivin-GFP overexpressing cells showed less SiNP-
generated actin puncta in the outer membrane region than wild-type cells, indicating a reduced
endocytosis. Further, SINP caused a decline of B-tubulin fibers (Figure 20), which might be
responsible for the collapse of the lysosomal cellular organization observed before (see section
2.3) (Kimura et al., 2008; Yang et al., 2011). Survivin in turn stabilized the microtubule network,
which may be related to the suppression of lysosome translocation and reduced autophagy

turnover.

2.5 ROLE OF ROS IN SINP-DEPENDENT TOXICITY AND SURVIVIN-ME-

DIATED RESISTANCE

2.5.1 SINP-DEPENDENT ROS GENERATION

Reactive oxygen species (ROS) are not only stressors but also signal transducers that can
activate pro-apoptotic or anti-apoptotic signaling pathways. Among other things, serum
deficiency can increase ROS levels, activating signaling pathways that help to adapt to
temporary nutrient deficiency and thereby preventing apoptosis induction (Lee et al., 2010). In
the following experiments, SINP of type AmSIil20 will be examined for their ROS-inducing

properties and how Survivin expressing cells counteract ROS stress.

To compare the ROS generation between A431 wt and Survivin-GFP expressing cells
CellROX orange live staining was used for the experiments to ensure fluorophore compatibility
(Figure 21). First, cells were treated with 50 uM Menadione for 1 h in a serum-containing
medium to induce the generation of ROS. For further measurements, the exposure time for
CellROX orange was set to the Menadione-treated control sample for each cell type. A431
Survivin-GFP expressing cells showed a significantly higher basal ROS level than A431 wt
cells incubated in a serum-containing medium (w FCS). Survivin-GFP expressing cells showed
no difference in the CellROX orange intensity between the ROS positive control (Menadione)
and the basal ROS intensity (w FCS). On the contrary, A431 wt cells showed a clear increase
in the CellROX orange intensity after treatment with Menadione (Figure 21A). However, as

expected serum deprivation-induced a ROS increase in A431 wt cells when compared to
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control samples (w FCS). The addition of 60 pg/mL SiNP did not lead to a further increase of
ROS but to single ROS accumulations of high intensity (Figure 21B).

Survivin-GFP expressing cells behaved differently, hence short serum deprivation as well as
the addition of SINP led to a ROS burst after a 30-minute incubation (Figure 21D). Prolonged
serum deprivation decreased the ROS level to an undetectable level when the exposure time
was fixed to the corresponding positive control. Incubation with SiNP for 60 min decreased the
ROS level in A431 Survivin-GFP expressing cells significantly and was not detectable after
120 min.

A

W

Controls

30min 60min 120min

w FCS
w/o SINP

Menadione
w SiNP

(@)

O
w
o
El
>

Controls 60min 120min

w FCS
w/o SINP

Menadione
w SiNP

Figure 21. Time-dependent ROS regulation. A431 wt (A, B) and Survivin-GFP expressing cells (C, D) were
incubated without (Ctrl) or with 60 pg/mL SiNP in a serum-deprived medium for 30, 60, and 120 min. Nuclei stained
with Hoechst 33342 (4.2.5.2) and ROS with CellROX orange reagent (4.2.5.6). The exposure time for CellROX
orange was set to the positive control (50 pM Menadione, 1 h in serum-containing medium, A, B) for all samples of

each cell type. The scale bar indicates 50 pm.

This experiment showed that Survivin overexpression increased the basal ROS level
significantly. In addition, Survivin-GFP-expressing cells increased the ROS level rapidly (ROS
burst) with a subsequent rapid elimination of ROS, which did not occur in A431 wt cells. These
results might indicate Survival-dependent activation of ROS scavenging processes as
described by Zorocv et al. (2014) , which will be further examined in the next sections (Zorov
et al., 2014).

2.5.2 MITOCHONDRIAL ROS GENERATION AND MITOPHAGY

Mitochondria represent the main source of cellular ROS, releasing ROS periodically into the
cytoplasm. An elevated ROS level, not compensated by ROS scavengers can initiate and

activate mitochondrial fission and mitophagy to remove damaged mitochondria thereby
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reducing the ROS generation (Zorov et al.,, 2014). In the next section mitochondria and
mitophagy will be examined on the one hand considering SiNP-mediated stress and on the
other hand considering the role of elevated Survivin levels for mitochondria-related stress.
Ahmad et al. (2013) proposed a model to predict cellular stress based on the shape of
mitochondria. The group identified three different shapes of mitochondria corresponding to
different stress levels mediated by mitochondrial ROS levels. Tubular mitochondria indicate
healthy cells while “donut” formed mitochondria indicate a low stress/ROS level. Mitochondria
with a “blub” punctual form correlate with increased ROS levels and cell toxicity (Ahmad et al.,
2013).

Mitotracker deep red FM dye (Invitrogen) was used to stain mitochondria of A431 wt and
Survivin-GFP expressing cells. For the validation the Mitotracker deep red staining was
visualized in a yellow panel to generate a better contrast (Figure 22).

A431 wt cells showed overall tubular structures in untreated control cells incubated in a serum-
containing medium (w FCS, Figure 22A). Survivin-GFP expressing cells showed tubular-like
structures but shorter and clumsier (w FCS, Figure 22C). Serum deprivation induced the
formation of “donut” and “blub” shaped mitochondria in wild-type and Survivin-GFP expressing
cells, while this mitochondria phenotype was more prominent in Survivin-GFP expressing cells
than in the wild-type (Figure 22 B, D). Treatment with 60 pg/mL SiNP led to a mixed phenotype
with predominantly blub-shaped mitochondria in both cell types. However, those “blub” formed
mitochondria differed between A431 wt and A431 Survivin-GFP expressing cells; A431 wt cells
showed a more homogenous mitochondrial mass with single “blubs” (Figure 22 B). In contrast,
Survivin-GFP expressing cells exhibited more clearly separated mitochondria “blubs” (Figure
22D).

Menadione-treated cells were used as positive control for ROS-related effects. The treatment
resulted in shrinkage of the mitochondrial mass or accumulation of the mitochondrial mass in
the perinuclear region in both cell types. Furthermore, Menadione led to the loss of the
mitochondrial tubular structure in A431 wt cells, which were maintained in Survivin-GFP
expressing cells. The mitochondrial changes caused by Menadione showed phenotypical
similarities to SiNP-induced effects. These results may indicate mitochondria-mediated
apoptosis induced by SiNP-dependent ROS generation, since “blub” shaped mitochondria
were shown to be related to enhanced cytotoxicity (Ahmad et al., 2013).

In addition, the altered mitochondrial phenotype of Survivin-GFP expressing cells in untreated
(w FCS) and treated cells (SiNP) might indicate mitochondrial fission. This specific phenotype
is related to the Warburg effect, which shifts the metabolic function of mitochondria from
oxidative phosphorylation to glycolysis, resulting in high glucose consumption, lower ATP
levels, and lower ROS production, relative to the oxidative phosphorylation metabolism.

(Ausserlechner & Hagenbuchner, 2016). Survivin was determined as a critical factor for
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mitochondrial fragmentation and fission and the implementation of the Warburg effect. In detail,
Survivin suppresses the mitochondria-targeted autophagy, also known as mitophagy leading

to the accumulation of transformed mitochondria (Hagenbuchner et al., 2019).
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Figure 22. Mitochondrial fusion and fission. A431 wt (A, B) and Survivin-GFP expressing cells (C, D) were treated
in a serum-deprived medium without (Ctrl) or with 60 pg/mL SiNP for 2 h. ROS-inducing agent Menadione (50 pM)
incubated for 1 h was used as positive control. Mitochondria were stained with 50 nM Mitotracker deep red staining
solution for 30 minutes (4.2.5.4). For better contrast and visualization, the color panel was changed from red to
yellow. Additionally, the mitochondrial structure was enlarged by a factor of 4,164x. Nuclei stained with Hoechst
33342 (4.2.5.2). Scale bars indicate 50 pm.

The impact of SINP and Survivin on the mitophagy induction was examined by double staining
of mitochondria and acidic bodies (Figure 23). A431 wt cells were treated with serum-deprived
medium or with SiNP in the absence (A) or presence (B) of autophagy late-stage inhibitor CQ.
Mitophagy active organelles were identified by double positive staining (Lysotracker green+/
Mitotracker deep red+).

In this context, mitophagy was observed in serum-starved cells and was further enhanced after
incubation with SINP. Yet, SiNP increased the amount and the size of acidic bodies stained by
Lysotracker green dye in the perinuclear region, when compared to serum-starved cells,

indicating enhanced autophagy levels. In sum, this experiment gives evidence that
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mitochondria degrade through either macroautophagy or chaperone-mediated mitophagy in

response to ROS-related stress stimuli generated by SiNP.
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Figure 23. Mitophagy induction as a
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death. A431 wt cells treated with
60 pg/mL SiNP in the absence (A)
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2.5.3 SURVIVIN AFFECTS THE SINP-MEDIATED ROS GENERATION

Serum starvation and SiNP increase the generation of ROS (2.5.1), which can in turn stimulate
the structural transformation of mitochondria (2.5.2). In this regard, the role of different Survivin
levels on the generation of ROS was examined in the following section. Therefore, ROS were
marked with CellROX stainings and observed microscopically or quantified by an automated
array scan read-out.

The live cell staining reagent CellROX orange, was applied to enable the comparison of
fluorescent green Survivin-GFP expressing cells and A431 wt cells (Figure 24).

Optimized image processing showed that Survivin-GFP expressing cells shifted ROS
accumulations to the perinuclear region, especially after treatment with SiNP. In contrast,
Survivin normal expressing cells (wt) showed a ring-like ROS staining in the cytoplasmic region
(Figure 24A). Survivin-GFP expressing cells incubated with increasing SINP concentrations
correlated with an increasing ROS level (Figure 24B). The wild-type cells did not elevate the
ROS level after SINP incubation compared to serum-starved control cells. In addition, CellROX
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orange staining revealed that Survivin-GFP expressing cells handled SiNP-mediated
generation of ROS differently from wild-type cells due to different cellular CellROX orange
signal localization (Figure 24A). Hence, mitochondria are the main resource of cellular ROS
CellROX orange is mainly oxidized at the side of mitochondria. This observation of different
cellular CellROX orange localizations supports the assumption that enhanced Survivin levels

control the cellular ROS level through influencing mitochondria (2.5.3).
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Figure 24. ROS measurement via CellROX orange. A431 wt and Survivin-GFP overexpressing cells incubated in
medium with FCS (w FCS) or without FCS (w/o FCS) with 20 or 60 pg/mL SiNP in serum-free medium for 2 h.
Staining was performed as described in section 4.2.5.6. A) Fluorescence microscopy. Images are presented in an
optimized manner to clarify the distribution of CellROX orange fluorescence in the cell. Accordingly, this plot does
not reflect the actual intensity (w FCS as lowest, Menadione as highest). Scale bars indicate 10 um. B) CellROX
orange quantification via array scan. Read-out was performed immediately after staining. The algorithm “Target
Activation” was used to set the mask around nuclei with a ring distance of three pixels to define the area to measure
CellROX orange fluorescence in the cytoplasm. Data was collected from three samples with 5000 measured cells.

Anova two-way test was performed with p** <0.001, p**** <0.0001.

Complementing the investigations of Survivin's impact on the cellular ROS level, siBIRC5 was
used to knock down Survivin in A431 wt cells and stained with fixable CellROX green staining
(Figure 25). The oxidized CellROX green dye intercalates into DNA resulting in a predominant
nuclear localization. The specific localization and fixation simplify the measurement settings
for array scan analysis and further avoid inaccuracies that occur with CellROX orange staining
(Figure 24A).

Two-time points were selected to track possible time-dependent changes in the ROS level
during incubation with SiNP in Survivin-knock down control groups. CellROX green staining
requires an incubation period of 30 minutes, setting the earliest time point for observation to
this timepoint. The second time point was set to 2 h since SiNP-mediated toxicity can be

monitored, while enough adherent cells remain for analysis.
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Microscopy and array scan analysis showed a SiINP concentration-dependent increase of ROS
independent of the Survivin level (Figure 25, Supplementary Figure 7). However, cells with a
decreased Survivin level exhibited an increased CellROX fluorescence intensity in comparison
to control cells (Figure 25 A, C). In a serum-free medium, distinct CellROX green dots
appeared in cell nuclei, comparable to those in control cells. After treatment for 30 min or 2 h
with SINP, the CellROX green signal increased. Compared to control cells, Survivin deficient
cells showed a strong CellROX green intensity in nuclei as well as in the cytoplasm, which was

minor in control cells (Figure 25 A, C).
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Figure 25. Influence of Survivin knockdown on ROS generation upon SiNP exposure. A431 wt cells were transiently
transfected with siBIRC5 or siCTRL (4.2.4.1). CellROX green (2.5 nM) incubated with serum-containing medium
(w FCS), serum-free medium (w/o FCS), or with 20 or 60 pg/mL SiNP in serum-free medium for 30 min. Nuclei
stained alive with 2 pg/mL Hoechst 34222. CellROX green assay was performed after 30 min (A, B) or 2 h (C, D)
exposure to SiNP. A, C) CellROX green assay evaluated via fluorescence microscopy with fixed exposure time for
CellROX (green) to control groups (w/o FCS). Scale bar indicates 10 um. B, D) Array scan quantitative analysis.
The “Molecular translocation” algorithm was used for mask settings. The mean signal intensity measured in nuclei
(B, D): The data were normalized to serum-free medium (w/o FCS) to visualize the effect of SINP on ROS level in
Survivin normal (siCTRL) or deficient cells (siBIRC5). The data set was compiled from four independent
experiments with triplicates. Anova two-way test was performed comparing control groups (w/o FCS) to SiNP-

treated samples with p*<0.05 and p** <0.01.
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However, in both experiments, Survivin silenced cells (siBIRC5) showed a higher ROS level
applying for SINP treated samples and control groups (w FCS, w/o FCS) than Survivin normal
expressing cells (siCTRL). When the data were normalized by subtraction of the cell-
dependent ROS level baseline (w FCS), the data revealed that the amount of SiNP-generated
ROS does not differ between control and Survivin-deficient cells (Supplementary Figure 7). In
sum, the experiments revealed that SiNP induced ROS in a time and concentration-dependent
manner. Furthermore, the results showed that the Survivin level influenced the basal cellular
ROS level and is less potent to counteract the SiNP-induced ROS generation.

In sum, array scan analysis revealed that ROS is significantly increasing due to serum
deprivation and additionally due to SIiNP treatment. Thereby the ROS level changed
significantly within 30 min and was elevated in a concentration-dependent manner. However,
the array scan analysis revealed that Survivin-GFP expressing cells exhibit a higher ROS
baseline level than A431 wt cells, also supported by previous findings in Figure 21, but does
not differ from A431 wt cells in the amount of produced ROS by serum deprivation or SiNP

treatment.

2.5.4 LYSOSOME-DEPENDENT ROS GENERATION

Reactive oxygen species are part of the normal cellular metabolisms and can also act as
signaling molecules in pro- or anti-apoptotic signaling pathways (Lee et al., 2010; White et al.,
2020; Wu et al., 2013). Several groups showed that silica nanoparticles can catalyze the
generation of ROS depending on the accumulation in the acidic environment of lysosomes
(Decan et al., 2016, Guo, 2016 #74). To verify this assumption SiNP were intracellularly
localized by use of fluorescent SiNP of type Kisker green in combination with Lysotracker red
staining to tag acidic bodies (

Figure 26A).

This experiment revealed that fluorescent green Kisker NP accumulated in Lysotracker red-
dyed acidic bodies, giving evidence that SiNP interacted with the autophagy process.

To obtain more information about the interaction between SiNP and autophagy-related
organelles, Kisker NP (green) treated cells were separately stained with specific antibodies
against lysosome marker LAMP-1 (Cy3) or autophagosome marker LC3 (Cy3) in the presence
or absence of late-stage inhibitor CQ (

Figure 26B, C).

Figure 26B showed that LAMP-1 positive puncta co-localized with Kisker NP in the presence
and absence of CQ. This undermines the assumption that SiNP predominantly accumulated
in lysosomes on the first side. In the later process of autophagy, nanopatrticles were also found

in autophagolysosomes.
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Figure 26C reveals that SINP co-localize with LC3 puncta in the absence of late-stage inhibitor
CQ. In the presence of CQ, the fusion of autophagosomes with lysosomes should be
interrupted, and indeed green Kisker NP no longer co-localize with LC3 positive puncta,
indicating that lysosomes are the main carriers of SiNP (

Figure 26C).
These results are consistent with recent literature showing that SINP explicitly accumulate in
lysosomes, impairing lysosomal function and preventing autophagy flux in the long term
(Abulikemu et al., 2022; Schutz et al., 2016).
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Hence SiNP might catalyze ROS in the acidic environment of lysosomes (Decan et al., 2016,
Guo, 2016 #74) and recent publications proposed lysosomal rupture as an additional ROS
source, this issue was examined for the thesis work (Abulikemu et al., 2022; Schutz et al.,
2016). Aits et. al (2015) proposed a galectin-1/3-assay for the precise detection of leaky

lysosomes (Aits et al., 2015). Galectin-1 and 3 are recruited to leaky lysosomes, promoting
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lysosomal recovery (Figure 27A). In consequence, galectin-1 and 3 puncta accumulate in the
cytoplasmic area, which can be observed microscopically (Figure 27B).

Incubation with 2 mM LLMOe for 1 h in a serum-containing medium induced distinct galectin-
1 puncta, while DMSO-treated controls showed no accumulations of galectin-1. Incubation with
60 pg/mL SiNP for 1 h showed few small galectin-1 accumulations, while cells incubated in
serum-deprived medium showed few, but significantly bigger galectin-puncta (Figure 27B).
Furthermore, a detailed time kinetic experiment was performed to evaluate early galectin
puncta formations in response to SiNP (Figure 28). No galectin puncta occurred in A431 wt
nor Survivin-GFP expressing cells considering several time points in between a 45-minute time

range.
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Figure 27. Galectin-1-assay. A) Theoretical illustration of a galectin-1-assay. The functionality of the galectin-1
assay is presented for L-Leucyl-L-Leucine methyl ester (hydrochloride) (LLMOe) which leads to lysosomal rupture.
Cells take up the chemical compound by endocytosis. After fusion with lysosomes, the lysosomal membrane is
ruptured by complex formations of the LLMOe. Galectins, such as galectin-1 and 3 recognize the glycosylated
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proteins on the inside of lysosomal membranes to initiate repair mechanisms (Aits et al., 2015; Papadopoulos et
al., 2020). The lysosomal accumulations of galectin-1 or 3 can be used to identify leaky lysosomes via fluorescence
microscopy. Created with Biorender.com. B) A431 wt cells incubated with LLMOe (2 mM for 1 h) to trigger
lysosomal rupture and galectin-1 accumulation in damaged lysosomes. Hence, LLMOe is dissolved in DMSO, and
DMSO is examined as an additional control of the assay system. Further A431 wt cells were incubated for 1 hin a
serum-deprived medium with or without SiINP (60 pug/mL). Arrows point on galectin puncta. Scale bar indicates
50 pm.

In summary, SiNP predominantly localized in lysosomes and autophagolysosomes but less in
autophagosomes, indicating that lysosomal localization of SiNP might be critical for SINP-
mediated toxicity. Furthermore, SiNP-dependent lysosomal rupture can be excluded as a
critical ROS source in early events of SiNP toxicity, due to the lack of galectin puncta. Efficient
Lysotracker staining after SiNP treatments also supports this assumption, hence the staining
reagent only intercalates into lysosomes with an intact acidic lumen (Figure 15).

2.5.5 SURVIVIN REGULATES GALECTIN-1 TRANSLOCATION IN RESPONSE TO
SINP

Notwithstanding that no galectin puncta formed, an interesting observation was made,
nevertheless. Galectin-1 translocated into the nucleus with proceeding incubation time in
serum-deprived medium and with the addition of SiNP in wild-type cells, while Survivin-GFP
expressing cells showed the opposite effect.

A wt

w

Surv.-GFP

wFCS DMSO LLOMe Menadione wFCS DMSO LLOMe Menadione
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Figure 28. Time-related galectin-1 puncta assay. A, B) A431 wt and Survivin-GFP expressing cells treated with
lysosome permeabilizing agent LLMOe (2 mM, 1 h) as a positive control for leaky lysosomes. Menadione (50 nM,
1 h) was used as a control for ROS-related effects. DMSO treatment was used as a control for LLMOe and
Menadione's unspecific effects. Incubation in serum-containing medium (w FCS) was used as a negative control
for normal galectin-1 distribution. A431 wt (C) and Survivin-GFP expressing cells (D) incubated in serum-deprived
medium (Ctrl) or additionally in the presence of 60 pg/mL SiNP. Treatment finished after 1, 10, 30, and 45 min.
Cells fixed, then stained with Hoechst 33342 (blue) and galectin-1 (Cy3), (4.2.5). Scale bars indicate 10 pm.

Translocation of galectin-1 into the cytoplasm correlated with morphological stability, while
nuclear translocation emerged with cell shrinkage (Figure 28). However, a time-dependent
burst of ROS was observed in previous experiments (Figure 21, Figure 25). Therefore, an
additional control, menadione, was introduced to investigate whether ROS themselves could
induce lysosomal damage and galectin puncta independent of SiNP (Figure 28). Control cells
showed few clear galectin-1 puncta after treatment with menadione (Figure 28A). In addition,
predominantly nuclear localization of galectin-1 was observed, while Survivin-GFP expressing
cells showed a more distributed galectin-1 phenotype leaning to a cytoplasmic localization
(Figure 28B).

In sum, ROS-inducing agent menadione had a marginal effect on the lysosomal rupture but
might had an impact on the localization of galectin-1, since ROS-inducing agent menadione
and serum deprivation-induced the nuclear translocation of galectin-1 in A431 wt cells.
Altogether, enhanced Survivin expression levels seem to suppress the galectin-1 nuclear
translocation in response to stress stimuli like ROS, which might contribute to Survivin's

resistance mechanisms.

2.5.6 SUMMARY

The presented results showed that SiNP induced the generation of ROS in addition to serum
deprivation. Survivin negatively controlled the basal level of cellular ROS in response to mild
stress and under normal growth conditions but could not prevent SiNP-dependent ROS
generation. However, the treatment with SiNP reduced and deformed the mitochondrial mass.
Survivin-GFP overexpressing cells in turn exhibited a significantly different mitochondrial
phenotype than wild-type cells, indicating the fission and fusion of mitochondria, which might
be related to the Warburg effect (Hagenbuchner et al., 2019). In this context, mitophagy was
identified as a clearing mechanism induced in response to SiNP to eliminate mitochondrial
ROS (2.5.2). However, SiNP predominantly accumulated in lysosomes, but lysosomal leakage
as an additional ROS source was refuted via galectin-1 assays (Figure 27, Figure 28).
Nevertheless, the galectin-1 assays revealed that Survivin-GFP expressing cells regulate
galectin-1 in response to SINP and ROS-inducing agent menadione by galectin-1 nuclear

exclusion (Figure 28). If the Survivin-dependent regulation of galectin-1 plays a key role in the
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defense against SiNP-mediated toxicity remains to be clarified. In sum, Survivin might
modulate the basal ROS level through the transformation of mitochondria or mitophagy to

switch between signaling pathways such as autophagy and apoptosis (Humphry & Wheatley,
2018).

2.6 RELATIONSHIP BETWEEN SURVIVIN AND ROS-DEPENDENT SIG-

NALING PATHWAYS

2.6.1 SINP-MEDIATED STRESS SIGNALING PATHWAYS

Stress-induced signal transduction activates or deactivates multiple signaling pathways
simultaneously. The complex interactions induced by SiNP-mediated stress were investigated
by immunoblot analysis and complemented with viability tests. In particular, the possible
involvement of signal transducing MAPKs p38 and p44/42 were analyzed in association with
the ROS generation and the autophagy process (Figure 29).
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Figure 29. Relationship between p38 activation and Survivin downregulation in the context of elevated ROS levels.
A431wt and Survivin-GFP expressing cells treated without (A) or with (B) late-stage autophagy inhibitor
Chloroquine (CQ) 24 h before SiNP treatment. Additionally, 5 uM NAC (+/-) was incubated for 2 h before SINP were
added. Cells incubated in the absence (-) or presence (+) of NAC and/ or CQ in serum-free medium with (+) or
without (-) SINP for 4 h. Western blot analysis was performed for inhibitor of apoptosis protein Survivin, autophagy-
related protein LC3, survival pathways MAPK p38, p44/42, and housekeeping genes GAPDH and Actin.

The presented results showed so far that serum deprivation and SiNP treatment enhanced the
ROS level (see section 2.5). In this context, redox-sensitive proteins GAPDH and p38 were
identified as targets of SiNP-mediated toxicity (Figure 29, Figure 31A).

The housekeeping gene GAPDH, important for oxidative phosphorylation metabolism, was
suppressed on the protein level after incubation with SiNP (Figure 29, Figure 31 A). However,
GAPDH plays an important role in mitophagy as well. Mitochondrial GAPDH directs

mitochondria to lysosomes for degradation (Yogalingam et al., 2013). In this regard, SINP-
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induced autophagy correlated with a decreased GAPDH expression. Townley et al. (2020)
showed that mitochondrial Survivin can prevent mitophagy (Townley & Wheatley, 2020). Here,
a Survivin knockdown in A431 wt cells correlated with an increased GAPDH expression (Figure
16). However, SiNP decreased the Survivin and GAPDH expression in A431 wt and Survivin-
GFP expressing cells, but stayed stable in the presence of CQ, indicating the interrupted
mitophagy-dependent degradation of GAPDH (Figure 29, Figure 31A). These findings support
the assumption that mitophagy is activated due to ROS-mediated stress generated by serum
deprivation and SiNP treatment. In turn, mitophagy is highlighted as a possible resistance
mechanism of Survivin overexpressing cells in section 2.5.2.

SINP treatment activates the stress kinase p38 and further leads to the formation of ROS-
induced heterodimers in A431 wt cells (Figure 29, Figure 30). Introducing ROS scavenger NAC
to the SiNP treatment suppressed the p38 activation, but not the formation of heterodimers in
A431 wt cells (Figure 29 A, B). The p38 suppression by NAC was consistent in most but not
all experiments. Those deviations might be associated with minor changes, regarding cell
confluence, cell viability, or cell culture passage/age. However, supplementation with ROS
scavenger NAC did not rescue cells from SiNP toxicity (Supplementary Figure 9,
Supplementary Figure 10). This observation might indicate non-compensable ROS levels, or
other ROS-independent stress transducing pathways as proposed by Lee et al. (2019), (Lee
et al., 2019).

2.6.2 STRESS-INDUCED KINASE P38 AND RELATED PATHWAYS

However, several studies pointed out that the activation ratio of the MAPKs p38 and Erk
(p44/42) is a key decision point for tumor cells to decide to go under dormancy or promote
tumor growth: A higher p38/Erk ratio leads to dormancy while a higher Erk/p38 ratios support
tumor progression (Aguirre-Ghiso et al., 2003). Parallel to p38 activation MAPK p44/42 was
deactivated in response to SiNP-induced stress. The ROS scavenger NAC increased p44/42
activity in serum-deprived cells but could not protect the cells from SiNP-induced MAPK p44/42
deactivation. However, ROS scavenger NAC could significantly reduce the LC3 conversion,
indicated by slighter LC3-1l bands in comparison to SiNP-treated cells without NAC (Figure 29
A, B). Inhibition of the autophagy turnover via CQ treatment revealed that NAC reduced the
overall generation of LC3-I and Il proteins, but with a higher impact in wild-type cells than in
Survivin-GFP expressing cells (Figure 29 B). However, other signaling pathways were
addressed by SiNP such as JNK and Nf-kB (Supplementary Figure 8), but not further examined
in the thesis work.

Since autophagy is a highly dynamic process, autophagy in response to serum deprivation and

SINP treatment was examined as time kinetic and evaluated in an immunoblot (Figure 30).
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The main autophagy negative regulator, mTOR is actively suppressing autophagy under
normal growth conditions. Deprivation of serum activates AMP-activated protein kinase
(AMPK) leading to mTOR inhibition and autophagy initiation (He & Klionsky, 2009; Wang &
Levine, 2010). In A431 wt cells, p-mTOR vanished after incubation for 30 min in a serum-
deprived medium, while autophagy active LC3-II increased, indicating for mTOR dependent
autophagy initiation (Figure 30). Prolonged incubation in serum-free medium reactivates
mMTOR activity (120 min), caused by autophagy-mediated recovery of essential building blocks
(Wang & Levine, 2010). Further incubation (4 h) without serum inactivates mTOR again,
suggesting that the nutritional status is low again, and autophagy is reactivated as a survival
pathway under starvation conditions (Deleyto-Seldas & Efeyan, 2021). In the presence of
glutamine deficiency, cancer cells use this pathway to escape from apoptosis by promoting
Akt/mTOR activation (Khan et al., 2018; Villar et al., 2017).
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Figure 30. Dynamic autophagy regulation. Time course of autophagy and apoptosis relevant mechanisms in
A431 wt (A) and Survivin-GFP expressing cells (B) upon treatment with 60 pg/mL SiNP or serum-free medium (Ctrl)
for 5, 10, 30, 120, and 240 min, respectively. Western blot analysis was performed for autophagy-related actors
MTOR, LC3 I/ ll, and stress kinase p38. The housekeeping gene Actin was used as a loading control. For
acceleration of the analysis, membranes were cut to specific heights before specific antibodies were applied,

resulting in bans appearing close to the edge.

The SiNP rapidly decreased p-mTOR expression after treatment for 5 min to 30 min, while p-
mMTOR reappeared after 120 min, and remained active in the observation period (4 h). LC3
conversion was higher with than without SINP and remained high after mTOR reactivation,
indicating mTOR-independent autophagy initiation triggered by SiNP. Interestingly, SiNP
activated stress kinase p38 time-dependently, reaching a peak after 2 h. The phosphorylated/
active form of p38 is a marker for cell stress, which in turn can induce apoptosis, depending
on the duration and intensity of the stress signal (Jia et al., 2007). The activation level of p38
correlated with decreasing p-mTOR levels. After treatment for 4 h, p-mTOR reappeared, while
p-p38 vanished completely (Figure 30).

However, using a polyclonal antibody against p38 led to the discovery of p38 bands with a size
of about 70 kDa in A431 wt cells, in addition to the 38 kDa band of the normal p38 protein

(Figure 29, Figure 30). Bassi et al. (2017), described heterodimers of p38 and MKK3 with a
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similar size, promoted by high ROS levels (Bassi et al., 2017). These dimers appeared
exclusively in A431 wt cells and never in Survivin-GFP expressing cells. The dimers band
increased with incubation in a serum-deprived medium (Figure 30), indicating a starvation-
induced ROS production (White et al., 2020). Additional treatment with SiNP generated a
similar amount of p38 dimers after a short incubation period (5 min). Interestingly the dimers
band decreased in SiNP-treated cells steadily with time, with a parallel increase in the LC3
proteins. In comparison to control cells, Survivin-GFP expressing cells showed no redox-
sensitive p38 heterodimers. Further, Survivin overexpression delayed p38 activation in
response to SiNP. Activation of p38 increased the conversion of LC3-I to the autophagy active
form LC3-Il, independent of the mTOR activity. Therefore, autophagy suppression in Survivin
overexpressing cells may result in an mTOR-independent manner, which is supported by
recent publications (Lin et al., 2019).

However, the epidermal growth factor receptor (EGFR) plays an important role in extracellular
signal transduction and participates in tumor progression (Stauber et al., 2012). Several stress
signals can lead to the endocytic uptake of EGFR followed by the degradation of the receptor
in a ligand-independent manner (Tomas et al., 2017). The endocytosis of inactive EGFR can
stimulate the autophagy initiation and EGFR degradation (Tan et al., 2016).

Hence, A431 cells had an increased EGFR expression level, the EGFR expression was
analyzed via immunoblotting (Figure 31A). Samples that were treated with SINP exhibited two
additional bands with a lighter molecular weight of around 60 kDa and 40 kDa (Figure 31A).
Those bands might indicate the soluble isoform of the EGFR and/ or fragments of the receptor
(Albitar et al., 2010; Kohda et al., 1993). However, cells additionally incubated with NAC
showed no suppression of the light-molecular-weight-EGFR fragments compared to the control
treatment (Figure 31A).
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Figure 31. SiINP promoted signaling pathways. A) EGFR signaling. A431 Survivin-GFP expressing cells incubated
in FCS with 5 uM NAC, 10 uM SB203580 (SB, p38 inhibitor), or 20 uM CQ for 2 h before incubation with 60 pg/mL
SiNP in serum-free medium for 4 h. Western blot analysis was performed for the target protein Survivin as well as
MAPK p38 and EGFR. Housekeeping genes GAPDH and Actin were applied as loading controls. B) Cell protective
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ability of p38 inhibitor SB203580 in combination with increasing SiNP concentrations. A431 Survivin-GFP
expressing cells incubated 2 h before SiNP treatment with 10 pM SB203580 or DMSO as controls. SiNP treatment
was performed in a serum-deprived medium for 2 h. Viability was measured via the Alamar Blue Viability Assay

(4.2.9.1). Anova two-way test was performed accounting significances with p****<0.0001, ns= not significant.

The selective p38 inhibitor SB203580 blocks the ATP-binding pocket of p38, thereby impairing
its kinase function and further p38-mediated signal transduction without affecting p38
phosphorylation (Kumar et al., 1999). The inhibition of p38 with SB203580 elevated the fraction
of EGFR isoforms, but less than the additional NAC treatment, in comparison to the control.
The inhibition of the late-stage autophagy increased the light-molecular-weight-EGFR bands
in comparison to control cells, which correlated with an increased LC3 conversion. Like p38
inhibitor SB203580, CQ attenuated the EGFR expression during serum deprivation without
SiNP incubation (Figure 31 A). These findings support the assumption that the SiNP-mediated
p38 activation promotes the internalization and degradation of inactive EGFR as described by
Thomas et al. (2017) and further promotes the autophagy initiation (Tomas et al., 2017).
Altogether, these data indicated that SiINP-mediated stress is at least in part caused by SiNP-
generated ROS, inducing stress kinase p38 and finally resulting in the EGFR internalization
and degradation as well as downregulation of endogenous Survivin (Figure 31 A). The
inhibition of the stress kinase p38 with SB203580 attenuated the SiNP-mediated toxicity in
Survivin-GFP expressing cells, supporting this assumption (Figure 31 B). In contrast, A431 wt
cells did not show any differences regarding SiNP-mediated cell toxicity, when treated with the
p38 inhibitor SB203580 under the same treatment conditions (Supplementary Figure 11). An
extended experiment using the p38 inhibitor SB203580 in combination with SiNP had no
positive or negative effect on the cell viability of A431 wt cells which were transiently
transfected with siCTRL and siBIRC5 (Supplementary Figure 12). Hence Survivin-GFP long-
term expressing cells respond to p38 inhibition with increased resistance against SiNP but
A431wt cells do not, (Figure 31, Supplementary Figure 11, Supplementary Figure 12), it is
ambiguous which role p38 plays in the SiNP-mediated cell toxicity. If genetic mutations or the
absent formation of p38 dimers in Survivin-GFP expressing cells promote resistance against

SIiNP has to be examined in further experiments.

2.6.3 FOXO SIGNALING IN THE CONTEXT OF SINP-DEPENDENT ROS GENERA-

TION AND SURVIVIN OVEREXPRESSION

ROS are signaling molecules promoting tumor proliferation, metastasis, survival, and
angiogenesis as well as autophagy and apoptosis (Redza-Dutordoir & Averill-Bates, 2016;
Sabharwal & Schumacker, 2014). The family forkhead box class one (FOXO) transcription
factors regulated the gene expression of antioxidant proteins in response to oxidative stress

(Gorrini et al., 2013). Mainly three kinases (IKK, Akt, p44/42) suppress the FoxO protein activity
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via phosphorylation. In turn phosphorylation through other kinases like p38 and c-Jun-N-
terminal kinase (JNK) can activate the FoxO family members in response to stress stimuli. The
phosphorylation by IkB kinase (IKK), Akt, and p44/42 promotes the nuclear exclusion and
inactivity of FoxO proteins 1 and 3. The dephosphorylation of FoxO1/3 proteins leads to
nuclear translocation, which can induce apoptosis by suppressing anti-apoptotic proteins such
as Survivin, and inducing the transcription of pro-apoptotic proteins such as Fas and Bim
(Figure 38) (Klotz et al., 2015; Wani et al., 2021). Furthermore, Nakamura (2008) showed that
the transcription of FoxO3 targeted genes is essential for ROS-induced apoptosis (Nakamura
& Sakamoto, 2008). How FoxO signaling is affected by different Survivin expression levels

was examined via immunoblot analysis and immunofluorescence staining (Figure 32A).
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Figure 32. The Akt/FoxO/BIM signaling after long-term Survivin-GFP expression. A) Immunoblot analysis of A431 wt
and Survivin-GFP (Surv.-GFP) expressing cells incubated for 2 h with 5 uM NAC before treatment with (w) or
without (w/0) 60 pg/mL SiNP for additional 2 h in serum-deprived medium. Cells cultivated only in serum-containing
medium (F) added as a control for the normal cell status. B) Immunoblot analysis as in A with the focus on FoxO
and BIM EL interaction. C) Immunofluorescent staining of FoxO1 and FoxO3a in A431 wt cells. Cells were cultivated
in a serum-containing medium without additional treatments (w FCS), or with additional treatment (50 uM
Menadione (Menad.) for 1 h). Furthermore, cells were treated with a serum-free medium (w/oFCS) with or without
60 pg/mL SiNP for 30 min. For detailed mask settings, see Supplementary Figure 12. Scale bars indicates 25 pum.

The immunoblot analysis showed that the treatment with SiINP was followed by a decrease in
active Akt (p-Akt) and simultaneously by a decrease in p-FoxO1/3 expression in A431 wt cells
(Figure 32 A, B). Interestingly the expression and activation of Akt and FoxO1/3 were
suppressed or rather absent in A431 Survivin-GFP expressing cells compared to A431 wt cells
(Figure 32 A, B). Recent findings showed that BIM EL is regulated by the PI3K/Akt/FoxO3a
axis (Ciechomska et al., 2020). Consequently, the pro-apoptotic protein BIM EL is regulated
by FoxO and was further investigated by immunoblot analysis in Figure 32 B, Supplementary
Figure 15 (Gilley et al., 2003). The analysis showed that the BIM EL level in A431 wt cells was
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low under normal serum-containing growth conditions (Figure 32 B). Serum deprivation without
or with an additional SiNP treatment increased the BIM EL expression. The ROS scavenger
NAC attenuated the starvation-dependent BIM EL expression but not that of SiNP-treated cells
(Supplementary Figure 15), indicating that SiNP addressed the FoxO/BIM EL pathway
independent of ROS signaling. In contrast, Survivin-GFP expressing cells showed a
significantly higher BIM EL basal level than A431 wt cells (Figure 32B). Furthermore, the
BIM EL expression level was lower than that of A431 wt cells in response to serum deprivation,
but not in response to SINP (Supplementary Figure 15). However, ROS scavenger NAC did
not decrease the BIM EL expression in response to SiNP in A431 Survivin-GFP expressing
cells. In sum, these findings indicated that BIM EL might play a role in SiNP-mediated toxicity
and that Survivin might manipulate the BIM EL expression pattern. More experiments are
required to confirm that SINP address the Akt/FoxO/BIM EL pathway and that cancer cells
overexpressing Survivin interrupt this pathway as a survival strategy.

To clarify FoxO gene regulation the cellular translocation of FoxO1 and FoxO3awas examined
via immunofluorescence staining and microscopic examination of FoxO1l and FoxO3a in
A431 wt cells (Figure 32C, Supplementary Figure 12, 13). The dynamic regulation of FoxO
proteins via specific phosphorylations and acetylations leads to an equal distribution between
nuclei and cytoplasm (Klotz et al., 2015), as seen in control samples cultivated in serum-
containing medium (Figure 32 C).Treatment with ROS-inducing agent Menadione induced the
translocation of FoxO1 and FoxO3a into nuclei. Previous experiments showed that a ROS
burst occurred after 30 min of incubation in a serum-deprived medium with and without SiNP
(Figure 25). In this context, FoxO distribution was examined after the same treatment time, but
a nuclear translocation of FoxO proteins was not observed in serum-deprived cells (Figure
32C). However, SiNP treatment might induce nuclear translocation of FoxO1 and FoxO3a, but
not as significant as ROS-inducing agent Menadione. The quality of images and resulting
statement using fluorescence microscopy depends on the grade of specificity of the used
primary and secondary antibody and the protein expression level of the target protein. Due to
high background staining of the secondary antibody as a consequence of low primary antibody
binding the result interpretation is limited to clear translocations of the FoxO proteins into the
nuclei, which were only clearly seen in cells treated with ROS-inducing agent Menadione
(Figure 32 C,

Supplementary Figure 13,

Supplementary Figure 14). Furthermore, FoxO1/3a/Cy3 antibodies caused artifacts in
combination with SiNP, increasing the difficulty of the result interpretation (Supplementary
Figure 13).

Summarizing, ROS induced the translocation of FoxO1 and FoxO3a into the nucleus. The

treatment with SINP showed a potential cytoplasmic shift of FoxO1 and FoxO3a into nuclei in
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A431 wt cells, while long-term expression of Survivin-GFP suppressed the expression and
activation of Akt and FoxO proteins in general. In consequence, Survivin-GFP expressing cells
exhibit a higher basal BIM EL level than the wild-type. Nevertheless, the BIM EL level
increases in response to the treatment with SiNP, indicating that SINP might mediate cell

toxicity by addressing the FoxO/BIM EL apoptotic pathway.

2.6.4 SUMMARY

Summerizing the relationship between Survivin and ROS-dependent signaling the SiNP-
dependent ROS generation caused the activation of stress kinase p38, as well as the formation
of p38 dimers in A431 wt cells, which were absent in Survivin-GFP expressing cells (Figure
29). The role of p38 remains controversial since the inhibition of p38 increased the viability of
Survivin-GFP expressing cells in response to SiNP but had to influence onto A431 wt cells
without and with a Survivin knockdown (Figure 31, Supplementary Figure 11, Supplementary
Figure 12). However, SiNP triggered the degradation of EGFR, indicating cell stress (Figure
31A). In addition, SiINP decreased the p44/42 pro-survival signaling pathway and might
address the JNK, the NF-kB, and the FoxO/BIM EL pathways as well, while Survivin
overexpression suppressed the Akt/FoxO pathway (Figure 29A, B, Supplementary Figure 8,
Supplementary Figure 15).

2.7 AUTOPHAGY MODULATORS

2.7.1 INFLUENCE OF AMPK INHIBITOR COMPOUND C ON THE NANOPARTICLE

TOXICITY

Serum deprivation is an important factor in the experimental setup, as SiNP otherwise gain a
protein corona losing their cell interacting potential (Docter et al., 2014). One of the main
cellular regulators, the AMPK, is stimulated by ROS in response to serum deprivation leading
to mTOR suppression and autophagy initiation (Wu et al., 2013). The additional generation of
ROS above the signaling level deactivates the AMPK and prevents the AMPK-dependent
MTOR inactivation and autophagy initiation (Hernandez et al.,, 2011). Considering this
mechanism, the AMPK-dependent autophagy was inhibited by the AMPK-specific inhibitor
Compound C (CC) to potentially increase the toxicity of SINP. The Compound C-related effects
were examined via Lysotracker staining, immunoblot analysis, and cell viability tests (Figure
33).

The use of AMPK inhibitor Compound C (CC) increased the number of acidic puncta in
response to starvation conditions (Figure 33 A-D); A431wt cells showed a cytosolic

distribution (A3), while Survivin-GFP expressing cells exhibited a significant perinuclear
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localization (C3). Additional treatment with CQ revealed that Compound C increased the
generation of acidic bodies in comparison to DMSO controls under serum deprivation,
especially in the wild-type (B3). Survivin-GFP expressing cells did not increase acidic puncta,
and puncta possessed a smaller size. Compared to A431 wt cells (B3), Survivin-GFP
expressing cells showed an altered distribution phenotype (D3). In combination with AMPK
inhibitor CC, SiNP did not increase the number of acidic puncta above the level of starvation-
induced autophagy and CC treatment alone (A431 wt: C4, D4; A431 Survivin-GFP: A4, B4).
The CC treatment reduced SiNP-induced acidic puncta formation (B4) in comparison to SiNP
incubation with DMSO (B2). Furthermore, Survivin-GFP expressing cells with prior CQ
treatment showed repeatedly significantly smaller acidic puncta (D4) than wt cells with a similar
treatment (B4). The cell viability reflected the controversial phenotypes. In general, CC
decreased the cell viability of A431 wt and Survivin-GFP expressing cells. However, compared
to CC alone the combination of CC with SiNP showed the tendency to increase the cell viability
again, especially in Survivin-GFP expressing cells (Figure 33C, D). The autophagy flux was
further examined using immunoblot analysis for autophagy-relevant markers (Figure 33 E).
A431 wt and Survivin-GFP expressing cells treated with CC and SiNP for 4 h showed the
phosphorylated form of mTOR, indicating mTOR reactivation due to prolonged autophagy,
after which essential building blocks regained (Figure 33, see also Figure 30). The reactivation
of MTOR was not observed in starved Survivin-GFP expressing cells. Considering CC as an
AMPK inhibitor, mTOR dephosphorylation and deactivation should be suppressed, thereby
preventing starvation-induced autophagy. Parallel incubation with CC showed no impact on
mTOR phosphorylation, indicating an AMPK-independent mTOR activation pathway, which
overpasses the AMPK suppression. In this regard, AMPK might initiate autophagy mTOR-
independently via the AMPK and JNK/c-Jun signaling pathway (Tanida et al., 2008; Vucicevic
et al., 2011). Simultaneous incubation with late-stage autophagy inhibitor CQ inverted the
amount of the active mTOR form in Survivin-GFP expressing cells but not in A431 wt cells
(Figure 33 G). The accumulation of p-mTOR in CQ-treated, starved cells indicates that p-
mTOR degrades in an autophagy-dependent manner. However, in this experiment, the
accumulation of LC3-I/1l after treatment with SINP was not observed, as has always been the
case in other experiments. This observation might be attributed to the degrading cell death
process accompanied by active caspase-3 or might be caused by a failed reblotting procedure
resulting in unclear bands.

Nevertheless, distinct differences between Survivin normal (wt) and Survivin overexpressing
cells (Surv.-GFP) were found in the expression of Akt and stress MAPK p38: Both cell types
expressed Akt and p38, however, in A431 wt cells p38 and Akt dimers or multiphosphorylated

forms occurred. The dimerization of p38 was detected in A431 wt cells in several experiments
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but never in Survivin overexpressing cells. The dimers might indicate oxidative stress
promoting the heterodimerization of the MAPK p38 with MKK3 (Bassi et al., 2017).
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Figure 33. Role of AMPK in SiNP-mediated autophagy and toxicity. A-D) A431 wt and Survivin-GFP expressing

cells analyzed microscopically for acidic body formations and cell viability. Cells were pretreated with 5 pM

Compound C (CC) or DMSO as a control for 2 h. Then, the cells were treated with 60 pg/mL SiNP in the presence

of CC or DMSO in a serum-deprived medium for 2 h. For the microscopical observation samples were stained alive

with 2 pg/mL Hoechst for 10 min before Lysotracker red staining (50 nM) was performed (4.2.5). Images were taken

immediately after staining. Scale bar indicates 10 um. The cell viability was measured by Alamar Blue Viability

assays (4.2.9.1). The experiment was performed in three independent approaches, each consisting of triplicates.

Data normalized for each cell type to untreated controls without CQ pretreatment. Statistics were analyzed with the
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ANOVA-two-way test, but no significant differences were found. E) Immunoblot analysis. A431 wt and Survivin-
GFP expressing cells were cultivated for 24 h in the presence or absence of CQ. The treatment with Compound C
(5 uM) was performed parallel to the incubation with SiNP (60 ug/mL) in a serum-deprived medium for 4 h.

Autophagy and apoptosis-related proteins were examined via immunoblot (4.2.3.4)

2.7.2 INFLUENCE OF PI3K INHIBITOR LY294002 AND WORTMANNIN ON NANO-
PARTICLE TOXICITY

Since Survivin-GFP expressing cells showed constantly suppressed Akt expression the role of
Akt upstream activator PI3K was examined by use of PI3K inhibitors LY294002 (LY) and
Wortmannin (W) (Figure 34, Figure 35, Supplementary Figure 16).

Immunoblot analysis showed that the serum-deprived DMSO control treatment exhibited a
normal autophagy flux with inactivated mTOR and a low Akt activation and expression,
accompanied by a low LC3 level in wild-type andin Survivin-GFP expressing cells. However,
differences between wild-type and Survivin-GFP expressing cells consisted in the expression
of Akt: While Akt was constitutively expressed in A431 wt cells, Survivin-GFP expressing cells
expressed Akt only under the condition of SINP treatment (Figure 34).

In the presence of low Wortmannin concentrations (0.2 uM), the Akt expression and activation,
and LC3 accumulation increased under serum deprivation in comparison to DMSO control
treatments (Figure 34 A). However, due to the unclear protein separation, it was not possible
to analyze the LC3 conversion in more detail, but in general, SiINP increased the LC3
accumulation. In combination with the PI3K inhibitor LY294002, the LC3 protein expression
decreased in comparison to DMSO controls (Figure 34 B). When A431 wt cells were treated
with a combination of SINP and PI3K inhibitors, Wortmannin or LY294002, the autophagy-
suppressing factor mTOR was highly active although LC3 accumulated. Interestingly, Survivin-
GFP expressing cells activated mTOR in response to the PI3K inhibitor LY294002 but not in
response to Wortmannin. In addition, Survivin-GFP expressing cells showed a LY294002-
dependent decrease of the Akt expression but not when treated with Wortmannin (Figure 34).
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Figure 34. Role of PI3K on the Akt/mTOR pathway. Two different PI3K inhibitors LY294002 (LY) and Wortmannin
(W) were examined via immunoblot analysis. Wortmannin and LY294002 were incubated for 2 h in a serum-

containing medium before SiNP treatment in a serum-free medium (60 pg/mL, 4 h).
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In sum, LY294002 was more potent in inhibiting PI3K/Akt in Survivin-GFP expressing cells
than Wortmannin, but not in wild-type cells, indicating Survivins specific role in the PI3K/Akt
signaling pathway. However, the PI3K inhibitor LY294002 increased the mTOR activation in
combination with SiNP, but not with DMSO. In addition, LC3 accumulated despite mTOR
activation. Together the results indicate that SiNP triggered autophagy in a PISK/Akt/mTOR-

independent manner (Figure 34).

The influence of the PI3K/Akt pathway on SiNP toxicity was further examined via cell viability
assays. A431 wt and Survivin-GFP expressing cells were incubated with PI3K inhibitors

Wortmannin and LY294002 and then exposed to SiNP (Figure 35, Supplementary Figure 16).

Aﬁ1501 [wi] ! Surv.-GFP Bﬁ150 [wt] | Surv.-GFP
SUPTE : [ = :
125 1 . 125 ! *
2 100 [
S 75 24h
2 50
=
© 25
o
‘ 0 !
0 20 B0 0 20 60 0 20 60 0 20 60

SiNP [pg/mL] SiNP [ug/mL]

W DMSO [ Wortmannin

Figure 35. Toxicity of PI3K inhibitor Wortmannin in combination with SiNP. The inhibitor Wortmannin (0.2 uM). was
pre-incubated for 2 h in a serum-containing medium before cells were treated with SiNP (60 pg/mL) in a serum-
deprived medium for 4 h and up to 24 h. The experiment was exercised three times in triplicates. Statistical analysis
was performed via the Anova two-way test, but no significant differences were found comparing DMSO and
Wortmannin-treated cells. In addition, A431 wt cells were compared with similar treated Survivin-GFP (Surv.-GFP)

expressing cells, exhibiting significances with p*>0.05.

The PI3K inhibitor Wortmannin protected Survivin-GFP expressing cells against starvation and
SiNP-induced cell toxicity. In comparison to A431 wt cells, Survivin-GFP expressing cells
showed higher viability in the presence and absence of 0.2 uM Wortmannin (Figure 35). Higher
Wortmannin concentrations (1 uM) showed no further effect on Survivin-GFP expressing cells.
On the contrary, the cell viability decreased with time (Supplementary Figure 16). However,
A431 wt cells showed a trend in the presence of 1 pM Wortmannin, improving the cell viability
after 4h and after and an additional recovery time of 20 h (Supplementary Figure 16 A). On the
other hand, the immunoblot analysis suggested LY294002 to be more potent as PI3K/Akt
inhibitor and mTOR activator than Wortmannin, but the cell viability was not significantly
influenced in the presence of lower (10 pM) or higher (50 um) LY294002 concentrations in
A431 wt and Survivin-GFP expressing cells (Supplementary Figure 16 B, C). In sum, no. clear
synergistic effects were found when SiNP were combined with the PI3K inhibitors Wortmannin
and LY294002.
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2.7.3 INFLUENCE OF AUTOPHAGY LATE-STAGE INHIBITOR CHLOROQUINE ON THE
NANOPARTICLE TOXICITY

Late-stage autophagy inhibition with the compound Chloroquine (CQ) decreased the cell
viability of A431 wt and Survivin-GFP expressing cells in a similar and significant way (Figure
36). The combination of SINP with CQ decreased the cell viability further, but no synergistic
effects were observed, when the combined treatment results were normalized to the single CQ
treatment (Figure 36). Over the total treatment range, the combination of CQ with SiNP
decreased the cell viability by about 4.48 + 4.91% in wild-type and 2.98 £ 5.91% in Survivin-
GFP expressing cells, compared to SiNP alone. This finding suggests that the cell toxic effects

of CQ and SiNP toxicity occur independently from each other.
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Figure 36. Combinatorial treatment of SINP with late-stage inhibitor CQ. A-D) Viability test after treatment without
(w/o) or with (w) CQ in combination with increasing SiNP concentrations. Autophagy was blocked with 20 uM CQ
for 24 h before and during the SiNP treatment. SiNP (60 pg/mL) treatment was performed in a serum-deprived
medium for 4 h. Viability was measured via Alamar Blue Assay (4.2.9.1) in the presence (A) or absence (C) of CQ.
Alamar Blue Assay for time point 24 h performed without CQ (B, D). The experiments were performed in three
independent approaches (n=3). Anova two-way test was used for statistical analysis with p*>0.05, p**<0.005,
p***<0.0005, ns=not significant, comparing CQ treated and untreated cells.
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2.7.4 SUMMARY

Compound C, and PI3K inhibitors Wortmannin and LY294002 did not enhance the toxicity of
SiNP (Figure 33). Furthermore, Compound C decreased the cell viability of A431 wt cells but
in turn increased the cell viability of Survivin-GFP expressing cells (Figure 33, Figure 35,
Supplementary Figure 16). In sum, the results indicate that the SiNP-mediated autophagy
initiation might be PI3K/Akt/mTOR-independent and initiated by alternative pathways such as
p38 and/or EGFR (2.6.2). However, interrupting autophagy with late-stage autophagy inhibitor
Chloroquine bears a greater potential to increase the toxicity of SiNP than the mTOR
addressing, and autophagy suppressing PI3K inhibitors, Wortmannin and LY294002, or
autophagy enhancing Compound C.
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3 CONCLUSION AND OUTLOOK

3.1 LINEUP OF THE THESIS

The expression of Survivin is limited to mitosis in adult non-malignant tissue except for bone
marrow stem cells, thymocytes, and the basal epithelium (Sah et al., 2006; Stauber et al.,
2007). The Survivin overexpression is used as diagnostic marker for cancer progression,
correlating with enhanced chemoresistance, and a poor survival prognosis (Capalbo et al.,
2007; Knauer et al., 2013; Rodel et al., 2012). In addition, recent findings indicated new insight
into the Survivin function as a switch between autophagy and apoptosis to promote cancer
resistance (Cheung et al., 2020; Hay-Koren et al., 2017). The development of new treatment
strategies to bypass these resistance mechanisms is an ongoing process. In the context of
new treatment approaches, nanotechnology has gained popularity in the medical field
including cancer treatment applications (see section 1.7.1). In the thesis, uncoated amorphous
silica nanoparticles (SiNP) of 20 nm size were used as model particles to evaluate Survivins
potential role in regulating SiNP-mediated toxicity. To elucidate underlying mechanisms,
Survivin expression levels were varied and effects on cell viability and signaling pathways were
determined. In a final step, SiNP were combined with various compounds to improve the anti-
cancer effect by specifically influencing the autophagy process. The results for each part are

discussed in an embedded context.

3.2 SINP-MEDIATED TOXICITY

Initially, the toxicity of SINP was assessed across a concentration spectrum spanning
0 - 600 pg/mL and delineating non-toxic (0 - 6 pg/mL), subtoxic (>20 - 60 ug/mL), and highly
toxic (>60 pg/mL) concentrations, using the epithelial cell line A431. The epithelial cell line
A431 was modified to express high Survivin levels via a stable transfected Survivin-GFP
plasmid, and on the other hand, was transiently transfected with sSiRNA against Survivin coding
MRNA BIRCS5 to knock down the Survivin expression. The experiments unveiled that SiNP of
type AmSIil20 exert concentration and time-dependent cell toxicity effects on A431 wt and
Survivin-GFP expressing cells. Notably, Survivin-GFP-expressing cells demonstrated marked
resilience against escalating SiNP concentrations. Variating the experimental settings and
handling procedures for the SiNP treatment revealed that the toxicity of SINP is strongly
dependent on the initial exposure time in a serum-deprived medium. The SiNP attached briefly
to the cell membrane and 10 min of exposure was enough to decrease the cell viability of A431
cells significantly. On the other hand, the addition of serum to the treatment medium

significantly attenuated SiNP toxicity, as a protein corona is likely to form (Docter et al., 2014).
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3.3 SURVIVINS DEFENSE MECHANISMS AGAINST SINP ToxicITy

3.3.1 SURVIVIN-DEPENDENT GALECTIN-1 REGULATION AS A DEFENSE MECHA-

NISM AGAINST SINP ToXICITY

The carbohydrate-binding protein family of galectins affects various cell processes in
dependence on the localization, cell adhesion, migration, proliferation, and phagocytosis, and
manipulates the immunological response (Kruk et al., 2023). Galectins can localize in the
cytoplasmic or the nuclear region or be secreted into the extracellular space aside from the
typical vesical-based secretion pathways (Vladoiu et al., 2014; Vyakarnam et al., 1998 256).
Immunofluorescence staining of galectin-1 unveiled a distinct cytosolic localization in Survivin-
GFP-expressing cells, and a prominent nuclear galectin-1 accumulation in wild-type cells,
indicating a relationship between Survivin expression and galectin localization and potentially
cytoprotective function.

Indeed, Nam et al. (2017) showed that the extracellular galectin-1 expression promoted the
Survivin expression through the integrin f1/FAK/c-Src/ERK/STATS signaling pathway in triple-
negative breast cancer cells (TNB) (Nam et al., 2017). Downregulation of galectin-1 via sSiRNA
sensitized hepatocellular carcinoma (HCC) cells against apoptosis mediated by the tumor
necrosis factor-related apoptosis-inducing ligand (TRAIL), while overexpression of either Bcl-
2 or Survivin rescued the cells from galectin-1 dependent apoptosis (Li et al., 2015).
Furthermore, Li et al. (2015) unveiled that the galectin-1 expression in HCC correlated with
Survivin and Bcl-2 expression, while a knockdown of galectin-1 resulted in Survivin and Bcl-2
attenuation (Li et al., 2015).

The functions of galectins are highly dependent on their cellular localization. Galectin-1 and 3,
when present in the nucleus, interact with Gemin 4, which is necessary for the assembly of the
spliceosome complex (Park et al., 2001). The nuclear localization of galectin-1 and galectin-3
has been associated with the processes that precede mRNA splicing. Depletion of either
galectin has been found to significantly reduce mRNA splicing (Vyakarnam et al., 1997). In
addition, Gao et al. (2018) revealed an interaction of galectin-1 with the FKH DNA binding
domain of FOXP3, predominantly in nuclei and not in the cytoplasmic area. This interaction
interferes with FOXP3 DNA binding and gene regulation abilities, increasing the transcription
of oncogenes like Bcl-2 (Gao et al., 2018).

The cytoplasmic localization of galectin-1 and 3 activates the PI3K/Akt pathway, resulting in
the phosphorylation and nuclear translocation of beta-catenin (Fang et al., 2007). In the context
of cancer cells, nuclear beta-catenin enhances the transcriptional activity, which promotes
tumor progression (Ose et al., 2012). However, the cytoplasmic accumulation of galectin-3

activates the anti-apoptotic function of galectin-3 through interaction with Bcl-2 on mitochondria
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(Takenaka et al., 2004). The galectin-dependent stimulation of apoptosis in T-cells attenuates
the immunological responses against cancer cells promoting the cancer progression (Dalotto-
Moreno et al., 2013; Rabinovich et al., 2000). Further, the extracellular galectins play an
important role in the immune response development as well (Casals et al., 2018).

In general, galectin-1 carries six cysteine residues, of which three are exposed on the protein
surface. Galectin-1 regulatory functions are thereafter redox-sensitive, while the oxidative state
is reversible (Guardia et al., 2014). As the experiments revealed an oxidative burst after
30 min, galectin-1 functions are likely affected by oxidation, which might result in an alternate
galectin-1 localization. The concentration of cellular ROS plays an important part in galectin
dimerization; low ROS levels oxidize monomeric galectin-1 molecules, and high ROS levels
can lead to multimer formation or rather galectin aggregations. Galectin-1-dimerization induced
by binding to specific ligands can protect galectin-1 from oxidative inactivation (Stowell et al.,
2009). On the other hand, the multimeric galectin-1-aggregates form disulfide bridges,
disabling galectin-1 binding abilities to glycans and losing pro-apoptotic function in T-cells.
(Arthur et al., 2015; Stowell et al., 2009).

Since enhanced Survivin levels influenced the localization of galectin-1 in response to serum
deprivation and SiNP exposure the possible advantages behind cytoplasmic and nuclear
localization of galectin-1 will be discussed on the base of relevant signaling pathway p44/42
examined in the study.

Figure 37. Ras signaling pathway stabilized by galectin-
1 at the cytosolic side of the cell membrane. The
activation of RAS induces the signal transduction
through PI3K/PDK1/Akt and Raf/MEK/p44/42 (ERK)
pathways to promote cell survival.

Survival

Paz et al. (2001) showed that high expression of galectin-1 correlated with increased levels of
H-Ras proteins localized to the inner cell membrane, which is essential for Ras-specific signal
transduction. In addition, the workgroup unveiled that active H-Ras recruited galectin-1 to the
cell membrane and not the other way around to enhance ERK (p44/42) signaling (Paz et al.,
2001; Prior & Hancock, 2012). Furthermore, Ras genes are often highly mutated in tumor cells

promoting the malignant transformation of the cell (Prior et al., 2012).
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Survivin-GFP expressing cells promoted the cytosolic or rather the membrane-localized
galectin-1. The pro-survival MAPK p44/42 was activated fast in response to serum deprivation
in Survivin-GFP expressing cells and less in wild-type cells. The results suggest that enhanced
Survivin levels favor the cytosolic accumulation of galectin-1, which might stabilize the H-
Ras/ERK signaling pathway counteracting moderate cell stress. However, SiNP attenuated
the p44/42 activation, indicating that galectin-1 mediated H-Ras stabilization and p44/42
expression cannot withstand high-stress levels. If the galectin-1/Ras/ERK signaling pathway
plays a role in Survivin-mediated resistance, has to be evaluated in further experiments by
targeting the galectin-1/Ras/ERK signaling cascade with specific inhibitors or other

approaches.

3.4 SURVIVIN INFLUENCES STARVATION AND SINP INDUCED SIGNAL-

ING PATHWAYS

3.4.1 INFLUENCE OF SURVIVIN ON THE AKT/MTOR AND AKT/FOXO PATHWAY

Under normal growth conditions, Akt acts as a promotor for cell growth by promoting mTOR
activity (Dan et al., 2014). The Akt-dependent mTOR phosphorylation leads to a negative
feedback loop downregulating the Akt expression after assembly of the mTOR complex 1
(mTORC1) (Bhaskar & Hay, 2007). Several cancer types hyperactivate the serine/threonine
kinase Akt to suppress apoptosis by inhibiting the cytochrome C release from mitochondria
(Majewski et al., 2004). However, Akt can induce the state of replicative senescence or
premature senescence (Nogueira et al., 2008). Noguiera et al. (2008) showed that
overexpression of Akt cannot prevent ROS-induced cell death and is, in contrast, sensitizing
cells to ROS-mediated apoptosis by inhibiting sestrin 3, a ROS scavenger downstream of
FoxO and negative regulator of the Rag/mTORCL1 axis (Chen et al., 2010; Nogueira et al.,
2008). Further Lu et al. (2013) showed that suppression of FoxO3a via Akt-dependent
phosphorylation prevents the expression of ROS scavenger MnSOD (Lu et al., 2013; Nogueira
et al., 2008). In addition, Zhao et al. (2010) showed that acetylated FoxOL1 in the cytoplasm
promotes autophagy and cell death through the interaction with ATG7 (Zhao et al., 2010). This
role of FoxO1 is dependent on the dissociation from NAD-dependent deacetylase sirtuin-2
(Sirt2). Since FoxO3 suppressed the expression of FoxOl the Akt-dependent FoxO3
phosphorylation and inactivation favors the FoxO1 cytoplasmic localization and autophagy
initiation (Zhou et al., 2012).

In this context, A431 wt cells responded with an increased Akt activation and increased

FoxO1/3 inactivation level to serum-deprived medium and showed a decreased p-Akt and p-
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FoxO1/3 level after treatment with SiNP. Elevated Survivin protein levels suppressed the
expression and activation of Akt and FoxO1/3a.

The lack of the FoxO1/3a signaling in Survivin overexpressing cells might mediate the
resistance against SiNP-mediated toxicity via upregulation of ROS scavenger’s sestrin 3 and
MnSOD as proposed by different studies (Lu et al., 2013; Nogueira et al., 2008). However, Akt
and FoxO1/3a expression and activation as well as autophagy were suppressed in Survivin-
GFP expressing cells, compared to wild-type cells. The results suggest a that Survivin
expressing cancer cells inactivate the Akt/FOXO pathway to prevent the SiNP induced
autophagy-dependent cell death. Simultaneously, enhanced Survivin levels might increase

ROS scavenger genes to counteract SiNP-generated ROS.
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Figure 38. FoxO regulation in response to low and high ROS levels. Low ROS levels active kinase JNK, which
phosphorylates FoxO4 leading to the translocation and transcriptional activation to enhance the expression of ROS
scavenger MnSOD. High ROS levels stimulate different kinds of kinases such as p38, Akt, and p44/42. The stress
kinase p38 phosphorylates FoxO proteins, inducing the transcription of pro-apoptotic genes such as BIM and
suppressing pro-survival genes such as Survivin. In general, Akt and p44/42 inhibit the transcriptional activation of
FoxO proteins leading to the arrest of FoxO members in the cytosol. Hence the transcription of autophagy-related
genes by FoxO1 suppresses autophagy too. FoxO3 can suppress the FoxO1-related gene transcription providing
another control switch to the autophagy process. In addition, high ROS levels impair the Sirt2/FoxO1 complex,
triggering the acetylation (Ac) of FoxO1. In turn, the autophagy-related gene ATG7 replaces Sirt2 as a complex
partner and initiates autophagy. Overall, a feedback loop is established controlling the autophagy flux in response

to high ROS levels. Created with Biorender.com

Since several experiments showed that SINP affect important pro-survival kinases like Akt and
p44/42, and on the other hand stress stress-related MAPK p38, they will be discussed here in
the context of FoxO signaling.

Overall, Akt-mediated phosphorylation promotes the inactivation of FoxO-dependent gene
expression, while MAPK p38 and JNK-dependent phosphorylation of FoxO proteins modulate
FoxO protein activity (Figure 38) (Asada et al., 2007; Essers et al., 2004:Yang, 2008 #368).
Pan et al. (2017) proposed a mechanism where Akt-dependent phosphorylation of FoxO1
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causes the inhibition of FoxO1 tumor suppressive abilities; Akt-mediated phosphorylation of
FoxO1 at Ser 319 promotes FoxOl1 interaction with the scaffold protein 1Q Motif Containing
GTPase Activating Protein 1 (IQGAP1) in the cytoplasm, interrupting IQGAP1-mediated
phosphorylation of MAPK p44/42 (ERK). Hence Survivin-dependent Akt downregulation might
promote IQGAP1-dependent activation of the pro-survival MAPK p44/42 (ERK), which then
results in an enhanced resistance against chemotherapeutics and might promote resistance
against SiNP toxicity in the thesis context (Pan et al., 2017).

The treatment with SINP led to a time-dependent activation of stress kinase p38 in A431 wt
cells, while p38 was suppressed or delayed in Survivin-GFP expressing cells.

Ho et al. (2012) treated MCF-7 breast cancer cells with a well-documented ROS-inducing
agent, Doxorubicin. The treatment activated MAPK p38, which in turn phosphorylated Ser7 on
the FoxO3a protein, and induced its nuclear relocation. The p38-activated FoxO3 transcription
factor promoted the transcription of cell stress and apoptosis-related genes such as BIM and
further suppressed pro-survival factors such as Survivin (Ho et al., 2012) ,(Figure 38).

In this context, suppression of the p38/FoxO3a pro-apoptotic axis might present a resistance
mechanism against SiNP toxicity mediated by high Survivin expression levels in cancer cells.
FoxO3a was partially relocated into nuclei in A431 wt cells treated with ROS-inducing agent
menadione, and SiNP. Furthermore, the enhanced expression of Survivin suppressed the
overall expression of the FoxO3a proteins. Together these results support the assumption that
Survivin might inhibit the p38/FoxO3a pro-apoptotic axis to act against SiNP toxicity. Indeed,
the absence of FoxO transcription factors is related to several cancer types. Those cancer
cells exhibit often chromosomal translocations of FOXO genes or have an enhanced miRNA
dependent FoxO protein degradation level (Liu et al., 2011; Parry et al., 1994). Overall, the
results presented highlight the role of Survivin in the dysregulation of FoxO transcription factors

in cancer cells.

3.4.2 RELATIONSHIP BETWEEN P38 AND AKT

MAPK p38 can directly activate the Akt transcription, elevating the Akt protein level and activity
through Akt phosphorylation during myogenesis, but not the other way around (Cabane et al.,
2004). A constitutive Akt activity decreases p38 activity, while Akt suppression increases p-
p38 under hyperglycemic long-term conditions (Rane et al., 2010). In endothelial cells, the
interplay between Akt and p38 decides between survival and apoptosis. Constitutive active Akt
inhibits MKK3 due to the Akt-dependent phosphorylation resulting in a declined MKK3/6
activity, which is followed by a suppressed p38 activity, promoting cell survival. On the other
hand, a declined Akt activity was related to an increased MKK3/p38 activation and apoptosis
(Gratton et al., 2001). Artificially enhanced expression of Survivin suppressed the expression

and activation of Akt, but the p38 activity was not enhanced. In contrast, p38 activation was
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delayed in response to serum deprivation when Survivin was overexpressed. Further, inhibition
of p38 in Survivin-GFP expressing cells increased the resistance against SiNP but did not
affect A431 wt cells without and with a siRNA-induced Survivin knockdown. The p38-inhibitor
SB203580 can suppress the Akt activation (Lali et al., 2000), but this effect was unfortunately
not examined in this relation. However, in addition to serum deprivation SiNP increased the
activation of p38, and attenuated Akt in A431 wt cells. A Survivin knockdown amplified the
effects, while enhanced Survivin levels attenuated the p38 activation. Overall, these findings
suggest suggesting a tight regulative network connecting Survivin, Akt, and p38 that might

promote cancer cell resistance against nanoparticle-based drug formulations.

3.4.3 RELATIONSHIP BETWEEN SURVIVIN, P38 AND SINP-GENERATED ROS

The interaction between p38 and mTOR and their outcome signal transduction depends
strongly on the context of the applied test system. A serum-deprived medium can enhance the
cellular ROS level, stimulating AMPK and inactivating mTOR, while additional ROS can
overpass AMPK-dependent mTOR inhibition (Hernandez et al., 2011). Hernandez et al. (2011)
showed that mTOR is activated by p38 as a survival pathway due to enhanced ROS levels
induced by H,O; in cardiomyocytes (Hernandez et al.,, 2011). This study is supported by
findings from Herbele et al. (2019) showing that PI3K/p38 activation under stress conditions
can activate mTOR (Heberle et al., 2019). In the used test system, the activation of p38 did
not correlate with mTOR activation. On the contrary, mTOR and p38 showed rather both-sided
negative regulation. Muranen et al. (2016) showed that mTOR can act as an upstream
suppressor of p38, the other way around prolonged mTOR suppression increases p38
activation initiating a proliferation arrest to prevent apoptosis (Muranen et al., 2016).

In addition, activation of MAPK p38 via phosphorylation is a marker for ROS-induced cell stress
(Jia et al., 2007). Stress kinase p38 contains a redox-sensitive loop, which is responsible for
the dimerization with MKKS3 via covalent disulfide bridges (Bassi et al., 2017). Ma et al. (2007)
gave evidence that the interaction of p38 with MKK3 is necessary to initiate ROS-induced
apoptosis in tubular epithelial cells (Ma et al., 2007). Another study described the MKK3-
mediated phosphorylation of p38 as a tumor growth and migration-promoting axis in
nasopharyngeal carcinoma. Hence p38 expression correlated with tumor migration and
metastasis in metastatic melanoma (Chiang et al., 2020; Naffa et al., 2020). Further, p38 can
form heterodimers with MK2 in a phosphorylated or unphosphorylated form. The complexation
with the unphosphorylated p38 keeps the complex inside the nucleus by blocking the
phosphorylation of MK2. MK2 phosphorylation activates the nucleus export signal
translocating the p38-MK2 complex into the cytosol leading to further activation of signal

transducing MAPKs (Lukas et al., 2004; Sok et al., 2020). Survivin-overexpressing cells did
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not show these dimers in any experiment, but A431 wt exhibited bands corresponding to the
p38 complex.

In sum, the expression and activation of MAPK p38 is a crucial regulator determining the faith
of cells under stress, promoting cell survival or death. Here, the activation of MAPK p38 is most
likely a marker for ROS-mediated stress, inducing cell apoptotic processes (Jia et al., 2007).
In addition, MAPK p38 can suppress basal autophagy as well as starvation-dependent
autophagy by acting as an allosteric inhibitor for the mATG9-p38IP interaction (Webber &
Tooze, 2010). On the other hand, Survivin has a suppressive function onto the p38 activation
and p38 dimer formation, leading to the assumption that the suppression of p-p38, and
especially the dimer formation might be a main protective mechanism against SiNP-mediated
toxicity in Survivin overexpressing cancer cells. The mechanism behind this could involve
ROS-reducing processes like the Warburg effect, which was shown to be controlled by Survivin
and further indicated in the thesis work (Townley & Wheatley, 2020).

3.4.4 SINP INDUCE EGFR-MEDIATED EXTRACELLULAR SIGNALING

EGFR is overexpressed in various solid tumors as well as in the used cell line A431 (Zhang et
al., 2015). Under normal conditions, EGFR promotes cell survival by activating PI3K/Akt
signaling and enhancing mTOR activity, resulting in autophagy suppression (Kwon et al., 2019)
and in an enhanced Survivin expression (Wang & Greene, 2005). Various stress stimuli induce
the internalization of EGFR without previous activation through phosphorylation by ligands
(Tomas et al., 2017). Among others, stress-activated MAPK kinase p38 is responsible for the
internalization of EGFR (Tomas et al., 2017). In turn, EGFR stimulates cell survival pathways,
including autophagy. The prolonged p38 activation promotes the lysosomal degradation and/or
recycling of the internalized EGFR back to the cell surface (Perez Verdaguer et al., 2021,
Zwang & Yarden, 2006). In the scope of this work, SINP activated stress-related MAPK p38
and parallel led to the degradation of EGFR. Introducing ROS scavenger NAC attenuated but
did not prevented the EGFR degradation and p38 activation. Kiimper et al. (2017) showed that
SINP could directly interfere with EGFR ligand-dependent activation leading to Akt
suppression, resulting in decreased cell proliferation (Kimper, 2017). Overall, it is likely that
SINP address the EGFR/PI3K/Akt pathway in EGFR overexpressing cell line A431. The
pathway might declare the Akt suppression and the decline of cell viability in A431 wt cells due
to SINP exposure. However, p38 is also mediating EGFR-induced cell death in the EGFR
overexpressing cell line A431 (Kozyulina et al., 2013), which might explain the enhanced

resistance against SiNP by use of p38 inhibitor SB203580 in Survivin-GFP expressing cells.
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3.5 AUTOPHAGY MODULATORS

3.5.1 AMPK-DEPENDENT AUTOPHAGY INITIATION

AMPK is an mTOR inhibitor inducing autophagy under serum-deprived conditions. Starvation
of growth factors or amino acids induces the nuclear translocation of AMPK, promoting the
expression of autophagy-related genes by stabilizing the coactivator of TFEB-mediated gene
transcription, CARM-1 (Shin et al., 2016). Compound C (CC) as an AMPK inhibitor, inhibits
AMPK activation and consequently should prevent autophagy, but on the contrary, CC
increased autophagy markers. The combination of AMPK inhibitor CC and SiNP did not show
synergistic effects. Since AMPK inhibitor CC did not prevent the autophagy characteristic
organelle shift in SINP treated cells, the results indicate an AMPK/mTOR-independent
autophagy initiation pathway triggered by SiNP.

Activation of AMPK promotes the change from phosphorylated oxidation to glycolysis by
removing mitochondria through mitophagy, reducing the ATP and ROS production (Domenech
et al., 2015). In turn, the mitochondrial dysfunction impairs the lysosomal degradation pathway
leading to increased lysosomal size and the accumulation of lysosomes and ROS (Demers-
Lamarche et al., 2016). Enhanced intracellular ROS levels can activate the MCOLNL1 calcium
channel on lysosomes to release Ca?*. An increased Ca?" level can activate TFEB as well as
autophagy and lysosome-related genes, stimulating the clearance of mitochondria through
mitophagy (Zhang et al., 2016). Altogether, an increased ROS level can activate autophagy
and in turn, mMTORC1 is reactivated due to autophagy-derived amino acids entering the cell
cycle process (Rodgers et al., 2014).

The deprivation of glucose and serum promotes the nuclear translocation of GAPDH. The
starvation conditions activate AMPK, which initiates the translocation of GAPDH through
phosphorylation. In turn, GAPDH activates Sirtl in the nucleus and stimulates autophagy
initiation. The interaction of p-GAPDH with Sirtl stimulates apoptotic processes in response to
permanent stress. (Chang et al., 2015). In more detail the translocation of GAPDH is fine-tuned
by AMPK and Akt-mediated phosphorylation; AMPK-dependent phosphorylation induces the
nuclear translocation and results in autophagy and apoptosis, while the Akt-dependent
phosphorylation arrests GAPDH in the cytoplasm promoting its anti-apoptotic functions (Kwon
et al., 2010). Therefore, Akt2 stabilizes GAPDH by complexation and preventing the caspase-
independent apoptotic death (Jacquin et al., 2013). Hence GAPDH is downregulated in
response to SiNP, treated cells might address the AMPK/GAPDH signaling axis to promote

autophagy and apoptosis. However, further examination is required to prove this assumption.
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3.5.2 PISK/AKT/MTOR DEPENDENT AUTOPHAGY REGULATION

Since the Akt expression and activation were inhibited in A431 Survivin-GFP expressing cells
the PI3K inhibitors LY294002 and Wortmannin were used in the attempt to decrease the cell
viability. The combination achieved no additional cytotoxicity, but the presented data showed
that both PI3K inhibitors promoted the activation of the pro-survival regulator mTOR in A431
wild-type and were less effective in Survivin-GFP expressing cells. The results support the
assumption of a contra-productive use of PI3K inhibitors alone or in combination with SiNP. In
this context, Wang et al. (2017) showed that LY294002 enhances the activation of the pro-
survival Akt by phosphorylation specifically in gemcitabine (GEM) resistant pancreatic cancer
cells (Y. Wang et al., 2017).

Normal growth conditions promote the PI3K/PDK-1/Akt pathway, while serum and growth
factor deprivation enhance the PDK-1 independent calcium/calmodulin-dependent protein
kinase kinase 2 (CaMMK2) pathway to phosphorylate Akt at Thr308. The PI3K-independent
activation of Akt during starvation improves the cell viability of cancer cells, which might explain
the observed vitality of A431 wt cells in a serum-free medium (S. Dai et al., 2016).

Lee et al. (2019) described two pathways that occurred during the SiNP-induced cell death.
Besides the caspase-3-dependent cell death induced due to ER stress, Lee showed that SINP
led to the activation of autophagy-mediated necroptosis. Necroptosis was mediated by the
PI3K/Akt/eNOS-induced formation of the necroptosome, indicated by receptor-interacting
serine/threonine-protein kinase 1 (RIPK1) dependent activation of RIPK3 (Lee et al., 2019).
Hence, Survivin-GFP expressing cells suppressed the Akt expression and activation as well
as the autophagy initiation; it would be plausible that Survivin overexpression prevents the
formation of the necroptosom, elucidating Survivin-mediated resistance against SiNP-induced
toxicity. However, further analysis is required to prove this theory in the thesis context.
Overall, PI3K inhibition with Wortmannin or LY294002 had a high impact on the mTOR
activation status in SiNP-treated A431 wt and Survivin-GFP expressing cells. Despite
Wortmannin being shown to inhibit cell proliferation and further increase cell death in
combination with LY294002 (Y. Wang et al., 2017) the PI3K inhibitors showed no significant
influence on the SiNP-induced cell toxicity. Conclusively, the combination of PI3K inhibitors
LY294002 or Wortmannin with SiNP should be excluded from Survivin-targeting cancer

therapies, which are based on SiNP.
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4 MATERIALS AND METHODS

4.1 MATERIALS

4.1.1 APPLIANCES

Table 1: Appliances

Materials and Methods

Appliance Model Manufacturer

Agarose Gel System Mini L peqLab, VWR, Darmstadt

Array Scan VTI Thermo Fisher Scientific,
Dreieich

Autoclave 5050 ELV Tuttnauer, Breda

Cell Counting Device CASY TTC OMNI Life Science,
Hamburg

Cell Culture Hood Hera safe Heraeus Holding GmbH,
Hanau

Cell Freezing Container CoolCell Biocision, USA

Centrifuge, Benchtop Mini Spin Eppendorf, Hamburg

Centrifuge, Benchtop
Centrifuge, Falcons

Chemidoc

Crushed Ice Machine

Fluorescence Reader
Freezer (-20 °C)
Freezer (-80 °C)
Fridge

Gel Documentation

Heating Block

Incubator

Incubator

Micro Scale

Centrifuge 5415D
Heraeus Multifuge 1L-R
MP Imaging System
AF 80

Tecan Spark

TSX

Multi

system

Genius, Bioimaging
Thermomixer
Hera Cell

CB 60
PCB250-3
PCB8000-1

Eppendorf, Hamburg
Thermo Scientific, Tuttlingen
Bio-Rad Laboratories,
Minchen

Scotsman, Vernon Hills,
USA

Tecan, Crailsheim
Liebherr, Bulle, Schweiz
Thermo Scientific, Dreieich
Liebherr, Bulle, Schweiz
Syngene, Cambridge

Eppendorf, Hamburg
Thermo Fisher Scientifc,
Dreieich

Binder, Tuttlingen
Kern&Sohn, Balingen-

Frommern
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Appliance Model Manufacturer
Microscope, Fluorescence Axiovert 200M Zeiss, Oberkochen
Microscope, Cell Culture Nikon TMS Nikon, Dusseldorf
Microscope, 2PE Leica TCS SP8 DIVE Leica, Wetzlar
Microwave M730 Philips, Hamburg
Nanophotometer NanoDrop Thermo Fisher Scientific,
Dreieich
Nitrogen Tank GT 38 Omnilab AG,
Mettmennstetten
pH-Meter EasyFive Mettler Toledo, Giel3en
Pipette (Multi Channel) Research plus Eppendorf, Hamburg
Pipettes Pipetman Neo Gilson, Limburg-Offenheim
P2N, P200N, P1000N,
P5000N
Pipette Pipetboy acu INTEGRA Biosciences,

Power Supply
Roller mixer
Scale

SDS Gel System

Shaker

Sonicator

Stirring Plate
Thermocycler
Thermocycler
Turbo-Blotter

Ultrafine scale

Vortex Mixer

PowerPac

RollerMixer SRT6
ABT 120-SDM

Mini Protean Cell

WS 10

Rocker 2d digital

3D Rocking Shaker
Sonoplus mini20

Sonoplus 2070

Ikama RCT

T Personal

One Cycler

Trans-Blot Turbo Transfer
System

ABT 120-5DM

VWR VV3
REAX 2000

Fernwald

Bio-Rad Laboratories,
Munchen

Stuart Scientific, Asbach
Kern&Sohn, Balingen
Bio-Rad Laboratories,
Minchen

Edmung Buhler GmbH,
Hechingen

IKA, Staufen

StarLab, Hamburg
Bandelin, Berlin
Bandelin, Berlin

Ika, Staufen

Biometra, Jena

VWR, Darmstadt
Bio-Rad Laboratories,
Minchen

Kern&Sohn, Balingen-
Frommern

VWR, Darmstadt
Heidolph, Schwabach
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4.1.2 CONSUMABLES

Table 2: Chemicals and medium additives

Materials and Methods

Type

Supplier

Acrylamide (Rotiphorese 30)
Amphotericin B

AlamarBlue

Agarose

Ammonium persulfate (APS)
Bovines Serum Albumin (BSA)
Bradford Protein Assay
Bromophenol blue
Casy-Blue

Casy-Ton

Complete Protease Inhibitor
D-Glucose

Dimethyl sulfoxide (DMSO)
Dithiothreitol (DTT)
Dulbeccos Modified Eagle Medium
(DMEM)
Ethylenediaminetetraacetic acid (EDTA)
Ethidium Bromide

Ethanol

Ethanol, denatured

Fetal Calf Serum (FCS)
G418 -BC

Glutamin

Glycin

Hoechst 33342

Isopropanol

Lipofectamine® RNAiMax
KCI

KH2PO,4

Skim Milk Powder
Mercaptoethanol

MgSO.,

Methanol

Carl Roth, Karlsruhe

Sigma Aldrich, Merck, Darmstadt
Thermo Fisher Scientific, Dreieich
Invitrogen, Karlsruhe
AppliChem, Darmstadt
AppliChem, Darmstadt

Bio-Rad, Dreieich

Sigma Aldrich, Merck, Darmstadt
OMNI Life Science, Hamburg
OMNI Life Science, Hamburg
Roche, Penzberg

AppliChem, Darmstadt
AppliChem, Darmstadt

Carl Roth, Karslruhe

Gibco, Invitrogen, Karlsruhe

AppliChem, Darmstadt

Sigma Aldrich, Merck, Darmstadt
Carl Roth, Karlsruhe

Hofer Chemie,

Gibco, Invitrogen, Karlsruhe
Biochrom AG, Berlin

Gibco, Invitrogen, Karlsruhe
AppliChem, Darmstadt

Sigma Aldrich, Merck, Darmstadt
Fisher Scientific, Schwerte
Invitrogen, Karlsruhe

Carl Roth, Karslruhe

Carl Roth, Karslruhe

AppliChem, Darmstadt

Carl Roth, Karslruhe

AppliChem, Darmstadt

Carl Roth, Karslruhe
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Type Supplier

NacCl Carl Roth, Karlsruhe
NaHCO3 Carl Roth, Karlsruhe

NEAA Gibco, Invitrogen, Karlsruhe

Opti-Minimal Essential Medium (MEM)
PageRuler Plus Prestained Protein
Ladder

Paraformaldehyde

Phosphate Buffered Saline (PBS), sterile
Penicillin/Streptomycin (PenStrep)
ReBlot strong (10x) Stripping Buffer
Roswell Park Memorial Institute (RPMI)
Sodium Dodecyl Sulfate (SDS)
Tetramethylethylenediamine (TEMED)
Tris(hydroxymethyl)-aminomethane (Tris)
Triton X-100

Tween 20

Urea

Gibco, Invitrogen, Karlsruhe

Thermo Fisher Scientific, Dreieich

Serva Electrophoresis, Heidelberg
Gibco, Invitrogen, Karlsruhe
Gibco, Invitrogen, Karlsruhe
Chemicon International

Gibco, Invitrogen, Karlsruhe

Carl Roth, Karlsruhe

Serva Electrophoresis, Heidelberg
Neolab, Heidelberg

Sigma Aldrich, Merck, Darmstadt
AppliChem, Darmstadt

Merck, Darmstadt

Table 3: Laboratory consumables

Type

Supplier

Casy tubes

Cell Culture Bottles T25, T75, T225
Cell Culture Plates 10 cm

Cell Culture Plates 24 well

Cell Culture Plates 96 well

Cell Culture Plates, 8 well

Cell Culture Disks, Microscopy

Cell Culture Disks, 4 well Microscopy
Cryopreservation Tubes:

CryzoTraq Tube 2D

Falcon Tubes (15 mL, 50 mL)

Micro reaction tubes (0,5 mL, 1,5 mL,
2mL)

Micro reaction tubes (5 mL)
Mini-PROTEAN TGX Precast Gels

OMNI Life Science, Hamburg
Greiner Bio-One, Osterreich
Greiner Bio-One, Osterreich
Greiner Bio-One, Osterreich
Greiner Bio-One, Osterreich
Ibidi, Martinsried

Mattek, USA

Mattek, USA

Biozym Scientific GmbH, Hessisch
Oldendorf

Greiner Bio-One, Osterreich

Ratiolab, Dreieich

Eppendorf, Hamburg

Bio-Rad Laboratories, Dreieich
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Type

Supplier

Pipettes (2 mL)

Pipettes (5 mL, 10 mL, 25 mL)

Pipette Tips (10 pL)

Pipette Tips (200 pL, 1.000 pL, 5.000 pL)

Syringe Filter (sterile, 0.22 um pore size)

Corning, USA

Greiner Bio-One, Osterreich
Starlab, Hamburg

Falcon, Corning, USA
Greiner Bio-One, Osterreich
Sarstedt, Niumbrecht

Merck Milipore, Darmstadt

4.1.3 ENZYMES

Table 4: Enzymes

Enzyme

Supplier

RNase-free DNase

Trypsin LE Express

Qiagen, Hilden

Gibco, Invitrogen, Karlsruhe

4.1.4 BUFFERS AND SOLUTIONS

Table 5: Buffers and solutions

Type

Composition

0.1% Tween
1% Agarose gel

1x Dissociation Buffer

0.1% Tween 20 in PBS
1% agarose in TAE
62.5 mM Tris, 10% glycerin, 2% SDS, 50 mM DTT, 0.01%

bromophenol blue

6x Dissociation Buffer

350 mM Tris-HCI, 30% B-mercaptoethanol, 10% SDS, 30%

glycerin, 0.02% bromophenol blue

DNA Loading Buffer

blue
Hutner’s Trace Elements
(HTE)

15% glycerin (87%), 3 mM EDTA, 600 mg/l bromophenol

2.2 g ZnSO47 H,0, 1.1 g HsBOs, 0.5 g MnCl>-4 H.0, 0.5 g
FeS047 H20, 0.16 g CoCl,-6 H,0, 0.16 g CuSO.-5 H20, 0.11

g (NH4)M07024-4 H.0O, 5 g EDTA, ad 100 mL H»0, pH 6.5

Lysis Buffer
Milk/PBS

8 M urea, 2% CHAPS, 0.01% bromophenol blue
5% skim milk powder in PBS
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Type Composition
PBS 4.3 mM NazPO4, 1.4 mM KH2POQO4, 137 mM NacCl, 2.7 mM
KCI, pH 7.4
PBS-T 0.1% Tween 20 in PBS
PBSTD 0.3% Triton X-100, 1% DMSO in PBS
PBSTD/BSA 1% BSA in PBSTD
PBSTD/FCS 5% FCS in PBSTD

Radioimmunoprecipitation
assay buffer (RIPA) Buffer

SDS Buffer (Stacking gel)

SDS Buffer
Tris-Acetate-EDTA-Puffer
(TAE)

Tris-HCI

150 mM NacCl, 50 mM Tris-HCI, 1 mM EDTA, 1% NP-40,

1% Na-deoxycholate, 0.5 mM PMSF, Complete 1/50 mL,
0.1% SDS

26.6 mL Rotiphorese 30, 125 mM Tris-HCI (pH 6.8), 0.1%
SDS, ad 200 mL

3 g/l Tris, 14,4 g/l Tris, 1 g/l SDS

4.84 g/l Tris, 2.29 g/l Na-3 H.0, 1 mM EDTA, pH 8 (HCI)

0.5 M Tris, pH 6.8 (HCI)

4.1.5 COMMERCIAL KITS AND STAINING

Table 6: Commercial kits and staining

Type

Supplier

CellROX™ Green Reagent

CellROX™ QOrange Reagent

CellTiterGlo 2.0

Clarity Western ECL
Hoechst 33342
LysoTracker Green DND
LysoTracker Red DND-99
MitoTracker Deep Red FM

Thermo Fisher Scientific, Dreieich
Thermo Fisher Scientific, Dreieich
Promega, Mannheim

Bio-Rad Laboratories, Dreieich
Sigma Aldrich, Merck, Darmstadt
Fisher Scientific GmbH, Schwerte
Fisher Scientific GmbH, Schwerte
Fisher Scientific GmbH, Schwerte

Mycoplasma Detection Kit for Minerva-biolabs GmbH, Berlin
conventional PCR (Venor®GeM

Advance)

Trans-Blot Turbo RTA Mini PVDF Bio-Rad Laboratories, Dreieich

Transfer Kit
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4.1.6 CELL LINES

Table 7: Cell lines

Materials and Methods

Name Organism, Entity Medium ATCC/Reference
A431 Epidermoid carcinoma DMEM, 10% FCS, CRL-1555
Glutamine, PenStrep
A431 Epidermoid carcinoma DMEM, 10% FCS, CRL-1555
Survivin-GFP Glutamine, PenStrep
or GFP stably G418 - BC
transfected
293T Human embryonic kidney DMEM, 10% FCS, CRL-11268
Glutamine, PenStrep CVCL_0063
FaDu Human hypopharyngeal DMEM, 10% FCS, ATCC-HTB43
squamous cell carcinoma Glutamine, PenStrep, CvCL_1218
1% NEAA, 1% HEPES,
2% Sodium-Bicarbonat
H441 Human lung papillary RPMI, 10% FCS, HTB-174
adenocarcinoma Glutamine, PenStrep CVCL_1561
Iso-Has-1 Human skin angiosarcoma RPMI, 10% FCS, CVCL_Cb16

Glutamine, PenStrep
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4.1.7 ANTIBODIES

Table 8: Primary antibodies for western blot (WB) and immunofluorescence (IF)

Materials and Methods

No. Antigen Host Clone Dilution Dilution Supplier
intern type in WB inlIF No. Suppl.

F2 Actin rabbit poly 1:2000 1:200 Sigma A2066
Bl Akt (pan) rabbit mono  1:1000 / Cell Signaling
(C67E7) 4691
B2 Akt phospho rabbit 1:1000 / Cell Signaling
(Ser4d73) 9271
B41 Akt phospho rabbit mono  1:1000 / Cell Signaling
(Ser473) 3787S

B85 Bcl-2 phospho rabbit mono  1:1000 / Cell Signaling
(Ser 70) (5H2) 2827
6 Bcl-2 rabbit poly 1:1000 / Santa Cruz
sc-492
B83 Beclin-1 rabbit poly 1:1000 / Cell Signaling
3738
F5 BIM rabbit poly 1:1000 / Sigma B7929
B92 Bim (C34C5) rabbit mono  1:1000 / Cell Signaling
2933
B6 Cleav.Caspase-3 rabbit poly 1:1000 / Cell Signaling
(Aspl75) 9661
F104 galectin 1 rabbit mono / 1:1000 Thermo Fisher
MA5-32779
B12 GFP rabbit poly 1:1000 / Acris Antibodies
SP3005P
157 Lamp-1 mouse mono 1:1000 1:50 Santa Cruz
sc-17768
B79 LC3A/B rabbit poly 1:5000 1:200 Cell Signaling
4108
B20 MAP Kinase 1/2  rabbit poly 1:1000 / Upstate(Millipore)
(Erk 1/2) 06-182
B19 MAPK Upstate(Millipore)
B21 MAPK p38 rabbit poly 1:1000 / Cell Signaling
9212

86



Materials and Methods

No. Antigen Host Clone Dilution Dilution Supplier
intern type in WB inlIF No. Suppl.
B22 MAPK p38 rabbit poly 1:1000 / Cell Signaling
(Thr180/Tyr182) 9211
B54 MAPK p44/42 mouse mono 1:1000 / Cell Signaling
(L34F12) 4696
B23 MAPK p44/42 rabbit poly 1:1000 / Cell Signaling
(Thr202/Tyr204) 9101
B24 MAPK p44/42 rabbit poly 1:1000 / Cell Signaling
(Thr202/Tyr204) 4370
B84 MTOR (7C10) rabbit mono  1:1000 / Cell Signaling
2983
B86 MTOR phospho  rabbit mono  1:1000 / Cell Signaling
(Ser2448) (D9C2) 5536
B62 NfkB p65 rabbit 1:1000 / Cell Signaling
(D14E12) 8242
B34 SAPK/INK rabbit poly 1:1000 / Cell Signaling
phospho 9251
(Thr183/Tyr185)
B78 Smac/Diablo rabbit mono  1:1000 / Cell Signaling
(D5S3R) 15108
F33 Survivin rabbit poly 1:1000 / Novus Biologicals
NB500-201
Fo6 Survivin (60.11) mouse mono 1:1000 / OriGene
TA301425
F38 Tubulin a mouse mono 1:1000 / Sigma T5168
B38 Tubulin B rabbit mono  1:1000 1:1000 Abcam ab179513
F39 Tubuliny mouse mono 1:1000 / Sigma T6557
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Table 9. Secondary antibodies for western blot (WB) and immunofluorescence (IF)

Materials and Methods

No. Antigen and Host Dilution in Dilution in Supplier
intern Fluorophore WB IF No. supplier
B73 a-mouse (HRP) horse 1:5000 Cell Signaling
7076
B74 a-rabbit (HRP) goat 1:5000 Cell Signaling
7074
n.a a-mouse (FITC) donkey 1:200 Abcam ab6812
n.a. a-rabbit (FITC) goat 1:200
n.a. a-mouse (Cy3) goat 1:300 Dianova
115-165-062
n.a. a-rabbit (Cy3) goat 1:500 Dianova 111-
165-003
4.1.8 NANOPARTICLES
Table 10: Nanoparticles
Name Feature Supplier/Reference

AmSil20/ NexSil™ 20

Kiskergreen/red

Amorphous silica NP, 32 nm, -15 mV

Nyacol, USA

Commercial silica NP, 50 nm, green/red Kisker Biotech,

fluorescent

Steinfurt
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4.1.9 SOFTWARE

Table 11: Software

Materials and Methods

Program Supplier/Reference
AXxiovision Zeiss, Oberkochen
Benchling Benchling [Biology Software]. (2020).

BLAST, GeneBank

Canvas X 2019
CLASTR

Endnote
Image Lab

Fiji/ImageJ

GraphPad PRISM 8/ 9

Leica Image Suite

Available from https://benchling.com.
National Center for Biotechnology Information
(NCBI). Bethesda (MD): National Library of
Medicine (US), National Center for
Biotechnology Information. Available from
https://www.nchbi.nlm.nih.gov/

Canvas GFX, Inc., Boston, USA

CLASTR, the Cellosaurus STR Similarity
Search Tool, Version 1.4.4. Available from
https://web.expasy.org/cellosaurus-str-search/
Clarivate Analytics, California

Bio-Rad Laboratories GmbH, Feldkirchen
See Schindelin et al. (2012)
https://imagej.nih.govl/ij/

Graphpad Software, Inc., San Diego, USA

Leica, Wetzlar
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4.2 METHODS

4.2.1 CELL BIOLOGICAL METHODS

4.2.1.1 CELL STOCK PREPARATION

Cell stocks were prepared from confluent flasks and dissolved with trypsin according to the
flask size by incubation on a heat plate (37°C) (Table 12). The detached cells were suspended
in full growth medium and moved into a falcon for washing (1500 rpm, 5 min, RT). For long-
term storage in a nitrogen tank, FCS was prepared with 10% DMSO. The washed cell pellets
were gently mixed with the according volume of FCS/ 10% DMSO and aliquoted as 1 mL in
cryopreservation tubes (Biozyme, Hess. Oldendorf). The cryopreservation tubes were inserted
into a cell freezing container (Biosicion, USA) and cooled down for 24 h in a -80°C freezer
(Thermo Scientific, Dreieich) before the samples were moved into the nitrogen tank for long-

term storage.

Table 12. Cell stock preparation. Required components for preparing cell stocks for long-term storage in a nitrogen
tank according to the number of stocks and used flask size.

Culture Trypsin volume FCS+ 10% DMSO Amount of
area (cm?) (mL) (mL) stocks
25 0.5 1 1
75 1.5 3 3
175 3.0 5 5

4.2.1.2 THAWING OF CELL STOCKS AND CELL CULTURE

Frozen cells in cryopreservation tubes were stored on ice until further steps were performed.
The cryopreservative tubes were swirled in a preheated water bath (37°C) until only a little ice
remained in the samples. In a sterile environment, cells were suspended in 5 mL FCS and
washed and pelleted at 1500 rpm for 5 min at RT. Next, the supernatant was removed with a
glass Pasteur pipette. The pellet was suspended in full growth culture medium and seeded
into a small culture flask. Cells were cultured at 37°C and 5% CO. until further steps such as
medium change or cell division (splitting) were required. Splitting was performed in general
every two days according to the cell growth rate. For the cell splitting, cells were rinsed once
with PBS and trypsinized with the according trypsin volume (Table 12). The treated flasks were
incubated on a heat plate (37°C) to detach the cells. Then, cells were suspended in full growth
medium and divided according to the required cell density for further cultivation and/or

experimental demands.
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4.2.1.3 MYCOPLASMA TEST

After one week of cultivation of newly thawed cells, cells were tested for mycoplasma
contamination. The test was performed with the Venor®GeM Advance Kit (Minerva-Biolabs,
Berlin) according to the manufacturer's instructions. Further test requirements included a 1.5%
agarose gel, supplemented with 12 uL ethidium bromide onto 35 mL liquid agarose. The gel
electrophoresis was performed for 30 min, 100V in TAE buffer. Then the Gels were
documented with an imaging system using UV light (Multi Genius, Syngene, Cambridge).

Only mycoplasma-negative cells were further cultivated in a normal growth medium, otherwise,
cells were treated with a medium supplemented with plasmocin to eliminate the mycoplasma

contaminations.

4.2.1.4 CELL SEEDING AND COUNTING

For cell seeding cells were counted with an automated cell counting device (Casy, OMNI Life
Science, Hamburg). For automized cell counting, each cell line was pre-established by
incubating the cell suspension with 200 pL Casy Blue Reagent for 10 min to determine the
parameters for dead cells. Dilution in CasyTon® was prepared to set up parameters for viable
cells. Following measurements with the Casy® TTC system (OMNI Life Science, Hamburg)
were performed with 50 uL cell suspension in 10 mL CasyTon®. Cells were counted in three
cycles while analyzing a 500 uL volume for each round and calculated the mean cell number
per milliliter as well as the cell viability. The mean value was used to adjust the cell number to

experimental requirements. If not described otherwise, cells were seeded as follows:

Table 13. Cell seeding. General cell seeding numbers to reach the experimental requirements after 24 h cell

culture for different test systems.

Experimental Cell Medium
system number/cavity volume
96-well plate 1-104 200 pL
48-well plate 2-10% 200 pL
24-well plate 5.10% 0.5mL
8-well ibidi slide 1-10% 200 pL
4-well cell culture dish 2-10* 0.5 mL
Cell culture dish 1-10° 2 mL
10 cm cell culture

2108 10 mL

plate
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In general, cells were ready to use for treatments after overnight cultivation. For special
treatments with a duration of 48 h cells were seeded with an adjusted cell number to meet the

experimental requirements for the main treatment time after 48 h.

4.2.2 TREATMENTS

4.2.2.1 TREATMENT WITH SINP

The SINP concentrations were adjusted first in deionized water in a manner that final
concentrations could be prepared 1:1000 in a serum-free medium. Before the SiNP treatment
cells were washed three times with a serum-free medium to remove remaining serum proteins.
Cells were treated for 2 h or 4 h with SINP in a serum-free medium or according to the
experimental settings. For later time points SiNP containing medium was removed and cells
were rinsed three times with PBS, then serum containing full growth medium was added for

prolonged incubation for up to 24 h.

Table 14. SiNP treatment volume according to the used cell culture systems.

Experimental Treatment
system volume
96-well plate 100 pL
48-well plate 100 pL
24-well plate 500 pL
8-well ibidi slide 100 pL
4-well cell culture dish 500 pL
Cell culture dish 1mL

10cm cell culture
10 mL
plate

4.2.2.2 TREATMENT WITH AUTOPHAGY MODULATORS AND ROS SCAVENGERS AND IN-

DUCERS

The influence of Survivin on SiNP-mediated toxicity in the context of autophagy-mediated
processes was investigated using different autophagy modulators and further ROS-inducing
or scavenging agents listed in Table 15. Table 15 gives a summary of functions and the

treatment procedures as well as used concentrations applied generally in the experiments.
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Table 15. Overview of used chemical inhibitors and ROS scavengers or inducers used in the experiments.

Autophagy Function Concentration  Incubation procedure

modulators

Chloroquine Late-stage autophagy 20 uM 24 h before treatment
inhibitor and during the

treatment

Compound C AMPK inhibitor, 5uM 2 h before treatment or
autophagy inhibitor parallel to treatment

LY294002 PI13K inhibitor, 10 pM, 50 pM 2 h before treatment
autophagy initiator

Wortmannin PI3K inhibitor, 0.2 uM, 1 uM 2 h before treatment
autophagy initiator

ROS modulators Function Concentration  Incubation procedure

N-acetylcysteine ROS scavenger 5uM 2 h before treatment

(NAC)

Vitamin C (Vit C) ROS scavenger 200 uM 2 h before treatment

Menadione ROS inducer 50 nM 1h

4.2.3 PROTEIN ANALYSIS

4.2.3.1 CELL LYSATE PREPARATION FOR WESTERN BLOT ANALYSIS

The preparation of cell lysates was carried out on ice during the whole preparation time. Cells
were treated in 10 cm cell culture dishes and were scraped from the dish surface for
harvesting. Cells were resuspended fast and carefully with a 10 mL pipette. The cell
suspension was collected in a 15 mL falcon tube. Pelleting was carried out at 4°C, 1500 rpm
for 5 min. Cells were washed once by resuspending in ice-cold PBS and by repeated pelleting.
The medium-free cell pellet was mixed gently with 30-100 pL RIPA lysate buffer according to
the pellet size. Cell lysis was done by sonification (50-90% amplitude, 0.5 s pulses over 30 s,
Sonoplus mini20, Bandelin, Berlin) for 20 minutes. Between the sonification steps the lysates
were incubated for 5 min on ice to prevent overheating and protein damage of the samples.
After lysis, non-dissolved cell debris were removed by centrifugation (13000 rpm, 4°C, 20 min).
The clear supernatant was aliquoted for storage in a -80°C freezer or was used directly for
protein analysis. The lysate protein concentration was determined by a Bradford probe
(4.2.3.2).
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4.2.3.2 BRADFORD TEST DETERMINING PROTEIN CONCENTRATION

A commercial Bradford stock solution (Bio-Rad, Dreieich) was diluted 1:4 with deionized water.
Cell lysates were diluted 1:1000 in deionized water. Each sample was submitted into three
wells with 120 uL of the dilution. On a sun-protected surface, 40 pL of the Bradford solution
was added to each well. The 96-well plate was incubated in the dark at RT for 5 minutes and
read in a commercial plate reader (TECAN Sparks, Crailsheim, Schweiz) immediately after
incubation. Absorption was detected at 595 nm. Protein concentration was determined with a
standard curve, which was created under the same test conditions with different concentrations
of BSA (Figure 39).
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Figure 39. Bradford standard curve for extrapolation. Created with GraphPad Prism Software.

4.2.3.3 PROTEIN SEPARATION VIA SDS-PAGE

For the SDS page analysis, a 12% SDS gel was prepared and topped with a stacking gel on
top. First, the 12% SDS gel was mixed as listed in Table 16. A 1.5 mm thick glass chamber
was cleaned with isopropanol before the liquid SDS gel was poured in. The gel edge was
smoothed with isopropanol. After 1 h at RT, the gel polymerized completely, and excess
isopropanol was removed carefully with a lint-free paper tissue. The stacking gel was prepared
as listed below and a pocket comb was inserted. After additional time for polymerization (1 h,
RT) the filled glass chamber was transferred into a plastic bag and incubated in a running
buffer at 4°C overnight. Alternatively, commercial gels were used in indicated experiments
(Mini-PROTEAN TGX Precast Gel, Bio-Rad Laboratories, Dreieich).

Samples with determined protein content were diluted in HPLC-H,O to 50-100 ng (30 pL for a
10-pocket comb or in 20 pL for a 12-pocket comb) and mixed with 6x dissociation buffer. Then,
samples were incubated at 95°C, 300 rpm for 5 min. Impurities were spun down at 2000 rpm
for 5 min to prevent clogging during the SDS-Page run. The sample supernatant and a protein
ladder (8 uL, PageRuler Plus Pre-Stained Protein Ladder, Thermo Fisher Scientific) were
applied into the gel pockets. Electrophoresis was performed at 80 V until samples were
concentrated in the stacking gel resp. in a commercial ready-to-use gel. Separation was carried

out at 100 V for 1 h or intended protein size separation.
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Table 16. SDS-Page. SDS-Page gel is composed of a separating gel and a stacking gel. The gels are composed

as follows.

Separating gel (10%)  Volume

SDS buffer 2.7 mL
Acrylamide 3.3mL
Water 4 mL
APS (10%) 100 pL
TEMED 10 uL
Stacking gel Volume
Stacking gel buffer 5mL
APS (10%) 50 pL
TEMED 5puL

4.2.3.4 WESTERN BLOT ANALYSIS

The separated SDS-Page gel was blotted onto a PVDF membrane (30-45 min, 0.8 Amp, 20 V).
For that, the PVDF membrane was equilibrated in methanol, and commercial transfer stacks
(Trans-Blot Turbo Mini-size-Transfer Stacks, Bio-RAD, Dreieich) were soaked in transblot
buffer. The gel was detached from the glass chamber and a PVDF membrane was placed on
the gel without enclosing air bubbles. A soaked transfer stack was placed on top and air
bubbles were removed carefully with a roller. The construct was placed upside down in a
cassette of a turbo blotter (Bio-Rad Laboratories, Miinchen ) and a second stack was put on
the gel. Air bubbles were removed again. Additional transblot buffer was poured over the
stacks to prevent drying out during the blotting process. After blotting, the membrane was
washed with PBS or TBS at 25 rpm, 5 min before blocking with milk/PBST (5% milk, 0.1%
Tween, 1x PBS) or BSA/TBST (5% BSA, 0.1% Tween, 1x TBS) for at least 1 h at RT. The
primary antibodies were prepared in the respective blocking solution overnight at 4°C while
shaking. Membranes were washed three times with PBS or TBS before HRP-coupled
antibodies were added for 1 h at RT while shaking at 10 rpm. The washing step was repeated
and the ECL substrate was directly added at the ChemiDOC (Bio-RAD Laboratories, Minchen)
working place to detect luminescence signals from specific antibody-bound protein bands.
Reblotting was performed with a 1x reblotting buffer (Chemicon International) for 10 min at RT
while shaking at 10 rpm to strip the used antibodies off the membrane. Washing was repeated
and the membrane was finally usable for another round of antibody detection, starting from the

membrane blocking. Applied antibodies are listed in Table 8 and Table 9.
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4.2.3.5 AUTOPHAGY TURNOVER ASSAY

To track the autophagy process LC3-lIconversion to LC3-1l was determined by western blot
analysis (4.2.3.4). The ordinary treatment was supplemented with 20 uM Chloroquine (CQ) to
prevent LC3-ll degradation by interrupting late-stage autophagy. For that, cells were pre-
treated for 24 h with CQ, and additional CQ was added to the ordinary treatment. Samples of
both approaches were analyzed on one gel run followed by a western blotting of LC3. The
introduction of CQ allows autophagy initiation but prevents the degradation of LC3-1l resulting
in the accumulation of LC3-1l. The comparison of both treatments allows us to conclude

autophagy initiation, autophagy interruption, and autophagy turnover (Figure 14).

4.2.4 TRANSFECTION

4.2.4.1 REVERSE TRANSIENT TRANSFECTION OF SIRNA WITH LIPOFECTAMINE®
RNAIMAX

Reverse transfection was carried out to silence the translation of the Survivin protein by
delivering siRNA against Survivin coding BIRC5-mRNA (siBIRCS5). Reverse transfection was
performed according to the manufacturer's instructions and was further adapted for the
experimental demands (Table 17). First, the transfection complex was formed in 24-well plates
or cell culture dishes (g 10 cm), see Table 17. The complex was incubated for 10-20 min at
RT protected from light.

Table 17. Composition of the RNAiMax transfection complex for specific treatment volumes and cell numbers.
Transfection was performed with a final siRNA concentration of 10 nM.

Complex 10 cm dish  24-well 48-well 8-well 4-well dish
components (ibidi)

SiRNA (20 pM) 13.2 yL 4.2 pL 1.05 pL 1.05 pL 0.765 pL
Lipofectamine® 20 pL 3 uL 1pL 1pL 1uL
RNAiIMax/ well

OptiMEM-medium 2 mL 50 pL 15uL 15.8 pL 115.8 pL
Cells/ well 1-10° 7.5-10* 3.5-10* 2.7 -10* 4.10%
Transfection 10 mL 1mL 350 pL 300 pL 579 uL
medium

Cells were harvested with trypsin (Table 12) and resuspended in a transfection medium
(DMEM medium supplemented with FCS and glutamine but without antibiotics). The cell
number was determined with the Casy TCC system (4.2.1.4) and the required cell number was

transferred into a 15 mL or 50 mL Falcon. Cells were washed with a transfection medium by
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centrifugation (1500 rpm, 5 min, RT). The antibiotic-free cell pellet was resuspended in a
transfection medium to achieve the required cell number/ mL. The cell suspension was added
to the transfection complex and incubated for 24 h in an incubator (37°C, 5% CO,) before the

transfection medium was removed and treatment started.

4.2.5 FIXATION AND STAINING OF CELLS FOR MICROSCOPY

4.2.5.1 FIXATION PROCEDURE

Microscopy was performed with a determined cell number with living or fixed cells in 8-well
ibidi slides, or 4-well and 1-well cell culture dishes with a glass bottom. Living cells were imaged
directly when the preferred time point was reached; otherwise, cells were fixed after the
treatment with 4% PFA at RT for 15-20 min. For additional staining steps, cells were
permeabilized with 0.1% Triton-X 100 in PBS for 5 min at RT. Cells were washed three times

with PBS between each step.

4.2.5.2 STAINING OF NUCLEI

Nuclei were stained with Hoechst 33342 reagent. For fixed cells, 12.5 ug/mL Hoechst in PBS
was incubated for 10-20 min at RT. Living cells were incubated with 2 pug/mL Hoechst in cell
culture medium for a maximum of 10 min at 37°C, 5% CO.. The remaining staining solution
was removed, and cells were washed three times with PBS before additional steps were

performed.

4.2.5.3 STAINING WITH ANTIBODIES

For immunofluorescence staining with primary and fluorescence-labeled secondary antibodies
cells had to be fixed and permeabilized (4.2.5.1). Optional nuclei staining (4.2.5.2) was
performed before antibody staining was carried out.

Primary and secondary antibodies were diluted in 5% BSA/PBS. Antibody dilutions are listed
in Table 8 and Table 9. Samples were blocked with 5% BSA/PBS for 30 min at RT before
primary antibodies were incubated overnight at 4°C or for 1-2 h at RT respectively. Unbound
antibodies were removed by washing three times with PBS. The blocking step was repeated,
and the secondary antibody was incubated for 1 h at RT. Then samples were washed with
PBS, and additional PBS was added, to keep the cells from drying out during the microscopy
session. Stained cells were analyzed directly or stored in PBS at 4°C until analysis was

continued.
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4.2.5.4 STAINING OF MITOCHONDRIA

Mitochondria were stained with 50 ng/mL live cell staining Mitotracker deep red (Fisher
Scientific GmbH, Schwerte) for 30 min in an incubator (37°C, 5% CO,). Optionally, Hoechst
was pre-diluted and added at a final concentration of 2 ug/mL for 10 min before the incubation
time for Mitotracker staining had elapsed. Cells were carefully washed three times with PBS

and examined microscopically directly in a serum-containing growth medium.

4.2.5.5 STAINING OF ACIDIC BODIES WITH LYSOTRACKER DYES

Acidic bodies were stained with Lysotracker dyes (Fisher Scientific GmbH, Schwerte). First,
the Lysotracker dye stock solution was pre-diluted in serum-free medium 1:1000 to a
concentration of 1 mM. The final concentration of 50 nM was reached by a 1:20 dilution in a
serum-free medium. Before the staining with Lysotracker dyes cells were washed three times
and then incubated for 30 min with Lysotracker containing medium at 37°C, 5% CO.. Imaging
was performed directly after incubation time ended to avoid artifacts appearing under life-

staining conditions.

4.2.5.6 STAINING OF ROS wWiITH CELLROX REAGENTS

Reactive oxygen species were detected with either live cell staining CellROX orange or fixable
staining CellROX green (Thermo Fisher Scientific, Dreieich). After treatment, CellROX reagent
was diluted in cell culture medium to a final concentration of 50 ng/mL and incubated for 30 min
at 37°C, 5% CO,. Optional, Hoechst was pre-diluted and added to a final concentration of
2 pug/mL 10 min before incubation time for the CellROX staining was up. Samples stained with
CellROX orange were analyzed immediately. Cells stained with CellROX green were fixed as
described in section 4.2.5.1 and analyzed directly or otherwise within 24 h, because despite
the cell fixation CellROX green is bleaching out and therefore samples were discarded after

24 h. CellROX staining was analyzed via microscopy or array scan high-content screening.

4.2.6 MICROSCOPY

Samples were imaged with a Zeiss Axiovert microscope (Oberkochen, Schweiz) with
automated or fixed excitation time adjusted to the experimental demands. Images were
analyzed with Leica image suite and Image J software and prepared for export to Canvas X

2019 image software.
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4.2.7 FLUORESCENCE-ACTIVATED CELL SORTING (FACS) VIA FLOwW CYTOME-
TRY

Stably transfected A431 cells were sorted for high, moderate, and low expression of the
introduced fusion protein Survivin-GFP for the GFP fluorescent tag by the CFFC PKZI facility,
University Medicine Mainz. For the cell sorting procedure, two big cultivation flasks with a
confluence of 90% were trypsinized with 3 mL trypsin and incubated on a heat plate (37°C) to
detach and harvest the cells. The procedure was stopped with serum-containing medium, and
cells washed once at 1500 rpm, 5 min at RT. Then 10-10° cells/mL were resuspended in 1 mL
sorting solution (PBS/ 2% FCS/ 50 mM EDTA). Negative control cells were harvested from one
small culture flask and prepared according to the described protocol. Right before the cell
sorting started, cell clumps were removed by putting the cells through a 70 um nylon mesh to
avoid blocking the used nozzle. Finally, sorted cells were collected in FCS to minimize cell
death until further cultivation (4.2.1.2).

4.2.8 HIGH-CONTENT-ANALYSIS VIA ARRAY SCAN

High content analysis was applied to analyze treatments on the single-cell level.
Measurements were performed on an Array Scan VTl (Thermo Fisher, Dreieich) on live or
fixed cells in 96-well or 24-well plate format. Stained nuclei (4.2.5.2) were used to set up a
mask to identify objects. The algorithm of the Target Activation Assay was used at fixed
excitation times for CellROX orange and the Translocation Assay algorithm for CellROX green
stained samples. For the Target Activation Assay, a circular mask was set up to a diameter of
either three or five pixels around valid objects to define the region of interest (CellROX orange
staining). For the Translocation assay, two regions of interest were defined as follows: First,
Hoechst-stained nuclei were validated as objects and determined as the first region of interest.
A second circular mask around the nuclei with a diameter of three pixels was created to depict
CellROX green intensity in the cytoplasm. For each sample triplicates were prepared and at
least 5000 cells were analyzed per well. Data was exported as the average value per cell

format and analyzed further with GraphPad PRISM software.

4.2.9 BIOCHEMICAL ASSAYS

4.2.9.1 CELL VIABILITY ASSAY VIA ALAMAR BLUE ASSAY

Cell viability measured with Alamar Blue was performed after finished treatments with 1:10
diluted Alamar Blue in serum-containing medium (1 h, 5% CO, 37°C). In the environment of

viable cells, Alamar Blue dye resazurin is reduced to a red fluorescent molecule which can be
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detected at 550 nm excitation and 595 nm emission in a Tecan Spark® plate reader
(Crailsheim, Schweiz). The background was determined from culture medium samples without
cells containing Alamar Blue reagent. The background was subtracted, and the cleared
datasets were normalized to untreated control samples. For further analysis, GraphPad Prism
software was used. Optionally, cells were washed after the read-out and incubated in a fresh

medium until later time points were reached for repeated analysis with Alamar Blue reagent.

4.2.9.2 CELL VIABILITY ASSAY VIA CELLTITERGLO REAGENT

Additionally, cell viability was determined by the ATP content that correlates with the number
of viable cells. For ATP measurement CellTiter-Glo® 2.0 (Promega, Mannheim) was
performed in 96-well plates in triplicates. The assay was carried out after the treatment. For
that, the supernatant was reduced to 100 pL, and an equivalent amount of CellTiterGlo reagent
was added to lyse the cells. The plate was incubated for 2 min on a plate shaker at 300 rpm
at RT. Additional incubation for 5 min at RT in the dark was applied before the cell lysate was
transferred into a white luminescence plate. Quantum dots, which can interfere with the
detector, were avoided through equilibration of the luminescence plate for 3 min in the closed

Tecan Spark cassette before measurement started.
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6 APPENDIX

6.1 ABBREVIATIONS

ML
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2DG
Akt
AMP
AMPK
Apaf-1
APS
aSiNP
ATF6
ATG
ATP
Bcl-2
BD
BIM/Bim
BIR
BIRC5
BLAST
BNIP3
BRUCE
BSA
CAD
CaMMK2
CARM-1
CBP

CcC
CD44
CHOP
CLASTR
cm
CMA
cQ
CRM1
Ctrl/CTRL
Cy3
DIABLO
DISC
DLS
DMEM
DMSO
DNA
dNTPs
Drp-1
DTT
DTT

microliter

micromolar

2-deoxy-D-glucose

Ak strain transforming

adenosine monophosphate

AMP-activated protein kinase

apoptotic protease activating factor 1

ammonium persulfate

amorphous silica nanoparticle

activating transcription factor 6
Autophagy-related genes

adenosine triphosphate

B-cell lymphoma 2

Behecet's Disease

Bcl-2-interacting mediator of cell death
baculovirus inhibitor of apoptosis repeat
baculoviral inhibitor of apoptosis repeat-containing 5
Basic Local Alignment Search Tool
CL2/adenovirus E1B 19 kDa interacting protein 3
Bir containing Ub-Conjugating Enzyme

Bovines Serum Albumin

caspase-activated DNase
calcium/calmodulin-dependent protein kinase kinase 2
coactivator-associated arginine methyltransferase 1
CREB-binding protein

Compound C

cluster of differentiation 44

C/EBP homologous protein

Cell Line Authentication using STR

centimeter

chaperone-mediated autophagy

Chloroquine

Chromosomal Maintenance 1

control

cyanine3

direct Inhibitor of Apoptosis-Binding protein with LOw pl
death-inducing signaling complex

dynamic light scattering

Dulbeccos Modified Eagle Medium

Dimethyl sulfoxide

desoxyribonucleic acid

nucleoside triphosphate

dynamic-like-protein 1

Dithiothreitol

Dithiothreitol
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ECL
EDTA
EGFR
EMT
EMT
en.
eNOS
ER
ERAD
ERK
EthD-1
FACS
FAK
Fas
FCS
FIP200
FITC
FOXO/FoxO
FOXP3
GAPDH
GEM
GFP
GFP
GST

h

HCC
HIF
HOPS
HPLC
HRP
HTE
IAP
IARS
IKK
INCENP
IP
IQGAP1
IRE1a
JAK
JNK
kDa
LAMP-1
LC
LDH
LLMOe
LND
log

LY
MAPK
MCF-7
Mcl-1
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enhanced chemiluminescence
Ethylenediaminetetraacetic acid
epidermal growth factor receptor
epithelial-mesenchymal transition
epithelial-to-mesenchymal transition
endogenous
endothelial nitric oxide synthase
endoplasmic reticulum
ER-assisted degradation
extracellular-signal regulated kinases
ethidium homodimer 1
fluorescence-activated cell sorting
focal adhesion kinase
FS7-associated cell surface antigen
Fetal Calf Serum
FAK family-interacting protein of 200 kDa
fluorescein isothiocyanate
forkhead box class one
forkhead-Box-Protein P3
glycerinaldehyd-3-phosphat-Dehydrogenase
gemcitabine
green fluorescent protein
Green fluorescent protein
gluthatione S-transferase
hour
hepatocellular carcinoma
hypoxia-inducible factor
homotypic fusion and vacuole protein sorting
High Performance Liquid Chromatography
horseraddish peroxidase
Hutner’s Trace Elements
inhibitors of apoptosis
International Agency for Research on Cancer
IkB kinase
inner centromere protein
immunoprecipitation
IQ Motif Containing GTPase Activating Protein 1
inositol-requiring protein-1a
janus kinase
c-Jun-N-terminal kinase
kilo Dalton
Lysosomal Associated Membrane Protein 1
microtubule-associated proteins 1A/1B light chain 3
lactate dehydrogenase
L-Leucyl-L-Leucine methyl ester (hydrochloride)
lonidamine
logarithm
LY294002
mitogen-activated protein kinase
Michigan Cancer Foundation - 7
myeloid cell leukemia-1
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MCOLN1
MEM
Menad.
min
miRNA
MK2
MKK3
mL
MnSOD
mRNA
MSN
mTOR
mTORCH1
MTS
NAC
NAIP
NEAA
NES
NET
NfKB
NICD1
nM

NP

p

p-
PAGE
PARK2
PBS
PBS-T
PBSTD
PDK1
PE
PenStrep
PERK
PFA
PI(3)P
PI3K
PINK-1
PKB
PTEN
PVDF
R

RAB
RAS/Ras
RBP-Jk
READ
RING
RIPA
RIPK
RNA
ROS
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mucolipin TRP (transient receptor potential) cation channel 1
Opti-Minimal Essential Medium
menadione
minute
micro-RNA
mitogen-activated protein kinase-activated protein kinase-2
mitogen-activated protein kinase-activated protein kinase-kinase-3
milliliter
manganese-dependent superoxide dismutase
messenger RNA
mesoporous silica nanoparticles
mammalian target of rapamycin
mTOR complex 1
mitochondrial targeting sequence
N-acetylcysteine
Neuronal Apoptosis Inhibitory Protein
Non-Essential Amino Acids
nuclear export signal
neutrophil extracellular traps
Nuclear factor kappa-light-chain-enhancer of activated B cells
Notch1 intracellular domain
nanomolar
Nanoparticle/s
protein
phospho-
polyacrylamide gel electrophoresis
parkin RBR E3 ubiquitin protein ligase
Phosphate Buffered Saline
Phosphate Buffered Saline-Tween
Phosphate Buffered Saline-Triton X-100-DMSO
pyruvate dehydrogenase kinase isoform 1
phosphatidylethanolamine
Penicillin/Streptomycin
protein kinase RNA (PKR)-like ER kinase
paraformaldehyde
phosphatidylinositol-3-phosphate
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Supplementary Figure 1. Time
kinetic of SINP uptake in the
absence of CQ. A431 Survivin-GFP
stably transfected cells were treated
with 60 pg/mL Kisker red particles.
A431 low cells were cultivated after
seeding for 24 h. The serum-
containing medium was removed,
and cells were washed three times
with serum-free  medium before
treatment with 60 pg/mL Kisker red
NP. Particle-containing medium
was added directly under the
microscope and images were taken
continuously. Selected time points
of 26.5h kinetics are shown. The

scale bar indicates 50 pm.

Supplementary Figure 2. A431 GFP stably transfected cells were treated with 60 pg/mL Kisker red particles. A431

GFP cells were cultivated after seeding for 24 h. The serum-containing medium was removed and cells were

washed three times with serum-free medium before treatment with 60 pg/mL Kisker red NP. Particle-containing

medium was added directly under the microscope and images were taken continuously. Selected time points are

shown. The scale bar indicates 50 um.
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Supplementary Figure 3. Contact and time-dependent SiNP toxicity. A431 wt cells treated with rising SiNP
concentrations starting from 0 pg/mL up to 600 pg/mL. Different treatment strategies were applied to investigate
SiNP toxicity-related factors. For all approaches, cells were washed before the treatment to remove serum proteins.
Then, cells were treated for 10 min with 100 pL serum-free medium containing different SiNP concentrations. After
the 10 min incubation cells were treated as follows; A) Cells left in serum-free medium containing SiNP. B) 100 pL
of serum-containing medium added to the remaining SiNP-containing medium C) Treatment medium discarded and
100 pL of serum-containing medium added. D) The treatment medium was removed, and cells were washed three
times with serum-free medium and substituted with 100 pL of serum-containing medium. A-D) Cells were incubated
for 2 h at 37°C, 5% CO2 before cells were washed three times with PBS. Time-dependent toxicity between time
points 2 h and 24 h is visualized through the normalization of time point 24 h to time point 2 h (see Figure 11). The
precentral fraction was determined by dividing the mean value for time point 24 h by the mean value for time point
2h.
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Supplementary Figure 4. Transfection efficiency. A) A431 Survivin-GFP reversely transfected with 50 nM or 10nM
SsiRNA against BIRC 5 gene, coding for Surviving by use of Lipofectamine RNAiMax Transfection Reagent
(Invitrogen) see section (4.2.4.1). Cells imaged after transfection time ended (24 h) and additionally after 48h and
96h. B) A) Efficiency of siRNA BIRCS5 (siBIRC5) mediated Survivin-GFP knockdown. A431 Survivin-GFP cells were
transiently transfected with siBIRC5 and the remaining GFP fluorescence was measured with a plate reader

(Tecan).
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a Supplementary Figure 5. The efficiency of the
=z transient transfection with siRNA BIRC5. A431
w
o Survivin-GFP expressing cells transiently transfected
8 3 with a control siRNA (siCTRL) or siRNA BIRC5
o against Survivin. Successful knockdown of Survivin-
® % GFP indicated by the loss of GFP fluorescence.
n Figure related to (Figure 16).
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Supplementary Figure 6. Lysotracker staining of A431 cells with different Survivin levels in the absence of CQ. A,
B) A431 Survivin-GFP or GFP expressing cells transiently transfected with siBIRC5 or with siCTRL. The successful
Survivin knockdown was confirmed by a vanished GFP fluorescence (Supplementary Figure 5). Transiently
transfected cells were incubated for 2 h in a serum-deprived medium in the absence or presence of 60 pg/mL SiNP.
Samples were stained with 50 nM Lysotracker red dye for 30 min and imaged immediately. The scale bar is equal
to 25 um. Figure related to (Figure 16).
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Supplementary Figure 7. Array scan quantitative analysis by use of single-cell measurements of CellROX green
fluorescence in nuclei. The data were represented comparatively to visualize the effect of SINP on ROS level in
Survivin normal (CTRL) or deficient cells (siBIRC5) by data normalization to serum-free medium (w/o FCS) in
(Figure 25B, D). The data set was compiled from four independent experiments with triplicates. Anova two-way test
was performed comparing control groups (w/o FCS) to SiNP-treated samples with p*<0.05.
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Supplementary Figure 8. SiNP-generated ROS interacts with several signaling pathways. Immunoblot analysis
related to Figure 29. A431 wt and Survivin-GFP expressing cells treated without (A) or with (B) late-stage autophagy
inhibitor Chloroquine (CQ) 24 h before SiNP treatment. Additionally, 5 uM NAC (+/-) was incubated for 2 h before
SiNP were added. Cells incubated in the absence (-) or presence (+) of NAC and/ or CQ in serum-free medium with
(+) or without (-) SiNP for 4 h. Western blot analysis was performed for inhibitor of apoptosis protein Survivin,
apoptotic caspase 3 (cl. Casp3) and signaling pathways JNK and NF-kB, and housekeeping genes GAPDH and
Actin.
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Supplementary Figure 9. Impact of ROS scavengers onto SiNP mediated toxicity. A431 wt, GFP or Survivin-GFP
expressing cells seeded within a determined cell number and cultivated for 24 h. Cells were pretreated with 5pM
N-Acetylcysteine (NAC) or Ascorbic acid or rather 200 uM Vitamin C (Vit C) for 2 h in the serum-containing medium
before the medium was removed and cells were washed three times. Then serum-deprived medium with or without
60 pg/mL SiNP of type AmSil20 was added for 4 h in addition to the ROS scavenger's NAC and Vit C. Viability was
determined via Alamar Blue viability assay and repeated after additional incubation in serum-containing medium
without additives up to time point 24 h. The Experiment was performed twice with each experiment consisting of

four samples.
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Supplementary Figure 10. Role of ROS in autophagy and SiNP-mediated toxicity. A431 wt and Survivin-GFP
incubated without (A, C) or with (B, D) ROS scavenger NAC (5 mM) 2 h. Then, cells were treated in serum-deprived
medium without (0) or with SINP (20 or 60 pg/mL) in the presence or absence of NAC and/or CQ for 4 h. Cell
viability was measured in triplicates in three independent experiments via Alamar Blue Reagent Assay. Data were
normalized to serum-deprived, but otherwise untreated controls (C). Statistical analysis was performed with an
Anova two-way test with p**<0.005, p***<0.0005, ns= not significant.
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Supplementary Figure 11. Role of p38 activation in SiNP mediated toxicity. A431 wt were incubated for 2 h with
inhibitor SB203580 (10uM) or DMSO as control. Then cells were washed three times and a serum-deprived medium
containing rising SiNP concentrations was added for 4 h. Viability examination was performed with Alamar Blue
Viability Assay (4.2.9.1). Afterward, cells were washed repeatedly and incubated in full growth medium without
additional treatment up to time point 24 h. Alamar Blue viability assay was performed again, and data was analyzed
with the Anova two-way test to determine statistical differences between samples with or without inhibitor
SB203580. No statistical differences were found.
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Supplementary Figure 12. Role of stress MAPK p38 in the signal transduction of SiNP toxicity concerning low
Survivin expressing levels. Lipofectamin RNAi Max was used to transiently transfect A431 wt cells with SIRNA
against Survivin coding gene BIRCS (siBIRCS5) or with a control scrambled siRNA (CTRL). Cells were incubated for
2 h with 10 nM p38 inhibitor SB203580 or DMSO as control and then treated for 2 h with 60 pg/mL SiNP. Viability
was measured via Alamar Blue viability assay after the 2 h treatment and at time point 24 h (4.2.9.1). Data were
analyzed with the Anova two-way test, but no significant differences between samples with or without p38 inhibitor
SB203580 were observed. Statistical significance was found for differences between control transfections (CTRL)
and siBIRC5 transfected cells for the 24-hour time point with p***<0.0005.
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Supplementary Figure 13. Translocation of Fox1 and
FoxO3a in A431 wt cells. FoxO1 (A) and FoxO3a (B)
were incubated with 60 pg/mL SiNP for 30 minutes in
a serum-deprived medium. Cells were incubated for
30 minutes in a serum-deprived medium used as a
control (w/o FCS). Further, cells cultivated in serum-
containing medium (w FCS) served as a control for
normal growth conditions, and the treatment with
50 um Menadione (Menad.) as a positive control for
ROS-induced nuclear translocation of FoxO1l. The

scale bar indicates for 25 pm.
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Supplementary Figure 14. Control staining for FoxO1
and FoxO3a and Cy3-coupled secondary antibody.
A431 GFP expressing cells were treated with
LY294002 (PI3K inhibitor) and Menadione (ROS
inducer) as control FoxOl and FoxO3a nuclear
translocation. In addition, cells were incubated with
DMSO, serum-deprived medium (Med-FCS), or
60 pg/mL SiNP for 2 h before fixation and staining
with either primary antibodies against FoxO1 /3a or
Cy3 secondary antibody. Image processing with the
Axio vision software (Zeiss) included background
removal  fluorescence intensity  adaptation.
Therefore, the image settings were fixed onto the
positive control Menadione for each image. The scale

bar indicates 50 pum.
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Supplementary Figure 15. Quantification of BIM EL protein level relative to housekeeping gene Actin. A) BIM EL

protein expression was determined through immunoblot analysis (Figure 32). B) BIM EL protein expression

quantified via ImageJ software and analyzed with GraphPad Prism software. BIM EL band intensities normalized

to the corresponding actin band.
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Supplementary Figure 16. Impact of PI3K inhibitor Wortmannin and LY294002 onto SiNP toxicity. The inhibitor
Wortmannin (A) and LY294002 (B, C) were pre-incubated for 2 h in the serum-containing medium before cells were

treated with SINP in a serum-deprived medium for 4 h or 24 h. An experiment was exercised three times in

triplicates. Statistical analysis was performed via the Anova two-way test, but no significant differences were found

when DMSO-treated controls were compared to Wortmannin or LY294002-treated cells.

6.5 SUPPLEMENTARY TABLES

Supplementary Table 1. Amorphous silica nanoparticles of type AmSil20 characterized by TEM and Dynamic light

scattering analysis (DLS) in water, PBS, or cell culture medium determining the Zeta potential, nanoparticle size,

size distribution, and shape according to (Breder-Bonk et al., 2023).

SINP Milli-Q-water PBS _ RPMI 1640
Zeta
Rrem. [nm] 15.7+1.9 potential.[mV] -51 -18 -20
NP conc. stock 5721016 | Rh. [nm] 16.4 184 177
solution. [p/mL]
SIOz conc. stock 575 W2 0.12 008 007
solution. [mg/mL]
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Abstract: Exposure to nanoparticles is inevitable as they become widely used in industry, cosmetics, and
foods. However, knowledge of their (patho)physiological effects on biological entry routes of the human body
and their underlying molecular mechanisms is still fragmented. Here, we examined the molecular effects of
amorphous silica nanoparticles (aSiNPs) on cell lines mimicking the alveolar-capillary barrier of the lung. After
state-of-the-art characterization of the used aSiNPs and the cell model, we performed cell viability-based
assays and a protein analysis to determine the aSiNP-induced cell toxicity and underlying signaling mecha-
nisms. We revealed that aSiNPs induce apoptosis in a dose-, time-, and size-dependent manner. aSiNP-in-
duced toxicity involves the inhibition of pro-survival pathways, such as PI3K/AKT and ERK signaling, correlating
with reduced expression of the anti-apoptotic protein Survivin on the protein and transcriptional levels. Fur-
thermore, induced Survivin overexpression mediated resistance against aSiNP-toxicity. Thus, we present the
first experimental evidence suggesting Survivin as a critical cytoprotective resistor against silica-based nano-
toxicity, which may also play a role in responses to other NPs. Although Survivin’s relevance as a biomarker
for nanotoxicity needs to be demonstrated in vivo, our data give general impetus to investigate the pharma-
cological modulation of Survivin‘s functions to attenuate the harmful effects of acute or chronic inhalative NP
exposure.

Keywords: alveolar-capillary barrier; lung model; nanotoxicity; amorphous silica nanoparticles; inflammation;
cytotoxic response

1. Introduction

Over the past 20 years, nanomaterials have gained tremendous importance for industry.
Due to multiple beneficial properties, the produced number of nanoparticles (NPs) and
NP-containing products in the cosmetic and food industries is rising every year [1]. This
development has led to an increased occurrence of NPs and thus NP exposure to the hu-
man body. However, the detailed effects of NP at nano-biological interfaces are still frag-
mented. NPs can enter the body by passing through biological diffusion barriers such as
the skin (epidermis), the gastrointestinal tract (gastrodermis), or the alveolar-capillary
barrier of the lung (respiratory epithelium). These cell-based barriers serve two opposing
aspects by distinguishing different particles, molecules, and substances for either passage
(i.e., gas exchange at the alveolar-capillary barrier) or rejection (hazardous substances).
The alveolar region lines an area of 100-140 m?of the lung and is therefore an attractive
target for drug and gene delivery but also represents a critical point for harmful nanosized
particles. Regarding the increasing use of drugs and drug carriers in the form of nanopar-
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ticles, it is of great importance to evaluate their interaction profile with biological barriers to determine
possible treatment problems and undesired toxicity effects.

Synthetic non-metal silica (SiO,) nanoparticles (SiNP) rank with 1.5 million tons among the most syn-
thesized NPs used in hundreds of products, such as photovoltaic, tire compounds, or electrical and
thermal insulation materials [2,3]. Furthermore, daily-use products such as cosmetics or toothpaste
contain SiNP [4,5]. SiNP can be differentiated into crystalline and amorphous SiNP exhibiting different
chemical as well as biological properties. Crystalline SiNP (crSiNP) possess a high reactivity responsible
for several lung diseases like emphysema, silicosis, cancer, or pulmonary tuberculosis [6]. In contrast
to crSiNP, the amorphous form of SiNP (aSiNP) has been considered to exhibit low toxicity [7,8]. Fur-
thermore, the main benefits of aSiNP use combine an uncomplicated cost-saving production with the
possibility for manifold surface functionalizations [9,10]. The synthesis of aSiNP can be adjusted for
higher biodegradability [11]. For this reason, aSiNPs have quickly been applied in the industrial, medic-
inal, and other technological fields, and are a Food and Drug Administration (FDA) approved food ad-
ditive [12].

However, despite their FDA approval, it has been shown that aSiNP can cause serious health implica-
tions. Several in vitro studies on nanoscale aSiNPs indicate cytotoxic and inflammatory effects and sug-
gest that the NPs are taken up by digestion, skin absorption, and especially by inhalation [13,14]. Sev-
eral types of NPs including aSiNPs possess the ability to translocate rapidly from the alveolar surface
into the body [15]. Beyond these unintentional uptake routes, the active application of aSiNP as a drug
or drug carrier system leads to the tremendously increasing presence of aSiNP in the blood system.
The enhanced presence of aSiNP in the bloodstream is followed by a fast accumulation of aSiNP in
tissue regions. The accumulation of aSiNP can cause dose-dependent cytotoxic effects and, in turn, can
lead to organ injuries or at worst to organ failures [16,17].

In previous studies, it has been suggested that aSiNP can lead to cell death by inducing apoptosis in
various cell lines [18—20]. The cytotoxicity of NPs could result from nanoparticle-mediated enzyme in-
hibition, and reactive oxygen species (ROS) production resulting in DNA and lipid modifications, but
those effects are impaired by the formation of a protein corona enclosing the nanoparticle surface.
However, in general, apoptosis is positively regulated by intrinsic receptor—ligand-mediated signaling
processes or via mitochondrial-generated stimuli. The apoptotic cascade is negatively regulated by sev-
eral pro-survival pathways that prevent the initiation of cell death [21]. One molecular actor involved
in these pathways is a member of the inhibitor of apoptosis protein (IAP) family, Survivin/BIRC5 [22].
In normal cells, the Survivin protein encoded by the baculoviral IAP repeat containing 5 (BIRC5) gene is
mainly expressed during the G2-M phase of the cell cycle where it regulates cytokinesis and chromo-
somal segregation [23]. Moreover, Survivin can counteract apoptosis by downregulating the activity of
effector caspase-3 and -7, e.g., promoting resistance against radiation and other stressors [24]. Due to
its prosurvival/anti-apoptotic activity, Survivin is highly expressed in most cancer tissues and is often
associated with poor treatment outcomes [25]. Generally, high levels of Survivin suppressed or pre-
vented the apoptosis initiation in malignant cells [24,26]. Furthermore, other studies showed that Sur-
vivin can act as a cytoprotective agent in non-malignant tissues such as the auditory system of the
human cochlea and kidney [27,28]. In this context, Survivin is discussed as an adjusting therapeutic
target to prevent apoptotic processes in injured tissue regions, as well as a crucial factor in transplan-
tation medicine [29,30].

Regarding the lack of detailed knowledge about aSiNP-induced cell death, the objective of this study
was to analyze the molecular effects of monodisperse amorphous silica nanoparticles (aSiNP) on cell
models mimicking the alveolar-capillary barrier of the lung. By molecular characterization of endothe-
lial lung cell line H441 and epithelial cell line ISO-HAS-1, we provided a model system suitable for in
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vitro nanotoxicity studies. Our experimental workflow, including state-of-the-art NP characterization,
in vitro/in vivo imaging (fluorescence and electron microscopy), assessment of cell viability, as well as
molecular pathway analyses, allowed us to give the first evidence that the anti-apoptotic protein Sur-
vivin acts as cytoprotective resistor against nanotoxicity. An analysis of healthy human and mouse lung
tissue supports the clinical relevance of our in vitro data and the introduced model system as a first
step system for further research projects.

2. Materials and Methods
2.1 Nanoparticles, Antibodies (Ab), and Reagents

Aqueous dispersions of acidic colloidal silica particles were purchased (aSiNP15: NexSil20A; aSiNP125:
NexSil125A, Nyacol Nano Technologies, Inc., Ashland, MA, USA; aSiNPL: LudoxTM-40 Sigma Aldrich,
Munich, Germany). Ab were Polyclonal rabbit and monoclonal mouse a (anti)-survivin (NB-500-
201/NB-500-205, Novus Biologicals, Littleton, CO, USA); anti-R-Actin (A2066; Sigma Aldrich); polyclonal
rabbit a-phospho-AKT (9275, Cell Signaling); monoclonal rabbit a-AKT (4691; Cell Signaling, Danvers,
MA, USA); monoclonal a-E-cadherin (610182, BD Transduction Laboratories); polyclonal rabbit a-
p44/42 MAPK [pErk] (Thr202/Tyr204) (9212; Cell Signaling); polyclonal rabbit a-ZO-1 (40-2200; Invitro-
gen, Waltham, MA, USA); polyclonal rabbit a-cleaved Caspase-3 (9661, Cell Signaling); monoclonal
mouse a-TTF-1 (M3575; Dako, Glostrup, Denmark). Appropriate secondary antibodies conjugated to
HRP-, Cy3, or FITC were purchased from Sigma Aldrich (Munich, Germany) and Santa Cruz Biotechnol-
ogy (Heidelberg, Germany). MEK inhibitor UO126 (Cell Signaling).

2.2 Characterization of Amorphous Silica Nanoparticles (aSiNPs)

Amorphous silica nanoparticles NexSil20A (aSiNP15), NexSil125A (aSiNP125), LudoxTM-40 (aSiNPL)
were acquired commercially (Sigma Aldrich, Munich, Germany). In addition to SiO,, the used dispersion
of SiNP contains Na,O and has a pH of 10. The pristine nanoparticles without surface coating were
characterized with respect to shape, size, and size distribution in dry state as well as in water-based
solutions.

2.3 Transmission Electron Microscopy (TEM)

Imaging was performed using a Philips EM420 as described before [31].

2.4 Physicochemical Characterization Methods

The zeta potential was determined by the use of Zetaziser Malvern Zetasizer Nano ZS) with an appro-
priate device and parameter set up to examine the nanoparticle characteristics in regard to the aggre-
gation behavior in different solutions [31]. For these measurements, particle stocks (600 mg/mL) were
diluted in filtered MilliQ water (Millipore Billerica, Burlington, MA, USA) to final concentrations of 4.4
x 108 NP/mL (600 pg/mL). Particle size, pH, and zeta potential were measured for all particles (Tables
S1 and S2).
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2.5. Endotoxin Detection in aSiNPs Dispersions

All aSiNP dispersions were analyzed for Gram-negative bacterial endotoxin contaminations by the QCL-
1000° Endpoint Chromogenic LAL Assay (Lonza Verviers, S.p.r.l., Verviers, Belgium) according to the
manufacturer’s recommendations.

2.6. Preparation of aSiNPs for Apical Exposure

To avoid nanoparticle aggregation of commercially purchased aSiNPs (see Section 2.1), predilutions of
the aSiNP dispersions were prepared in pure water (Aqua ad iniectabilia, Braun Melsungen AG, Mel-
sungen). Due to nanoparticle aggregation in serum-containing medium, serum-free medium was used
during the 4 h exposure. All dilutions were applied 1:10 in serum-free RPMI medium to the cells (10 pL
NP-dispersion + 90 pL RPMI). Final concentrations of 10 NP/mL (0.6 pg/mL), 10** NP/mL (6 pg/mL)
102 NP/mL (60 pg/mL), 10" NP/mL (600 pg/mL) cover a range of non-toxic, sub-toxic and toxic con-
centrations and were chosen according to preliminary toxicity test performed for this project. After an
exposure time of 4 h, the cells were either evaluated or washed twice with RPMI medium and culti-
vated for an additional 20 h period. After 4 h and 24 h recovery cell cytotoxicity was studied by various
assays. In the context of the performed experiments, the additional incubation in the serum-containing
medium was adjusted to the experimental requirements, described in detail in the figure captions.

2.7. Nanoparticle Uptake Studies

Cells were seeded on pre-coated coverslips (NUNC—Thermo Fisher Scientific, Dreieich, Germany) and
cultivated until confluency was reached. Cells were exposed to 102 NP/mL (aSiNP) in serum-deprived
medium for 2 h at 37 -C. Cells were fixed in 3.7% (v/v) paraformaldehyde in PBS for 20 min at RT.
Preparation for transmission electron microscopy analysis was performed as follows: Cells were fixed
in 1% (w/v) osmium tetroxide (2 h, RT) and dehydrated in ethanol. Cells were passaged through pro-
pylene oxide, and then samples were embedded in agar-100 resin (PLANO, Wetzlar, Germany).
Polymerization was acquired at 60 °C for 48 h. Resin block was cut into ultrathin sections using ultra
microtome (Leica Microsystems, Wetzlar, Germany). Slices were placed onto copper grids for staining
with 1% (w/v) uranyl acetate in alcoholic solution and lead citrate. Further analysis was performed by
use of TEM technology (see Section 2.3).

2.8. Cultivation of Model Cell Lines ISO-HAS-1 and H441

Cell lines used for the applied cell model were acquired commercially from ATCC, ATCC-HTB-174, Pro-
mochem, Wesel, Germany. Cells were seeded according to their proliferation rate from confluent cul-
ture flasks into 96-well plates with 1.6 x 10* cells/well for human microvascular endothelial cell line
ISO-HAS-1 and with 3.2 x 10*cells/well for human adenocarcinoma cell line H441. Cells were cultivated
for 24 h (37 *C, 5% CO,) prior to SiNP treatment in RPMI 1640 medium (Gibco, Billings, MT, USA) con-
taining L-glutamine, 10 % FCS, and Pen/Strep (100 U/100 pg/mL). The presence or absence of myco-
plasma was examined using the commercial detection kit from Venor GeM Advance (Minerva Biolabs,
Berlin, Germany). Cell counting was performed via Casy Cell Counter and Analyzer TT (Innovatis, Mag-
deburg, Germany).

2.9. Plasmids

The eukaryotic expression constructs for GFP and Survivin—GFP-tagged versions have been reported
elsewhere [32]. The pGL3-luciferase reporter construct, pGL3Surv, containing the human Survivin pro-
moter (nucleotides: —628 to +21), has been described [33]. Generation of recombinant retroviral par-
ticles and transduction was carried out as described [34,35].
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2.10. Cells Transfection and Luciferase Assay

Stable expression of Survivin—GFP in H441 was established using transfection technology and subse-
guent fluorescence-activated cell sorting over two rounds described elsewhere [34]. Luciferase assays
were performed as specified [36]. Luciferase reporter assays were performed in three independent
experiments, each including a triplicate approach.

2.11. Apoptosis and Viability Assays

Caspase-3 hydrolysis was quantified using a fluorogenic substrate and via detection of cleaved caspase-
3 using immunoblot-based analysis [36]. LIVE/DEAD™ Viability/Cytotoxicity Kit (Life Technologies,
Darmstadt, Germany) was performed by supplier instructions to visualize loss of membrane integrity.
Imaging was performed with digital Axiocam CCD camera (Carl Zeiss, Jena, Germany). Cell viability was
examined using an ATP-dependent assay (CellTiter-Glo™ Viability Assay kit, Promega, Walldorf, Ger-
many), resulting in a colorimetric change proportional to the number of viable cells. In addition, color-
imetric MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay was performed to
measure the metabolic activity, which correlates with the cell viability. Metabolic active cells cause a
reduction in the MTT molecule resulting in a color change from a yellow tetrazole to a purple formazan
dye (Sigma-Aldrich). All data were normalized to untreated control samples for each time point and
statistically analyzed as reported in each figure caption.

2.12. Origin of Human and Mouse Tissue

Healthy human lung tissue was obtained from tumor patients at the University Hospital of Frankfurt.
Studies of human tissue biopsies were performed according to the requirements of the local ethics
committee, and informed consent was obtained in accordance with the Declaration of Helsinki. Four-
week-old female NMRI nu/nu mice (Charles River Laboratories, Sulzfeld, Germany) were used. Animals
were kept at 22 £ 1 *C under a 12:12 h light—dark cycle, and fed chow and water ad lib. Experimental
protocols were approved by the local Animal Care and Use Committee.

2.13. Tissue Preparation and Immunohistochemistry (IHC)

Human and murine lung tissues were fixed with formalin and embedded in paraffin (FFPE) prior to
preparation for IHC as described [37]. Survivin was visualized using a polyclonal a-Survivin Ab, diluted
1:100. TTF-1 was applied with a 1:50 Ab dilution of monoclonal a-TTF-1 Ab.

2.14. Microscopy and Fluorescence Imaging of Cells

Observation, image analysis, and quantification of protein localization were performed as described
[32]. Twelve-bit black and white images were captured using a digital Axiocam CCD camera (Carl Zeiss,
Jena, Germany). Nuclei were stained with 1.25 pg/mL Hoechst 33,342 for 20 min (Sigma Aldrich, Mu-
nich, Germany). At least 200 fluorescent cells from three separate images were examined in three in-
dependent experiments.

2.15. Protein Extraction, Immunoblot Analysis, and Immunofluorescence

Treated cells were harvested and washed once in ice-cold PBS (1500 rpm, 4 °C, 5 min). Cells were
sonicated in ice-cold modified extraction buffer to prepare lysates for immunoblot analysis [34,37].
Prior to application onto an SDS gel, lysates were diluted to similar protein concentrations and heated
at 95 °C, 300 rpm for 5 min, with 6x dissociation buffer. Equal loading of lysates was controlled by
detecting the housekeeping gene Actin. Immunoblotting was performed as described [36]. Detailed
protocol for immunofluorescence has been described elsewhere [32,35].
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2.16. Statistical Analysis

For experiments stating p-values, an unpaired t-test was performed. Unless stated otherwise, p-values
represent data obtained from three independent experiments performed in triplicates. p-values < 0.05
were considered as significant (* p < 0.05; ** p < 0.01; *** p < 0.001, **** p < 0.0001). Statistical
analysis and graph setup were performed using Prism9 (Graph Pad Software).

3. Results
3.1. ‘Characterization of the Nano—Bio Interface I’—Nano-scaled Amorphous Silica Nanoparticles

As the physico-chemical properties of NPs are critical determinants of NP-induced biological effects, we
performed state-of-the-art characterization of the aSiNPs used in our study, aSiNP15/125
(aSiNP15/aSiNP125) and LudoxTM-40 (aSiNP L), analyzing morphology and shape, surface area, zeta
potential, size, and stability (Figure 1, Tables S1 and S2).

A aSiNP15 B aSiNP15 C aSiNPL D aSiNP125

*3:;»... .g-'--,.?'.i-;f

Figure 1. Characterization of the used amorphous silica NP system (aSiNP) by (Cryo-)transmission electron microscopy (TEM).
Representative pictures of analyzed aSiNPs are shown in overview (upper row) and higher magnification (lower row): (A)
aSiNP15 (TEM), (B) aSiNP15 (Cryo-TEM), (C) aSiNP L (TEM), and (D) aSiNP125 (TEM). Scale bars, 100 nm.

(Cryo-)transmission electron microscopy (TEM) and dynamic light scattering (DLS) measurements re-
vealed the stable size of the used aSiNPs in a dry state as well as in solution (see Table S1). The hydro-
dynamic diameter remained constant, 33 nm for aSiNP15 and aSiNP L, or 125 nm for aSiNP125. Fur-
thermore, all aSiNP retained a constant negative zeta potential in a serum-free cell culture medium,
which can stabilize the suspensions via repulsive forces [38].

Importantly, since NP aggregation often precludes determining whether biological effects are triggered
by individual NPs or NP aggregates (“microparticles”), time-dependent DLS measurements were per-
formed (Table S1). Distribution curves showed no significant aggregation when analyzing aSiNP disper-
sions in water, or physiological solutions such as phosphate-buffered saline (PBS, 540 mM salt in total)
or serum-free cell culture medium (RPMI-1640; 139 mM salt in total, Table S1). Furthermore, aSiNP15
and aSiNP L retain their nanoparticular size in water, PBS, and serum-free cell culture medium over
time (Table S2). Before all experiments, the absence of endotoxin contamination in the aSiNP prepara-
tions was controlled by an enzyme-linked immunosorbent assay ELISA (see Section 2.5).

3.2. ‘Characterization of the Nano—Bio Interface II’—A Biological Model to Mimic the Alveolar-Capillary Barrier of
the Lung
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NPs can penetrate the body by different entry routes, such as the lung by passing the alveolar-capillary
barrier (Figure 2A). Industrial exhaust or particulate matter products can enrich the air with harmful
(nano)particles that can inadvertently enter the epithelial cells of the lung and further into the endo-
thelial compartments, posing potential health risks to humans [39]. Thus, the alveolar-capillary barrier
is an important part of the nano—bio interface and the physical defense system. In this context, studies
of potential nanotoxic effects on the alveolar-capillary barrier are mandatory. However, this is rather
difficult to access in vivo. Several models have been developed to mimic human lung tissue, such as
different animal models, monolayer 2D cell cultures or 3D spheroid cultures, and organoids, to circum-
vent the poor availability of primary human samples [40].
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Figure 2. Biological model to mimic the alveolar-capillary barrier of the lung: (A) lllustration of a bronchial strain as the first
protective cellular barrier against inhaled nanoparticle-containing air. (B) Light microscopic analysis of biomarker expression.
Expression of CD31 and TTF-1 was analyzed in epithelial human lung tissue by immunohistochemistry with specific antibodies
(brown). HE (hematoxylin/eosin) staining was applied to visualize tissue morphology (blue). CD31 surface marker was present
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on the membrane of epithelial cells in the human lung tissue, whereas TTF-1 was prominently expressed in cell nuclei. (C)
Marker profiling of the H441 and I1SO-HAS-1 dual cell line model was carried out by fluorescence microscopy after staining
with specific antibodies (a-E-cadherin, a-EpCAM, a-CD31, a-SP-A, a-TTF-1, a-ZO-1) and the nuclear stain Hoechst-33342
(blue) to evaluate the cellular differentiation state. Scale bars, 10 um. Respective cell types are symbolized by referring to (A).
Created with BioRender.com.

Here, we introduce a dual cell line model that should mimic the alveolar-capillary barrier in vitro [41].
It consists of a human epithelial (adenocarcinoma) lung cell line with characteristics of type Il pneumo-
cytes and Clara cells (NCI H441) and the human microvascular endothelial cell (MEC) line ISO-HAS-1,
mimicking the properties of alveolar lung tissue and functioning as a representative of endothelial-
blood-vessel-forming cells (Figure 2A) [31,42]. Type |l pneumocytes were chosen above type | pneu-
mocytes because they produce the surfactant protein layer protecting and maintaining the alveolar
stability important for physical defense [43,44]. Although both cell lines originate from tumor tissue,
their use as in vitro models for functional, healthy lung tissue has been already suggested in previous
studies [45].

Our model system was characterized molecularly to prove its suitability as a model system of the lung.
Therefore, immunofluorescence/histochemical staining of specific lung cell markers and general differ-
entiation markers was utilized. First, we performed marker profiling in human lung tissue to demon-
strate physiological relevance. Here, specific expression of Cluster of Differentiation 31 (CD31) in the
cellular membrane of endothelial, alveolar cells (Figure 2B, left), as well as nuclear expression of the
thyroid transcription factor-1 (TTF-1) in epithelial cells (Figure 2B, right), could be revealed. Next, mo-
lecular marker profiling confirmed the epithelial character of the lung cell line H441 by positive staining
for E-cadherin and the epithelial cell adhesion molecule EpCAM (Figure 2C, upper panel). In contrast,
the endothelial cell line ISO-HAS-1 was characterized as E-cadherin/EpCAM negative (Figure 2C, lower
panel). Furthermore, ISO-HAS-1 could be distinguished from H441 by positive staining for the endo-
thelial-specific adhesion molecule CD31. In order to further prove the suitability of our in vitro system,
we showed that the lung (and thyroid)-specific transcription factor TTF-1 (thyroid transcription factor1)
is specifically expressed in epithelial H441 cells, but not in endothelial ISO-HAS-1 cells (Figure 2C). Since
TTF-1 is essential for the expression of lung surfactant proteins, such as Surfactant protein-A (SP-A),
and is thus crucial for maintaining a healthy morphology as well as host defense mechanisms of the
lung [46,47], we also analyzed our model cell lines for SP-A expression. Consistent with our findings for
TTF-1, SP-A is expressed exclusively in H441 cells, whereas ISO-HAS-1 cells were characterized as TTF-
1/SP-Anegative (Figure 2C). Additionally, staining of ZO-1 (Zonula occludens-1, Tight junction protein-
1) was performed to visualize the presence of tight junctions, which are critical for functional and pro-
tective cell barriers [48].

In summary, we here revealed several similarities between healthy human lung tissue and our charac-
terized two-cell model, suggesting that this (tumor-derived) system is suitable for in vitro nanotoxicity
studies mimicking the alveolar-capillary barrier of the (healthy) lung.

3.3. ‘Effects at the Nano—Bio Interface’—aSiNPs Induce Cell Death upon Exposure to Alveolar-Capillary Barrier
Model Cells

After confirming that the used aSiNP preparations remain stable under physicochemical cell culture
conditions (see Sections 2.2 and 2.4), we next investigated the effects of aSiNPs on our lung model cells
H441 and ISO-HAS-1. First, to visualize cellular surface interactions and the potential uptake of aSiNP,
we treated H441 cells with increasing amounts of fluorescent aSiNP (Kisker red, 50 nm, Nylon) in a
serum-deprived medium (Figure 3A). Because serum proteins can cover nanoparticles with a protein
corona, serumfree conditions were chosen to retain aSiNP’s full hazardous potential for all experiments
(see Section 2.6) [49]. Interestingly, Kisker NPs could be detected at the outer cell membrane, as well
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as internalized in the cell, and the amount of interacting/internalized aSiNPs increased with the used
NP dose.

A aSiNP concentration
1010 NP/mL 1012 NP/mL 1013 NP/mL

Figure 3. Interaction and internalization of aSiNPs by epithelial lung cells: (A) Immunofluorescence and light microscopy of
H441 cells after incubation with increasing concentrations of fluorescent aSiNP (Kisker red) for 2 h in serum-deprived medium.
Scale bars, 10 um. (B—D) aSiNP15 nanoparticle uptake by H441 cells was visualized by TEM. H441 cells were treated with 1012
NP/mL for 2 h in serum-containing (B) or serum-free medium (C,D). Representative images are shown in overview (upper
row), and in detail view (lower row) indicating the presence (B) or absence (C,D) of a protein corona around aSiNP15. Endo-
cytic vesicles are marked by arrows. Scale bars, 500 nm (upper panel), and 100 nm (lower panel).

To obtain a more detailed picture of the aSiNP—cellular interaction, which might also allow conclusions
about biological effects, confluent H441 monolayers were treated with 102 aSiNP15 NP/mL (in me-
dium, 2 h, see Section 2.7), and fixed and analyzed by transmission electron microscopy (Figure 3B).
Interestingly, in the presence of serum, aSiNP15s were primarily located extracellularly. Since serum
proteins can form a protein corona around nanoparticles, especially around pristine nanoparticles with
a negative surface charge like the used aSiNP15 [49,50], we examined the uptake of aSiNP15 in the
absence of fetal calf serum (FCS) (Figure 3C,D). Here, aSiNP15s were detectable on the cell surface, but
also freely dispersed in the cytoplasm, and localized in membranebound endocytic vesicles, indicating
the internalization of aSiNP15s (Figure 3C,D, arrows). Detailed examination of representative TEM im-
ages also revealed a more irregular shape and/or a darker border covering the aSiNPs incubated with
serum (Figure 3B, lower panel). This NP-surrounding layer vanished in the absence of serum (Figure
3C,D, lower panel), and thus can be interpreted as protein corona covering the NPs. Similar results
were obtained in ISO-HAS-1 cells and for other aSiNP types, such as aSiNP L (Figure S2). Based on these
findings, subsequent aSiNP exposure experiments were conducted in a serum-free medium to prevent
the binding of serum proteins to the nanoparticles, which might significantly affect their physico-chem-
ical/biological properties.

As a next step, we performed cell viability measurements using aSiNP15 in our dual cell line model
revealing dose- and time-dependent toxicity (Figure 4). Apical exposure of epithelial (H441) or endo-
thelial (ISO-HAS-1) cell lines to 103 NP/mL resulted in cell death 4 h after NP exposure, as revealed by
a viability assay based on the cell membrane integrity (Figure 4A). Lower particle concentrations (10*2
NP/mL) led to a partial loss of the membrane integrity after 24 h (Figure 4A, lower panel). However,
both cell types responded similarly to aSiNP15 treatment.
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Figure 4. aSiNP15 treatment induced dose- and time-dependent toxicity on a dual alveolar-capillary barrier model. ISO-HAS-
1 and H441 cells were treated with different particle concentrations in serum-free medium for 4 h; for later time points,
treated cells were cultured for additional 20 h in serum-containing medium: (A) Live and dead staining analyzed by fluores-
cence microscopy. Green fluorescence marks viable cells; red fluorescence visualizes dead cells. (B) CellTiter-Glo™ Viability
Assay. Data were normalized to untreated control samples for each time point. Unpaired t-test was used to compare treated
cells to untreated control groups. Column, mean; bars, £5.D. *** p <0.001, ****, p <0.0001. (C,D) aSiNP15 induced apoptosis
in ISO-HAS-1 and H441 cells via activation of caspase-3. (C) Light microscopic analysis of apoptosis marker caspase-3. Im-
munohistochemical staining of ISO-HAS-1 (upper panel) and H441 (lower panel) revealed expression of cleaved caspase-3 as
a marker for apoptosis after 4 h of aSiNP15 treatment. Briefly, cells were treated with 1012 NP/mL for 4 or 24 h, fixed, stained
for cleaved a-caspase-3, and visualized by light microscopy. Scale bars, 150 um. (D) Quantification of in vitro caspase-3 activity
confirmed time- and dose-dependent activation of apoptosis. Cleaved a-caspase-3 assay was performed with untreated and
aSiNP15treated cells. Cells were incubated for 4 h and 24 h with 101°or 1012 NP/mL as indicated. Data were normalized to
untreated control samples for each time point. Unpaired t-test was used to compare treated cells to untreated control groups.
Column, mean; bars, +S.D. *, p < 0.05, **, p < 0.01, **** p <0.0001.

These results were confirmed by measuring the metabolic activity (ATP content) of viable cells (Figure
4B). ISO-HAS-1 as well as H441 cells revealed decreased vitality after treatment with NP concentrations
above 10'°NP/mL. Particle concentrations of 1012 NP/mL showed a constant decrease in viability over
the treatment period of 24 h in total, ranging from 69.6% (4 h) over 44.2% (8 h) to 5.8% (24 h) in ISO-
HAS-1 cells relative to untreated controls (Figure 4B, upper panel). Comparable results were obtained
for epithelial cells H441 (79.6%, 4 h; 47.2%, 8 h; 21.5%, 24 h). Higher particle concentrations (103
NP/mL) increased toxicity at early time points in both cell types: viability of ISOHAS-1 cells decreased
to 34.5 %, and of H441 cells to 17 % after exposure to 10> NP/mL for 4 h, and declined further with
treatment time (Figure 4B). Additionally, morphological changes were evaluated over the incubation
period of 24 h (Figure S1). Low aSiNP15 concentrations (10° NP/mL) had no impact on either ISO-HAS-
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1 or H441 cells over 24 h. However, prolonged incubation with high NP concentrations (10> NP/mL) led
to cell damage, indicating apoptotic and/or necrotic phenotypes (Figure S1). Interestingly, whereas
aSiNP L (with comparable size to aSiNP15) treatment resulted in comparable toxic effects (Figure S2),
aSiNPs of a larger size (aSiNP125) resulted in significantly less apoptotic and/or necrotic cells under the
same treatment conditions (Figure S3). These findings were further consolidated with uptake studies,
which revealed that aSiNPs of greater size (aSiNP125) were also taken up by the cells without the in-
duction of an apoptotic phenotype (Figure S4).

To independently prove that aSiNP15 treatment results in the induction of apoptosis, we quantified
the expression of cleaved caspase-3, a major effector caspase, which is activated by cleavage during
apoptosis initiation. First, immunohistochemical staining of cleaved caspase-3 in our dual cell line lung
model revealed that exposure to 102 NP/mL or higher concentrations triggered apoptosis after 4 h of
treatment in both cell types (Figure 4C). Dose- and time-dependent induction of apoptosis was con-
firmed by an in vitro caspase-3 activity assay (Figure 4D). Whereas treatment with 102 NP/mL likewise
resulted in significant activation of caspase-3 and, thus, apoptosis induction after 4 and 24 h, lower
concentrations of aSiNP15 (here 10'° NP/mL) just marginally activated the caspase-3 cascade after an
elongated treatment period (24 h). Consistent with our previous data exposure, 10'2aSiNP125/mL had
no comparable apoptotic effect under the same treatment conditions [49]. These data indicate that
aSiNP-induced toxicity could critically depend on the particle size, besides the particle concentration.

3.4. ‘Signaling at the Nano—Bio Interface’—High Concentrations of aSiNP15 Attenuate Pro-Survival Pathways

Next, our study aimed at providing insights into the underlying molecular mechanisms of aSiNP-in-
duced cell death. Regulation of cellular survival and death involves a complex signaling network in
which several phosphorylating kinases play key roles. For example, phosphatidylinositol 3-kinase
(P13K)/Akt and ERK (extracellular-signal-regulated kinases; also known as mitogen-activated protein ki-
nases, MAPK) signaling are known pro-survival pathways in lung and endothelial cells, and their con-
tributions to apoptosis regulation are well documented [51].

To examine if aSiNP15-induced toxicity depends on PI3K/Akt and/or ERK signaling, immunoblot anal-
yses were performed profiling the (activation-dependent) phosphorylation of both kinases (Figure 5).
Interestingly, PI3K/Akt and ERK signaling was attenuated in a dose- and time-dependent manner:
whereas exposure to 102 NP/mL reduced the levels of phosphorylated Akt and ERK over 6 h of treat-
ment (Figure 5A and Figure S5), treatment with 10'° NP/mL did not affect phosphorylation nor the
activation of either Akt or ERK signaling (Figure 5B).

To further confirm the relevance of the ERK signaling pathway for aSiNP-mediated toxicity, the MEK
inhibitor UO126 was utilized to suppress ERK1/2 signaling (Figure 5C). Importantly, inhibitor treatment
further increased aSiNP15-induced toxicity, likewise, in a time- and dose-dependent manner. The com-
bination of MEK inhibition with high aSiNP15 concentrations (102 NP/mL) resulted in a significant de-
crease in cell viability after 4 h. Interestingly, pre-treatment with the MEK inhibitor sensitized cells to
aSiNP15-induced toxicity as revealed by a significant reduction in cell viability even when treated with
sub-lethal aSiNP15 concentrations of 10%*° or 10** NP/mL for extended incubation times of 8 h or 24 h.

In sum, these results strongly support the hypothesis that aSiNP-induced toxicity is mediated by the
attenuation of PI3K/Akt and ERK pro-survival signaling.
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Figure 5. High concentrations of aSiNP15 attenuate PI3K/Akt and ERK signaling. (A,B) Activation of PI3K/Akt and ERK signaling
pathways was analyzed by assessing the level of phosphorylated PI3K/Akt (pAkt) and ERK (pERK; Thr202/Tyr204) by immunob-
lot analysis. Whereas sub-toxic NP concentrations (101° NP/mL) had no effect (B), pAkt and pERK decreased after incubation
with 1012 NP/mL. ISO-HAS-1 and H441 were treated with 1012 NP/mL (A) or 109 NP/mL (B) aSiNP15 (indicated by “+”), or in
serum-deprived medium as control (indicated by “~“) for 2 h, 4 h, and 6 h. Proteins were detected by (phosphorylation-)
specific antibodies, the respective non-phosphorylated proteins, and Actin served as loading controls. (C) Relevance of ERK
signaling was confirmed by combined MEK (mitogen-activated protein kinase kinase) inhibitor treatment. After H441 cells
were pre-treated for 2 h with or without the MEK inhibitor U0126 (10 uM), treatment with 100, 1011, or 1022NP/mL of type
aSiNP15 was conducted for 4 h, 8 h and 24 h. Cell viability was measured via an MTT assay. Data were normalized for each
time point to untreated controls. (*) Unpaired t-test was performed to compare MEK inhibitor-treated samples to samples
with similar treatment without inhibitor. Columns, mean; bars, +S.D. *, p < 0.05, **, p <0.01, *** p <0.001, ns, not significant.

3.5. ‘Survival and Death at the Nano—Bio Interface’—aSiNP-Induced Cell Death Is Regulated by the Anti-Apoptotic
Protein Survivin

Within the complex network of regulating cell death and survival, a plethora of individual molecular
interactions govern the mutual influence of single proteins in diverse signaling cascades. One molecular
actor involved in these pathways is a member of the inhibitor of apoptosis protein (IAP) family, Sur-
vivin/BIRCS5. Interestingly, previous studies have suggested that PI3K/Akt and ERK signaling might stim-
ulate Survivin expression, while suppression of these pathways attenuates Survivin protein levels, sub-
sequently resulting in apoptosis induction [37,52—54].

Thus, we analyzed the expression of the anti-apoptotic protein Survivin after aSiNP15 treatment on the
protein and the transcriptional level (Figure 6). Remarkably, immunoblot analysis revealed that Survivin
expression decreased in 1ISO-HAS-1 and H441 cells treated with 102 NP/mL over an incubation period
of up to 6 h (Figures 6A,B and S6). Again, lower aSiNP15 concentrations (10'° NP/mL) did not signifi-
cantly affect Survivin expression (Figure 6D,E). Interestingly, long-term incubation over 24 h revealed
cell line-dependent effects concerning protein expression. Whereas high aSiNP15 concentrations (10*2
NP/mL) led to decreased Survivin levels after 24 h in both cell lines (Figure 6C), the sublethal aSiNP
dose (10 NP/mL) reduced the amount of Survivin protein in H441 cells, but not in ISO-HAS-1 (Figure
6E). On the contrary, Survivin expression appeared to be increased in ISO-HAS-1 cells after 24 h of
incubation with low concentrations of aSiNP15 (10° NP/mL, Figure 6F).
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Figure 6. aSiNP-mediated toxicity was accompanied by dose-dependent downregulation of the antiapoptotic protein Survivin:
(A—F) Immunoblot analysis revealed dose-dependent downregulation of Survivin in response to treatment with aSiNP15. ISO-
HAS-1 and H441 cells were treated with (“+”) 1012 NP/mL (A-C) or 101 NP/mL (D-F) aSiNP15 or without particles (“—*) for 0
and 2 h in serumfree medium. For incubation times longer than 4 h, serum-containing medium was added after 4 h to prevent
starvation-induced cell death. Proteins were detected by specific antibodies. f-Actin served as loading control. (G) Suppres-
sion of the Survivin promoter was revealed by a luciferase reporter assay following aSiNP15 treatment. Briefly, H441 cells
were treated with 100, 1011, and 1012NP/mL for 4 h in serum-free medium. Likewise, for the 24 h time point, serum-containing
medium was added after 4 h. After incubation, cells were lysed, and lysates were used for quantification of luciferase activity
as described [36]. Data were normalized to untreated controls, and unpaired t-test was performed. Columns, mean; bars, £
S.D. *, p < 0.05, **** p < 0.0001.

To investigate whether Survivin downregulation also occurs on the transcriptional level, H441 cells
were transfected with a luciferase reporter plasmid containing the Survivin promoter sequence (Figure
6G, Supplementary Figure S7). The reporter assay indeed confirmed that high particle concentrations
(10 and 102 NP/mL) induce a significant decrease in the Survivin promoter activity after 4 h of treat-
ment. A prolonged incubation period (24 h) further decreased Survivin transcription, while low particle
concentrations (10° NP/mL) had no repressive effect, which is in line with the immunoblot results (Fig-
ure 6C,F).

Importantly, to further confirm Survivin‘s protective role against aSiNP-induced toxicity, we analyzed
whether overexpression of Survivin might be able to counteract cell death after aSiNP15 treatment
(Figure 7). First, H441 cells were retrovirally transduced with the Survivin—GFP (green fluorescent pro-
tein) fusion protein or internal ribosome entry site (IRES)—GFP constructs, and selected for GFP expres-
sion. Immunofluorescence microscopy of stably expressing cells confirmed characteristic sub-cellular
localization patterns of Survivin during mitosis and in interphase cells (Figure 7A). Ectopic expression
and functionality of the Survivin-GFP construct was verified by fluorescence microscopy (Figure 7A).
Next, cell lines were challenged with low (10*° NP/mL) and high doses (10> NP/mL) of aSiNP15 for up
to 24 h (Figure 7B-D). In comparison to the control cells (H441), Survivin-overexpressing cells (H441
Surv) showed a significant decrease in apoptosis induction (Figure 7D). Furthermore, these cells kept
their healthy phenotype upon aSiNP15 treatment, while shrinking and cell detachment from the cul-
ture dish occurred in wild-type cells for the same treatment conditions (Figures 7B and S1). However,
aSiNP15-induced cell death after long-term incubation could not be prevented by Survivin overexpres-
sion but was significantly decreased in comparison to wild-type cells (Figure 7C).

Taken together, our data strongly suggest that aSiNP15-induced toxicity depends, at least in part, on
the regulation of the anti-apoptotic protein Survivin. Further, the results indicate that a high expression
level of Survivin potentially attenuates aSiNP15induced toxicity.
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Figure 7. Overexpression of Survivin counteracts aSiNP15-induced cell death: (A) In stably SurvivinGFP-expressing H441 cells
(H441 Surv), Survivin exhibits its characteristic localization during mitotic phases shown via immunofluorescence microscopy
(as indicated). In prophase/metaphase, it localizes at chromatin sides. In anaphase, Survivin dissociates from chromatin and
associates with the midzone spindle apparatus. In telophase, it localizes at the midbody, and disperses in the cytoplasm and/or
in the nucleus during interphase. Scale bars, 10um. (B) Morphological stability of H441 cells after treatment with different
aSiNP15 concentrations at the beginning of treatment (0 h) and after 4 h aSiNP15 exposure. Cell morphology was visualized
by light microscopy. Scale bars, 150 um. (C) High doses of aSiNP15 induce cell death after long-term incubation. An MTT
viability assay of stably expressing Survivin—GFP H441 cells was performed after 4 h, 8 h, and 24 h of aSiNP15 treatment as
indicated. Data were normalized to untreated controls, and unpaired t-test was performed. Columns, mean; bars, £S.D. ***,
p<0.001, ¥*** p<0.0001. (D) CellTiter-Glo™ viability assay of H441 Surv (grey) and control cells (H441, black) was performed
after 4 h, 8 h, and 24 h of aSiNP15 treatment as indicated. Data were normalized to untreated controls, and unpaired t-test
was performed. Columns, mean; bars, +S.D. **, p < 0.01, ***, p < 0.001.

3.6. ‘Probing Physiological Relevance of the Nano—Bio Interface’—Survivin Is Expressed in Healthy Mouse and
Human Lung Tissue

Since our in vitro alveolar-capillary model suggests Survivin as a cytoprotective resistor against aSiNP-
induced toxicity, it is mandatory to analyze its physiological relevance in vivo. Therefore, we used an
established immunohistochemistry (IHC) protocol to analyze Survivin expression in human and murine
lung alveolar cells (ATII) (Figure 8A,C) [34,37]. Again, the thyroid transcription factor-1 (TTF-1) was used
as a common marker for ATll-lung cells. The IHC staining visualized specific staining of Survivin con-
sistent with TTF-1-labeled epithelial lung cells (Figure 8B,D). Tissues from different origins also differ in

their staining pattern, which has to be considered for the model system, which should mimic the target
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tissue: lung tissue from mouse origin revealed no TTF-1positive cell layer of epithelial cells and showed
no consistency with Survivin-positive cells (Figure 8C,D), in contrast to the human lung tissue (Figure
8A,B). Of note, no IHC signal was detectable upon omission of the primary a-Survivin Ab or pre-absorp-
tion of the a-Survivin Ab with recombinant human Survivin—GFP protein, confirming staining specific-
ity.Conclusively, our data confirm that Survivin is expressed in healthy lung tissue, and thus Survivin’s
cytoprotective role against aSiNP-induced toxicity is also relevant for animal-based research and its
clinical transfer to human disease, but tissue differences should be considered in the experimental
setup.
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Figure 8. Survivin is physiologically expressed in epithelial cells of the human and mouse lung. Immunohistochemical staining
of Survivin (A,C) and TTF-1 (B,D) in epithelial human and mouse lung tissue with specific antibodies (brown) and visualized by
light microscopy. HE staining was applied to visualize lung tissue structure (blue). Survivin localized in the nuclei and cytoplasm
of mouse and human epithelial lung cells (A,C), whereas TTF-1 was prominently overexpressed in the nuclei (B,D). Scale bars,
50 pM.

4. Discussion

Nanoparticles, as easy and cheap to synthesize materials, are very popular due to manifold modifica-
tion opportunities. In particular, silica nanoparticles are easy to modify and are frequently used in in-
dustry, most notably in cosmetic applications, food processing, and the medical industry as part of drug
formulations [3,4,10,12,55]. The growing number of nanoparticle-containing products as well as nano-
particle waste makes it necessary to monitor their possible harmful effects and simultaneously exam-
ine treatment options. In this context, the demand for suitable lung models regarding the complexity
of tissue samples, ethical issues, and the experimental handling of animal models is increasing. We
therefore compared specific differentiation markers of human lung tissue to those of mouse lung and
cell culture models. For the first time, we showed that tissue cells of the human lung express the in-
hibitor of apoptosis protein, Survivin, which is critical for mitosis and proliferation [31,56-59]. Further-
more, we implemented cell culture models that reflect the necessary characteristics of lung tissue cells.
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Monoculture cell line models, consisting of the human epithelial lung carcinoma cell line H441 and
human microvascular endothelial cell (MEC) line ISO-HAS-1, reproduce necessary properties of differ-
entiated lung tissue to a good extent and can, therefore, serve as good model systems for lung tissue.
On a molecular level, adhesion molecules are necessary for tissue integrity and, consequently, for their
functionality, like EpCAM or E-cadherin for epithelial lung tissue or CD31 for endothelium [60,61]. Con-
sequently, the differentiation status of the epithelial cell line H441 and endothelial cell line ISO-HAS-1
was distinguished by tissue-specific differentiation markers. H441 expressed epithelial-specific markers
a-E-cadherin and a-EpCAM pivotal for the generation of epithelial cell-cell contact and barrier for-
mation, as well as lungspecific markers a-SP-A and o-TTF-1 [62—-67]. The endothelial differentiation
marker CD31 was expressed exclusively by the ISO-HAS-1 cell line, which proves that the two selected
cell lines are highly differentiated and suitable for establishing simplified lung culture models [68].
The pro-survival stimulating properties of IAP family member Survivin could be a conceivable approach
in the treatment of tissue damages, e.g., regarding the possible beneficial use of Survivin in transplants
[29]. Thus, Survivin is known to increase cancer cell proliferation and resistance against chemothera-
peutics and radiation [23,24,69]. It was also demonstrated that Survivin plays a key role in protecting
and restoring the auditory system after ototoxic effects have led to hearing loss [28]. Several studies
showed that Survivin is expressed in a broad range of non-malignant tissues and stem cells, indicating
the crucial role of Survivin as a pro-survival factor in increasing resistance and proliferation [70,71].
These cytoprotective mechanisms may likewise be used against nanoparticular stress as proposed in
this work.

In comparison to the corresponding mouse model, the dual lung model, based on cell lines, is well
suited to reflect the specific properties of lung tissue cells and to simultaneously enable simplified and
cell-specific analyses. However, type | pneumocytes, representing the majority of the lung surface tis-
sue cells, should be considered for future research approaches on lung model systems [44]. On the
basis of the used cell model, sublethal concentrations of aSiNP15 did indeed not affect the two cell
lines, whereas higher particle doses resulted in morphological changes. We subsequently revealed de-
creasing cell viabilities over the treatment time, suggesting a time- and concentration-dependent tox-
icity effect. In addition, we found that a larger nanoparticle size reduced the toxicity of aSiNPs at con-
stant material properties and concentrations, which, besides differences in their surface area, might
be also attributed to a size-dependent protein corona formation [50]. However, Survivin expression
was reduced by higher aSiNP15 concentrations, as well as the Survivinenhancing prosurvival factor
ERK. These results indicate that the MEK/ERK/Survivin axis is part of the defense mechanism against
aSiNP toxicity. Survivin expression, location, and modification are modulated by several signaling path-
ways. To demonstrate that aSiNP toxicity is mediated by decreasing phosphorylation of ERK1/2, we
made use of an MEK inhibitor to prevent the activation of ERK1/2 by MEK-mediated phosphorylation.
In contrary to previous experiments the use of non-toxic concentrations of aSiNP15 led to significantly
lower viabilities in combination with the MEK inhibitor. Therefore, the cytoprotective effect of survivin
might be decreased due to reduced ERK1/2 activation by the inhibition of MEK-mediated ERK phos-
phorylation. The data suggest that suppressed phosphorylation of ERK may contribute to decreased
Survivin expression by interfering with MAPK/ERK pro-survival signaling, in turn, leading to caspase-3
activation and apoptosis.

The effect of aSiNP on cells has been discussed in numerous publications, but the mechanisms are still
not clearly understood [72]. The most commonly observed effects of aSiNP exposure include the in-
duction of apoptosis through DNA damage or mitochondria-, TNF-a-, and NO-related signaling path-
ways [72,73]. Mechanistically, silanol groups (SiOH) on the nanoparticle surface can interact electro-
statically with the cell membrane [74]. Furthermore, their nucleophilic character can attack electro-
philic carbonyl groups of proteins [75]. Since we used non-coated SiNP without the addition of any
surfactant, potential unspecific effects caused by foreign ions and/or surface functionalizations should
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be negligible. In addition, signaling processes are likely to be triggered by the generation of reactive
oxygen species (ROS) mediated by the cleavage of strained siloxane rings [74-77]. We showed that
aSiNPs accumulate in the cells with increasing particle concentrations correlating with morphological
changes and augmented cell toxicity. Whether Survivin can induce ROS-clearing processes under sub-
toxic conditions, or if several different defense responses are addressed by Survivin, remains to be
clarified.

Zhao et al. (2010) and others showed that Survivin is sufficiently induced by the PI3K/Akt/p70S6K1
pathway, thereby protecting cells from apoptotic stimuli [52,54]. Other studies described Akt/PI3K ac-
tivation mediated by low NO levels as a Survivin-inducing pathway [28]. In comparison to untreated
controls, the amount of phosphorylated Akt and ERK was not enhanced by non-toxic aSiNP15 concen-
trations in both cell types, underlining that these pathways are necessary for sustaining normal cell
homeostasis [78]. Further, the PI3K/Akt pathway was less affected by aSiNP15 treatment in endothelial
ISO-HAS-1 cells compared to the MEK/ERK pathway. However, H441 cells exhibited slightly less phos-
phorylated Akt, while ERK1/2 was highly phosphorylated after incubation with high particle concentra-
tions, correlating with a decreasing Survivin expression.

Survivin is a common tumor marker aberrantly expressed in various cancer types [79—-82]. However,
overexpression of Survivin via transduction of H441 cells with a Survivin—GFP construct enhanced their
resistance to aSiNP15 treatment. These data suggest that Survivin indeed serves as an active resistor
against aSiNP15-mediated toxicity for non-necrotic particle concentrations. aSiNP-mediated stress sig-
naling addresses the Ras/Raf/MEK/ERK pathways rather than the PI3K/Akt pathway in the endothelial
cell line ISO-HAS-1. A crosstalk between these pathways is also conceivable, making it more complex
to understand and utilize for the further development of clinical treatments [83].

5. Conclusions

Due to their wide range of applications, aSiNPs have become a constant companion in our everyday
lives. Therefore, it is of tremendous importance to examine possible hazardous effects on the human
system. The most common entry routes for aSiNPs are the epithelium of the skin, the gastrointestinal
tract, and the alveoli of the lung. We can confirm that silica nanoparticles of the type aSiNP15 exert a
concentration- and timedependent negative impact on the viability of epithelial and endothelial cells.
Based on the presented data, we suggest that Survivin protects cells against aSiNP-mediated toxicity.
The mechanisms behind the empirical data include the MAPK pathway by MEK activation and subse-
quent ERK1/2 phosphorylation leading to enhanced Survivin levels and apoptosis inhibition. To under-
line the relevance of our study for (patho)physiological conditions, we demonstrated that Survivin is
expressed in ATIlI-type lung cells, as well as in healthy human and murine lung tissue. Furthermore, we
propose a well-differentiated dual cell model consisting of H441 and ISO-HAS-1 cells mimicking lung
tissue in a simplified and transferable way usable for high throughput experiments prior to (pre-)clinical
in vivo studies on human or mouse tissue of the lung.

Supplementary Materials: The following supporting information can be downloaded at: https:// www.mdpi.com/arti-
cle/10.3390/nan013182546/s1, Figure S1: ISO-HAS-1 and H441 cells were treated with different particle concentrations in
serum free medium for 4h; Figure S2: Impact of aSiNP L on ISO-HAS-1 cells; Figure S3: Effect of amorphous silica nanoparticle
with a diameter of 125 nm (aSiNP125); Figure S4: Interaction and internalization of aSiNPs with an increased diameter of 200
nm by epithelial lung cells. Figure S5: Quantification of protein bands detected via Western blot analysis shown in Figure 5 by
using Image J software; Figure S6: Quantification of protein bands detected via Western blot analysis shown in Figure 6 by
using Image J software; Figure S7: Luciferase Reporter

Assay; Table S1: Characterization of the amorphous silica nanoparticle title; Table S2: Characterization of nanoparticle stability
in different aqueous solutions over time.
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