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Zusammenfassung

Das metastasierte Melanom gehort zu den am aggressivsten wachsenden und sehr
chemotherapie-resistenten Tumorarten.

Die heutzutage verfiigbaren therapeutischen Optionen fiir Patienten mit metastasiertem
Melanom sind beschrénkt und haufig mit starken Nebenwirkungen assoziiert.

Fiir anti-neoplastische Substanzen sind im Allgemeinen sowohl endoplasmatischer-
Retikulum (ER)-Stress als auch mitochondriale Dysregulation potentielle therapeutische
Ziele. Die anti-neoplastische Substanz Bortezomib ist ein kleines Molekiil das selektiv
und speziell Proteasomen inhibiert, und somit zur Induktion sowohl von pro- als auch
anti-apoptotischen Proteinen wie Noxa und Mcl-1, fiihrt. Dies erkldrt sowohl die
erwiinschten als auch unerwiinschten Effekte, die bei therapierten Patienten zu
verzeichnen sind.

Daher ist es von besonderer Bedeutung, durch funktionelle Analysen von anti-
neoplastischen Substanzen, und deren in Melanomzellen hervorgerufenen Effekten die
etablierten heutigen Therapien zu verbessern, um besonders in Féllen von
metastasierten Melanomen die therapeutische Effizienz zu erhohen.

Das Ziel dieser Arbeit war es, die Wirkung von anti-neoplastischen Substanzen auf das
Zellwachstum von Melanomzellen abzuschétzen, und die molekularen Mechanismen,
durch die Bortezomib Apoptose in Melanomzellen ausldst, ausfiihrlich zu
charakterisieren.

In der vorliegenden Arbeit zeigte sich, dass die Behandlung von Melanomzellen mit
Bortezomib, Carmustine, und Dacarbazine zum Zelltod fiihrt. Die funktionelle Analyse
von Bortezomib ergab, dass durch die Behandlung der Melanomzellen mit Bortezomib
eine Induktion der Apoptose ausgelost wurde. Auch eine Hochregulierung von den
Proteinen: Noxa, Mcl-1 und HSP70 sowie die Spaltung von LC3 mit Bildung von
Autophagosomen konnte nachgewiesen werden. Bortezomib induzierte ER-Stress,
welcher anhand von intrazellulidrer Ca®" Freisetzung nachgewiesen werden konnte. Des
Weiteren fiihrte Bortezomib zu einer gesteigerten Phosphorylierung von IREla, ASK1,
JNK, p38 als auch zu einer Aktivierung von den Transkriptionsfaktoren AP-1, ATF-2,
Ets-1, und HSF1.

Die durch Bortezomib ausgeldste mitochondriale Dysregulation konnte sowohl mit
Hilfe der Anhdufung von reaktiven Sauerstoff-Spezies (ROS), Freisetzung von AIF und
Cytochrome c, die Aktivierung von caspase-9 und caspase-3 als auch durch die
Spaltung von PARP nachgewiesen werden. Es stellte sich heraus, dass eine
Vorbehandlung der Melanomzellen mit einem caspase-3 Inhibitor (Z-DEVD-FMK) zu
einer verminderten Bortezomib-induzierten Apoptose fiihrte, die letztendlich eine
vermehrte Autophagie bewirkte. Einen gegenteiligen Effekt zeigte eine Blockierung
von ASKI1, so dass es zu einer verminderten Autophagosomen-Bildung, jedoch
vermehrter Apoptose kam.

Eine Inhibition von JNK oder HSP70 fiihrte ebenfalls zu einer vermehrten Apoptose,
jedoch ohne Auswirkungen auf die Bildung von Autophagosomen zu zeigen. Die auf
den Inhibitions-Test basierenden Ergebnisse zeigen, dass eine Behandlung von
Melanomzellen mit Bortezomib beide Signalwege aktiviert, zum einen den ER-Stress
assoziierten Signalweg, als auch den, durch mitochondriale Dysfunktion vermittelten
Signalweg

Im Rahmen dieser Arbeit wurden zum ersten Mal die molekularen Mechanismen
demonstriert, die es Bortezomib ermoglichen sowohl eine Apoptose, als auch
Autophagie in Melanomzellen herbeizufiihren.
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Abstract

Metastatic melanoma is known as one of the biologically most aggressive and chemo
resistant cancers known.

The available therapeutic approaches for patients with metastatic melanoma are of
limited benefit and commonly associated with numerous adverse effects. Generally,
both endoplasmic reticulum (ER) stress and mitochondrial dysregulation are potential
therapeutic targets of anticancer agents including bortezomib. Bortezomib is a small
molecule that can specifically and selectively inhibit proteasomes, leading to the
induction of both pro- and anti-apoptotic proteins, including Noxa and Mcl-1, and
thereby leads to the enhancement of desired as well as non-desired effects in treated
patients. Therefore, the functional analysis of anticancer agents-induced effects in
melanoma cells may help to improve their therapeutic efficiency for the treatment of
metastatic melanoma.

The aim of the present study was to assess the inhibitory effect of anticancer agents on
cell growth of melanoma cells and to characterize, in detail the molecular mechanisms
whereby bortezomib triggers apoptosis in melanoma cells.

The treatment of melanoma with bortezomib, carmustine, dacarbazine was found to
induce apoptosis in melanoma cells. However, the functional analysis of bortezomib in
detail was found to induce apoptosis of melanoma cells together with the upregulation
of Noxa, Mcl-1, and HSP70 proteins, and the cleavage of LC3 and autophagosome
formation. Bortezomib induced ER-stress, as evidenced by the increase of intracellular
Ca?" release and enhanced the phosphorylation of IRE1a, ASK1, JNK and p38, as well
as, the activation of the transcription factors AP-1, ATF-2, Ets-1, and HSFI.
Bortezomib-induced mitochondrial dysregulation was associated with the accumulation
of reactive oxygen species (ROS), the release of both apoptosis inducing factor (AIF)
and Cytochrome c, the activation of caspase-9 and caspase-3, and cleavage of Poly
(ADP-ribose) polymerase (PARP). Furthermore, the pretreatment of melanoma cells
with the inhibitor of caspase-3 (Z-DEVD-FMK) was found to block bortezomib-
induced apoptosis leading subsequently to increased autophagosome formation. In
contrast, the inhibition of ASKI1 abrogated bortezomib-induced autophagosome
formation and increased induced apoptosis. As a beneficial side effect, the inhibition of
JNK, of HSP70 increased also induced apoptosis without influencing bortezomib-
induced autophagosome formation. Thus, based on inhibitory experiments, the exposure
of melanoma cells to bortezomib triggers the activation of both ER-stress-associated
pathways, in particular IRE10-ASK1-p38-ATF-2/ets-1-Mcl-1, and IRE1a-ASK1-JNK-
AP-1/HSF1-HSP70 as well as mitochondrial dysregulation-associated pathways,
namely ROS-ASK1-JNK-AP-1/HSF1-70, and AIF-caspase-3-PARP and Cyt.c-caspase-
9-caspase-3-PARP.

Altogether, we demonstrate for the first time the molecular mechanisms, whereby
bortezomib triggers both apoptosis and autophagosome formation in melanoma cells.
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Introduction

1. Introduction

1.1 Melanoma

Malignant Melanoma is one of the most aggressive types of cancer, besides being the
most aggressive form of skin cancer. The incidence of malign melanoma shows a steady
increase within the last two decades, especially in Western cultures (Gray-Schopfer et
al., 2007). The chances for healing and complete remission are best, if the tumour is
small and grows exclusively in the epidermis without vertical penetration into deeper
skin and tissue layers (Eikenberry et al., 2009). Studies have shown that the basal
membrane has a barrier function that prevents blood and lymphatic metastases. Once
the basal membrane is penetrated by the cancer cells, the access of cancer cells to the
dermis facilitates their dissemination into blood vessels and the lymphatic system,
leading to rapid spread of cancer cells throughout the entire organism (Uong and Zon,
2010). It has been shown that the occurrence of lymph node metastases results from
lymphatic vessel infiltration, whereas the penetration of blood vessels enables the
cancer cells to disseminate to other organs. The most common sites of metastases have
been shown to be lung, liver, bone and brain, which implies some kind of affinity of the
melanoma cells for these organs and tissues (Nguyen et al., 2009).

The survival rate in patients with advanced diseases, based on the cases with confirmed
lymph node metastases or organ metastases, is reported to be no better than a 5-year
survival rate of <5§% (Elder et al., 2005; Gray-Schopfer et al., 2007). This poor
prognosis is attributed to the cancer’s inherently high potential to form local and distant
metastases, aggressive local growth and the development of resistance to most available
therapies, including immuno-, radio- or chemotherapy (Whalen and Sharif, 1992;
Rockmann and Schadendorf, 2003).

The current available therapy strategies for melanoma treatment include surgical
removal of the tumour, which can only benefit patients with early stages of the disease.
Melanoma treatment with chemotherapy and radiotherapy, particularly combinations of
these different therapeutic approaches have been found to improve the overall poor
prognosis of melanoma treatment, whereas unidirectional approaches show only minor
or temporary successes (Spagnolo and Queirolo, 2012). The high resistance of

melanoma to cytotoxic drugs result from inherent and also acquired defects in cell death
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machinery. Studies show a distinct dysregulation on multiple levels of the main
apoptotic pathways in combination with other mechanism, ranging from heightened
activity of DNA repair systems to increased activity of drug detoxification (Grossman
and Altieri, 2001; Soengas and Lowe, 2003; Roos et al., 2011; Zwielly et al., 2011). It is
expected, that the above mentioned intracellular alterations on multiple levels, explain
the insufficiency of the cell death machinery to compel spontaneous apoptosis in vivo,
when compared directly to other cancer cells. This may explain the possible mechanism
regulating melanoma resistance to cytotoxic drugs, as shown in numerous in vitro
apoptosis assays (Soengas and Lowe, 2003). Melanoma cells use DNA damage repair
systems and drug detoxification systems to avoid induction of apoptosis and thus render
a number of highly potent cytotoxic drugs less effective (Soengas and Lowe, 2003).
This enormous resistance to apoptosis renders the alternative therapeutic modalities
equally less potent, although they may effect cell damage by other means. Overcoming
this tremendous inherent resistance of the cancer cells is seen as a possible key to a
much more effective and successful treatment of malign melanoma cases (Soengas and
Lowe, 2003; Gray-Schopfer et al., 2007).

Currently, there are a number of different substances with therapeutic potential for the
treatment of malignant melanoma. These include the chemotherapeutic agents such as
dacarbazine, temozolomide, as well as the recently approved targeted drugs, including
nivolumab, a monoclonal antibody (Jonsson et al., 1980; Devito et al., 2011; Spain and
Larkin, 2016). In advanced cases of metastasized melanoma, the treatment with
Interferon alpha and Interleukin-2 has shown a significant potential to modulate the
immune system response to cancer cells. Interferon alpha and Interleukin-2 are also
used post-surgical as an adjuvant therapy (North and Mully, 2011; Noor et al., 2012).
Based on the infamous drug resistance of melanoma cells, and the failure of systemic
therapy regiment to achieve complete remission in advanced metastasized cases, it is
important to understand the resistance mechanism of melanoma cells, to currently
available conventional therapies. Understanding these resistance mechanisms may help
to develop reliable therapeutic protocols for the treatment of malign melanoma.

The new German guidelines for melanoma reflect that the participation in clinical
studies is most promising for advanced melanoma cases which have already

metastasized to internal organs (stage IV) (Garbe et al., 2008).
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1.2 Apoptosis

Apoptosis describes an energy dependent active process that leads to a controlled cell
death of a single cell or cell group and is of vital importance to the governance of cell
groups and during organ development in multicellular organism (Kerr et al., 1972; Portt
et al.,, 2011). It can regulate a cell population with near surgical precision without
damaging surrounding tissue, in contrast to another form of cell death, known as
necrosis (Grimm, 2003). Apoptosis can be triggered by a multitude of different factors,
categorised into internal and external ones (Elmore, 2007). To the group of internal
factors belong noxious substances and events that deal extensive damage to the cell’s
genetic information, external factors can be immune cells which can effect apoptosis by
interacting with certain receptors, called “death receptors” (DR) of the tumor necrosis
factor (TNF) subfamily (Elmore, 2007).

The mechanisms by which apoptosis is regulated seems to be intricate, energy
dependent and tightly controlled, to ensure that no sudden and undesired apoptosis
commences (El-Khattouti et al., 2013). There are two main apoptotic pathways that are
categorised into an extrinsic pathway that translates an external trigger for apoptosis
into an intracellular signal via death receptors (Locksley et al., 2001). On the other
hand, there is the internal or intrinsic pathway that depends on the cell’s mitochondria to
function (Danial and Korsmeyer, 2004). These two pathways act not completely
separated from each other, in their molecular action, and have the ability to influence
each other, as described by newer studies which found extensive inter-linkage between
both pathways (Igney and Krammer, 2002a).

In addition to the above mentioned two major pathways there is evidence for at least a
third pathway that is mediated via T-cells of the host organism. The interaction of
cytotoxic T lymphocytes and natural killer cells with a cell that is selected for apoptosis
leads to an activation of the perforin/granzyme pathway (Martinvalet et al., 2005).
Perforin enables the uptake of the proteases granzyme B or granzyme A into the cell,
which in turn can induce cell death by promoting apoptosis (Bots and Medema, 2006).
In contrast to the two major pathways, which induce DNA fragmentation, studies show
that the granzyme A pathway uses a caspase-independent cell death pathway that effects
exclusively single stranded DNA damage, whereas the dominant pathways induce

double stranded DNA damage (Lieberman and Fan, 2003; Martinvalet et al., 2005).
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All three pathways lead to a central pathway that is commenced by the cleavage and
thus activation of caspase-3, which is seen as a sort of “key” for the downstream
following apoptosis (Igney and Krammer, 2002b). The activation of caspase 3 leads to a
rapid degradation of a large number of proteins that are essential for cell repair
mechanisms, cell signaling or homoeostasis, thus further advancing the cell’s march
towards death and phagocytosis (Porter and Janicke, 1999). Most animal cells
synthesize proenzyme caspases, which are basically inert preforms, until they are
activated, depending on the caspase, by different means (Li and Yuan, 2008). When an
apoptotic trigger is received it leads to a dimerization and thus activation of hydrolytic
initiator caspases which in turn activate, in a snowball effect-like fashion, other inert
initiator caspases as well as the effector caspases (Rastogi et al., 2009). Caspases can be
categorized broadly into three groups based on their function, whereas only the first two
groups are of central importance for apoptosis. The first group are the initiator caspases
(caspase-2, -8, -9, -10), which are activated by dimerization and then proceed to cleave
the inert executioner caspases hydrolytically, thereby activate them (Allen and Clarke,
2009; Kurokawa and Kornbluth, 2009; Mcllwain et al., 2013). The second group is
comprised of the executioner caspases (caspase-3, -6, -7), which in turn cleave a
multitude of intracellular substances proteolytically at aspartic acid residues and thus
lead to the demise of the cell (Fischer et al., 2003; Kumar, 2006). The third group
consists of the inflammatory caspases (caspases--1, -4, -5), which cannot be counted as
either initiator or executioner and do not seem to play a central role in apoptosis (Allen
and Clarke, 2009; Kurokawa and Kornbluth, 2009).

Once the cell has begun the way towards cell death it expresses surface markers that
facilitate recognition and phagocytosis by macrophages and other phagocytes without
damaging the surrounding tissue, which sets apoptosis apart from necrosis (Fadok and
Chimini, 2001). This feat is managed by a translocation of negative charged
phosphatidylserine into the outer layer of the cell’s lipid bilayer. The exposure of the
negative charges in the outer layer serves a beacon for phagocytic cells, because an
otherwise intact cell would not expose negative charges in the outer layer of the lipid
bilayer and thus leads to selective phagocytosis (Bratton et al., 1997). Alongside
phosphatidylserine, there are other proteins and membrane lipids that are translocated to
the outer layer. Annexin I is also found in the outer layer of apoptotic cells and has been

shown to be a recombinant phosphatidylserine-binding protein. Annexin V has shown
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to interact specifically with phosphatidylserine and is used today as a marker to detect
apoptosis in assays (van Engeland et al., 1998; Arur et al., 2003).

Typical of apoptotic cells is also that cell integrity is largely unimpaired until
phagocytosis has taken place, which is in part achieved by the activation of tissue
transglutaminases which create Ca**-dependent protein crosslinks between proteins that
act like a scaffold and appear to be the reason for the found cell integrity (Nemes et al.,
1996; Nicholas et al., 2003).

Another typical trait of apoptotic cells is, that the genetic information is processed by
endonucleases that lead to the typical DNA fragmentation and chromatin condensation.
Both are signs of extensive damage to the genetic information and can be visualized in

special assays or using an electron microscope (Sun et al., 1994; Bortner et al., 1995).

1.3 Intrinsic Pathway

The hallmarks of the intrinsic pathway are that it is receptor-independent but necessarily
mitochondria-dependent. Without mitochondrial activation it cannot be activated (Cui et
al., 2012). The triggers of the intrinsic pathway can influence the pathway in a positive
or negative way, meaning they can lead a cell towards apoptosis or even prevent it
(Chipuk et al., 2008;). In a functional cell there is a fine balance between pro-apoptotic
and anti-apoptotic factors. The group of anti-apoptotic factors consists of signals that
promote cell survival or cell proliferation through several cell-stimulating hormones or
growth factors (Elmore, 2007). Opposed is a group of factors, the pro-apoptotic-factors
that promote cell death via a multitude of different ways. Cell-damaging substances and
influences like radiation, cell toxins, infections, hypoxia or simply the lack of anti-
apoptotic factors promote cell death and thus apoptosis (Chipuk et al., 2010; Anvekar et
al., 2011). All the pro-apoptotic influences have in common, that they lead to a loss of
mitochondrial membrane potential, which in turn increases mitochondrial permeability
(Anvekar et al., 2011; Selimovic et al.,, 2013). The increase in mitochondrial
permeability allows pro-apoptotic proteins outside of the mitochondria where they lead
to an activation of the caspase-dependent mitochondrial pathway. Some of the proteins
that gain access to the cytosol have been identified as Cytochrome ¢, Smac/DIABLO
and HtrA2/Omi (Du et al., 2000; Garrido and Kroemer, 2004; Elmore, 2007). Their pro-
apoptotic function is derived from a structure known as apoptosome, which consists of

Apaf-1, Cytochrome c and procaspase-9 (Hill et al., 2004; Anvekar et al., 2011). Recent
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studies show that Smac/DIABLO and HtrA2/Omi inhibit inhibitors of apoptosis
proteins (IAP) activity irreversibly and thus lead to increased apoptosis (van Loo et al.,
2002; Yang et al., 2003; Hegde et al., 2003; Schimmer, 2004). Other pro-apoptotic
proteins are permitted into the cytosol from within the mitochondria at a later point,
when the process of apoptosis is already under way (Li et al., 2001). The second group
of proteins consists of endonuclease G, Caspase-Activated-DNase (CAD) and
Apoptosis-inducing factor (AIF). The latter proteins have in common that they lead to
DNA fragmentation and nuclear condensation, signs which are also typical for apoptotic
cells (Susin et al., 2000; Joza et al., 2001; Li et al., 2001). Endonuclease G and AIF do
not require prior activation by a caspase whereas CAD is activated after being cleaved
by caspase-3, which has been shown to be one of the key proteins in apoptosis (Enari et
al., 1998; Susin et al., 2000; Cao et al., 2001).

The extensive Bcl-2 protein-family, among them members that have pro-apoptotic and
others with anti-apoptotic properties, could be described as the stewards of
mitochondrial permeability and thus control downstream whether the cell commits to
apoptosis or not (Cory and Adams, 2002; Yip and Reed, 2008). It is known that the
tumour suppressor protein p53 plays a vital role in governing the mitochondrial
membrane permeability by interacting with a multitude of Bcl-2 family proteins
(Schuler and Green, 2001; Ha et al.,, 2013). Among the Bcl-2 family there are the
proteins BID and BIM, which are known to activate the proteins BAK and BAX.
(Korsmeyer et al., 2000; Letai et al., 2002; Kuwana et al., 2002; 2005). Studies show
that the BAK and BAX proteins are chiefly responsible for the regulation of the
“mitochondrial outer membrane permeabilization” (MOMP) and can create pores in the
outer mitochondrial membrane through which Cytochrome c can be released into the
cytosol (Lindsten et al., 2000; Wei et al., 2001; Anvekar et al., 2011). Two further anti-
apoptotic proteins are Bcl-X1 and Bcl-2 and their known function is to inhibit the
release of Cytochrome c¢ from within the mitochondria, but this anti-apoptotic function
can be modulated by formation of heterodimers with Bad, also of the Bcl-2 family,
which renders the anti-apoptotic function of Bcl-X1 and Bcl-2 inoperable and thus
promotes apoptosis (Yang et al., 1995; Newmeyer et al., 2000; Chipuk et al., 2010). The
important Bcl-2 family proteins Puma and Noxa show a p53-dependent heightened
expression and are able to trigger apoptosis in certain melanoma cell lines (Elmore,
2007; Hassan et al., 2008). In vitro studies show that an increasing expression of Puma

leads to an increase in BAX expression, which in turn influences downstream apoptosis
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by regulating the release of pro-apoptotic factors by modulating the mitochondrial
membrane potential (Liu et al., 2003; Gallenne et al., 2009). Interestingly the protein
Noxa is located within mitochondria as well as in the cells endoplasmic reticulum and
can interact with other Bcl-2 family members and lead to an increase in caspase-9
activity, which is one of the initiator caspases and as such able to activate capase-3 (Oda
et al., 2000; Hassan et al., 2008).

There are a multitude of other proteins, that are known to interact with p53 and Bcl-2
family members and thus are able to influence the cell, either by pushing it further along
towards apoptosis or arresting the move towards apoptosis. In all probability, we have

only just begun to understand the different pathways and their interactions.

1.4 Extrinsic Pathway

The second dominant apoptosis pathway is characterised by an external stimulus that is
translated via receptors, the so called death receptors (DR), into an intracellular signal
that can promote cell death. Among these receptors are members of the tumour necrosis
factor (TNF) receptor superfamily (Locksley et al., 2001; Portt et al., 2011).

A common trait of these TNF receptors is a cytoplasmic domain called “death domain”
(DD) which consists of ~80 amino acids and is vital for the translation of the
extracellular signal into an intracellular signal and apoptosis induction (Ashkenazi and
Dixit, 1998; Guicciardi and Gores, 2009). There are several known death receptors,
whereas the receptors that are closely associated with apoptosis upon activation are Fas,
TNF-related apoptosis-inducing ligand receptor 1 (TRAIL-R1) and TNF-related
apoptosis-inducing ligand receptor 2 (TRAIL-R2) (Guicciardi and Gores, 2009).

When a ligand, also termed “death ligand”, binds to a corresponding receptor, the
cytoplasmic death domain performs a conformational change, which acts as a beacon
for different receptor-specific adapter proteins exhibiting a matching death domain. In
the case of a TNF-receptor the recruited protein is called TNF receptor-associated
protein with death domain (TRADD), or in the case of a Fas-receptor it is called Fas-
associated protein with death domain (FADD) (Guicciardi and Gores, 2009). Upon
binding of the adapter protein with the activated death domain of the receptor, the
adapter proteins may activate specific death effector domains, that are deemed essential
for the binding and activation of initiator caspase-8 and caspase-10. The entity

consisting of the activated adapter protein (FADD or TRADD) and the procaspases is
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called death-inducing signalling complex (DISC) (Kim et al., 2000; Guicciardi and
Gores, 2009). Upon formation of the DISC, a dimerization of the adapter protein with
procaspase-8 is effected, which in turn is auto activated and can launch the execution
phase which leads ultimately to apoptosis (Kischkel et al., 1995; Shirley et al., 2011). At
this point it has to be noted that there are intracellular proteins that can modulate or
even inhibit apoptosis triggered by a death receptor ligand. One such protein, called c-
FLIP, can intervene and modulate the signal cascade at the DISC by binding to FADD,
caspase-8 and caspase-10, thus leading to a deactivation of these proteins. (Kataoka et

al., 1998; Scaffidi, 1999; Safa et al., 2008; Guicciardi and Gores, 2009).

1.5 Execution Phase

The execution phase is characterised by the irreversible activation of the effector or
executioner caspases (caspase-3, -6, -7) and is the endpoint of both dominant apoptotic
pathways (Elmore, 2007; Lutz et al., 2014). The activated effector caspases begin to
proteolytically cleave a wide range of substrates, ranging from DNA repair enzymes
like Poly ADP-ribose polymerase (PARP), structural proteins like gelsolin or vimentin
to regulatory proteins like p21-activated kinase 2 (PAK-2) and many others (Porter and
Jénicke, 1999; Slee et al., 2001; Elmore, 2007). Caspase-3 plays a central role in the
proteolytic process and studies show that it can be activated by any of the initiator
caspases, but has also the ability to process and thus activate pro-caspases (pro-
caspases-2, -6, -7, -9) furthering its image as a vital component along the way towards
apoptosis (Porter and Janicke, 1999; Hassan et al., 2009; Lin et al., 2015). Another most
important property of activated caspase-3 is that it can cleave Inhibitor of caspase-
activated DNase (ICAD), thus activating the caspase-activated DNase, which in turn
translocates to the nuclei to fragment the genetic material within, leading to chromatin
condensation, considered as one earmark of apoptosis (Sakahira et al., 1998; Porter and
Janicke, 1999). Studies, using a cell-free system, showed that caspase-3 seems to have
the broadest spectrum of substrates it can cleave and is considered the most important
executioner caspase, whereas the caspase-6 and caspase-7 are thought to play a more
sophisticated and regulatory role upstream and cannot substitute caspase-3 (Slee et al.,
2001). Since the late 1990s it has been shown that a Fas stimulation, in vivo, leads to
gelsolin-cleavage effected by activated caspase-3 and caspase-7 (Kothakota et al., 1997;
Martin et al., 2010). Gelsolin belongs to the group of actin-binding proteins that interact
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with the actin cytoskeleton in numerous ways (Sun et al., 1999). The cytoskeleton itself
is responsible for numerous cellular functions ranging from cell motility and migration
to signal transduction. Gelsolin upregulation has been associated with increased cell
motility in different human cancer cells (Deng et al., 2015). Astonishing was, that the
caspase-3-cleaved gelsolin-product severed actin filaments in a way that did not require
Ca?" in order to function. The cells confronted with the cleaved gelsolin product showed
nuclear fragmentation and rounding up, both typical signs of apoptosis (Kothakota et
al., 1997). All the above shows that an activation of caspase-3 leads to a destruction and
impairment of many vital cell functions by affecting multiple structures that regulate
different cell functions simultaneously and thus cannot be seen as one solitary damaging
“strike” launched at one specific site (Kothakota et al., 1997; Elmore, 2007).

After the cell has been rendered beyond repair by the caspase-activity and is well on its
way towards cell death, the last phase of apoptosis sets in, meaning the removal of the
dying cell via phagocytosis (Erwig and Henson, 2008). As described before, we know
of radical changes within the cell and its lipid bilayer during apoptosis (Orlando and
Pittman, 2006). A normal and functional cell is characterised by an asymmetrical
distribution of phospholipids within its lipid bilayer, meaning some phospholipids are
situated primarily within the outer layer, like sphingomyelin, whereas
aminophospholipids are mostly sequestered within the inner layer (Fadok et al., 1998).
It is known, that phosphatidylserine belongs exclusively within the inner layer of a
functional cell’s lipid bilayer, but translocates, as described before, to the outer layer
during apoptosis and serves as a beacon for phagocytes (Verhoven et al., 1995). Two
proteins are deemed important for this change in the lipid bilayer. One protein is called
aminophospholipid translocase, which seems to transport phosphatidylserine to the
inner layer and does so in a Mg?'-dependent fashion that can be impaired by a
heightened Ca®" concentrations (Fadok et al., 1998; Verhoven et al., 1999). The second
protein is called scramblase and is believed to speed the process of phosphatidylserine
externalisation in an ATP-independent way. It has to be noted that the scramblase-
activity is upregulated via a heightened intracellular Ca?* concentration, meaning that
Ca®" leads to an inhibition of the aminophospholipid translocase while activation the
scramblase (Fadok et al., 1998; Verhoven et al., 1999; Sahu et al., 2007). Studies using
erythrocytes have shown that aged or oxidatively stressed erythrocytes display an active
caspase-3, which in turn is responsible for the downregulation of the afore mentioned

aminophospholipid translocase and finally phosphatidylserine externalisation (Mandal
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et al., 2005). These erythrocytes displayed, that a Fas-pathway activation leads to an
increase in active caspase-8, activation of caspase-3, downregulation of
aminophospholipid translocase, phosphatidylserine externalisation and eventually
apoptosis (Mandal et al., 2005). In addition to these findings, there are also indications
that phosphatidylserine externalisation can also be achieved in a caspase-independent
way, as shown in experiments using primary T-lymphocytes. It is hypothesized that this
effect could be triggered by the apoptosis-inducing factor (AIF), which is able to effect
phosphatidylserine exposure upon direct injection into the cell’s cytoplasm, even during
caspase-inhibition (Ferraro-Peyret et al., 2002; Elmore, 2007).

The signal-function of phosphatidylserine exposure leads to the rapid attraction of
phagocytic cells, like macrophages. These phagocytic cells seem to have specific
phosphatidylserine-receptors that facilitate phagocytosis of the apoptotic cell (Fadok et
al., 1998). As described before, apoptosis leads to a cell death that does not lead to an
inflammatory response and thus prevents damage to surrounding tissue (Verhoven et al.,
1995). It is believed that phosphatidylserine receptors are accountable for the lack of
inflammatory responses by leading to an active induction of anti-inflammatory
mediators which allow this “silent” cell death via apoptosis and phagocytosis

(Penberthy and Ravichandran, 2016).
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2. The aim of this study

Currently, the available therapies of advanced cases of metastasised melanoma are
limited and unreliable. Therefore, the functional analysis of conventional anti-cancer
agents based on their molecular action may help to improve their therapeutic efficiency
in patients with advanced diseases.

This work does focus on the following subjects:

1. The assessment of the killing efficiency of anti-cancer agents (e.g.
bortezomib, dacarbazine and carmustine) in melanoma cell lines, using

MTT assay and Comet Assay.

1. Functional analysis of anti-cancer agent induced apoptosis using

embryonic fibroblast knockout cell lines.

2. Determination of molecular mechanisms whereby anti-cancer agent
bortezomib triggers both apoptosis and autophagosome formation in

melanoma cell lines.
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3. Materials and Methods

3.1 Materials

Cell lines

Melanoma cell lines BLM, A375 were obtained from ATCC, American type culture
collection. The cells were maintained in Dulbecco’s Modified Eagle Medium (DMEM-
F12) supplemented with 10% heat-inactivated Fetal Bovine Serum (FBS), 2 mM
glutamine and 1% antibiotic solution (100 U/ml penicillin and 100 pg/ml streptomycin)
at 37°C in a humidified atmosphere of 5% CO2.

Media for cell culture

DMEM/F12 (1:1)-medium: Serva (Heidelberg, Germany)

Dulbecco’s Phosphate buffered Saline (DPBS): Sigma (Deisenhofen, Germany)
Doxycycline: Clontech (Palo Alto, USA)

Dulbecco’s Modified Egale Medium (DMEM): Gibco BRL (Eggenstein, Germany)
Fetal Bovine Serum (FBS): Gibco BRL (Eggenstein, Germany)

Genticin: Gibco BRL (Eggenstein, Germany)

Penicillin Streptomycin Tetracycline: Clontech (Palo Alto, USA)

Trypsin/EDTA solution: Seromed/Biochem (Berlin, Germany)

Chemicals, enzymes, and antibodies

All antibodies, chemicals and enzymes were obtained by the following companies:
Serva (Heidelberg, Germany), Biometra (Gottingen, Germany), Promega (Mannheim,
Germany), Peqlab (Erlangen, Germany), Amersham Buchler (Braunschweig,
Germany), Perkin Elmer (New Jersey, USA), Roche, Molecular Biochemicals
(Mannheim, Germany), Upstate Biotechnology (Eching, Germany), GeneCraft
(Miinster, Germany), Sigma-Aldrich (Deisenhofen, Germany), Biolabs (Schwalbach,
Germany), Qiagen (Hilden, Germany), Chemicon (Hofheim, Germany), Santa Cruz
(Santa Cruz, USA), Calbiochem (Bad Soden, Germany), Gibco BRL (Eggenstein,
Germany), Boehringer-Ingelheim (Heidelberg, Germany), Merck (Darmstadt,
Germany), Bio-Rad (Miinchen, Germany), Pharmacia Biotech (Uppsala, Sweden),
Invitrogen (NV Leek, Netherlands) and Clontech (Palo Alto, California, USA). If not

declared in detail, we received the material in best quality and highest grade of purity.
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Chemicals:

The chemicals are listed in alphabetic order

[y-*P] ATP (Hartmann Analytika, Munich, Germany)

Adenosine Triphosphate (ATP): Sigma (St.Louis, USA)

Agar: Difco Laboratories (Detroit, USA)

Ampicillin: Gibco BRL (Eggenstein, Germany)

AMYV Reverse Transcriptase: Boehringer Mannheim (Mannheim, Germany)
Cell proliferation Kit (MTT): Boehringer Mannheim (Mannheim, Germany)
Didesoxynucleotide (ANTP): Sigma (St.Louis, USA)

Enzymes for RT-PCR: (Genecraft, Germany)

Glutathione-Sepharose: Pharmacia (Freiburg, Germany)

MBP (Biomol, Germany)

NaCL: Difco Laboratories (Detroit, USA)

OxiSelect™ Comet Agarose (Cell Biolabs Inc, San Diego, USA)
OxiSelect™ Comet Slide (Cell Biolabs Inc, San Diego, CA, USA)

Poly T-oligonucleotide: Birsner/Grob (Denzlingen, Germany) Boehringer, Mannheim
Protease-inhibitor (Tablette): Boehringer Mannheim (Mannheim, Germany)
Protein A agarose conjugate (Santa Cruz, USA)

Proteinase K: Sigma (St.Louis, USA)

Restriction enzymes: Genecraft (Miinster; Germany)

RNAse A: Boehringer Mannheim (Mannheim, Germany)

RNAse-inhibitor: Boehringer Mannheim (Mannheim, Germany

Salmon sperm -DNA: Stratagene (Heidelberg, Germany

T4 polynucleotide kinase (Genecraft, Munster, Germany)

T4-Ligase: Boehringer Mannheim (Mannheim, Germany)

Trypton: Difco Laboratories (Detroit, USA)

3.2 Antibodies

A. Primary antibodies
Immunoblot analysis was performed according to standard procedures using the

following antibodies and dilutions:
Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA:
Anti-ASK1 (SC-7931), 1:1000
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Anti-ERK (SC-271270, 1:1000
Anti-HSP 70 (SC-66048) 1:2000
Anti-IRE1a (SC-100772), 1:1000
Anti-JNK (SC-474), 1:1000

Anti-LC 38 (SC-376404), 1:1000
Anti-Mcl-1 (SC-20679) 1:500
Anti-Noxa (SC-2697) 1:1000

Anti-p38 (SC-535), 1:1000
Anti-p-ASK1 (SC-01633), 1:1000
Anti-p-JNK (SC-6254), 1:1000
Anti-p-p38 (SC- 7973), 1:500
Anti-B-actin (SC-1615) 1:5000

Cell Signaling Technology, Inc., Danvers, MA, USA:
Anti-AIF (#4642), 1:1000

Anti-caspase 3 (#7190), 1: 1000
Anti-caspase 9 (#9501), 1: 1000
Anti-PARP (#9542), 1: 1000

Abcam, Cambridge, MA, USA:
Anti-Cytochrome ¢ (ab1357-100) 1:1000

B. Secondary antibodies
Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA:

Alkaline phosphatase anti-mouse: Santa Cruz (Santa Cruz, USA)
Alkaline phosphatase anti-rabbit: Santa Cruz (Santa Cruz, USA)
Alkaline phosphatase anti-goat: Santa Cruz (Santa Cruz, USA)

C. Gel shift oligonucleotides:

Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA:
AP-1 binding site

ATF-2 binding site

ELK-1 binding site

Ets-1 binding site

HSF-1 binding site



Materials and Methods 15

D. Protease inhibitors:

Prepare as 25x stock solution; store at -20°C; and add fresh to the lysis buffer.
ASKI1 inhibitor (thioredoxin) (MERCK, Darmstadt, Germany)

Caspase-3 inhibitor (zVAD-fmk) (R&D systems, Minneapolis, USA)

JNK inhibitor SP600125 (Biomol, Loerach, Germany)

p38 inhibitor (SB-203580) (Biomol, Loerach, Germany)

E. siRNA:

Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA:
Ets-1 siRNA

HSP 70 siRNA

Mcl-1 siRNA

F. Dyes and indicator substances:
Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA:
JC1

Invitrogen, Karlsruhe, Germany:
Annexin V

FLUO 3/AM

Propidium iodide

Sigma-Aldrich Corporation, Germany:
Dihydrorhodamine 123

Cell Biolabs Inc, San Diego, USA:
Vista Green DNA Dye

MP Biomedicals, Eschwege, Germany:
DEVD-AMC for caspase-3

LEHD-AMC for caspase-9

Kits for molecular biology:
Bio-Rad protein Assay kit (Bio-Rad, Germany)

Qiagen plasmid isolation kits (Qiagen, Germany)

X-ray films

Hyperfilm ECL: Amersham Biosciences (Buckinghamshire, UK)
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3.3 Buffers and solutions

Buffers and solutions for DNA electrophoresis:
0.5x TBE buffer (Tris-borate-EDTA)

0.045 M Tris-borate

0.001 M EDTA

1x TAE buffer (Tris-acetate-EDTA)

0.04 M Tris-acetat

0.001 M EDTA

6x loading buffer

0.25% Bromophenol blue

0.25% Xylenecyanol FF

30% Glycerol in water, mix well and store at 4°C.

Buffers for the preparation of nuclear - and whole cell extracts
RIPA buffer

50 mM Tris (pH 8.0)
150 mM NacCl

1.0% NP-40

0.5% DOC

0.1% SDS

Modified RIPA buffer
50 mM Tris (pH 7.4)
150 mM NacCl

I mM EDTA

1 mM Na3VOq4

1 mM NaF

1.0% NP-40

0.25% DOC

NP-40 Lysis buffer
50 mM Tris (pH 8.0)
150 mM NacCl

1.0% NP-40

16
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High salt lysis buffer

50 mM Tris (pH 8.0)

500 mM NacCl

1.0% NP-40

Low salt lysis buffer

50 mM Tris (pH 8.0)

1.0% NP-40

Buffer A

20 mM HEPES; pH 7.9.

10 mM NaCl

0.2 mM EDTA

2mM DTT

Store at 4°C until use. Before use add the protease inhibitor to buffer A (1 volume
protease stock solution: 24 volumes buffer A).
Buffer C

20 mM HEPES; pH 7.9

0.75 mM spermidin

0.15 mM spermin

420 mM NaCl

0.2 mM EDTA

2mM DTT

25% Glycero

Store at 4°C until use. Before use add the protease inhibitor to buffer C (1 volume

protease stock solution: 24 volumes buffer C).

Buffers and solutions for protein electrophoresis and Western blot
30% acrylamide stock solution

30g acrylamide: bisacrylamide (19:1)

Adjust the volume to 100 ml with deionized H20O. Store at 4°C.

4x Resolving buffer

181.7 g Tris base

40 ml 10% SDS

Adjust the pH to 8.8 and add deionized H>O to final volume of 11.

Store at room temperature.

17
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4x Stacking buffer

60.6 g Tris-base

40 ml 10% SDS

Adjust the pH to 6.8 and add deionized H>O to final volume of 11.
Store at room temperature.

5x running buffer stock

15¢g Tris-base

72g glycine

Adjust the volume to 11 with deionized H>O. Store at room temperature.

1x running buffer

200 ml 5x running buffer stock

0.1% SDS

Adjust the volume to 11 with deionized H>O.
Staining solution

25% Isopropanol

10% Glacial acetic acid

0.25% Coomassie brilliant (R250)
Adjust the volume to 800ml with H>O
Destaining solution:

7% glacial acetic acid

2x loading buffer

15 g Tris-base

72 g Glycine

0.25 mg Bromophenol blue

2.0 ml Glycerol

0.5 ml B-mercaptoethanol

2.0 ml 10% SDS

2.5 ml 4x stacking gel buffer

Adjust the volume to 10 ml with deionized H>O. Store at room temperature.

Transfer buffer

14.41 g Glycine

3.025 g Tris-base

200 ml Methanol

Adjust the pH to 8.3 and made up to 11.
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10x TBS buffer

100 mM Tris-base

1.5 M NaCl

Adjust the volume to 11 with H,O and the pH to 8.3.
Blot solution A

5% BSA

100 ml 10x TBS

Adjust the volume to 11 with deionized H>O.
Blot solution B

5% BSA

100 ml 10x TBS

0.10% Triton X-100

0.05% Tween 20

Adjust the volume to 11 with deionized H>O.
Washing solution

0.10% Triton X-100

0.05% Tween 20

100 ml 10x TBS

Adjust the volume to 11 with deionized H>O.

3.4 Equipment and applications
Centrifuges:

Biofuge 28 RS (Heraeus, Sepatech, Germany)
Centrifuge 5414 R (Eppendorf, Hamburg, Germany)
Centrifuge 5415 D (Eppendorf, Hamburg, Germany)
EBA 20 (Hettig, Germany)

DNA gel electrophoresis apparatus:
Electrophoresis chamber (Cell Biolabs, Inc, Heidelberg)
Wide mini and mini cells for DNA agarose electrophoresis and power supplies (Bio-
Rad)

Other equipment:

CCD camera (Nikon, Japan)

Comet image analyzing system (Kinetic Imaging, UK)
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FACSCalibur (Becton Dickinson Biosciences, Heidelberg, Germany)
JEOL 1200 EX transmission electron microscope (JEOL Ltd., Japan)
Lambda Fluro 320 Plus fluorometer (Biotek)

Leica Confocal microscopy (Leica, Wetzlar, Germany)

MS1 Minishaker (Ika)

Polymax 1040 shaker (Heidolph)

Spectrophotometer ultraspec 3000 (Pharmacia Biotech)
Thermomixer 5437 (Eppendorf)

Trans-Blot SD Semi-Dry Tranfer cell

UV-chamber (Bio-Rad)

UV-Transilluminators: Wavelength 302 nm and UVT-20M (Herolab)

3.5 Methods

Assessment of cell survival using MTT assay

To assess the percentage of surviving cells, a 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay was utilized as described (Hassan et al.,
2004; 2005a; 2005b; 2008) was utilized. The cells were plated at recommended density
in 96 well microtiter plates and incubated for 24 h in a moist atmosphere at 37°C and
5% CO2. After 24 h of incubation, the medium was removed from some of the wells in
order to be replaced by cytotoxic substances (e.g. bortezomib, dacarbazine). The plate
was incubated for another 24 h — 72 h, until visible effects could be detected using light-
microscope (400x magnification) (Zeiss, Germany). 120 min before the end of
incubation, 20 ul of MTT solution (5Smg/ml) was added to each of the 96 cell containing
wells. After further 180 min in a CO» incubator at 37°C, the medium was removed and
100 pl of DMSO was added to each well. To dissolve the crystals, the plate was shaken
slowly at RT for additional 15 min. The plate was transferred to an ELISA reader to

measure the absorbance at 550 nm.

Assessment of cytotoxic-substance-induced cell death following
pretreatment with kinase inhibitors using MTT assay

To assess the percentage of surviving cells, a 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay was utilized as described (Hassan et al.,

2004; 2005a; 2005b; 2008) was utilized. The cells were plated at recommended density
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in 96 well microtiter plates and incubated for 24 h in a moist atmosphere at 37°C and
5% CO2. After 24 h of incubation, the medium was removed from some of the wells in
order to be treated with kinase inhibitors (e.g. z-VAD-fmk). Plates were left to incubate
for another 30 min before removal of medium and kinase inhibitors from some of the
wells in order to be replaced by cytotoxic substances (e.g. bortezomib, dacarbazine).
The plates were incubated for another 24 h — 72 h, until visible effects could be detected
using light-microscope (400x magnification) (Zeiss, Germany). 120 min before the end
of incubation, 20 ul of MTT solution (5mg/ml) was added to each of the 96 cell
containing wells. After further 180 min in a CO; incubator at 37°C, the medium was
removed and 100 ul of DMSO was added to each well. To dissolve the crystals, the
plate was shaken slowly at RT for additional 15 min. The plates were transferred to an

ELISA reader to measure the absorbance at 550 nm.

Preparation of cell lysates

After one washing with ice-cold PBS, A375, BLM cells were lysed in petri dishes on
ice via 500 puL of RL lysis buffer and scraped off the petri dishes with a plastic scraper.
The cells were centrifuged at 12.000 rpm for 3 min. The resulting cell debris-pellet was
extracted via pipette. Lysates were stored frozen at —20°C until analysis by SDS-PAGE
and Western blotting.

Western blot analysis

Prefabricated 10 to 15% polyacrylamide gels were prepared according to the
manufacturers’ instructions. A Full Range Rainbow molecular weight marker
(Amersham Biosciences) was loaded onto the gels for accurate molecular weight
determination. Samples were mixed with 5 x SDS sample buffer and heated for 5 min at
95°C. After short centrifugation, the samples were loaded onto SDS-PAGE gels, which
were run at 100 V in a Mini-Protean II electrophoresis cell (Bio-Rad).

Transfer of protein from SDS-PAGE (Biorad, Munich, Germany) was accomplished in
a Biometra unit by using a single transfer buffer for 7 h at 5V (0.8 A per cm? of gel).
Protan (PVDF, 0.45um, Amersham, Braunschweig, Germany) transfer membranes were
pre-incubated with methanol. The Western blots were blocked in Blot solution A
overnight at 4°C with constant agitation. The blots were washed three times for 15 min
at RT in western blot washing buffer. The washed blots were incubated with the

primary antibody diluted in blot solution B (monoclonal antibody 1:5000 and polyclonal
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antibody 1:1000) with constant agitation overnight at 4°C. The blots were washed three
times at RT in TBST, 15 min each. The western blots were allowed to incubate for 60
min at RT with the secondary antibody diluted in blot solution B (1:2000). Again the
western blots were washed three times, 15 min each, in Washing Buffer A. The specific
signal was detected using ECL western blotting detection reagents (Amersham
Pharmacia biotech, Braunschweig, Germany).

Bound antibody was removed from Western blots by washing repeatedly with Washing
Buffer A overnight under constant agitation. After washing the Western blots three
times for 10 min with TBS-T, Western blots were ready for another immunodetection of

protein.

Evaluation of cellular DNA damage via Comet Assay

To assess bortezomib and dacarbazine-induced apoptosis of melanoma cell, the cells
were treated with bortezomib (10nM) or dacarbazine (100pg/ml) for the indicated time
period. At the end of incubation with bortezomib or dacarbazine the melanoma cells
A375 and BLM were scraped off from petri dishes with a plastic scraper and washed
repeatedly with ice-cold PBS. Cells were centrifuged at 1000 rpm for 2 min, the
supernatant discarded and the cells were resuspended in ice-cold PBS. Buffer, Alkaline
Solution, Electrophoresis Running Solution and Vista Green DNA dye were prepared
and thoroughly chilled at 4°C. OxiSelect™ Comet Agarose (Cell Biolabs Inc, San
Diego, USA) bottle was heated in a water bath until adequate agarose liquification. Cell
samples were combined with Comet Agarose at 1:10 ratio, mixed and immediately
loaded onto OxiSelect™ Comet Slide (75 pL/well).

Slides were prepared for the assay after washing in pre-chilled Lysis Buffer, Alkaline
Solution and finally in TBE Electrophoresis Solution in the dark. Slides were
transferred to the electrophoresis chamber (Cell Biolabs, Inc, Heidelberg) and voltage
was applied for 60 min at 1 volt/cm (35 volts). After electrophoresis the slides were
washed with pre chilled DI H20 and 70 % Ethanol, before ice-chilled Vista Green DNA
Dye was applied to the slides (100uL/well), followed by a 30 min incubation period.
Finally, the slides were viewed and evaluated using an epifluorescence microscope
using a FITC filter. Lysis Buffer, Alkaline Solution, Electrophoresis Running Solution
and Vista Green DNA dye were prepared and thoroughly chilled at 4°C. OxiSelect™
Comet agarose (Cell Biolabs Inc, San Diego, USA) bottle was heated in a water bath at

95°C for 20 min, until agarose liquification. The agarose bottle was then heated in a
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water bath at 37°C for at least 20 min. After washings with ice-cold PBS, A375 and
BLM cells were scraped off from petri dishes with a plastic scraper. Cells were washed
again with ice-cold PBS, centrifuged at 1000 rpm for 2 min and the supernatant
discarded. Finally, the cells were resuspended at 1x 10”5 cells/mL in ice-cold PBS. Cell
samples were combined with Comet Agarose at 1:10 ratio, mixed, and immediately
loaded onto OxiSelect™ Comet Slide (Cell Biolabs Inc, San Diego, USA) (75 pL/well).
Slides were kept horizontally in the dark at 4°C for 15 min. The slides were treated with
pre-chilled Lysis Buffer in the dark at 4°C for 60 min. The Lysis Buffer was replaced by
pre-chilled Alkaline Solution and again stored in the dark at 4°C for 30 min. Alkaline
Solution was aspirated and replaced with pre-chilled TBE Electrophoresis Solution.
Slides were transferred horizontally to the electrophoresis chamber and voltage was
applied for 60 min at 1 volt/cm (35 volts). After electrophoresis the slides were
immersed three times in pre-chilled DI H20, two minutes each time. Water was
replaced with cold 70% Ethanol for 5 min, and then the slides were allowed to air dry.
Pre-prepared ice-chilled Vista Green DNA Dye was applied to the slides (100uL/well),
followed by a 30 min incubation period. Finally, the slides were evaluated by using an
epifluorescence microscope using a FITC filter. The taking of the microscopic pictures
as well as cell-counting was performed by Dr. Abdelouahid El-Khattouti (Institute of

Haemostasis and Transfusion Medicine, UKD, Diisseldorf, Germany).

Preparation of nuclear extracts

Nuclear extracts were prepared from treated and untreated cells as described (Hassan et
al., 2004; 2005a; 2007; 2008). Unless indicated otherwise, all procedures were
performed at 4°C. Cells were briefly washed with ice-cold PBS and harvested by
adding 500 pl of buffer A (20 mM HEPES, pH 7.9; 10 mM NaCl, 0.2 mM EDTA; and
2 mM DTT) containing protease inhibitor and incubated on ice for 10 min. Cells were
scraped off the petri dishes and transferred to centrifuge tubes (Eppendorf, Hamburg,
Germany). The supernatant was discarded after centrifugation at 1.000 rpm for 5 min.
The pellet was resuspended in 50 pl of buffer C (20 mM HEPES, pH 7.9, 0,75 mM
Spermidin, 0,15 mM spermin, 420 mM NacCl, 0,2 EDTA; 2 mM DTT, 25% glycerol,
and 1 mM proteinase inhibitor) and incubated for 30 min at 4°C and then centrifuged at
1.000 rpm for 5 min. The supernatant was collected without disturbing the pellet,

transferred into a microfuge tube and stored at -80°C until use.
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Electrophoretic mobility shift assay (EMSA)

The gel shift or electrophoretic mobility shift assay (EMSA) provides a simple and a
rapid method for detecting DNA-binding proteins (Hassan et al., 2009; Selimovic et al.,
2011; 2012). The assay is based on the observation that free DNA fragments or double-
stranded oligonucleotides migrate faster through a native polyacrylamide gel than
complexes of protein and DNA. The double stranded, transcription factor binding site
carrying synthetic oligonucleotides were end-labeled with [y-*2P] ATP (Hartmann
Analytika, Munich, Germany) in the presence of T4 polynucleotide kinase (Genecratft,
Munster, Germany). For binding, 4 pg nuclear extract was allowed to bind to a labeled
probe in a total volume of 30 pl for 30 min. in binding buffer (10 mM Tris, pH 7.5; 50
mM NaCl, ImM EDTA; 1 mM MgClI2; 0.5 mM DTT and 4 % glycerol) at room
temperature. The competition assay was performed in the same manner, with the
exception of unlabeled probes containing the sequence of the binding site of interest
were allowed to incubate with nuclear extracts for 20 min. at room temperature before
being added to the labeled probes. Electrophoresis was performed for 3 h at 100 V in
0.5 X Tris-borate-EDTA running buffer at room temperature. The dried gel was
visualized via exposure to high performance autoradiography film. As a safety
precaution handling of radioactive substances, the transfer of the radioactive probes to
the gel and the visualization of the dried gel was performed only by the lab supervisor

Dr. Mohamed Hassan (Heinrich Heine University of Diisseldorf, Diisseldorf, Germany).

Staining of intracellular calcium

The intracellular Ca?" staining was performed as described (Hassan et al., 2008,
Selimovic et al., 2011).

A375 and BLM cells were treated with bortezomib (10 nM) for 24h, the medium was
replaced completely by medium without phenol red and incubated for further 2h before
adding the calcium sensitive dye Flou3-AM (1,5 uM) (Invitrogen). The cells were
stored for 30 minutes at room temperature and life pictures were taken under standard
cell culture conditions by a LeicaTCS SP2 AOBS with a 40 X oil immersion
magnification using Leica Confocal microscopy (Leica, Wetzlar, Germany). The taking
of the microscopic pictures was performed by Dr. Abdelouahid El-Khattouti (Institute

of Haemostasis and Transfusion Medicine, UKD, Diisseldorf, Germany).
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Detection of ROS

The measurement of ROS accumulation was performed as described (Hassan et al.,
2008). The melanoma cells were pretreated with bortezomib (10 nM) prior to incubation
with 0,5 uM DHR 123 (dihydrorhodamine 123) (Sigma) for 30 min at 37 °C. After the
incubation period, the cells were collected from culture tissues using trypsin. The
collected cells were washed three times with PBS and resuspended in 500 ul PBS
before the measurement of reactive oxygen species using fluorescence-activated cell
sorting (FACS). Handling of the FACSCalibur- apparatus was performed by members
of the Institute of Dermatology, UKD Diisseldorf, Germany.

Measurement of mitochondrial membrane potential (AWYm) using JC-1

The loss of mitochondrial membrane potential (Aym) was assessed by flow cytometric
analysis using JC-1 staining as described (Hassan et al., 2009; Cetindere et al., 2010).
The melanoma cells A375 and BLM were either treated with bortezomib or left
untreated. After 24h, the cells were collected from culture tissue using trypsin and
washed twice in ice-cold PBS (PBS; Biotrend, Cologne, Germany) and resuspended in
PBS. The cells were stained with 10 uM JC-1 for 30 min in the dark at room
temperature. The intensities of green fluorescence at 520-530 nm and of red
fluorescence at 550 nm were analysed on a FACSCalibur (Becton Dickinson
Biosciences, Heidelberg, Germany) for 50.000 individual cells. Handling of the
FACSCalibur- apparatus was performed by members of the Institute of Dermatology,
UKD Diisseldorf, Germany.

Flow cytometric analysis of apoptosis by annexin V/PI staining

The detection of apoptosis was performed as described (Hassan et al., 2008; Cetindere
et al., 2010). Briefly, before the exposure of bortezomib (10 nM) for 24h the cell lines
A375 and BLM were allowed to grow for 24h under the recommended conditions. The
cells were stained with 5 pl of annexin V (Vybrant; Invitrogen, Karlsruhe, Germany)
and 1ul propidium iodide (100 pg/ml) for 15 min at room temperature as recommended
by the manufacturer’s protocol. Cells being annexin V-FITC positive and PI negative
were considered as apoptotic. The percentage of apoptotic cells being annexin V
positive/PI negative was quantified using a FACSCalibur (Becton Dickinson
Biosciences, Heidelberg, Germany). Handling of the FACSCalibur- apparatus was
performed by members of the Institute of Dermatology, UKD Diisseldorf, Germany.
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Transmission electron microscopy

Treated and non-treated melanoma (A375 and BLM) cells were fixed in 2.5%
glutaraldehyde in 0.1M sodium cacodylate buffer (pH 7.4) for 1 h at room temperature
and then washed 3 times in cacodylate buffer. Cells were postfixed in 1% osmium
tetroxide in 0.1M cacodylate buffer for 1 h at room temperature. Thereafter 70 nm
sections were cut on a ‘Reichert Ultracut S’ ultramicrotome. The sections were
subsequently post-stained with 4% uranyl acetate for 10 min and Reynald’s lead citrate
for 1.5 min. Sections were imaged at 80 kV, with a resulting maginification factor of
8000, on a JEOL 1200 EX transmission electron microscope (JEOL Ltd., Japan). The
microscopy and subsequent picture generation was performed by Dr. K. Zanger
(Institute of Anatomy and brain research, head of the electron microscopy, UKD,

Diisseldorf, Germany).

RNA interference

Melanoma cell lines A375 and BLM were grown in 6-well plates and transfected with
an Ets-1-specific small interfering RNA oligonucleotide; Mcl-1 siRNA (5’-
CGCCGAAUUCAUUAAUUUATT-3’; Qiagen); Ets-1 siRNA (# sc-29309; 150 pmol;
Santa Cruz) or scrambled oligonucleotides (si-scrambled; Cat no:sc-37007; 150 pmol;
Santa Cruz); HSP70 siRNA (5’ -UGC ACC UUG GGC UUG UCU CCG UCG U-3%)
and Control siRNA ( 5’-UGC GUC GUC GAU CGCUUA CUC UCG U-3’) using
Lipofectamine TM 2000 (Invitrogen, USA) for 72h according to the manufacturer’s
instructions. The cells were subjected to either MTT assay or harvested to prepare

nuclear protein extractions for EMSA or total protein lysates for Western blot analysis.

Assessment of caspase activity

Briefly, lysates -from both control and bortezomib treated melanoma cells were
supplemented with 50 mM of the fluorogenic substrates DEVD-AMC for caspase-3 and
LEHD-AMC for caspase-9 (MP Biomedicals, Eschwege, Germany), respectively. The
release of aminomethylcoumarin was measured fluorometrically over 5 h at 37 °C using
a Lambda Fluro 320 Plus fluorometer (Biotek, Bad Friedrichsall, Germany; excitation:
360 nm, emission: 475 nm). The catalytic activities are expressed as fluorogenic units
(FU/min). The caspase inhibitor zZVAD-fmk was purchased from MP Biomedicals and

used at a concentration of 50 mM. The results were statistically evaluated in
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cooperation with Mrs. Geraldine Konig (Institut National de la Santé et de la Recherché

Meédicale, U977, University of Strasbourg, Strasbourg, France).
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4. Results

In this study, various anticancer agents including bortezomib, dacarbazine and
carmustine were examined in vitro for their reliability in the treatment of melanoma
cells. Bortezomib belongs to a novel kind of anticancer agents, the proteasome
inhibitors which mediate effects via an inhibition of the proteasome pathway. Based on
its successful clinical application in the treatment of different tumor types including
multiple myeloma and mantle cell lymphoma it was interesting to determine the
molecular mechanisms whereby bortezomib triggers melanoma cell death. Therefore,
understanding of the underlying molecular pathways could help to enhance existing

therapeutic protocols for the treatment of metastatic melanoma with bortezomib.

4.1 Effect of anticancer agents on the viability of melanoma
cell lines

The effect of bortezomib on the cell viability of both melanoma cell lines A375 and
BLM was assessed using cell viability assay. To assess the killing efficiency of the
anticancer agents bortezomib, dacarbazine and carmustine on the cell viability of
melanoma cells, the cells were allowed to grow under normal condition for 24h to
become physiologically active and to reach recommended cell density before the
exposure to bortezomib (10 nM), carmustine (25 uM), and dacarbazine (100 pg/ml).
Based on data obtained from pilot studies (concentration and time dependent) the
melanoma cell lines were allowed to grow for 24h in the presence and absence of tested
anticancer agent until cell morphology changes could be detected using a light-
microscope and cell viability was determined using MTT assay. Data obtained from
MTT assay (Fig. 1) demonstrated the reduction of cell viability in both melanoma cell
lines in response to the treatment with bortezomib (Fig. 1A), carmustine (Fig. 1B) and
dacarbazine (Fig. 1C). The reduction of the cell viability noted in A375 treated with
bortezomib, carmustine, or dacarbazine was 60, 22 and 19%, respectively. Also, the
exposure of BLM treated to bortezomib (Fig. 1A), carmustine (Fig. 1B) and dacarbazine
(Fig. 1C), reduced the cell viability in response to the treatment with bortezomib,
carmustine, and dacarbazine to 55, 20, 76%, respectively. Taken together, these data
confirm the killing efficiency of bortezomib, dacarbazine and carmustine in melanoma

cells.
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Fig. 1A
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Fig. 1A. MTT assay demonstrates the reduction of cell viability in melanoma cell lines in response to the
exposure to bortezomib. Data are mean + S.D of three experiments performed in 6 replicates.
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Fig. 1B. MTT assay demonstrates the reduction of cell viability in melanoma cell lines in response to the
exposure to carmustine. Data are mean + S.D of three experiments performed in 6 replicates.
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Fig. 1C. MTT assay demonstrates the reduction of cell viability in melanoma cell lines in response to the
exposure to dacarbazine. Data are mean £ S.D of three experiments performed in 6 replicates.
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4.2 Screening of anticancer agents-induced effects in double
knockout mouse embryonic fibroblasts

To identify the signal pathways, which are involved in the regulation of anticancer
agents-induced cell growth inhibition, the wild type and double knock out mouse
embryonic fibroblasts (MEFs) including, MEF p537-, ASK17-, IRE1”~ were treated with
bortezomib, dacarbazine and carmustine. Twenty-four hours later, the cell viability was
assessed using MTT assay. Data obtained from MTT assay (Fig. 2A) demonstrated the
knockout of p53 protect, in part bortezomib-induced cell death in MEF cells, when
compared to wild type MEF cells, suggesting a partial role for p53 in the modulation of
bortezomib-induced death of MEF cells.

Fig. 2A

120

Relative cell number (%)
8

Bortezomib (10nM) - + . +
MEF WT MEF p53 -/-

Fig. 2A. MTT assay demonstrates the reduction of cell viability in mouse embryonic fibroblasts wild

type (MEF WT) and double knockout p53 (MEF p53-/-) cell lines in response to the exposure to

bortezomib. Data are mean + S.D of three experiments performed in 6 replicates.

On the other hand, MTT assays using ASK1 double knock out mouse embryonic
fibroblasts and IRE1 double knock out mouse embryonic fibroblasts demonstrated the
inhibition of bortezomib-induced cell death of MEF cells by the knockout of either
ASK1 or IRE, suggesting a partial role for both ASK1 and IRE in the modulation of
bortezomib-induced cell death of MEF cells (Fig. 2B and 2C).
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Fig. 2B
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Fig. 2B. MTT assay demonstrates the reduction of cell viability in mouse embryonic fibroblasts wild
type (MEF WT) and double knockout apoptosis signal regulating kinase 1 (ASK1) (MEF ASK1-/-) cell
lines in response to the exposure to bortezomib. Data are mean + S.D of three experiments performed in 6
replicates.

Fig. 2C
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Fig. 2C. MTT assay demonstrates the reduction of cell viability in mouse embryonic fibroblasts wild
type (MEF WT) and double knockout inositol requiring enzymes o (IREla) (MEF IRE17) cell lines in
response to the exposure to bortezomib. Data are mean = S.D of three experiments performed in 6
replicates.

Taken together, these data demonstrate the importance of the p53, ASK, and IRE

pathways in the modulation of bortezomib-induced effects.

Dacarbazine treatment of double knock out MEF cells showed similar effects to those
induced by bortezomib. Dacarbazine-induced inhibition of cell growth of MEFs were

found to be abrogated in response to the knockout of p53 or ASKI1 (Fig. 3A and 3B).
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Fig. 3A. MTT assay demonstrates the reduction of cell viability in mouse embryonic fibroblasts wild
type (MEF WT) and double knockout p53 (MEF p53”) cell lines in response to the exposure to
dacarbazine. Data are mean + S.D of three experiments performed in 6 replicates.
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Fig. 3B. MTT assay demonstrates the reduction of cell viability in mouse embryonic fibroblasts wild
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type (MEF WT) and double knockout apoptosis signal regulating kinase (ASK 1) (MEF ASK 1) cell lines
in response to the exposure to dacarbazine. Data are mean + S.D of three experiments performed in 6

replicates.

Dacarbazine-induced inhibition of cell growth of MEFs was not found to be abrogated

in response to the knockout of IRE1 (Fig. 3C).
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Fig. 3C
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Fig. 3C. MTT assay demonstrates the reduction of cell viability in mouse embryonic fibroblasts wild
type (MEF WT) and double knockout inositol requiring enzymes o (IREla) (MEF IRE17) cell lines in
response to the exposure to dacarbazine. Data are mean + S.D of three experiments performed in 6
replicates.

This suggests an involvement of both p53 and ASK1, but not IRE1 in the modulation of
dacarbazine-induced cell death in MEF cells.

In contrast to dacarbazine the knockout of p53, ASKI1 or IRE1 was found to block
carmustine-induced death of MEF p537-, ASK17~ and IRE1”" cells (Fig. 4A, B and C)

Fig. 4A
120 -
52 100 [
ey
S -
E
=
c 60 - -
=
O 4.
o
>
E m | I
[
(14
o .
Carmustine (25 uM) - + - +
MEF WT MEF p53 -/-

Fig. 4A. MTT assay demonstrates the reduction of cell viability in mouse embryonic fibroblasts wild
type (MEF WT) and double knockout p53 (MEF p537) cell lines in response to the exposure to
carmustine. Data are mean + S.D of three experiments performed in 6 replicates.
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Fig. 4B

120 -
£ ] {
-
=
=
£ 60 ez
% atais
o
o ]
2
E m | I
[
(14

o ud
Carmustine (25 pM) - + - +
MEF WT MEF ASK1 -/-

Fig. 4B. MTT assay demonstrates the reduction of cell viability in mouse embryonic fibroblasts wild
type (MEF WT) and double knockout apoptosis signal regulating kinase (ASK 1) (MEF ASK 17 cell lines

in response to the exposure to carmustine. Data are mean + S.D of three experiments performed in 6

replicates.
Fig. 4C
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Fig. 4C. MTT assay demonstrates the reduction of cell viability in mouse embryonic fibroblasts wild
type (MEF WT) and double knockout inositol requiring enzymes o (IREla) (MEF IRE17") cell lines in
response to the exposure to carmustine. Data are mean = S.D of three experiments performed in 6

replicates.

In comparison to wild type MEFs this suggests that p53, ASK1, and IRE1 are involved

in the modulation of carmustine-induced death of MEF cells.



Results 35

4.3 Bortezomib induces both apoptosis and autophagy in
melanoma cells

In addition to its ability to trigger apoptosis, the impact of bortezomib on autophagy was
examined in melanoma cell lines A375 and BLM. First, the level of bortezomib-induced
apoptosis in melanoma cells was assessed following the exposure of bortezomib (10

nM) for 24h. Data obtained from comet assay confirmed the ability of bortezomib to

trigger apoptosis in melanoma cell lines A375 and BLM (Fig. 5A, Fig. 5B).
Fig. 5A

Control Bortezomib (10 nM)

Fig. 5A. DNA fragmentation assessed by comet assay in bortezomib treated and untreated melanoma cell
lines, the pictures were taken with a microscope using a FITC filter and 10% objective lens (magnification
factor 400).

Fig. 5B
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Fig. 5B. DNA fragmentation assessed by comet assay in bortezomib treated and untreated melanoma cell

lines. The extent of DNA damage measured as the number of DNA tails in the comet assay in both A375
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and BLM cells before and after the treatment with bortezomib. Treated cells were significantly different

from the untreated controls, as calculated by paired t-test.

Bortezomib-induced apoptosis in melanoma cells is mediated by an apoptotic
mechanism that is characterized by the release of both Cytochrome ¢ (Cyt. ¢) and

apoptosis inducing factor (AIF) and PARP cleavage (Fig.5C).

Fig. 5C
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Fig. 5C. Western blot analysis demonstrates the release of Cytochrome ¢ (Cyt. ¢), apoptosis inducing

factor (AIF), and PARP cleavage. B-actin was used as internal control for loading and transfer.

In addition, we assessed the activity of both caspase-9 and caspase-3 using a
fluorometric cleavage assay in bortezomib-treated melanoma cells (Fig.5D). We found,

as expected a drastic increase in caspase-9 and caspase-3 activity in bortezomib-treated

cells.
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Fig. 5D
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Fig. 5D. The activity of caspase-3 and caspase-9 was determined in control and bortezomib-treated
melanoma cell lines A375 and BLM using fluorogenic substrates DEVD-AMC and LEHD-AMC,
respectively. Results (Extinctions/s in arbitrary units) are expressed as the meants.d. of three separate
experiments.

Caspase-9 A/S (AU)

The induction of the expression of Noxa, Mcl-1 and HSP70 proteins, as well as the
cleavage of LC3 was noted in melanoma cells following the exposure to bortezomib, as
evidenced by Western blot analysis (Fig. SE).

Fig. 5E
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Fig. 5E. Western blot demonstrates bortezomib induced expression of Noxa, Mcl-1, HSP70 proteins and

cleavage of LC3II in melanoma cells. f-actin was used as internal control for loading and transfer.
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To investigate whether bortezomib-induced cleavage of LC3 is associated with
autophagy, the melanoma cell lines A375 and BLM were analysed for autophagosome
formation by electron transmission microscopy. Interestingly, the treatment of
melanoma cells with bortezomib led to the formation of autophagosomes, an evidence
for the impact of bortezomib on the regulation of autophagosome formation in
melanoma cells (Fig.5F). Taken together, these data demonstrate for the first time the
ability of bortezomib to trigger both apoptosis and autophagosome formation in

melanoma cells.

Fig. 5F

Bortezomib (10 nM) - +

Fig. 5F. Melanoma cell lines (A375 and BLM) treated with bortezomib (IOM) for 12h were harvested,
fixed in 2.5% glutaraldehyde and postfixed in 1% osmium tetroxide. Ultra-microtome sections were post-
stained and imaged on a JEOL 1200 EX transmission electron microscope at 80 kV (magnification factor
8000).
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4.4 Bortezomib triggers the loss of mitochondrial membrane

potential and endoplasmic reticulum stress in melanoma cells

Based on the fact that the overexpression of Noxa is associated with both mitochondrial
dysregulation and ER stress (Hassan et al., 2008), the effect of bortezomib-induced
expression of Noxa on the mitochondrial membrane potential (A¥m) and endoplasmic
reticulum stress was examined in melanoma cells. As expected the treatment of
melanoma cell lines A375 and BLM with bortezomib for 24h was found to trigger both
the loss of A¥Ym and ER stress. Data obtained from flow cytometry analysis of JC-1-
stained cells demonstrated the increased loss of AYm as evidenced by the shifted
increase of green fluorescence stained cells and the decrease of red fluorescence stained

cells compared to control cells (Fig. 6A).
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Fig. 6A. Loss of mitochondrial membrane potential in response to the exposure of melanoma cells to
bortezomib. Flow cytometry analysis, using JC-1 staining, shows the loss of AWm in response to the
treatment with bortezomib. Cells with intact mitochondria displayed high red and low green fluorescence
and appear in the upper right quadrant of the scatterplots. In contrast, cells that had lost their AYm

displayed high green and low red fluorescence and appear in the lower right quadrant.
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This is an evidence for the loss of A¥m in response to bortezomib-induced expression
of Noxa protein. Also, the analysis of intracellular Ca®" in both bortezomib-treated and
untreated cells using fluorescence microscopy following cell staining Fluo3-AM (Fig.
6B) revealed the increase of intracellular Ca*' release in response to bortezomib-
induced expression of Noxa in both melanoma cells, an evidence for the induction of
ER stress in response to the treatment with bortezomib (Fig. 6B). Altogether, these data
provide evidence for the involvement of both mitochondrial and ER-associated

pathways in the modulation of bortezomib-induced effects in melanoma cells.

Fig. 6B
‘ Bortezomib (10 nM) s +

A375

BLM

DIC Fluo3-AM DIC Fluo3-AM

Fig. 6B. Increase of intracellular Ca®" release in response to the exposure of melanoma cells to
bortezomib. Intracellular Ca?" levels in response to the treatment of melanoma cells (A375 and BLM)
with bortezomib as assessed by staining with Ca®" -sensitive dye Fluo3-AM. Differential interference
contrast images (DIC) are shown. Pictures were taken using a LeicaTCS SP2 AOBS with a 40 X oil
immersion magnification using Leica Confocal microscopy. Data are representative of three independent
experiments.
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4.5 Enhancement of ROS accumulation and the activation of
IRE1a and MAP kinase pathways by the exposure of melanoma
cells to bortezomib

Next, to examine whether the exposure of melanoma cells to bortezomib influences the
level of reactive oxygen species (ROS), IREla or MAP kinase pathways, the melanoma
cell lines A375 and BLM were treated with bortezomib for 24h, and subsequently
subjected either to flow cytometry analysis for assessment of ROS level or to Western
blot analysis for the analysis of IREla and MAP kinase pathways. Data obtained from
flow cytometry analysis demonstrated an increased accumulation of ROS in response to

the exposure to bortezomib (Fig.7A).
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Fig. 7A. Assessment of the level of reactive oxygen species (ROS) following the treatment of both
melanoma cell lines A375 and BLM with bortezomib. ROS generation was measured by flow cytometry
using dihydrorhodamine (DHR 123).

Although no alteration was noted on the total expression of IREla, ASK1, JNK and
p38, the exposure of melanoma cell was found to trigger the phosphorylation of IRE1a,
ASKI1, JNK and p38 protein when compared to control cells (Fig. 7B). These results
suggest an IREla, ASK1, JNK and p38 dependent modulation of bortezomib-induced

effects in melanoma cells.
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Fig. 7B
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Fig. 7B. Western blot analysis demonstrates the total expression and the phosphorylation levels of
IREla, ASK1, JNK, and p38 in response to the exposure of melanoma cells to bortezomib. 3-actin was
used as internal control for loading and transfer. Data are representative of three independent
experiments.
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4.6 Bortezomib-induced ASK1 is involved in the regulation of
both JNK and p38 pathways

To demonstrate whether bortezomib-induced ASK1 is involved in the regulation of both
JNK and p38 pathways, the melanoma cell lines were pre-treated with the inhibitor of
ASK1 (thioredoxin) before exposure to bortezomib. Twenty-four hours later, the cells
were harvested and total cell lysates were prepared. Data obtained from Western blot
analysis (Fig. 7C) demonstrated the inhibition of bortezomib-induced phosphorylation
of both JNK and p38 in response to the inhibition of ASK1, suggesting the involvement
of bortezomib-induced ASKI1 activation in the regulation of both JNK and p38

pathways.
Fig. 7C
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Fig. 7C. Western blot analysis demonstrates the inhibition of bortezomib-induced phosphorylation of
JNK and p38 in response to the treatment of melanoma cells with the inhibitor of ASK1 (thioredoxin). B
actin was used as internal control for loading and transfer. Data are representative of three independent
experiments.
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4.7 The exposure of melanoma cells to bortezomib enhances
the DNA-binding activities of the transcription factors AP-1,
ATF-2, Ets-1, and HSF1

To identify, which transcription factors are influenced by the exposure of melanoma
cells to bortezomib, the melanoma cells lines were treated with bortezomib for 24h and
nuclear extracts were prepared. Using EMSA, it could be shown that the exposure of
melanoma cells to bortezomib enhances the DNA-binding activities of the transcription
factors AP-1 (Fig. 8A), ATF-2 (Fig. 8B), Ets-1 (Fig. 8C), and HSF1 (Fig.8D),
suggesting a role for these transcription factors in the modulation of bortezomb-induced

effects in melanoma cells.

Fig. 8A
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Fig. 8A. Electrophoretic mobility shift assay (EMSA) demonstrates the enhancement of DNA -binding
activity of the transcription factors AP-1 in response to exposure of melanoma cells to bortezomib. Data
are representative of three independent experiments.
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Fig. 8B
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Fig. 8B. Electrophoretic mobility shift assay (EMSA) demonstrates the enhancement of DNA-binding
activity of the transcription factors ATF-2 in response to exposure of melanoma cells to bortezomib. Data

are representative of three independent experiments.

Fig. 8C
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Fig. 8C. Electrophoretic mobility shift assay (EMSA) demonstrates the enhancement of DNA-binding

activity of the transcription factors Ets-1 in response to exposure of melanoma cells to bortezomib. Data

are representative of three independent experiments.
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Fig. 8D
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Fig. 8D. Electrophoretic mobility shift assay (EMSA) demonstrates the enhancement of DNA-binding
activity of the transcription factors HSF1 in response to exposure of melanoma cells to bortezomib. Data
are representative of three independent experiments.

Next, the signal pathways, which are involved in the regulation of Ets-1 and HSF1,
were determined following to exposure of melanoma cells to bortezomib. Prior to the
treatment with bortezomib, the melanoma cells were pre-treated with either the inhibitor
of JNK (SP600125) or with the inhibitor of p38 (SB203580). Twenty-four hours later,
the nuclear extracts were prepared from treated and control cells and were prepared for
EMSA assay. Data obtained from EMSA (Fig. 9A and 9B) demonstrated the inhibition
of bortezomib-induced DNA-binding activity of Ets-1 in response to the pre-treatment
of melanoma cell lines A375 (Fig. 9A) and BLM (Fig. 9B) with the inhibitor of p38,
suggesting the involvement of p38 pathway in the regulation of Ets-1. Whereas, the pre-
treatment of the same melanoma cells with the inhibitor of JNK (SP600125) was found
to abrogate bortezomib-induced DNA-binding activity of HSF1 in both melanoma cell
lines A375 (Fig. 9A) and BLM (Fig. 9B), suggesting the involvement of JNK in the

regulation of bortezomib-induced activation of HSF1.
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Fig. 9A
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Fig. 9A. Electrophoretic mobility shift assay (EMSA) demonstrates the inhibition of bortezomib-induced
activation of the transcription factors Ets-1 in response to the treatment of melanoma cells with the
inhibitor of p38 (SB203580). Data are representative of three independent experiments.

Fig. 9B
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Fig. 9B. Electrophoretic mobility shift assay (EMSA) demonstrates the inhibition of bortezomib-induced
activation of the transcription factors HSF1 in response to the treatment of melanoma cells with the
inhibitor of JNK pathway (SP600125). Data are representative of three independent experiments.
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4.8 Bortezomib-induced autophagosome formation in
melanoma cells is an ASK1-dependent mechanism and
positively regulated by inhibition of apoptosis

To investigate the mechanisms, which are involved in the regulation of bortezomib-
induced autophagy, the melanoma cells were pre-treated with either the inhibitors of
ASK1 (thioredoxin) or caspase-3 (zVAD-fmk) before the exposure to bortezomib.
Twenty-four hours later, treated and control cells were analysed for autophagosome
formation using Western blot analysis and transmission electron microscopy. As
expected, the inhibition of ASK1 was found to increase induced apoptosis, as evidenced
by chromatin condensation, and to abrogate bortezomib-induced autophagosome

formation (Fig. 10A).

Fig. 10A
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Fig. 10A. EMSA demonstrates the inhibition of bortezomib-induced activation of the transcription factor
Ets-1 by its specific siRNA in melanoma cell line BLM. Data are representative of three independent

experiments.
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In addition, data obtained from Western blot (Fig.10B) confirmed that the inhibition of
ASK pathway is associated with the abrogation of bortezomib-induced LC3 cleavage
and the inhibition of apoptosis with caspase-3 inhibitor leads to the enhancement of
bortezomib-induced LC3 cleavage, suggesting that bortezomib-induced autophagosome
formation in melanoma cells is mediated by ASK1 pathway and that the inhibition of
apoptosis positively influences bortezomib-induced autophagosome formation in

melanoma cells.

Fig. 10B
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Fig. 10B. Western blot analysis demonstrates the inhibition of bortezomib-induced cleavage of LC3, or
by inhibition of ASK1 in response to the knockdown of Ets-1, Mcl-1 by their specific siRNA, or through
the inhibition of ASK1 by its specific inhibitor (thioredoxin), and the increase of bortezomib-induced
cleavage of LC3 in response to the treatment of melanoma cells by the inhibitor of caspase-3 (zVAD-

fmk). B-actin was used as internal control for loading and transfer.

4.9 Bortezomib-induced autophagosome formation in
melanoma cells is mediated by both ER stress and
mitochondrial dysregulation-dependent pathways

To address the molecular mechanisms, which are responsible for the regulation of
bortezomib-induced autophagosome formation in melanoma cells, the melanoma cells

were treated with the inhibitors of caspase-3 (zVAD-fmk), ASK1(thioredoxin), JNK
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(SP600125), or with the specific siRNAs of ets-1, Mcl-1 or HSP70 before exposure to
bortezomib. Twenty four hours later, the cells were either harvested for isolation of
nuclear cell extracts, total cell lysates or prepared for transmission electron microscopy.
Data obtained from EMSA (Fig. 10A) demonstrated the efficiency of Ets-1-specific
siRNA to knockdown its cognate gene. Next, data obtained from Western blot (Fig.
10B) demonstrated the abrogation of bortezomib-induced cleavage of LC3 in response
to the knockdown of Ets-1 or Mcl-1 by their specific siRNAs or in response to the pre-
treatment with ASK1 inhibitor. In contrast, the pre-treatment of melanoma cells with
the inhibitor of caspase-3 was found to enhance bortezomib-induced cleavage of LC3
(Fig. 10B), suggesting that the inhibition of apoptosis positively influences bortezomib-
induced autophagosome formation in melanoma cells. In addition to the ability of Mcl-
1-specific siRNA to knockout its cognate gene, the data obtained from Western blot
analysis (Fig. 10C) demonstrated the inhibition of bortezomib-induced expression of
Mcl-1 in response to the knockdown of Ets-1 by its specific siRNA, suggesting the
involvement of bortezomib-induced activation of Ets-1 in the regulation of bortezomib-

induced expression of Mcl-1.

Fig. 10C
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Fig. 10C. Western blot analysis demonstrated the inhibition of bortezomib-induced expression of Mcl-1
in response to the knockdown of either Ets-1 or Mcl-1-specific siRNA in melanoma cells. B-actin was
used as internal control for loading and transfer.
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Next, the mechanisms of bortezomib-induced expression of HSP70 were determined in
melanoma cells. The melanoma cells were pre-treated with inhibitor of ASK1, JNK or
with HSP70-specific siRNA prior to exposure of melanoma cells to bortezomib for 24h.
Besides the knockdown of bortezomib-induced HSP70 by its specific siRNA, data
obtained from Western blot analysis demonstrated the inhibition of bortezomib-induced
HSP70 in response to the inhibition of ASK1 or JNK, an evidence for the involvement
of ASK1/JNK pathways in the regulation of bortezomib-induced expression of HSP70

in melanoma cells (Fig. 10D).

Fig. 10D
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Fig. 10D. Western blot analysis demonstrates the inhibition of bortezomib-induced expression of HSP70
in response to the inhibition of ASK1 or JNK by their inhibitors or through the knockdown of HSP70 by

its specific siRNA. B-actin was used as internal control for loading and transfer.

Furthermore, data obtained from transmission electron microscopy (Fig. 10E)
demonstrated the enhancement of bortezomib-induced autophagosome formation in
response to the inhibition of apoptosis. Although the abrogation of bortezomib-induced
autophagosome formation in response to the pre-treatment of melanoma cells with
ASK1 inhibitor was detected, the knockdown of HSP70 by its specific siRNA does not
seem to influence bortezomib-induced autophagosome formation (Fig. 10E). The
collected data provides an insight concerning the involvement of ASK/p38/Ets-1/Mcl-1

in the regulation of bortezomib-induced autophagosome formation, and the involvement
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of ASK1/JINK/HSF-1pathway in the regulation of bortezomib-induced expression of
HSP70.

Fig. 10E
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factor 8000) showing the inhibition of
bortezomib-induced autophagy by the inhibitor of ASK1, whereas the knockdown of HSP70 did not
influence bortezomib-induced autophagosome formation. In contrast, the inhibition of bortezomib-
induced apoptosis in response to pre-treatment of melanoma cells with caspase-3 inhibitor (zVAD-fmk)
potentiates induced autophagy. Data are representative of three independent experiments.

4.10 Bortezomib-induced apoptosis in melanoma cells is

mediated by a mitochondrial dysregulation-dependent pathway
To determine the molecular mechanism of bortezomib-induced apoptosis in melanoma
cells, the melanoma cell lines were pre-treated with the inhibitors of caspase-3, JNK,
p38, ASK1, as well as Ets-1, Mcl-1, HSP70-specific siRNAs before the exposure to
bortezomib. Twenty-four hours later, the cells were subjected for the assessment of the
cell viability using MTT assay. Data obtained from Western blot analysis (Fig. 11A)
also demonstrated the inhibition of bortezomib-induced expression of HSP70 in

response to the pre-treatment of melanoma cells with the inhibitor of JNK.
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Fig. 11A
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Fig.11A. Western blot demonstrates the inhibition of bortezomib-induced expression of HSP70 in
response to pre-treatment of melanoma cells with the inhibitor of JNK pathway. -actin was used as
internal control for loading and transfer.

The inhibition of caspase-3 showed a remarkable inhibition of bortezomib-induced cell
death of both melanoma cells A375 (Fig. 11B) and BLM (Fig.11B), whereas the pre-
treatment of the same cells with the inhibitors of ASK, JNK, p38 or with the siRNAs of
Ets-1, Mcl-1, and HSP70 was found to enhance bortezomib-induced cell death of

melanoma cells.
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Fig. 11B. MTT assay demonstrates the inhibition of bortezomib-induced cell death in response to pre-
treatment of melanoma cell line A375 with inhibitor of caspase-3 (zVAD-fmk), whereas the inhibition
ASK1, INK, p38 or knockdown of Ets-1, Mcl-1 or HSP70 enhanced bortezomib-induced cell death.
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Fig. 11C
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Fig. 11C. MTT assay demonstrates the inhibition of bortezomib-induced cell death in response to pre-
treatment of melanoma cell line BLM with zVAD-fmk, whereas the inhibition of ASK1, JNK, p38 or
knockdown of Ets-1, Mcl-1 or HSP70 enhanced bortezomib-induced cell death.

However, the enhancement of bortezomib-induced cell death was more pronounced in
response to the knockdown of HSP70 protein (Fig. 11B and 11C).

Taken together, these data provide evidence for the involvement of mitochondrial-
dependent mechanisms in the regulation of bortezomib-induced apoptosis of melanoma

cells.
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5. Discussion

In the present study, the anticancer agents bortezomib, carmustine and dacarbazine were
examined for their killing efficiency, in an in vitro model, using established melanoma
derived cell lines. Although the anticancer agents show a variable killing efficiency in
melanoma cells, their application in melanoma treatment is of great interest. Also, the
analysis of these anticancer agents in double knockout mouse embryonic fibroblasts
provides evidence for the involvement of different signaling pathways in the regulation
of their cytotoxic effects. The most thoroughly analyzed anticancer agent in this study
was bortezomib. It is an approved anticancer agent that belongs to the group of
Proteasome inhibitors (Pis) (Adams et al, 1999). It is an especially effective anticancer
agent, with proven clinical success in the treatment of hematological cancers, like
relapsed and/or refractory multiple myeloma (MM) and mantle cell lymphoma (MCL),
even if it shows less promise in the therapy of solid tumors (Vink et al, 2006; Berenson
et al., 2007, Berkers et al., 2012). A prolonged treatment with bortezomib is associated
with the appearance of undesired side effects, as well as the development of drug-
resistance and toxicity, which is a common side effect and problem with cytotoxic drugs
(Berkers et al., 2012). Bortezomib has shown to be more effective when combined with
other anti-cancer drugs or inhibitors (Vink et al, 2006).

Bortezomib (Velcade®, PS-341) is a dipeptide boronic acid analogue which inhibits the
proteasome pathway reversibly by binding to the B-5 subunit of the 26S proteasome-
complex. (Adams et al., 1998 and 1999; Frankel et al., 2000). Proteasomes are accepted
as crucial regulators of cellular processes associated with different functions.
Accordingly, in vitro trials show that an exposure to bortezomib leads to the
stabilization and accumulation of several intracellular proteins that are usually targets
for the ubiquitin system. These proteins include cyclin-dependent kinase inhibitors (e.g.
p21) and pro-apoptotic Bik/NBK, whose stabilization promotes cell cycle arrest in the
G2-M phase, and subsequently apoptosis (Zhu et al., 2005; Vink et al, 2006; Hong et
al., 2012, Yerlikaya et al., 2012).

Proteasome inhibitors mediate their effects through the inhibition of protein
degradation, particularly proteins that are crucial to cancer development and
progression. The validity of proteasome inhibitors as anti-cancer agents relies on their

efficiency to disturbs the balance between pro-apoptotic and anti-apoptotic proteins
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within a cell, tipping the scales towards the pro-apoptotic side and thus leading to
enhanced apoptosis (Adams, 2002b). Beside triggering apoptosis through indirect
means as explained above, there are studies that show that proteasome inhibitors can
trigger apoptosis through interaction with specific proteins like inhibitory protein Ix.
Proteasome inhibitors prevent the degradation of inhibitory protein Ix, which remains
bound to nuclear factor kB, preventing its nuclear translocation and consecutively the
transcription of survival-associated genes (Wang et al., 1996, Vink et al, 2006). The
nuclear transcription factor NF- kB is an essential factor that is associated with the
promotion of cell survival and proliferation, as well as with tumor resistance to
chemotherapy via the suppression of the inhibitor of apoptosis XIAP. It has also been
shown that the nuclear factor kB pathway is frequently overactive in different cancer
cells and thus keeps the cells from submitting to chemotherapy or otherwise induced
apoptosis (Vink et al., 2006). Thus, the downregulation, or inhibition of the
components of factor NF- kB pathway may promote apoptosis in many common cancer
cells, when bortezomib is used in concert with other chemotherapeutic agents or
radiotherapy (Cusack et al., 2001; Russo et al., 2001). Studies using head and neck
squamous cell carcinoma show that bortezomib can induce apoptosis by leading to
autophagosome formation, but requires the existence and function of certain key
proteins to be effective (Li and Johnson, 2012). JNK is such a key protein. Bortezomib
induced apoptosis in head and neck squamous cell carcinoma relies on the
phosphorylation of JNK enzymes and JNK-dependent phosphorylation of Bcl-2. A
deactivation or impairment of the JNK enzymes causes a direct impairment of
bortezomib induced apoptosis via autophagosome formation, because it is assumed that
the JNK enzymes are crucial for the regulation of autophagosome formation (Li and
Johnson, 2011).

Like with many cytotoxic agents, the most frequent adverse effects that are associated
with bortezomib treatment are plentiful and are of neurological, hematologic and
gastrointestinal nature. Also, severe adverse effects, such as a fatal liver failure has been
reported (Cornelis et al., 2012). The neuropathy presents with painful sensory
sensations of the distal extremities, hypoesthesia or numbness (Corthals et al., 2011;
Beijiers et al., 2012). Autonomic dysfunctions are suffered by ~10% of the treated
patients, whereas motoric impairments are not a common side effect of bortezomib
treatments. In up to 75% of patients receiving bortezomib symptoms are completely

reversible within a median follow-up of six months (Beijiers et al., 2012). The
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bortezomib induced peripheral neuropathy is considered a dose-limiting side effect, is
hard to treat and has a direct impact on the patient’s quality of life (Corthals et al.,
2011). Most symptoms show to be completely reversibly but require a discontinuation
of treatment or dose reduction, which is a major concern in treatment of malign diseases
(Corthals et al., 2011). Recent studies explore further ways to reduce bortezomib
induces neuropathy by modifying treatment schemes, or by adding neuroprotective
substances (Beijiers et al., 2012).

Carmustine, (1,3-Bis(2-chloroethyl)-1-nitrosourea), is a nitrosurea alkylating agent, and
its cytotoxic effect leads to DNA damage, in the form of cytosine-guanine-interstrand-
DNA-crosslinks, which force a stop to DNA replication, as well as leading to single-
and double-strand-DNA-breaks, which again are in itself strong inducers of apoptosis or
necrosis (Gerson, 2002; Li et al., 2015). Studies have shown that certain cancer cell
lines have an escape mechanism to carmustine-induced DNA damage in the form of a
DNA repair enzyme called O6-alkylguanine-DNA -alkyltransferase (AGT), drastically
decreasing carmustine therapy effectiveness (Apisarnthanarax et al., 2012). O6-
benzylguanine can increase the effectiveness of carmustine therapy by canceling out the
DNA repair mechanism provided by AGT. O6-benzylguanine is an AGT substrate
which leads to an irreversible inactivation of AGT. First trials with cutaneous T-Cell
Lymphoma (CTCL) documented an increase in therapy effectiveness, in a simultaneous
carmustine/O6-benzylguanine therapy (Apisarnthanarax et al., 2012). Carmustine is a
part of several therapy regimens, especially in those aimed at lymphoma, malignant
melanoma, cerebral metastases and certain brain tumors like astrocytoma WHO 1V°,
also known as glioblastoma multiforme (Li and McClay, 2002; Parney et al., 2005;
Bessell et al., 2004; Li et al., 2015). Carmustine displays a high degree of lipophilia and
thus is able to traverse the blood brain barrier, making it especially useful in the
treatment of cerebral metastases or primary brain cancers (Li et al., 2015). A locally
applied form of carmustine, in the form of carmustine wafers, has proven itself equally
effective (Bock et al., 2010). These wafers are implanted surgically into the space
previously inhabited by the excised brain tumor. In combination with radiotherapy
patients show a meaningful improvement in survival, considering a patient collective
with newly diagnosed glioblastoma multiforme or recurrent glioblastoma multiforme
(Bock et al., 2010; Chowdhary et al., 2015). Patients treated systemically with
carmustine suffer from various adverse effects, ranging from pulmonary infiltrates

(especially interstitial infiltrates), veno-occlusive disease of the liver, anemia as a result
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of myelotoxicity and general gastrointestinal adverse effects accompanied by nausea
and vomiting (van der Wall et al., 1995). Surgical site infections were seen to be the
most prominent adverse effect leading to removal of the intracranial located carmustine
wafers. Other adverse effects were seizures, haematoma, brain necrosis or development
of hydrocephalus (Chowdhary et al., 2015).

Dacarbazine (5-(3,3-Dimethyl-1-triazenyl) imidazole-4-carboxamide) is a United States
Food and Drug Administration approved anticancer agent and belongs to the group of
alkylating agents (Lev et al., 2003). Dacarbazine is an effective anticancer agent for the
treatment of malignant melanoma and Hodgkin Lymphoma, but especially in cases of
advanced malign melanoma the response rates are disappointingly low with just up to
25% and often short lived (Canellos et al., 1992; Middleton et al., 2000b; Lev et al.,
2003; Mouawad et al., 2010). Dacarbazine is part of the modern treatment regime for
Hodgkin’s lymphoma called ABVD. The ABVD regime consists of the agents:
adriamycin, bleomycin, vinblastine, dacarbazine and is perceived as a standard
treatment for Hodgkin’s lymphoma (Canellos et al., 1992). This, still viable therapy
regime, replaced the previous regime due to reduced adverse effects at equal
effectiveness in the low-risk patient population (Canellos et al., 1992). As with
bortezomib and carmustine, dacarbazine leads to numerous minor adverse effects like
nausea and vomiting which are manageable via symptomatic therapy (Middleton et al.,
2000a). Dacarbazine can induce a myelodepression, leading to a reduced cell count of
all three hematopoietic cell lines, associated with predictable consequences like anemia,
bleeding disorder and susceptibility to infections (Middleton et al., 2000a).

Thus, based on the obtained data of this study, the analysis of the anticancer agents in
the melanoma model as well as the double knock out mouse embryonic fibroblasts
(MEF) may help to develop an optimal management protocol for the treatment of
metastatic melanoma.

The studies of recent years have shown the profound involvement of the endoplasmic
reticulum (ER) stress and the mitochondrial dysregulation in apoptosis, thus making
both pathways prime targets for anticancer agents, to increase therapy efficiency. A
targeted activation of ER stress and mitochondrial dysregulation-dependent pathways
may offer considerable benefit in the treatment of especially resistant cancer types.

As widely demonstrated, the activation of ER and mitochondrial-associated pathways in
response to gene transfer of apoptotic mediators such as Noxa, APR-1, and APR-2

triggers apoptosis in melanoma cell lines (Hassan et al., 2008; Selimovic et al., 2011;
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2012). The role of ER stress in the modulation of anticancer agents such as taxol and
CHI11-induced apoptosis has reported in several studies (Selimovic et al., 2008;
Cetindere et al., 2010). Thus, based on the data of this study, the modulation of both ER
stress and mitochondrial dysregulation-associated pathways may be a reliable
therapeutic target for melanoma treatment. In addition to the emerging evidence, this
study suggests an essential role of the mitochondrial pathways in the modulation of anti-
cancer-induced apoptosis. The role of ER-stress and mitochondrial pathways in
modulation of autophagy has been suggested (Park et al., 2008; Oh and Lim, 2009;
Periyasamy-Thandavan et al., 2010). Autophagy has shown, on the one hand to promote
cell survival by counteracting the accumulation of unfolded proteins, but on the other
hand participates in ER stress-induced cell death (Buytaert et al., 2006; Heath-Engel et
al., 2008; Kawaguchi et al., 2011).

To elucidate the mechanism of bortezomib-induced autophagy, part of the study
focused on the role of ER stress-associated pathways, which have been shown
previously to be activated by proteasome inhibitors (Mozos et al., 2011; Kawaguchi et
al., 2011). In addition to the increase of intracellular Ca®" release, the exposure of
melanoma cells to bortezomib was associated with phosphorylation/activation of IREla
enzymes and the expression of ASKI1, p38, ATF-2/Ets-1 and Mcl-1 proteins and
pathways, which are associated or even resulting from induction of ER stress (Hassan et
al., 2008; Selimovic et al., 2011; 2012). The increase of intracellular Ca**-level is a
marker for ER stress and is an important regulator of protein activity as well (Buytaert
et al., 2006; Heath-Engel et al., 2008; Kawaguchi et al., 2011). The bortezomib-induced
autophagosome formation hast been observed in cervical cancer as well as in head and
neck sqamous cell carinoma cells (Li and Johnson, 2011; Laussmann et al., 2011).
Autophagy-induced pro-survival has been shown for multiple cancer cells, among them
prostate, head and neck squamous cell carcinoma, colon carcinoma cells (Li and
Johnson, 2011; Shen and Codogno, 2012; Miranda et al., 2012). Contrary to these
findings, there are reports that indicate that autophagy induces cell death in certain other
cell types, like mouse embryonic fibroblasts (MEFs), human umbilical vein Endothelial
Cells and multiple myeloma cells (Wang et al., 2008; Maclean et al., 2008; Csordas et
al., 2011; Li and Johnson, 2011; Michallet et al., 2011; Zeng et al., 2012).

This diametrically opposed effect shows that a treatment with bortezomib can either
increase or decrease apoptosis, depending on the cell type, making treatment-

projections less reliable.
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It hast become apparent that available knowledge about bortezomib-induced effects in
cancer cells, especially on a molecular level is not complete. Although the molecular
mechanism underlying bortezomib-induced autophagy, so far, is not fully determined,
this study described for the first time, the ability of bortezomib to trigger both apoptosis
and autophagosome formation in melanoma cells, and addressed the molecular
mechanisms, whereby bortezomib triggers both apoptosis and autophagy. Bortezomib-
induced apoptosis of melanoma cells is mediated, primarily, by a mitochondrial-
dependent pathway. The activation of the mitochondrial pathway results from
bortezomib-induced Noxa expression which in turn, triggers the loss of mitochondrial
membrane potential (A¥m). The loss of A¥Ym leads to the accumulation of reactive
oxygen species (ROS), as well as to the release of two staunch promoters of apoptosis,
namely Cytochrome ¢ (Cyt. ¢) and apoptosis inducing factor (AIF). The accumulation
of Cytochrome ¢ in the cytoplasm leads to an activation of caspase-9. This in turn starts
the caspase cascade, leading to the activation of caspase-3 by either caspase-9 and/or
AIF, leading to PARP cleavage, an evidence for bortezomib-induced apoptosis in
melanoma cells. On the other hand, the accumulation of ROS in response to the loss of
A¥Ym seems to be involved in the activation of apoptosis signal regulating kinase 1
(ASK1) that subsequently mediates the activation of both INK/AP-1/HSF1/HSP70 and
p38/Ets-1/ATF-2/Mcl-1, which promote cell survival or autophagy, respectively.
Furthermore, the localization of bortezomib-induced Noxa protein at the ER leads to
increased intracellular Ca®" release, an evidence for ER stress. Further evidence for ER
stress is the enhancement of the phosphorylation of inositol requiring enzyme la
(IRE1la), which is involved in the activation of ASK1. ASKI on the other hand, has
been shown to potentiate the activation of both afore mentioned pathways: JNK/AP-
1/HSF1/HSP70 and p38/Ets-1/ATF-2/Mcl-1.

The functional analysis of bortezomib-induced effects in inhibitory experiments
demonstrated that bortezomib-induced ER stress leads to the activation of IREla-
ASKI-JNK-AP-1/HSF1-HSP70 pathway and subsequently, in part, to the inhibition of
bortezomib-induced apoptosis. Additionally, it was shown, that bortezomib-induced
activation of the IREla-p38-Ets-1/ATF-2-Mcl-1 pathway leads to autophagosome
formation in melanoma cells. Unlike the inhibition of bortezomib-induced apoptosis
which potentiates bortezomib-induced autophagy, the inhibition of bortezomib-induced
activation of both IRE1a-ASK1-JNK-AP-1/HSF1-HSP70 and IRE1a-p38-Ets-1/ATF-2-

Mcl-1 pathways enhances bortezomib-induced apoptosis of melanoma cells.
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Currently, targeting the autophagy pathway is considered a novel means to augment
tumor therapy. Accordingly, our data obtained from inhibitory experiments
demonstrated that the inhibition of the IREla-p38-Ets-1/ATF-2-Mcl-1 pathway is
involved in the modulation of bortezomib-induced autophagosome formation.
Autophagy has shown both pro-survival and cyto-protective functions in different
cancer cell types in response to ER stress-induced apoptosis (Davids et al., 2009;
Wilson et al., 2011). According to several studies revealing the role of bortezomib-
induced HSP70 in the inhibition of bortezomib-induced apoptosis, the inhibition of
bortezomib-induced anti-apoptotic effects by inhibition of the ASK1/ JNK pathway or
by knockdown of HSP70 will potentiate the efficacy of bortezomib in melanoma
treatment (Yerlikaya et al., 2010).

Based on the data of the present study it has become clear that the treatment of
melanoma cells with bortezomib can be outlined in a proposed model (Fig. 12).

This model demonstrates that bortezomib induces different responses that seem
diametrically opposed. One of these responses is a desired response and deals with
melanoma cell death and is mediated by both mitochondrial and non-mitochondrial
dependent mechanisms. In contrast the other response, an undesired response that leads
to cyto-protective effects / cell survival, is also dependent on mitochondrial and non-
mitochondrial mechanisms. Additionally, this model addresses the main pathways,
which are involved in the regulation of bortezomib induced apoptosis- and
autophagosome formation and their divergent and common sites. The combination of
autophagosome formation inhibitors or / and heat shock protein inhibitors may enhance
the cytotoxic effect of bortezomib and reduce side effects.

The detailed information of the proposed model presents only a part of the mechanisms
which may play a central role in the regulation of apoptosis and autophagy. Further
study based on the addressed mechanisms may help to identify additional pathways and

thus lead to new therapeutic approaches.
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Fig. 12
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Fig. 12 Proposed model for bortezomib-induced autophagy and apoptosis in melanoma cells. The
overexpression of Noxa protein in response to the exposure of melanoma cells to bortezomib. Noxa
effects the activation of both ER stress and mitochondrial dysregulation-dependent pathways. The
activation of the pathways is associated with the promotion of different cellular mechanisms. One of these
pathways, namely Cyto. c-caspase-9/AlF-caspase-3-PARP is a mitochondrial-dependent pathway and is
involved in the regulation of bortezomib-induced apoptosis. Whereas, another pathway, namely IRE1a-
ASK1-p38-Ets-1/ATF-2-Mcl-1, is an ER-stress-dependent pathway, and is involved in the regulation of
bortezomib-induced autophagosome formation. In addition, a second ER-stress-associated pathway,
namely IRE10-ASK1-JNK-AP-1/HSF-1-HSP70, affects the inhibition of bortezomib-induced apoptosis.
Two other observed mitochondrial-related pathways, which are activated through mitochondrial
dysregulation-associated ROS accumulation, namely ASK1-p38-Ets-1/ATF-2-Mcl-1; and ASK1-JNK-
AP-1/HSF-1-HSP70, are involved in the regulation of bortezomib-induced autophagosome formation,
and inhibition of bortezomib-induced apoptosis, respectively.
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6. Conclusion

Metastatic melanoma is known as one of the biologically most aggressive and chemo
resistant cancers known. The treatment of metastatic melanoma is of importance, due to
its significantly increasing incidence over the last decades, especially in Western
cultures. The emergence of this malignancy results from the accumulation of genetic
and/or epigenetic events leading to the activation of various oncogenes giving the
altered melanocytes a growth advantage over normal melanocytes. Available
therapeutic approaches for patients with metastatic melanoma are of limited benefit and
commonly associated with a multitude of adverse effects. Generally, both endoplasmic
reticulum (ER) stress and mitochondrial dysregulation are potential and potent
therapeutic targets of anticancer agents including bortezomib. Bortezomib is a small
molecule that can specifically and selectively inhibit proteasomes, leading to the
induction of both pro-and anti-apoptotic proteins including Noxa and Mcl-1 and thereby
leads to the enhancement of both desired and undesired effects in treated patients.
Therefore, the functional analysis of anticancer agents-induced effects in melanoma
cells may help to improve their therapeutic efficiency for the treatment of metastatic
melanoma.

The aim of the present study was to assess the inhibitory effect of different anticancer
agents on cell growth of melanoma cells and to characterize, in detail, the molecular
mechanisms whereby bortezomib triggers apoptosis and autophagosome formation in
melanoma cells.

Several cell biological and molecular biological techniques and procedures were used
for the analysis of anticancer agents-induced effects in melanoma cells.

In the present study the treatment of melanoma cells with bortezomib, carmustine,
dacarbazine was found to induce apoptosis in melanoma cells. However, the in detail
function analysis of bortezomib revealed an induction of apoptosis in melanoma cells
conjoint with the upregulation of Noxa, Mcl-1, and HSP70 proteins and the cleavage of
LC3 and autophagosome formation. In addition, bortezomib induced ER-stress as
evidenced by the increase of intracellular Ca’' release. Furthermore, bortezomib
enhanced the phosphorylation of inositol-requiring transmembrane kinase and
endonuclease la (IREla), apoptosis signal-regulating kinase 1(ASKI1), c-jun-N-

terminal kinase (JNK) and p38, as well as the activation of the transcription factors AP-
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1, ATF-2, Ets-1, and HSF1. Whereas bortezomib-induced mitochondrial dysregulation
was associated with the accumulation of reactive oxygen species (ROS), the release of
both apoptosis inducing factor (AIF) and Cytochrome c, the activation of caspase-9 and
caspase-3, and cleavage of Poly (ADP-ribose) polymerase (PARP). The pre-treatment
of melanoma cells with the inhibitor of caspase-3 (Z-DEVD-FMK) was found to block
bortezomib-induced apoptosis that subsequently led to the increase of autophagosome
formation. In contrast, the inhibition of ASKI abrogated bortezomib-induced
autophagosome formation and increased inducted apoptosis. The inhibition of JNK, or
HSP70 showed an increased induction of apoptosis without influencing bortezomib-
induced autophagosome formation. Thus, based on inhibitory experiments, the exposure
of melanoma cells to bortezomib triggers the activation of both ER-stress-associated
pathways, namely IREla-ASK1-p38-ATF-2/ets-1-Mcl-1 and IRE1a-ASK1-JNK-AP-
1I/HSF1-HSP70 as well as mitochondrial dysregulation-associated pathways, namely
ROS-ASK1-JNK-AP-1/HSF1-70 and AlF-caspase-3-PARP and Cyt.c-caspase-9-
caspase-3-PARP. This study demonstrates, for the first time, the molecular mechanisms,
whereby bortezomib triggers both apoptosis and autophagosome formation in
melanoma cells.

In the past years there have been only few revolutionary new anticancer drugs that are
highly effective in cases of metastatic melanoma. Therefore, it could be promising to
concentrate on enhancing effective existing anticancer agents, by using recent years’
research and insight into their molecular mechanisms to increase therapeutic efficiency
of existing anticancer agents instead of creating completely new agents, which is an
extremely time- and resource-consuming process without guaranteed successful
outcome.

The results of this study show that future melanoma therapies may benefit from the
above mentioned enhanced drug therapy by combining the proteasome inhibitor
bortezomib with an autophagosome inhibitor. This novel therapeutic concept could lead
to increase bortezomib-induced apoptosis in melanoma cells and thus increase patient
outcome in cases of advanced metastatic melanoma.

Clinical trials are essential to confirm whether the in vitro results of this study can be

applied to in vivo clinical therapy settings.
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