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ABSTRACT
	
  

Cumulative evidence suggests that constitutively elevated levels of proteotoxic
stress represent a specific vulnerability of malignant cells that can be targeted by
pharmacological modulation of the intracellular proteotoxic stress response. According to
this emerging mechanism, small molecule stress modulators may induce deviations from
protein homeostasis causing cytotoxicity confined to malignant cells already at a high set
point of constitutive proteotoxic stress leading to functional impairment and even cell
death. In contrast, normal cells with sufficient protein degradation capacity can tolerate
the extra dysfunctional protein overload. My graduate research has focused on testing the
feasibility of repurposing clinically used non-oncological drugs for experimental
chemotherapy targeting metastatic melanoma cells. The following specific aims were
pursued: (1) To identify clinically used non-oncological drugs that preferentially induce
cytotoxicity in melanoma cells but not primary melanocytes through upregulation of
proteotoxic and/or oxidative stress; (2) To explore the specific molecular mechanisms
underlying induction of melanoma cell apoptosis by lead compounds focusing on
oxidative and proteotoxic stress modulation; (3) To explore efficacy of selected lead
compounds for antimelanoma intervention in a murine xenograft model. First, we
demonstrate feasibility of using the FDA-approved redox-active D-cysteine-derivative Dpenicillamine for chemotherapeutic intervention targeting human A375 melanoma cells
in vitro and in vivo through induction of the unfolded protein response (UPR). Second,
we demonstrate that the antimicrobial oligopeptide thiostrepton displays dual activity as a
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selective prooxidant and proteasome inhibitor causing proteotoxic stress that
preferentially targets malignant melanoma and multiple myeloma cells. Third, we
demonstrate for the first time that the clinically used 4-aminoquinoline antimalarial
amodiaquine causes autophagic-lysosomal and proliferative blockade sensitizing human
melanoma cells to starvation- and chemotherapy-induced melanoma cell death. Taken
together, our data indicate the chemotherapeutic potential of small molecule proteotoxic
stress inducers and strongly suggest feasibility of repurposing specific non-oncological
drugs for proteotoxic stress-directed antimelanoma intervention.
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CHAPTER 1:
INTRODUCTION
	
  

1.1 The extended hallmarks of cancer
In 2000, Drs. Hanahan and Weinberg proposed that “the vast catalog of cancer cell
genotypes is a manifestation of six essential alterations in cell physiology that
collectively dictate malignant growth”.1 The six hallmarks as defined by these authors
encompass self-sufficiency in growth signals, insensitivity to growth-inhibitory signals,
evasion of programmed cell death (apoptosis), limitless replicative potential, sustained
angiogenesis, and tissue invasion and metastasis (as summarized in Figure 1.1). These
hallmarks were subsequently complimented by additional features including evasion of
immune surveillance as proposed by Kroemer and Pouyssegur in 2008. Furthermore, in
2011 Hanahan and Weinberg proposed another hallmark, the reprogramming of energy
metabolism, as an additional critical characteristic of cancer cells.2
The past decade has witnessed remarkable progress toward understanding the
mechanistic underpinning of each hallmark.3 It has become apparent that in order to
develop and maintain tumorigenicity, cancer cells need to acquire a complex set of
capabilities, and an extended set of new hallmarks, referred to as “stress phenotypes”, has
recently been proposed. These encompass the following five extended hallmarks:
metabolic stress, proteotoxic stress, mitotic stress, oxidative stress, and DNA damage
stress as summarized in Figure 1.1.4
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Importantly, cancer cells depend on the counterregulatory upregulation of
cytoprotective stress response pathways that antagonize the cytotoxic consequences
associated with these specific phenotypes, and cumulative research indicates that these
represent a specific vulnerability amenable to therapeutic intervention.4-8
These phenotypic hallmarks are characterized by their functional interconnectedness,
i.e. alterations that affect one specific hallmark will have consequences affecting others.
For example, molecular crosstalk exists between the metabolic switch to glycolysis
(associated with acidification of the tumor microenvironment) and the increased
capability of evading immune surveillance. Likewise, oncogene-driven replication stress
and mitotic aberrations can increase aneuploidy, which then causes proteotoxic stress
through expression of dysfunctional proteins that activate the cytoprotective heat shock
stress response.4,9 Moreover, elevated levels of reactive oxygen species (ROS) originating
from dysregulated redox signaling will result in increased levels of oxidative DNA
damage that are counterbalanced by an altered DNA stress response in cancer cells.
Another characteristic associated with these stress phenotypes displayed by cancer
cells is represented by their frequent occurrence and causative involvement in nonmalignant pathologies. For example, inflammatory diseases such as rheumatoid arthritis
and inflammatory bowel disease, irrespective of their specific etiology, are influenced by
the molecular consequences of oxidative and proteotoxic stress.
Importantly, due to their pleiotropic involvement in multiple stages of carcinogenesis
and in spite of their complex origin from multiple genetic and adaptive changes
associated with malignancy, the extended phenotypic hallmarks of cancer are now
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considered as attractive targets for pharmacological intervention. Among these,
dysregulation of oxidative and proteotoxic stress responses in cancer cells have attracted
much research attention and are now considered particularly promising therapeutic
targets as discussed in the following section.
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   act as nodal points to generate cancer drug targets, Based on karyotypic and mutational analyses,
solutions are likely to emerge from multiple sources, includ- that tumors, especially solid tumors, pass through
ing recent initiatives to understand cancer at the systems level. extreme genomic instability that result in the accum
From a genetic point of view, it is important to appreciate that point mutations, deletions, complex chromosomal
the plethora of mutations observed in the cancer genome must ments, and extensive aneuploidy (Hartwell and Kas
	
  
ultimately result in a common set of hallmarks in order to bring This level of instability is due in part to a constitut
	
  
about the malignant phenotype. The goal of cancer therapy is, endogenous DNA damage, which results in activa
	
  
therefore, to either reverse these properties or target them as DNA damage stress response (DDR) pathway (Bart
	
  
tumor-specific liabilities, preferably through the combinatorial 2005; Gorgoulis et al., 2005). Elevated levels of DN
	
  
application of a relatively small number of drugs. Thus we need observed in early stage tumors are thought to be d
	
  
a thorough understanding of the nature of these hallmarks.
eral factors. First, the shortening of telomeres due
	
  
In addition to the six hallmarks outlined in the seminal review tion in the absence of sufficient telomerase activit
	
  
by Hanahan and Weinberg (Hanahan and Weinberg, 2000) that the appearance of double-strand breaks (DSBs) a
	
  
collectively promote survival and proliferation in foreign envi- ends. The subsequent fusions of these deprotected
	
  
ronments (Figure 1, top), as well as the hallmark of “evading ate breakage-fusion-bridge cycles that result in tran
immune surveillance” proposed by Kroemer and colleagues and gene amplification events (Maser and DePin
(Kroemer and Pouyssegur, 2008) (Figure 1, left), we propose DSBs resulting from replication stress can also lead
a number of additional, equally prevalent hallmarks of can- age-fusion-bridge cycles (Windle et al., 1991). A
cer cells based on recent analyses of cellular phenotypes. oncogene activation in precancerous lesions has be
Although these cancer phenotypes are not responsible for to increase DSBs and genomic instability (Halazon
initiating tumorigenesis, they are common characteristics of 2008), possibly through DNA hyper-replication (Bart
many tumor types (Figure 1, bottom). Among these additional 2006; Di Micco et al., 2006). Finally, mutation of gene
hallmarks are DNA damage/replication stress, proteotoxic in either DNA repair programs (such as excision, cr
stress, mitotic stress, metabolic stress, and oxidative stress. mismatch repair) or the DDR pathways (such as ATM
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1.1.1 Proteotoxic stress

Protein Homeostasis Network

Heat Shock Response (HSR)

Unfolded Protein
Response (UPR)

Oxidative Stress Response

Autophagy

Ubiquitin-Proteasome System (UPS)

Figure 1.2 The protein homeostasis network. Cells engage multiple interconnected
pathways to maintain protein homeostasis including oxidative stress response, autophagy,
ubiquitin-proteasome system (UPS), unfolded protein response (UPR), and heat shock
response (HSR). The integration of these individual pathways represents the cellular
proteotoxic stress response.

Proteotoxic stress is characterized by intracellular accumulation and aggregation
of misfolded and unfolded proteins. Eukaryotic cells are exposed to an endogenous
misfolded protein burden that compromises cellular protein homeostasis and jeopardizes
cell viability.10,11 Cellular protein quality control relies on three distinct yet
interconnected strategies, whereby misfolded proteins can be either refolded, degraded or
sequestered for temporary storage in quality control compartments.12,13 The spatial
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compartmentalization of cellular quality control [i.e. juxtanuclear quality control
compartment (JUNQ) or insoluble protein deposit (IPOD)], may help the cell to cope
with an overload of aberrant proteins preventing formation of toxic aggregates.12,14
Dysregulation of proteotoxic stress and protein folding quality control has now emerged
as a major pathogenic factor in neurodegenerative (amyotrophic lateral sclerosis,
Alzheimer and Parkinson disease) and other diseases such as cystic fibrosis.
Proteotoxic stress can be counteracted by multiple pathways to maintain protein
homeostasis including autophagy, the ubiquitin-proteasome system (UPS), the unfolded
protein response (UPR), and heat shock response (HSR) (Figure 1.2). Various families of
molecular chaperones (such as Hsp70 and Hsp90 members) can either actively promote
protein refolding or facilitate protein degradation engaging the ubiquitin-proteasome
pathway or autophagy discussed below.15
Increased accumulation of misfolded proteins in the endoplasmic reticulum (ER)
lumen can also lead to another form of proteotoxic stress referred to as ER stress. In
response to ER stress, a specialized proteotoxic stress response is mounted referred to as
the unfolded protein response (UPR) as discussed below. The UPR encompasses various
molecular compensatory events, including increased synthesis of ER chaperone proteins,
blockade of cap-dependent protein translation (i.e. by PERK/ eIF2α), and accelerated
protein degradation.
Cancer cells are constitutively exposed to high levels of proteotoxic stress that can
be caused by a variety of endogenous and exogenous factors including stressors related to
genetic alterations such as high mutational burden, oncogene expression, and aneuploidy,
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all known to lead to overload with dysfunctional proteins.16,17,18 Moreover, proteotoxic
stress can originate from factors associated with the tumor microenvironment including
inflammation, acidification, metabolic stress, nutrient deprivation, hypoxia and redox
dysregulation.4,19 Finally, proteotoxic stress in cancer cells can also be imposed by
external stressors including environmental electrophiles, electromagnetic radiation or
exposure to chemotherapeutics in the context of chemotherapy (Figure 1.3).

genetic

internal stress
tumor
microenvironment

proteotoxic stressors

external stress

mutation
oncogene expression
mitotic stress
aneuploidy
acidification
hypoxia
inflammation
metabolic stress
redox dysregulation

environmental stress
chemotherapy

Figure 1.3 Inducers of proteotoxic stress in cancer cells. Factors that can induce
proteotoxic stress can be classified according to internal and external origin as described
above.

The origins of proteotoxic stress in cancer cells are complex and can result from
other dysfunctions characteristic of cancer cells. For example, aneuploidy and gene copy
number changes can cause the imbalanced expression of dysfunctional proteins
complexes causing an excess of uncomplexed proteins and proteotoxic stress.18 Therefore
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aneuploidy creates a dependence on the activation of compensatory pathways such as
UPR, UPS, and HSR.20
Recent studies indicate that hypoxia is a strong activator of proteotoxic stress and
UPR.21,22,23 Importantly, hypoxia occurs in the majority of tumors, promoting
angiogenesis, metastasis, and resistance to therapy.24 The immediate phosphorylation of
eIF2α upon hypoxic exposure suggests a direct role for O2 in ER protein maturation,
involving several steps of oligosaccharide modifications, disulfide bond formation and
isomerization and quality controls, processes that may harbor requirements for molecular
oxygen.25 In terms of protein quality control, lack of molecular oxygen will therefore
impair the O2-dependent folding-environment of the ER and disrupt protein homeostasis
through inhibition of disulfide bond formation.
In addition, inflammatory mediators, including cytokines and reactive
intermediates such as nitric oxide (NO) and reactive oxygen species (ROS), are rapidly
emerging as a sources of proteotoxic stress.26,27 For example, experimental evidence
indicates that inflammation-associated reactive intermediates can target proteins critical
for folding such as protein disulfide isomerase (PDI) which can be S‐nitrosylated causing
enzymatic inactivation resulting in protein misfolding.28

1.1.2 Oxidative stress
Oxidative stress is characterized by dysregulation of cellular redox status and
homeostasis that is mediated by reactive oxygen species (ROS).54 Numerous cellular
sources of ROS production have been identified in cancer cells resulting from
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constitutive activation and overexpression of ROS-generating enzymes: NADPH oxidase
family members (NOX4), cyclooxygenases (COX-2), lipoxygenases (5-LO), and
cytochrome P450 monooxygenases (CYP1A1, CYP2E1, CYP3A4).29-31 Moreover,
metabolic dysregulation and enhanced electron leakage from the mitochondrial
respiratory chain have been shown to be involved in increased production of ROS
including superoxide radical anions and hydrogen peroxide (H2O2) by human tumor cells
underlying tumorigenic redox dysregulation.32-39
Cumulative evidence indicates that redox dysregulation is a defining phenotypic
hallmark of various tumor types.4 Apart from its role as an early causative factor in
carcinogenesis through ROS-induced mutagenesis, redox dysregulation contributes to
malignant transformation and progression through ROS-mediated signaling and redox
modulation of apoptotic and survival pathways.32,40-44 Indeed, it is now firmly established
that ROS play an important role in cancer initiation and progression by participating as
key mediators of cellular mitogenic signaling where alterations in cellular redox
homeostasis contribute to cancer cell proliferative control, survival, invasion, and
metastasis.40,41,44-49
Many ROS-dependent signaling cascades function through the oxidative modification
of critical protein cysteine residues or by covalent adduction with electrophilic species.
For example, cell proliferation is controlled by redox-dependent regulators of cell cycle
progression (e.g. cyclin dependent kinases, retinoblastoma, p16, p27, and p53) whereby
normal growth is highly dependent on tight control of the redox status of active site
cysteine residues.50
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Apart from being involved in proliferative, anti-apoptotic, metastatic, and angiogenic
signaling, ROS may also exert cytotoxic and pro-apoptotic functions that would limit
tumorigenicity and malignant progression.45,51 Indeed, recent research has demonstrated
that constitutively elevated levels of oxidative stress in cancer cells represent a specific
vulnerability of malignant cells that can be selectively targeted in anti-cancer
chemotherapeutics.4,6,8,46,52,53 Feasibility of redox-directed intervention for the targeted
chemotherapeutic induction of cancer cell apoptosis has been explored earlier based on
the rational that small molecule pro-oxidant intervention may cause cytotoxic deviations
from redox homeostasis that induce apoptosis in malignant cells, already exposed to high
constitutive levels of ROS, without compromising viability of non-transformed cells.47,49

1.2 Pharmacological modulation of proteotoxic stress as cancer drug target
Recent research has indicated that elevated endogenous proteotoxic stress of cancer
cells represents an Achilles heel of malignancies that can be targeted by drugs that either
cause proteotoxic overload of misfolded/unfolded proteins or block the protein
degradation machinery (Figure 1.4).307 Indeed, it has therefore been demonstrated that
pharmacological induction of cytotoxic overload with dysfunctional proteins, either by
causation of ROS-dependent protein unfolding or interference with proteolytic clearance,
may trigger preferential apoptosis in cancer cells without compromising viability of
normal cells displaying lower constitutive levels of endogenous oxidative and proteotoxic
stress.4,54,55
Emerging evidence suggests the feasibility of increasing intracellular proteotoxic
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stress using small drug molecules. For example, intense efforts have been directed at
developing inhibitors of Hsp90, and several Hsp90 inhibitors including geldanamycin,
have now entered the clinical arena.128 ,213 The best example of proteotoxic stress directed
therapeutics is provided by the class of proteasome inhibitors that are now in clinical use.
For example, bortezomib, a first in class proteasome inhibitor that promotes the
accumulation of misfolded protein has been FDA-approved for the treatment of
refractory mantle cell lymphoma and relapsed multiple myeloma, malignancies
characterized by pronounced protein turnover as discussed below (Chapter 1.2.3).123,124
Table 1 summarizes emerging small molecules that can elevate intracellular
proteotoxic stress through different mechanism of actions. These compounds target
different arms of the proteotoxic stress response:
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Proteasome inhibitor
HSR inducer
UPR inducer
Autophagy inhibitor

Stress conditions
(UV, heat shock etc.)
mutation
overexpression
aneuploidy

protein burden

+
Proteotoxic stress

HSR
UPR
UPS
Autophagy
Redox signaling

protein degradation machinery

Figure 1.4 Proteotoxic stress as a novel cancer drug target. Pharmacological
intervention that either increases proteotoxic stress burden or undermines the cellular
protein degradation machinery may preferentially target cancer cells exposed to high
levels of endogenous proteotoxic stress.

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

	
  

27	
  

	
  

Agent

Target

Mechanism of action

Geldanamycin
17-AAG
Bortezomib
Carfilzomib
Brefeldin A

Hsp90
26S proteasome

Thapsigargin

SERCA

Tunicamycin

UDP-HexNAc

Ritonavir
Nelfinavir
Versipelostatin

HIV protease

Binds to ATP binding pocket of Hsp90
and inhibits its catalytic activity
Inhibits chymotrypsin-like catalytic
activity of 26S proteasome
Inhibits protein transportation from ER
to Golgi
Selectively inhibits sarco-ER Ca2+
ATPase and raises cytosolic [Ca2+]
Inhibits GlcNAc phosphotransferase
(GPT) and blocks the synthesis of all
N-linked glycoproteins
Inhibits HIV protease

4-Aminquinoline
(CQ; HCQ)

lysosome

Salubrinal

eIF2α phosphatase

Eeyarestatin

p97

DBeQ

p97

2-Deoxyglucose

hexokinase

Rapamycin

mTOR

VER155008

Hsp70

2-Phenylethynesulfonamide
WP1130

Hsp70
Deubiquitinase
(DUBs)

ARF1

Grp78

!
	
   !
	
   ARF1:!guanine!nuclear!factor!
	
  
	
  
	
  

Table 1.1 Drugs modulating proteotoxic stress.
	
  
	
  
	
  
	
  
	
  

Inhibits the expression of Grp78 by
activating 4E-BP1, a negative inhibitor
of translation initiation
Lysosomotropic agents that increase
lysosomal pH and inhibit lysosomal
acidic proteases
Inhibits dephosphorylation of eIF2α,
resulting in activation of stress
response pathways
Inhibits ER-associated degradation
(ERAD) disrupting ER homeostasis
Specific inhibitor of p97 that impairs
both UPS and autophagy pathways
Inhibits glycolysis and glycoprotein
biosynthesis
Inhibits mTOR activity and therefore
induce autophagy
Novel adenosine-derived inhibitor of
Hsp70
Direct inhibits Hsp70
Inhibits activity of DUBs (i.e. USP9x,
USP5, USP14, UCH37)
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1.2.1 Autophagy (Macroautophagy)
	
  

Autophagy is an evolutionarily conserved, intracellular catabolic pathway that
serves survival functions by maintaining cellular homeostasis under adverse conditions
such as nutrient deprivation and accumulation of misfolded proteins or damaged
organelles.56-58 There are three different forms of autophagy that have been commonly
described in mammalian cells: macroautophagy, microautophagy and chaperonemediated autophagy (CMA). All of these pathways converge in lysosomes to ensure
intracellular degradation for recycling and maintenance of cellular energy levels.59
Microautophagy involves the direct engulfment of cytoplasmic material into the
lysosome. This occurs by invagination, meaning the inward of the lysosomal membrane,
or cellular protrusion. Chaperone-mediated autophagy, or CMA, is a very complex
pathway. Proteins for CMA contain a KFERQ-related motif in their amino acid sequence
that can be recognized by the cytosolic constitutive chaperone Hsc70 (heat shock cognate
of the Hsp70 family), enabling lysosomal delivery of CMA substrates. The lysosomal
membrane protein Lamp-2A acts as a receptor mediating the translocation of unfolded
polypeptides across the lysosomal membrane into the lysosome, where degradation then
occurs.60
Macroautophagy, referred to as autophagy throughout this dissertation, is an
important catabolic process where cells capture cytoplasmic cargo forming doublemembrane autophagosomes, which then fuse with lysosomes for degradation and
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recycling. Autophagosome formation depends on the initiation, nucleation, elongation,
and closure of phagophores. Autophagosome biogenesis requires the coordinated activity
of autophagy-related (ATG) proteins and their interaction partners such as the class III
PI3K complex and microtubule-associated protein 1 light-chain 3 (LC3-I and LC3-II).59
Importantly, components of the autophagic machinery can be altered by
pharmacological modulation. For example, the activity of the class III PI3K complex can
be manipulated by both activators [such as BH3 (BCL-2 homology 3) mimetics] and
inhibitors [such as spautin-1 (specific and potent autophagy inhibitor 1)]. Likewise,
PIK3C3 (commonly known as Vps34, a component of the class III PI3K complex), is
now considered a valid drug target.61 Moreover, a group of phosphoinositide 3-kinase
(PI3K) inhibitors, such as 3-methyladenine (3-MA) and wortmannin, are common
autophagy inhibitors based on their inhibitory effect on class III PI3K activity.62
Importantly, inhibitors of lysosomal enzymes (such as cystatin B), and lysosomotropic
agents that increase lysosomal pH (such as chloroquine and hydrochloroquine) block the
degradative activity of autolysosomes thereby blocking autophagic flux.61,63
Autophagy normally operates at basal levels but can be strongly induced in
response to certain states of cellular stress, such as nutrient deprivation, hypoxia, and
oxidative stress.59,64 Generally, autophagy operates as a cytoprotective mechanism that
prevents the accumulation of dysfunctional proteins or organelles and recycles
intracellular components under nutrient deprivation. In the context of tumorigenesis,
autophagy is considered to have two contrasting roles, promotion and suppression (Figure
1.6). During tumor initiation, it can be tumor suppressive, acting through elimination of

	
  

30	
  

oncogenic protein substrates, toxic unfolded proteins and damaged organelles.
Alternatively, autophagy can be tumor promoting in established tumors, acting through
increased mobilization and recycling of energy fuel, which can survive in an environment
that is unfavorable for normal cells.65 Indeed, cancer cells often depend on upregulated
glycolytic activity (referred to as the “Warburg effect”), causing a dependence on
increased uptake of glucose.66,67
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Figure 1.5 The molecular pathways of autophagy. Cytoplasmic cargo including
selected proteins and organelles are engulfed by autophagosomes, which then fuse with
lysosomes to form autolysosomes involved in enzymatic degradation and recycling.
Three types of autophagy that are commonly distinguished: macroautophagy,
microautophagy, and chaperone-mediated autophagy. Lysosomal functions can be
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blocked either through lysosomotropic agents (HCQ and bafilomycin A) or inhibitors of
lysosomal proteases (pepstatin A and cystatin B).
Previous research has shown that genetic knockdown of Atgs or pharmacological
inhibition of autophagy can effectively enhance tumor cell death induced by starvation
and anticancer therapeutics.65,68,69 Cross-talk between autophagy and apoptosis exists at
many levels because both pathways share mediators, ranging from the core machinery to
upstream regulators.70 Several autophagy inhibitors have been identified, used currently
to study the role of autophagy in tumorigenesis and also to explore chemotherapeutic
opportunities as summarized in Table 1.1. Importantly, clinical trials now indicate the
promising role of chloroquine- and hydroxychloroquine-based chemotherapeutic
intervention targeting autophagy for chemosensitization.71 As a lysosomotropic agent,
chloroquine enters the lysosome, raising intralysosomal pH and impairing lysosomal
function. Cumulative evidence indicates that chloroquine sensitizes cancer cells to
radiation and other therapeutics-induced cell death and has also shown promise in clinical
trials.63 To inhibit autophagy more specifically at the molecular level, the siRNA
intervention has been used to target some of the proteins that are involved in autophagy.72
Moreover, treatment with siRNA directed against selected components such as ATG5,
BECN1, ATG10 or ATG12 inhibits nutrient depletion-induced autophagy in cancer
cells.73
Importantly, autophagy is now recognized to operate as a double-edged sword
that may determine cell fate according to the specific molecular context. Indeed, apart
from its function as a survival and stress adaptation pathway, recent evidence suggests
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that excessive or sustained autophagy may cause cell death, particularly in apoptosisdefective tumor cells.70 Consequently, strategies that enhance autophagic activity for
cancer cell-directed pharmacological intervention are of significant promise equivalent to
that based on autophagy inhibitory approaches. Excessive or sustained autophagy has the
potential to induce tumor cell death.74 Indeed, it has been shown that autophagy inducers
such as rapamycin and other mTORC1 inhibitors (temsirolimus, everolimus) synergize
autophagy-induced

tumor

cell

death

with

other

chemotherapeutic

agents

or

irradiation.63,75,76 Similar clinical therapeutic benefit has been observed with other
chemotherapeutic agents associated with autophagy induction including (i) targeted
therapies such as the BCR-ABL tyrosine kinase inhibitor imatinib,77 the anti–epidermal
growth factor receptor (EGFR) directed monoclonal antibody cetuximab,78 (ii)
proteasome inhibitors such as bortezomib, NPI-0052,79 and (iii) HDAC inhibitors such as
vorinostat and others (OSU-HDAC42, LAQ824, panobinostat).69,80,81 Likewise, arsenic
trioxide was shown to induce autophagy in leukemia and glioma cells via regulation of
the mitochondrial stress sensor BNIP3.82 However, it has to be noted that the ultimate
consequences of promoting autophagy in tumor cells are incompletely understood and
may depend on multiple factors, including the extent of induction, duration, and cellular
context.
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Figure 1.6 The double-edged sword of autophagy in tumorigenesis. During tumor
initiation, autophagy acts as a tumor suppressor, preventing cell proliferation and DNA
damage. Autophagy also plays a role in blocking cell transformation through the
induction of senescence. However, during tumor progression, high levels of autophagic
activity have been shown to increase cancer cell survival under conditions of starvation,
hypoxia, and metabolic stress often observed in primary tumors. Therefore, cancer cells
rely on autophagy as a survival mechanism. (Adapted from http://www.tocris.com)
	
  

1.2.2 Endoplasmic reticulum stress and unfolded protein response (UPR)
The ER plays an important role in the maintenance of intracellular protein
homeostasis through protein folding, post-translational modifications, quality control, and
other activities.83 Conditions that potentially lead to protein unfolding/misfolding can
cause ER stress that can occur in response to various cellular stress stimuli, for example,
hypoxia, heat shock, oxidative stress, energy crisis, Ca2+ dysregulation, and proteasome
inhibition. In response to ER stress, two molecular pathways can be engaged,
endoplasmic-reticulum-associated degradation (ERAD) and unfolded protein response
(UPR). ERAD removes aberrant or misfolded proteins from the ER through facilitating
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protein retrotranslocation and ubiquitin-proteasome dependent degradation.84,85 In the
process of ERAD, the cytosolic ATPase p97 plays key roles by first extracting misfolded
proteins that are polyubiquitinated and then transporting them to the proteasome for
degradation. As another ER stress-induced response, the UPR serves a cytoprotective
survival role, restoring normal ER function as well as maintaining protein
homeostasis.4,54,55,86-88 Three branches of UPR can be distinguished: the PERK-eIF2α, the
ATF6, and the XBP1 pathways. Upon accumulation of unfolded/misfolded proteins
within ER lumen, the chaperone protein Bip/Grp78 is released from its binding partners
IRE1, ATF6 and PERK allowing their activation. Upon release from Grp78, IRE1
oligomerizes, autophosphorylates, and is then capable of splicing XBP1 to its active form
that controls transcription of stress inducible genes with a role in protein folding and
protein degradation. ATF6, once released from Grp78, will be processed to its active
form in the Golgi, which then translocates to the nucleus and induces the expression of
genes such as C/EBP homologous protein (CHOP) and XBP1 containing endoplasmic
reticulum response elements (ERSE) in their promoter regions.89 Moreover, once
dissociated from Grp78, PERK undergoes activation through dimerization and
autophosphorylation, which can then phosphorylate its primary target eukaryotic
initiation factor eIF2α, shutting down general cap-dependent protein translation.
Importantly, expression of some stress inducible genes such as CHOP can bypass eIF2αmediated global translation inhibition through formation of internal ribosomal entry sites
(IRES).90 However, under conditions of prolonged and extensive ER stress, the UPR
contributes to initiation of apoptosis that involves early and sustained upregulation
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proapoptotic factors including of p53 and CHOP that modulates the mitochondrial
pathway of apoptosis by downregulating expression of Bcl-2 (BCL2). 86,91,92
Importantly, the activation of ER stress/UPR allows cancer cell survival under
adverse conditions that prevail in the tumor environment. Indeed, many tumor types are
dependent on an activated UPR for growth, proliferation and survival under stress
conditions. Furthermore, it should be noted that upregulation of ER stress/UPR can also
be harnessed by cancer cells as a protective pathway against chemotherapeutics-induced
cell death causing chemoresistance.93 For example, several studies in patients refractory
to therapy have revealed the upregulation of the molecular chaperone Grp78 both at the
RNA and protein expression level, which possibly confers high resistance to
chemotherapeutic treatment.94,95 Therefore, targeting UPR through either inhibition of
major functional components or further upregulation of ER stress for the induction of
apoptosis has recently emerged as a promising anticancer strategy.86
Indeed, the UPR has now become an attractive cancer drug target. A number of
pharmacological agents have been reported to directly induce ER stress: glycosylation
inhibitors (e.g. tunicamycin and 2-deoxyglucose), agents that deplete ER Ca2+ (e.g. the
SERCA inhibitor thapsigargin and various ionophores), and agents that induce reductive
stress including dithiothreitol and β–mercaptoethanol.96 A number of experimental cancer
therapeutics have been shown to display anticancer activity by modulating the ER stress
response. Versipelostatin, a novel macrocyclic compound, showed highly selective
cytotoxicity to glucose-deprived tumor cells and in vivo tumors by inhibiting Grp78
induction and expression of the UPR trans-activators XBP1 and ATF4.97,98 An
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engineered fusion protein, epidermal growth factor-SubA (EGF-SubA), was reported to
be highly toxic to growing and confluent epidermal growth factor receptor-expressing
cancer cells, and its cytotoxicity is thought to be mediated by rapid cleavage of Grp78.99
Recently, Eeyarestatin I (Eerl), a deubiquitination inhibitor of p97-associated ERAD
substrates, has been shown to have preferential cytotoxic activity against cancer
cells.100,101
In conclusion, due to the complexity of ER stress-induced molecular pathways
and their importance in supporting tumorigenesis, a multitude of molecular targets has
now emerged as promising cancer drug targets. However, more efficacious and safe
available agents are needed in the clinic.
	
  

	
  
	
  
	
  
	
  
	
  

protein folding functions the ER has high concentrations of chaperone
proteins, which facilitate correct folding of nascent proteins. Many of
these chaperones are Ca2+-dependent, and in fact the ER contains
high concentrations of Ca2+ and plays an important role in
intracellular Ca2+ homeostasis. The oxidizing environment that exists
in the ER lumen is required for the formation of disulphide bonds
during protein synthesis.

	
  

backlog of proteins, i.e., enhanced protein folding capacity through
selective expression of ER chaperone proteins, and enhanced
degradation of misfolded proteins within the ER through a process
called ER-associated degradation (ERAD) (Rutkowski and Kaufman
2004). This co-ordinated biochemical response to the accumulation of
unfolded and/or misfolded proteins within the ER is termed the
unfolded protein response (UPR).
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Fig. 1. Schematic diagram of the signaling pathways initiated by the three branches of the unfolded protein response (UPR). Under normal conditions GRP78 binds IRE1, ATF6 and PERK
preventing their activation, however, under conditions of ER stress unfolded proteins build up, causing GRP78 to release IRE1, ATF6 and PERK allowing them to be activated. Upon release
from GRP78, IRE1 oligomerizes, autophosphorylates and is then capable of XBP1 to its active form which activates stress inducible genes with a role in protein folding and protein
degradation. Release of ATF6 from GRP78 allows ATF6 to be processed to its active form in the Golgi, it then translocates to the nucleus and induces the expression of genes with
endoplasmic reticulum response elements (ERSE) in their promoters including CHOP and XBP1. GRP78 dissociation allows PERK to diamerize and autophosphorylate, generating active
PERK, which can then phosphorylate and inactivate eIF2α leading to inhibition of general cap-dependent translation, but allowing mRNAs with an internal ribosomal entry sites (IRES) such
as CHOP to be translated.

Figure 1.7 The three arms of the unfolded protein response (UPR). Under normal
conditions, Grp78 binds IRE1, ATF6, and PERK, preventing their activation. However,
under stress conditions when unfolded proteins accumulate within the ER engaging
Grp78 thereby releasing and activating IRE1, PERK and ATF6. The scheme indicates
downstream targets modulated as a consequence of activation of specific UPR arms.
Adapted from Healy et al.86
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1.2.3 Ubiquitin-proteasome system (UPS)
In eukaryotic cells, the ubiquitin-proteasome system (UPS) is the major pathway
of non-lysosomal proteolysis of unneeded or damaged proteins. Degradation of a protein
via the ubiquitin-proteasome pathway involves two successive steps. First, covalent
linkage of multiple ubiquitin moieties to the substrates is achieved in a multi-step process
involving the coordinated action of three enzymes, E1 (ubiquitin activating enzymes), E2
(ubiquitin-conjugating enzymes), and E3 (ubiquitin ligase). Next, targeted protein tagged
with polyubiquitin is recognized by the 19S regulatory particle and degraded by the 26S
proteasome complex.102 The overall system involving in substrate ubiquitination followed
by proteasomal degradation is referred to as UPS.
The 26S proteasome is composed of a 20S barrel-shaped proteolytic core particle,
capped at one or both ends by 19S regulatory complexes, which recognize ubiquitinated
substrate proteins. In the structure, the cylindrical 20S core particle contains four stacked
rings, with seven distinct subunits. The inner two rings are made of seven β subunits that
contain three to seven protease active sites.103 The outer two rings each contain seven α
subunits that are controlled by regulatory particles recognizing polyubiquitin tags
attached to protein substrates and initiate the degradation process.103 Three distinct
catalytic activities are associated with the purified complex: chymotrypsin-like (CTL),
trypsin-like, and peptidylglutamyl-peptide proteolytic activity.104 Essentially all known
synthetic and natural proteasome inhibitors act on the CTL sites.
The UPS is an important protein complex with control over cell cycle
progression, apoptosis, DNA repair, oxidative and proteotoxic stress responses, and
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immune function.105-107 The UPS achieves this role through proteolytic turnover of
critical proteins including transcription factors (eg. NFκB, p53), cell cycle regulators
(cyclins and cyclin-dependent kinase inhibitors), and antigen processing.108,109
Aberrations of the UPS leads to the dysregulation of cell homeostasis implicated
in the pathogenesis of many inherited and acquired human disorders including cancer,
neurodegenerative, and autoimmune diseases.107 Multiple lines of evidence suggest that
human cancer cells are characterized by elevated levels of proteasomal activity as
adaptation to increased endogenous proteotoxic stress. Therefore, cancer cells often
display hypersensitivity to pharmacological inhibitors of proteasome activity, consistent
with the hypothesis that UPS inhibition may serve as a feasible approach for cancer
therapy.110,111
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Figure 1.8 The ubiquitin-proteasome system. Substrate proteins designated for
proteasomal degradation are first polyubiquitinated in an ATP-dependent process through
E1, E2, and E3 ligases. Substrates are then recognized by the 19S regulatory complex of
the 26S proteasome and then fed into the 20S catalytic core for degradation with
recycling of ubiquitin peptides. The 20S core particle contains four stacked rings (αββα).
The α subunits serve as a gate regulating protein entry, wherease only the β subunits
possess enzymatic activities. Various molecular UPS components are targets of drugs
including deubiquitinase inhibitor (WP1130) and inhibitors of proteolytic activity
(bortezomib, carfilzomib).
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With the essential role of the proteasome in cellular homeostasis, development of
novel therapeutic agents that can target proteasomal catalytic activity has attracted
considerable attentions. Therefore, proteasome inhibitors represent a novel class of
anticancer drugs. Currently, there are several inhibitors either approved or in clinical
trails for the treatment of multiple cancers. Among these, bortezomib (Velcade, PS-341)
was identified as a first-in-class dipeptide boronic acid and chymotryptic site-selective
inhibitor in an NCI 60 cell line screen receiving FDA approval in 2003 for the treatment
of multiple myeloma.112 It has been demonstrated that reversible inhibition of the 20S
proteasome (Ki 0.6  nm) occurs by targeting a threonine residue on the CT-L subunit. 20S
antagonism is also associated with inhibition of C-L and T-L activities.113,114 Despite
causing inhibition of the 20S proteasome in healthy cells, bortezomib displays cancer
cell-directed toxicity, consistent with differential susceptibility of malignant compared
with normal cells to proteasome inhibition.115,116 Bortezomib is in clinical trials as a
single agent or in combination with chemotherapeutics against other solid tumor
malignancies.117,118 The FDA approved proteasome inhibitor carfilzomib inhibits the
chymotrypsin-like activity of the 20S proteasome through irreversible binding.
Carfilzomib is currently in clinical use in patients with multiple myeloma who have
received at least two prior therapies including treatment with bortezomib and
immunomodulatory interventions.110
Emerging evidence suggests that several key enzymes of the ubiquitination
cascade are promising targets for UPS-directed chemotherapeutics. Specifically, due to
the specialized role of deubiquitinases (DUBs) in the ubiquitin cycle and their emerging
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role in control of multiple signaling pathways and oncoproteins, DUB inhibitors may be
useful as anticancer agents. For example, WP1130, a novel small molecule inhibitor of
major cellular DUBs such as USP5, UCH-L1, USP9x, USP14, and UCH37 induces
accumulation of polyubiquitinated (K48/K63-linked) proteins and promotes tumor cell
apoptosis.119	
  
1.2.4 Heat shock response (HSR)
The cellular heat shock response (HSR) represents another important
cytoprotective pathway induced by proteotoxic stress, characterized by transcriptional
upregulation of genes encoding heat shock proteins (HSP). The HSPs play a fundamental
role as molecular chaperones controlling protein-protein interactions through facilitating
proteins folding. HSR is induced in response to both internal and environmental stressors
causing adverse conditions due to thermal, metabolic (e.g. starvation, hypoxia), redox,
inflammatory, and other dysregulations.120 HSR encompasses stress-induced expression
of specific members of the heat shock gene superfamily that an be organized by
molecular size and functional class, including members of the Hsp100, Hsp90, Hsp70,
Hsp60, Hsp40, and Hsp27 families.121
The upregulation of heat shock genes is primarily regulated by a group of
specialized transcription factors referred to as heat shock factors (HSFs). HSF1 is the
well-characterized master transcriptional regulator of the cellular response to heat and a
wide variety of other stressors. During normal conditions, HSF1 is kept inactive by
association with HSPs in either cytoplasmic or nuclear compartments. Upon exposure to
stress, HSF1 undergoes trimerization and phosphorylation followed by translocation into
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the nucleus where HSF1 trimers have high binding affinity to heat shock element (HSE)
containing promoter regions of target genes.122
Importantly, constitutive activation of the heat shock response is frequently
observed during tumorigenesis, and HSPs are overexpressed in a wide range of human
cancers implicated in tumor cell proliferation, differentiation, invasion, metastasis, death,
and recognition by the immune system.120,123,124 In addition to their capacity to perform
protein quality control, chronic elevation of HSP expression in malignant cells also
serves anti-apoptotic functions through binding and inactivation of key apoptotic factors,
a mechanism that may contribute to tumor progression and chemoresistance as a result of
HSR upregulation.121,125-127 Hsp70, Hsp40, Hsp27, and Hsp90 act at multiple points in
apoptosis, including inhibition of c-Jun NH2-terminal kinase (JNK) activation, prevention
of cytochrome c release, regulation of the apoptosome, prevention of lysosomal
membrane permeabilization, and prevention of caspase activation.128
Due to the essential role of the cellular heat shock response in cytoprotection,
proteostasis, and suppression of apoptosis, small molecule heat shock response
antagonists can be harnessed for the targeted induction of cytotoxic effects in cancer
cells.129-132 Two major strategies targeting HSPs in tumor progression and therapeutic
application have been established: (1) pharmacological modification of HSP expression
or molecular chaperone activity; (2) modulation of HSP expression enabling function as
immunological adjuvants.133 For example, the cytosolic chaperone heat shock protein 90
(Hsp90) represents a promising molecular target for chemotherapeutic intervention due to
its causative involvement in the stabilization of mutant client proteins and facilitation of
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oncogenic signaling cascades, and ansamycin-based and non-ansamycin-based small
molecule inhibitors of Hsp90 are currently under clinical evaluation in human cancer
patients.131,134,135 Despite its potent anti-tumor effects, geldanamycin presents several
major drawbacks as a drug candidate that have led to the development of the
geldanamycin analog 17-AAG. Presently, improved Hsp90 inhibitors with a more
favorable pharmacokinetic and safety profile have been identified (e.g. retaspimycin), but
none of these has been approved for clinical use.136-138 In addition to Hsp90, the stressinducible heat shock protein Hsp70 (encoded by HSPA1A), an ATP-dependent chaperone
overexpressed in many tumor types, has emerged as a causative factor in tumorigenesis
and is now considered a high quality target for therapeutic intervention aiming at cancer
cell chemosensitization.130,131 Indeed, genetic depletion and small molecule antagonism
of Hsp70 have been shown to cause chemosensitization of cancer cells.122,131
Taken together, cumulative evidence suggests a causative involvement of heat
shock response dysregulation in tumorigenesis. Therefore, identification of small
molecule HSR modulators is now a major area of cancer drug discovery.
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Figure 1.9 The heat shock stress response. Diverse stressors can induce the heat shock
response, activating heat shock transcription factors (HSFs) that modulate expression of
heat shock protein encoding genes. HSPs serve as molecular chaperones and can also be
involved in the suppression of cellular senescence and apoptosis thereby potentiating
cancer survival and chemoresistance.139 HSPs can be targeted by pharmacological
inhibitors. Geldanamycin inactivates Hsp90 causing degradation of oncogenic Hsp90
client proteins such as mutant B-Raf.
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1.3 Malignant melanoma: targets and drugs
Metastatic melanoma is a malignant tumor originating from neural crest-derived
melanocytes that causes the majority of skin cancer-related deaths, creating an urgent
need for the identification of improved molecular agents targeting metastatic melanoma
cells.140 The strongest risk factors for developing melanoma include multiple benign or
atypical nevi, family history, and a personal history of melanoma. Other contributing
factors are immunosuppression, UV light exposure, and photosensitivity, particularly
when coupled with a childhood history of blistering sunburns.
Melanomagenesis is thought to originate from atypical nevi, dysplastic precursor
lesions that may undergo further transformation into radial growth phase (RGP)
melanoma, a superficially spreading tumor that does not cross the basement membrane
barrier.141 Subsequently, radial growth phase (RGP) melanoma displays invasive,
angiogenic, and metastatic capabilities, important factors underlying the transition to the
systemic stage of the disease. Surgical excision still remains the primary tool for cure
during early-stage disease. However, prognosis becomes poor after metastasis has
occurred. For the metastatic phase of the disease, few chemotherapeutic options exist.
Dacarbazine, a methylating agent, remains the most frequently used chemotherapeutic
but clinical response rate and therapeutic benefit are very limited. Likewise, other drugs
FDA-approved for metastatic melanoma such as high-dose interleukin-2 (IL-2) and
hydroxyurea are of limited efficacy.
Remarkably, recent progress has been achieved in the design of targeted
pharmacological agents such as vemurafenib, a V600E-mutation directed B-Raf-inhibitor,
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and ipilimumab, a cytotoxic T lymphocyte antigen-4 (CTLA-4)-directed monoclonal
antibody.142 About 60% of melanoma patients carry the V600E B-RAF mutation that
causes constitutive activation of oncogenic MAPK signaling. Recently, the FDA has
approved two more targeted kinase inhibitors for treatment of metastatic melanoma:
Trametinib, a first in class MEK inhibitor (V600E and V600K B-Raf-directed) and
another B-Raf inhibitor (Dabrafenib, V600E B-Raf-directed), both approved as oral,
single agent therapies used in conjunction with companion diagnostic assays that
determine B-Raf mutational status.
Despite the emergence of molecular targeted therapies for antimelanoma
intervention, these treatments have only moderate effects on patient median survival, and
drug exposure is frequently associated with a multitude of adverse effects and the
development of resistance.143-145 Therefore, improved chemotherapeutic options for
malignant melanoma intervention are needed.
	
  

1.3.1 The cancer biology of malignant melanoma
A large body of experimental and epidemiological research has substantiated the
causative involvement of genetic alterations in melanoma development (as summarized
in Figure 1.10). These genetic alterations in conjunction with environmental factors
underlie a complex pattern of disease causation.169
Epidemiological studies indicate that cutaneous exposure to solar ultraviolet (UV)
photons is a key risk factor in melanomagenesis, and incidence of childhood sunburn
events strongly correlates with melanoma risk.146 During UV-induced tanning, MC1R
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(melanocortin 1-receptor) operates downstream of α-MSH (α-melanocyte stimulating
hormone) and upstream of MITF (microphthalmia-associated transcription factor), the
master regulator of melanocyte differentiation. Indeed, gene polymorphisms affecting
MC1R that underlie pheomelanogenesis and impair efficient tanning in response to UV
exposure have been identified as predictive markers indicative of melanoma
susceptibility in patients of Celtic origin.147
Importantly, mutations affecting CDKN2A and the Ras oncogenic pathway are
common events acting cooperatively in melanoma development. The CDKN2A gene
encoding the tumor suppressors p16INK4A and p14ARF has been identified as a crucial
melanoma susceptibility factor, and CDKN2A loss of function is necessary yet not
sufficient in human melanomagenesis. Molecular studies have demonstrated critical UVinduced disruption of the p16INK4A/Rb and p14ARF/p53 pathways in the early stages of
melanoma development.148 Specifically, inactivation of the p16INK4A gene through germline mutations is associated with hereditary melanoma predisposition, and p16 somatic
mutations or deletions at the p16-containing CDKN2A locus (chromosome 9p21) also
occur frequently in sporadic melanoma.149
In primary melanomas and nevi, gain-of-function mutations of the B-RAF gene,
encoding the constitutively active B-Raf (V600E) kinase that operates upstream of MEK
and ERK, are found in approximately 80% of tissue and represent a key event in early
melanomagenesis.150 Due to its crucial involvement in oncogenic signaling, B-Raf
(V600E) has become a promising molecular target for the development of a novel class
of

clinically

available

specific

pharmacological

inhibitors

for

melanoma

	
  

49	
  

chemotherapeutics. In clinical trials, vemurafenib treatment of late stage melanoma with
the V600E mutation leads to an 80% response rate with complete regression lasting an
average of 7 months.144 However, emergence of drug resistance has been observed within
2 to 18 months of continuous treatment in Phase II and III clinical trials.151 The molecular
mechanisms of resistance to B-Raf inhibitors include upregulation of the PI-3 kinase-Akt
pathway promoted by the loss of PTEN tumor suppressor function, alternative oncogenic
signaling through COT (MAP3K8), and upregulation of the PDGFRβ and will be
discussed in detail in section 1.2.3.145,152-154
In addition to oncogenic B-RAF alterations other molecular defects affecting
oncogenic signaling are involved in melanomagenesis. Importantly, hyperactivation of
the oncogenic kinase Akt3 (protein kinase B gamma) occurs in up to 60% of sporadic
melanomas, resulting from both AKT3 gene amplification and decreased activity of the
Akt-inhibitor and tumor suppressor PTEN (phosphatase and tensin homolog deleted on
chromosome 10).155 Akt3 synergizes with B-Raf (V600E) in melanomagenesis as
recently demonstrated in murine xenograft models, and genetic antagonism cotargeting
both kinases by siRNA intervention inhibited melanoma development more effectively
than inhibiting each of these kinases alone.156,157
Experimental and clinical evidence suggests that expression and activity of the
phosphatase PTEN is compromised in up to 43% of melanoma patients.158 In melanoma,
PTEN expression has been shown to be a critical regulator of cell proliferation and
survival acting through modulation of Akt3 phosphorylation status, and spontaneous
tumor formation was observed in PTEN-/- mice that express conditionally induced B-Raf
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(V600E).159-161 Consistent with the involvement of Akt3 and PTEN alterations in
melanoma oncogenic signaling, phosphoinositide 3-kinase (PI3K) is another established
oncogene involved in melanomagenesis, and activational mutations affecting both PI3K
and B-Raf are sufficient to cause invasive melanocytic neoplasia as shown recently in
murine and human melanoma.162 As observed in the human disease, concomitant
disruption of the p16INK4A-CDK4-Rb and ARF-HDM2-p53 tumor suppressor pathways is
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Figure 1
Stepwise pathological changes in melanomagenesis and associated genetic aberrations. BRAF V600E mutation is an early event found in
the majority of benign nevi. Melanocortin-1 receptor (MC1R) polymorphisms, especially in skin without chronic sun-induced damage,
increase the risk of developing melanomas with BRAF mutations. Cyclin-dependent kinase inhibitor 2A (CDKN2A ) and
cyclin-dependent kinase 4 (CDK4 ) mutation or loss occurs in dysplastic nevi. Switching from E-cadherin to N-cadherin is responsible
for promoting the vertical growth phase that results in invasion through the basement membrane. Phosphatase and tensin homolog
(PTEN ) loss or mutation is also implicated at this stage. Microphthalmia transcription factor (MITF ), tumor protein 53 (TP53),
apoptosis protease–activating factor 1 (APAF-1), and B cell lymphoma–2 (BCL-2) are implicated in melanoma progression, but the
stage at which they are mutated or lost is as yet undefined. Green arrow indicates activation; red T-arrow indicates inhibition.

Figure 1.10 Major molecular changes implicated in melanomagenesis. Genetic
alterations involved in melanomagenesis occur in several key genes that control normal
cellular proliferation and survival of melanocytes. Mutations affecting the genes
encoding MC1R or B-Raf can cause constitutive activation and uncontrolled
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1.3.2 Proteotoxic stress in malignant melanoma
All four arms of the proteotoxic stress response are operative in melanoma cells,
and recent attention has focused on their role in melanomagenesis. Importantly,
pharmacological modulation of proteotoxic stress is now emerging as a promising
therapeutic intervention targeting melanoma.
Autophagy dysregulation in malignant melanoma. Cumulative evidence suggests the
involvement of autophagic dysregulation in melanomagenesis, and the emerging role of
autophagy as a prognostic factor and therapeutic target in melanoma has been
substantiated recently.164-168 As observed in many other tumor types, melanoma displays
high basal levels of autophagic activity.169,170 and a high autophagic index has been
associated with tumor aggressiveness and poor outcome.166 Consistent with this
observation it has been demonstrated that anti-melanoma efficacy of cisplatin
chemotherapeutic intervention can be potentiated by combination therapy using inhibitors
of autophagy. In addition, it has been shown that pharmacological inhibition of
autophagy in combination with fenretinide or bortezomib offers a more effective
therapeutic strategy for B-Raf wild-type melanoma.166

In the context of the tumor

microenvironment, metabolic stress-induced autophagy contributes to tumor cell survival
and resistance to therapy in aggressive melanoma, and therefore represents a high-value
target for novel therapies. Indeed, leucine deprivation combined with pharmacological
suppression of autophagy has shown therapeutic efficacy in a murine xenograft model of
the human disease.171,172 In response to hypoxia cancer cells switch energy metabolism
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from oxidative phosphorylation to aerobic glycolysis causing tumor acidification, and it
has reported that human melanoma cells exposed to acidic stress upregulate autophagic
flux. This has been verified by gene knockdown experiments targeting the autophagic
machinery demonstrating that active autophagic flux is instrumental for melanoma cells
survival under the acidic stress of tumor hypoxia.165
Due to the mechanistic involvement of autophagic-lysosomal pathway in
melanomagenesis, experimental small molecules inhibitors and clinical drugs that
interfere with this pathway are now considered as potential antimelanoma therapeutics.
For example, it has been shown that chloroquine (CQ) displays anti-melanoma activity
based on its ability to stabilize the pro-apoptotic mediator PUMA protein, thereby
facilitating apoptosis and reducing the growth of melanoma xenografts in mice.173
Moreover, inhibition of autophagy with chloroquine has shown efficacy in melanoma
independent of B-Raf mutational status when used in combination with either
echinomycin,

a

HIF-1α

inhibitor,

or

17-dimethylaminoethylamino-17-

dimethoxygeldanamycin (17-DMAG), an Hsp 90 inhibitor.174
Currently, clinical efficacy of the chloroquine derivative-hydroxychloroquine is
being tested in patients with stage III or stage IV melanoma that can be removed by
surgery (NCI; Protocol ID: 090901; www.cancer.gov.). As a primary endpoint, the study
aims at characterizing the effects of hydroxychloroquine (HCQ) on the modulation of
markers of autophagy, as measured by p62, Beclin1, LC3, and Grp170 expression, in preand post-treatment tumor biopsy samples, skin samples, and peripheral blood
mononuclear cell samples from patients with stage III or IV melanoma undergoing
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palliative or curative surgery. As a second objective, the study determines the potential
mechanisms of antitumor effect of HCQ, as measured by a reduction in tumor cell
proliferation (Ki-67 and mitotic rate) or an increase in apoptosis (activated caspase-3 and
TUNEL assays) in melanoma specimens.
Based on the promising anti-melanoma effects achieved by suppression of
autophagy and the dearth of clinically available candidate drugs, an urgent need exists for
the identification and development of more efficacious and safe autophagy-directed
therapeutics.
UPR dysregulation in malignant melanoma. The primary sensor of ER stress in
melanoma cells is thought to be Glucose-regulated protein 78 (Grp78, also known as
BiP), which interacts with PERK, ATF6 and IRE1 in the ER, and overexpression of
Grp78 has been found in relation to malignant progression and drug resistance in
melanoma and other cancers.175,176,177,178 Consequently, inhibition or down-regulation of
Grp78 can increase ER stress-induced melanoma cell death.177,179 Consistent with a
potential therapeutic role of ER stress induction in melanoma intervention, thapsigargin
(TG), a sesquiterpene lactone that induces ER stress by depletion of Ca2+ within the ER
through inhibiting ER Ca2+ ATPases,180 has been reported to selectively up-regulate cellsurface expression of TRAIL-R2 and enhance TRAIL-induced apoptosis in human
melanoma cells.181
Intrinsically active MEK/ERK signaling, a genetic hallmark of melanoma,
promotes protein synthesis,182-184 which increases the dependence of melanoma cells on
upregulation of the ER protein folding capacity and UPR. Indeed, recent research
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indicates

that

constitutive

activation

of

the

MEK/ERK

pathway,

promotes

melanomagenesis through adaptations to chronic ER stress.185-187 Consequently,
melanoma cell survival under acute pharmacological ER stress has been shown to depend
on this pathway.188,189 Interestingly, it has been reported that the RAF inhibitor
vemurafenib induces ER stress, implicating that activation of MEK/ERK may alleviate
ER stress in B-RAF

V600E

melanoma cells.190

In conclusion, an essential functional role of UPR in melanoma is rapidly
emerging, but the specific role of UPR in the metastatic phase of the disease and its
validity as a therapeutic target remain to be fully explored.
UPS dysregulation in malignant melanoma. Inhibition of proteasomal function has been
shown to be associated with significant anti-melanoma activity observed in cell culture,
preclinical models and human studies.191,192 The proteasome-dependent regulation of Bcl2 family members including pro-(Bax, Bak, Noxa, Bim, Bik) and anti-apoptotic members
(Mcl-1,Bcl-2, Bcl-xl) have now been recognized as a target for anti-melanoma
intervention using proteasome inhibitors.193

It has also been shown that the small

molecule BH3 mimetic ABT-737 synergizes with bortezomib causing melanoma cell
apoptosis. ABT-737 or bortezomib slowed melanoma tumor growth compared to the
control, and the drug combination significantly decreased growth compared to either drug
alone, suggesting feasibility of bortezomib-induced Mcl-1 suppression in combination
with ABT-737 for treating melanomas.194 Based on the ability of proteasome inhibition to
modulate pro-apoptotic signaling and to antagonize NFκB survival signaling observed in
numerous clinical studies, a phase I clinical trail has examined temozolomide and

	
  

55	
  

bortezomib in advanced melanoma.195 Recently, a dose-finding phase I trial of
bortezomib and dacarbazine has been completed in melanoma.196
HSR dysregulation in malignant melanoma. The cellular heat shock response has been
identified as an important factor in melanomagenesis. Specifically, the small chaperone
heat shock protein Hsp27 is overexpressed in melanoma cells causing suppression of
chemotherapy-induced apoptosis and enhancing the metastatic phenotype of human
melanoma cells.197,198 Proteomic analysis demonstrates that Hsp27 overexpression in
human melanoma cells, and it has been shown that Hsp27expression in uveal melanoma
can serve as a predictor of patient survival.199,200 Moreover, Hsp90 chaperone function
has been shown to serve as an essential factor stabilizing mutant B-Raf present in almost
70% of all melanomas. Recent research has shown that
protein that requires Hsp90 for its folding and stability.
degradation by 17-AAG treatment than

WT

V600E

V600E

B-Raf is an Hsp90 client

B-Raf is more sensitive to

B-Raf.201,202,203 Early clinical studies revealed

evidence of Hsp90 target modulation and some signs of biological activity in melanoma
patients that may potentially be associated with the presence of B-Raf or NRAS
mutation.203-205 Furthermore, regardless of the B-Raf mutation status, melanoma cells are
sensitive to the growth inhibitory effects of 17-AAG,204 consistent with the action of
Hsp90 inhibitors on numerous oncoproteins. However, a recent phase II clinical study
reported a lack of activity of 17-AAG in melanoma, consistent within insufficient
depletion of B-Raf/CRAF kinases achieved by the treatment in patients.206
In spite of the promising anti-melanoma effects achievable by heat shock
response modulation in pre-clinical models, specific targets to be engaged by novel drugs
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and their therapeutic potential remain to be established.
	
  
	
  

1.4 Hypothesis and specific aims
1.4.1 Central Hypothesis
Cancer cells can be targeted by pharmacological induction of oxidative and/or
proteotoxic stress using FDA-approved non-oncological drugs.
1.4.2 General Rationale
Cancer cell–selective induction of apoptosis through pharmacological
modulation of proteotoxic and oxidative stress has recently emerged as a promising
strategy for anticancer intervention.4,6,8,54,86,87,207-209
It is now established that redox dysregulation through altered ROS-dependent
signaling and mitochondrial electron leakage is involved in the control of melanoma cell
survival, proliferation, and invasiveness.37,38,142,210,211 Cumulative experimental evidence
indicates that several prooxidant chemotherapeutics cause cytotoxic deviations from
redox homeostasis that cannot be tolerated by malignant cells, already exposed to high
constitutive levels of ROS, but do not compromise viability of non-transformed
cells.8,46,142
Likewise, pharmacological induction of proteotoxic stress has recently emerged
as a promising strategy for chemotherapeutic intervention targeting cancer cells.54,55,86,87
It is now widely accepted that tumor cells are exposed to high levels of endogenous
proteotoxic stress originating from mutation-driven expression of misfolded proteins
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and adverse conditions associated with the tumor microenvironment including hypoxia,
energy crisis, and redox dysregulation.4,19 It has therefore been suggested that
pharmacological induction of cytotoxic overload with dysfunctional proteins, either by
causation of ROS-dependent protein unfolding or interference with proteolytic
clearance, may trigger preferential apoptosis in cancer cells without compromising
viability of normal cells displaying lower constitutive levels of endogenous oxidative
and proteotoxic stress.4,54,55,86,87,212
1.4.3 Repurposing as an alternative drug development strategy
Drug discovery and development is universally acknowledged to be costly, timeconsuming, and risky. Due to the increasing failure rate, limited efficacy, high costliness
of candidate attrition, “drug repurposing” or “repositioning”, i.e. using existing drugs for
new therapeutic indications, has emerged as a more efficient alternative strategy to the
traditional drug development process. Repurposing approved and abandoned nononcological drugs as an alternative developmental strategy for the identification of
anticancer therapeutics has recently attracted considerable attention (Figure1.11).213,214
Indeed, repurposing approved or abandoned non-oncological drugs for anticancer
activity represents an opportunity to rapidly advance therapeutic development into
clinical trials by capitalizing on existing data obtained from human patients as
exemplified by the following drugs:
1. A good example of successful drug repurposing is represented by thalidomide,
which was initially used in Europe as a sedative, tranquilizer, and antiemetic.
Thalidomide was withdrawn from the market in 1961 because of teratogenic effects
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associated with its anti-angiogenic and genotoxic activities. However, due to its
antiangiogenic activities, thalidomide has been successfully evaluated in a series of
multicenter clinical trials and to final FDA approval against several malignancies,
including

myelodysplastic

syndrome215,

myelodysplasia216,

and

acute

myeloid

leukemia217.
2. As another good example demonstrating the promise of repurposing,
metformin, an activator of AMP-activated protein kinase (AMPK) has been the standardof-care drug for type 2 diabetes for more than 30 years. The antitumor properties of this
drug have now been substantiated extensively in preclinical and clinical studies that span
the past decades.218-220 Indeed, a recent systematic review and meta-analysis indicated
that metformin was associated with a substantially lower risk of all-cancer mortality and
incidence in patients with diabetes.221 Furthermore, diabetes patients with breast cancer
receiving metformin and neoadjuvant chemotherapy had a higher complete response rate
than did patients with diabetes not receiving metformin.222 The therapeutic potential of
metformin in other malignancies such as prostate, breast, endometrial, and pancreatic
cancers is currently being evaluated in several clinical trials, some of which have
advanced to phase III (e.g., NCT01101438, NCT01864096).
3. For the treatment and prevention of colorectal cancer, the combination of the
anti-inflammatory agent sullindac together with DFMO (eflornithine), an inhibitor of
ornithine decarboxylase FDA-approved for trypanosomiasis, is now tested in Phase III
clinical trials (NCT 00005882; NCT01483144).
4. As another example, nitrofuran-derivatives are currently FDA-approved for the
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treatment of trypanosomal pathologies including Chagas disease. The nitrofuran drug
nifurtimox is thought to inactivate the parasite through the induction of oxidative stress.
More recently, following the observation that nifurtimox was active against
neuroblastoma tumors in human patients, this agent is currently being investigated
clinically for redox-directed anticancer activity.223
5. As another example, rapamycin (sirolimus), a lipophilic macrolide, is an
allosteric inhibitor of the mTOR pathway that was approved as an immunosuppressant in
1999 for the prevention of allograft rejection. Because dysregulation of autophagy and
upregulated mTOR has been reported with different tumor types224, rapamycin has been
extensively investigated for its anticancer activities. Interest in the anticancer activities of
rapamycin has stimulated researchers to develop new semisynthetic rapamycin
derivatives such as everolimus, temsirolimus, and deforolimus (ridaforolimus) with high
specificity, better solubility, and minimal adverse effects.225 Temsirolimus was approved
for the treatment of renal cell carcinoma by the FDA and the European Medicines Agency
in 2007.
6. The drug auranofin, previously approved by the FDA as a treatment for
rheumatoid arthritis, was found to selectively kill Chronic Lymphocytic Leukemia (CLL)
cells. Therefore repurposing the previously approved auranofin for the refractory CLL
based on available pre-clinical and clinical experience has accelerated into clinical testing
of this drug.
7. Furthermore, the role of chlorouiquine as a repurposed antimalarial now
investigated in clinical trials will be discussed in Chapter 5.
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In summary, starting with an existing compound library with known safety and
toxicity profile can significantly mitigate cost and shorten the time consumed throughout
the process of drug development of new drugs for cancer therapy. Assembling a
comprehensive compound library including abandoned or clinically used non-oncological
drugs should be highly encouraged in order to enhance the productivity and expedite the
drug discovery process.
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Figure 1.11 Circumventing candidate attrition by drug repurposing. The costliness
of candidate attrition increases during later stages of drug discovery. Drug repositioning
is a drug development strategy that can circumvent major obstacles associated with
clinical development of oncological candidate drugs. This alternative strategy has been
pursued in this dissertation aiming at drug repurposing for melanoma-directed
chemotherapy.
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1.4.4 Specific Aims
Specific Aim 1.
To identify clinically used non-oncological drugs that preferentially induce
cytotoxicity in melanoma cells but not primary melanocytes through upregulation of
proteotoxic and/or oxidative stress.
Rationale and approach: In an attempt to identify drug candidates displaying melanoma
cell-directed preferential toxicity, we first performed phenotypic screening in order to
identify agents that induce melanoma cell apoptosis associated with induction of
oxidative and/or proteotoxic stress. To this end, a compound library containing a variety
of specific redox pharmacophores (such as nitroimidazoles, nitrofurans, quinones and
quinone-imines, Michael acceptors, phenolics, organic endoperoxides, and thiols) was
assembled in our laboratory (Figure 1.12). Importantly, all chemical entities contained in
this redox library are currently or have been in clinical use for non-oncological
indications. First, differential cytotoxicity was examined using a panel of human
malignant melanoma cell lines versus primary cutaneous melanocytes. As a result of this
primary screening activity, three candidate compounds were selected for further
examination in this dissertation. (Figure 1.12)
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Redox-directed FDA-approved drugs
used for non-oncology indications

atovaquone

bithionol

metronidazole

nifurtimox

tolcapone

methylene blue

isoniazide

etacrynic acid

amylnitrite

D-penicillamine

menadione

auranofine

acetaminophen

molsidomine

amodiaquine

thiostrepton

artemether

Figure 1.12 Focused library of redox-directed drugs approved for non-oncological
indications. The Wondrak lab has assembled a redox-directed library of clinically used
or abandoned non-oncological drugs for anti-melanoma screening. These drugs are
characterized by the presence of a redox pharmacophore. All three compounds
highlighted in red have been the primary focus of this thesis research.

	
  

64	
  

Specific Aim 2.
To explore the specific molecular mechanisms underlying induction of melanoma
cell apoptosis by lead compounds focusing on oxidative and proteotoxic stress
modulation.
Rationale and approach: Molecular mechanisms underlying melanoma cell-directed
cytotoxicity of selected candidates were elucidated. To this end, the oxidative and
proteotoxic stress responses were profiled using gene expression array analysis,
immunodetection, selected functional analysis, and cellular imaging. The proteotoxic
stress response was assessed examining proteasomal and lysosomal proteolytic function,
autophagic-lysosomal flux, heat shock response, and UPR induction. The oxidative stress
response was assessed by monitoring cellular redox status including glutathione.
Specific Aim 3.
To explore efficacy of selected lead compounds for antimelanoma intervention in a
murine xenograft model.
Rationale and approach: In vivo efficacy of a selected lead compound was tested in a
murine xenograft melanoma model. A human melanoma xenograft models was
established using A375 malignant melanoma cells in SCID mice. The experimental
chemotherapeutic was administered at indicated times and tumor growth was monitored
throughout the experiment. At the time of analysis, tumors from SCID mice were
harvested and tumor tissue sections were analyzed using immunohistochemistry for
specific antigens such as cleaved (activated) pro-caspase 3 (Asp175).
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CHAPTER 2:
MATERIALS AND METHODS
2.1 Chemicals
D-penicillamine chloroquine, amodiaquine were purchased from Sigma. Dulbecco’s
phosphate-buffered saline (DPBS) and Hank’s balanced salt solution (HBSS) were
purchased from MediaTech Inc. (Manassas, VA). The cell-permeable pancaspase
inhibitor Z-VAD-fmk was from Calbiochem-Novabiochem (San Diego, CA, USA).
2.2 Cell Culture
A375 (ATCC, CRL-1619) and LOX-IMVI human metastatic melanoma cells (a gift from
G. Paine-Murrieta, University of Arizona) were cultured in RPMI medium (ATCC, 302001) containing 10% bovine calf serum (Hyclone, SH30072.03). G361 (ATCC, CRL1424) human metastatic melanoma cells were cultured in McCoy’s 5a medium (ATCC,
30-2007) containing 10 % bovine calf serum. Primary human melanocytes (HEMa;
human epidermal melanocytes from lightly pigmented adults, from Cascade Biologics)
were cultured using Medium 154 medium supplemented with HMGS2 growth
supplement. Cells were maintained at 37°C in 5% CO2, 95% air in a humidified
chamber. HEMa were passaged using recombinant trypsin/EDTA and defined trypsin
inhibitor.
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2.3 Flow cytometric analysis of cell viability
Cell viability was determined using flow cytometric analysis of annexin V (AV)
propidium iodide (PI) stained cells using an apoptosis detection kit (APO-AF, Sigma, St.
Louis, MO) according to the manufacturer’s specifications. Cells were rinsed with DPBS
and resuspended in 300µL binding buffer. 1.5µL of FITC-conjugated AV and 3µL of PI
was added to the cell suspension. Samples we mixed and incubated at room temperature
with exclusion of light for 10 min to allow binding of AV to phosphotidyl serine located
on the outer leaflet and penetration of PI through compromised cellular membranes. Flow
cytometry analysis was performed on a FACScan analyzer (BD Biosciences, San Jose,
CA). Results are displayed in a 4 quadrants in which AV+, PI+ (lower left quadrant)
indicates viable cells, AV+, PI+ (lower right quadrant) indicates cells undergoing early
apoptosis, and AV+, PI+ (upper right quadrant) indicates either late apoptotic or necrotic
cells.
2.4 Immunodetection
Cells were washed with PBS, lysed in 1x SDS-PAGE sample buffer (0.375 M Tris HCl
pH 6.8, 50% glycerol, 10% SDS, 5% β-mercaptoethanol, 0.25% bromophenol blue) and
heated for 3 min at 95°C. Samples were separated by 12% SDS-PAGE followed by
transfer to nitrocellulose membranes (Optitran, Whatman, Piscataway, NJ). Membranes
were incubated with primary antibody in 5% milk-TBST overnight at 4°C. HRPconjugated goat anti-rabbit or goat anti-mouse secondary antibody (Jackson
Immunological Research, West Grove, PA) was used at 1:20,000 in 5% milk-TBST
followed by visualization using enhanced chemiluminescence detection reagents. Equal
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protein loading was examined by β-actin detection. The following primary antibodies
were used: rabbit anti-HO-1 polyclonal antibody, 1:5,000 (#SPA-896, Stressgen
Bioreagents, Ann Arbor, MI); rabbit anti-Hsp70 polyclonal antibody, 1:1,500 (#SPA811; Stressgen Bioreagents); rabbit anti-Lamp-1 monoclonal antibody, 1:1,000 (#3243,
Cell Signaling Technology); mouse anti- beclin 1 monoclonal antibody, 1:1,000 (#sc48341, Santa Cruz Biotechnology, Santa Cruz, CA); mouse anti-sequestosome 1 (p62)
monoclonal antibody, 1:200, anti-Grp78, anti-ATF4, anti-BAK, anti-Bax, anti-PUMA,
anti-Mcl-1 (rabbit polyclonal) (Santa Cruz Biotechnology); rabbit anti-α-Synuclein
monoclonal antibody, 1:1,000 (#4179, Cell Signaling Technology); rabbit anti-LC3
polyclonal antibody, 1:500 (#NB100-2331, Novus Biologics, Littleton, CO); rabbit antieIF2α, 1:1000 (#9722, Cell Signaling Technology), rabbit anti-phospho-eIF2α, 1;1000
(Ser51; #3597, Cell Signaling Technology); mouse anti-CHOP monoclonal antibody
(Cell Signaling Technology), rabbit anti-PERK, anti-phospho-PERK (Thr980), anticytochrome C, anti-PARP monoclonal antibody (Cell Signaling Technology). Mouse
anti-actin monoclonal antibody, 1:1,500 (#A4700; Sigma). anti-Hsp90 monoclonal (Enzo
Life Sciences, SPA-836-D); mouse anti-amodiaquine monoclonal (Thermo Scientific,
320-04- 02); rabbit anti-Ribosomal protein L13a polyclonal (Cell Signaling Technology,
2765); rabbit anti-c-Myc monoclonal (Cell Signaling Technology, 5605P); mouse antip53 monoclonal (Santa Cruz Biotechnology, sc-126); and mouse anti-E2F-1 monoclonal
(Santa Cruz Biotechnology, sc-251); Use of HRP-conjugated goat anti-rabbit (Jackson
Immunological Research, 111-035-144) or goat anti-mouse secondary antibody (Jackson
Immunological Research, 115-035-146) was followed by visualization using enhanced
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chemiluminescence detection reagents. Equal protein loading was examined using a
mouse anti-actin monoclonal antibody (Sigma, A4700).
2.5 Hsp70B’ ELISA
The enzyme-linked immunosorbent assay for heat shock 70 kDa protein 6 (also called
Hsp70B’) was performed in 96 well format on cell lysates extracted from treated cells
following the kit instructions (‘Hsp70B prime’ ELISA Kit; Assay Designs, Ann Arbor,
MI) as published recently.6 Briefly, 1 x 106 cells were seeded per T-75 flask one day
6

before treatment. Cells (3 x 10 per group) were exposed to test compound for 6 h (37°C,
5% CO2) and then harvested, washed with PBS, and lysed in 1x extraction reagent. After
protein quantification using the BCA assay, samples were diluted to a range within the
Hsp70B’ standard curve and processed according to the manufacturer’s instructions.
Absorbance (450nm) was determined on a microtiterplate reader (Versamax, Molecular
Devices, Sunnyvale, CA, USA). Data represent the average of three independent
experiments.
2.6 Measurement of cathepsin B enzymatic activity.
Cathepsin B activity was measured using the fluorometric cathepsin B assay kit from
BioVision, Inc. (Milpitas, CA) according to manufacturer’s instructions. Cells (5x106)
were lysed in 0.5 mL of chilled lysis buffer. After 10 min incubation on ice, lysates were
centrifuged at 10,000 g at 4°C for 5 min and supernatant was retained for analysis. 50 µL
of cell lysate was incubated with 50 µL of reaction buffer and cathepsin B substrate (AcArg-Arg-AFC; 200 µM final concentration; 1 h at 37°C). As a negative control, analysis
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was performed in the presence of the cathepsin B/L inhibitor Z-Phe-Phe-FMK (200 µM
final concentration). The release of free amino-4-trifluoromethylcoumarin (AFC) was
measured using a fluorescence plate reader (λex 400, λem 505; SpectraMax Gemini,
Molecular Devices, Sunnyvale, CA). Additionally, the protein concentration of cell
lysates was determined using the BCA assay and cathepsin B activity was normalized to
protein concentration per sample.
2.7 Measurement of Cathepsin L enzymatic activities.
Cathepsin L activity was measured using the fluorometric cathepsin L activity assay kit
from BioVision, Inc. according to manufacturer’s instructions with the following
modifications. Cells (1x106) were lysed in 0.5 mL of chilled lysis buffer. After 10 min
incubation on ice, lysates were centrifuged at 10,000 g at 4 °C for 5 min and supernatant
was retained for analysis. 50 µL of cell lysate was incubated with 50 µL of reaction buffer
and CA074 (1 µM final concentration) for 15 min at ambient temperature. CA074 is
added to irreversibly inhibit cathepsin B in order to eliminate interference from cathepsin
B cleavage of the substrate. Cathepsin L substrate (Ac-Phe-Arg-AFC; 200 µM final
concentration) was then added and mixture was incubated for 1 h at 37 °C. As a negative
control, analysis was performed in the presence of the cathepsin B/L inhibitor Z-Phe-PheFMK (200 µM final concentration). The release of free amino-4-trifluoromethylcoumarin
(AFC) was measured using a fluorescence plate reader (λex 400, λem 505; SpectraMax
Gemini, Molecular Devices). Additionally, the protein concentration of cell lysates was
determined using the BCA assay and cathepsin L activity was normalized to protein
concentration per sample.
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2.8 Measurement of cathepsin D activity.
Cathepsin D activity was measured using the fluorometric cathepsin D activity assay kit
from BioVision, Inc. according to manufacturer’s instructions. Cells (1x106) were lysed
in 0.2 mL of chilled lysis buffer. After 10 min incubation on ice, lysates were centrifuged
at 10,000 g at 4°C for 5 min and supernatant was retained for analysis. 50 µL of cell
lysate was incubated with 50 µL of reaction buffer cathepsin D substrate (MCAGKPILFFRLK(Dnp)-DR-NH2; 200 µM final concentration) was then added and mixture
was incubated for 1 h at 37 °C. The release of free 7-methoxycoumarin-4-acetyl (MCA)
was measured using a fluorescence plate reader (λex 328, λem 460; SpectraMax Gemini,
Molecular Devices). Additionally, the protein concentration of cell lysates was
determined using the BCA assay and cathepsin D activity was normalized to protein
concentration per sample.
2.9 Determination of Protein Concentration.
Protein concentration of cellular lysate was determined using the using the Pierce

®

BCA

Protein Assay Kit (ThermoScientific, Rockford, IL) according to the manufacturer’s
instructions. Standards were generated by serial diluting (1:1) bovine serum albumin
(BSA) to final concentrations ranging from 2.0 mg/mL to 0.03125 mg/mL. 25 µL of cell
lysate or BSA standard we added to 200 µL of working reagent and incubated at 37°C for
30 min. Absorbance was measured (562 nm) using a BioTek® Synergy 2 microplate
reader (Winooski, VT) and a standard curve was generated by plotting the average blankcorrected absorbance versus protein concentration for each standard. Protein
concentration for each sample was calculated using curvelinear regression.
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2.10 Gene expression array analysis.
Total cellular RNA (5 × 106cells) was prepared using the RNEasy kit from Qiagen
2

(Valencia, California). Reverse transcription was performed using the RT First Strand
kit (SA Biosciences, Frederick, MD) and 1 µg total RNA. Expression array analysis using
the Human Autophagy RT2 ProfilerTM PCR Expression Array (PAHS-084), the Human
Oxidative Stress and Antioxidant Defense RT2 ProfilerTM PCR Expression Array (PAHS065), or the Human Stress and Toxicity RT2 ProfilerTM PCR Expression Array (PAHS003; SA Biosciences), each profiling the expression of 84 genes, was performed as
published recently. 7 All reactions were run using the following PCR conditions: 95°C for
10 min, followed by 40 cycles of 95°C for 15 s alternating with 60°C for 1 min (Applied
Biosystems 7000 SDS, Foster City, CA). Gene-specific product was normalized to
GAPDH and quantified using the comparative (ΔΔCt) Ct method as described in the ABI
Prism 7000 sequence detection system user guide.
2.11 Detection of intracellular oxidative stress by flow cytometric analysis.
Induction of intracellular oxidative stress was analyzed by flow cytometry using 2’, 7’dichlorodihydrofluorescein diacetate (DCFH-DA) as a sensitive nonfluorescent precursor
dye which upon peroxide-mediated oxidization generates the highly fluorescent molecule
2’,7’-dichlorofluorescein (DCF). A 5mg/mL stock of DCFH-DA was prepared in 100%
ethanol. One hour after the last irradiation, DCFH-DA was added to the culture medium
(5 µg/mL final concentration) and cells were incubated for 1 h in the dark (37°C, 5%
CO2). Cells were harvested by trypsinization, washed with PBS, resuspended in 300 µL
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PBS and immediately analyzed by flow cytometry. To avoid direct photooxidation of the
dye probe, cells were loaded with the indicator dye under light exclusion.
2.12 Flow cytometric quantification of cellular autofluorescence.
After AQ treatment, cells were harvested, washed and resuspended in 300 µl PBS, and
immediately analyzed by flow cytometry (λex 488 nm, λem 585 ± 42 nm) as published
recently.5
2.13 Transmission Electron Microscopy.
Cells were fixed in situ with 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4),
post-fixed in 1% osmium tetroxide in cacodylate buffer, washed, scraped and pelleted as
described recently.209 Cells were then stained in 2% aqueous uranyl acetate, dehydrated
through a graded series (50, 70, 90, and 100%) of ethanol and infiltrated with Spurr’s
resin, then allowed to polymerize overnight at 60°C. Sections (50 nm) were cut, mounted
onto uncoated 150 mesh copper grids, and stained with 2% lead citrate. Sections were
examined in a CM12 Transmission Electron Microscope (FEI) operated at 80 kV with
digital image collection.
2.14 RFP-GFP-LC3 punctae formation assay.
A375 cells were grown on 35-mm glass bottom dishes (MatTek, P35G-0-10-C) for livecell imaging. Cells were transfected with an mRFP-EGFP-LC3 construct (Addgene,
21074:ptfLC3) following a published procedure.293 Twenty-four hours after transfection
followed by AQ treatment (10µM, up to 24 h), cells were gently washed once with PBS,
and phenol red-free DMEM supplemented with 10% FBS was added. All images were
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taken with the Zeiss Observer Z1 microscope using the Slidebook 4.2.0.11 computer
program (Intelligent Imaging Innovations, Inc.).
2.15 Cell proliferation assay.
Cells were seeded at 5,000 cells/dish on 35-mm dishes. After 24 h, cells were exposed to
test compound. Cell number at the time of compound addition and 72 h later were
determined using a Z2 analyzer (Beckman Coulter, Inc.). Proliferation was compared
with cells that received mock treatment. The same methodology was used to establish
IC50 values (drug concentration that induces 50% inhibition of proliferation) indicating
anti-proliferative potency.
2.16 Cell cycle analysis.
Cells were seeded at 25,000 per 35-mm dish and left overnight to attach. The next day,
cells received treatment with test compounds and vehicle controls. After 24 and 48 h
continuous drug exposure, cells were processed as published before.226 Cellular DNA
content was determined by flow cytometry and analyzed using the ModFitLT software,
version 4.0 (Verity, VMFLTMAC4).
2.17 Cellular ATP determination.
Cells were seeded at 5,000/well in 96 well format. After 24 h, cells were treated (AQ, <
10 µM, < 6 h), and ATP content per 5,000 cells was determined using the CellTiter-Glo
luminescent assay (Promega, G7571) as published recently.226
2.18 Gene expression analysis by real time RT-PCR.
After AQ exposure (1-20 µM, 24h), total cellular RNA (3 x 106 cells) was prepared using
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the RNEasy kit (Qiagen, 74104). Reverse transcription was performed using TagMan
Reverse Transcription Reagents and 200 ng of total RNA in a 50 µl reaction. Reverse
transcription was primed with random hexamers and incubated at 25°C for 10 min
followed by 48°C for 30 min, 95°C for 5 min, and a chill at 4°C. Each PCR reaction
consisted of 3.75 µl of cDNA added to 12.5µl of TaqMan Universal PCR Master Mix
(Roche Molecular Systems), 1.25 µl of gene specific primer/probe mix [Assay-byDesign; Applied Biosystems: CDKN1A (assay ID Hs00355782_m1), DDIT3 (assay ID
Hs00358796_g1),

PMAIP1

(assay

ID

Hs00560402_m1),

BCL2

(assay

ID

Hs00608023_m1), GADD45A (assay ID Hs00169255_m1), HSPA1A (assay ID
Hs00359163_s1), EGR1 (assay ID Hs00152928_m1), E2F1 (assay ID Hs00153451_m1),
and GAPDH (assay ID Hs99999905_m1)] and 7.5µl of PCR water. PCR conditions were:
95°C for 10 min, followed by 40 cycles of 95°C for 15 s alternating with 60°C for 1 min
(Applied Biosystems 7000 SDS). Gene-specific product was normalized to GAPDH and
quantified using the comparative (ΔΔCt) Ct method as described in the ABI Prism 7000
sequence detection system user guide as published earlier.6
2.19 Flow cytometric detection of cleaved procaspase-3
Treatment-induced proteolytic caspase-3 activation was examined using antibodies
directed against cleaved/activated caspase-3 (Asp 175) (Alexa Fluor 488 conjugate, Cell
Signaling) followed by flow cytometric analysis as published recently.6
2.20 Homogeneous luminescent caspase-9 activity assay
TM

The Caspase-Glo

9 Assay kit (Promega, Madison, WI) was used according to
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manufacturer’s specifications. Cells were seeded at 10,000 cells/well of a white-walled
96-well plate. After 24 h, cells were treated with test compound, and caspase-9 dependent
cleavage of a luminogenic caspase-9 substrate (Z-LEHD-luciferin) was determined at
specific time points after compound addition (0–12 h) using a Synergy 2 microplate
reader (BioTek Instruments, Winooski, VT). Data are expressed as % activity relative to
untreated control cells [means ± SD (n = 3)].
2.21 Proteasome activity assay
The Proteasome-GloTM Cell-Based Assay kit (Promega) was used according to
manufacturer’s specifications. Cells were seeded at 4000 cells/well of an opaque 96-well
plate. After 24 h, cells were treated with test compound. At the end of the treatment
period, cells were washed with PBS and an equal volume of reagent containing the
appropriate luminogenic substrate (Suc-LLVY-aminoluciferin or Z-LRR-aminoluciferin
for chymotrypsin-like or trypsin-like proteasome activities, respectively) was added to
each well (with inclusion of two proprietary inhibitors blocking non-specific proteases
for determination of trypsin-like activity). Plates were incubated at room temperature (10
min) before measuring luminescence signal using a Synergy 2 microplate reader. Data
are expressed as % activity relative to untreated control cells [means ± SD (n = 3)].
2.22 Determination of reduced cellular glutathione content
Intracellular reduced glutathione was measured using the GSH-Glo Glutathione assay kit
(Promega; San Luis Obispo, CA) as described recently.7 Cells were seeded at 100,000
cells/dish on 35 mm dishes. After 24 h, cells were treated with test compound. At
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selected time points after addition of test compound, cells were harvested by
trypsinization and then counted using a Coulter counter. Cells were washed in PBS, and
10,000 cells/well (50 ml) were transferred onto a 96-well plate. GSH-Glo reagent (50 ml)
containing luciferin-NT and glutathione-S-transferase was then added followed by 30
min incubation. After addition of luciferin detection reagent to each well (100 ml) and 15
min incubation luminescence reading was performed using a BioTek Synergy 2 Reader
(BioTek, Winooski, VT, USA). Data are normalized to GSH content in untreated cells
and expressed as means ± SD (n = 3).
2.23 siRNA-transfection targeting PMAIP1 expression
A375 cells were transiently transfected with a 100 nmol pool of four small interfering
RNA (siRNA) oligonucleotides (oligos) targeting PMAIP1 or a 100 nmol pool of four
nontargeting siRNA oligos using the DharmaFECT 1 transfection reagent (Dharmacon
RNA Technologies, Lafayette, Colorado, USA) following a standard procedure.7 The
sequences of siGENOME PMAIP1 SMARTpool (PMAIP1 siRNA) (GenBank: NM
021127)

were

AAACUGAACUUCCGGCAGA,

AUUCUGUAUCCAAACUCU,

CUGGAAGUCGAGUGUGCUA, and GCAAGAACGCUCAACCGAG. The oligos
were resuspended in the Dharmacon 19 siRNA buffer and incubated in serum free media
for 5 min. The oligos were incubated with the transfection reagent for 20 min before
cellular treatment. Complete media was added to the siRNA oligo mixture and the cells
were incubated with the siRNAs in appropriate cell culture conditions for 48 h. Cells
were then re-transfected with another 100 nmol pool of four siRNA oligonucleotides
targeting PMAIP1 or a 100 nmol pool of four nontargeting siRNA oligonucleotides. After
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another 24 h, cells were either harvested for confirmation of PMAIP1 knockdown by
Noxa-immunoblot analysis or exposed to DHA followed by viability assessment using
flow cytometric analysis of AV-FITC/PI stained cells.
2.24 Mitochondrial transmembrane potential
Mitochondrial transmembrane potential (Δψm) was assessed using the potentiometric dye
5, 5’, 6, 6’ -tetrachloro-1, 1’, 3, 3’ - tetraethylbenzimidazolyl-carbocyanine iodide (JC-1)
following a published procedure.7 In brief, cells were trypsinized, washed in PBS,
resuspended in 300 µl PBS containing 5 µg/ml JC-1 for 15 min at 37 °C and 5 % CO2 in
the dark, then washed twice in PBS and resuspended in 300 µl PBS. Bivariate analysis
was performed by flow cytometry with excitation at 488 nm, and mitochondrial function
was assessed as JC-1 green (depolarized mitochondria, detector FL-1) or red (polarized
mitochondria, detector FL-2) fluorescence.
2.25 Mitochondrial and cytosolic protein extraction for cytochrome c detection
Mitochondrial and cytosolic fractions were isolated using a cytochrome c EIA Kit (Enzo
Life Sciences, Farmingdale, NY), and cytochrome c was then detected by immunoblot
analysis (anti-cytochrome c, rabbit polyclonal, Cell Signaling Technology).
2.26 Comet assay (alkaline single cell electrophoresis)
The alkaline comet assay was performed on A375 melanoma cells according to the
manufacturer’s instructions (Trevigen, Gaithersburg, MD, USA) as published recently.7
After treatment, cells (100,000 per 100 mm dish) were harvested by gently scraping and
suspended in 500 µl PBS. An aliquot (50 µl) was mixed with low-melting-point agarose
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(450 µl) and spread on pretreated microscope slides. To allow DNA unwinding and
expression of alkali- labile sites, slides were exposed to alkaline buffer (1 mM EDTA and
300 mM NaOH, pH >13) protected from light at room temperature for 45 min.
Electrophoresis was conducted in the same alkaline buffer for 20 min at 300 mA. After
electrophoresis, slides were rinsed three times in distilled H2O, then fixed in 70% ethanol
for 5 min. Cells were stained with SYBRTM visualized and analyzed using a fluorescence
microscope (fluorescein filter) and CASP software. At least 75 tail moments for each
group were analyzed in order to calculate the mean ± S.D. for each group.
2.27 Human A375 melanoma SCID mouse xenograft model
A375 human melanoma cells were grown in HyQ RPMI-1640 media (HyClone)
supplemented with 10 % fetal bovine serum (Omega Scientific), and maintained in 5 %
CO2–95 % air humidified atmosphere at 37 °C. Subconfluent cells were harvested by
using 0.25 % trypsin–EDTA (HyClone). Cells ([90 % viability) were resuspended at the
concentration of 10 x 106 cells/100 µl of sterile saline. A SCID mouse colony was
developed at the University of Arizona using original SCID (C.B-17/IcrACCSCID)
obtained from Taconic (Germantown, New York). The mice were housed in
microisolator cages (Allentown Caging Equipment Company, Allentown, N.J.) and
maintained under specific pathogen-free conditions. Every month mice were screened by
ELISA serology for mycoplasma, mouse hepatitis virus, pinworms, and Sendai virus and
tested negative. SCID mice 6-8 weeks of age were bled (<200 µl) by retroorbital puncture
in order to screen for the presence of mouse IgG using an ELISA. Only mice with IgG
levels B20 µg/ml were used for the experiments. The mice ate NIH-31 irradiated pellets
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(Tekland Premier, Madison, WI) and received autoclaved water. Animal facilities are
approved by the Association for the Assessment and Accreditation of Laboratory Animal
Care International and in accordance with United States Department of Agriculture,
Department of Health and Human Services, and NIH regulations. A375 cell injections
6

(10 x 10 cells) were given subcutaneously on the mouse’s lower right flank on day 0,
and after tumors became established (~65 mm3) mice were pair-matched into the
treatment groups. The following day, treatment with DP or carrier only was initiated. DP
(in PBS; 1,200 mg/kg/d, i.p. b.i.d.; n = 12)) was given on days 1–10 post the day of pairmatching, whereas control animals received carrier only (n = 12). Subcutaneous tumors
were measured twice weekly for tumor volume estimation (mm3) in accordance with the
formula (a2 x b)/2 where a is the smallest diameter and b is the largest diameter. The mice
were sacrificed individually by CO2 when the tumors reached a volume of 2,000 mm3.
Tumor growth curves were obtained by determining aver- age tumor volumes until day
30 after cell injection, and data points were analyzed using the two-sided Student’s t test
(*p < 0.05; **p < 0.01; ***p < 0.001). All procedures were completed in accordance with
the University of Arizona Institutional Animal Care and Use Committee (IACUC)
protocol (# 07-029, approved May 24, 2007).
2.28 Immunohistochemical analysis of tumor tissue from mice xenografts
At the time of analysis, tumors from SCID mice were harvested and tumor tissue
sections were analyzed for cleaved (activated) procaspase 3 (Asp175). Briefly, tissues
were harvested, fixed in 10% neutral buffered formalin for 24 h, processed and embedded
in paraffin. Routine hematoxylin stain was performed on three-micron sections of tissue,
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and immunohistochemistry was performed using a rabbit polyclonal antibody to cleaved
procaspase 3 (Asp175; large fragment) (#9661, Cell Signaling Technology; 1:100
dilution). Detection of primary antibody was performed on a Discovery XT Automated
Immunostainer (Ventana Medical Systems, Inc, Tucson, Arizona) using a biotinylatedstreptavidin-HRP and DAB system in addition to hematoxylin counterstaining. Following
staining on the instrument, slides were dehydrated and cover slipped with Pro-Texx
mounting medium. Images were captured using an Olympus BX50 and Spot (Model
2.3.0) camera. Images were standardized for light intensity. No automated analysis of the
data was performed.
2.29 Statistical Analysis.
The results are presented as means (± S.D.) of at least three independent experiments.
Data were analyzed employing the two-sided Student’s t-test; differences were
considered significant at p < 0.05 (*p < 0.05; **p < 0.01; *** < 0.001). Selected data sets
were analyzed employing one-way analysis of variance (ANOVA) with Tukey’s post hoc
test using the PRISM 4.0 software; means without a common letter differ (p < 0.05).
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CHAPTER 3:
D-PENICILLAMINE TARGETS METASTATIC
MELANOMA CELLS WITH INDUCTION OF
THE UNFOLDED PROTEIN RESPONSE (UPR)
AND NOXA (PMAIP1)-DEPENDENT
MITOCHONDRIAL APOPTOSIS
	
  

This chapter has been adapted from the following publication:
Qiao S, Cabello CM, Lamore SD, Lesson JL, Wondrak GT. D-Penicillamine targets
metastatic melanoma cells with induction of the unfolded protein response (UPR) and
Noxa (PMAIP1)-dependent mitochondrial apoptosis. Apoptosis. 2012 (17): 1079–1094.	
  	
  
3.1 Introduction and Rationale
Based on earlier research aiming at the identification of experimental cancer
chemotherapeutics that induce melanoma cell apoptosis through induction of cytotoxic
oxidative stress,8,52,209,227-229 the potential antimelanoma activity of the redox drug Dpenicillamine (3,3-dimethyl-D-cysteine; DP; Figure 3.1) was the focus of this study. DP
is a FDA-approved D-cysteine-derivative with antioxidant, disulfide-reducing, and metal
chelating properties used therapeutically for the control of copper-related pathology in
Wilson’s disease, lead poisoning, cystinuria, and rheumatoid arthritis.230,231 Cancer celldirected cytotoxicity of DP has been observed earlier, attributed to a variety of molecular
mechanisms of this pleiotropic drug that displays activity as thiol-based antioxidant,
disulfide-directed reducing agent, copper-depleting metal chelator, copper-dependent pro-
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and antioxidant, and nucleophilic scavenger.232-237 Cancer cell-selective induction of
apoptosis by DP has been attributed to thiol-based antioxidant activity,236 whereas
prooxidant cytotoxic mechanisms involving production of reactive oxygen species (ROS)
have been shown to be operative when DP is administered together with redox-active
copper ions.235,238
Here, we have examined the molecular mechanisms underlying DP-induced
melanoma cell apoptosis. We show for the first time that this FDA-approved drug (I)
induces apoptotic cell death in cultured human metastatic melanoma cells without
compromising viability of primary epidermal melanocytes, (II) causes early upregulation
of the unfolded protein response (UPR), (III) activates the mitochondrial pathway of
apoptosis with modulation of Bcl-2 family members and causative involvement of
NOXA (PMAIP1) upregulation, and (IV) displays significant antimelanoma activity in a
murine A375 xenograft model.

Figure 3.1 The structure of D-penicillamine. DP is a FDA-approved D-cysteinederivative. Based on the α,α-dimethyl-thiol-pharmacophore, the compound displays
potent antioxidant and disulfide-reducing activity.
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3.2 Results
3.2.1 DP induces caspase-dependent cell death in human A375 metastatic melanoma
cells but not in primary epidermal melanocytes
In an attempt to examine the potential antimelanoma activity of DP at the cellular
level, differential cytotoxicity of DP directed against metastatic A375 melanoma cells and
primary epidermal melanocytes (HEMa) was assessed by flow cytometric analysis using
annexinV-FITC/propidium iodide-staining (Figure. 3.2). Exposure to DP (10 mM, 24 h)
induced pronounced cell death in metastatic melanoma cells (Figure. 3.2A), but no
significant impairment of viability was observed in DP-exposed primary epidermal
melanocytes (Figure. 3.2B). Consistent with earlier observations, efficient induction of
A375 cell death required exposure to millimolar concentrations DP and was not observed
at concentrations below 1 mM (data not shown).236 Exposure to the thiol-antioxidant and
DP-related cysteine-derivative N-acetyl-L-cysteine (NAC; 10 mM, 24 h) did not impair
cell viability (Figure. 3.2C); similarly, the dithiol-based reducing agent dithiothreitol
(DTT; 10 mM, 24 h) did not induce cell death (data not shown). DP-induction of cell
death was efficiently blocked in the presence of the pan-caspase inhibitor zVAD-fmk (40
µM, 1 h preincubation) (Figure. 3.2C), and pronounced activation of caspase-3
(approximately two fold) was observed already within 6 h exposure time reaching a
maximum after 24 h (approximately 15 fold) as assessed by flow cytometric detection of
cleaved procaspase-3 (Figure. 3.2D), consistent with an apoptotic mode of DP-induced
A375 melanoma cell death. Further analysis confirmed DP-induction of cell death in
other metastatic melanoma cell lines (G361, LOX-IMVI) that was blocked by zVAD-fmk
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pretreament (Figure. 3.2E). Consistent with an apoptotic mode of DP-induced cell death,
pronounced PARP cleavage detected by immunoblot analysis was detectable within 12 h
exposure in A375 and G361 cells (Figure. 3.2F).
1084

Apoptosis (2012) 17:1079–1094

A375

A

B

HEMa

PI

PI

annexinV-FITC

annexinV-FITC

I

III

II

C

IV

D
d

DP
control

94.0 + 1.2

31.1 + 2.7

20

DP
6h

cleaved procaspase3
[rel. intensity]

Control

12h

counts

24h

PI
DP +zVAD-fmk

NAC

92.6 + 0.2

93.0 + 0.6

15
10

c

5

a

b

0
0 6 12 24

caspase 3

AnnexinV-FITC

E
a

a

viability [% control]

100

a
a

a

a

F

a
a

a

0

75

50

bc

0

−+ + −+ + −+ + − + +
−−+ −−+ −−+ − −+
A375

3

DP
6

12

24 time [h]
PARP
cleaved PARP A375
β-actin

c
b

25

DP [time, h]

[Alexa488]

PARP
cleaved PARP G361
β-actin
DP
zVAD

G361 LOX-IMVI HEMa

Fig. 1 DP but not NAC induces caspase-dependent cell death in
human A375 metastatic melanoma cells. a, b Induction of A375 (panel a)
and primary melanocyte (HEMa; panel b) cell death (DP; 10 mM,
24 h) was assessed by flow cytometric analysis after annexinV-FITC/
propidium iodide-staining. The numbers indicate viable cells (AV-,
PI-, lower left quadrant) in percent of total gated cells (mean ± SD,
n = 3). Representative light microscopy pictures taken after 24 h
exposure to DP are shown in panels I–IV. (I and II: A375; III and IV:
HEMa; I and III: control; II and IV: DP). c Induction of cell death in
response to DP or NAC (10 mM, 24 h) in the presence or absence of
zVADfmk (40 lM, 1 h preincubation). d DP-induced (10 mM,

6–24 h) caspase-3 activation as examined in A375 cells by flow
cytometric detection using an Alexa 488-conjugated monoclonal
antibody against cleaved procaspase-3. One representative experiment
of three similar repeats (left panel) and quantitative analysis of three
independent repeat experiments (right panel; mean ± SD) are displayed. e Metastatic melanoma cells (A375, G361, LOX-IMVI) and
HEMa were exposed to DP (10 mM; 24 h) in the presence or absence
of zVADfmk (40 lM, 1 h preincubation) and viability (mean ± SD,
n = 3) was determined as specified in (a). (f) DP-induced (10 mM,
3–24 h) PARP cleavage was examined by immunoblot analysis in
A375 and G361 cells. Means without a common letter differ (p \ 0.05)

Figure 3.2 DP but not NAC induces caspase-dependent cell death in human A375
metastatic melanoma cells.	
  A-B. Induction of A375 (panel A) and primary melanocyte
(HEMa; panel B) cell death (DP; 10 mM, 24 h) was assessed by flow cytometric analysis
after annexinV-FITC/ propidium iodide-staining. The numbers indicate viable cells (AV-,
PI-, lower left quadrant) in percent of total gated cells (mean ± SD, n = 3). Representative
123
light microscopy
pictures taken after 24 h exposure to DP are shown in panels I–IV. (I
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and II: A375; III and IV: HEMa; I and III: control; II and IV: DP). C. Induction of cell
death in response to DP or NAC (10 mM, 24 h) in the presence or absence of zVADfmk
(40 µM, 1 h preincubation). D. DP-induced (10 mM, 6–24 h) caspase-3 activation as
examined in A375 cells by flow cytometric detection using an Alexa 488-conjugated
monoclonal antibody against cleaved procaspase-3. One representative experiment of
three similar repeats (left panel) and quantitative analysis of three independent repeat
experiments (right panel; mean ± SD) are displayed. E. Metastatic melanoma cells
(A375, G361, LOX-IMVI) and HEMa were exposed to DP (10 mM; 24 h) in the
presence or absence of zVADfmk (40 µM, 1 h preincubation) and viability (mean ± SD, n
= 3) was determined as specified in (a). F. DP-induced (10 mM, 3–24 h) PARP cleavage
was examined by immunoblot analysis in A375 and G361 cells. Means without a
common letter differ (p <0.05).
	
  

3.2.2 Array analysis reveals DP-induced upregulation of cytotoxic stress response
gene expression in A375 melanoma cells
To gain further mechanistic insight into the molecular events underlying
melanoma cell-directed induction of cell death by DP, modulation of stress and toxicity
response gene expression was examined in A375 cells exposed to DP (10 mM, 24 h
exposure) using the RT2 Human Stress and Toxicity ProfilerTM PCR Expression Array
technology (SuperArray, Frederick, MD) (Figure. 3.3A).
Out of 84 stress-related genes contained on the array DP-induced upregulation of
expression affected 17 genes by at least three-fold over untreated control cells, indicative
of genotoxic, proteotoxic, and oxidative stress as summarized in Figure. 3.3B. Induction
of the p53-regulated gene growth arrest and DNA-damage-inducible, alpha [GADD45A
(25.4 fold)], known to be responsive to genotoxic and other types of cytotoxic stress, was
detected. Pronounced upregulation of gene expression indicative of the unfolded protein
response (UPR) was observed including DNA damage inducible transcript 3
[DDIT3/GADD153 (53.8 fold)] and heat shock protein encoding genes [such as HSPA2
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(15.1 fold), HSPA6 (9.4 fold), HSPA1L (3.4 fold), and HSPA1A (3.0 fold)]. Massive
upregulation of the oxidative stress-responsive transcription factor and tumor suppressor
early growth response protein 1 [EGR1 (46.7 fold)] was also detected. Expression
changes also affected antioxidant defense enzyme encoding genes {upregulation of heme
oxygenase 1 [HMOX1 (4.7 fold)] and glutathione S-transferase mu 3 [GSTM3 (4.3
fold)]} together with downregulation of catalase [CAT (6.2 fold)], consistent with the
detection of DP-induced cellular oxidative stress (as detailed in Figure. 3.5A and B). In
addition, DP-treatment caused altered expression of genes encoding enzymes involved in
redox metabolism {flavin monooxygenases [FMO1 (34.0 fold), FMO5 (34.6 fold)];
cytochrome P450 monooxygenases [CYP1A1 (8.3 fold), CYP2E1 (5.3 fold)]} and
inflammatory signaling {prostaglandin-endoperoxide synthase 1 [PTGS1 (22.7 fold)];
inducible nitric oxide synthase 2 [NOS2A (4.6 fold)]; chemokines [CCL3 (19.3 fold) and
CCL4 (40.3 fold)]}.
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3.2.3 The UPR is induced at the mRNA and protein level in DP-exposed A375
melanoma cells
Led by upregulated expression of DDIT3, HSPA2, HSPA6, HSPA1L, and HSPA1A
as observed by array analysis we further examined DP-treated A375 melanoma cells for
the occurrence of ER stress and UPR at the mRNA and protein level (Figure. 3.4). Time
course analysis by quantitative RT-PCR and immunoblot detection revealed early
upregulation of CHOP (CCAAT/-enhancer-binding protein homologous protein), the
transcription factor encoded by DDIT3 (Figure. 3.4A). DDIT3 upregulation occurred
within 3 h continuous exposure, and mRNA levels exceeded control levels by almost 40fold within 9 h exposure.

As a positive control, CHOP protein upregulation was

monitored in response to thapsigargin (T), an inducer of ER stress and UPR through
inhibition of SERCA (sarco/endoplasmic reticulum)-Ca2+ ATPase (Figure. 3.4B and
C).239
Consistent with UPR-induction by DP, increased cellular levels of heat shock
proteins were detected. Rapid upregulation of Grp78 (78 kDa glucose-regulated protein,
also known as BiP or heat shock 70kDa protein 5, a molecular chaperone and upstream
UPR regulator located in the lumen of the ER) and inducible Hsp70 (encoded by
HSPA1A) was observed (Figure. 3.4A). In contrast, no DP-induced quantitative changes
at the protein level occurred with the UPR-associated transcription factor ATF4.240 Next,
we examined DP-induced changes affecting eukaryotic translation initiation factor eIF2α,
since cytotoxic ER stress is known to cause inhibitory phosphorylation of eIF2α through
activation of PERK [double-stranded RNA-activated protein kinase (PKR)-like
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endoplasmic reticulum kinase].88 Comparing total versus phospho-eIF2a protein levels
by immunoblot analysis, DP-induced phosphorylation was detected within 1 h continuous
exposure indicating rapid induction of ER stress-signaling (Figure. 3.4A). Consistent
with the effects of DP treatment on eIF2α phosphorylation, PERK activation by
autophosphorylation of its cytoplasmic kinase domain (Thr980) was detected at early
time points (1-9 h) (Figure. 3.4A). In contrast, at equimolar concentrations, NAC was
unable to induce upregulation of DDIT3 mRNA levels (Figure. 3.4B) or eIF2α
phosphorylation (Figure. 3.4C, middle panel).

Only a transient induction of eIF2α

phosphorylation was observed using dithiothreitol (DTT), an established UPR-inducer
known to cause ER stress through reductive protein unfolding (Figure. 3.4C, bottom
panel).241 In contrast to DP-induced upregulation of Hsp70 protein levels (Figure. 3.4A),
no upregulation of Hsp70 occurred in response to NAC or DTT treatment (Figure. 3.4C).
Importantly, DP-induced modulation of Hsp70 and eIF2α phosphorylation was also
observed in other metastatic melanoma cell lines including G361 (Figure. 3.6C)
Taken together, these data demonstrate for the first time that DP treatment of
metastatic melanoma cells induces ER stress/UPR characterized by upregulation of
Hsp70 and the ER-chaperone Grp78, autophosphorylation of PERK, phosphorylation of
eIF2α, and increased expression of CHOP detected at the mRNA and protein level.
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3.2.4 Upregulation of cellular oxidative and mitochondriotoxic stress occurs in
response to DP treatment
Led by modulation of stress response gene expression indicative of DP-induced
oxidative stress (EGR1, HMOX1, NOS2A, CAT; Figure. 3.3), we further examined the
occurrence of redox alterations in DP-treated A375 melanoma cells at early time points
(Figure. 3.5A-B).

Indeed, cellular reduced glutathione levels were depleted by more

than 40% within 6 h DP exposure (Figure. 3.4A).

Moreover, using 2’,7’-dichloro-

dihydrofluorescein diacetate detection of intracellular peroxide levels by flow cytometry,
an approximately three-fold increase in DCF fluorescence intensity [(mean ± S.D.):
control: 8.4 ± 1.0; DP: 28.5 ± 3.6; n=3; p<0.05] was observed after 6 h continuous
exposure indicating the occurrence of cellular oxidizing species in response to DP
(Figure. 3.5B), a finding consistent with prior research on DP-induced redox alterations
targeting cancer cells.238 In contrast, exposure to an equimolar concentration of the
closely related cysteine-derivative and antioxidant NAC did not cause a reduction in the
cellular glutathione pool (Figure. 3.5A), and a statistically significant reduction in DCF
fluorescence by more than 50% versus untreated control cells [(mean + S.D.): control: 8.4
+ 1.0; NAC: 3.8 + 1.5; n=3; p<0.05] was observed after 6 h continuous exposure (Figure.
3.5B), an observation consistent with the antioxidant properties of NAC.
Next, flow cytometric analysis using the sensor dye JC-1 revealed an early
impairment of mitochondrial integrity as indicated by loss of mitochondrial
transmembrane potential (Δψm) that became already apparent at 6 h DP exposure (more
than 50% of cells displaying loss of Δψm; Figure. 3.5C). Consistent with a causative
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involvement of mitochondriotoxicity in DP-induced apoptosis, immunodetection of
cytochrome c (cytosolic versus mitochondrial) indicated massive mitochondrial release of
this apoptotic key mediator, detectable within 6-12 h exposure time and completed within
24 h (Figure. 3.5E). Moreover, significant rescue of A375 cells from DP-induced
apoptosis was achieved by cotreatment with cyclosporine A, a pharmacological inhibitor
of mitochondrial permeability transition pore opening, providing further evidence in
support of a causative involvement of mitochondrial events in DP-induced apoptosis
(Figure. 3.5D).242
Next, led by expression changes affecting DNA-damage responsive genes
(GADD45A, DDIT3, UNG; Figure. 3.3) we examined the occurrence of DP-induced
impairment of genomic integrity (Figure. 3.4F).

However, alkaline single cell

electrophoresis (comet assay) of A375 melanoma cells did not indicate the induction of
DNA damage in response to DP exposure at time points (up to 6 h) when induction of
oxidative, proteotoxic, and mitochondriotoxic stress already had become apparent.
Consistent with this finding, flow cytometric analysis of phospho-H2AX status, an
established marker of DNA strand breaks, did not reveal DP-induced changes affecting
genomic integrity (data not shown).243
Earlier work has suggested the involvement of p53 expression in DP-induction of
cancer cell death.236

Indeed, in A375 melanoma cells, pronounced upregulation of

cellular p53 protein levels was observed by immunoblot detection as early as within 1 h
reaching a maximum at 9 h exposure time (Figure. 3.5G). However, phospho-p53
(Ser15), a common posttranslational modification in response to genotoxic stress, was not
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detectable in DP-treated cells by flow cytometric analysis using an Alexa488-conjugated
monoclonal antibody (data not shown).244 Interestingly, DP-upregulation of cellular p53
protein levels occurred with pronounced downregulation of TP53 mRNA levels
(detectable within 1 h exposure and down to 20% of untreated controls within 6 h)
observed over the same time course (Figure. 3.5H).

Further time course analysis

examined p53 protein levels in cells first pretreated with DP (3h, 10 mM) or left
untreated, followed by exposure to the translation inhibitor cycloheximide (CHX; 25 µM,
0-120 min; Figure 3.5I). In control cells (unexposed to DP) p53 protein was undetectable
within 60 min after CHX exposure, a finding consistent with the rapid turnover of this
protein documented before.

In contrast, after DP-pretreatment, p53 levels were

maintained throughout 120 min after CHX addition. These data suggest that a DPinduced increase in p53 protein levels (Figure. 3.5G) observed together with TP53
transcriptional downregulation (Figure. 3.5H) originates from blockade of protein
turnover (Figure. 3.5I). However, more detailed mechanistic studies are necessary to
further elucidate the mechanistic basis of DP-induced p53 protein upregulation.
Taken together, these data demonstrate that DP exposure causes early induction of
oxidative and mitochondriotoxic (but not genotoxic) stress with upregulation of p53
levels detectable in metastatic melanoma cells.
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siPMAIP1-based intervention only partially blocked
melanoma cells. However, further analysis revealed that
DP-induced melanoma cell death. Taken together, these
DP-induced downregulation of cellular Bcl-2 protein levels
findings demonstratestress
the causative
involvement
of Noxa-/
(Fig. 5d)
not suppressed oxidative
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treatment
Figure
3.5wasDP-induced
mitochondriotoxic
in A375
melanoma
Mcl1-modulation
in
DP-induced
melanoma
cell
apoptosis
(Fig.
5e,
right
bottom
panel),
consistent
with
the
finding
that
cells occurs in the absence of genotoxic stress. A. Modulation of intracellular reduced

glutathione content in A375 melanoma cells exposed to DP or NAC (10 mM, 0.5–6 h
exposure).
123 Glutathione content was normalized to untreated control (mean ± SD, n = 3).
Means without a common letter differ (p < 0.05). B. DP-induction of intracellular
oxidative stress as assessed by DCF flow cytometry. Cells were exposed to DP or NAC
(10 mM, 6 h), and intracellular oxidative stress was assessed by DCF staining followed
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by flow cytometric analysis of DCF fluorescence. One representative experiment out of
three similar repeats is shown. C. Time course analysis of loss of mitochondrial
transmembrane potential (Δψm) in response to DP (10 mM, up to 18 h) as assessed by
flow cytometric analysis of JC-1 stained cells. Panels from one representative experiment
of three similar repeats are shown, and numbers indicate cells with impaired Δψm (in
percent of total gated cells) detected outside the circle (mean ± SD, n = 3). D. DPinduced apoptosis with or without pretreatment using cyclosporine A (CysA; 5 µM; 60
min) as examined by annexin V-PI flow cytometric analysis. The numbers indicate viable
cells (AV-, PI-, lower left quadrant) in percent of total gated cells (mean ± SD, n = 3). E.
Immunodetection of cytochrome c in cytosolic (c) and mitochondrial (m) fractions
prepared from DP-treated A375 cells (10 mM; 6–24 h). F. A375 cells were exposed to
DP (10 mM, 0.5–6 h), and DNA damage was detected using the comet assay as described
in Materials and Methods. As a positive control, cells were exposed to H2O2 (100 µM, 30
min). Representative comet images (left panels) as visualized by fluorescence
microscopy and quantitative analysis of average tail moments (bar graph) are shown. At
least 75 tail moments for each group were analyzed in order to calculate the mean ± S.D.
for each group. G-H. DP-induced (10 mM; 1–9 h exposure) upregulation of p53 was
assessed by immunoblot analysis (panel g) and real time RT-PCR [panel h; TP53; mean ±
SD, n = 3; means without a common letter differ (p<0.05)]. I. Time course analysis of
p53 protein levels in cells first pretreated with DP (3 h, 10 mM) or left untreated (ctrl).
Both groups were then exposed to cycloheximide (CHX; 25 µM, 0–120 min) followed by
immunoblot analysis.
3.2.5 DP modulates the expression of Bcl-2 family members Noxa, Mcl-1, and Bcl-2
involved in mitochondrial apoptosis of A375 melanoma cells
Following detection of impaired mitochondrial transmembrane potential,
cytochrome c release, rescue from DP-induced cell death by cyclosporine A cotreatment,
and upregulation of p53 protein levels at early time points, we further examined
mitochondrial involvement in DP-induced apoptosis. First, p53-regulated Bcl2-family
members potentially involved in mitochondria-dependent melanoma cell death were
examined by quantitative RT-PCR and immunoblot analysis (Figure. 3.6A-C).
Importantly, DP treatment (at concentrations > 5 mM) caused massive upregulation of the
proapoptotic BH3-domain only protein Noxa (encoded by PMAIP1) observed at the
transcriptional (Figure. 3.6B) and protein level (Figure. 3.6A), an effect that was already
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apparent at 1 h exposure time. DP-induced Noxa upregulation was also observed in other
human metastatic melanoma cell lines including G361 (Figure. 3.6C). In contrast, Noxamodulation was not observed at equimolar concentrations of the cysteine-derivative NAC
(Figure. 3.6A, bottom panel), consistent with the lack of apoptogenicity of NAC as
observed above (Figure. 3.2C).
In contrast to DP-modulation of Noxa, the p53-regulated proapototic Bcl-2 family
members Bax and Bak did not display any expression changes (Figure. 3.6A).
Interestingly, the pro-apoptotic BH3-domain only proteins PUMAa (p53-upregulated
modulator of apoptosis) and PUMAb displayed downregulation at the protein level, a
paradoxical effect known to occur in the context of apoptotic cell death, attributable to
caspase-dependent degradation after commitment to mitochondrial apoptosis has
occurred.245
Consistent with Noxa-involvement in DP-induced mitochondrial apoptosis, we
observed that the anti-apoptotic Bcl-2-homologue Mcl-1, known to antagonize Noxa
proapototic activity, was downregulated at the protein level, an effect observed in A375
and G361 cells (Figure 3.6A, C, and E).246-250 We also detected DP-induced
downregulation of the anti-apoptotic factor Bcl-2 (encoded by BCL2), observed at the
transcriptional and protein level in A375 and G361 cells (Figure. 3.6D), an important
determinant of cell viability known to be transcriptionally attenuated by CHOP (DDIT3)
in response to ER stress (Figure. 3.4A-B).91
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3.2.6 Genetic antagonism of PMAIP1 (Noxa) expression provides partial protection
against DP-induced apoptosis in A375 metastatic melanoma cells
Based on the established key role of Noxa in the mitochondrial pathway of
apoptosis,246-250 we then tested the hypothesis that upregulation of PMAIP1 expression
may be causatively involved in DP-induced A375 melanoma cell death. To this end,
genetic target modulation by siRNA (small interfering RNA) targeting PMAIP1
expression was employed (Figure. 3.6E-F).

First, efficacy of PMAIP1 knockdown

(siPMAIP1) was confirmed at the protein level (Figure. 3.6E). DP-induced upregulation
of Noxa protein levels, as observed earlier in wild type A375 control cells (Figure. 3.6A),
could be blocked by prior transfection using siPMAIP1 oligonucleotides (Figure. 3.6E,
top right panel), but was not suppressed when transfection occurred using non-targeting
siRNA control reagent (siControl; Figure. 3.6E, top left panel). In parallel, DP-induced
Mcl-1-downregulation occurred in siControl-treated cells (Figure. 3.6E, middle left
panel) but not in siPMAIP1-treated cells (Figure. 3.6E, middle right panel), consistent
with the established role of Noxa in causing Mcl-1 degradation.
Next, the effect of siPMAIP1 intervention on DP-induced apoptosis was
examined in A375 cells (Figure. 3.6F).

Flow cytometric analysis indicated that

significant cytoprotection against prolonged exposure to DP (10 mM, 36 h) was achieved
in siPMAIP1-transfected (viability: 44.8 ± 6.4 %) versus siControl-transfected (viability:
18.8 ± 4.9 %; p< 0.05) cells. Moreover, in siPMAIP1-transfected cells progression of
DP-induced cell death was significantly delayed as obvious from an increased proportion
of compromised cells in early (lower right quadrant: AV+/PI-) versus late apoptosis
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(upper right quadrant: AV+/PI+), whereas most siControl-treated cells displaying DPinduced loss of viability were already in late apoptosis (AV+/PI+) at the time of flow
cytometric analysis.

Pronounced cytoprotection and delay of apoptotic progression

achieved by genetic antagonism targeting PMAIP1 expression support the conclusion that
Noxa/Mcl-1 modulation is an important causative factor in DP-induced mitochondrial
apoptosis of melanoma cells.

However, further analysis revealed that DP-induced

downregulation of cellular Bcl-2 protein levels (Figure. 3.6D) was not suppressed by
siPMAIP1 treatment (Figure. 3.6E, right bottom panel), consistent with the finding that
siPMAIP1-based intervention only partially blocked DP-induced melanoma cell death.
Taken together, these findings demonstrate the causative involvement of Noxa-/Mcl1modulation in DP-induced melanoma cell apoptosis that also involves Noxa-independent
pathways of caspase-mediated cell death including Bcl-2.
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mean ± SD, n = 3; means without a common letter differ (p < 0.05)] level in A375 and
G361 melanoma cells. E. After DP exposure (10 mM, up to 9 h) with or without PMAIP1
knockdown (siPMAIP1), Noxa and Mcl-1 immunoblot detection was performed in A375
cells as specified in Materials and Methods. Bcl-2 downregulation by DP (6 h) was also
examined in siPMAIP1- and siControl-treated A375 cells (bottom panels). F. Genetic
downregulation of PMAIP1 expression confers protection of A375 cells against DPinduced (10 mM, 36 h) cytotoxicity as detected by AV/PI flow cytometric analysis after
siControl and siPMAIP1 treatment. Numbers indicate viable cells (AV-, PI-, lower left
quadrant) in percent of total gated cells (mean ± SD, three determinations)

3.2.7 DP inhibits tumor growth in a human A375 melanoma murine xenograft
model
Earlier research suggests anticancer activity of DP observed in vitro and in vivo.
We therefore tested DP as a potential inhibitor of melanoma tumor growth in a murine
xenograft model of the disease (Figure. 3.7). Indeed, daily intraperitoneal administration
at high doses (1,200 mg/kg/day) induced a pronounced suppression of tumor growth in
human A375 melanoma xenograft-bearing SCID mice, which reached the level of
statistical significance (p < 0.05 versus PBS-treated control) between days 18 and 27 after
A375 cell injection. At the end of the treatment period (day 27) average tumor weights of
DP-treated animals were approximately 70% lower than those of PBS-treated controls
(Figure. 3.7A). Immunohistochemical analysis of xenograft tumor tissue harvested at the
end of the treatment regimen indicated pronounced cleavage of procaspase 3 (Asp175) in
response to DP exposure [percentage of activated caspase 3-positive cells per total
number of nuclei: 8.21 + 6.81 (control tumors) versus 23.46 + 9.70 (DP-treated tumors);
mean + S.D.; n=3; p < 0.05; Figure. 3.7C], consistent with a pro-apoptotic effect of
systemic DP intervention. Importantly, during DP treatment, no compound-related
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adverse reactions or average weight loss that would be indicative of toxic systemic effects
were observed as compared to carrier-treated control mice (Figure. 3.7B).
In summary, DP activates UPR and engages the mitochondrial apoptotic pathway
in human malignant melanoma cells. Specifically, DP activates UPR through
phosphorylation of PERK, elF2-α and upregulation of CHOP. Moreover, DP engages
mitochondrial apoptosis with Noxa upregulation, mitochondrial transmembrane potential
collapse, and cytochrome C release. It is therefore tempting to speculate that the reducing
agent DP can cause reductive unfolding and ROS generation based on an enzymatic chain
reaction that involves ER oxidoreductin (Ero1) and protein disulfide isomerase (PDI)
known to produce hydrogen peroxide upon protein refolding through disulfide formation.
Thus, we hypothesize that electron transfer occurs from DP to molecular oxygen
catalyzed by the ER located folding machinery, a mechanistic prediction to be tested by
future studies.
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11, 29, 40]. However, under conditions of prolonged and
extensive ER stress the UPR contributes to initiation of
apoptosis that involves early upregulation of p53 and
CHOP, a proapoptotic transcription factor (encoded by
DDIT3) that modulates the mitochondrial pathway of
apoptosis by downregulating expression of Bcl-2 (BCL2)
[5, 38, 41]. Indeed, within 1 h of continuous DP exposure,

research demonstrating DP-induced ER stress with CHOP
upregulation in human epithelial HeLa carcinoma cells
[42]. In addition, the upstream ER stress sensor and UPR
initiator GRP78, an ER chaperone that regulates PERK
kinase activity and is itself subject to UPR-associated
upregulation, was increased at the protein level (Fig. 3a)
[29]. Importantly, DP-induced ER stress was sustained
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Figure 3.8 D-penicillamine antimelanoma activity: Proposed mechanism of action.
DP induces UPR and engage mitochondrial-based apoptotic pathway in human malignant
melanoma cells. Specifically, DP activates UPR through phosphorylation of PERK, elF2α and upregulation of CHOP; DP engages mitochondrial-based apoptotic pathways
associated with Noxa upregulation, mitochondrial transmembrane potential collapse and
cytochrome C release. Moreover, it is tempting to speculate that DP as a reducing agent
can cause reductive unfolding and ROS generation, a hypothesis remained to be tested by
future studies.

3.3 Discussion
Based on prior research documenting the ability of DP to impair redox
homeostasis and viability of cancer cells, we tested the antimelanoma activity of DP in
vitro and in vivo. DP (but not equimolar concentrations of the thiol-antioxidant NAC)
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induced caspase-dependent cell death in cultured human metastatic A375 melanoma cells
without compromising viability of primary epidermal melanocytes (Figure. 3.2). Early
responses to DP exposure involved upregulation of cellular levels of p53 and its
downstream target Noxa, a proapototic BH3-only protein member of the Bcl-2 family
that facilitates mitochondrial outer membrane permeabilization in melanoma cells,
observed at the protein and mRNA (PMAIP1) level (Figs. 3.5G and 3.6A-C).229,246-250 In
parallel, downregulation of Mcl-1, the antiapoptotic Bcl-2 family member known to
antagonize Noxa-facilitation of membrane permeabilization, was observed (Figure. 3.6A,
C, and E).251 Consistent with a mitochondrial mode of DP-induced apoptosis, loss of
mitochondrial transmembrane potential became apparent within 6 h exposure
accompanied by mitochondrial release of cytochrome c (3.5C and E), and partial rescue
from DP-induced cell death was achieved by cotreatment with the inhibitor of
mitochondrial membrane permeabilization cyclosporin A (Figure. 3.5D).
Noxa upregulation/Mcl-1 downregulation upstream of subsequent mitochondrial
outer membrane permeabilization and cytochrome C release has recently emerged as a
promising key mechanism underlying potent apoptogenicity of various experimental
drugs targeting metastatic melanoma.229,246-250 We therefore decided to further explore the
causative involvement of Noxa in DP-induced melanoma cell death (Figure. 3.6E and F).
Significant yet incomplete protection against DP-induced apoptosis was observed when
Noxa (PMAIP1) expression was suppressed using a genetic siRNA-based approach.
However, DP-induced downregulation of Bcl-2, another major antiapoptotic factor
modulated by DP exposure, was not antagonized (Figure. 3.6D and E, bottom panels), an
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observation consistent with the limited protective effect achieved by siPMAIP1-based
intervention (Figure. 3.6F).
After excluding rapid induction of genotoxic stress as a causative factor that
might underlie early upregulation of p53 (Figure. 3.5F), stress response gene expression
array analysis revealed that DP exposure elicits the unfolded protein response (UPR), a
finding further confirmed by immunoblot detection of proteins involved in mediating the
response to cytotoxic ER stress (Hsp70, Grp78/Bip, autophosphorylated PERK,
phosphorylated eIF2α, CHOP) (Figs. 3.4 and 3.6C).88 Indeed, within one hour of
continuous DP exposure, UPR signaling in A375 melanoma cells was rapidly initiated as
evidenced by autophosphorylation of PERK (Thr980) and phosphorylation of the PERK
substrate eIF2α (Figure. 3.4A). eIF2α-Phosphorylation downstream of ER stress-induced
PERK activation is a key UPR signaling event, thought to underlie UPR associated
inhibition of general cap-dependent translation, while allowing mRNAs with an internal
ribosomal entry sites (IRES) (such as that one encoding CHOP) to be translated.86 In our
experiments, pronounced upregulation of DDIT3 mRNA and CHOP protein levels
occurred in response to DP detected within 3 h exposure (Figure. 3.4A), a finding
consistent with earlier research demonstrating DP-induced ER stress with CHOP
upregulation in human epithelial HeLa carcinoma cells.252 In addition, the upstream ER
stress sensor and UPR initiator Grp78, an ER chaperone that regulates PERK kinase
activity and is itself subject to UPR-associated upregulation, was increased at the protein
level (Figure. 3.4A).88 Importantly, DP-induced ER stress was sustained over a 9 h
observation period as indicated by persistent upregulation of Grp78 and CHOP protein
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levels and by phosphorylation of PERK and eIF2α (Figure. 3.4A). In contrast, ER stress
caused by the reducing agent DTT, known to act via reductive protein unfolding, was
only transient as evidenced by induction of eIF2α-phosphorylation, detected at 1 h
exposure time yet reduced to constitutive levels at later time points (Figure. 3.4C, bottom
panel), and NAC treatment was not associated with eIF2α-phosphorylation (Figure. 3.4C,
middle panel).241
Prior studies have suggested the predominant role of redox modulation in cancer
cell-directed cytotoxicity of DP.235,236,238,253 In our own experiments, cellular levels of
reduced glutathione, a sensitive marker of cellular oxidative stress, dropped only after
prolonged exposure to DP (6 h) (Figure. 3.5A), a time point at which pronounced
modulation of p53 (Figure. 3.5G), phospho-eIF2α (Figure. 3.4A) and Noxa (Figure.
3.6A) had already occurred (all observable at 1 h exposure). Similarly, monitoring
cellular oxidative stress levels using DCF fluorescence indicated that elevation of
peroxide levels occurred only after 6 h exposure time (Figure. 3.5B). Moreover, cell
membrane-permeable antioxidants and metal chelators [including NAC, (10 mM),
pegylated catalase (400 u/ml), pegylated SOD (1000 u/ml), deferoxamine (20 µM); added
1 h before DP exposure] did not protect A375 melanoma cells from DP-induced cell
death (10 mM, 24 h; data not shown), further disqualifying the early induction of
oxidative stress as an upstream event in DP-induced apoptosis.
It is well established that pharmacological activity of DP in cystinuria, a
hereditary disorder characterized by the formation of urogenital L-cystine stones,
depends on reductive formation of mixed disulfides between DP and L-cysteine resulting
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in solubilization of precipitated L-cystine.254 Similarly, serum immunoglobulin
fragmentation

by

reductive

disulfide

cleavage

has

been

involved

in

the

immunosuppressive activity of DP.255 Therefore, it is tempting to speculate that DPinduced early cellular changes (ER stress/UPR) may occur as a result of the reducing
activity of DP, causing cellular stress through the reductive unfolding of proteins. Indeed,
reactivity of DP, both as an antioxidant and as a disulfide cleaving agent, has been shown
to depend on formation of a nucleophilic DP-thiolate species, and thiolate formation by
thiol compounds has been shown to depend on the pKa value associated with the
respective thiol-group.256 Among the thiol compounds that we tested for UPR-induction
(as evidenced by eIF2α phosphorylation), DP (pKa: 7.9) displayed the highest activity,
whereas DTT (pKa: 9.1) only induced a transient response and NAC (pKa: 9.5) was
completely inactive (Figure. 3.4C).
After initial reductive protein unfolding by DP, cellular oxidative stress observed
by us at later time points could then originate from multiple downstream sources such as
ROS leakage from loss of mitochondrial transmembrane potential (Figure. 3.5C) and
ROS formation by ER-associated redox enzymes. Indeed, expression of cytochrome
P450 monooxygenases (encoded by CYP1A1, CYP2E1) and flavin monooxygenases
(encoded by FMO1 and FMO5), known to be involved in oxidative metabolism of sulfurcontaining endogenous substrates and xenobiotics that occurs with production of ROS,
was upregulated at the mRNA level by DP (Figure. 3.3).257-259 Interestingly, a role of
flavin monooxygenases in oxidative protein refolding in response to cellular reductive
stress has been described earlier,260,261 and a similar molecular pathway may be initiated
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by DP in melanoma cells, where initial reductive protein unfolding could cause FMO1
and FMO5 upregulation followed by refolding and ROS formation. However, the relative
causative role of DP-induced ER stress, mitochondrial impairment, and redox
dysregulation and their sequential involvement in melanoma cell apoptosis remain to be
elucidated by future experiments.
It has been demonstrated before that intratumoral injection of a long-acting benzyl
ester of D-penicillamine inhibits the growth of melanoma tumors in mice.262 In our
murine SCID A375 melanoma model, significant inhibition of tumor growth was
observed upon systemic administration of DP at very high daily doses (i.p.; 1,200
mg/kg/d) (Figure. 3.7A), and significant proteolytic activation of caspase 3 occurred in
tumor tissue in response to drug treatment (Figure. 3.7C). In this context it should be
mentioned that no statistically significant antimelanoma effects were observed in an
independent murine xenograft study administering DP in combination with tPA (tissue
plasminogen activator), a result that may be related to the lower dose regimen selected in
that study.263 Moreover, in a previous phase II clinical trial, DP administered at FDAapproved doses did not improve survival in patients with glioblastoma multiform.264
However, more recent drug development efforts have aimed at improving DP
chemotherapeutic efficacy by optimization of intracellular delivery, and systemic
administration of DP poly-L-glutamic acid conjugates displayed significant activity in a
murine leukemia model.265 Therefore, feasibility of harnessing DP-induced UPRinduction and apoptogenicity for future chemotherapeutic intervention targeting
metastatic melanoma remains to be established.
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CHAPTER 4:
THIOSTREPTON IS AN INDUCER OF
OXIDATIVE AND PROTEOTOXIC STRESS
THAT IMPAIRS VIABILITY OF HUMAN
MELANOMA CELLS BUT NOT PRIMARY
MELANOCYTES
This chapter has been adapted from the following publication:
Qiao S, Lamore SD, Cabello CM, Lesson JL, Munoz-Rodriguez JL, Wondrak GT.
Thiostrepton is an inducer of oxidative and proteotoxic stress that impairs viability of
human melanoma cells but not primary melanocytes. Biochem Pharmacol. 2012, (83):
1229-40.
4.1 Introduction and Rationale
The causative involvement of altered redox homeostasis and reactive oxygen
species (ROS)-dependent signaling in the control of survival, proliferation, and
invasiveness

of

melanoma

and

other

cancer

cells

has

recently

been

substantiated.37,38,142,266 Feasibility of redox-directed intervention for the targeted
chemotherapeutic induction of cancer cell apoptosis has been explored earlier based on
the rational that small molecule prooxidant intervention may cause cytotoxic deviations
from redox homeostasis that induce apoptosis in malignant cells, already exposed to
high constitutive levels of ROS, without compromising viability of non-transformed
cells.40,46,142,208 Indeed, numerous preclinical and clinical studies have explored the
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tumor-directed efficacy of experimental and investigational redox chemotherapeutics
including piperlongumine,267 phenyl ethyl isothiocyanate,268 mangafodipir,269 DCPIP
(2,6-dichlorophenolindophenol),52 NOV-002,270 NSC 689534,212 and PX-12,271 as
reviewed recently.8,142,207,208,272
Using a differential phenotypic drug screen for novel redox-directed leads that
selectively induce melanoma cell apoptosis without compromising viability of primary
human melanocytes, we have recently identified the antimalarial dihydroartemisinin
(DHA) as a prooxidant experimental chemotherapeutic that induces iron-dependent
Noxa-mediated apoptosis in melanoma cells.229 As part of our screening campaign we
also focused on the natural product thiostrepton (Figure 4.1), a compound selected for
further activity screening based on its known ability to induce cellular oxidative stress
273

. Thiostrepton is a streptomycete-derived cyclic pyridinyl-polythiazolyl oligopeptide

displaying potent antimicrobial activity based on targeting the bacterial 23S rRNA
complexed with ribosomal protein L11.274,275 In addition, antimalarial activity of
thiostrepton has been attributed to inhibition of the parasite proteasome.276 Importantly,
recent research has documented anticancer activity of this oligopeptide antibiotic
assessed in murine MDA-MB-231 breast carcinoma and HepG2 hepatoma xenograft
models.277

Involvement of various mechanistic factors in cancer cell-directed

cytotoxicity of thiostrepton has been demonstrated including inhibition of the Forkhead
Box M1 (FoxM1) transcription factor,278,279 inhibition of proteasomal enzymatic
activity,278,280,281 and mitochondrial alterations with prooxidant modulation of cellular
redox homeostasis.273 Pronounced induction of apoptotic cell death by thiostrepton has
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been documented earlier in cultured melanoma cell lines,282 and upregulation of
oxidative stress in metastatic melanoma cells exposed to the combined action of arsenic
trioxide and thiostrepton was observed upon prolonged exposure,273 but early molecular
pathways underlying melanoma cell-directed cytotoxicity induced by thiostrepton
remain largely undefined.
Using comparative gene expression array analysis as a discovery tool, we have
monitored the thiostrepton-induced early cellular stress response that occurs at the
transcriptional and protein level within hours of exposure in cultured metastatic
melanoma cells and primary melanocytes. We report for the first time that thiostrepton
displays activity as a selective antimelanoma agent that spares cultured primary
melanocytes, causing early induction of oxidative and proteotoxic stress with massive
upregulation of heat shock response gene expression and proapoptotic modulation of
Bcl-2 family members in metastatic melanoma cells. Thiostrepton treatment was
associated with rapid inactivation of proteasome-dependent proteolytic activity and
melanoma cell-directed accumulation of ubiquitinated proteins that was not detected in
melanocytes. These early proteotoxic and apoptogenic effects were also observed in
thiostrepton-treated

myeloma

cells

chemotherapeutic proteasome inhibition.

known

to

be

exquisitely

sensitive

to

	
  

112	
  

	
  
	
  

Figure 4.1 The chemical structure of thiostrepton. Thiostrepton is a cyclic pyridinylpolythiazolyl oligopeptide antimicrobial, FDA approved for veterinary applications. Due
to the presence of electrophilic dehydroalanine-residues potentially involved in thioladduction, this compound was selected for further investigation among compounds of our
focused redox drug library.

4.2 Results
4.2.1 Thiostrepton induces apoptosis in human A375 metastatic melanoma cells but
not in primary epidermal melanocytes
First, differential apoptogenicity of thiostrepton was determined in A375 metastatic
melanoma cells and primary human melanocytes (HEMa) using flow cytometric
detection of annexinV-propidium iodide stained cells (Figure. 4.2, A-B). Thiostrepton
(1-10 µM, 24 h exposure) dose dependently induced cell death in A375 cells (LD50 =
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3.7 + 0.9 µM; mean ± SD, n=3), but did not affect viability of HEMa cells (10 and 20
µM, 24 h). Even at concentrations reaching the solubility limit of thiostrepton (>40
µM, 24 h) no reduction in HEMa cell viability was detected (data not shown). Further
evidence supporting an apoptotic mode of thiostrepton-induced melanoma cell death
was obtained by assessing thiostrepton cytotoxicity in the presence of the pancaspase
inhibitor zVADfmk that completely blocked thiostrepton-induced cell death, an
observation that was also made in human G361 metastatic melanoma cells (Figure.
4.2B).

Time course analysis of viability (Figure. 4.2E) and caspase-3 activation

(Figure.4.2C) revealed no significant changes after 6 h continuous exposure to
thiostrepton, but proteolytic caspase-3 activation became evident upon 12 h continuous
exposure [7.6 + 3.3 fold upregulation based on Alexa-488 fluorescence intensity
indicative of cleaved procaspase-3 (mean + S.D.; n = 3)] and increased further within
24 hours [41.7 + 14.9 fold upregulation over control; (mean + S.D.; n = 3)] (Figure.
4.2C). Massive induction of cell death became apparent at 18 h exposure time (Figure.
4.2E).
Further analysis revealed that cells were not protected from apoptosis when
thiostrepton exposure occurred after pretreatment with Ac-AAVALLPAVLLALLAPIETD-CHO, a peptide-based cell permeable caspase-8 inhibitor and molecular probe
for the involvement of the extrinsic death receptor-mediated pathway of apoptosis (data
not shown). In contrast, pronounced induction of caspase 9 proteolytic activity was
detectable at early time points (12 h) in thiostrepton-exposed A375 cells employing a
homogeneous luminescent assay (Figure. 4.2D). This finding is consistent with the
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causative involvement of the mitochondrial pathway of apoptotic cell death, where
activation of caspase-9 occurs downstream of apoptosome formation, followed by
caspase 9-dependent proteolytic activation of procaspase-3 and execution of cell death.
Further morphological evidence in support of thiostrepton-induced apoptosis was
obtained employing transmission electron microscopy that revealed early membrane
blebbing (12 h exposure) followed by pronounced nuclear condensation (24 h
exposure), both established hallmarks of cellular apoptosis (Figure. 4.2, panels II and
III).
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Fig. 1. Thiostrepton induces apoptotic death in human metastatic A375 and G361 melanoma cells but not in primary epidermal melanocytes. (A and B) Induction of A375 and
human epidermal melanocyte (HEMa) cell death in response to thiostrepton exposure (T; 1, 5, 10 mM, 24 h) performed in the absence or presence of zVADfmk (40 mM) as
assessed by flow cytometric analysis. The numbers (panel A) indicate viable (AV-, PI-) in percent of total gated cells (mean ! SD, n = 3). The bar graph (panel B) represents data
obtained from three independent repeats involving metastatic melanoma cell lines (A375, G361) and primary melanocytes (HEMa). (C) T-induced (10 mM, 0–24 h) caspase-3
activation was examined in A375 cells by flow cytometric detection using an Alexa488-conjugated monoclonal antibody directed against proteolytically activated caspase 3. A
representative experiment taken from three similar repeats is shown. (D) T-induced (10 mM, 0–12 h) caspase 9 activation was examined in A375 cells using a luminescent assay
(based on conversion of a luminogenic caspase 9 substrate, Caspase-GloTM 9 Assay; mean ! SD, n = 3). (E) Time course analysis (0–18 h continuous exposure, 10 mM T) of cell death
performed in A375 cells. A representative experiment taken from three similar repeats is shown. (F) A375 cells [control (panel I) and T-treated (10 mM, 12 and 24 h; panels II and III,
respectively)] were examined by transmission electron microscopy (direct magnification: "8800; N, nucleus; PM, plasma membrane).

Figure 4.2 Thiostrepton induces apoptotic death in human metastatic A375 and
G361 melanoma cells but not in primary melanocytes. (A and B) Induction of A375
and human epidermal melanocyte (HEMa) cell death in response to thiostrepton exposure
(T; 1, 5, 10 µM, 24 h) performed in the absence or presence of zVADfmk (40 µM) as
assessed by flow cytometric analysis. The numbers (panel A) indicate viable (AV-, PI-)
downstream of apoptosome formation, followed by caspase 9(Fig. 1B). Time course analysis of viability (Fig. 1E) and caspase-3
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4.2.2 Thiostrepton induces differential proteotoxic stress response gene expression
in melanoma cells and melanocytes
To gain further mechanistic insight into the molecular events underlying
melanoma cell-directed cytotoxicity of thiostrepton, modulation of stress and toxicity
response gene expression was examined in A375 and HEMa cells exposed to
thiostrepton using the RT2 Human Stress and Toxicity ProfilerTM PCR Expression Array
technology (SuperArray, Frederick, MD) (Figure. 4.3A-C and G).52,228,229 To this end,
early stress response gene expression changes were monitored after short term exposure
(10 µM, 6 h exposure), a time point at which melanoma cell viability was still
maintained (Figure. 4.2C-E). Out of 84 stress-related genes contained on the array
thiostepton-induced expression changes in A375 cells affected 31 genes by at least twofold over untreated control cells (Figure 4.3A and C), whereas in melanocytes
expression of only 13 genes was altered (Figure 4.3B and C).
In A375 cells, massive upregulation of heat shock response gene expression by
more than 10-fold was observed including genes encoding the heat shock proteins
Hsp70B’ (HSPA6; 5325-fold), Hsp70 protein 1A (HSPA1A; 92-fold), the Hsp70
cochaperone DnaJ (Hsp40) homolog, subfamily B, member 4 (DNAJB4; 29 fold),
Hsp27 protein 1 (HSPB1; 21 fold), Hsp105 protein 1 (HSPH1, 16-fold), Hsp70 protein
1-like (HSPA1L; 16-fold), alpha-crystallin B chain (CRYAB; 15-fold), and the
endoplasmic reticulum-localized chaperone and proteotoxic stress sensor Hsp70 protein
5 (HSPA5; 12-fold), also called Grp-78 (BiP).86 Moreover, upregulation of genes
encoding the heat shock protein and antioxidant enzyme heme oxygenase-1 (HMOX1;
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198-fold), the p53-regulated DNA damage inducible stress sensor growth arrest and
DNA-damage-inducible, alpha (GADD45A; 4-fold), and the ER-stress responsive
transcription factor DNA damage inducible transcript 3/CHOP (DDIT3/GADD153; 5fold) was detected. Moreover, significant downregulation of CCND1, the gene
encoding cyclin D1 (5-fold), was observed. Time course analysis using independent
real time RT-PCR in A375 cells (1-6 h exposure, 10 µM thiostrepton) indicated that
statistically significant upregulation of heat shock response gene expression (HSPA6
and HSPA1A) occurred within 3 h of thiostrepton exposure (Figure. 4.3D).
Consistent with gene expression array data obtained with mRNA from the 6 h
exposure time (Figure. 4.3A and C), massive induction of proteotoxic stress and heat
shock response in A375 cells was also confirmed by immunoblot detection of HO-1
(heme oxygenase-1, encoded by HMOX1, a gene also responsive to oxidative stress)
and Hsp70 (encoded by HSPA1A) observable within 3 h of exposure (Figure. 4.3F).
ELISA analysis confirmed upregulation of Hsp70B’, an Hsp70 family member encoded
by HSPA6, known to be induced only under conditions of extreme cytotoxic stress and
exquisitely sensitive to proteotoxic stress originating from proteasome inhibition
(Figure. 4.3E).243,283 However, immunoblot analysis did not reveal significant
quantitative changes affecting Hsp90 and Hsp60 expression (Figure. 4.3F), heat shock
proteins that displayed only moderate upregulation at the transcriptional level in
response to thiostrepton (HSP90AA2 and HSPD1, respectively; Figure. 4.3A and C).
Consistent with thiostrepton-induction of proteotoxic stress at early time points, the
phosphorylated form (p- eIF2α) of eukaryotic Initiation Factor 2, subunit alpha (eIF2α),
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a key regulator of the cellular unfolded protein response (UPR) and sensitive indicator
of proteotoxic ER stress, was detectable within the 3 h exposure time (Figure.
4.3F).86,284
In addition, within the 3 to 6 h exposure time, pro-apoptotic modulation
affecting key regulators of mitochondrial apoptosis was observed at the protein level
including the p53 downstream targets Bax, Noxa, Mcl-1, and Bcl-2 (Figure. 4.3F).246,247
Remarkably, p53 protein levels were increased within the 3 h exposure time, and the
p53 downstream targets Bax, a crucial mediator of mitochondrial membrane
permeabilization, and Noxa, a BH3-domain only proapoptotic facilitator, were both
upregulated at early time points (3 h continuous exposure; Figure. 4.3F). Intriguingly,
protein levels of the antiapoptotic Bcl-2 family member Mcl-1, known to be targeted by
Noxa towards proteasomal degradation, were first downregulated (1 h time point) but
then underwent upregulation in response to thiostrepton exposure at later time points (3
and 6 h), a paradoxical effect that has been observed earlier in response to apoptogenic
agents that interfere with proteasomal degradation of Mcl-1.246,247,285

In contrast,

protein levels of the antiapoptotic modulator Bcl-2 were decreased within 6 h of
exposure.
Compared with effects observed in A375 metastatic melanoma cells,
thiostrepton-induced expression changes observed in primary melanocytes were much
less pronounced as judged by number of affected genes and magnitude of expression
differential (Figure. 4.3 B, C, G, H). Except for HSPA5 mRNA levels, that were
modulated equally in thiostrepton-exposed A375 melanoma cells and primary
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melanocytes, thiostrepton-induced upregulation of heat shock gene expression differed
by up to more than two orders of magnitude (Figure. 4.3 G). For example, HSPA6,
upregulated in melanoma cells by more than 5000-fold, was induced only 33-fold in
thiostrepton-exposed HEMa cells. Thiostrepton-induced changes observed in HEMa
cells at the protein level were indicative of oxidative stress (HO-1), heat shock (Hsp70),
and ER stress response (p- eIF2α), but no proapoptotic modulation of Noxa, Bax, or
Bcl-2 was detected, consistent with the maintenance of HEMa cell viability in spite of
thiostrepton exposure (Figure. 4.2A and B).
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exposure), a time point at which melanoma cell viability was still
maintained (Fig. 1C–E). Out of 84 stress-related genes contained on
the array thiostrepton-induced expression changes in A375 cells
affected 31 genes by at least two-fold over untreated control cells
(Fig. 2A and	
   C), whereas in melanocytes expression of only 13
genes was altered (Fig. 2B and C).
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In A375 cells, massive upregulation of heat shock response gene
expression by more than 10-fold was observed including genes
encoding the heat shock proteins Hsp70B0 (HSPA6; 5325-fold),
Hsp70 protein 1A (HSPA1A; 92-fold), the Hsp70 cochaperone DnaJ
120	
  
(Hsp40) homolog, subfamily B, member 4 (DNAJB4;
29 fold), Hsp27
protein 1 (HSPB1; 21 fold), Hsp105 protein 1 (HSPH1, 16-fold), Hsp70

Fig. 2. Comparative gene expression array analysis of thiostrepton-treated human A375 metastatic melanoma and primary melanocytes. (A and B) The scatter blots depict
differential gene expression as detected by the RT2 Human Stress and Toxicity ProfilerTM PCR Expression Array technology [T: 10 mM, 6 h) in A375 melanoma cells (panel A)
and melanocytes (panel B). Upper and lower lines: cut-off indicating fourfold up- or down-regulated expression, respectively. Arrays were performed in three independent
repeats and analyzed using the two-sided Student’s t test. (C) The table summarizes expression changes by at least twofold (p < 0.05). (D) T-modulation (10 mM, 1–6 h) of
HSPA1A and HSPA6 mRNA levels in A375 cells by independent real time RT-PCR analysis. (E) T-modulation (10 mM, 6 h) of Hsp70B0 protein levels in A375 cells as assessed by
ELISA and analyzed using the Student’s t test. (F) T-modulation (10 mM, 1–6 h) of protein expression in A375 cells as assessed by immunoblot analysis. (G) Comparative
analysis of heat shock- and ER stress-related gene expression changes at the mRNA level induced by T-treatment in A375 cells and melanocytes (as observed by expression
array analysis performed in panels A and B); [n = 3, mean ! SD; (p < 0.05; T-treated versus untreated); * denotes statistically significant differences between HEMa and A375 cells
(*p < 0.05; **p < 0.01; ***p < 0.001)]. (H) T-modulation (10 mM, 6 h) of protein expression in melanocytes as assessed by immunoblot analysis.
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(C) The table summarizes expression changes by at least twofold (p < 0.05). (D) Tmodulation (10 µM, 1–6 h) of HSPA1A and HSPA6 mRNA levels in A375 cells by
independent real time RT-PCR analysis. (E) T-modulation (10 µM, 6 h) of Hsp70B’
protein levels in A375 cells as assessed by ELISA and analyzed using the Student’s t test.
(F) T-modulation (10 µM, 1–6 h) of protein expression in A375 cells as assessed by
immunoblot analysis. (G) Comparative analysis of heat shock- and ER stress-related gene
expression changes at the mRNA level induced by T-treatment in A375 cells and
melanocytes.

4.2.3 Thiostrepton-induced proteasome inhibition in metastatic melanoma cells and
primary melanocytes
After detecting rapid induction of proteotoxic stress by thiostrepton and guided
by earlier research that indicates thiostrepton-antagonism of proteasomal function, we
directly tested inhibition of proteasomal enzymatic activity in cellular extracts and
examined protein ubiquitination status (Figure. 4.4).
Using a luminescent protease assay that measures proteasome-dependent release
of luciferin from specific precursor substrate peptides, we observed that thiostrepton
acted as a partial inhibitor of proteasomal function, suppressing chymotrypsin-like
activity by more than 50% of control levels within 6 h of exposure in both A375
melanoma cells and primary melanocytes (Figure. 4.4B and D, respectively). A trend
towards inhibitory activity targeting trypsin-like activity of the proteasome was
observed but did not reach the level of statistical significance. Thiostrepton-induced
proteasome inhibition reached the level of statistical significance within 3 h continuous
exposure (Figure. 4.4B and D), an effect only observed in cells exposed to
concentrations equal to or above 5 µM (data not shown and Figure. 4.5C).
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Consistent with proteasomal inhibition, increased levels of ubiquitinated
proteins were detected at early time points in A375 cells (Figure. 4.4A). In contrast, in
melanocytes levels of ubiquitinated protein remained unaffected by thiostrepton
treatment, and no increase was detected at any specific time point suggesting that these
cells maintain clearance of ubiquitinated proteins even under conditions of partial
proteasome inhibition (Figure. 4.4 C and D).
As a positive control, the established proteasome inhibitor MG132 was used (10
µM, 6h exposure time) (Figure. 4.4 B and D-E).246,247,285 Indeed, chymotrypsin- and
trypsin-like proteasome activity was strongly inhibited in both A375 cells and
melanocytes (Figure. 4.4B and D, respectively), and pronounced accumulation of
ubiquitinated proteins was observed in MG-132-treated A375 cells (Figure. 4.4 E).
Interestingly, in these cells, eIF2α -phosphorylation, Hsp70 upregulation, and induction
of apoptotic cell death occurred in the same manner as observed in response to
thiostrepton (Figure. 4.4E), suggesting that proteasome inhibition may be a causative
factor in thiostrepton-induced melanoma cell death, consistent with earlier reports on
MG132- and bortezomib-induced cancer cell apoptosis.246,285,286

and primary melanocytes, thiostrepton-induced upregulation of
heat shock gene expression differed by up to more than two orders
of magnitude (Fig. 2G). For example, HSPA6, upregulated in
melanoma cells by more than 5000-fold, was induced only 33-fold
in thiostrepton-exposed HEMa cells. Thiostrepton-induced
changes observed in HEMa cells at the protein level were indicative
of oxidative stress (HO-1), heat shock (Hsp70), and ER stress
response (p-eIF2a), but no proapoptotic modulation of Noxa, Bax,
	
  
or Bcl-2 was detected, consistent with the maintenance of HEMa
cell viability in spite of thiostrepton exposure (Fig. 1A and B).

cells (Fig. 3A). In contrast, in melanocytes levels of ubiquitinated
protein remained unaffected by thiostrepton treatment, and no
increase was detected at any specific time point suggesting that
these cells maintain clearance of ubiquitinated proteins even
under conditions of partial proteasome inhibition (Fig. 3C and D).
As a positive control, the established proteasome inhibitor
MG132 was used (10 mM, 6 h exposure time) (Fig. 3B and D, E) [39–
41]. Indeed, chymotrypsin- and trypsin-like proteasome activity
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was strongly inhibited in both A375 cells and melanocytes (Fig. 3B
and D, respectively), and pronounced accumulation of ubiquitinated

Fig. 3. Thiostrepton inhibits proteasome activity in A375 and HEMa cells, but causes accumulation of ubiquitinated proteins only in A375 cells. (A–D) A375 (panels A and B)
and HEMa cells (panels C and D) were exposed to T (10 mM, up to 6 h). Cells were then harvested and processed for immunoblot analysis of protein ubiquitination (panels A
and C) or luminescent analysis of proteasomal enzymatic activity (panels B and D). Treatment with MG132 (10 mM, 6 h; panels C and D) served as a positive control. Bar
graphs represent data obtained from three independent repeats. (E) After MG132 exposure (10 mM) of A375 cells, immunoblot analysis of p-eIF2a and ubiquitination status
was performed (6 h), and cell viability was determined (24 h exposure) by flow cytometric analysis. The numbers indicate viable (AV-, PI-) in percent of total gated cells. A
representative experiment taken from three similar repeats is shown.

Figure 4.4 Thiostrepton inhibits proteasome activity in A375 and HEMa cells, but
causes accumulation of ubiquitinated proteins only in A375 cells. (A–D) A375
(panels A and B) and HEMa cells (panels C and D) were exposed to T (10 µM, up to 6
h). Cells were then harvested and processed for immunoblot analysis of protein
ubiquitination (panels A and C) or luminescent analysis of proteasomal enzymatic
activity (panels B and D). Treatment with MG132 (10 µM, 6 h; panels C and D) served
as a positive control. Bar graphs represent data obtained from three independent repeats.
(E) After MG132 exposure (10 µM) of A375 cells, immunoblot analysis of p-eIF2α and
ubiquitination status was performed (6 h), and cell viability was determined (24 h
exposure) by flow cytometric analysis. The numbers indicate viable (AV-, PI-) in percent
of total gated cells. A representative experiment taken from three similar repeats is
shown.
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4.2.4 Early induction of oxidative stress by thiostrepton: antioxidant intervention
antagonizes proteasome inhibition and cytotoxicity
Next, upregulation of cellular oxidative stress in response to thiostrepton (10
µM, 1 to 6 h exposure time) was examined in A375 melanoma cells using flow
cytometric determination of 2’, 7’-dichlorodihydrofluorescein diacetate (DCFH-DA)
oxidation (Figure 4.5A). Mean intensity of cellular DCF-fluorescence increased by
approximately five-fold within one hour of thiostrepton-exposure (5.2 + 0.9; mean +
SD; n=3), a finding indicative of massive prooxidant deviations from cellular redox
homeostasis at this early time point.227 In contrast, thiostrepton-induced (10 µM, 1 to
6h h exposure time) increase in DCF fluorescence in primary melanocytes was less
pronounced, and a statistically significant increase by only 1.7 fold were observed at 6
h exposure time (1.7 + 0.3; mean + SD; n=3; data not shown). Importantly, MG132
treatment of A375 cells (performed as indicated in Figure. 4.4E) was not associated
with early induction of oxidative stress, and increased DCF fluorescence only became
apparent at later time points (> 6 h exposure time; data not shown), indicating that the
molecular mechanism underlying induction of melanoma cell-directed oxidative stress
may differ between thiostrepton and other proteasome inhibitors.
As an independent marker of oxidative stress, we then examined the occurrence
of thiostrepton-induced glutathione depletion in melanoma cells and primary
melanocytes.

In A375 cells, significant reduction of reduced glutathione levels

(approximately 30 % of untreated control) was detectable within 3 to 6 h exposure (10
µM; Figure 4.5B) before cell viability was impaired (Figure. 4.2D).

In contrast,
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primary melanocytes were resistant to thiostrepton-induced glutathione depletion, and
no statistically significant reduction was observed upon 6 h continuous exposure (data
not shown).
Consistent with a causative role of oxidative stress and redox dysregulation in
A375 cell death, significant sensitization to thiostrepton-induced cytotoxicity (10 µM,
24 h exposure) was observed in cells pre-exposed to L-buthionine-S,R-sulfoximine
(BSO; 1 mM; 24 h preincubation; Figure 4.5C), an established inhibitor of cellular
glutathione biosynthesis

52

. Conversely, cell viability was largely maintained after

preincubation with the glutathione precursor N-acetyl-L-cysteine (NAC, 10 mM)
before exposure to thiostrepton (10 µM; 24 h; Figure 4.5C). Strikingly, inhibition of
proteasomal chymotrypsin-like activity (observed at thiostrepton concentrations > 5
µM) was completely blocked by NAC pretreatment, suggesting that antioxidant
intervention can antagonize thiostrepton-induced proteasome inactivation (Figure.
4.5D).

However, the mechanism of NAC-dependent proteasome protection from

thiostrepton-induced inactivation remains unresolved at this point. Indeed, other
antioxidants including pegylated catalase, pegylated SOD, and L-ascorbate did not
suppress thiostrepton-dependent cytotoxicity and proteasome inhibition (data not
shown), and it is therefore possible that NAC protection against thiostrepton involves
reductive and disulfide-directed (rather than free radical/-ROS-directed) reactivity
associated with this nucleophilic thiol-reagent. Taken together, these data indicate that
thiostrepton rapidly induces oxidative stress before proteasomal impairment becomes
detectable and that thiostrepton-induced cell death and proteasome inhibition can both
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be antagonized by a small molecule intervention using NAC.
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Fig. 4. Antioxidant treatment antagonizes thiostrepton-induced proteasome inhibition and cytotoxicity in A375 melanoma cells. (A) Induction of cellular oxidative stress as
assessed by flow cytometric determination of 20 ,70 -dichlorodihydrofluorescein diacetate (DCFH-DA) oxidation in response to T-exposure (10 mM, up to 6 h). Histograms
depict one representative experiment out of three similar repeats. (B) Time course analysis of T-modulation of intracellular reduced glutathione content in A375 cells (10 mM,
up to 6 h) normalized to cell number (mean ! SD, n = 3). (C) After preincubation (24 h) with BSO (1 mM) or NAC (10 mM), T-induced (1 and 10 mM, 24 h) A375 cell death was
assessed by flow cytometric analysis of AV/PI-stained cells (mean ! SD, n = 3). (D) T-induced inhibition (1–10 mM, 6 h) of chymotrypsin-like proteasomal activity was examined
with or without antioxidant treatment (NAC, 10 mM).

Figure. 4.5 Antioxidant treatment antagonizes thiostrepton-induced proteasome
inhibition and cytotoxicity in A375 melanoma cells. (A) Induction of cellular oxidative
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thiostrepton (10 mM, 1–6 h exposure time) was examined in
A375 melanoma cells using flow cytometric determination of
20 ,70 -dichlorodihydrofluorescein diacetate (DCFH-DA) oxidation
(Fig. 4A). Mean intensity of cellular DCF-fluorescence increased
by approximately five-fold within 1 h of thiostrepton-exposure
(5.2 ! 0.9; mean ! SD; n = 3), a finding indicative of massive
prooxidant deviations from cellular redox homeostasis at this
	
  
early time point [34]. In contrast, thiostrepton-induced (10 mM, 1–
6 h h exposure time) increase in DCF fluorescence in primary
melanocytes was less pronounced, and a statistically significant
increase by only 1.7 fold was observed at 6 h exposure time
(1.7 ! 0.3; mean ! SD; n = 3; data not shown). Importantly, MG132
treatment of A375 cells (performed as indicated in Fig. 3E) was not
associated with early induction of oxidative stress, and increased
DCF fluorescence only became apparent at later time points (>6 h
exposure time; data not shown), indicating that the molecular

observed in cells pre-exposed to L-buthionine-S,R-sulfoximine
(BSO; 1 mM; 24 h preincubation; Fig. 4C), an established inhibitor
of cellular glutathione biosynthesis [13]. Conversely, cell viability
was largely maintained after preincubation with the glutathione
precursor N-acetyl-L-cysteine (NAC, 10 mM) before exposure to
thiostrepton (10 mM; 24 h; Fig. 4C). Strikingly, inhibition of
proteasomal chymotrypsin-like activity (observed at thiostrepton
concentrations "5 mM) was completely blocked by NAC pretreatment, suggesting that antioxidant intervention can antagonize
thiostrepton-induced proteasome inactivation (Fig. 4D). However,
the mechanism of NAC-dependent proteasome protection from
thiostrepton-induced inactivation remains unresolved at this
point. Indeed, other antioxidants including pegylated catalase,
pegylated SOD, and L-ascorbate did not suppress thiostreptondependent cytotoxicity and proteasome inhibition (data not
shown), and it is therefore possible that NAC protection against
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4.2.5 Multiple Myeloma cell-directed cytotoxicity of thiostrepton
Earlier work has demonstrated that multiple myeloma cells display a specific
sensitivity to pharmacological proteasome inhibition, and the proteasome inhibitor
bortezomib is now the FDA-approved standard of care for this malignancy.10,87 We
therefore tested the feasibility of thiostrepton-based antimyeloma intervention by
examining cytotoxic effects in cultured human RPMI 8226 multiple myeloma cells
(Figure. 4.6).246,287 Thiostrepton-induced apoptosis (24 h exposure time; Figure. 4.6A)
occurred at submicromolar concentrations (LD50 = 0.7 + 0.1 µM; mean ± SD, n=3), a
dose that did not induce cell death in A375 melanoma cells (Figure. 4.2B). As observed
with A375 cells (Figure. 4.2E), RPMI 8226 cell viability remained unimpaired at a 6 h
exposure time as assessed by trypan blue exclusion and annexinV-PI flow cytometry
(data not shown), and zVADfmk pretreatment blocked thiostrepton-induced cell death
consistent with a caspase-dependent mode of cell death (Figure. 4.6A). Moreover,
antioxidant pretreatment (NAC; 10 mM) antagonized thiostrepton cytotoxicity in RPMI
8226 cells (Figure. 4.6A), and induction of cellular oxidative stress was apparent from
increased DCF-fluorescence intensity that was upregulated within one hour of
continuous exposure (approximately nine-fold over untreated control cells; data not
shown).
Next, early modulation of stress and toxicity response gene expression was
examined in RPMI 8226 cells exposed to thiostrepton using the PCR Expression Array
methodology as described above (Figure. 4.6B; 10 µM, 6 h exposure). As detected in
A375 melanoma cells (Figure. 4.3A-C), massive upregulation of heat shock response
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gene expression was observed including genes encoding the heat shock proteins
Hsp70B’ (HSPA6; 6797-fold), Hsp70 protein 1A (HSPA1A; 137-fold), alpha-crystallin
B chain (CRYAB; 33-fold), Hsp70 protein 1-like (HSPA1L; 16-fold), the Hsp70
cochaperone DnaJ (Hsp40) homolog, subfamily B, member 4 (DNAJB4; 10 fold),
Hsp27 protein 1 (HSPB1; 7 fold), and Hsp105 protein 1 (HSPH1, 6-fold). Moreover,
upregulation of genes encoding the ER-stress responsive transcription factor DNA
damage inducible transcript 3/CHOP (DDIT3/GADD153; 10-fold), the heat shock
protein and antioxidant enzyme heme oxygenase-1 (HMOX1; 7-fold), and the p53regulated inhibitor of cell cycle progression cyclin-dependent kinase inhibitor 1
(CDKN1A, 9-fold) was detected.226,288-290 Strikingly, as observed earlier in A375 cells
but not in primary melanocytes (Figure. 4.3A-C), thiostrepton significantly
downregulated expression of CCND1 (almost 7-fold), the gene encoding cyclin D1, an
important proliferative factor driving cell cycle progression, known to be overexpressed
in multiple myeloma.291
Independent analysis by quantitative RT-PCR confirmed massive upregulation
of HSPA6 (over 3000-fold), HSPA1A (almost 200 fold), and HMOX1 (over 10-fold)
expression at the mRNA level (Figure. 4.6C).

At the protein level, immunoblot

detection revealed rapid induction of proteotoxic stress and heat shock responses as
indicated by upregulation of Hsp70 and Hsp90 as well as phosphorylation of eIF2α
detectable within 3 to 6 h of exposure time (Figure. 4.6D). Thiostrepton treatment
caused proapoptotic modulation of Bcl-2 family members with upregulation of Noxa
and downregulation of Bcl-2 (Figure. 4.6D), whereas Bax levels remained unchanged

	
  

(data not shown).
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Importantly, early thiostrepton-induced accumulation of

ubiquitinated proteins was detected in total cellular extracts, a finding consistent with
inhibition of proteasomal activity. Indeed, pronounced inhibition of chymotrypsin-like
and trypsin-like proteolytic activity (by more than 70%) was detected, reaching the
level of statistical significance at 10 µM thiostrepton (6 h exposure time) (Figure. 4.6
E).
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Fig. 5. Thiostrepton inhibits proteasome activity with induction of proteotoxic stress and apoptosis in human RPMI 8226 multiple myeloma cells. (A) Induction of cell
death by exposure to T (0.5–10 mM, 24 h) in the absence or presence of zVADfmk (40 mM) or NAC (10 mM) was assessed by flow cytometric analysis. The numbers indicate
viable (AV-, PI-) in percent of total gated cells. A representative experiment taken from three similar repeats is shown. (B) Gene expression array analysis of T-treated
(10 mM, 6 h) RPMI 8226 cells. The scatter blot (left panel) depicts differential gene expression as detected by the RT2 Human Stress and Toxicity ProfilerTM PCR Expression
Array technology. Upper and lower lines: cut-off indicating fourfold up- or down-regulated expression, respectively. Arrays were performed in three independent repeats
and analyzed using the two-sided Student’s t test. The table (right panel) summarizes expression changes by at least four-fold (p < 0.05). (C) T-modulation (10 mM, 6 h) of
HMOX1, HSPA1A, and HSPA6 mRNA levels as assessed by independent real time RT-PCR analysis (mean ! SD, n = 3). (D) Immunoblot analysis examining T-modulation of
proteotoxic stress markers and ubiquitination (10 mM, up to 6 h). (E) Inhibition of proteasomal enzymatic activity [up to 10 mM T, 6 h; upper panel: chymotrypsin-like versus
trypsin-like activity; lower panel: chymotrypsin-like activity, dose–response relationship; mean ! SD; n = 3; * denotes statistically significant differences (*p < 0.05; **p < 0.01;
***p < 0.001)].

	
  

Figure. 4.6 Thiostrepton inhibits proteasome activity with induction of proteotoxic
stress and apoptosis in human RPMI 8226 multiple myeloma cells. (A) Induction of
cell death by exposure to T (0.5–10 µM, 24 h) in the absence or presence of zVADfmk
(40 µM) or NAC (10 mM) was assessed by flow cytometric analysis. The numbers
indicate viable (AV-, PI-) in percent of total gated cells. A representative experiment
taken from three similar repeats is shown. (B) Gene expression array analysis of T-treated
(10 µM, 6 h) RPMI 8226 cells. The scatter blot (left panel) depicts differential gene
expression as detected by the RT2 Human Stress and Toxicity ProfilerTM PCR Expression
Array technology. Upper and lower lines: cut-off indicating fourfold up- or down-
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regulated expression, respectively. Arrays were performed in three independent repeats
and analyzed using the two-sided Student’s t test. The table (right panel) summarizes
expression changes by at least four-fold (p < 0.05). (C) T-modulation (10 µM, 6 h) of
HMOX1, HSPA1A, and HSPA6 mRNA levels as assessed by independent real time RTPCR analysis (mean ± SD, n = 3). (D) Immunoblot analysis examining T-modulation of
proteotoxic stress markers and ubiquitination (10 µM, up to 6 h). (E) Inhibition of
proteasomal enzymatic activity [up to 10 µM T, 6 h; upper panel: chymotrypsin-like
versus trypsin-like activity; lower panel: chymotrypsin-like activity, dose–response
relationship; mean ± SD; n = 3; * denotes statistically significant differences (*p < 0.05;
**p < 0.01; ***p < 0.001)].

4.3 Discussion
Here we demonstrate for the first time that thiostrepton displays dual activity as a
prooxidant and proteotoxic chemotherapeutic targeting melanoma cells while sparing
primary melanocytes (Figs. 4.2-4.5). As a likely mechanism of proteotoxic stress
induction, we observed that at micromolar concentrations thiostrepton treatment was
associated with inhibition of chymotrypsin-like but not trypsin-like proteasomal
activity, an effect detected equally within 3 h exposure in human A375 metastatic
melanoma cells and primary melanocytes (Figure. 4.4B and D). However, pronounced
accumulation of ubiquitinated proteins above constitutive levels occurred only in
melanoma cells treated with thiostrepton (Figure. 4.4A and C), indicating that partial
proteasome inhibition by thiostrepton disrupts clearance of ubiquitinated proteins in
melanoma cells but not in melanocytes.
Proteasome inhibitors including the boronic acid-tripeptide bortezomib are now
FDA-approved for treating relapsed multiple myeloma, and other proteasome inhibitors
including carfilzomib are in advanced stages of clinical development.292 Therefore, we
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also evaluated the potential antimyeloma activity of thiostrepton focusing on human
RPMI 8226 multiple myeloma cells, a cell line representative of the disease and
displaying high sensitivity to pharmacological proteasome inhibition (Figure. 4.6).246,287
Indeed, rapid induction of proteotoxic and apoptogenic effects associated with
proteasome inactivation and upregulated protein ubiquitination were observed in
thiostrepton-treated RPMI 8226 cells (Figure. 4.6), and, in analogy to the effects
observed earlier in A375 cells, massive induction of heat shock response gene
expression was observed at the mRNA and protein level (Hsp70 and Hsp90) long
before cell viability was impaired.
It is important to note that thiostrepton has been recognized before as a moderately
potent inhibitor of proteasome activity,276,281 and synergistic cytotoxic effects were
observed in cancer cell lines exposed to the combined action of bortezomib and
thiostrepton.278 Data obtained using the isolated human erythocyte 20S proteasome
suggest a mechanism of inhibition consistent with ligand-based partial antagonism and
allosteric modulation.293 In a recent study, structure-activity relationship of
thiostrepton-induced proteasome inhibition was examined using various thiazole
antibiotic analogues and derivatives of thiostrepton, among which only thiostrepton and
siomycin

A

displayed

considerable

activity.281

However,

no

thiostrepton-

pharmacophore that would interact with a defined proteasomal target site was
identified.
Our data obtained in A375 metastatic melanoma cells demonstrate that antioxidant
treatment can antagonize thiostrepton-induced proteasomal inactivation (Figure. 4.5D).
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Interestingly, inactivation of proteasomal proteolytic activity by reactive oxygen
species has been observed earlier,294,295 and based on the early occurrence of
thiostrepton-induced oxidative stress that clearly precedes proteasome inhibition
(Figure. 4.6A-B) it is therefore tempting to speculate that thiostrepton-induced
oxidative stress is an upstream event that may contribute to proteasome inactivation.
Thiostrepton-induced oxidative stress was detectable at very early time points as
obvious from elevated DCF fluorescence intensity (1 h exposure time; Figure. 4.5A)
and downregulation of cellular reduced glutathione (3 h; Figure. 4.5B). Pronounced
upregulation of the antioxidant enzyme HMOX1 was observed at the mRNA and
protein level (6 h exposure; Figure. 4.3A and F). Treatment using the thiol-based
antioxidant and disulfide-reducing agent NAC rescued cells from thiostrepton-induced
loss of viability, whereas pharmacological glutathione depletion enhanced cytotoxicity
(Figure. 4.5C), suggesting the causative involvement of oxidative stress in thiostreptoninduced cell death.
Early induction of oxidative stress that precedes proteasome inhibition is a specific
feature of thiostrepton-induced cytotoxicity not shared by other proteasome inhibitors
such as MG132 and bortezomib known to produce oxidative stress downstream of
proteasomal and mitochondrial impairment.296,297 An earlier report examining
sensitization of cultured melanoma cells to arsenic trioxide-associated cytotoxicity has
demonstrated thiostrepton-induced upregulation of oxidative stress together with
mitochondrial dysfunction observed after 18 h continuous exposure,273 and prior
research

indicates

that

bortezomib-based

proteasome

inhibition

can

disrupt

	
  

135	
  

mitochondrial membrane integrity causing subsequent ROS formation and cellular
oxidative stress.298 However, our experiments indicate that thiostrepton-induced ROS
formation occurs before impairment of proteasomal activity and without changes in
melanoma cell mitochondrial transmembrane potential (as assessed by flow cytometric
analysis of JC1-stained cells monitored over 12 h; data not shown), disqualifying the
causative involvement of early proteasome inhibition or mitochondriotoxic effects in
thiostrepton-induced early oxidative stress.
The specific molecular role of oxidative and proteotoxic stress in thiostreptoninduced melanoma and myeloma cell apoptosis remains unexplored at this point and
may include modulation of various key targets.

It has been shown earlier that

proteasome inhibitors (including MG-132, lactacystin, and bortezomib) trigger Noxamediated apoptosis in metastatic melanoma and myeloma cells,246,247 and thiostreptondependent Noxa upregulation has indeed been observed in HCT116 colon and MCF7
breast carcinoma cells after 24 h continuous exposure.281 Earlier research indicates that
modulation of Noxa protein levels that would facilitate Bax-dependent mitochondrial
apoptosis may occur as a result of various upstream events including p53-dependent
transcriptional activation of PMAIP1, the gene encoding Noxa, and p53-independent
inhibition of proteasomal degradation of Noxa.246,285,286 Consequently, thiostreptoninduced proteasome inhibition may cause accumulation of apoptotic regulators known
to be controlled by proteasomal degradation including Noxa, Mcl-1, and p53 as
observed in our experiments (Figure. 4.3F), a finding consistent with earlier research
that has documented accumulation of Mcl-1 and Noxa in bortezomib-treated melanoma
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and chronic lymphocytic leukemia (CLL) cells.246,247,285

In addition, Bcl-2-

downregulation, observed by us in thiostrepton-treated melanoma (Figure. 4.3F) and
myeloma cells (Figure. 4.6D) but not melanocytes (Figure. 4.3H), has been shown
earlier to result from elevated expression of the ER stress-responsive transcription
factor CHOP encoded by DDIT3 (Gadd153), a gene significantly upregulated in our
experiments as detected by expression array analysis (Figs. 4.3A and 4.6B).91
Earlier research has identified the negative regulation of the oncogenic transcription
factor FoxM1 by proteasome inhibitors, thought to represent an important molecular
factor involved in cancer cell-directed cytotoxicity of thiostrepton.280,299,300 However,
previous work documenting thiostrepton-modulation of FOXM1 expression in
metastatic melanoma cells has only examined effects of prolonged exposure (> 24h
exposure time).282 Our own data on A375 melanoma cells do not indicate early
expression changes (within 12 h exposure) at the mRNA or protein level (data not
shown).

Future experiments must therefore aim at dissecting the mechanistic

relationship between thiostrepton-induced early cellular changes observed in our
experiments (redox dysregulation, proteotoxic stress, and mitochondrial apoptosis) and
modulation of other potentially crucial targets including FoxM1 examined by others in
much detail.279,301
Taken together, our findings demonstrate that thiostrepton displays dual activity as a
selective prooxidant and proteotoxic chemotherapeutic targeting human metastatic
melanoma cells without compromising viability of primary melanocytes. Remarkably,
thiostrepton is an FDA-approved antimicrobial drug used in combination with nystatin

	
  

and neomycin in veterinary applications.302
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Combined with recent evidence

demonstrating efficacy and tolerability of systemic administration of thiostrepton
polyethylene glycol-encapsulated nanoformulations in various murine xenograft
models,277 further preclinical experimentation should aim at testing the feasibility of
thiostrepton-based experimental chemotherapy targeting metastatic melanoma and
other malignancies including multiple myeloma.
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CHAPTER 5:
THE ANTIMALARIAL AMODIAQUINE
CAUSES AUTOPHAGIC-LYSOSOMAL AND
PROLIFERATIVE BLOCKADE SENSITIZING
HUMAN MELANOMA CELLS TO
STARVATION- AND CHEMOTHERAPYINDUCED CELL DEATH
This chapter has been adapted from the following publication:
The antimalarial amodiaquine causes autophagic-lysosomal and proliferative blockade
sensitizing human melanoma cells to starvation- and chemotherapy-induced cell death.
Qiao S, Tao S, Rojo de la Vega M, Park SL, Vonderfecht AA, Jacobs SL, Zhang DD,
Wondrak GT. Autophagy. 2013 Oct 8; 9(12).
5.1 Introduction and Rationale
Dysregulation of autophagy has been implicated in a broad range of human pathologies
including neurodegeneration and cancer,61,303 and pathological alterations of autophagiclysosomal function can also occur in response to exposure to environmental toxicants
such as arsenic and solar ultraviolet radiation.304-306 Recent evidence suggests that cancer
cells may harness autophagic pathways as an adaptation to conditions associated with the
tumor microenvironment including increased levels of oxidative and proteotoxic stress,
hypoxia, and energy crisis.172,303,307 Autophagy also occurs in response to exposure to
major classes of chemo-therapeutic agents (e.g. cisplatin and doxorubicin), a process
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thought to contribute to cancer cell chemoresistance.303,308,309 Therefore, pharmacological
inhibition of autophagic-lysosomal function has recently emerged as a promising strategy
for therapeutic intervention that may preferentially target cancer cells without
compromising the viability of normal cells.61,63,167,303,307,310
Repurposing approved and abandoned non-oncological drugs is an alternative
developmental strategy for the identification of anticancer therapeutics, and antimalarials
that potentially undermine autophagic-lysosomal functions have recently attracted
considerable attention as promising candidates for oncological repurposing.61,213,214 Since
all autophagic pathways (including macroautophagy, microphagy, and chaperonemediated autophagy) converge on lysosomal fusion followed by enzymatic degradation
irrespective of the specific mechanism employed for cargo selection and trafficking,
members of the lysosomotropic 8-aminoquinoline (e.g. primaquine, pamaquine), 4aminoquinoline [e.g. CQ, HCQ], and quinoline (e.g. mefloquine) classes of antimalarials
that disrupt lysosomal pH control and function have been examined as experimental
(preclinical) and investigational (clinical) cancer therapeutics.61,71,310-315 Indeed,
chloroquine and hydroxychloroquine are currently undergoing evaluation in numerous
oncological clinical trials that examine potentiation of therapeutic efficacy by combining
cytotoxic chemotherapeutics with autophagic-lysosomal antagonists.71 However, limited
efficacy and systemic toxicity associated with these prototype agents create an urgent
need for the identification and development of improved therapeutics that target
autophagic-lysosomal function in cancer cells.303,307,316
Melanoma is a malignant melanocyte-derived tumor causing the majority of deaths
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attributed to skin cancer.163,312 Despite recent progress in the design of targeted therapies
such as the V600E-mutation directed B-RAF-inhibitor vemurafenib, efficacy of
chemotherapeutic intervention directed against the metastatic stage of the disease remains
limited, and identification and development of improved molecular agents targeting
malignant melanoma cells remain important goals of current research.145
Recently, we have screened a compound library of clinical antimalarials for
antimelanoma

activity,

identifying

the

endoperoxide-based

redox

antimalarial

dihydroartemisinin and other members of the artemisinin-class as potent inducers of
melanoma cell apoptosis.8,229 As part of our screening efforts we also focused on
amodiaquine

(AQ;

4-[(7-chloroquinolin-4-yl)amino]-2-[(diethylamino)methyl]phenol

CAS#: 86-42-0; chemical structure: Figure. 5.1A), a member of the lysosomotropic 4aminoquinoline class of antimalarials used worldwide in combination with artemisinindrugs.317,318 AQ displays potent plasmodium-directed activity that may surpass that of its
parent compound CQ but its potential cancer cell-directed activities have remained
unexplored. Here we report for the first time that AQ targets malignant melanoma cells
with pronounced induction of autophagic-lysosomal and proliferative blockade causing
sensitization to starvation- and chemotherapeutic-induced cell death.
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5.2 Results
5.2.1 Amodiaquine causes morphological alterations in human malignant A375
melanoma cells consistent with lysosomal impairment.
First, AQ-induced morphological changes were examined in human A375 melanoma
cells using light microscopy (Figure. 5.1B) and transmission electron microscopy (TEM;
Figure. 5.1C and D). Visualization by light microscopy revealed a distinct accumulation
of vacuole structures with predominantly perinuclear localization within 24 h AQ
exposure, not observed in untreated control cells (Figure. 5.1B).

Subsequent TEM

analysis (magnification 2,650 and 25,000 fold) (Figure. 5.1C and D) of AQ-exposed
melanoma cells indicated the pronounced formation of large (0.5-2 µm diameter),
multivesicular

single

membrane-enclosed

structures

containing

electron-dense

osmiophilic inclusions, an observation indicative of lysosomal expansion and lipofuscin
accumulation, not observed in untreated control cells.305,319,320 In contrast, no
accumulation of double membrane-enclosed small vesicles that would be indicative of
increased autophagosome formation was observed in response to AQ treatment. Time
course analysis demonstrated that formation of osmiophilic, multivesicular structures in
AQ-treated melanoma cells could be observed within 6 h, reaching a plateau at 18-24 h
exposure time (Figure. 5.1D).
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A

C

B

D

Figure 5.1. Amodiaquine-induced morphological changes in human malignant A375
melanoma cells. (A) Chemical structure of AQ. (B) Cells were exposed to AQ (10 µM,
24 h) or remained untreated (control). Visualization by light microscopy (upper panel:
control; bottom panel: AQ). (C) Transmission electron microscopy. left: control; middle:
AQ (10 µM, 24 h; 2,650 fold direct magnification); right: AQ (10 µM, 24 h; 25,000 fold
direct magnification). (D) Transmission electron microscopy; time course analysis (AQ,
10 µM, 6-18 h; 2,650 fold direct magnification); right panel: AQ (10 µM, 18 h; 25,000
fold direct magnification); M: mitochondrion; N: nucleus; V: single membrane-enclosed
osmiophilic multivesicles.
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5.2.2 Amodiaquine causes autophagic-lysosomal blockade in human malignant A375
melanoma cells.
Next, immunoblot analysis demonstrated AQ-induced accumulation of lysosomalassociated membrane protein 1 (LAMP1) indicative of lysosomal expansion as already
suggested by TEM visualization (Figure. 5.2A).305,321 In parallel, massive accumulation
of LC3-II occurred in response to AQ exposure in a dose dependent manner and could be
observed at concentrations as low as 1 µM. LC3, the mammalian homologue of yeast
Atg8 is an essential factor for autophagosome formation that relocalizes to and
participates in the formation of the autophagosomal membrane after C-terminal
proteolytic processing and posttranslational phospholipid-conjugation. Therefore, after
relocalization of LC3-I to newly-formed vesicles a more rapidly migrating lipidated form
(LC3-II) is detectable by SDS-PAGE (Figure. 5.2A).322
Strikingly, pronounced accumulation of sequestosome 1 (SQSTM1/p62), an
autophagic cargo receptor and substrate known to undergo depletion upon autophagy
induction, occurred at the protein level.305,323-325 Similar accumulation occurred with asynuclein (SNCA), another autophagic substrate protein known to accumulate as a
consequence of blocked autophagic-lysosomal flux.305,326,327 In contrast, beclin1
(BECN1), a critical component of the class III PI3 kinase complex (PI3KC3) involved in
autophagosome formation, remained unchanged at the protein (Figure. 5.2A) and mRNA
(data not shown) levels.328 Since it has been shown earlier that the aminophenol-moiety
contained in AQ (but not CQ) can cause protein modification (haptenization) we also
explored the possibility that AQ may cause covalent protein adduction in malignant
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melanoma cells.329,330 Using a monoclonal antibody (6D10) employed for the
immunodetection of AQ-adducted plasma protein in malaria patients, we detected the
accumulation of AQ-modified proteins (35-55 kDa molecular weight range) in melanoma
cells exposed to AQ (20 µM, 24 h; Figure. 5.2A). However, the identity of the adducted
target proteins and causative involvement of protein adduction in AQ-induced
autophagic-lysosomal impairment remain undefined at this point.
Consistent with TEM-visualization of osmiophilic vesicles (Figure. 5.1C and D),
A375 cells displayed increased lipofuscin accumulation as evidenced by flow cytometric
detection of autofluorescent intracellular material that formed upon prolonged AQ
exposure (24-48 h; Figure. 5.2B), changes indicative of impaired autophagic-lysosomal
function as described before.305,319,320 Importantly, similar changes affecting LAMP1,
LC3-II, and SQSTM1 were observed in human G361 metastatic melanoma cells exposed
to low micromolar concentrations of AQ (Figure. 5.2C).
After demonstrating accumulation of autophagy substrates and lysosomal marker
proteins (LC3-II, SQSTM1, SNCA, LAMP1) we gathered further mechanistic evidence
in support of AQ-induced autophagic-lysosomal blockade by monitoring LC3 puncta
formation in A375 melanoma cells.331 To this end, cells transfected with a tandem
reporter construct (RFP-GFP-LC3) were exposed to AQ (10 µM, 24 h) followed by
assessment of GFP-LC3 and RFP-LC3 puncta colocalization (Figure. 5.2D).304,331 GFPfluorescence is quenched in acidic environments (such as that encountered in
the autolysosome), whereas RFP is more stable under acidic conditions. Therefore,
colocalization of both GFP and RFP fluorescence (yellow puncta in merged image)

	
  

145	
  

indicates either autophagosomal localization (upstream of fusion with the acidic
lysosome) or autophagolysosomal localization (i.e. in autophagolysosomes with disrupted
acidification). Indeed, exposure to AQ caused pronounced formation of LC3 puncta that
displayed both green and red fluorescence intensity producing a yellow overlay,
consistent with accumulation of autophagolysosomes that display impaired acidification.
Indeed, control cells exposed to bafilomycin A1 (BafA, a standard inhibitor of lysosomal
acidification and substrate degradation known to impair autophagosome/lysosome
fusion,332) displayed an LC3-fluorescence pattern (puncta formation with yellow overlay)
that mimicked that induced by AQ treatment. Moreover, consistent with the published
literature on lysosomotropic agents, fluorescence imaging using the pH sensitive
lysosomal probe LysoSensor™ Green DND-189 revealed a similar pattern of impaired
lysosomal acidification resulting in rapid loss of pH control in response to treatment with
either BafA or AQ (data not shown).333
In order to gain further insight into the mechanism of AQ-induced autophagiclysosomal alterations, a LC3 turnover assay employing BafA cotreatment was performed
(Figure. 5.3A).331 In this assay, we assessed AQ-induced LC3-II accumulation in the
presence or absence of the lysosomal inhibitor BafA. As observed above (Figure. 5.2A),
AQ treatment caused an increase of LC3-II levels within 4-8 h exposure time.
Importantly, if AQ exposure occurred in the presence of BafA, AQ-induced upregulation
of LC3-II levels was not potentiated, an observation most consistent with an autophagiclysosomal blockade of LC3-II degradation at the autolysosomal level.
In support of a direct impairment of lysosomal function by AQ treatment, pronounced
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inhibition of cathepsin enzymatic activity was detected in A375 cells that occurred in a
dose and time dependent manner (1 - 20 µM, 1 - 24 h; Figure. 5.3B). AQ treatment
caused pronounced enzyme inactivation of both cysteine- [cathepsin B (CTSB) and
cathepsin L (CTSL)] and aspartate-dependent cathepsins [cathepsin D (CTSD)],
consistent with a global impairment of lysosomal function by this lysosomotropic 4aminoquinoline-derivative.

Remarkably, within only 1 h AQ exposure time, CTSB

enzymatic activity was already reduced by almost 25% diminishing further over the next
12 h, with only approximately 30% residual activity detectable. This inhibitory effect is
in accordance with the documented activity of lysosomotropic antimalarials (including
CQ and AQ), known to disrupt the acidic food vacuole of the plasmodium parasite and to
also compromise mammalian cell lysosomal function through alkalinization and
membrane destabilization.334,335 Interestingly, recent evidence indicates that lysosomal
cathepsins including CTSB and CTSD are involved in LC3-II proteolytic turnover
and that pharmacological inhibition of CTSB causes accumulation of LC3-II, supporting
the hypothesis that cathepsin inactivation is the causative factor underlying massive
accumulation of LC3-II as observed in AQ-exposed A375 melanoma cells (Figure.
5.2A).336,337
Importantly, inhibition of CTSB and CTSL activity by AQ treatment was also
observable in other melanoma cell lines including G361 (Figure. 5.3C). However, CTSD
activity remained undiminished in G361 cells exposed to AQ, indicating a differential
sensitivity of cysteine-dependent (CTSB/L) versus aspartate-dependent (CTSD)
cathepsins in G361 cells, a phenomenon that remains poorly understood at this time.
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Figure 5.2. Amodiaquine-induced autophagic-lysosomal alterations in human
malignant melanoma cells. (A) After exposure of A375 cells to AQ (1-20 µM; 24 h),
modulation of autophagic-lysosomal proteins (LC3-I/II, SQSTM1, BECN1, LAMP1,
SNCA) was detected by immunoblot analysis (loading control: ACTB). Protein adduction
of unidentified target proteins was detected using an AQ-directed monoclonal antibody.
(B) Cellular autofluorescence as detected by flow cytometric analysis. After exposure to
AQ (10µM, 24-48 h), autofluorescence intensity of A375 cells was quantified by flow
cytometry [left panel: histogram representative of three similar repeats; right panel: bar
graph summarizing data from three independent repeats (N = 3, mean ± S.D.; p < 0.05)].
(C) AQ-induced changes as examined in G361 metastatic melanoma cells (1-10 µM, 24
h) detected as in (A). (D) Autophagic flux analysis using the RFP-GFP-LC3 puncta
formation assay. After transfection using a tandem reporter construct (RFP-GFP-LC3)
cells were exposed to AQ (10 µM, 24 h), and colocalization of GFP-LC3 and RFP-LC3
puncta was examined using fluorescence microscopy. Dual fluorophore-labeled LC3
transfectants appear yellow upon colocalization. A similar fluorescence pattern
(accumulation of yellow fluorescent puncta) was observed in response to the lysosomal
proton pump inhibitor BafA (100 nM, < 24 h).
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Figure 5.3. Amodiaquine-induced loss of cathepsin enzymatic activity in human
malignant melanoma cells. (A) Immunoblot detection of LC3-II in A375 cells left
untreated (lane 1), exposed to BafA only (100 nM; 4 or 8 h; lanes 3, 6), or exposed to AQ
(10 µM) in the absence (lanes 2, 5) or presence of BafA (lanes 4, 7). (B-C) Loss of
cathepsin specific enzymatic activity in A375 (B) and G361 cells (C) exposed to AQ (120 µM, < 24 h) was detected using a fluorimetric assay. Top panels: CTSB, dose response
(24 h); middle panels: CTSB, time course (10 µM); bottom panels: CTSD and CTSL,
dose response (24 h). Treatment with the CTSB/L inhibitor CA074Me (20 µM) served as
a positive control (n=3, mean ± S.D.; p<0.05).
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5.2.3 AQ induces energy crisis and sensitizes malignant melanoma cells to
starvation- and chemotherapeutic-induced death.
Next, we examined AQ modulation of melanoma cell vulnerability to starvation
and chemotherapeutic intervention (Figure. 5.4). In untreated control cells exposed to
Hank’s Balanced Salt Solution (HBSS, causing serum and amino acid starvation) for up
to 24 h, pronounced depletion of the autophagy substrate SQSTM1 was observed, an
observation in accordance with the established stimulatory effect of starvation on
autophagic activity (Figure. 5.4A, upper panel). This starvation-induced depletion of
SQSTM1 was completely suppressed by AQ co-treatment suggesting that AQ-blockade
of autophagic-lysosomal function interferes with starvation-induced degradation of
autophagy substrates (Figure. 5.4A, bottom panel).
We also observed that AQ-exposed melanoma cells displayed early energy crisis
as evident from significant depletion of cellular total ATP levels that occurred as early as
within 1 h treatment (Figure. 5.4B), consistent with earlier reports indicating that
aminoquinoline-antimalarials

may

compromise

mitochondrial

function

and

transmembrane potential.333,338 Consistent with an induction of energy crisis due to
impairment of mitochondrial function,239,339,340 flow cytometric analysis using the sensor
dye JC-1 revealed a moderate yet significant decrease in mitochondrial transmembrane
potential (Δψm) observable at early time points (10 µM, 6 h; Figure. 5.4C: top panels:
bivariate analysis), where AQ treatment diminished JC-1 red fluorescence intensity
(indicative of fully polarized mitochondria) by approximately 25.0 % (control: 1382.82 +
76.40; AQ: 1056.85 + 34.68; n=3; Figure. 5.4C; bottom panel). Importantly, even upon
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longer exposure to AQ no further reduction in Δψm was observed (data not shown), and
cells maintained full viability (10 µM AQ, 48 h; Figure. 5.4D). Even though neither
starvation nor extended exposure to AQ (10 µM, 48 h) diminished cellular viability if
administered separately (Figure. 5.4D), pronounced induction of cell death occurred in
response to combination treatment (starvation plus AQ exposure). These data strongly
suggest that AQ compromises mitochondrial function and blocks starvation-induced
autophagic-lysosomal adaptations thereby sensitizing melanoma cells to the cytotoxic
metabolic stress imposed by prolonged starvation.
Cumulative evidence suggests a role of autophagic dysregulation in cancer cell
resistance to chemotherapeutic agents.303,308,309 Based on our observation that AQ is a
potent inhibitor of autophagic-lysosomal function we therefore tested the hypothesis that
AQ may sensitize melanoma cells to the cytotoxic action of standard chemotherapeutics.
Indeed, we observed that cytotoxicity of specific chemotherapeutics (CDDP, Doxo) was
strongly potentiated upon co-exposure with AQ employed at concentrations that do not
impair viability of A375 melanoma cells if used as a single treatment (Figure. 5.4E and
F). Specifically, when cells were exposed to the combined action of CDDP and AQ, the
fraction of dead cells increased from approximately 20.0% (CDDP only) to over 70.0%
(CDDP plus AQ; Figure. 5.4E). Moreover, when cells were exposed to the combined
action of Doxo and AQ, the fraction of dead cells increased from approximately 5.0%
(Doxo only) to over 90.0% (Doxo plus AQ; Figure. 5.4F).
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Figure 5.4. Amodiaquine causes rapid ATP depletion and sensitization to starvationand chemotherapeutic-induced cell death. (A) AQ modulation of starvation-induced
SQSTM1 depletion. A375 melanoma cells were cultured In HBSS in the presence or
absence of AQ (10µM, 1 - 24 h). Protein levels of SQSTM1 were determined by
immunoblot analysis using ACTB as a loading control. (B) Early cellular ATP depletion
induced by AQ exposure (1 and 10 µM, < 24 h). Data are expressed as % of untreated
controls (mean ± S.D.; n=3). (C) Alteration of mitochondrial transmembrane potential
(Dψm) in response to AQ (10 µM, 6 h) as assessed by bivariate flow cytometric analysis
of JC-1 stained cells. The upper two panels display one representative experiment of
three similar repeats, and numbers indicate cells with impaired Dψm (in percent of total
gated cells) detected outside the circle (mean ± SD, n=3). Lower panel displays AQinduced alteration of JC-1 red fluorescence (polarized mitochondria, detector FL-2; one
representative experiment of three similar repeats). (D) Cell viability as determined by
flow cytometric analysis of annexin V-FITC/PI staining in cells cultured in HBSS or
standard medium in the presence or absence of AQ (10 µM, 48 h). The numbers indicate
viable (AV-/PI-) in percent of total gated cells (mean ± S.D.; n=3).
(E-F)
Chemosensitization by AQ was examined in A375 cells exposed to the combined action
of cisplatin [CPPD, 20 µM; 24 h (D)] or doxorubicin [Doxo, 10 nM; 24 h; (E)] with or
without AQ (10 µM, 24 h). Cell viability was analyzed by flow cytometry. The bar
graph summarizes data from three repeats (N = 3, mean ± S.D.). Data were analyzed
employing one-way analysis of variance (ANOVA) with Tukey’s post hoc test. Means
without a common letter differ (p < 0.05).
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5.2.4 Gene expression array analysis reveals an AQ-induced proliferative blockade
in A375 melanoma cells.
To gain further mechanistic insight into the molecular events underlying antimelanoma
activity of AQ we performed gene expression array analysis. To this end, modulation of
gene expression in response to AQ exposure (25 µM, 24 h), versus control was assessed
using a PCR based expression array system [RT2 Human Autophagy ProfilerTM; RT2
Human Stress and Toxicity ProfilerTM PCR Expression Array technology, SuperArray;
Frederick, MD)]. Out of 168 cell stress and autophagy-related genes contained on the
combined array, 25 genes displayed AQ-induced expression changes at the mRNA level
by at least two-fold over untreated control cells (Figure. 5.5A and B). Strikingly, AQ
treatment caused pronounced modulation of gene expression antagonizing cell cycle
progression. E2F1, the gene encoding the transcription factor and master regulator of
G1/S cell cycle transition E2F1, displayed the highest negative expression differential
(6.7 fold downregulation) elicited by AQ. Conversely, expression of CDKN1A, the p53controlled gene encoding cyclin-dependent kinase inhibitor 1A (CDKN1A, also called
p21WAF1/CIP1), a negative regulator of cell cycle progression causing G1-, G2, or S-phase
arrest,341 was upregulated significantly (4.2-fold). Subsequent immunoblot analysis
confirmed E2F1 and CDKN1A expression changes at the protein level (E2F1, CDKN1A;
Figure. 5.6A and B), and a dose response relationship of CDKN1A mRNA upregulation
was established (Figure. 5.6C).
AQ treatment also caused negative modulation of a broad array of genes encoding heat
shock response proteins (HSPA8, HSPA1A, HSP90AA1, HSPCA, HSPA2, HSPA1L,
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DNAJA1, CRYAB),342 and a dose response relationship of HSPA1A mRNA
downregulation was established (Figure. 5.6C).

AQ-induced suppression of heat shock

response encoding genes was also observed at the protein level (HSPA1A, HSP90AA1;
Figure. 5.6A and B). Pharmacological downregulation of heat shock response gene
expression is expected to increase proteotoxic stress, particularly in cancer cells
constitutively exposed to a high unfolded protein burden.4,209 Indeed, consistent with the
suppression of heat shock response gene expression by AQ, array analysis indicated
transcriptional upregulation of the response gene DDIT3 (6.1 fold) encoding the
transcription factor CHOP (also known as GADD153), a common marker of proteotoxic
stress.209
In addition, upregulation of other genes known to be responsive to various types of
cytotoxic stress was observed in AQ-treated A375 cells including GADD45A (encoding
growth arrest and DNA-damage-inducible alpha, a TP53-regulated DNA damage
inducible stress sensor), EGR1 (encoding early growth response 1, an oxidative stresssensitive transcription factor), and TP53 (encoding TP53, a genotoxic stress- and general
stress-responsive tumor suppressor and transcription factor). Importantly, pronounced
TP53 upregulation was also observed at the protein level (TP53; Figure. 5.6A), and
upregulation of the TP53 target gene GDF15 (encoding growth differentiation factor 15,
a member of the transforming growth factor beta superfamily) was observed.52 Finally,
AQ treatment also caused expression changes affecting genes involved in inflammatory
signaling (IL6 encoding interferon, beta-2; CSF2 encoding granulocyte-macrophage
colony stimulating factor) and autophagic regulation (autophagy-related genes ATG9A,
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ATG9B, ATG4D; GABARAPL1, BNIP3), but none of these changes were substantiated at
the protein level.

Fig. 5
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A

B

Figure 5.5 Gene expression array analysis performed in A375 melanoma cells
exposed to amodiaquine. Gene expression in response to AQ (25 µM, 24 h) was
analyzed using the Human Autophagy RT2 ProfilerTM and the Human Stress and Toxicity
RT2 ProfilerTM PCR Expression Arrays. (A) The scatter blot depicts differential gene
expression (AQ versus untreated control). Upper and lower lines: cut-off indicating
twofold up- or down-regulated expression, respectively. Arrays were performed in three
independent repeats and analyzed using the two-sided Student’s t test. (B) The table
summarizes expression changes by at least twofold (p < 0.05).
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5.2.5 Antiproliferative activity of AQ is associated with S phase cell cycle arrest and
modulation of G1/S cell cycle regulators.
Flow cytometric analysis revealed that AQ exposure imposes pronounced alterations in
cell cycle distribution. Specifically, continuous exposure of A375 cells to AQ (10 µM, 48
h) caused a statistically significant increase in S-phase fraction that was accompanied by
a decrease of cells in G1 and G2/M phase (Figure. 5.6D). Specifically, the fraction of
cells in S phase increased from approximately 35 to 60% upon treatment with AQ (10
µM, 48 h), accompanied by pronounced depletion of cells in G1 and G2/M. Further
experiments employing a panel of cultured human melanoma cell lines (A375, G361,
LOX) confirmed that AQ displays pronounced antiproliferative activity at submicromolar
concentrations [A375: IC50 = 0.32 + 0.12 µM; G361: IC50 = 0.71 + 0.16 µM; LOX: IC50
= 2.60 + 0.74 µM; mean ± SD, n=3; Figure. 5.6E).
In order to substantiate the molecular changes underlying antiproliferative effects of
AQ we examined modulation of protein regulators determining G1/S transition focusing
on those that displayed major AQ-induced expression changes as detected by array
analysis including TP53, CDKN1A, and E2F1 (Figure. 5.6A and B). We also examined
CCND1 (cyclin D1), phosphorylation status of retinoblastoma protein (RB1), and MYC.
Immunoblot analysis revealed pronounced upregulation of CDKN1A protein levels, a
potent cyclin-dependent kinase inhibitor that directly inhibits the activity of cyclin E /
CDK2 and cyclin D/CDK4/6 complexes involved in G1/S phase transition and
progression.341,343 Consistent with the observed dose-dependent upregulation of CDKN1A
mRNA and CDKN1A protein levels (Figures. 5.5; 5.6A and C), upregulation of TP53, the

	
  

157	
  

transcriptional regulator of CDKN1A, was observed at the transcriptional [TP53 (Figure.
5.5B)] and protein levels (Figure. 5.6A). Moreover, moderate suppression of CCND1
protein levels occurred in response to AQ treatment (Figure. 5.6A).
Next, we focused on E2F1, the gene that displayed the most pronounced
downregulation at the transcriptional level (Figure. 5.5A and B). Remarkably, AQsuppression of E2F1 expression was confirmed at the protein level (Figure. 5.6A). E2F1
is a transcription factor and master regulator of cell proliferation, expressed mainly at late
G1 and G1/S transition in all actively proliferating tissues.344-346 We also examined AQ
modulation of RB1, the upstream regulator of E2F1 function. AQ treatment caused
pronounced reactivation of RB1 tumor suppressor function by removal of inhibitory
phosphorylations at Ser780 and Ser807/811 known to interfere with E2F1 sequestration,
established sites of posttranslational RB1 regulation at the G1/S checkpoint.347,348 Since
AQ modulated a number of major cell cycle regulators (TP53, CDKN1A, CCND1, E2F1,
RB1) known to be involved in functional crosstalk with MYC we also examined
expression of this master regulator of cell proliferation.

However, only moderate

downregulation at the protein level was observed (Figure. 5.6A). Importantly, key
expression changes induced by AQ in A375 malignant melanoma cells were also
observed in metastatic melanoma cells including G361 cells, where immunoblot
detection confirmed downregulation of heat shock proteins (HSPA1A, HSP90AA1) and
pronounced upregulation of CDKN1A, consistent with the antiproliferative activity of
AQ (Figure. 5.6B).
In the context of our expression array-guided exploration of AQ-induced
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antimelanoma effects, it should be mentioned that immunoblot detection did not always
confirm changes observed at the mRNA level. For example, significant downregulation
of RPL13A mRNA (3.5 fold; encoding 60S ribosomal protein L13a; Figure. 5.5A and B)
was detected by expression array analysis but could not be substantiated at the protein
level (RPL13A; Figure. 5.6A).

Therefore, other significant AQ-induced changes

observed at the mRNA level as summarized in Figure. 5B await further validation and
functional exploration.

Fig. 6
	
  

159	
  

A

C

D

B

E

Figure 5.6 Amodiaquine treatment modulates cell cycle regulators [CDKN1A, RB1
(Ser780; Ser807/811), CCND1, E2F1] causing inhibition of proliferation and S phase
cell cycle arrest. (A) Immunoblot detection of AQ-induced (< 20 µM; 24 h) expression
changes affecting heat shock proteins and major cell cycle regulators in A375 cells
(loading control: ACTB). (B) Immunoblot analysis of AQ-induced expression changes in
G361 melanoma cells treated as in (A). (C) CDKN1A and HSPA1A mRNA levels in
A375 cells exposed to AQ (10, 20, 40µM; 24 h) were determined by real time RT-PCR
analysis (mean ± S.D., n = 3). (D) Representative histogram depicting cell cycle
distribution after treatment with AQ (10µM, < 48 h). After treatment for the indicated
time periods, cells were stained with propidium iodide and analyzed by flow cytometry.
The data indicate the percentage of cells in each phase of cell cycle. The table
summarizes results from three independent repeat experiments [mean ± S.D. (n=3);
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*p<0.05; **p<0.01; ***p<0.001]. (E) Dose-response relationship of AQ or CQ-induced
inhibition of proliferation in malignant melanoma cell lines (A375, G361, LOX). After
72 h exposure to increasing concentrations of AQ or CQ, number of adherent cells on
dish was determined by cell counting and expressed as % of untreated control (means ±
S.D.; n=3)

5.2.6 Inhibitory activity of AQ on lysosomal function and proliferation of melanoma
cells surpasses that of CQ.
After investigating the antimelanoma activity of AQ, we compared chemotherapeutic
efficacy between the 4-aminoquinoline antimalarials AQ and its parent compound CQ
(Figures. 5.6E and 5.77). First, we compared the potency of anti-proliferative activity
displayed by CQ versus AQ (Figure. 5.6E). A comparative dose response relationship
analysis performed in A375 (AQ: IC50 = 0.32 + 0.12 µM; CQ: IC50 = 2.81 + 0.44 µM),
G361 (AQ: IC50 = 0.71 + 0.16 µM; CQ: IC50 = 12.63 + 2.55 µM), and LOX (AQ: IC50 =
2.60 + 0.74; CQ: IC50 = 8.38 + 0.93 µM; mean ± SD, n=3) melanoma cells identified AQ
as the superior inhibitor of melanoma cell proliferation among the two tested 4aminoquinoline antimalarials.
Next, we examined the induction of autophagic-lysosomal impairment in CQ-treated
A375 melanoma cells. We observed that CQ-induced morphological changes examined
by transmission electron microscopy were similar to those induced by AQ, including
formation of multivesicular, single membrane-enclosed structures containing electrondense osmiophilic inclusions (Figure. 5.7A). However, morphological changes elicited
by CQ seemed less pronounced (number and size of multivesicular structures) compared
to those induced by AQ exposure (Figure. 5.1C and D versus Figure. 5.7A). Further
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analysis revealed CQ-induced effects on autophagic-lysosomal function similar to those
observed with AQ monitoring RFP-GFP-LC3 puncta formation (Figure. 5.7B).

As

observed earlier with AQ (Figure. 5.2D), exposure to CQ caused formation of LC3
puncta that displayed both green and red fluorescence producing a yellow overlay, a
finding consistent with the established ability of the lysosomotropic agent CQ to induce
autophagic-lysosomal blockade through impairment of lysosomal pH-control and
function thereby inducing accumulation of dysfunctional autolysosomes with
colocalization of GFP- and RRP-labeled LC3. Immunoblot analysis demonstrated CQinduced accumulation of LAMP1, LC3-II, and SQSTM1 (Figure. 5.7G), changes similar
to AQ-induced alterations (Figure. 5.2A and C). Moreover, consistent with prior reports,
CQ treatment caused a significant inhibition of lysosomal cathepsin activity (CTSB,
CTSL, CTSD; Figure. 5.7C and D).349 Importantly, when cathepsin-directed inhibitory
effects were compared between CQ and AQ (10 µM, each), it was observed that AQ
caused a more pronounced reduction of CTSL and CTSD enzymatic activity, whereas CQ
and AQ were equally effective antagonizing CTSB enzymatic activity (Figure. 5.7D).
Differential suppression of lysosomal cathepsin activity by AQ versus CQ correlates well
with the occurrence of more pronounced morphological changes at the lysosomal level
observed in AQ-exposed melanoma cells (Figure. 5.1C and D versus Figure. 5.7A).
After identifying AQ as the superior inhibitor of melanoma cell proliferation among the
two tested 4-aminoquinoline antimalarials (Figure. 5.6E), we also performed comparative
gene expression analysis indicating that CQ-induced changes at the mRNA level did not
match those detected in response to AQ (Figure. 5.7E). Specifically, CQ treatment failed
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to change expression of AQ-responsive key genes including DDIT3, CDKN1A,
GADD45A, EGR1, and E2F1. Consistent with the inferior anti-proliferative potency of
CQ as compared to AQ, subsequent immunoblot analysis demonstrated that even though
CQ treatment caused moderate upregulation of CDKN1A protein levels CQ failed to alter
protein levels of TP53, E2F1, CCND1, and HSPA1A, changes observed earlier in
response to AQ treatment (Figure. 5.7F and G). Indeed, further analysis indicated that CQ
treatment was not associated with the induction of cell cycle arrest (Figure. 5.8), an
observation strikingly different from AQ-induced melanoma cell cycle blockade in S
phase (Figure. 5.6D).
In conclusion, our research has identified a novel inhibitor of autophagiclysosomal and proliferative function in cancer cells, taken from our library (Figure 1.12)
of redox-directed pharmacophores currently used for non-oncological indications as
summarized in Figure 5.9.
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Figure 5.7 Comparative analysis of chloroquine- versus amodiaquine-induced
antiproliferative effects. Cells were exposed to CQ (10 µM, 24 h) or remained
untreated (control). (A) Visualization by transmission electron microscopy [panel A:
control; CQ, (2,650 fold direct magnification); CQ (25,000 fold direct magnification); M:
mitochondrion; N: nucleus; V: single membrane-enclosed osmiophilic multivesicles).
(B) Autophagic flux analysis using the RFP-GFP-LC3 puncta formation assay. After
transfection using a tandem reporter construct (RFP-GFP-LC3) cells were exposed to AQ
(10 µM, 24 h), and colocalization of GFP-LC3 and RFP-LC3 puncta was examined using
fluorescence microscopy. Dual fluorophore-labeled LC3 transfectants appear yellow
originating from overlapping green and red fluorescence, consistent with accumulation of
autolysosomes displaying impaired acidification. (C) Loss of cathepsin enzymatic
activity (CTSB, CTSL, CTSD) in A375 cells exposed to AQ (< 20 µM, 24 h) detected as
described above. (D) Comparative potency of AQ versus CQ (10 µM, 24 h) inhibiting
CTSB, CTSL, and CTSD enzymatic activity. (E) AQ- versus CQ-induced (< 25 µM, 24
h) expression changes at the mRNA level in A375 melanoma cells. (F) Immunoblot
detection of CQ- and AQ-induced (< 20 µM, 24 h) expression changes of TP53 protein.
(G) Immunoblot detection of CQ-induced expression changes at the protein level in A375
melanoma cells.
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Figure 5.8. Analysis of CQ-induced alterations of cell cycle distribution. (A)
Representative histogram depicting cell cycle distribution after treatment with CQ (10
µM, < 48 h). After treatment for the indicated time periods, cells were stained with
propidium iodide and analyzed by flow cytometry. (B) The data indicate the percentage
of cells in each phase of the cell cycle; the table summarizes results from three
independent repeat experiments [mean ± S.D. (n=3)].
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Figure 5.9. AQ antimelanoma activity: Proposed mechanism of action. AQ blocked
autophagic-lysosomal flux with inhibition of cathepsin enzymatic activity. In addition,
AQ causes rapid ATP depletion that may originate from loss of mitochondrial
transmembrane potential ΔΨm. AQ-induced energy crisis and autophagic blockade
sensitizes melanoma cells to starvation- and chemotherapeutic-induced apoptosis.
Moreover, AQ displays antiproliferative activity arresting melanoma cells in S phase.
	
  

5.3 Discussion
Pharmacological inhibition of autophagic-lysosomal function has recently emerged as
a

promising

strategy

for

chemotherapeutic

intervention

targeting

cancer

cells.61,63,167,303,307,310 Even though numerous ongoing clinical trials aim at substantiating
favorable therapeutic effects of chloroquine and hydroxychloroquine, the limited
therapeutic performance of these lysosomotropic 4-aminoquinoline derivatives prompted
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us to explore other promising drug candidates that target autophagic-lysosomal function
in cancer cells.
In this study we have examined the antimelanoma activity of the antimalarial AQ and
have observed that in cultured malignant melanoma cells AQ causes pronounced
autophagic-lysosomal and proliferative blockade that surpasses that of its parent
compound CQ. AQ-induced autophagic-lysosomal antagonism was associated with early
inhibition of cathepsin enzymatic activity (CTSB, CTSL, CTSD; Figure. 5.3B and C) and
ATP depletion, both detectable within 1 h of exposure time (Figure. 5.4B). AQ-imposed
impairment of autophagic-lysosomal function was further substantiated by ultrastructural
changes observed by electron microscopy (Figure. 5.1), GFP-RFP-LC3 fluorescence
imaging (Figure. 5.2D), and immunoblot detection of specific protein markers (LAMP1,
LC3-II) and autophagy substrates (SQSTM1, SNCA; Figure. 5.2A and C).
Concerning the mechanism of AQ-induced autophagic-lysosomal alterations observed
in human melanoma cells our data are most consistent with a functional blockade
imposed by AQ at the lysosomal level.331,350 Aminoquinoline-antimalarials (including CQ
and AQ) are established lysosomotropic agents known to cause lysosomal disruption with
impairment of pH control and inactivation of lysosomal proteases (including cathepsins),
a mechanism of action underlying antimalarial activity through disruption of the acidic
food vacuole of the parasite.333 We observed that lysosomal cathepsin activity was
impaired rapidly (Figure. 5.3B and C), and a similar pattern of puncta formation was
imposed by the lysosome-targeted agent BafA or AQ as evidenced by RFP-GFP-LC3
fluorescence (Figure. 5.2D). Moreover, the LC-3 turnover assay employing BafA did not
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indicate an upregulation of autophagic flux in response to AQ (Figure. 5.3A), and no
accumulation of double membrane structures that would be indicative of increased
autophagosome formation was observed by electron microscopy. In contrast, we only
detected accumulation of large single membrane-enclosed, multi-vesicular structures
displaying pronounced osmiophilicity, consistent with autolysosomal aggregation and
accumulation of undigested cargo and lipofuscin in response to AQ.
In addition to the causation of autophagic-lysosomal alterations, we also observed
that AQ treatment blocked melanoma cell cycle progression in S-phase (Figure. 5.6D). It
is important to note that induction of mitotic arrest in response to lysosomotropic agents
has been observed before and was attributed to impaired macroautophagy and TP53mediated effects,333,351 molecular changes that also occur in response to AQ treatment
(Figs. 5.1, 5.2, and 5.6). Our own array analysis revealed modulation of gene expression
antagonizing cell cycle progression (CDKN1A upregulation, E2F1 downregulation), and
immunoblot detection demonstrated AQ-modulation of TP53, CDKN1A, E2F1, CCND1,
and phosphorylated RB1 (Ser780 and 807/811). Indeed, AQ displayed potent
antiproliferative effects causing S-phase arrest at submicromolar concentrations (Figure.
5.6D and E). Downregulation of E2F1 expression, the gene displaying the highest AQinduced expression differential at the mRNA level (Figure. 5.5), is of particular interest
since pharmacological E2F1 antagonism has recently emerged as a promising
antiproliferative strategy targeting melanoma.344 Indeed, we observed AQ-induced
downregulation of E2F1 protein levels at concentrations as low as 1 µM (Figure. 5.6A).
However, the specific mechanisms and upstream events underlying AQ-induced
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proliferative blockade as shown here for the first time in human melanoma cells remain
to be elucidated. In the context of AQ-induced cell cycle arrest that occurs in S-phase
rather than in G1-phase, it should be mentioned that earlier research has demonstrated
that overexpression or pharmacological upregulation of CDKN1A expression, the cell
cycle regulator displaying the most pronounced expression changes in response to AQ
treatment at both the mRNA and protein levels (Figs. 5.5B; 5.6A and C), may indeed
cause S-phase arrest,341,352,353 and pharmacological downregulation of CCND1 as well as
dephosphorylation of RB1, as observed by us in response to AQ treatment, have also
been documented in association with S-phase arrest.354,355
Our experiments document for the first time that AQ treatment causes the rapid
induction of energy crisis (Figure. 5.4B), impairment of mitochondrial transmembrane
potential (Figure. 5.4C), and the blockade of starvation-induced autophagic-lysosomal
adaptations in malignant melanoma cells (Figure. 5.4A). This activity may sensitize
melanoma cells to the cytotoxic metabolic stress imposed by prolonged starvation, a
hypothesis substantiated by our observation that the combined exposure to AQ and
starvation by culture in HBSS causes massive melanoma cell death (Figure. 5.4D).
Likewise,

the

observation

that

AQ

causes

chemosensitization

to

standard

chemotherapeutic agents (CDDP, Doxo; Figure. 5.4E and F) suggests that combination
therapy employing chemotherapeutics together with this clinical antimalarial may
provide improved therapeutic efficacy, a hypothesis to be tested in the future. However,
the specific mechanism underlying AQ-dependent chemosensitization and increased
vulnerability to starvation-induced cell death remains undefined and may involve
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causative factors beyond autophagic-lysosomal modulation such as impairment of
mitochondrial transmembrane potential,333,338,340,356 known to occur in response to
treatment with other 4-aminoquinoline antimalarials and observed here for the first time
with AQ.333,338,340,356 Interestingly, it has recently been observed that CQ sensitizes breast
cancer cells to chemotherapy independent of autophagy, and similar mechanisms may
apply to AQ-induced sensitization.357 Moreover, massive downregulation of heat shock
response gene expression as observed by us at the mRNA (e.g. HSPA8, HSPA1A,
HSP90AA1; Figures. 5.5 and 6C) and protein level (HSPA1A, HSP90AA1; Figure. 5.6A
and B) may also contribute to AQ-induced sensitization to cytotoxic stress, a hypothesis
consistent with the established cytoprotective and antiapoptotic role of these heat shock
proteins in melanoma and other cancer cells.342,358,359
Currently, the molecular basis underlying the more potent antimelanoma activity of
AQ versus CQ remains undefined. It is noteworthy that AQ also displays more potent
antimalaria activity, a property attributed before to its increased tropism targeting the
acidic food vacuole of the plasmodium parasite,360-363 but additional structural features
may contribute to increased potency of the drug. As its parent compound CQ, AQ is a
lysosomotropic 4-aminoquinoline-based tertiary amine, but only AQ contains a 1,4aminophenol-substituent known to form an electrophilic quinoneimine-metabolite upon
intracellular oxidation, a reactive intermediate that may be involved in covalent protein
adduction.329,330 Indeed, other drugs containing aminophenol-pharmacophores have been
shown to cause inhibitory adduction at cysteine-residues of specific target proteins such
as CTSB.364 It is therefore tempting to speculate that in addition to disruption of
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lysosomal pH control, a physicochemical effect commonly associated with the class of 4aminoquinoline antimalarials, covalent adduction of specific protein targets by AQ my
contribute to its higher antimelanoma activity, a hypothesis to be tested by future
experiments. Consistent with this hypothesis, using a monoclonal antibody employed
clinically for ELISA-detection of AQ-adducted plasma protein, we detected the
accumulation of AQ-modified proteins (35-55 kDa molecular weight range) in melanoma
cells (Figure. 5.2A). Currently, we are employing proteomic tools in order to elucidate
the identity and functional implications of specific AQ-adducted target proteins in
melanoma cells.
The concept of repurposing clinical antimalarials (including CQ, hydroxychloroquine,
primaquine, and artemisinin-derivatives) for cancer chemotherapy has recently gained
considerable attention.8,61,229,310-315 AQ is in clinical use worldwide (yet not in the United
States) as an antimalarial equivalent to CQ, and recent studies have shown that AQ is
superior to CQ in the treatment of resistant strains of Plasmodium falciparum.360
Remarkably, the safety and efficacy of AQ-based antimalarial therapy are well
established, and pharmacogenetic profiling of an AQ-metabolizing enzyme (cytochrome
P450, family 2, subfamily C, polypeptide 8; encoded by CYP2C8) in malaria patients
may improve the safe use of this drug.365,366 Taken together, our data suggest that AQ is a
promising candidate for drug repurposing efforts aiming at undermining autophagiclysosomal function and proliferative control in malignant melanoma cells. Our current
research efforts are aimed at the identification of specific molecular targets involved in
AQ-based inactivation of cancer cells, and studies that are aimed at demonstrating
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feasibility of AQ-based adjuvant chemotherapeutic intervention in preclinical murine
models of human melanoma have been initiated.
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CHAPTER 6:
SUMMARY OF STUDIES AND FUTURE
DIRECTIONS
Recent research has demonstrated that constitutively elevated levels of
proteotoxic stress represent a specific vulnerability of malignant cells that can be targeted
by small molecule stress modulators. The activation of HSR and UPR allows cancer cell
survival under adverse conditions that prevail in the tumor environment. Importantly,
melanoma cells growing in the context of tumorigenic stress rely on a constitutively
activated UPR and HSR for survival. Therefore, pharmacological induction of
proteotoxic stress, through cytotoxic overload, either by causation of increased protein
unfolding or interference with proteolytic clearance, represents a viable strategy for
cancer chemotherapy.
Here, we have identified three non-oncological drugs that induce proteotoxic
stress in melanoma cells and have demonstrated their potential chemotherapeutic efficacy
against melanoma cells (Figure 6.1). Our mechanistic studies revealed that these drugs
are capable of causing pharmacological modulation of three major arms of proteotoxic
stress response: (i) the reducing copper-chelator D-penicillamine causes protein
misfolding and induces UPR as adaptive response in human malignant melanoma cell
and xenograft models; (ii) the thiazole oligopeptide antimicrobial thiostrepton causes
proteotoxic stress through inhibition of 26S proteasome activity; (iii) the 4aminoquinoline antimalarial amodiaquine blocks autophagic-lysosomal flux and cell
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cycle progression with induction of chemosensitization. Future work should pursue
further mechanistic studies that elucidate the specific molecular mechanisms of action
underlying proteotoxic stress modulation and anti-melanoma activity. Moreover, the
feasibility of chemotherapeutic intervention has to be tested in adequate pre-clinical
models in order to allow efficient translational development of these drugs through the
initiation of early stage clinic trials.

ER stress/UPR

D-penicillamine
-

p-PERK !
p-eIF2-α !
CHOP !
Noxa !
Hsp70 !

Thiostrepton
-

UPS

26S proteasome (-)
Ub-protein !
Hsp70 !
CHOP !
p-eIF2-α !
Noxa !, Bax !

Proteotoxic stress !

Antimelanoma activity
Amodiaquine

Autophagy

LC-3 II !
p62 !
LAMP-1 !
p21 !, cyclin D1 , E2F1 , p-RB
p53 !
CTSB, CTSL, CTSD (-)

!!

!!

!!

-

Figure 6.1 Identification of non-oncological drugs for pharmacological induction of
proteotoxic stress targeting malignant melanoma cells. Upward arrow indicates
upregulation; downward arrow indicates downregulation; (-) indicates inhibition of
enzymatic activities.
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Future work for DP encompasses the identification of key mechanistic events
leading to DP-induced UPR and oxidative stress in human malignant melanoma cells. In
order to reconcile the two apparently opposing molecular events induced by DP,
reductive protein unfolding and upregulation of oxidative stress, experiments will aim at
substantiating the hypothesis that DP-induced oxidative stress originates from protein
refolding that occurs within the ER. Specifically, we hypothesize that ER oxidoreductin 1
(Ero1), an ER resident oxidoreductase that catalyzes oxidative formation and
isomerization of protein disulfide bonds in unfolded proteins with electron transfer to
molecular oxygen, is the crucial driver of ROS formation induced by the reducing agent
DP. To this end, the role of Ero1 and its reaction partner, protein disulfide isomerase
(PDI), in DP-induced oxidative stress will be validated by genetic (siRNA) or
pharmacological (bacitracin) modulation.
Furthermore, preclinical development and lead optimization of DP for improved
tumor delivery and more potent UPR induction will be pursued. Specifically, based on
DP-thiol chemistry that allows reversible coupling to gold nanoparticles (AuNPs; stable
and soluble thiol-capped gold clusters), an innovative enhanced permeation and retention
(EPR)-directed drug delivery strategy, will be implemented.367 DP-conjugated gold
nanoparticles will then be tested in a xenograft animal model, and chemotherapeutic
efficacy will be compared to single molecule DP. We expect that the EPR-based
nanoparticle delivery will enable tumor-directed enrichment of DP, leading to increased
efficacy and reduced systemic toxicity.368
Future directions of the thiostrepton-related research include the examination of

	
  

175	
  

proteasome- and redox-directed molecular mechanisms, the identification of relevant
pharmacophores contained in this molecule, and the demonstration of efficacy in preclinical disease models. These studies would ultimately aim at exploring experimental
and investigational therapeutic use of thiostrepton and its simplified analogs.
First, the specific mechanism underlying thiostrepton-induced inhibition of
proteasomal proteolytic activity must be elucidated employing biochemical and structurebased approaches. Interestingly, thiostrepton has been shown earlier to target proteasome
function of the malaria parasite Plasmodium falciparum, and direct binding of the 20S
proteasome by thiostrepton has been observed in human erythrocytes, providing a starting
point for the exploration of structure-based inhibitory function of this molecule.293 To
determine the mechanism of proteasomal inhibition (direct adduction vs. indirect
inhibition), proteasomal activity will be measured by co-incubating the 26S proteasome
isolated from human metastatic melanoma cells with thiostrepton, followed by mass
spectrometric analysis of protein adduction. Furthermore, target validation regarding the
three catalytic subunits of the 20S core particle will be assessed by immunoblot and
genetic modulation.
Furthermore,

the

proteasome-directed

pharmacophore

contained

in

the

thiostrepton molecule has to be identified, and small molecule fragments of thiostrepton
that maintain drug action may be identified as a consequence of this activity. This project
will benefit from prior research that has examined anti-plasmodium and anti-proteaosome
activity of selected synthetic thiostrepton derivatives based on combinations of tail
truncation, oxidation, and addition of lipophilic thiols the terminal dehydroamino acid.293
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Moreover, recent research has addressed some aspects of structure-activity relationships
underlying cytotoxicity of thiostrepton and its analog siomycin, providing a platform for
examination of detailed structure activity relationships. 281
Second, the specific molecular mechanisms underlying thiostrepton-induced
dysregulation of cellular redox homeostasis observed by us is in cultured melanoma and
myeloma cells have to be examined. Since earlier research suggests that thiostrepton may
target mitochondria, mitochondrio-toxic effects may underlie early production of ROS
observed in melanoma cells.273 To visualize subcellular localization, FITC-labeled
thiostrepton will be synthesized and used together with MitoTracker co-staining.
Additionally, mitochondrial functional assays will be performed to further assess the
possibility that thiostrepton induces oxidative stress through early mitochondrial
impairment. Indeed, numerous factors may contribute to thiostrepton-associated oxidative
stress. For example, it has been shown earlier that spontaneous adduction of cellular
thiol-residues by the electrophilic dehydroalanine-moieties of thiostrepton imparts
antimicrobial activity through covalent modulation of microbial targets,274 and it is
therefore possible that oxidative stress and glutathione depletion observed in melanoma
cells result in part from covalent adduction of critical cellular thiol-residues, a hypothesis
to be substantiated by future experimentation.
For AQ, further development aiming at exploring AQ-based chemotherapeutic
intervention will explore the possibility that activity of this drug depends on covalent
adduction of critical protein targets based on the known protein-directed electrophilicity
of the quinone-imine metabolite of amodiaquine.329,330 To this end, proteomics analysis
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will be performed after 2D-immunoblot detection of AQ-adducted proteins using the
monoclonal antibody described in experimental section (Figure 6.2, panel A).
For further pre-clinical development, in vivo efficacy of amodiaquine, delivered
as single agent or in combination with standard chemotherapeutics will be tested in
murine melanoma xenograft models monitoring modulation of autophagic markers
including p62, Beclin1, LC3, and Lamp1 expression. Moreover, further analysis
investigating the anti-melanoma efficacy of amodiaquine in vivo will be achieved by
examining reduction in tumor cell proliferation (Ki-67 and mitotic rate) or an increase in
apoptosis (activated caspase-3 and TUNEL assays).
Metastatic melanoma, one of the most aggressive malignancies, is largely
unresponsive to conventional chemotherapy, and few options are available for the
treatment of the metastatic phase of this devastating disease. Our drug discovery research
on non-oncological drugs has established modulation of the proteotoxic stress response
(UPR; HSR; UPS; autophagy) as a novel therapeutic modality for anti-melanoma
intervention. It is hoped that future drug discovery and development efforts that build on
research performed in this thesis will benefit patients in the clinic.
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APPENDIX A:
	
  

THIOSTREPTON TARGETS MULTIPLE
MYELOMA AND MANTLE CELL LYMPHOMA
CELLS WITH DOWNREGULATION OF
CCND1 AND CELL CYCLE ARREST
	
  
	
  

These data are a summary of my preliminary additional research findings currently
assembled for publication. The initial purpose of this research was to further explore
anti-myeloma activity of thiostrepton as observed in Chapter 4.
A.1 Introduction and Rationale
Multiple myeloma (MM) is a progressively fatal hematological disease that
results from malignant transformation of plasma cells (terminally differentiated B cells)
in the bone marrow.369 Previous studies have provided insights into the pathogenesis of
this disease, and defects involving proliferation, apoptosis, and angiogenesis are believed
to be important.370 Proliferation as measured by bromodeoxyuridine labeling of MM cells
has been shown to be an important prognostic factor for MM.371 Multiple myeloma is a
cancer of plasma cells specialized in the production and secretion of antibody exhibiting
extremely high protein turnover rates. Therefore, the proteasome plays an important role
in maintaining the immortal phenotype of myeloma cells, a finding supported by data
obtained both in vitro and in vivo.91,113 Further research has demonstrated additional antimyeloma mechanisms of the clinical proteasome inhibitor bortezomib through preventing
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degradation of pro-apoptotic factors and activating programmed cell death in neoplastic
cells.
Mantle cell lymphoma (MCL) is a non- Hodgkin lymphoma with poor prognosis. The
hallmark of MCL is the translocation t(11:14)q(13;32), which places the gene encoding
cyclin D1 under control of the immunoglobulin heavy chain enhancer. CCND1 interacts
with cyclin-dependent kinase (CDK) 4 and CDK6, and its overexpression drives cell
cycle.
Here, we demonstrate that thiostrepton displays potent anti-proliferative activity as
evidenced by pronounced downregulation of CCND1 and G2 cell cycle arrest observed
in RPMI 8226 at submicromolar concentrations. Furthermore, thiostrepton causes
downregulation of the redox-sensitive oncogenic phosphatase cdc25C associated with
ROS generation, collapse of mitochondrial transmembrane potential, and ATP depletion.
A.2 Materials and Methods
Chemicals. All chemicals were purchased from Sigma Chemical Co.
Cell culture. RPMI 8226 multiple myeloma cells were cultured in RPMI medium
(ATCC, 30-2001) containing 10% fetal bovine serum (Hyclone, SH30072.03). Cells were
maintained at 37°C in 5% CO2, 95% air in a humidified incubator. Dulbecco’s
phosphate-buffered saline (PBS) and Hank’s Balanced Salt Solution (HBSS containing
5.6 mM D-glucose) were from Life Technologies (14199-144 and 14025- 092).
Cell proliferation assay. Cells were seeded at 5,000 cells/dish on 35-mm dishes. After
24h, cells were exposed to test compound. Cell number at the time of compound addition
and 72 h later were determined using a Z2 analyzer (Beckman Coulter, Inc.).
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Proliferation was compared with cells that received mock treatment. The same
methodology was used to establish IC50 values (drug concentration that induces 50%
inhibition of proliferation) indicating antiproliferative potency.
Cell cycle analysis. Cells were seeded at 25,000 per 35-mm dish and left overnight to
attach. The next day, cells received treatment with test compounds and vehicle controls.
After 24 and 48 h continuous drug exposure, cells were processed as published before.226
Cellular DNA content was determined by flow cytometry and analyzed using the
ModFitLT software, version 4.0 (Verity, VMFLTMAC4).
Cell Glo ATP assay. Cells were seeded at 50,000 cells/dish on 35-mm dishes. After 24
h, cells were treated with test compound. At various time points cells were counted, and
ATP content per 10,000 cells was determined using the CellTiter-Glo luminescent assay
(Promega, Madison, WI, USA) according to the manufacturer’s instructions. Data are
normalized to ATP content in untreated cells and expressed as means ± SD (n=3).
Human Stress and Toxicity RT2 ProfilerTM PCR expression array analysis. After
pharmacological exposure, total cellular RNA (3x106 A375 cells) was prepared according
to a standard procedure using the RNeasy kit (Qiagen, 74104). Reverse transcription was
performed using the RT2 First Strand kit (Superarray, 330401) and 5 µg total RNA as
described previously. The Human Stress and Toxicity RT2 ProfilerTM PCR Expression
Array (Qiagen, PAHS-003A-12), each profiling the expression of 84 genes, was run using
the following PCR conditions: 95°C for 10 min, followed by 40 cycles of 95°C for 15 sec
alternating with 60°C for 1 min (Applied Biosystems, 7000 SDS). Gene-specific product
was normalized to GAPDH and quantified using the comparative (ΔΔCt) Ct method as
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described in the ABI Prism 7000 sequence detection system user guide as published
earlier. Expression values were averaged across three independent array experiments, and
standard deviation was calculated for graphing.
Gene expression analysis by real time RT-PCR. After thiostrepton exposure (1-20 µM,
24h), total cellular RNA (3 x 106 cells) was prepared using the RNEasy kit (Qiagen,
74104). Reverse transcription was performed using TagMan Reverse Transcription
Reagents and 200 ng of total RNA in a 50µl reaction. Reverse transcription was primed
with random hexamers and incubated at 25°C for 10 min followed by 48°C for 30 min,
95°C for 5 min, and a chill at 4°C. Each PCR reaction consisted of 3.75 µl of cDNA
added to 12.5µl of TaqMan Universal PCR Master Mix (Roche Molecular Systems), 1.25
µl of gene specific primer/probe mix [Assay-by- Design; Applied Biosystems: CDKN1A
(assay ID Hs00355782_m1), and GAPDH (assay ID Hs99999905_m1)] and 7.5µl of
PCR water. PCR conditions were: 95°C for 10 min, followed by 40 cycles of 95°C for 15
s alternating with 60°C for 1 min (Applied Biosystems 7000 SDS). Gene-specific product
was normalized to GAPDH and quantified using the comparative (ΔΔCt) Ct method as
described in the ABI Prism 7000 sequence detection system user guide as published
earlier.6
Immunoblot detection. Cells were lysed in 1x SDS-PAGE sample buffer and heated for
3 min at 95 °C. Samples were separated by 12 % SDS-PAGE followed by transfer to
Protran nitrocellulose membranes (Whatman, BA85). Membranes were incubated with
primary antibodies in 5 % milk-TBST overnight at 4°C as follows: rabbit anti-pRb(Ser780) polyclonal (Cell Signaling Technology, 9307); rabbit anti-p-Rb (Ser807/811)
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polyclonal (Cell Signaling Technology, 9308); mouse anti-Rb monoclonal (Cell Signaling
Technology, 9309); mouse anti-p21 monoclonal (Cell Signaling Technology, 2946);
rabbit anti-c-Myc monoclonal (Cell Signaling Technology, 5605P); mouse anti-p53
monoclonal (Santa Cruz Biotechnology, sc-126); mouse anti-E2F-1 monoclonal (Santa
Cruz Biotechnology, sc-251); anti-cyclin D1 polyclonal (Santa Cruz Biotechnology, sc718); Use of HRP-conjugated goat anti-rabbit (Jackson Immunological Research, 111035-144) or goat anti-mouse secondary antibody (Jackson Immunological Research, 115035-146) was followed by visualization using enhanced chemiluminescence detection
reagents. Equal protein loading was examined using a mouse anti-actin monoclonal
antibody (Sigma, A4700).
Phospho-histone H3 (Ser10) flow cytometry. Human RPMI 8226 cells (500,000) were
exposed to thiostrepton (1 µM, 18 h) or left untreated. Cells in M-phase were then
detected by bivariate flow cytometric determination of cellular DNA content (PI-staining)
and histone H3 phosphorylated at Ser 10 [p-H3 (Ser10)] using a rabbit derived Alexa-488
conjugated antibody (Cell Signaling, Inc., Danvers, MA, USA) according to the
manufacture’s protocol. p-H3(Ser10)-positive cells in M phase were expressed in percent
of total gated cells (mean ± SD, n=3).
Statistical Analysis. The results are presented as means (± S.D.) of at least three
independent experiments. Data were analyzed employing the two-sided Student’s t-test;
differences were considered significant at p < 0.05 (*p < 0.05; **p < 0.01; ***p < 0.001).
Selected data sets were analyzed employing one-way analysis of variance (ANOVA) with
Tukey’s post hoc test using the PRISM 4.0 software; means without a common letter
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differ (p < 0.05).
	
  

A.3 Results
A.3.1 Thiostrepton upregulates heat shock response genes and downregulates
CCND1 (cyclin D1) in both RPMI 8226 and Granta 519 cells. First, we performed
comparative gene expression array analysis of thiostrepton-exposed RPMI 8226 and
Granta 519 cells. Early modulation of stress and toxicity response gene expression was
examined in Granta 519 mantle cell lymphoma cells exposed to thiostrepton (10 µM, 6 h
exposure) (Figure A.1). As detected before in RPMI 8226 cells (Chapter 4, Figure 4.3),
massive upregulation of heat shock response gene expression was observed including
genes encoding the heat shock proteins Hsp70B’ (HSPA6; 1608-fold), Hsp70 protein 1A
(HSPA1A; 323-fold), DNA damage-inducible transcript 3 protein (DDIT3; 8.5-fold),
hemoxygenase-1 (HMOX-1, 5.0-fold), Hsp70 protein 2 (HSPA2, 21.3-fold) ，and the
Hsp70 co-chaperone DnaJ (Hsp40) homolog, subfamily B, member 4 (DNAJB4; 7.5fold). Strikingly, consistent with earlier results observed in RPMI 8226 multiple
myeloma cells, pronounced downregulation of CCND1 (almost 7-fold) was observed in
Granta 519 cells. Importantly, CCND1, an essential proliferative factor driving cell cycle
progression, is known to be overexpressed in MCL.372
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(C) T-modulation (10 μM, 6 h) of HMOX1,
HSPA1A, and HSPA6 mRNA levels as
assessed by independent real time RTPCR analysis.
(D) Immunoblot analysis examining Tmodulation of proteotoxic stress markers
and ubiquitination (10 μM, up to 6 h).
(E) Inhibition of proteasomal enzymatic
activity [up to 10 μM T, 6 h; upper panel:
chymotrypsin-like
versus
trypsin-like
activity; lower panel: chymotrypsin-like
activity, dose–response relationship;
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(A and B) Induction of A375 and human epidermal melanocyte (HEMa) cell death in response to thiostrepton exposure (T; 1,
5, 10 μM, 24 h) performed in the absence or presence of zVADfmk (40 μM) as assessed by flow cytometric analysis. The
numbers (panel A) indicate viable (AV-, PI-) in percent of total gated cells (mean±SD, n = 3). The bar graph (panel B)
represents data obtained from three independent repeats involving metastatic melanoma cell lines (A375, G361) and primary
melanocytes (HEMa). (C) T-induced (10 μM, 0–24 h) caspase-3 activation was examined in A375 cells using an Alexa488conjugated monoclonal antibody directed against proteolytically activated caspase 3. (D) T-induced (10 μM, 0–12 h) caspase
9 activation was examined in A375 cells using a luminescent assay. (E) Time course analysis (0–18 h continuous exposure,
10 μM T) of cell death performed in A375 cells. (F) A375 cells [control (panel I) and T-treated (10 μM, 12 and 24 h; panels II
and III, respectively)] were examined by transmission electron microscopy (direct magnification: 8800; N, nucleus; PM,
plasma membrane).

Comparative gene expression array analysis of thiostrepton-treated
human A375 metastatic melanoma and primary melanocytes:

Stress and toxicity gene expression profile in
thiostrepton-treated mantle cell lymphoma cells [Granta 519]

Stress & Toxicity PathwayFinderTM PCR Array Analysis
[T 10μM, 6hr]

DMC-induced oxidative and
mitochondriotoxic stress occurs
in the absence of genotoxic stress

(A and B) The scatter blots depict
differential gene expression as detected
by the RT2 Human Stress and Toxicity
ProfilerTM
PCR
Expression
Array
technology (T: 10 μM, 6 h) in A375
melanoma
cells
(panel
A)
and
melanocytes (panel B). Upper and lower
lines: cut-off indicating fourfold up- or
down-regulated expression, respectively.
Arrays were performed in three
independent repeats and analyzed using
the two-sided Student’s t test.
(C) The table summarizes expression
changes by at least twofold (p < 0.05).
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Fig. 5. Thiostrepton inhibits proteasome activity with induction of proteotoxic stress and apoptosis in human RPMI 8226 multiple myeloma cells. (A) Induction of cell
death by exposure to T (0.5–10 mM, 24 h) in the absence or presence of zVADfmk (40 mM) or NAC (10 mM) was assessed by flow cytometric analysis. The numbers indicate
viable (AV-, PI-) in percent of total gated cells. A representative experiment taken from three similar repeats is shown. (B) Gene expression array analysis of T-treated
(10 mM, 6 h) RPMI 8226 cells. The scatter blot (left panel) depicts differential gene expression as detected by the RT2 Human Stress and Toxicity ProfilerTM PCR Expression
Array technology. Upper and lower lines: cut-off indicating fourfold up- or down-regulated expression, respectively. Arrays were performed in three independent repeats
and analyzed using the two-sided Student’s t test. The table (right panel) summarizes expression changes by at least four-fold (p < 0.05). (C) T-modulation (10 mM, 6 h) of
HMOX1, HSPA1A, and HSPA6 mRNA levels as assessed by independent real time RT-PCR analysis (mean ! SD, n = 3). (D) Immunoblot analysis examining T-modulation of
proteotoxic stress markers and ubiquitination (10 mM, up to 6 h). (E) Inhibition of proteasomal enzymatic activity [up to 10 mM T, 6 h; upper panel: chymotrypsin-like versus
trypsin-like activity; lower panel: chymotrypsin-like activity, dose–response relationship; mean ! SD; n = 3; * denotes statistically significant differences (*p < 0.05; **p < 0.01;
***p < 0.001)].

Figure A.1 Comparative genes array analysis in RPMI 8226 multiple myeloma and
Granta 519 mantle cell lymphoma cells. (A-B) Gene expression array analysis of Ttreated (10 µM, 6 h) RPMI 8226 and Granta 519 cells. The scatter blot (upper panel)
depicts differential gene expression as detected by the RT2 Human Stress and Toxicity
ProfilerTM PCR Expression Array technology. Upper and lower lines: cut-off indicating
fourfold up- or down-regulated expression, respectively. Arrays were performed in three
independent repeats and analyzed using the two-sided Student’s t test. (C) The table
(bottom panel) summarizes expression changes by at least four-fold (p < 0.05).
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Figure A.2 Thiostrepton inhibits cell proliferation with downregulation of cyclin D1
(CCND1). (A) Dose–response relationship of thiostrepton-induced inhibition of cell
proliferation. After 72 h exposure to increasing concentrations of thiostrepton (10 nM-1
µM), proliferation was examined by cell counting and expressed as % of untreated
control. (B) Immunoblot analysis of proliferative markers. After exposure to thiostrepton
(10 µM; 1-6 h), RPMI 8226 cells were harvested and processed for immunodetection.

A.3.2 Thiostrepton causes proliferative blockade and G2 cell cycle arrest with the
modulation of G2/M cell cycle regulators. First, antiproliferative activity of
thiostrepton was assessed in cultured human RPMI 8226 multiple myeloma cells, where
significant inhibition of cell proliferation was observed at submicromolar concentrations
(Figure A.2A). Guided by thiostrepton-induced downregulation of CCND1 and
proliferative blockade, we further examined modulation of protein regulators determining
G1/S transition where cyclin D1 plays a critical role. Here, thiostrepton causes
pronounced reactivation of pRb tumor suppressor function by removal of inhibitory
phosphorylations (Ser780; Ser807/811), established sites of posttranslational pRb
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regulation at the G1/S checkpoint.339,343,356 Further immunoblot analysis revealed that
thiostrepton significantly downregulates protein levels of two critical cell cycle
regulators, cyclin D1 and c-myc, the proto-oncogenic transcription factor representing the
most common alteration in human cancer due to chromosomal translocation.373
Moreover, flow cytometric analysis revealed that thiostrepton exposure imposes
pronounced alterations in cell cycle distribution. Specifically, continuous exposure of
RPMI 8226 cells to thiostrepton (1 µM, up to 24 h) caused a statistically significant
enrichment of the G2-M phase fraction accompanied by a decrease of cells in G1 and S
phase (Figure A.3A). Specifically, the fraction of cells in G2-M phase almost doubled
from approximately 26.8 to 54 % upon treatment with thiostrepton (1 µM, up to 24 h),
accompanied by pronounced depletion of cells in G1 and S. In order to discriminate
between thiostrepton-induced cell cycle arrests in G2 versus M phase, we further
investigated critical molecular markers involved in G2-M transition. The expression of
phospho-histone H3 (Ser10), an established M-phase marker,374 displayed pronounced
downregulation in response to thiostrepton treatment as observed by immunoblot and
bivariate flow cytometric analysis (Figure. A.3B and C). Moreover, consistent with G2
arrest, upregulation of cyclin B1 (Figure A.3D) and inhibitory phosphorylation of cdc2
(CDK4; Tyr15) (Figure A.3B), factors known to control the G2-M checkpoint, was
observed upon thiostrepton exposure. Moreover, it was observed that thiostrepton
treatment caused pronounced downregulation of the redox-sensitive oncogenic
phosphatase cdc25C, known to remove the inhibitory phosphorylation of cdc2 as
observed by us. (Figure A.3B) Consistent with the known redox sensitivity of cdc25C,
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Cell cycle disturbance in thiostrepton treated RPMI 8226 multiple myeloma cells.
(A) Thiostrepton-induced cell cycle alterations. Cells were exposed to thiostrepton (1µM,
3-24h) or left untreated and then analyzed by PI-staining followed by flow cytometry.
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Alexa488-conjugated monoclonal antibody against cyclin B1. (E) N-acetyl-L-cysteine
(10 µM, 1 h) pretreatment reversed phosphorylation of cdc2 and depletion of cdc25c
induced by thiostrepton (1µM).
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One representative experiment out of three similar repeats is shown. (B) Early cellular
ATP depletion induced by thiostrepton exposure (1 µM; < 6 h). Data are expressed as %
of untreated controls (mean ± S.D.; n=3).
(C). Alteration of mitochondrial
transmembrane potential (Δψm) in response to thiostrepton (1 µM; 1, 3, 6 and 12 h) as
assessed by bivariate flow cytometric analysis of JC-1 stained cells. The upper two
panels display one representative experiment of three similar repeats, and numbers
indicate cells with impaired Δψm (in percent of total gated cells) detected outside the
circle (mean ± SD, n=3).
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A.3.3 Thiostrepton causes early ATP depletion and collapse of mitochondrial
transmembrane potential in RPMI 8226 cells. Using DCF detection of intracellular
peroxide levels by flow cytometry, a pronounced increase in DCF fluorescence intensity
was observed after 6 h continuous exposure in RPMI 8226 multiple myeloma cells
indicating the occurrence of cellular oxidizing species in response to thiostrepton (Figure.
A.4A), a finding consistent with our prior research on thiostrepton-induced redox
alterations targeting cancer cells (Chapter 5, Figure 4.5). We also observed that
thiostrepton-exposed multiple myeloma cells displayed early energy crisis as evident
from significant depletion of cellular total ATP levels that occurred as early as within 1 h
treatment, consistent with earlier reports indicating that thiostrepton compromises
mitochondrial function and inhibits protein translation.273 Consistent with thiostreptoninduced induction of energy crisis, flow cytometric analysis using the sensor dye JC-1
revealed a moderate yet significant decrease in mitochondrial transmembrane potential
(Δψm) observable at early time points (1 µM; 1, 3, 6 and 12 h; Figure. A.4C).
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1. The antimalarial amodiaquine causes autophagic-lysosomal and proliferative blockade
sensitizing human melanoma cells to starvation- and chemotherapy-induced cell death.
Qiao S, Tao S, Rojo de la Vega M, Park SL, Vonderfecht AA, Jacobs SL, Zhang DD,
Wondrak GT.
Autophagy. 2013 Oct 8;9(12). [Epub ahead of print]
2. Phenotypic identification of the redox dye methylene blue as an antagonist of heat
shock response gene expression in metastatic melanoma cells.
Davis AL, Cabello CM, Qiao S, Azimian S, Wondrak GT.
Int J Mol Sci. 2013 Feb 19;14(2):4185-202.
3. D-Penicillamine targets metastatic melanoma cells with induction of the unfolded
protein response (UPR) and Noxa (PMAIP1)-dependent mitochondrial apoptosis.
Qiao S, Cabello CM, Lamore SD, Lesson JL, Wondrak GT.
Apoptosis. 2012 Oct;17(10):1079-94.
4. Thiostrepton is an inducer of oxidative and proteotoxic stress that impairs viability of
human melanoma cells but not primary melanocytes.
Qiao S, Lamore SD, Cabello CM, Lesson JL, Muñoz-Rodriguez JL, Wondrak GT.
Biochem Pharmacol. 2012 May 1;83(9):1229-40.
5. The redox antimalarial dihydroartemisinin targets human metastatic melanoma cells
but not primary melanocytes with induction of NOXA-dependent apoptosis.
Cabello CM, Lamore SD, Bair WB 3rd, Qiao S, Azimian S, Lesson JL, Wondrak GT.
Invest New Drugs. 2012 Aug;30(4):1289-301.
6. Proteomic identification of cathepsin B and nucleophosmin as novel UVA-targets in
human skin fibroblasts.
Lamore SD, Qiao S, Horn D, Wondrak GT.
Photochem Photobiol. 2010 Nov Dec;86(6):1307-17.
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