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ABSTRACT

Non-Hodgkin lymphomas often arise at sites of chronic inflammation, exposing
them to oxidative stress, or increased levels of reactive oxygen species (ROS). Increases
in ROS are associated with tumor initiation, promotion and progression.

Chronic

exposure to ROS may promote the transformation of lymphocytes to lymphoma. Antiapoptotic proteins such as Bcl-2 are commonly overexpressed in lymphoid malignancies.
The protective function of Bcl-2 is partially dependent on its ability to regulate the redox
environment. Adaptation to oxidative stress via the upregulation of anti-oxidant defense
enzymes or upregulation of anti-apoptotic proteins appear to, in part, confer resistance to
chemotherapeutics through their ability to regulate the redox environment. This suggests
that using an agent to disrupt redox homeostasis has potential as a therapeutic strategy to
circumvent these resistance mechanisms. The following studies examine the use of the
copper chelator drug, ATN-224, to modulate the redox environment and circumvent the
upregulation of anti-oxidant defense enzymes and anti-apoptotic proteins. These studies
demonstrate that ATN-224 inhibits the primary anti-oxidant defense enzyme SOD1 and
the redox-driven proton pump CcOX (complex IV in the electron transport chain). This
inhibits the ability of SOD1 and CcOX to regulate the cellular and/or mitochondrial
redox environment, respectively.

ATN-224 treatment increases oxidative stress and

induces peroxynitrite-dependent cell death. Furthermore, ATN-224 induces the release
of AIF from the mitochondria, resulting in caspase-independent cell death. Collectively,
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these findings suggest that modulating the redox environment with ATN-224 has
therapeutic potential in the treatment of non-Hodgkin lymphoma.
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CHAPTER ONE: INTRODUCTION

Hematological Malignancies
Hematological malignancies are a heterogeneous group of diseases that can arise
when cell differentiation and/or activation are disrupted, resulting in malignant
transformation of the bone marrow or lymphatic cells [1, 2]. These malignancies can be
grouped based on their progenitor cell of origin, as either myeloid or lymphoid, with the
latter being the most common [3]. There are currently more than 40 distinct types of
lymphoid malignancies that have been identified [4]. The major types of lymphoid
malignancies are leukemia, myeloma and lymphoma. According to the Leukemia and
Lymphoma Society an estimated 140,310 people will be diagnosed with leukemia,
myeloma or lymphoma in 2011, which will account for nine percent of newly diagnosed
cancer cases in the United States (http://www.lls.org).
Leukemia is a cancer of the blood and bone marrow.

Lymphoblastic

(lymphocytic) leukemia can be classified as acute or chronic, based on the growth rate of
the disease.

Leukemia is the most common type of childhood cancer.

Acute

lymphoblastic leukemia (ALL) accounts for 78% of all childhood leukemia diagnoses
and has a cure rate of approximately 75-80% [5]. Chronic lymphocytic leukemia (CLL)
is the most common leukemia in adults, predominately the elderly, and remains incurable
with standard treatments [6].
Multiple myeloma is a cancer of clonal plasma cells, which are white blood cells
that produce antibodies. It is the second most common hematological malignancy in the
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United States [7]. Multiple myeloma is classified as asymptomatic or symptomatic,
which is based on the absence or presence of myeloma-related organ dysfunction [8] and
is considered a disease of the elderly, with a median survival of 2-3 years [9].
Lymphoma is a cancer of the lymphatic system, that can present as a solid tumor
[10].

It is the most common hematological malignancy in the United States [7].

Lymphomas are classified as Hodgkin or non-Hodgkin. Hodgkin lymphomas account for
approximately 10% of lymphomas, are characterized by the presence of Reed-Sternberg
cells and have a cure rate of 90% [10-12]. Non-Hodgkin lymphoma (NHL) accounts for
approximately 90% of lymphomas and can be classified as indolent or aggressive, based
on the growth rate of the tumor cells [10]. NHL is a heterogeneous group of lymphoid
malignancies that include both B cell and T cell malignancies. B cell NHL is more
common and is classified based on the stage of B cell differentiation they arise from and
the distinct oncogenic abnormalities they acquire [13]. According to the Leukemia and
Lymphoma Society, there are approximately 60 subtypes of NHL classified by the World
Health Organization (WHO). It is the seventh most common cancer in the United States
(http://www.lls.org).
The two most frequently diagnosed NHL's are follicular lymphoma (FL) and
diffuse large B cell lymphoma (DLBCL). FL is the most commonly diagnosed indolent
form of NHL. It accounts for approximately 20-30% of NHL cases, is considered
incurable and has a median survival rate of 8-10 years [14-16]. The transformation of FL
into a more aggressive form of NHL, such as DLBCL, varies significantly, ranging from
10-60% of patients, and has a median survival rate of less than 2 years [15].
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DLBCL is the most commonly diagnosed aggressive form of NHL. It accounts
for approximately 30-40% of NHL cases and ~40-50% of patients can be cured using
standard treatment [1]. Through gene expression profiling, DLBCL can be divided into
three molecular subtypes: germinal center B cell like (GCB), which arise from normal
germinal center B cells; activated B cell like (ABC), which appear to arise from post
germinal center B cells that arrest during plasmacytic differentiation; and primary
mediastinal B cell lymphoma (PMBL), which may arise from thymic B cells [17]. The
GCB and ABC subtypes not only differ in their molecular distinctions but also in their
ability to be cured, with the GCB and ABC subtypes having 5-year survival rates of 60%
and 36%, respectively [1].
Mantle cell lymphoma (MCL) is another aggressive form of NHL. It accounts for
6-7% of NHL cases, is considered incurable and has a median survival rate of 3 years
[18, 19]. MCL is characterized by a diffuse, rarely nodular, proliferation of B cells
within the mantle zone that surrounds germinal center follicles in lymph nodes. MCL is
classified based on morphology: centrocytic; blastic, or pleomorphic. The centrocytic
form is the most common. The blastic and pleomorphic variant forms are less common
and highly prolific [20].
According to the Leukemia and Lymphoma Society an estimated 53,010 deaths
will occur due to leukemia, myeloma or lymphoma in 2011, which will account for a
little more than nine percent of cancer related deaths in the United States
(http://www.lls.org).
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Current Treatment in non-Hodgkin Lymphoma
There are many chemotherapeutic drugs and multidrug combinations used to treat
NHL. The standard treatment for DLBCL is a multidrug combination, referred to as
CHOP, that consists of the following four drugs: cyclophosphamide, an alkylating agent;
hydroxydaunorubicin (also known as doxorubicin), a DNA intercalator; oncovin (also
known as vincristine), a mitotic inhibitor; and prednisone, an immunosuppressant.
Rituximab, a monoclonal antibody that targets the B lymphocyte antigen CD20, which is
expressed on the surface of all B cells, received FDA approval in 1997 [21]. Studies that
measured the addition of rituximab to CHOP (R-CHOP) reported an improved response
in DLBCL [22]. Today rituximab is considered part of the standard therapy, which cures
approximately 50% of DLBCL cases, however, many patients go on to fail due to lack of
response or relapse [13, 22]. The heterogeneous response or relapse in DLBCL may be,
at least partially, attributed to defective caspase-dependent apoptotic pathways, as many
chemotherapeutic drugs used to treat DLBCL induce caspase-dependent apoptosis [23].

Cell Death and the Mitochondria
Caspase-dependent Cell Death Pathways
Apoptosis is a conserved form of programmed cell death that is critical in
lymphocyte development and cellular homeostasis [24]. The induction of apoptosis can
occur in response to a variety of pro-apoptotic signals, such as DNA damage, reactive
oxygen species (ROS) and the binding of death receptor ligands [25]. There are two
apoptotic pathways, intrinsic and extrinsic. The pathways are characterized by their
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dependence on the activation of caspases, a family of intracellular cysteine proteases [26,
27]. Caspases can be divided into initiators (caspase-2, 8, 9 and 10) and effectors
(caspase-3, 6 and 7).

In response to a pro-apoptotic signal, initiator caspases are

activated and activate effector caspases, thus triggering a proteolytic cascade that
ultimately results in cell death [25, 26].
The intrinsic apoptotic pathway involves the mitochondria and is activated in
response to cellular stress, such as DNA damage and/or ROS. A critical point in this
pathway is the release of cytochrome c from the mitochondria. Once released into the
cytosol, cytochrome c associates with apoptotic protease-activating factor 1 (Apaf-1) and
procaspase 9 to form the apoptosome.
caspase 9.

The formation of the apoptosome activates

Following activation, caspase 9 proceeds to activate caspase 3, which

executes the cleavage of other downstream targets [25]. In addition to cytochrome c,
there are other mitochondrial proteins that can be released into the cytosol to promote
apoptosis. An example is the inhibition of inhibitor of apoptosis proteins (IAP) by
second mitochondrial-derived activator of caspases (SMAC)/direct inhibitor-of-apoptosis
protein-binding protein with low pI (DIABLO) [28, 29].
The extrinsic apoptotic pathway involves death-receptor-mediated interactions
with the tumor necrosis factor family (TNF) [30]. Ligand binding induces the formation
of membrane-bound signaling complexes with adapter molecules such as Fas-associated
protein with death domains (FADD) and/or the TNF-associated protein with death
domain (TRADD). These complexes recruit and associate with procaspase 8 to form the
death-inducing complex (DISC), resulting in the autoactivation of procaspase 8. The
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activation of caspase 8 is sufficient to trigger a proteolytic cascade, thus activating other
downstream caspases, such as caspase 3.

There is evidence of upstream crosstalk

between the extrinsic and intrinsic apoptotic pathways through caspase-8 cleavage of Bid,
a pro-apoptotic member of the Bcl-2 family.

The truncated form of Bid (tBID)

translocates to the mitochondria to induce cytochrome c release, resulting in the
activation of capsase-3 [31].
The two pathways ultimately converge at caspase 3, which is involved in the
cleavage of cellular substrates and the formation of apoptotic bodies. These apoptotic
bodies are removed by phagocytosis in vivo [30]. The success of most chemotherapeutic
drugs is dependent on their ability to induce these caspase-dependent cell death
pathways, with the majority of these drugs triggering the intrinsic apoptotic pathway [27].

Caspase-independent Cell Death Pathways
There are other “apoptosis-like” cell death pathways that occur in a programmed
manner, but are independent of caspase activation [27]. In response to death stimuli,
these pathways provide an alternative route for cells to respond to death stimuli,
especially when caspase-dependent routes fail. These pathways can involve lysosomes
and the endoplasmic reticulum, which can release death factors such as cathepsins and
calpains, both of which can act upon the mitochondria. Similar to the intrinsic apoptotic
pathway, the mitochondria ultimately play an important role in these pathways.
Apoptosis inducing factor (AIF) is a mitochondrial-localized flavin adenine
dinucleotide-containing NADH-dependent oxidoreductase [32]. Upon release from the
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mitochondria, AIF translocates to the nucleus where it triggers chromatin condensation
and large-scale DNA degradation in a caspase-independent manner [33]. The activation
of caspases can occur in response to AIF release from the mitochondria; however, AIFinduced cell death is caspase-independent [34].

The Bcl-2 Family
Mitochondrial Outer Membrane Permeabilization
Mitochondrial outer membrane permeabilization (MOMP) is a key event in the
intrinsic apoptotic pathway.

The B cell lymphoma 2 (Bcl-2) family members are

mitochondrial-associated proteins and are categorized as either pro-apoptotic or antiapoptotic. They interact with one another to regulate MOMP [35]. The pro-apoptotic
Bcl-2 family members promote MOMP and are divided into effector and BH3 only
proteins [36]. The effector proteins include Bcl-2 antagonist killer 1 (BAK) and Bcl-2
associated x protein (BAX). Upon activation, these proteins homo-oligomerize into
proteolipid pores to promote MOMP. The BH3 only proteins are subdivided into either
sensitizer or direct activator proteins. The sensitizer proteins include Bcl-2 antagonist of
cell death (BAD) and Noxa. BAD and Noxa interact with anti-apoptotic Bcl-2 family
members. The direct activator proteins include Bcl-2-interacting domain death agonist
(BID), Bcl-2-interacting mediator of cell death (BIM) and Puma. BID, BIM and Puma
interact with anti-apoptotic Bcl-2 family members and can directly induce BAK and
BAX oligomerization and MOMP. The anti-apoptotic Bcl-2 family members prevent
MOMP and include Bcl-2, B cell lymphoma extra long (Bcl-xL) and myeloid leukemia 1
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(Mcl-1). These proteins prevent MOMP by directly inhibiting pro-apoptotic Bcl-2 family
members.

Oncogenic Activation
Bcl-2 is a protein that is important in B cell development and differentiation [37,
38].

Oncogenic activation of BCL2 promotes lymphomagenesis by inhibiting the

intrinsic apoptotic pathway and is frequently upregulated in a variety of NHL including
FL, DLBCL and MCL [36, 39, 40]. The upregulation of BCL2 is associated with poor
prognosis and resistance to cytotoxic anticancer drugs [41]. The mechanisms of BCL2
oncogenic activation include t(14;18)(q32;q21) translocation, 18q21 gain/amplification
and activation of nuclear factor kappa-light-chain-enhancer of activator B cells (NF-κB)
[38, 42]. The t(14;18) translocation juxtaposes the BCL2 locus to the immunoglobulin
heavy-chain locus (IgH), which results in upregulated BCL2 expression. The t(14;18)
translocation was first identified in FL and is present in ~90% of cases [43]. It has since
been described in DLBCL, where it is found in ~20% of the cases, occurring
predominantly in the GCB subtype [1].
BCL2 amplification has been indentified in DLBCL using comparative genomic
hybridization, where it is found in ~30% of the cases [44]. A study by Iqbal et al. has
shown that the 18q21 gain/amplification was found more frequently in the ABC subtype
and was associated with poor survival [38].
frequently found in MCL [18, 19, 45].

Gain/amplification of 18q21 is also
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NF-κB is a transcription factor that promotes the proliferation, differentiation and
survival of lymphocytes [46]. Aberrant activity of NF-κB contributes to the pathogenesis
of many types of lymphoid malignancies, playing a role in the development of several
NHL's [43, 47]. The downstream target genes of NF-κB include BCL2 and BCLXL,
which are consequently upregulated in response to constitutive NF-κB activation [48,
49].

Constitutively active NF-κB is associated with the ABC subtype of DLBCL;

however, it has also been reported in MCL [50, 51].
The gain/amplification of the MCL1 locus has been identified in DLBCL using
comparative genomic hybridization, occurring in 12.5% of GCB and 25.7% of ABC
subtypes [49]. The upregulation of MCL1 is associated with chemotherapeutic resistance
and relapse [52]. The increased expression of Mcl-1 occurs more frequently in high
grade lymphoma and correlates with grade in FL, suggesting that Mcl-1 may contribute
to transformation in FL [53].

Another study in MCL also showed that increased

expression of Mcl-1 correlates with high-grade morphology [54].

Therapeutic Strategies
The upregulation of anti-apoptotic Bcl-2 family members results in defective
apoptotic pathways. Drugs that sensitize cells to apoptosis are currently being developed
and/or are in clinical trials. Proteasome inhibitors, such as bortezomib, sensitize cells to
apoptosis by 1) inhibiting the NF-κB pathway, thus decreasing the activation of the
downstream targets Bcl-2 and Bcl-xL, and 2) stabilizing pro-apoptotic proteins by
preventing their degradation [55]. In addition, the generation of ROS plays a critical role
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in bortezomib-induced apoptosis [56].

While bortezomib has significant antitumor

activity as a single agent and as an adjuvant, common adverse side effects, which include
peripheral neuropathy and thrombocytopenia, are dose limiting [57].
Low-molecular-weight compounds, such as BH3 mimetics, sensitize cells to
apoptosis by directly targeting anti-apoptotic Bcl-2 family members [43].

The

development of BH3 mimetics targeting Bcl-2 and Bcl-xL has been more successful than
those targeting Mcl-1 [58]. BH3 mimetics are currently in clinical trials and have shown
promise; however, the upregulation of Mcl-1 can result in resistance [59].

Reactive Oxygen Species
ROS are generated as byproducts of normal cellular metabolism, primarily at the
mitochondria. The mitochondrial electron transport chain (ETC) contains three redoxdriven proton pumps: nicotinamide adenine dinucleotide (NADH):ubiquinone oxidoreductase (complex I); ubiquinol:ferricytochrome c oxido-reductase (complex III), and
cytochrome c oxidase (CcOX or complex IV). The one-electron reduction of oxygen
results in the production of superoxide (O2-), mainly at complex I and at complex III of
the ETC.

The primary anti-oxidant defense enzymes responsible for removing

superoxide from the cells is superoxide dismutase (SOD) 1 and 2, copper, zinc SOD and
manganese SOD, respectively. The SOD's dismutate superoxide to hydrogen peroxide
(H2O2) and oxygen (O2). The anti-oxidant defense enzymes responsible for removing
hydrogen peroxide are catalase and glutathione peroxidase (GPX) (as reviewed in [60]).
Catalase is a peroxidase enzyme that converts hydrogen peroxide to water (H2O) and O2.
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GPX is a selenium-containing enzyme that reduces hydrogen peroxide using glutathione
(GSH) as a hydrogen donor. Superoxide is short-lived and cannot readily diffuse across
membranes; however it can react with nitric oxide (NO), which is relatively stable and
highly diffusible, to produce peroxynitrite (ONOO-) [61]. The nitrogen containing nitric
oxide and peroxynitrite are referred to as reactive nitrogen species (RNS).
The involvement of ROS/RNS in redox signaling and oxidative damage is
dependent upon their level within the cell. At low levels, ROS/RNS can act as signaling
molecules, as cells contain redox-sensitive transcription factors and pathways that can
affect cell fate [62]. Hydrogen peroxide meets the important criteria for an intracellular
messenger; it is a small, diffusible molecule that can rapidly be produced and destroyed
[63].

The oxidation of redox-sensitive cysteine residues by hydrogen peroxide can

activate a variety of signaling pathways, including those involved in cell proliferation,
differentiation, migration or apoptosis [64].
While low levels of ROS/RNS can act as signaling molecules, high levels of
ROS/RNS can lead to rapid cell death by causing excessive, irreversible oxidative
damage to many vital cell components, including DNA, proteins and lipids [62, 65]. For
example, peroxynitrite targets tyrosine residues on proteins, forming nitrotyrosine
adducts. Increases in peroxynitrite levels have been shown to stimulate the release of
AIF, resulting in programmed, apoptosis-like cell death [61].

Modulation of the Redox Environment as a Therapeutic Approach
Cellular Redox Homeostasis and Oxidative Stress
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Homeostasis of the cellular redox environment occurs when there is a balance
between the rate of ROS generation and the rate of ROS detoxification. An increase in
ROS, due to increased production and/or a decrease in removal by anti-oxidant defense
enzymes, disrupts the balance of the redox environment, resulting in oxidative stress. In
cancer, oxidative stress has been shown to be involved in cancer initiation, promotion and
progression [62].

Tumor cells, in comparison to their normal counterparts, have

increased oxidative stress. The ability of tumor cells to adapt is through the upregulation
of antioxidant defense enzymes [65]. In primary lymphoid malignancies, Hileman et al.
measured increased levels of oxidative stress and upregulated antioxidant defense
enzymes [66]. Using a lymphoma cell culture model, our laboratory has demonstrated
that the upregulation of antioxidant defense enzymes results in oxidative stress resistance
and multidrug chemoresistance [67]. Targeting antioxidant defense enzymes to modulate
the redox environment may be a therapeutic strategy for overcoming oxidative stress
resistance.

Mitochondrial Redox Homeostasis
Redox-dependent processes influence many cellular functions and the
mitochondria are at the center of these processes, through their ability to both generate
and respond to ROS [68]. The canonical function of the anti-apoptotic Bcl-2 family
members is to prevent MOMP; however, the non-canonical function is to maintain
mitochondrial homeostasis by regulating mitochondrial respiration and mitochondrial

26

membrane potential (ΔΨm) [69-71]. The protective function of anti-apoptotic proteins
may be attributed to their ability to regulate mitochondrial homeostasis.
The increased expression of Bcl-2 increases mitochondrial oxygen consumption,
generating an oxidized redox environment; however, in response to oxidative cellular
stress Bcl-2 regulates the redox environment to prevent excessive build up of ROS [69].
Bcl-2 maintains mitochondrial homeostasis by altering the activity of the CcOX, directly
and indirectly through its copper-dependent subunits Va and Vb, respectively [72].
Different Mcl-1 isoforms have recently been shown to exhibit distinct functions
according to their subcellular localization [71]. Perciavalle et al. show that one isoform
resides on the outer mitochondrial membrane and exhibits a canonical anti-apoptotic
function, while another isoform is imported into the mitochondrial matrix where it
facilitates mitochondrial respiration and ΔΨm [52].

While Bcl-xL has not been as

extensively studied, its expression has been shown to promote cell survival by regulating
mitochondrial homeostasis [70]. The non-canonical function of the anti-apoptotic Bcl-2
family members provide insight to how they may be protective, thus providing a potential
new therapeutic target.

Copper Homeostasis
Copper is an essential redox-active metal cofactor that is a critical for the activity
of many human enzymes, including SOD1 and CcOX, two copper dependent enzymes
found within the mitochondria that are involved in the maintenance of the redox
environment [73]. Free copper is a potent oxidant, thus copper homeostasis within the
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cell is tightly regulated (as reviewed in [74]). Copper is transported into the cell through
the membrane protein Ctr1 and delivered to specific intracellular proteins by
metallochaperones. Examples of dedicated copper chaperones include CCS and Cox17,
which deliver copper to cytosolic and mitochondrial inner membrane space copper
dependent enzymes, respectively.

Copper Chelator Drugs
There are several different copper chelators including penicillamine, trientine and
tetrathiomolybdate (TM), that have been developed for the treatment of Wilson disease, a
rare autosomal recessive disorder resulting in excessive copper accumulation in the liver
and brain (as reviewed in [75, 76]). Copper is a significant cofactor for proteins involved
in angiogenesis, which is important for tumor development and metastasis. The chelation
of copper suppresses numerous angiogenic mediators, including vascular endothelial
growth factor-1, fibroblast growth factor-1 and NF-κB [77].
TM has shown promise as an anti-angiogenic, anti-cancer agent in many types of
cancers including, head and neck squamous cell carcinoma [78] and inflammatory breast
carcinoma [79]. TM is an orally available derivative of molybdenum with four sulfur
substitutions that is an extremely potent, copper-chelating agent [80].

TM forms

complexes with copper and protein, rendering the copper unavailable and redox inactive
[75].
ATN-224 (choline tetrathiomolybdate; CAS# 649749-10-0) is a secondgeneration analogue of TM with improved stability (as reviewed in [76]) that went into
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phase II clinical trials in solid tumors (melanoma and prostate) and hematological
malignancies (multiple myeloma) [81].

ATN-224 (Figure 1.1) has a specific, high

affinity for copper ions (108 mol/L-1), with no binding to calcium, iron, magnesium, zinc
or manganese and has been shown to inhibit SOD1 activity and CcOX, though to a lesser
extent [76]. The ability of ATN-224 to inhibit SOD1 activity has been attributed to its
ability to partially remove copper from SOD1. In primary leukemia cells Hileman et al.
showed that targeting SOD1 selectively induces cell death in cancer cells, but not their
normal counterparts [66]. In human umbilical vein endothelial cells, ATN-224 decreases
SOD1 activity, increases ROS and inhibits proliferation but does not induce cell death.
[76].
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Statement of the Problem
In DLBCL, the currently used chemotherapeutic regimen R-CHOP leaves
approximately 50% of treated patients incurable, due to lack of response or relapse. The
varied success can be attributed to resistance mechanisms such as the upregulation of
anti-oxidant defense enzymes and anti-apoptotic proteins. In response to oxidative stress,
increased levels of anti-oxidant defense enzymes and anti-apoptotic proteins maintain
redox homeostasis, thus preventing cell death.
Modulating the redox environment is an appealing therapeutic approach to
overcome these mechanisms of resistance and induce cell death. Copper is a redox-active
metal found in the active site of SOD1, a primary anti-oxidant defense enzyme that helps
maintain the cellular/mitochondrial redox environment, and CcOX, a redox-driven proton
pump that helps maintain the mitochondrial redox environment. The copper chelator,
ATN-224, has been shown to target SOD1 and CcOX, increase ROS levels and induce
cell death [76].
In the following studies, I investigate whether modulation of the redox
environment has therapeutic potential in circumventing oxidative stress and apoptosis
resistance. In Chapter 3, I: 1) determined whether ATN-224 can disrupt the cellular
redox environment to overcome oxidative stress resistance and enhance the effect of
ROS-implicated chemotherapeutics; and 2) identified the ROS/RNS species involved in
ATN-224-induced cell death. In Chapter 4, I: 1) determined whether ATN-224 can
disrupt the mitochondrial redox environment to overcome apoptosis resistance; and 2)
identified the mechanism of ATN-224-induced cell death.
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CHAPTER TWO: METHODS

Reagents and Drug Treatments
ATN-224 was provided by Dr. Andrew Mazar (Northwestern University,
Evanston, IL).

The EC50 was determined for each cell type and all subsequent

experiments were carried out using the EC50 unless otherwise stated. Metalloporphyrins,
MnTE-2-PyP5+ and MnTBAP3-, were provided by Dr. Ines Batinić-Haberle (Duke
University, Durham, NC).

ABT-263 and ABT-737 were purchased from Chemitek

(Indianapolis, IN). Pan caspase inhibitor, ZVAD-FMK, was purchased from Enzo Life
Science (Plymouth Meeting, PA). All other drugs and chemicals were purchased from
Sigma Aldrich Co. (St. Louis, MO) unless otherwise stated.

Cell Culture
Murine cells- Thymic lymphoma WEHI7.2 cells [82], WEHI7.2 cells
overexpressing Bcl-2 [83] (Hb12), WEHI7.2 cells selected for resistance to 200 µM
hydrogen peroxide [84] (200R), WEHI7.2 cells overexpressing rat catalase [85] (CAT38
- 1.4-fold increase; CAT2 - 2-fold increase) were maintained

in suspension in

Dulbecco’s modified Eagle medium (DMEM; Invitrogen, Grand Island, NY)
supplemented with 10% calf serum (Hyclone Laboratories, Logan, UT) as described in
the indicated references. For one week prior to each experiment, variants cultured in the
presence of hydrogen peroxide (200R) or G418 (CAT38 and CAT2), were cultured in
medium without H2O2 or G418.
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Human cells- Histiocytic lymphoma, U937, and mantle cell lymphoma, Granta
519, cells were obtained from Dr. Terry Landowski (University of Arizona). Acute T
cell lymphoblastic leukemia, Molt-4, and diffuse large B cell lymphoma; SUDHL-4,
SUDHL-10, U2932 cells were obtained from the Arizona Lymphoid Tissue and Blood
Repository. Molt-4 ρ0 cells were obtained from Dr. Lionel Lewis (Dartmouth, Hanover,
NH). Diffuse large B cell lymphoma; SUDHL-8 and SUDHL-4 R2 cells were obtained
from Dr. Anthony Letai (Dana-Farber Cancer Institute, Boston, MA). U937, Granta 519,
Molt-4, SUDHL4, SUDHL10, U2932 and SUDHL8 cells were maintained in suspension
in Roswell Park Memorial Institute 1640 (RPMI; Cell Gro, Manassas, VA) supplemented
with 10% fetal bovine serum (Gemini, Sacramento, CA), 2 mM L-glutamine (Invitrogen)
and 50 U/mL each of penicillin and streptomycin (Invitrogen) at 37°C in a 5% CO2
humidified environment.

Molt-4 ρ0 cells were maintained in the same medium

supplemented with 50 µg/mL uridine and 100 µg/mL sodium pyruvate. SUDHL-4 R2
cells were maintained in the same medium supplemented with 5 µg/mL verapamil and 1
µM ABT-737 [59].
Primary cells- Primary human samples with the diagnosis of precursor B cell
acute lymphoblastic leukemia (B-ALL) were obtained from the Arizona Lymphoid
Tissue and Blood Repository in accordance with the University of Arizona regulations
for the use of primary human tissue under an IRB approved protocol. The cells were
thawed and resuspended in Iscoves’s modified Dulbecco’s medium (IMDM; Invitrogen)
supplemented with 20% fetal bovine serum (Gemini) and 1% glutamine (Invitrogen).
Viable B cell content of the sample was analyzed at thaw. Cells were incubated at 37°C
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in a 5% CO2 humidified environment in the presence of vehicle or ATN-224 for 24
hours. Cells were labeled for 20 min with both phycoerythrin-labeled anti-CD20 (AbD
Serotec, Raleigh, NC), to identify B-cells, and 7-Aminoactinomycin D (7-AAD) (R & D
Systems Inc., Minneapolis, MN), a membrane impermeant dye that intercalates with
DNA in dying cells. CD20-positive/7-AAD-negative cells were considered viable B cells
and measured using FACScan flow cytometer with Cell Quest software (Becton
Dickinson, Franklin Lakes, NJ). A minimum of 5,000 events were analyzed per sample.
The percentage of viable B cells in the sample incubated for 24 hours in the absence of
drug was set to 100%.

Nuclear and Mitochondrial Isolation
The nuclei of cells were isolated using the NE-PER nuclear and cytoplasmic
extraction reagents (Thermo Scientific), according to manufacturer’s instructions. The
mitochondria of cells were isolated using the Mitochondria Isolation Kit for Cultured
Cells (Thermo Scientific), according to the manufacturer’s instructions.

Protein Measurements
Cellular and mitochondrial protein levels were measured using the BCA Protein
Assay kit (Thermo Scientific), according to the manufacturer’s instructions. Absorbance
was read at 562 nm using a Synergy HT plate reader (BioTek Instruments, Winooski,
VT).
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Cell Viability Measurements
MTS- The number of viable treated cells, relative to control treated cells, was
measured using the Non-radioactive Cell Proliferation Assay (MTS) according to the
manufacturer’s instructions (Promega Corp., Madison, WI). Absorbance was read at 490
nm using a Synergy HT plate reader (BioTek Instruments). The MTS assay was used to
determine the estimated ATN-224 concentration needed to decrease the number of viable
cells by 50 percent (EC50) and the effect of drugs/inhibitors alone or in combination with
ATN-224.
Propidium iodide- The number of viable treated cells, relative to control treated
cells, was determined by propidium iodide uptake (Molecular Probes, Eugene, OR) a
membrane impermeant dye that intercalates with DNA in dying cells. Propidium iodide
positive and negative cells were measured using an EPICS XL-MCL flow cytometer
(Coulter, Corp., Miami, FL). Thirty minutes before analysis, 5 µg/mL propidium iodide
was added. Ten thousand cells were analyzed per sample. Numbers less than 5%
different were considered within the error of the machine after calibration for this assay.
Propidium iodide uptake was used to confirm ATN-224 induced cell death and the effect
of drugs/inhibitors alone or in combination with ATN-224.
Trypan blue- The number of viable Molt-4 ρ0 treated cells, relative to control
treated cells, was measured using trypan blue. An equal volume of cells was mixed with
an equal volume of trypan blue and transferred to a hemocytometer. Cells that excluded
dye were counted as viable.
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Caspase 3 activity- Caspase 3 activity was measured using a colorimetric assay
dependent on the enzymatic cleavage of a synthetic caspase 3 specific substrate, AcDEVD-p-nitroanilide (pNA) (Enzo Life Science). Cells were lysed in 10 nmol/L Tris
HCl (pH 7.5), 100 nmol/L NaCl, 1 mmol/L EDTA, and 0.01% Triton X-100 by
sonication. The samples were clarified by centrifugation at 10,000 x g for 10 minutes.
An aliquot of the supernatant was first incubated in 10 mmol/L PIPES (pH 7.4), 2
mmol/L EDTA, 0.01% 3-[(3-cholamidopropyl) dimethylammonio]-1-propanesulfonate
hydrate, 5 mmol/L DTT, 200 µmol/L Ac-DEVD-pNA for 2 hours, and absorbance
measured at 405 nm using a Synergy HT plate reader (BioTek Instruments, Inc.)
Caspase 3 activity was normalized to cellular protein.

ROS Measurements
DCF- The overall intracellular levels of ROS were measured using the
fluorescent probes 5-(and-6)-carboxy-2’7’dichlorofluorescin diacetate (cDCFH-DA) and
2’7’dichlorodihydrofluorescin diacetate (DCFH-DA) (Invitrogen). Cells were washed
with DMEM containing 0.5% calf serum, then incubated for 2 hours with 0.5% DMEM
supplemented with 20 µM cDCFH-DA or DCFH-DA at 37°C in a 5% CO2 humidified
environment. Thirty minutes before analysis, 5 µg/mL propidium iodide was added to
the medium. DCF fluorescence was measured using a FACScan flow cytometer with
Cell Quest software (Becton Dickinson). Ten thousand cells were analyzed per sample.
Cells that stained positive for propidium iodide were excluded from the analysis. The

36

DCF fluorescence was corrected for the relative cDCFH fluorescence to account for
differences in dye uptake in ATN-224 treated and control-treated cells.
Hydroethidium- The overall intracellular reactive oxygen species were measured
using hydroethidium (Invitrogen). Cells were incubated with 5 µM hydroethidium for 15
minutes at 37°C in a 5% CO2 humidified environment. Cells were then washed with PBS
and resuspended in PBS. Hydroethidium (Ex: 485/Em: 590) fluorescence was measured
using a Synergy HT plate reader (BioTek Instruments). Fluorescence was normalized to
cellular protein.
TEMPO-9-AC- Reactive oxygen/nitrogen species were measured using the
fluorescent probe TEMPO-9-AC (Molecular Probes). Cells were incubated with 10 µM
TEMPO-9-AC for 1 hour at 37°C in a 5% CO2 humidified environment. Cells were then
washed and resuspended in PBS. TEMPO-9-AC (Ex: 360/Em: 460) fluorescence was
measured using a Synergy HT plate reader (BioTek Instruments). Fluorescence was
normalized to cellular protein.

Protein Nitrosylation
Immunoprecipitation- Following treatment, 500 µg of total protein lysates were
incubated overnight a 4°C with either 2 µg of either anti-nitrotyrosine or anti-MnSOD
(EMD Millipore, Billerica, MA). The solution was incubated with protein A-agarose
beads (Invitrogen) for 30 minutes at 4°C on a rocker platform. The protein A-agarose
beads were collected, washed, resuspended in SDS lysis buffer and loaded onto a SDS-
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PAGE gel for immunoblot analysis. Blots were probed with anti-nitrotyrosine and antiMnSOD to determine nitrosylation.
Flow cytometry- Following treatment, cells were fixed in 4% formaldehyde for 10
minutes, permeabilized in 90% methanol for 30 minutes, and blocked in 5% incubation
buffer for 10 minutes.

Cells were then incubated with anti-nitrotyrosine (EMD

Millipore) for 60 minutes, washed with 5% incubation buffer, incubated with Alexa
Fluor® 647-linked anti-mouse Ig (Cell Signaling) for 30 minutes in the dark, washed with
5% incubation buffer and then resuspended in PBS. Fluorescence was measured using an
EPICS XL-MCL flow cytometer (Coulter). A minimum of 10,000 events were analyzed
per sample. Fluorescence was normalized to control-treated cells.

Copper Enzyme Activity Measurements
SOD activity gels- Proteins from total cell lysates were separated by Nondenaturing PAGE. Gels were incubated in 2.5 mmol/L nitroblue tetrazolium, 30 mmol/L
TEMED, 0.056 mmol/L riboflavin and 50 mmol/L potassium phosphate for 15 minutes in
the dark. SOD was visualized by exposing the gel to fluorescent light [86].
SOD activity plates- SOD1 was measured using the SOD Determination kit
(Sigma-Aldrich), according to the manufacturer’s instructions. Diethyldithiocarbamate
(DDC) treatment of a control sample [87] was used to confirm that the measured SOD
activity was specific to SOD1. Activity was normalized to cellular protein.
CcOX activity- The activity of CcOX was measured by monitoring oxidation of
reduced cytochrome c, using a protocol adapted from Zhang et al. [88].

Briefly,
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mitochondria were collected using the Mitochondrial Isolation kit for Cultured Cells
(Thermo Fisher Scientific) and resuspended in respiration medium. Potassium cyanide
(KCN) was used to confirm the measured activity was specific to CcOX. Activity was
normalized to mitochondrial protein.

SOD1 Knockdown
SOD1 siRNA (Thermo Scientific, Rockford, IL) was electroporated into
WEHI7.2 cells using the Amaxa Nucleofactor™ II (Amaxa GmbH, Germany). Briefly, 2
x 106 cells were added to Nucleofactor solution L containing 500 nmol/L, 1 µmol/L or 2
µmol/L and allowed to recover for 18, 24, 48 or 72 hours.

Mitochondrial Function
ΔΨm- The fluorescent probe JC-1 (Molecular Probes) was used to measure ΔΨm.
Cells were incubated with 2 µg/mL JC-1 for 30 minutes at 37°C in a 5% CO2 humidified
environment. Cells were then washed with PBS and resuspended in PBS. JC-1 Jaggregates (Ex: 560/Em: 595) were measured using a Synergy HT plate reader (BioTek
Instruments). Fluorescence was normalized to cellular protein.
ATP levels- ATP levels were measured using the Adenine 5’-triphosphate (ATP)
bioluminescent somatic cell assay kit (Sigma-Aldrich) per manufacturer’s instructions
and normalized to cellular protein.

Microscopy
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Immunofluorescence- Following treatment, cells were transferred to poly-Llysine coated chamber slides, fixed in 4% formaldehyde for 15 minutes and blocked in
1% BSA incubation buffer containing 0.3% Triton X-100 for 30-60 minutes. Cells were
incubated with primary antibodies; nitrotyrosine, AIF (Cell Signaling) or HSP60 (Assay
Designs, Ann Arbor, MI) for 2 hours. Proteins were detected by incubating with either
Alexa Fluor® 488-linked anti-rabbit Ig, Alexa Fluor® 555-linked anti-rabbit, or Alexa
Fluor® 647-linked anti-mouse Ig (Cell Signaling) for 2 hours in the dark. Chambers were
removed from the slide, coated with mounting medium containing Dapi (Vectashield,
Burlingame, CA) and cover slips applied. Slides were visualized using the Olympus
Fluoview FV1000 Confocal Microscope with FV10-ASW software (Olympus, America
Inc., San Jose, CA).
Nuclear condensation- Following treatment, cells were transferred to poly-Llysine coated chamber slides and washed with PBS. Chambers were removed from the
slide, coated with mounting medium containing Dapi (Vectashield) and cover slips were
applied.

Slides were visualized using the Olympus Fluoview FV1000 Confocal

Microscope with FV10-ASW software (Olympus).

Immunoblots
Proteins from total cell lysates, mitochondrial fractions and cytosolic/nuclear
fractions were separated by SDS-PAGE and transferred to PVDF membrane using
standard protocols. Blots were probed with antibodies for SOD1, PUMA (AbCam,
Cambridge, MA), BAX, BAK, Bim, Bcl-2, Bcl-xL, Cytochrome c (BD Pharmingen, San
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Diego, CA), CcOX Va, CcOX Vb (Invitrogen), ENDO G, AIF and Mcl-1 (Cell
Signaling). Proteins were detected by incubating with either horseradish peroxidaselinked anti-rabbit Ig or horseradish peroxidase-linked anti-mouse Ig (Cell Signaling), as
appropriate, and visualized by chemiluminescence (Perkin Elmer, Waltham, MA). Blots
were also probed with anti-β actin (AbCam) or CcOX (Cell Signaling) as loading
controls. To visualize multiple bands on the same blot, blots were stripped with Restore
Western Blot Stripping Buffer (Thermo Scientific) before being probed with a new
antibody.

Statistics
Means were compared using student’s t-tests with the algorithm in Excel
(Microsoft Corp., Redmond, WA). Means were considered significantly different when p
≤ 0.05. When a comparison required multiple t-tests, the Dunn-Bonferoni method was
used to control for type I error [89].
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CHAPTER THREE: COPPER CHELATION DISRUPTS THE CELLULAR
REDOX ENIVRONMENT AND INDUCES PEROXYNITRITE-DEPENDENT
CELL DEATH

Introduction

Homeostasis of the redox environment is maintained by balancing the generation
of ROS and their removal by anti-oxidant defense enzymes.

Disruption of this

homeostasis, either through increased ROS production and/or decreased removal, results
in oxidative stress.

In comparison to their normal counterparts, cancer cells have

increased oxidative stress [90]. The ability of cancer cells to adapt to increased ROS
generation and maintain redox homeostasis is, in part, through the induction of ROSscavenging enzymes [65]. The upregulation of anti-oxidant defense enzymes, such as
SOD, can result in oxidative stress resistance and multi-drug chemoresistance [67].
Recent evidence suggests that the anti-apoptotic function of Bcl-2 is partially
dependent on the ability of Bcl-2 to regulate the redox environment [91]. Bcl-2 is
commonly

overexpressed

in

lymphoid

malignancies

and

is

associated

with

chemoresistance [35, 41]. The canonical function of Bcl-2 is to prevent MOMP through
direct interactions with pro-apoptotic proteins, while the non-canonical function of Bcl-2
is to regulate mitochondrial respiration [69], which may account for its ability to alter the
redox environment. Chen et al. showed that Bcl-2 regulates the activity of the redox

42

driven proton pump CcOX through direct and indirect interactions with the CcOX
subunits Va and Vb, respectively. In response to oxidative stress, mitochondrial redox
homeostasis is maintained in cells with Bcl-2 upregulation; mitochondrial redox
homeostasis is not maintained in cells without Bcl-2 upregulation [72].
Targeting the ability of cancer cells to adapt to and survive oxidative stress is an
appealing therapeutic strategy. ATN-224 targets the copper dependent enzymes SOD1,
which resides in the cytosol and intermembrane space of the mitochondria, and CcOX,
complex IV of the mitochondrial respiratory electron transport chain [76]. The following
study tested the ability of ATN-224 to modulate the redox environment and induce cell
death in oxidative stress resistant cells and cells transfected with Bcl-2.
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Results

Oxidant/drug resistant profile of the cell culture model system. To determine
the ability of ATN-224 to overcome oxidative stress resistance and elevated Bcl-2 I
utilized the WEHI7.2 and WEHI7.2 variant cell culture model. The WEHI7.2 variants
include WEHI7.2 cells selected for resistance to hydrogen peroxide (200R) and WEHI7.2
cells overexpressing Bcl-2 (Hb12 cells) (Figure 3.1A). Our laboratory has previously
characterized the WEHI7.2 and WEHI7.2 variants cells.

We have shown that the

WEHI7.2 variants have increased superoxide dismutase and catalase, the antioxidant
enzymes responsible for the detoxification of superoxide and hydrogen peroxide,
respectively (Table 3.1).

Upregulation of antioxidant defense enzymes have been

implicated in oxidative stress resistance [65].
To evaluate whether the WEHI7.2 variant cells were oxidative stress resistant we
measured cell viability following treatment with multiple oxidative stress inducing
agents:

hydrogen peroxide; tert-butyl-hydroperoxide, which is involved in lipid

peroxidation and oxidation of thiols; 4-hydroxynonenol, a lipid peroxidation byproduct
that damages proteins and lipids; and paraquat, which generates superoxide [67]. To
establish resistance we compared the concentrations needed to decrease the number of
viable cells by 50 percent (EC50) in the WEHI7.2 variant cells to the parental WEHI7.2
cells. As indicated by the higher EC50 values, the WEHI7.2 variant cells demonstrated
decreased sensitivity to hydrogen peroxide, tert-butyl-hydroperoxide, 4-hydroxynonenol
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and paraquat (Table 3.2), indicating that upregulation of antioxidant defense enzymes and
overexpression of Bcl-2 in the WEHI7.2 cells results in oxidative stress resistance.
To evaluate whether the WEHI7.2 variant cells were chemoresistant we measured
cell viability following treatment with multiple chemotherapeutics commonly used to
treat non-Hodgkin lymphoma: cyclophosphamide; doxorubicin; vincristine; and
dexamethasone, a synthetic glucocorticoid.

The WEHI7.2 variant cells exhibited

decreased sensitivity to cyclophosphamide, doxorubicin, vincristine and dexamethasone
(Table 3.3) indicating that upregulation of antioxidant defense enzymes and
overexpression of Bcl-2 in the WEHI7.2 cells also results in chemoresistance.
ATN-224 induces cell death in oxidative stress resistant lymphoma cells. To
determine the effect of ATN-224 on the WEHI7.2 and WEHI7.2 variant cells, I measured
cell viability following ATN-224 treatment. In the WEHI7.2 and WEHI7.2 variant cells,
nanomolar concentrations of ATN-224 decreased the number of viable cells (Figure
3.1B).

Table 3.4 shows the EC50 values for the WEHI7.2, Hb12 and 200R cells.

Although the EC50 values for the WEHI7.2 variant cells were significantly higher in
comparison to the WEHI7.2 parental cells (p ≤ 0.05), the Hb12 and 200R cells were
sensitive to low nanomolar concentrations. These results indicate that oxidative stress
resistant cells are sensitive to ATN-224.
To determine whether the decrease in viable cell number was attributed to cell
death, I measured caspase 3 activity and propidium iodide (PI) uptake, two markers of
cell death. ATN-224 treatment in the WEHI7.2 and WEHI7.2 variant cells resulted in
significant increases in caspase 3 activities (Figure 3.1C) and PI uptake (Figure 3.1D).
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These results indicate that ATN-224 is capable of inducing cell death in oxidative stress
resistant cells at nanomolar concentrations.
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ATN-224 targets SOD1 and increases ROS. The primary target of ATN-224 is
SOD1 in other cell types [92]. Since the WEHI7.2 variant cells have significantly
increased SOD activity (Table 3.1) and significantly higher ATN-224 EC50 values, I
tested whether ATN-224 was targeting SOD1. To assess the effect of ATN-224 on
SOD1 in the WEHI7.2 and WEHI7.2 variant cells I used enzyme activity gels. In the
WEHI7.2 and WEHI7.2 variant cells, ATN-224 treatment resulted in decreased SOD1
activity (data not shown). Qualitatively, the decrease appeared to be time dependent. To
quantitate the SOD1 activity changes, I used the Sigma SOD assay kit. In the WEHI7.2
and WEHI7.2 variant cells ATN-224 treatment resulted in a time dependent decrease; the
decrease was significant by 3 h after ATN-224 addition and the activity was nearly
abolished by 12 h (Figure 3.2A). To rule out whether these decreases in activity were
due to protein degradation, I looked at the protein levels of SOD1 following ATN-224
treatment. The levels of SOD1 did not change (Figure 3.2B); indicating the decrease in
SOD1 activity was not due to protein degradation, but most likely the loss of the redoxactive metal center. These results suggest that the response to ATN-224 is roughly
proportional to SOD activity.
SOD1 is responsible for the dismutation of superoxide, thus decreases in SOD1
activity should lead to increased levels of superoxide and peroxynitrite, the reaction
product of superoxide and nitric oxide that has been implicated in cell death signaling
[61]. To determine whether ATN-224 treatment causes an increase in these species prior
to cell death, I assessed their levels at time points preceding caspase 3 activation and the
appearance of PI positive cells.
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First, to assess the overall intracellular levels of ROS, I used DCF. I measured an
increase in DCF fluorescence in the WEHI7.2 and the WEHI7.2 variant cells following
ATN-224 treatment (Figure 3.2C). While DCF is not specific for a particular ROS
species [93-95], the increase in DCF fluorescence (p ≤ 0.10) suggests that the overall
intracellular levels of ROS are increasing. Since SOD1 is a target and increases in
superoxide/peroxynitrite are expected I utilized TEMPO-9-AC, a fluorescent spin trap
specific for both superoxide and peroxynitrite. I measured a significant increase in
TEMPO-9-AC fluorescence in the WEHI7.2 and WEHI7.2 variant cells following ATN224 treatment (Figure 3.2D). The increased levels of superoxide/peroxynitrite precede
caspase 3 activation and the appearance of PI positive cells, consistent with
superoxide/peroxynitrite being involved in ATN-224 induced cell death.
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ATN-224 induces peroxynitrite-dependent cell death. To determine which
reactive species is responsible for ATN-224 induced cell death I used superoxide
scavengers and the metalloporphyrins MnTE-2-PyP5+ and (OH)FeTM-4-PyP4+, which
can act as SOD mimetics. The superoxide scavengers were toxic to the cells (data not
shown), however, in combination with ATN-224, both porphyrins blocked the effect of
ATN-224 in the WEHI7.2 and WEHI7.2 variant cells (Figure 3.3A).

While both

porphyrins can act as SOD mimetics to scavenge superoxide, they are also capable of
scavenging peroxynitrite [96, 97].

These results indicate that superoxide and/or

peroxynitrite are involved in ATN-224 induced cell death.
Superoxide is a short lived radical that is rarely linked directly to the induction of
cell death [69]. Peroxynitrite, a downstream product of superoxide, is a highly reactive
oxidant that can nitrate biomolecules, specifically tyrosine residues, and can readily
induce cell death [61].

To assess the involvement of peroxynitrite, I tried several

approaches. The first approach was to measure nitrotyrosine levels, following ATN-224
treatment, in whole cell lysates and mitochondrial fraction lysates by immunoblot using
an anti-nitrotyrosine antibody. I did not detect a difference (data not shown), however
this may have been because the nitration was below the detection limitations of the assay;
this type of assay measures large changes in nitrotyrosine levels. The second approach
was to immunoprecipitate MnSOD, a known target of peroxynitrite, that has been shown
to be inactivated upon nitration [61]. Following ATN-224 treatment, I compared the
amount of the nitrotyrosine signal of the immunoprecipitated MnSOD and MnSOD
activity (data not shown). The results were inconclusive, probably in part due to the very
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low amount of MnSOD in the WEHI7.2 and WEHI7.2 variant cells. These data indicated
that I needed a more sensitive assay.
The third approach was to measure nitrotyrosine levels by flow cytometry.
Following ATN-224 treatment, I detected a significant increase in nitrotyrosine levels in
the WEHI7.2 and WEHI7.2 variant cells treated with ATN-224 at 24 h (Figure 3.3B).
These results indicate increased protein nitration in ATN-224 treated cells. To determine
whether peroxynitrite was critical for cell death, I tested the ability of MnTBAP3-, which
is not an SOD mimetic and is specific for peroxynitrite [98], to protect cells from ATN224. In the WEHI7.2 and WEHI7.2 variants, MnTBAP3- abrogated the effect of ATN224 (Figure 3.3C). MnTBAP3- has a 1000-2000 fold lower efficiency for peroxynitrite
binding than MnTE-2-PyP5+, based on the rate constants, kred, for peroxynitrite reduction
[99]. This fits with the higher concentration needed to achieve the same result as MnTE2-PyP5+.

Taken together these results indicate that ATN-224 induced cell death is

peroxynitrite-dependent.
To determine whether these findings extend to human models I tested ATN-224
in combination with MnTE-2-PyP5+, (OH)FeTM-4-PyP4+ or MnTBAP3- in the histiocytic
lymphoma U937 and acute T cell lymphoblastic leukemia Molt-4 cells (ATN-224 EC50
values 16 nM and 30 nM, respectively). All porphyrins blocked the effect of ATN-224 in
the U937 and Molt-4 cells (Figure 3.4). These results indicate that ATN-224 is capable
of inducing peroxynitrite-dependent cell death in human lymphoid malignancies.
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ATN-224 induces cell death independent of Bcl-2 degradation. In other cell
types, increased oxidants cause Bcl-2 degradation through the ubiquitin-proteasomal
pathway [100].

To determine whether ATN-224 treatment degrades Bcl-2, thus

contributing to ATN-224 induced cell death; I compared the Bcl-2 protein levels in the
WEHI7.2 and WEHI7.2 variant cells following ATN-224 treatment.

Bcl-2 levels

remained unaffected before and after increases in caspase 3 activities were detected
(Figure 3.5A). Therefore, Bcl-2 degradation is not involved in ATN-224 induced cell
death. These results indicate that ATN-224 induces cell death through a mechanism
other than Bcl-2 degradation.
Activation of proapoptotic proteins is another way to overcome Bcl-2 [37]. To
determine whether ATN-224 treatment affects these proteins I measured the levels of
BAK, BAX, PUMA and BIM at time points prior to caspase 3 activation. The levels of
BAK, BAX, PUMA remained unaffected following ATN-224 treatment (Figure 3.5B).
The levels of BIM increased in the WEHI7.2 and 200R cells following ATN-224
treatment but remained unaffected in the Hb12 cells (Figure 3.5C).

The lack of

consistent changes in the proapoptotic proteins with ATN-224 treatment suggests ATN224 circumvents overexpression of Bcl-2 through a mechanism other than upregulation
of proapoptotic proteins.

59

60

ATN-224 inhibits CcOX and decreases mitochondrial membrane potential.
Bcl-2 regulates the redox environment and prevents cell death [69]. This may, to some
extent, be attributed to Bcl-2-mediated regulation of mitochondrial respiration through
CcOX [72]. Using isolated mitochondria, Juarez et al. showed that ATN-224 partially
inhibited CcOX activity [76]. Since we measured minimal SOD1 activity after 12 h of
ATN-224 treatment, I assessed CcOX activity at this time point to determine whether
ATN-224 targets CcOX. ATN-224 treatment in the WEHI7.2 and WEHI7.2 variant cells
abolished CcOX activity (Figure 3.6A). To rule out whether these decreases in activity
were due to protein degradation I looked at the protein levels of the two copper subunits
of CcOX, Va and Vb. Immunoblots of CcOX Va and CcOX Vb confirm that the
reduction in CcOX activity is not due to protein degradation (Figure 3.6B). These results
indicate that CcOX is a target of ATN-224.
CcOX tightly controls mitochondrial respiration and mitochondral membrane
potential (ΔΨm) [101]. To determine whether loss of CcOX activity affects mitochondrial
respiration I measured ATP levels. I was unable to detect changes in ATP levels, due to
ATN-224 treatment. The WEHI7.2 and WEHI7.2 variant cells are very glycolytic in cell
culture [102]. I hypothesized that the high ATP production via glycolysis could be
masking an effect on mitochondrial ATP production due to ATN-224 treatment.

I

attempted to control for this by using 2-deoxy-D-glucose (2DG) to inhibit gylcolysis,
however, 2DG was toxic to the cells. Thus, I was unable to determine whether the loss of
CcOX activity affects mitochondrial respiration. To determine whether loss of CcOX
activity affects ΔΨm, I measured ΔΨm in WEHI7.2 and WEHI7.2 variant cells following
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treatment with either MnTE-2-PyP5+, ATN-224 or a combination of MnTE-2-PyP5+ and
ATN-224. An approximate 60% decrease in ΔΨm was observed as early as 6 h (Figure
3.6C) in both the combination of MnTE-2-PyP5+ and ATN-224, and ATN-224 alone.
These results suggest that ability of ATN-224 to overcome Bcl-2 may, in part, be due to
its ability to efficiently target CcOX, thus disrupting the ability of Bcl-2 to modulate
mitochondrial respiration in order to maintain ΔΨm.
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ATN-224 induces death through dual targeting of SOD1 and CcOX. I have
shown that both SOD1 and CcOX are targets of ATN-224. To elucidate the relative
importance of either SOD1 and/or CcOX I attempted to target each individually. I first
attempted to knock down SOD1 using siRNA, as many other inhibitors that target copper
could inadvertently target CcOX. Using multiple concentrations (500, 1000 and 2000
nM) of siRNA I was able to knock down SOD1 at 18 h using the highest concentration
(Figure 3.7A). However, I was unable to keep SOD1 knocked down (Figure 3.7B) long
enough to test whether inhibiting CcOX or adding ATN-224 would increase cell death.
The quick rebound in SOD1 combined with an inability to knockout SOD1 via siRNA
technology indicated that a different experimental approach was needed.
I next tested whether inhibition of CcOX induced cell death by treating cells with
2 mM KCN, the concentration used for inhibition in the CcOX activity assay. After a 48
h treatment, there was no significant increase in propidium iodide uptake in the WEHI7.2
or WEHI7.2 variant cells (Figure 3.7B). These data suggest targeting CcOX alone is not
enough to induce cell death.
To measure the importance of inhibiting SOD1, I used Molt-4 ρ0 cells, which
have previously been shown to have minimal CcOX activity and decreased ΔΨm [103].
In culture, these cells do not have a greater baseline amount of cell death than the
parental cells (data not shown). I predicted that if inhibiting SOD1 contributed to the
observed cell death, the Molt-4 ρ0 cells should be sensitive to ATN-224. In the Molt-4 ρ0
cells treated with 30 nM ATN-224 we measured a ~35% decrease in cell viability at 24 h,
which further decreased to ~70% at 48 h (Figure 3.7C), indicating the Molt-4 ρ0 cells
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were sensitive to ATN-224. Taken together these results suggest that inhibiting SOD1 is
important for the observed effect; however, CcOX inhibition may also contribute to
ATN-224 induced cell death.
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Superoxide enhances ATN-224 induced cell death. The ability of ATN-224 to
decrease SOD1 activity may result in increased sensitivity to ROS, superoxide
specifically. To determine whether ATN-224 sensitizes cells to superoxide, I tested
ATN-224 in combination with paraquat, a compound that produces superoxide [104].
Treatment of the WEHI7.2 cells and WEHI7.2 variants with ATN-224 in combination
with paraquat resulted in a significant increases in ROS (Figure 3.8A) and caspase 3
activities (Figure 3.8B). These data suggest that ATN-224 has the potential to enhance
the effect of current chemotherapeutics, such as doxorubicin or dexamethasone, which
involve ROS [105, 106].
To determine whether ATN-224 sensitized the cells to either doxorubicin or
dexamethasone, I combined ATN-224 (3 nM for WEHI7.2 cells; 5 nM for Hb12 and
200R cells) with doxorubicin (10 nM for WEHI7.2 and 200R cells; 20 nM for Hb12) or
dexamethasone (1 µM). In the WEHI7.2 and WEHI7.2 variant cells, the combination of
ATN-224 with doxorubicin resulted in an enhanced effect, in comparison to either drug
alone (Figure 3.9A). In the WEHI7.2 and 200R cells, the combination of ATN-224 with
dexamethasone resulted in an enhanced effect, in comparison to either drug alone (Figure
3.9B). In the Hb12 cells, there was no response to the combination of ATN-224 with
dexamethasone (Figure 3.9B).

This is expected because increased Bcl-2 blocks

dexamethasone-induced apoptosis. Overall the combinations of ATN-224 with either
doxorubicin or dexamethasone (WEHI7.2 and 200R cells) appears additive.

These

results suggest ATN-224 has potential as an adjuvant to ROS-implicated therapeutics.
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ATN-224 induces cell death in primary B-ALL cells. I have shown that ATN224 induces peroxynitrite-dependent cell death, independent of Bcl-2 status, at nanomolar
concentrations in cell culture models of T cell lymphoid malignancies. To determine the
ability of ATN-224 to induce cell death in primary patient samples I tested ATN-224 in
pre-treatment, precursor B cell acute lymphoblastic leukemia (B-ALL), which commonly
overexpresses Bcl-2 [107]. I treated five B-ALL patient samples with 12.5 nM and 25
nM concentrations of ATN-224 for 24 h. I measured a decrease in the number of viable
cells in all five B-ALL patient samples (Figure 3.10).

There appears to be a

concentration dependent decrease occurring in most of the patient samples, with
responses ranging from 11-51% at 12.5 nM and 14-46% at 25 nM. These results imply
that ATN-224 has therapeutic potential in the treatment of B cell lymphoid malignancies,
and may be particularly useful in those patients whose malignancies overexpress Bcl-2.
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Discussion

These data suggest that use of a copper chelator drug to inhibit cuproenzymes
(SOD1 and CcOX) involved in the regulation of the redox environment, has the potential
to overcome oxidative stress resistance and induce death in lymphoid malignancies with
known drug resistant phenotypes. ATN-224 modulates the cellular redox environment by
targeting SOD1, resulting in increased superoxide and inducing peroxynitrite-dependent
cell death.

ATN-224 modulates the mitochondrial redox environment by inhibiting

CcOX, which has the potential to increase oxidant production from the mitochondria.
The combination of ATN-224 with doxorubicin and dexamethasone enhances their
effect, suggesting ATN-224 has potential as an adjuvant to ROS-implicated
chemotherapeutics. In addition to inducing cell death in cell culture models, nanomolar
concentrations of ATN-224 induced cell death in primary B-ALL patient samples. My
data suggest that ATN-224 has the clinical potential for the treatment of B and T cell
lymphoid malignancies.
Inhibition of SOD1 is a successful strategy for inducing cell death in oxidative
stress resistant lymphoma cells. SOD1 is a therapeutic target being explored in many
types of cancer: lung [108]; ovarian [109]; breast [110]; prostate [111], and chronic
lymphocytic leukemia [66].

SOD1 is the primary antioxidant defense enzyme

responsible for dismutation of superoxide to hydrogen peroxide and oxygen in the
cytosol.

Unlike targeting catalase or glutathione peroxidase, which both convert

hydrogen peroxide to water and oxygen; there is no other antioxidant defense enzyme in
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the cytosol to compensate for a sudden decrease in SOD1 activity. In WEHI7.2 cells
overexpressing catalase, CAT38 and CAT2 [85], nanomolar concentrations of ATN-224
decreased cell viability (refer to Table 3.4), indicating that targeting SOD1 may
circumvent catalase overexpression and potentially other antioxidant defense enzymes,
which are downstream of SOD1. Hileman et al. showed targeting SOD1 selectively
induced cell death in primary lymphocytic leukemia cells and ovarian cancer cells, but
not their normal counterparts [66]. In human umbilical vein endothelial cells ATN-224
does not induce cell death; however it does decrease SOD1 activity, increase superoxide
and inhibit proliferation [76]. This suggests that ATN-224 selectively induces cell death
in tumor cells.
Peroxynitrite is the major oxidant responsible for ATN-224 induced cell death.
Scavenging superoxide, a peroxynitrite precursor, or peroxynitrite directly was shown to
be completely protective. My finding that peroxynitrite is the effector oxidant, rather
than the previously assumed superoxide [76], helps to suggest critical targets of ATN-224
treatment and tumor types that could benefit from ATN-224 treatment. Peroxynitrite can
target MnSOD (SOD2) and the mitochondrial permeability transition (MPT) pore,
resulting in mitochondrial dysfunction and induction of cell death [61]. The MPT pore is
susceptible to oxidation by peroxynitrite, which may allow for the release of cytochrome
c and the activation of caspases, resulting in programmed cell death [61]. The opening of
this pore could circumvent the overexpression of anti-apoptotic proteins such as Bcl-2,
Bcl-xL and Mcl-1. Peroxynitrite also inactivates SOD2 [61]. In certain malignant
tumors high levels of SOD2 are associated with poor prognosis and in cell models
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overexpression of SOD2 causes increased resistance to oxidants and ROS-implicated
therapeutics [112].

Inactivation of SOD2 by peroxynitrite could overcome SOD2

overexpression and sensitize cells to ROS-generating therapeutics. My data suggest that
ATN-224 could prove effective in tumors with increased SOD or Bcl-2.
Although my data are consistent with inhibition of SOD1 as the most important
effect of ATN-224 for inducing cell death, inhibition of CcOX may also play a role. One
possibility is that inhibition of CcOX and resulting mitochondrial dysfunction “primes”
the cells for apoptosis [113].

In primary leukemia and multiple myeloma cells

Chonghaile et al. demonstrated that mitochondrial “priming”, which describes the
proximity to the apoptotic threshold, correlates to better response and clinical outcome
[113].

Although ATN-224 is a moderate to poor inhibitor of CcOX at millimolar

concentrations in normal hepatic mitochondria [76], in our tumor model, ATN-224
abolished CcOX activity in the WEHI7.2 and WEHI7.2 variants. Treatment with ATN224 decreased ΔΨm to nearly the same extent in the WEHI7.2 and WEHI7.2 variants.
Use of ATN-224 to target CcOX and decrease ΔΨm, instead of using promiscuously
interacting BH3 peptides [113], may be another, more specific way to “prime”
mitochondria and thus enhance the efficacy of cytotoxic agents like doxorubicin,
vincristine and etoposide. Although I have focused on inhibition of SOD1 and CcOX as
targets of ATN-224 there are other copper-dependent enzymes that may also contribute to
the observed effect [73]. This possibility remains to be tested.
Overexpression of Bcl-2 is a major mechanism of chemoresistance in lymphoid
malignancies. The development of BH3 mimetics, that directly target the canonical
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function of Bcl-2, are in clinical trials [58].

Here we report another approach to

circumvent Bcl-2 overexpression, through the modulation of the redox environment. The
inability of Bcl-2 to maintain redox homeostasis, in response to increased oxidative
stress, may be attributed to ATN-224’s ability to target CcOX [72]. Disrupting the ability
of Bcl-2 to maintain mitochondrial respiration, through the regulation of CcOX activity,
appears to have potential as a novel therapeutic strategy for circumventing Bcl-2
overexpression.
My data suggest that ATN-224 has potential as an adjuvant in combination with
ROS-implicated

chemotherapeutics.

There

are

several

ROS-implicated

chemotherapeutics used to treat lymphoid malignancies, such as bortezomib and arsenic
trioxide [114, 115]. Enhancing the efficacy of these drugs would be of great benefit to
the patient, especially when lower doses could be used. In the case of doxorubicin, where
cardiotoxicity is a dose limiting factor [116], decreasing the dose while achieving similar
if not better efficacy could improve patient outcome. In ovarian cancer, Kim et al.
showed that another analogue of tetrathiomolybdate enhanced the effect of mitomycin C,
fenretinide and 5-fluorouracil [117], suggesting ATN-224 also has potential as a drug
adjuvant in solid tumors.
Redox modulating drugs mainly achieve efficacy in combination with other
chemotherapeutics. In our model, ATN-224 was able to induce cell death at nanomolar
concentrations in lymphoid malignancies, both in cell culture and in primary patient
samples as a single agent.

Hematological malignancies arise at sites of chronic

inflammation, thus exposing them to higher levels of oxidative stress [62]. In response to
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increased oxidative stress, cells upregulate antioxidant defense enzymes [65], suggesting
these malignancies could exhibit chemoresistance.

Many lymphoid malignancies

overexpress Bcl-2, which is associated with drug resistance. The ability of ATN-224 to
induce cell death directly or act as a chemosensitizer in tumor cells with known
chemoresistance mechanisms indicates that ATN-224 has clinical potential for the
treatment of lymphoid malignancies.
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CHAPTER FOUR: COPPER CHELATION INDUCES CASPASEINDEPENDENT CELL DEATH

Introduction

Diffuse large B cell lymphoma (DLBCL) is the most common diagnosed form of
non-Hodgkin lymphoma (NHL). While cure rates have increased, the lack of response to
current standard treatment and/or relapse leaves approximately 50% of patients incurable
[13, 118]. Many of the cytotoxic drugs used to treat DLBCL induce caspase-dependent
apoptosis, however, a significant number of patients acquire resistance that is associated
with defective caspase-dependent apoptotic pathways [23]. The upregulation of the
BCL2 gene results in overexpression of the Bcl-2 protein and apoptosis resistance [13].
The Bcl-2 family is a group of mitochondrial-associated proteins that are characterized as
either proapoptotic or anti-apoptotic. Pro-apoptotic proteins, such as BH3-only proteins,
bind to and inhibit the function of anti-apoptotic proteins to induce MOMP [119]. The
canonical function of Bcl-2 and other anti-apoptotic proteins, such as Bcl-xL and Mcl-1,
are to prevent mitochondrial outer membrane permeabilization (MOMP) [35]. There are
several BH3 mimetic drugs that are currently being developed and are in clinical trials
[58]. While these drugs are promising, resistance through the upregulation of Mcl-1 is a
problem [59]. Due to their different binding affinities, a combination of BH3 mimetics
that target different anti-apoptotic proteins would be necessary to achieve an optimal
therapeutic effect [58].
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The non-canonical function of Bcl-2 and other anti-apoptotic proteins is to
maintain mitochondrial homeostasis by regulating mitochondrial membrane potential
(ΔΨm) and/or mitochondrial respiration [69-71].

Regulation of these mitochondrial

processes may or may not contribute to the ability of anti-apoptotic proteins to prevent
apoptosis. In response to cellular stress, Chen and Pervaiz showed that Bcl-2 alters the
activity of the copper dependent enzyme cytochrome c oxidase (CcOX), the terminal
subunit of the mitochondrial respiratory chain [72]. Data from their study suggests that
the ability to modulate CcOX activity contributes to the ability of Bcl-2 to inhibit
caspase-dependent cell death.
Targeting the non-canonical function of Bcl-2 and other anti-apoptotic proteins to
modulate the redox environment and adapt to oxidative stress is an appealing therapeutic
strategy. In the previous chapter I showed that ATN-224 inhibits CcOX activity, causing
mitochondrial dysfunction. In the following, I tested the ability of ATN-224 to induce
cell death in apoptosis-resistant cells and determined the mechanism by which ATN-224
causes cell death.
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Results

Apoptosis-resistant cells are sensitive to ATN-224. To determine the ability of
ATN-224 to overcome apoptosis-resistance, I characterized three DLBCL cell lines for
the anti-apoptotic proteins, Bcl-2, Bcl-xL and Mcl-1. The immunoblots in Figure 4.1A
show the following: the SUDHL-4 had high levels of Bcl-2 and Bcl-xL, with moderate
levels of Mcl-1; the SUDHL-8 had high levels of Bcl-xL and moderate levels of Mcl-1;
the SUDHL-10 had high levels of Mcl-1 and moderate levels of Bcl-xL. Taken together
all three DLBCL cell lines displayed various levels of anti-apoptotic proteins, which are
attributed with apoptosis-resistance.
To establish whether the DLBCL cells were sensitive to ATN-224, I measured
cell viability following ATN-224 treatment. In the SUDHL-4, SUDHL-8 and SUDHL10 cells, nanomolar concentrations of ATN-224 decreased the number of viable cells
(Table 4.1). Recent studies suggest that the protective function of Bcl-2, in part, is due to
its ability to regulate mitochondrial respiration [69]. In the previous study, I have shown
that ATN-224 inhibits CcOX and decreases ΔΨm in murine thymic lymphoma cells that
overexpress Bcl-2 [120]. To determine whether ATN-224 is targeting the mitochondria, I
assessed ΔΨm following ATN-224 treatment. In the SUDHL-4, SUDHL-8 and SUDHL10 cells, ATN-224 treatment significantly decreased ΔΨm at 12 h (Figure 4.1B).
In the previous chapter, I showed that ATN-224 inhibits superoxide dismutase 1
(SOD1), a copper dependent enzyme responsible for the detoxification of superoxide,
resulting in increased levels of superoxide [120]. An increase in oxidants causes Bcl-2
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degradation through the ubiquitin-proteasomal pathway in other cell types [100]. In
response to ATN-224 treatment, Bcl-2, Bcl-xL and Mcl-1 are unable to maintain
mitochondrial homeostasis, as indicated by the decrease in ΔΨm, suggesting that the antiapoptotic proteins may be indirect targets of ATN-224. To characterize the effect of
ATN-224 on Bcl-2 and other anti-apoptotic proteins, I measured Bcl-2, Bcl-xL and Mcl-1
protein levels following ATN-224 treatment. In the SUDHL-4, SUDHL-8 and SUDHL10 cells, I detected decreases in Mcl-1 but no change in Bcl-2 or Bcl-xL protein levels
(Figure 4.1C). Taken together these results indicate that ATN-224 treatment induces
mitochondrial dysfunction, independent of Bcl-2, Bcl-xL and Mcl-1 status, which may
contribute to the ATN-224 sensitivity of apoptosis-resistant cells.
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ATN-224 induces caspase-independent cell death in apoptosis-resistant cells.
The intrinsic apoptotic pathway involves the formation of MOMP and the release of
cytochrome c from the mitochondria, which leads to caspase 3 activation and cell death
[119]. The upregulation of anti-apoptotic proteins, such as Bcl-2, Bcl-xL and Mcl-1,
prevent the formation of MOMP [35]. To determine whether ATN-224 treatment results
in apoptosis, I measured cytochrome c release from the mitochondria and caspase 3
activity following ATN-224 treatment. In the SUDHL-4, SUDHL-8, SUDHL-10 cells, I
measured significant increases in caspase 3 activity (Figure 4.2A), but detected no
significant increase in cytochrome c release from the mitochondria (Figure 4.2B). To
determine whether ATN-224 induced cell death is caspase-dependent, I used the pan
caspase inhibitor, ZVAD-FMK, in combination with ATN-224 and measured cell
viability. In the SUDHL-4, SUDHL-8 and SUDHL-10 cells, the addition of ZVADFMK was unable to attenuate the effect of ATN-224 (Figure 4.2D).
indicate that ATN-224 induced cell death is caspase-independent.

These results
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ATN-224 induces AIF release and nuclear condensation in apoptosisresistant cells. The lysosomes and endoplasmic reticulum can be involved in caspasedependent cell death through the release of cathepsins and calpains, respectively [27]. To
determine the involvement of the lysosomes and endoplasmic reticulum I used cathepsin
inhibitors (cathepsin B and D) and a calpain inhibitor. In the SUDHL-4 cells these
inhibitors were unable to attenuate the effect of ATN-224 (data not shown), suggesting
that the lysosomes and the endoplasmic reticulum are not involved in ATN-224 induced
cell death.
I have shown that ATN-224 targets the mitochondria, which contains other death
inducing proteins, such as apoptosis inducing factor (AIF). The release of AIF from the
mitochondria results in the activation of caspases and nuclear condensation; however,
AIF induced cell death is caspase-independent [34]. To assess the involvement of AIF, I
tried several approaches. The first approach was using immunofluorescence to visualize
the translocation of AIF from the mitochondria to the nucleus. Following treatment with
ATN-224 I did detect nuclear condensation in the SUDHL-4, SUDHL-8 and SUDHL-10
cells, suggesting AIF involvement; however, it was difficult to visualize the movement of
AIF from the mitochondria to the nucleus (Figure 4.3A). To address the visualization
issue and allow for the quantification of AIF release from the mitochondria I attempted to
co-localize AIF with the mitochondrial protein HSP60. Unfortunately I was unable to colocalize AIF and HSP60, as the permeabilization steps needed to visualize HSP60
resulted in suboptimal AIF signal (data not shown). The second approach was to isolate
the nucleus and probe the nuclear fraction for AIF. I did initially detect AIF release in
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some cell lines, although the results were not consistent. While attempting to improve
the results from the nuclear extraction kit, I discovered that the enzymatic reagents
caused nuclear rupture in some of the cell lines, resulting in the heterogeneous response
(data not shown). The third approach was to isolate the mitochondria and probe the
cytosolic/nuclear fraction for AIF. The mitochondria extraction kit allowed for the use of
a Dounce homogenizer in place of their enzymatic reagent. In the SUDHL-4, SUDHL-8
and SUDHL-10 cells, I detected a significant increase in AIF release from the
mitochondria following ATN-224 treatment (Figure 4.3B-C). These results indicate that
ATN-224 induces AIF release and nuclear condensation. These data suggest that ATN224 induces cell death via a mechanism that circumvents apoptosis-resistance.
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ATN-224 induces cell death in aggressive lymphomas.

The t(14;18)

translocation or genomic gain/amplification causes BCL2 upregulation.

BCL2

translocations are commonly associated with follicular lymphoma and the DLBCL
germinal center B-cell-like (GBC) subtype [1]. BCL2 gain/amplification are commonly
associated with the DLBCL activated B-cell-like (ABC) subtype and mantle cell
lymphoma (MCL), two aggressive types of NHL [17, 45]. I have shown that ATN-224
treatment circumvents Bcl-2 overexpression and induces death in the SUDHL-4 cells,
which have the t(14;18) translocation [121]. To determine whether our findings extend to
aggressive NHL's that have BCL2 gain/amplification, I used the U-2932 and Granta 519,
DLBCL and MCL cell lines, respectively, which have BCL2 gain/amplification [122,
123]. I first measured cell viability to establish whether the U-2932 and Granta 519 cells
were sensitive to ATN-224 (refer to Table 4.1).

To determine whether ATN-224

treatment had an effect in the U-2932 and Granta 519 cells similar to the effect in the
SUDHL-4, SUDHL-8 and SUDHL-10 cells, I measured the following: ΔΨm; Mcl-1, Bcl2 and Bcl-xL protein levels; and caspase 3 activity. Following ATN-224 treatment in the
U-2932 and Granta 519 cells, I detected: decreases in ΔΨm at 12 h (Figure 4.4A);
decreases in Mcl-1 and no change in Bcl-2 or Bcl-xL protein levels (Figure 4.4B); and
significant increases in caspase 3 activity (Figure 4.5A). To confirm that the ATN-224induced cell death was caspase-independent, I measured cell viability using the pan
caspase inhibitor, ZVAD-FMK, in combination with ATN-224. In both the U-2932 and
Granta 519 cells, the addition of ZVAD-FMK was unable to attenuate the effect of ATN224 (Figure 4.5B).

Taken together, these data suggest ATN-224 circumvents the
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overexpression of Bcl-2, regardless of the mechanism by which BCL2 is upregulated, and
has therapeutic potential in the treatment of aggressive NHL.
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ATN-224 induces cell death in ABT-737 resistant cells and enhances the
effect of ABT-263. Drugs targeting Bcl-2 and Bcl-xL, such as ABT-737 and ABT-263
derivatives, are currently in clinical trials. Recently, Yecies et al. showed that SUDHL-4
R2 cells, selected for resistance to ABT-737, upregulate Mcl-1. The ability of ATN-224
to degrade Mcl-1 suggests that the SUDHL-4 R2 cells may be sensitive to ATN-224. To
determine the effect of ATN-224 on SUDHL-4 R2 cells, I measured cell viability
following treatment with various concentrations of ATN-224. In the SUDHL-4 and
SUDHL4-R2 cells, I measured a significant decrease in the number of viable cells, which
appears to be concentration dependent (Figure 4.6A). I also detected decreases in Mcl-1
protein levels (Figure 4.6B). These data suggest ATN-224 has potential to overcome
Mcl-1 resistance, thus sensitizing cells to drugs that target Bcl-2 and Bcl-xL.
The ability of ATN-224 to induce cell death independent of Bcl-2/Bcl-xL status
and degrade Mcl-1 suggests that ATN-224 has potential as an adjuvant to ABT-263
treatment. To determine whether ATN-224 enhances the effect of ABT-263, I combined
low concentrations of ATN-224 with a low concentration of ABT-263. The combination
of ATN-224 with ABT-263 resulted in an enhanced effect, in comparison to either drug
alone, especially in those with high levels of Bcl-2 (Figure 4.6C). These results suggest
ATN-224 has potential as an adjuvant to drugs that target Bcl-2 and Bcl-xL.
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Discussion

These data suggest that use of a copper chelator drug to target the mitochondria
has potential as a therapeutic strategy to overcome apoptosis-resistance and induce
caspase-independent cell death in DLBCL. In cells with high levels of Bcl-2, Bcl-xL or
Mcl-1, ATN-224 treatment causes mitochondrial dysfunction and induces the release of
AIF from the mitochondria, resulting in nuclear condensation.

ATN-224 treatment

enhances the effect of ABT-263, which may be attributed to ATN-224’s ability to
degrade Mcl-1. These data suggest that ATN-224 has potential as an adjuvant with drugs
that target Bcl-2 and Bcl-xL. The ability of ATN-224 to trigger caspase-independent cell
death is an attractive alternative approach, either as a single agent or as an adjuvant, in
the treatment of patients with defective caspase-dependent apoptotic pathways.
Targeting the non-canonical function of Bcl-2 and other anti-apoptotic proteins is
a successful strategy for circumventing apoptosis-resistance. Chen and Pervaiz showed
that in response to cellular stress, cells with upregulated Bcl-2 maintain mitochondrial
homeostasis, in comparison to cells without upregulated Bcl-2, by regulating the activity
of CcOX [72]. Other anti-apoptotic proteins, such as Bcl-xL and Mcl-1, have also been
shown to maintain mitochondrial homeostasis by regulating mitochondrial respiration
[71]. These data suggest that the ability of these proteins to prevent cell death may be
attributed to their ability to maintain mitochondrial homeostasis. CcOX, the terminal
subunit of the mitochondrial respiratory chain, tightly controls ΔΨm and is a target of
ATN-224 [76, 101, 120].

Here I show that ATN-224 treatment decreases ΔΨm,
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independent of Bcl-2, Bcl-xL or Mcl-1 status, thus affecting their ability to maintain
homeostasis. Recently, Chonghaile et al. showed that decreases in ΔΨm, or mitochondrial
“priming”, describes the proximity to death and correlates with better response and
outcome [113]. My data suggest that the ability of ATN-224 to target the mitochondria
and induce mitochondrial dysfunction is an attractive alternative approach to circumvent
apoptosis-resistance and enhance the efficacy of cytotoxic agents, such as doxorubicin,
vincristine or etoposide [113].
AIF is a mitochondrial-localized flavoprotein that translocates to the nucleus
where it induces chromatin condensation and DNA degradation in a caspase-independent
manner [33]. AIF release can increase caspase activity; however, the AIF-induced cell
death is caspase-independent [34]. The expression of AIF is relatively high in DLBCL
and is associated with a more favorable overall survival (OS) in patients treated with
CHOP-like therapy [124]. In these studies, I found that ATN-224-induced cell death
involves the release of AIF from the mitochondria. My data suggest a mechanism by
which ATN-224 could trigger AIF release. ATN-224 is a known inhibitor of SOD1,
which results in increased superoxide [76, 81]. In the previous chapter I reported that
peroxynitrite, a downstream product of superoxide and nitric oxide, is the major oxidant
responsible for ATN-224-induced cell death [120].

The mitochondrial permeability

transition (MPT) pore is susceptible to oxidation by peroxynitrite, which could lead to the
opening of the pore, allowing the release of AIF [61]. The upregulation of anti-apoptotic
proteins results in defective caspase-dependent apoptotic pathways.

Many of the

cytotoxic drugs used to treat DLBCL induce caspase-dependent apoptosis [23]. The
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ability of ATN-224 to induce cell death via the release of AIF from the mitochondria
suggests that patients with tumors that have defective caspase-dependent pathways could
benefit from ATN-224 treatment.
Gene-deletion studies have demonstrated that the expression of Mcl-1 is critical to
survival [52] and has been shown to correlate with high-grade follicular lymphomas,
mantle cell lymphoma and DLBCL, predominately in the ABC subtype [49, 53, 54].
BH3 mimetics that target anti-apoptotic proteins are currently being developed and are in
clinical trials [125]. While those that target Bcl-2 and Bcl-xL have shown promise,
resistance through the upregulation of Mcl-1 is a problem [59]. BH3 mimetics that target
Mcl-1 have been less successful due to their different binding affinities [58]. Taken
together, these data suggest that an alternative approach to target Mcl-1 is needed. In
cells, Mcl-1 is tightly regulated and inactivated by different mechanisms that depend on
the stimulus. For example, in response to oxidative stress, phosphorylation by JNK
results in the loss of survival function; in dying cells, caspase-mediated cleavage results
in the generation of a potent proapoptotic protein; and in response to genotoxic stress,
poly-ubiquitination results in proteasome-dependent degradation [126, 127]. While the
mechanism by which ATN-224 treatment degrades Mcl-1 remains to be tested, my data
suggest that ATN-224 could prove effective in tumors with increased Mcl-1.
In addition to BCL2, the upregulation of many other oncogenes, such as NF-κB,
MYC and BCL6, occur in DLBCL and are associated with poor clinical outcome [128131]. The constitutive activation of NF-κB occurs in the more aggressive DLBCL ABC
subtype [13]. NF-κB is a redox sensitive transcription factor with known anti-apoptotic
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target genes, such as BCL2 and BCLXL [48]. A study by Pan et al. has shown that
ammonium tetrathiomolybdate treatment suppresses NF-κB transcription and decreases
nuclear protein binding to the κB sequence [132]. This suggests that NF-κB may be a
target of ATN-224, however, this remains to be tested. The upregulation of BCL2 can
present with other complex karyotypes, which include upregulated MYC and/or BCL6,
resulting in what is referred to as “double-hit” and “triple-hit” DLBCL [133]. Double hit
DLBCL with upregulated BCL2 and MYC are characterized by highly aggressive clinical
behavior and poor response to therapy [134]. While double hit and triple hit DLBCL are
rare, one retrospective study reported median survival of six and four months,
respectively [135]. Recently, Quentmeir et al. reported that the U-2932 cells are actually
two clones in one cell line.

While both clones overexpress BCL2, one clone

overexpresses MYC and the other BCL6 [122]. The sensitivity of the U-2932 cells to
ATN-224 suggests that ATN-224 may also prove effective in tumors with increased MYC
and/or BCL6.
In conclusion, my data indicate that ATN-224 has potential for the treatment of
DLBCL. ATN-224 induces cell death in DLBCL cell lines that represent phenotypes that
show characteristics of drug resistance and correlate with poor clinical outcome. The
mechanism of action is different from many of the currently used therapies, which
suggests that it could be used as a single agent or as an adjuvant in refractory disease.
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CHAPTER FIVE: CONCLUDING DISCUSSION

The currently used standard multi-chemotherapeutic drug regimen, R-CHOP,
leaves approximately 50% of DLBCL patients incurable due to relapse or lack of
response. Despite the variable success, each agent has been shown to be efficacious in
some patients. Novel therapeutic agents that enhance current therapies are needed to
improve patient survival.

The development of novel therapeutic agents requires

identification of novel therapeutic targets and strategies.
Molecular profiling has identified genetic aberrations and suggested molecular
targets. Several of these genetic aberrations result in the upregulation of anti-apoptotic
proteins. Examples include translocation and gene amplification/gain of anti-apoptotic
proteins such as Bcl-2 and Mcl-1. Another is the constitutive activation of NF-κB, which
has many downstream targets that prevent apoptosis, including the anti-apoptotic proteins
Bcl-2 and Bcl-xL.
Another approach is to better understand the environment in which a tumor arises
and to identify adaptation mechanisms that could potentially be exploited. Lymphomas
can arise at sites of chronic inflammation, exposing them to higher levels of ROS.
Increased levels of ROS contribute to tumor initiation, promotion and progression [62].
The persistent exposure of lymphocytes to increased levels of ROS could result in an
accumulation of cellular damage, thus promoting the transformation to lymphoma.
Lymphomas that arise under these conditions would be selected for oxidative stress
resistance. Adaptation to increased levels of ROS can occur through the upregulation of
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anti-oxidant defense enzymes, resulting in oxidative stress resistance. Adaptation can
also occur through the upregulation of anti-apoptotic proteins, resulting in oxidative
stress and apoptosis resistance.

These adaptation mechanisms are associated with

chemoresistance and may contribute to the variable success of the current standard
treatment, R-CHOP.
In general, normal cells have lower levels of basal ROS output in comparison to
tumor cells and are less dependent on redox adaptation [65]. The protective function of
upregulated anti-oxidant defense enzymes and anti-apoptotic proteins may, in part, be
attributed to their ability to maintain cellular and/or mitochondrial redox homeostasis,
respectively. These studies explore the therapeutic potential of using the copper chelator,
ATN-224, to modulate the redox environment and cause cell death in lymphoma cells
that exhibit oxidative stress resistance and/or upregulation of anti-apoptotic proteins.
These studies show that selectively targeting a primary anti-oxidant defense
enzyme increases oxidative stress and is an effective strategy for eliminating oxidative
stress resistant cells. ATN-224 treatment inhibits SOD1 activity. The SOD's are the
primary anti-oxidant defense enzymes that dismutate superoxide to hydrogen peroxide;
however, although the SOD's overlap functionally they are limited by their locations.
SOD1 is responsible for detoxifying superoxide in the cytosol and intermembrane space
of the mitochondria. Without another SOD present, the inhibition of SOD1 increases
superoxide levels thus driving the reaction of superoxide with nitric oxide to produce
peroxynitrite. There is no primary anti-oxidant defense enzyme responsible for the
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detoxification of peroxynitrite and/or removal of nitrotyrosine adducts, thus increases in
peroxynitrite results in irreversible cellular damage and induction of cell death.
These studies also show that the combination of disrupting mitochondrial redox
regulation and increasing peroxynitrite is an effective strategy for eliminating apoptosisresistant cells. The mitochondria are a major source of ROS. In response to oxidative
stress Bcl-2 has been shown to regulate the mitochondrial redox environment through
CcOX. Inhibiting CcOX appears to partially reduce the protective function of Bcl-2, thus
increasing mitochondrial susceptibility to oxidative stress. The mitochondria contain
many death-inducing proteins. Inducing the release of AIF from the mitochondria results
in caspase-independent cell death, circumventing not only Bcl-2 but also Bcl-xL and
Mcl-1.
Multidrug chemotherapeutic regimens are a mainstay in the treatment of NHL.
My data suggest that ATN-224 has potential as an adjuvant to enhance the effect of
several chemotherapeutic agents. First, ATN-224 modulates the redox environment,
sensitizing cells to increased oxidative stress, suggesting that ATN-224 could enhance the
effect of ROS-implicated agents. Second, ATN-224 induces caspase-independent death,
suggesting that ATN-224 could enhance the effect of agents that induce caspasedependent cell death. Lastly, ATN-224 degrades Mcl-1, suggesting that ATN-224 could
enhance the effect of BH3 mimetics, as resistance occurs through the upregulation of
Mcl-1.
In the era of personalized medicine, an understanding of drug targets and
mechanisms of actions are important for identifying a target population. My studies have
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contributed to a more complete understanding of both ATN-224 targets and mechanisms
of action, thus allowing us to define the target population in which ATN-224 could have
therapeutic potential. I have shown that ATN-224 has therapeutic potential in lymphoid
malignancies with oxidative stress resistance or upregulated anti-apoptotic proteins.
However, these resistance mechanisms are not specific to lymphoid malignancies,
suggesting that ATN-224 could be used in other tumor types with similar profiles such as
ovarian cancer. Collectively, my studies suggest that use of ATN-224 either as an
adjuvant or as a single agent could ultimately improve patient response and/or survival.
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