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Overall Abstract

Tetrahydrobenzimidazole TMQO0153 induces autophagy
followed by controlled necrosis via oxidative stress

induction in chronic myeloid leukemia cell lines

Sungmi Song

College of Pharmacy

Department of Pharmacy Graduate School
Advisor: Prof. Marc Francois Diederich

Chronic myeloid leukemia (CML) is characterized by the Philadelphia (Ph)
chromosome with a t(9;22)(g34;q11) reciprocal translocation in single
hemopoietic stem cells (HSC) and resulting in expression of the BCR-ABL
chimeric oncoprotein. This abnormal gene stimulates the production of
reactive oxygen species (ROS). ROS levels increase with CML progression
and induce BCR-ABL self-mutagenesis. Imatinib and other tyrosine kinase
inhibitors (TKIs) such as dasatinib and nilotinib radically improved the
diseases outcome, but TKI-resistance is still considered as a major problem.
TKI resistance can be associated with even higher ROS production than in
TKI-sensitive cells. So far, a role for redox changes in apoptosis has been
established; however, several new modalities of regulated cell death have
been recently described, The importance of ROS production as well as
cellular stress are being actively investigated. Taken together, we investigate
here the role of ROS and redox changes in the activation and execution of
regulated necroptosis. We also discuss how cellular stress and redox
modulation by TMQO0153 concentration-dependently leads to different cell

death modalities including controlled necrosis in CML cell models.
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Chapter 1.

Redox biology of regulated -cell
death In cancer: A focus on

necroptosis



1.1. Abstract

Redox changes and generation of reactive oxygen species (ROS)
are part of normal cell metabolism. While low ROS levels are implicated in
cellular signaling pathways necessary for survival, higher levels play major
roles in cancer development as well as cell death signaling and execution. A
role for redox changes in apoptosis has been long established; however,
several new modalities of regulated cell death have been brought to light,
for which the importance of ROS production as well as ROS source and
targets are being actively investigated. In this review, we summarize recent
findings on the role of ROS and redox changes in the activation and
execution of two major forms of regulated cell death, necroptosis and
ferroptosis. We also discuss the potential of using modulators of these two

forms of cell death to exacerbate ROS as a promising anticancer therapy.

Keywords: ROS, Redox changes Regulated cell death, Necroptosis, Cancer

Anticancer therapy



1.2. Introduction
1.2.1. Redox homeostasis in normal and cancer cells

Reduction and oxidation (red-ox) reactions occur in living
organisms as part of the normal cellular metabolism. They consist in the loss
or acquisition of electrons by an atom, which leads to generation of reactive,
mostly short-lived intermediates. The most relevant molecules produced by
redox events in the cells are reactive oxygen species (ROS), derived from
O2 metabolism and comprising free radicals, such as superoxide anion (O2™)
and hydroxyl radical ("OH), as well as non-radical species such as hydrogen
peroxide (H202) 2.

ROS can be generated by several physiological and pathological
mechanisms. Mitochondria are the major ROS generator of the cell, mainly
through leakage of oxidative phosphorylation, where approximately 1% of
all mitochondrial Oz is converted to superoxide 3. ROS may also be
generated also in other organelles such as peroxisomes and the endoplasmic
reticulum (ER) and by the activity of NADPH oxidases (NOX)—enzymes
specialized in ROS production 4. Several other enzymatic activities are
involved in ROS generation, including lipooxigenase (LOX),
cyclooxigenase (COX), xanthine oxidase (XO), nitric oxide synthase (NOS)
activities °. ROS production may also result from exposure to environmental
stressors, such as xenobiotics or variations in environmental parameters .

While redox homeostasis is pivotal for cell survival, ROS play a
dichotomous role in the cell. At submicromolar concentrations, they act as
second messengers, regulating cellular signaling and participating in the
control of several cellular functions, such as cell growth, survival, and
differentiation "8, When ROS levels rise above a critical level, they cause
oxidative damage to cell structures. For this reason, spikes of ROS are
usually rapidly neutralized to a steady state level by a series of antioxidant
cellular systems, comprising enzymes such as superoxide dismutase (SOD),
catalase, glutathione reductase (GR), glutathione peroxidase (GPX),
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thioredoxins (TRX), and peroxiredoxins (PRX) 2 5.

If optimal redox homeostasis is compromised, due to ROS
overproduction or decreased antioxidant activity, the cell undergoes cell
death or survives by developing strategies to cope with chronically higher
ROS levels. This adaptive situation can in turn contribute to the
development of several pathologies, such as neurological disorders or cancer
9, 10, 11.

ROS are known to modulate cancer-promoting functions, such as
proliferation, migration and metastasis > > 14 Deregulated ROS
homeostasis may also lead to epigenetic alterations *°, which may further
contribute to cancer progression 17 by modulating the expression of genes
involved in ROS detoxification 8,

However, to cope with the high amounts of ROS from a deregulated
energetic metabolism, cancer cells increase antioxidant defense systems °. In
this context, it is important to consider that ROS may also have tumor
suppressive roles '°. Stabilization of a master regulator of antioxidant
response, Nuclear Factor erythroid 2-related factor (NRF2) has been
reported following oncogene activation, and is a driver of cancer
proliferation 2. Remarkably, the supplementation of antioxidants was shown
to increase incidence and mortality in some cancers types, such as lung
cancer 2. Finally, the oxidative homeostasis of cancer in vivo may be also
modulated by the interaction with its specific tumor microenvironment 22,
adding another layer to the complexity of ROS management in in vivo
contexts.

When oxidative stress becomes excessively high, cancer cell death is
induced. Exacerbating oxidative stress by increasing ROS levels or
decreasing cellular antioxidant capacity is a promising potential anticancer
strategy and part of the mechanism of action of many chemotherapeutic

drugs already in clinical use 23 24 25.26.27.28



1.2.2. ROS-induced events accompanying cell death

We have only just begun to understand the complexity of the role of
ROS in cell death. At lower levels, ROS have been linked to cell signaling
and survival responses 8. At higher levels, ROS may be involved in the
signaling steps that precede and regulate cell death in response to several
stimuli 1. Moreover, excessive ROS levels oxidize DNA, proteins, and lipids,
compromising their structure and function and participating in the execution
of cell death (Figure 1.1).

The superoxide generated mainly by mitochondrial respiration, is
converted to hydrogen peroxide by SOD. While hydrogen peroxide has
relatively low reactivity, it can be converted into the potent hydroxyl radical
in the presence of iron by Fenton reactions 8. The extremely high reactivity
of the hydroxyl radical is responsible a considerable amount of oxidative
damage 2°3°. Both superoxide and hydrogen peroxide can modify proteins,
typically reacting with thiol groups to generate disulfide forms. Protein
function is tightly controlled by amino-acid modifications, and reversible
oxidation is well described as a mechanism of ROS-controlled cell signaling
830 Signaling through oxidized cysteine may promote survival mechanism

such as autophagy 3!

. However, when hydrogen peroxide levels are
markedly increased, the subsequent production of high amounts of hydroxyl
radical cause irreversible protein oxidation and cellular toxicity ®.

DNA is less easily oxidized than cysteine thiols; however, it can
undergo multiple types of damage from the predominant oxidation of single
bases up to interstrand and DNA-protein crosslinks when significant
amounts of potent radicals come into proximity 2% 32, If not repaired, DNA
damage may lead to mutations, epigenetic alterations and genetic instability,
or in the case of massive damage, induction of cell death 3.

Lipid peroxides can be formed as result of uncontrolled ROS
propagation as well as by the action of specific enzymes, such as LOX,
COX and cytocrome P450. The antioxidant enzyme GPX plays an important

5 7



role in limiting lipid peroxide formation by utilizing _-y-glutamyl--
cysteinylglycine (glutathione; GSH) to neutralize them. Lipid peroxides are
able to diffuse across lipid bilayers, compromising membrane integrity and
may also propagate the production of other ROS species and be degraded
into more toxic compounds, which participate in DNA and protein
crosslinking 34 GSH is the most prominent cellular reducing agent. Its
free thiol group becomes oxidized to glutathione disulfide (GSSG) to buffer
oxidative stress. Healthy cells constantly maintain a high GSH-to-GSSG
ratio to ensure a high buffering capacity against increased ROS levels *. A
decrease in the GSH pool is a hallmark of cell death following an oxidative
burst, with important roles in apoptosis regulation 3. GSH depletion can
either be the result of massive consumption via oxidation in an attempt to
buffer the peak in ROS levels or due to GSH efflux through membrane
transport 637,

Based on the large spectrum of activities described above, ROS can
participate in different steps of cell death. Their exact contribution to each of
those steps, however, remains unclear. In early studies, apoptosis was shown
to occur in conditions of low 02383940 In the last decades ROS have been
implicated in signaling leading to apoptosis induction %, such as in JNK
activation following TNFa stimuli 4.

The underlying mechanisms of ROS involvement in other forms of
regulated cell death are even less defined and are the current subject of

intense investigation.
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Figure 1.1. Cellular redox homeostasis. Schematic overview of major redox
events in cells. ROS may lead to pro-survival signaling or to cellular damage and
eventually cell death, based on the extent of oxidative stress and the cellular
antioxidant capacity. When the antioxidant system is not capable of coping with
high amounts of stress, damaging events (depicted in red) occur and participate
incellexecution. Alternatively, ifthe cellsareable to survive, these events may
contribute to the development of chronic diseases. GSH: glutathione; GSSG:
glutathione disulfide; GR: glutathione reductase; GPX: glutathione peroxidase;
TRX: thioredoxin; PRX: peroxiredoxin;, COX: cyclooxygenase; LOX:
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1.3. Regulated cell death (RDC) and ROS

For decades, apoptosis was considered the only form of regulated
cell death (RDC), as opposed to necrosis, which was regarded as an
accidental and uncontrollable form of cell death, independent of any specific
genetic program. However, accumulating evidence in the previous years
showed that many forms of non-apoptotic, RDC exist 2434445 Nowadays,
these RDC forms are regarded as a class of genetically regulated type of cell
death, each one impinging on different (although overlapping) signaling
pathways. Morphologically, non-apoptotic RDC are characterized by
cellular swelling, plasma membrane damage, and cell content leakage *°;
however, peculiar morphological features exist, as evidenced by ferroptosis
(see dedicated paragraph). Although differing in the molecular pathways
that elicit them, non-apoptotic RDC share some downstream execution
mechanisms. In this regard, bioenergetics and redox metabolism disruption
have been proposed as a common basis in their progression and execution .

Among the non-apoptotic RDC forms described thus far,
necroptosis is the best characterized. Other recently discovered forms
include pyroptosis, parthanatos, NETotic cell death, and ferroptosis 43 4445,
We will focus below on redox involvement in two of these forms,
necroptosis, as forerunner of the group and for which the role of ROS has
been long investigated, and ferroptosis, an oxidative form of cell death for
which alterations in redox metabolism constitute the main deciphered
mechanism of action (Figure 1.2).
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Figure 1.2. Schematic representation of Necroptosis and Ferroptosis pathways
and relative ROS involvement. A simplified overview of the main players
involved in necroptosis and ferroptosis is depicted. Confirmed or potential ROS
involvement is indicated in red and main agents responsible for induction and
inhibition of the two cell death pathways are indicated in green and blue,
respectively. 15-LOX: 15-lipoxigenase; Becn-1: Beclin-1; DDP4: dipeptidyl-
peptidase4; PEBP1: phosphatidylethanolamine binding protein 1; NOX: NADPH
oxidase; NRF2: Nuclear factor erythroid 2-related factor 2; MLKL: mixed lineage
kinase domain-like pseudokinase; RIP: receptor-interacting protein; Glu:

glutamate; RSL-3: Ras-selective lethal 3.

1.3.1. The role of ROS in necroptosis

Over the last decade, necroptosis occurrence has been described in
many pathological contexts “6. Sharing some key features with apoptosis,
necroptosis was mainly described to occur under pharmacological inhibition
or genetic deletion of caspases, as a “backup” form of programmed cell
death upon cellular inability to activate apoptosis #’. The involvement of

necroptosis during infection and inflammation has been also well
9 ; H & 1_'_” u]r T



established; however, there are no indications (to date) of a physiological
role during development °.

Necroptosis can be induced by ligands binding to receptors of the
tumor necrosis factor (TNF) family 4 4°. Several other stimuli have been
associated with necroptosis induction, such as ER stress % 51 52 DNA
damage 33, anticancer drugs °3, viruses > and bacteria *°. The main
molecular signaling events of necroptosis involve the activation of a multi-
protein complex called necrosome, harboring the receptor-interacting
kinases RIP1 and RIP3 as key mediators and the executioner protein mixed
lineage kinase domain-like (MLKL). After death receptor stimulation, and
in the absence of caspase-8 availability, RIP1 recruits RIP3, promoting its
activation. Then, the effector protein MLKL and constitutive binding partner
of RIP3 becomes activated, oligomerizes, and translocates to the plasma or
intracellular membranes °°, where it can form cationic channels leading to
membrane permeabilization °. A conformational switch of the pseudokinase
domain of MLKL is achieved upon RIP3 stimulation, which leads to the
constitution of the active tetrameric form. In this form, the four-helix bundle
(4HB) domain of the protein is unmasked °® and binds to
phosphatidylinositol ~ phosphates in  the membrane leading to
permeabilization .

RIP1 is not always required for necroptosis induction. After
stimulation of Toll-like receptors (TLR), necroptosis can proceed via TIR
domain-containing adapter-inducing interferon-p (TRIF)-RIP3 complexes
and virus-induced necroptosis may be coordinated by the DNA sensor DA
and RIP3, independently from RIP1 %% In fact, to see RIP1 only as an
activator of necroptosis would be too simplistic; its presence is also required
to protect cells both from caspase 8-induced apoptosis and from RIP3-
dependent necroptosis, as shown by genetic studies in mice 2. Similarly to
RIP1, caspase 8 also bears both death-inducing and pro-survival roles. In
parallel to its pro-apoptotic activity, it suppresses RIP3 signaling and is
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required for T cell activation . Thus, both caspase 8 and RIP1 are
implicated in complex survival-death decision within the cell.
Below we will discuss the role of ROS in necroptosis and summarize

recent research on the subject.

1.3.2. Mitochondria and mitochondrial ROS in necroptosis induction

Mitochondrial ROS have been regarded as an essential component
of necroptosis induction, and many studies support this view. However,
other studies have suggested that mitochondrial ROS are not needed for
necroptosis induction (Table 1.1), generating a debate on this matter 54,

In 1992, research by the Fiers group ®° showed that ROS generated
at the mitochondrial respiratory chain determine the necrotic response of
murine fibrosarcoma cell line L929 to TNFa treatment. Further evidence
suggested that TNFa-mediated RIP1 activation leads to mitochondrial
dysfunction, producing ROS that are involved in TNFa-induced necroptosis
in L929 cells %,

The molecular link between RIP1 activation and ROS production
has been investigated by other studies conducted on murine cells, and ROS
generation has been proposed to be RIP1-dependent ¢, 8. Other studies
showed mitochondrial ROS accumulation and dysfunction leading to RIP1-
dependent necroptosis, which was inhibited by ROS scavengers in murine
cell lines %8 9 However, suppressing ROS did not prevent necroptosis in
other cell lines, such as the human Jurkat T cells, HT-29 and THP-1 cells ”°,
172 gyggesting that the role of ROS in necroptosis is cell line-specific.
Overall, data obtained using murine cell lines such as L929 are not always
confirmed by studies in human cells, suggesting that these latter are
potentially less dependent than murine cells on ROS contribution for
necroptosis induction.

In accordance with the multiple roles of mitochondria related to cell
death induction, it was shown that RIP1 and RIP3 can localize to these

11 7



organelles "> . Moreover, the mitochondrial permeability transition pore
(mPTP) has been implicated in necroptosis induction by several studies,
with particular focus on one of its components—CypD. It was shown that
overexpression of CypD, but not ROS inhibition, prevented TNF-mediates
necroptosis, in leukemia THP-1 cells "2, moreover, CypD knockout mouse
embryonic fibroblasts (MEFs) showed partial resistance to necroptosis
induced by TNF-a, second mitochondrial-derived activator of caspases
(SMAC) mimetics, and pan-caspase inhibitor z-VAD . In addition,
inhibition of CypD can block RIP1-RIP3-dependent necroptosis in zebrafish
macrophages, in synergy with ceramide pathway blocking. In this study,
necroptosis was shown to occur via TNFa-mediated mitochondrial ROS
production. However, this was shown in the peculiar context of
tuberculosis-infected macrophages, where bacterial components are
implicated in ROS production ™.

In contrast to these studies, parkin-induced mitophagy was recently
used to demonstrate that mitochondrial ROS are dispensable for necroptosis
induction in TNFa-treated 3T3 MEFs . Moreover, recent data suggested
that MLKL can directly mediate rupture of the plasma membrane *°.

Overall, these findings indicate that different pathways to
necroptosis may exist, with differential dependency on mitochondria and
mitochondrial ROS according to cell type and conditions. Further studies
examining these issues should take into account to directly compare

multiple murine and human cell models under same experimental conditions.



Table 1.1 Evidence for and against a role of mitochondrial ROS in necroptosis.

Role References Finding Cancer cell
(Yes lines
/No)
Necroptosis N 72707 ROS scavenging does not prevent THP-1, HT-
necroptosis in some cell lines. 29, U-937
N 6 Non- mitochondrial ROS contributes  L929, MEFs
to RIP1 dependent necroptosis
N 7 Necroptosis occurs in cells where 3T3-SA
mitochondria are depleted through
parkin-induced mitophagy
N MLKL oligomers move from cytosol ~ HT-29
to plasma membrane and disrupt
membrane integrity directly during
necroptosis
Y 6566607778 Mitochondrial dysfunction and ROS  L929, RAW
in necroptotic cell death. 264.7, MEFs
y *# CypD deficient cells show partial MEF
resistance to necroptosis.
y * CypD and ceramide pathway Macrophages
inhibition blocked necrptosis
Yy 7 RIP1 can localize to mitochondrai THP-1
Yy 9 RIP-dependent mitochondrially  L929

derived ROS.

1.3.3. NOX and cytosolic ROS in necroptosis induction

An alternative source of ROS production is the plasma membrane

associated NADPH oxidase 1 (NOX1) complex, which catalyzes the

production of ROS from molecular oxygen "¢, 7°. NOX1 is recruited by

RIP1 in TNFa-induced necroptosis in L929 cells ’®. It was shown that TNFa.

stimulates NOX1 activity through complex with RIP1 partners such as
TNFR1-associated death domain protein (TRADD), in L929, MEF and

HeLa cells 8, . However, NOX1 is unlikely to be the most important

player in necroptosis induction in the investigated contexts. While

knockdown of NOX1 was reported to rescue TNFa-mediated necroptosis in

1.929 cells '8, this rescue appears to be moderate. Moreover, another study

13
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reported that silencing of NOX component p22°" did not prevent
necroptosis in L929 cells °’.

Riboflavin kinase (RFK) is another component of the NOX
complex and is known to associate with TNFR1 and TRADD after TNFa
treatment. RFK binds TNFRL1 to recruit the NADPH oxidase NOX1, NOX2,
and p22°"s in both mouse and human cells, but RIP1 is not directly related
to the cell death pathway ". Finally, NOX4 was shown to promote cisplatin-
induced nephrotoxicity by increasing ROS-mediated RIP1-dependent
necroptosis in human HK2 cells and in vivo mouse models .

Taken together, these data suggest that while NOX enzymes play a
role in necroptosis induction in different models, their contribution appears
to be partial and does not exclude mitochondrial ROS involvement.

Iron is another important player in cytosolic ROS generation that is
independent from enzymatic activities and relies on Fenton reactions. Iron
can be found in cells in its divalent or trivalent form (i.e., reduced or
oxidized) and is essential for the functioning of several enzymes involved in
ROS production and detoxification, such as LOX, cytochrome p450,
catalase, peroxidases and PRX. The majority of cellular iron is bound to
proteins, such as ferritin and transferrin, or is coordinated in complexes,
such as in heme. However, some free or loosely coordinated iron (so called
“labile” iron) is also present in the cell and constitutes a highly redox-active
iron pool. Redox-active iron is toxic to cells and must be carefully
transported and accumulated in an inactive form.

Iron chelators were shown to rescue cells from necroptosis % and
changes in iron transport and storage can also impact necroptotic cells death.
For example, Xie et al. 8 showed that L929 cells with reduced levels of the
iron storage protein ferritin are more resistant to TNFa-induced increases in
the labile iron pool, ROS production, and ROS-dependent necroptosis.
Interestingly, they also reported that elevation of the labile iron pool failed
in RIP1-deficient MEFs after TNFa treatment. Moreover, it was proposed
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that TNFa may stimulate production of ROS through c-Jun N-terminal
kinase 1 (JNK1), which mediates the degradation of ferritin and thus the

elevation in labile iron pool levels 82,

1.3.4. ROS, RIP and the positive feedback loop

Recent research is attempting to answer whether ROS are involved
in a positive feedback loop regulating the formation of the necrosome %,
RIP1 autophosphorylation of Serl61 has a crucial role in TNFa-induced
necroptosis 8, 8. Shindo et al. % showed that butylated hydroxyanisole can
decrease necroptosis in MEFs without affecting RIP phosphorylation, thus
arguing for a role of ROS downstream of RIP1. However, it was recently
shown that three crucial RIP1 cysteines (257, 268, and 586) are required for
sensing ROS prior to activation, supporting the notion that mitochondrial
ROS promotes RIP1 autophosphorylation of Ser161 ®. In another study,
treatment with TNFa and Smac mimetic stimulated ROS production in
Jurkat cells, which in turn stabilized the necrosome in a positive feedback
loop ®. Moreover, lipid peroxides can stimulate necroptosis in erythroid
cells lacking glutathione peroxidase 4 (GPX4) independently of TNFa
treatment by acting upstream on the necrosome . Overall, the exact role of
ROS upstream of RIP and of the necrosome is still elusive and should be

clarified by further studies.

1.3.5. Role of lipid peroxidation in necroptosis

Lipid peroxides, have been also shown to contribute to
necroptosis execution. ROS can target polyunsaturated fatty acids (PUFAS)
in the cellular membranes to produce toxic aldehydes such as 4-
hydroxynonenal (HNE), malondialdehyde (MDA) and acrolein 8, %, 9%,
Moreover, TNFa was shown to stimulate the production of not only
mitochondrial ROS but also of lipid peroxides through the activation of
phospholipase A2 and liberation of arachidonic acid °% %, which can then be
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targeted by LOX. This process eventually contributes to lysosomal
membrane permeabilization (LMP) and the execution of necroptosis .
Moreover, GPX4 was recently found to be required for preventing RIP3-
dependent necroptosis in erythoid precursor cells by avoiding lipidic ROS
accumulation 8, supporting the importance of lipidic ROS in necroptosis in
this cell type. Of note, GPX4 plays also a role in protecting macrophages
from gasdermin-D (GSDMD)-mediated pyroptosis, ® highlighting the
fundamental importance of this enzyme in cell survival. In cancer cells

however, GPX4 appears to be mainly implicated in ferroptosis induction.

1.4. Redox cancer therapy

The understanding of ROS mechanisms supported the development
of two parallel anticancer strategies based on ROS modulation, the use of
antioxidants for cancer prevention and the use of ROS inducers to
exacerbate oxidative stress to lead cancer cells to death 2" *®. The second
strategy represents the main mechanism of action of some current anticancer
approaches, such as radio- and photodynamic therapy %’. These therapies
induce an intense and sudden burst of ROS, which cancer cells are unable to
buffer, leading to cell death. Some clinically used chemotherapeutics have
also been shown to induce cellular ROS. While chemotherapy-induced ROS
in healthy cells have been linked to several side effects % % 100 RQOS
induction has been reported to occur also in cancer cells, and in some
context to participate to the anticancer activity of chemotherapy 2> 24101,

As many cancer cells develop resistance to apoptosis, ROS
eliciting this cell death pathway may not be sufficient to kill all cancer cells.
The possibility of using molecules exacerbating ROS and eliciting
necroptosis or ferroptosis is a promising scenario for ROS-based cancer
therapies, especially for treating resistant cancers. Therefore, the list of
natural and synthetic molecules with these interesting properties is

increasing (Table 1.2).
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Table 1.2. Molecules inducing necroptosis in cancer cells

Necroptosis

Clinical use/

clinical trials

dUcers (www.clinicaltr | Activity Cancer cell line | References
ials.gov)
Shikonin no Inhibitors  of | K7, U20S, 86, 102, 103, 104, 105, 106, 107
tumor specific | Human multiple
pyruvate myeloma,
kinase M2 | MDA-MB-468,
(PKM2) CNE-2Z, MCF-
7, A549, U937,
K562, HL60
B-Lapachone Clinical ~ trials | Inhibitor  of | SK-Hepl %
(ARQ761) for treatment of | NQO1l. RIP1
several cancers | dependent
types ROS
generation,
HMGB1
release,
NAD+|,
ATP|
Eupomatenoid- | no Necroptotic 786-0 108
5 morphology,
ROS
generation
Obatoclax Acute myeloid | Targets Bcl-2, | Rhabdomyosarc | 53 109110
(GX15-070) leukemia, Phase | Bcl-Xt, Bcl-w | om, acute
I/l trial in | and Mcl-1. | lymphoblastic
chronic Interaction of | leukemia,
lymphocytic p62 with | pral squamous
leukemia, RIP1-RIP3- cell carcinoma
Hodgkin’s FADD
lymphoma, Inhibited by
small cell lung | Necrostatin-1
cancer.
Staurosporine Clinical ~ trials | Inhibited by | Rat astrocytes, | 111112113
for treatment of | Necrostain-1, | U937, Raji
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refractory

Inhibited by

neoplasms, Necrosulfona
acute myeloid | mide
leukemia.
Cisplatin Clinical  trials | RIP1-RIP3- L929, 114, 115, 116, 117
for treatment of | MLKL OVCARA4,
several cancers | dependent, SKOV3, HT-29,
types CypD- Hela, HK-2,
mediated A549
mPTP
opening event
FTY720 Clinical  trials | RIP1-RIP3 Human 118, 119
for acute stroke, | interaction, glioblastoma,
Rett’s ROS-JNK- A549
syndrome, p53 signaling
Multiple pathway
sclerosis,
Renal
insufficiency
Neoalbaconol no RIP1 dependent C666-1, HK1 120, 121
MLKL
phosphorylatio
n, ROS
production,
ATP|
Tanshinone IIA | Acute RIP1-RIP3- HepG2 122
myocardial MLKL
infraction, mediated
Pulmonary necroptosis.
hypertension, FLIP  down-
Cardiovascular | regulation
disease,
Polycystic
ovary syndrome
Taurolidine Clinical  trials | ROS Glioma, 123,124,125
for solid cancer | generation pancreatic
treatment cancer and
fibrosarcoma
BAY-87-2243 Phase | trial for | Complex | | BRAF mutant | 1%
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treatment of | inhibitor melanoma
advanced cancer cells

malignancies

1.4.1. Necroptosis inducers as redox cancer therapeutics

Over the last decade, several natural and synthetic compounds have
been shown to induce necroptosis in specific cancer cell types. In this
growing list we find novel compounds as well as well-known molecules in
anticancer research, such as cisplatin and staurosporine %114,

The natural compound shikonin was one of the first natural
necroptosis inducers to be discovered. Shikonin is a naphthoquinone derived
from the herbal plant Lithospermum erythrorhizon used in traditional
Chinese medicine 1" and was shown to inhibit pyruvate kinase M2 (PKM2)
128 Recently, shikonin was shown to induce necroptosis by increasing
intracellular ROS levels in several cancer cell lines, such as U-937 1%, K-
562 and HL-60 % and T-47D breast cancer cells '?°. A series of natural
shikonin analogues has also been reported to induce necroptosis .

The natural compound B-lapachone (3,4-dihydro-2,2-dimethyl-2H-
naphtho[1,2-b]pyran-5-6-dione) is derived from the bark of the lapacho tree.
B-lapachone is an ortho-naphthoquinone shown to inhibit the enzymatic
activity of NAD(P)H quinine oxidoreductase 1 (NQO1) *31; NQOL1 is highly
upregulated in most human solid tumor 32, 133 13 Evidence supports that -
lapachone induces necroptosis through ROS production and the activation
of a RIP1-PARP1-AIF dependent pathway in human hepatocellular
carcinoma cells 1%,

Eupomatenoid-5 (eup-5) is a neolignan isolated from Piper
regnellii leaves. A recent investigation suggested that eup-5 treatment
induces necroptosis in the kidney cancer cell line 786-0 by enhancing
mitochondrial ROS generation 1%, Obatoclax (GX15-070) is a small
molecule indole bipyrrole compound that targets B-cell lymphoma 2 (Bcl-2),
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Bcl-X¢, Bel-w, and myeloid cell leukemia 1 (Mcl-1) 3¢, 137 138 53 GX15-
070 was shown to induce necroptosis through mitochondrial ROS
accumulation and mitochondrial membrane depolarization in oral squamous
cell carcinoma cells, rhabdomyosarcoma, and acute lymphoblastic leukemia
110’ 53’ 109_

FTY720 (2-amino-2-[2-(4-octylphenyl)ethyl]propane-1,3-diol;
Fingolimod) is a synthetic sphingosine analogue of myriocin, a compound
produced by a fungal metabolite and used in traditional Chinese medicine
139 FTY720 was shown to induce RIP1-dependent necroptosis in lung
cancer cells °. Furthermore, FTY720 activates ROS-JNK-p53 loop to
induce apoptosis, necroptosis and autophagy in human glioma cells 8,

Taurolidine (bis (1,1- dioxoperhydro-1,2,4-thiadizinyl-4) methane)
is derived from the amino acid taurine **°. Taurolidine induced necroptosis
via ROS production in cultured tumor cell lines, such as glioma cells,
fibrosarcoma cells, and pancreatic cancer 123 124125

Recent research has also been showed that LGH00168 induces
excessive ROS production in mitochondria, matrix metalloproteinase loss,
and lysosomal membrane permeabilization in A549 cells as a necroptosis
inducer 1. Polyphenon E is a standardized green tea extract, which was
shown to induce necroptosis by causing ER enlargement and increasing the
production of intracellular ROS in prostate carcinoma cells 4,

Redox active selenium compounds have also been investigated
regarding cell death induction in a species-specific manner. Selenite has
toxic effects associated with ROS production, deregulation of thiols
homeostasis, mitochondria  dysfunction and mitochondria DNA
condensation. Selenite-treated Hela cells exhibited partially inhibited cell
death by Nec-1, suggesting the involvement of necroptosis 43, 14 Finally,
the multi-kinase inhibitor sorafenib in combination with the histone
deacetylase inhibitor Givinostat (ITF2357) induces caspase-independent cell
death, which was rescued by pretreatment with Nec-1, and is associated
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with ROS production in Hodgkin’s lymphoma 45,

1.5. Future directions

Many questions remain unanswered regarding the role of ROS in
necroptosis. The context-specific involvement of mitochondrial and
cytosolic ROS in necroptosis is one main research focus. Moreover, the
precise final targets of ROS in both cell death forms have yet to be defined.
Further research is needed to clarify the iron-dependent enzymatic activities
responsible for ferroptosis. This type of cell death can also be accompanied
by ER stress and eukaryotic translation initiation factor 2A (elF2A)
phosphorylation 146, which is recognized as marker of immunogenic cell
death (ICD). Therefore, it would be interesting to investigate whether
ferroptosis results in the release of danger associated molecular patterns, and
to which extent it can eventually induce an anticancer immune response.
Overall, the increasing understanding of the mechanisms underlying
necroptosis and ferroptosis will benefit the advancement of redox cancer

strategies and the discovery of new redox-active anticancer therapeutics.
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Chapter 2.

TetrahydrobenzimidazoleTMQO0153
triggers apoptosis, autophagy and
necroptosis crosstalk in chronic

myeloid leukemia
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2.1. Abstract

By comparing imatinib-sensitive and -resistant CML cell models,
we investigated the molecular mechanisms by  which
tetrahydrobenzimidazole derivative TMQO0153 triggered caspase-dependent
apoptosis at low concentrations accompanied by loss of mitochondrial
membrane potential (MMP) and increase of cytosolic free Ca®" levels.
Interestingly, at higher concentrations, TMQO0153 induced necroptotic cell
death with accumulation of ROS, both preventable by N-acetyl-L-cysteine
(NAC) pretreatment. At necroptosis-inducing concentrations, we observed
increased ROS and decreased ATP and GSH levels, concomitant with
protective autophagy induction. Inhibitors such as bafilomycin Al (baf-Al)
and siRNA against beclin 1 abrogated autophagy, sensitized CML cells
against TMQO0153 and enhanced necroptotic cell death. Importantly,
TMQ153-induced necrosis led to cell surface exposure of calreticulin (CRT)
and ERp57 as well as the release of extracellular ATP and high mobility
group box (HMGB1) demonstrating the capacity of this compound to
release immunogenic cell death (ICD) markers.. We validated the anti-
cancer potential of TMQO0153 by in vivo inhibition of K562 microtumor
formation in zebrafish. Taken together, our findings provide evidence that
cellular stress and redox modulation by TMQO0153 concentration-
dependently leads to different cell death modalities including controlled

necrosis in CML cell models.

Keywords: Tetrahydrobenzimidazole; Metabolic stress; ROS; Cell death;

Chronic myeloid leukemia
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2.2. Introduction

Imatinib kills leukemic cells essentially via apoptosis but
triggers primary or secondary resistance in approximately 20~30% of
patients /. Second-generation tyrosine kinase inhibitors (TKIs) such as
dasatinib and nilotinib re-activate apoptotic cell death induction 43 4% jn
patients with imatinib resistance, however, de novo resistance against these
TKIs were also reported **°.

Pharmacological agents that target BCR-ABL-independent
molecular targets in CML by initiating non-apoptotic cell death may
overcome both BCR-ABL- and apoptosis-related resistance mechanisms by
targeting unrelated vulnerabilities of CML cells specifically related to
oxidative and metabolic stress metabolism. Transformation of leukemic
cells by Bcr-Abl is associated with metabolic alterations and increased
reactive oxygen species (ROS) generation. In addition, ROS levels are
tightly regulated in normal hematopoiesis but are chronically elevated in
CML. Koptyra et al. showed that Bcr-Abl kinase stimulates ROS that cause
oxidative DNA damage that results in the mutation of the kinase domain,
leading to imatinib resistance!®!. In addition, Landry et al. ¥2 published that
NADPH oxidase (Nox) activity affects intracellular ROS levels in Bcr-Abl
positive cells, enhancing survival signaling. Therefore, targeting the altered
metabolism and accumulation of ROS in CML cells could be of therapeutic
interest as exacerbation of intracellular ROS levels constitute one of the
main mechanisms of most chemo- and radio-therapeutic agents, eventually
killing cells whether by apoptosis or programmed necrosis, depending on
the metabolic status of the cell. Apoptosis and necroptosis are major cell
death mechanisms that result in opposite immune responses 3. Whereas
apoptotic cell death was described to trigger immunotolerant responses,
necroptotic cell death releases molecules that are related to inflammation
and activate immune responses as implicated to ICD % ICD is also
triggered by stress response mechanisms such as autophagy, ROS and
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endoplasmic reticulum (ER) stress and unfolded protein response (UPR) 1%,
These stress responses further lead to cell death and DAMP release that are
required for the activation of anticancer immune response by elevating
immunogenicity of dying cells via ICD ¢,

Controlled necrosis pathways cause a disequilibrium of the redox
metabolome leading to depletion of ATP and glutathione (GSH) eventually
triggering an energetic catastrophe. The crosstalk between the redox
metabolism, autophagy and necroptosis offers an interesting therapeutic
target in CML. Under oxidative and metabolic stress, autophagy becomes a
cellular homeostasis mechanism that aims to re-establish the cellular energy
balance, among others 7 allowing cell survival under stress conditions.
Moreover, autophagy cross-talks with apoptosis at the level of caspase-8
degradation as well as with non-apoptotic or necrotic programmed cell death
mechanisms 1%,

We  previously  reported the synthesis of  various
tetrahydrobenzimidazole derivatives and investigated their cytotoxic
potential against hematopoietic cancer cell lines. Among these derivatives,
the quinone TMQO0153 exhibited significant differential cytotoxicity against
cancer cells™®. The usefulness of such quinones as inducers of non-

canonical cell death in CML remains to be investigated.
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2.3. Material and Methods

2.3.1. Compounds

Tetrahydrobenzimidazole (TMQ) 0153 was synthetized from p-
benzoquinone as previously described '*°. 2'-deoxy-5-azacytidine (5-aza;
A3656), 3-methyl adenine (3-MA; M9281), bafilomycin (baf-Al; #B1793),
N-acetyl-L-cysteine (NAC; LAAZ21), thapsigargin (TSG; T9033), PP242
(P0037), shikonin (SHK; S7576) and necrostatin-1 (Nec-1; N9037) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Chloroquine (CQ;
NZ-51031-K200) was purchased from Enzo Life Science (ENZ-51031-
0050). Tiron (SC-253669), Trolox (SC-200810), buthionine sulfoximine
(BSO) (SC-200824) were obtained from Santa-Cruz Biotechnology (CA,
USA). Hydrogen peroxide (H202) was purchased from Junsei Chemical
(23150-0350) (Tokyo, Japan).

2.3.2. Cell culture

Chronic myeloid leukemia cell lines K562, KBM-5 and MEGO1 were
cultured in RPMI 1640 medium (Lonza, Walkersville, MD, USA)
supplemented with 10 % (v/v) fetal calf serum (FCS; Biowest, Riverside,
MO, USA) and 1 % (v/v) antibiotic—antimycotics (Lonza, Walkersville, MD,
USA) at 37 °C and 5 % of CO2. KBM-5 cells were kindly donated by Dr.
Bharat B. Aggarwal. Imatinib-resistant KBM5-T315I cells (KBM5R) cells
were obtained by sequentially increasing the concentration of imatinib from
0.25, to 1 uM imatinib in IMDM media supplemented with 10 % (v/v) fetal
calf serum and 1 % (v/v) antibiotic—antimycotics . Imatinib-resistant
K562 (K562R) cells were a gift of the Catholic University of Seoul and
cultured in RPMI 1640 medium with 25 mM HEPES (Lonza) supplemented
with 10 % (v/v) FCS and 1 % (v/v) antibiotic-antimycotics. Both resistant
cell types were cultured with 1 uM of imatinib and washed three times
before each experiment. Lung carcinoma A549 and breast adenocarcinoma
MCF7 cells were obtained from the American Type Culture Collection
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(ATCC, Manassas, USA) were cultured in RPMI 1640 medium (Lonza,
Walkersville, MD, USA) supplemented with 10 % (v/v) fetal calf serum
(FCS; Biowest, Riverside, MO, USA) and 1 % (v/v) antibiotic—antimycotics
(Lonza, Walkersville, MD, USA). Normal B lymphocyte RPMI-1788 from
the Korean cell line Bank (KCLB, Seoul, South Korea) were cultured in
RPMI 1640 medium (Lonza, Walkersville, MD, USA) supplemented with
10 % (v/v) fetal calf serum (FCS; Biowest, Riverside, MO, USA) and 1 %
(v/v) antibiotic—antimycotics (Lonza, Walkersville, MD, USA) at 37 °C and
5 % of CO.. All cells were cultured according to standard procedures.
Peripheral blood mononuclear cells (PBMCs) were isolated by density
gradient centrifugation using Ficoll-Hypaque (GE Healthcare, Roosendaal,
The Netherlands) from freshly collected buffy coats as previously described
160, 161 obtained from healthy adult human volunteers (Red Cross,
Luxembourg, Luxembourg) after ethical approval as well as written
informed consent from each volunteer. After isolation, cells were incubated
overnight at 2 x 10° cells/mL in RPMI 1640 (supplemented with 1%
antibiotic—antimycotic and 10% FCS (BioWhittaker, Verviers, Belgium) at
37C and 5% CO: in a humidified atmosphere. The day after, cell
concentration was adjusted at 1 x 10° cells/mL using the same fresh

complete medium and then treated as indicated.

2.3.3. Cell viability and cell death assessment

A Trypan blue exclusion assay (Lonza) was used to assess cell viability and
IC50 values were also calculated on data obtained from Trypan blue assay.
The mode of cell death was determined and quantified after determination
of the nuclear morphology was evaluated under fluorescence microscopy
(Nikon Eclipse Ti-U, Nikon Instruments Korea, South Korea) after cell
staining with 1 pg/mL Hoechst 33342 (Sigma-Aldrich,) and 1 pg/mL
propidium iodide staining (Sigma-Aldrich). Caspase 3/7 activity was
assessed by Caspase-Glo 3/7 Assay (Promega, Madison, WI, USA), and
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intracellular ATP levels were measured using the CellTiter-Glo Luminescent
Cell Viability Assay (Promega, Madison, WI, USA).

2.3.4. Colony formation Assays

Colony formation assays were performed as previously published 62,

2.3.5. Protein extraction and western blotting

Whole cell extracts were prepared using M-PER® (Thermofisher, R7007,
Waltham, MA, USA) supplemented by 1x protease inhibitor cocktail
(Complete EDTA-free; Roche, Basal, Switzerland) according to
manufacturer's instructions. Western blots were performed using the
following primary antibodies: anti-caspase 7 (9494S), anti-caspase 9
(9502S), anti-caspase 8 (9746), anti-PARP-1 (9542), anti-Mcl-1 (4572S),
anti-LC3B (2775), anti-p62 (5114), anti-Beclin 1 (3738) and anti-RIP3
(#13526) from Cell Signaling (Danvers, MA, USA); anti-caspase 3 (sc-
56053), anti-PARP-1 (C2-10; sc-53643) from Santa Cruz Biotechnology
(CA, USA); anti-Bcl-xL (610212), anti-RIP1 (610458) from BD
Pharmingen (San Jose, CA, USA); anti-beta actin (5441) from Sigma
Aldrich. Bands were quantified using Image Quant TL (GE Healthcare,
Pittsburgh, PA, USA).

2.3.6. Morphology analysis

For Giemsa staining, cells were spun onto a glass slide for 5 minutes at 800
g using a cytopad with caps (ELITech Biomedical Systems, USA). Cells
were then fixed and stained with the Diff-Quik staining kit (Dade Behring
S.A., USA) according to the manufacturer’s protocol and pictures were
taken under a microscope (Nikon Eclipse Ti-U, Nikon Instruments Korea,
South Korea). A total of 50 cells were counted in one area, and three
independent areas were counted for each set of three independent

experiments.
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2.3.7. Transmission electron microscopy

For transmission electron microscopy (TEM), 5 x 10° cells were pelleted
and fixed in 2.5 % glutaraldehyde (Electron Microscopy Sciences, USA)
diluted in 0.1 M sodium cacodylate buffer, pH 7.2 (Electron Microscopy
Sciences, USA) overnight. Cells were then rinsed with sodium cacodylate
buffer twice and post-fixed in 2 % osmium tetroxide for 2 h at room
temperature. Samples were washed with distilled water and then stained
with 0.5 % uranyl acetate at 4 °C for overnight. After 24 h, samples were
dehydrated through a graded series of ethanol solutions to water followed by
propylene oxide, and then infiltrated in 1:1 propylene oxide/Spurr’s resin.
Samples were kept overnight embedded in Spurr’s resin, mounted in molds
and left to polymerize in an oven at 56 °C for 48 h. Ultrathin sections (70—
90 nm) were obtained with ultramicrotome, EM UC7 (Leica, Germany).
Sections were stained with uranyl acetate and lead citrate and subsequently
examined with a JEM1010 transmission electron microscope (JEOL, Japan).

2.3.8. Analyses of autophagic vesicles

For fluorescence microscopy analysis, 3 x 10° cells were stained with Cyto-
ID® Green dye and Hoechst 33342, according to manufacturer’s
instructions (Enzo Life Science). Cells were observed by confocal
microscopy (Leica TCS SP8, Germany). Segmentation of objects of interest
was based on 31 parameters assessing color, texture and edge and was
carried out in llastik, version 1.3.0 (https://www.ilastik.org/), developed by
the European Molecular Biology Laboratory, Heidelberg 6. Classifiers
trained for these parameters on a set of representative images were then
applied to batch process multiple images as described in Ilastik’s user
manual. Binary masks thus obtained were measured in FIJI %% after
applying a size filter to remove small size artefacts resulting from
segmentation. Results were compared by Kruskal-Wallis test followed by
Conover post-test further adjusted by the Benjamini-Hochberg FDR method
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(www.astatsa.com). Overall, the number of images evaluated in the different

groups was as follows: control group n=7, 4 h group n=7, 8 h group n=6,
and PP242 treated group n=5.

2.3.9. Measurement of cytosolic calcium levels

Experiments were based on published procedures with modifications 1°°.
Cells were stained with 500 nM Fluo-3-AM (Thermo Fisher, R7007,
Waltham, MA, USA) for 25 min at 37 °C. After 15 min at room temperature,
cytosolic Ca?* levels were assessed by flow cytometry (FACS Calibur,
Becton Dickinson, San Jose, CA, USA) and data were recorded statistically
(10,000 events/sample) using the CellQuest Pro software (BD, Biosciences).
Data were analyzed using the Flow-Jo 8.8.7 software (Tree Star, Inc.,
Ashland, OR, USA) and results were expressed as mean fluorescence
intensity (MFI).

2.3.10. Determination of the oxygen consumption rate

The oxygen consumption rate (OCR) was measured using a Seahorse XFp
cell mito stress  Assay (#103010-100, Agilent, USA) ran on a Seahorse
XFp analyzer (Agilent, Yongsan-gu, Seoul) according to manufacturer's
instructions. Briefly, cells were seeded at 200,000 cells per well and treated
with TMQO153 for 4h in 175 uL medium. Before measurements, plates
were equilibrated in a CO2-free incubator at 37 °C for 1 h. Analysis were
performed using 1.5 pM oligomycin, 0.5 pM carbonyl cyanide-4-
(trifluoromethoxy)phenylhydrazone (FCCP), and 1 uM rotenone/antimycin
A as indicated. Data were analyzed using the Seahorse XF Cell Mito stress

rest report generator software (Agilent).

2.3.11. Transfections
Cells were transfected with 4.5 pL HiPerFect Transfection reagent (HPF;
Qiagen, Germantown, MD, USA,) and 5 nM small interfering RNAs
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(siRNAs; Qiagen) targeting the human beclin 1 (BCN-1) gene [NMO003766;
SIBEC-1 1: Hs BECN1 1 (SI00055573) and 10 nM SIBEC-1 2:
Hs_BECN1 2 (SI00055580)] or non-targeting (AllStars Negative Control
siRNA) as described elsewhere . 24 h post-transfection, medium was

replaced, and cells were treated as indicated on figures.

2.3.12. Analysis of ROS, mitochondrial membrane potential,
mitochondrial and lysosomal membrane mass

ROS levels were probed by using 10 uM on 2-7-dichlorodihydrofluorescein
diacetate (H.DCF-DA; Life Technologies, Carlsbad, USA) and analyzed by
flow cytometry as previously described ®. To monitor lysosomal mass,
mitochondrial membrane potential and mitochondrial mass, cells were
incubated at 37 °C for 30 min with 20 nM LysoTracker Red DND-99, 50
nM MitoTracker Red CMXRos (all from Molecular Probes, Invitrogen,
Grand Island, NY, USA), respectively, and then analyzed by flow cytometry.
Data were recorded statistically (10,000 events/sample) using the CellQuest
Pro software. Data were analyzed using the Flow-Jo 8.8.7 software and

results were expressed as mean fluorescence intensity (MFI).

2.3.13. Glutathione measurements

Reduced (GSH) and oxidized (GSSG) glutathione measurements were
performed using the GSH/GSSG-Glo™ Assay kit (Promega, Madison, WI,
USA) following the manufacturer’s instructions. The luminescence signal
was acquired using with a microplate luminometer Centro LB 960 and data
were recorded using the MikroWin 2000 software package (Berthold
Technologies, Bad Wildbad, Germany).

2.3.14. Quantification of HMGBLI1 release
Quantification of HMGBL1 release in cell culture supernatants was assessed
by enzyme-linked immunosorbent assay kit from Shino-Test-Corporation
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(Jinbocho, Chiyoda-ku, Tokyo, Japan) according to the manufacturer’s
instructions. Absorbance data were collected using with a SpectraMax i3x
microplate reader and data were recorded using the SoftMax Pro 7.0

software package (Sunnyvale, California, USA).

2.3.15. Measurement of extracellular ATP content

Extracellular ATP levels in the supernatant were assessed by the
ENLITEN® ATP Assay system bioluminescence detection kit (Promega,
Madison, WI, USA) following the manufacturer's protocol. Luminescence
signal was acquired with a microplate luminometer Centro LB 960 and data
were recorded using the MikroWin 2000 software package (Berthold
Technologies, Bad Wildbad, Germany).

2.3.16. Analysis of calreticulin and ERp57 exposure

Cells were collected, washed twice with 1x PBS and fixed in 0.25 %
paraformaldehyde in 1x PBS at 4 °C. After 5 min incubation, cells we
washed twice in cold 1x PBS and incubated for 30 min at RT with anti-
calreticulin (CRT; Ab2907, Abcam, Cambridge, UK) or ERp57 (Ab10287,
Abcam) primary antibody diluted (1:50) in cold blocking buffer (2 % FCS
in 1x PBS) and then incubated for 30 min with an Alexa488-conjugated
monoclonal secondary antibody (A11034) diluted (1:50) in blocking buffer.
Isotype-matched Alexa488-conjugated 1gG antibodies were used as a
control. Samples were then analyzed by flow cytometry. Data were recorded
statistically (10,000 events/sample) using the CellQuest Pro software and
analyzed using the Flow-Jo 8.8.7 software Results were expressed as mean
fluorescence intensity (MFI). Samples were also analyzed by fluorescence
microscopy (Nikon Eclipse Ti-U, Nikon Instruments Korea, South Korea).

2.3.17. Zebrafish toxicity assays and cancer cell xenografts
Cancer xenograft assays were performed as previously published 62, Briefly,
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200 K562 cells were stained for 2 h by 4 uM of Cell tracker CM-Dil dye
(Invitrogen, Grand Island, NY, USA), then treated with TMQO0153 at
indicated concentrations for 8 h and injected as described.

2.3.18. In silico drug-likeness properties
In silico drug-likeness properties according to Lipinski's ‘rule-of-five’ and
other parameters for drug-likeness and oral bioavailability were evaluated

by using the SCFBio website (www.scfbio-iitd.res.in/).

2.3.19. Bioinformatics analysis

The Microarray Innovations in Leukemia (MILE) dataset 168 169
(GSE13159) was downloaded from the Gene Expression Omnibus
repository % and normalized using the Robust Multichip Average (RMA)
algorithm from the affy R package (version 1.62.0) !’°. Boxplot was
generated using the ggboxplot function of the ggpubr R package (version
0.2.2) in R 3.6.0 't and RStudio "2,

2.3.20. Statistical analysis

Data are expressed as the mean = S.D. and significance was estimated by
using one-way or two-way ANOVA tests using Prism 8 software, GraphPad
Software (La Jolla, CA, USA). Statistical significances were evaluated at p-
values below 0.05 and represented by the following legend: *p < 0.05,
**p <0.01, ***p<0.001; posthoc analyses Dunnett; Sidak; Tukey). All
histograms represent the mean+SD of at least three independent

experiments.
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2.4. Results
2.4.1. Cellular uptake and drug-likeness potential of TMQO0153 in
human leukemia cells

We first assessed the cellular uptake of auto-fluorescent TMQ0153
173 py K562 cells using flow cytometry after 8 h, 24 h, 48 h and 72 h of
treatment with concentrations up to 50 uM. Auto-fluorescence was detected
in all three channels (FL1-530/30nm, FL2-585/42nm and FL3-670LP) up to
72 h (Figure 2.1A) and TMQO0153 (50 uM) was detected by confocal
microscopy after 24 h of treatment when cell viability was 25% (Figure
2.1B) validating the time- and dose-dependent uptake of TMQ153.
Moreover, TMQ153 follows Lipinski's ‘rule of five’ (Table 2.1) confirming

its potential drug-likeness properties.
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Figure 2.1 TMQO0153 is accumulated in the cytoplasm of K562 cells in a dose-

and time-dependent manner (A) TMQO0153 showed a concentration- and time-

dependent cellular uptake as quantified by flow cytometry using FL1, FL2 & FL3
channels with the strongest shift in the FL3 channel. Left panel: representative dot
blots obtained with FL3 channel. Right panels: fluorescence intensity
quantification on FL1, FL2 & FL3 channels represented as the mean (zS.D.) of
three independent experiments. Statistical significance was assessed as *P<0.05,

**P<0.01, ***P<0.001 compared to untreated cells. (B) After 24 h of treatment,
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TMQO0153 localized in intra-cytoplasmic vesicular structures as observed by

confocal microscopy. Two-way ANOVA (FACS); post hoc; Sidak’s test.

Table 2.1 In silico prediction for the drug-likeness of TMQO0153 compared to

hydroquinone based on Lipinski’s ‘rule of five’ 1™

Drug-likeness parameter Values

Theoretical TMQO0153 Hydroquinone
MW (kDa)* 180 <x <500 276.5 110
Hydrogen bond donors <5 1 2
Hydrogen bond acceptors <10 4 2
LogP (lipophilicity) <5 2.16 1.10
Molar refractivity 40<x<130 74.5 29.8

*MW: molecular weight

2.4.2. TMQO153 inhibits cell viability, proliferation and colony
formation capacity of drug-sensitive and -resistant cancer cells

We then validated the effect of TMQO153 (Figure 2.2A) on
imatinib-sensitive and -resistant K562 (K562R) KBMD5, imatinib-resistant
KBM5 (KBM5R) and MEGOL1 cells (Figure 2.2B). We also compared the
capacity of imatinib to induce cell death in K562 and K562R (Figure 2.2C).
Moreover, TMQO0153 decreased colony formation capacity of various
imatinib-sensitive and resistant CML cell types (Figure 2.2D). To extend
our findings to an in vivo situation, zebrafish K562 xenograft formation was
dose-dependently reduced by TMQ153, compared to controls (Figure 2.2E).
To assess for acute toxic side effects, no morphological alterations or
toxicity of developing zebrafish larvae were observed at concentrations up
to 50 puM, confirming the safety of this compound (Figure 2.2F). We
generalized our findings by using solid tumor cell lines lung A549, prostate
PC3 and breast MCF7 cancer cells where TMQ153 also induced cell death
(Table 2.2). Next, we evaluated the selectivity of TMQO0153. We conducted

viability assays on peripheral blood mononuclear cells (PBMCs) isolated
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form healthy donors (Figure 2.2G). Viability of TMQO0153-treated PBMCs
was dose-dependently impacted. We then evaluated the differential toxicity.
After 72 h of treatment, TMQO0153 at 40 and 50 uM was 6.8 and 149-fold
more selective to K562 cells compared to PBMCs, respectively (Figure
2.2G; Table 2.3). Considering the anti-cancer potential and differential
toxicity, we selected CML models to further elucidate the mechanisms of
action of TMQO0153.

Table 2.2 Effect of TMQO0153 on human cancer cell viability

Cancer model I1Cs0 (UM)*

Cancer type Cell line 8h 24 h 48 h 72h

Blood K562 >50 35.4+0.6 28.7£0.7 26.1+0.7
K562R >50 >50 >50 43.4+1.8
KBM5 >50 >50 20.0x2.3 14.5+0.3
KBM5R >50 >50 20.7£2.7 15.1+0.8
MEGO01 >50 >50 45.3+2.7 28.8+1.7

Lung Ab49 >50 >50 >50 >50

Prostate PC3 >50 >50 >50 49.0+0.9

Breast MCF7 >50 >50 >50 46.7£2.4

*ICg0 values were calculated on data obtained from Trypan blue assays and represent the mean £ S.D.
of three independent experiments.

R: Imatinib-resistant.

Table 2.3 Differential toxicity of TMQ0153 on PBMCs vs. K562.

Fold Change
Concentration (M) 24 h 48 h 72h
0 1.00 1.00 1.00
10 0.99 0.87 0.94
20 1.06 0.87 0.81
30 1.25 1.27 1.81
40 1.73 2.33 6.77
50 2.27 13.12 149.24
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Figure 2.2 Effect of TMQO0153 on chronic myeloid leukemia cell viability (A)
Chemical structure of TMQO0153. (B) Time- and dose-dependent effect of
TMQO0153 on CML cells proliferation and viability (C) A dose-dependent
comparison of imatinib-sensitive and -resistant K562 cells after 24 h. After 24 h of
treatment, the type of cell death triggered by TMQO0153 was characterized by flow
cytometry (FACS) after Annexin V APC/ propidium iodide (PI) staining. Pictures
representative of three independent experiments (top panel) and the corresponding
guantification (lower panel) are shown. (D) Inhibitory effect of increasing
concentrations of TMQO0153 on the colony forming capacities of the indicated
CML cell lines. Upper panel: pictures representative of three independent
experiments. Lower panel: quantification of the colony numbers. (E) Inhibition of
in vivo tumor forming ability of K562 cells xenografted in zebrafish by TMQO0153.
Pictures [bright field (top), cell tracker CM-Dil dye-stained cells (middle), merge
(bottom] of the 9 fishes used for each condition. PBS injection was used as a

control for injection toxicity. The intensity of fluorescence was quantified and

represented as the mean (£S.D.) of 9 fishes. Statistical significance was assessed as
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***p<0.001 by One-way ANOVA; post hoc: Dunnett’s test. (F) Acute toxicity
assay on zebrafish embryos after 24 h of treatment with increasing concentrations
of TMQO153. Pictures are representative of 10 fishes used for each condition (left
panel) and the corresponding quantification of viable embryos (right panel).
Ethanol (EtOH, 70 %) as used as a positive control for toxicity. (G) Cytotoxicity of
TMQO0153 on human peripheral blood mononuclear cells (PBMCs) by Trypan blue
assay after 24, 48 and 72 h of treatment (PBMC data represent the mean (+ S.D.) of
five independent experiments). All data represent mean (+S.D.) of three
independent experiments. Statistical significance was assessed as *P<0.05,
**P<(0.01, ***P<0.001 compared to untreated cells. Two-way ANOVA (Cell
viability); post hoc: Sidak’s test. One-way ANOVA (Colony formation, FACS);
post hoc: Sidak’s test. Two-way ANOVA (PBMC); post hoc: Dunnett’s test.

2.4.3. TMQO0153 induces concentration-dependent differential cell death
modalities

We then investigated the cell death mechanism induced by
TMQO0153. Altogether, as shown in Figure 2.3A-C, apoptotic cell death was
induced at concentrations up to 20 uM after 24 h, rescued by z-VAD
pretreatment. Non-apoptotic, z-VAD-insensitive cell death was dose-
dependently induced at concentrations over 30 uM after 8, 24, 48 and 72 h
(Figure 2.3A-G) confirming a concentration-dependent induction of
caspase-dependent and -independent cell death modalities in both K562 and
K562R cells.

As shown in Figure 2.3H, after 24 h of treatment with TMQO0153,
procaspase-9, -8 and -3 were significantly activated leading to PARP-1
cleavage. TMQO153 treatment led also to a decrease of the anti-apoptotic
proteins myeloid cell leukemia (Mcl)-1 and B-cell lymphoma-extra large
(Bcl-xL) in a dose-dependent manner (Figure 2.31). We confirmed our
findings by measuring an increased caspase 3/7 activity following a
treatment with up to 20 uM TMQO153 for 24 h, which is abrogated in
presence of z-VAD (Figure 2.3J).
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Figure 2.3 TMQO0153 triggered a concentration-dependent induction of
caspase-dependent and independent non-apoptotic cell death in K562 cells (A)
K562 cells were treated with various concentrations of TMQO0153 in presence or
absence of the pan caspase inhibitor carbobenzoxy-valyl-alanyl-aspartyl-[O-
methyl]-fluoromethylketone (z-VAD; 50 uM). (A) After 8, 24, 48 and 72 h of
treatment the type of cell death triggered by TMQO0153 was characterized by
fluorescence microscopy after Hoechst/ propidium iodide (PI) staining. Pictures
representative of three independent experiments (top panel) and the corresponding
quantification (lower panel) (B-E) After 8, 24, 48 and 72 h of treatment the type of
cell death triggered by TMQO0153 was characterized by flow cytometry (FACS) in
presence or absence of the pan-caspase inhibitor z-VAD (50 uM) after Annexin V
APC/propidium iodide (PI) staining. Etoposide (Eto; 200 uM, 24 h) was used as a
positive control for apoptosis induction. Pictures representative of three
independent experiments (top panel) and the corresponding quantification (lower
panel). (F) Characterization of the type of cell death induced by 50 uM TMQO0153
on K562R by nuclear morphology analysis after 24 and 48 h. Etoposide (Eto; 200
UM, 24 h) was used as a positive control for apoptosis induction. (G)

Characterization of the type of cell death induced by 50 uM TMQO0153 on K_562R|_
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by FACS after 24h and 48h. Etoposide (Eto; 200 uM, 24 h) was used as a positive
control for apoptosis induction. (H) Analysis of caspase and poly [ADP-ribose]
polymerase (PARP)-1 cleavage by western blot after 24 h of treatment (1) Effect of
24 h of treatment on Mcl-1 and Bcl-xL protein expression levels (top panels) and
the corresponding quantifications (middle and lower panels). (H-1) p-actin was
used as loading control. (J) Quantification of caspase- 3/7 activity levels after 24 h
of treatment. Etoposide (Eto; 100 uM, 24 h) was used as a positive control for
apoptosis induction. All pictures are representative of three independent
experiments and graphs represent the mean (xS.D.) of three independent
experiments. Statistical significance was assessed as *P<0.05, **P<0.01,
***P<(0.001 compared to untreated cells. Two-way ANOVA (microscopy analysis,
FACS); post hoc: Sidak’s test. One-way ANOVA (caspase-3/7 assay); post hoc:
Tukey’s test. One-way ANOVA (western blot quantification); post hoc: Dunnett’s

test.

2.4.4. TMQO0153 activates necrostatin-1 sensitive necroptotic cell death

We then investigated the mechanisms involved in TMQO0153-
mediated non-apoptotic cell death at higher concentrations (i.e. from 30
uM) after 8 and 24 h in K562 cells. We pre-treated K562 cells with the RIP1
inhibitor Nec-1 to assess for induction of cell death by necroptosis. Briefly,
we confirmed that Nec-1 had no effect on apoptosis at lower concentrations
after 24 h in K562 cells (i.e. up to 20 pM) by TMQO0153 treatment. Results
are shown in the Figure 2.4A, TMQO0153 induced over 50 % of non-
apoptotic, Pl positive cells after 24 h of treatment with 50 pM. Nec-1
pretreatment significantly prevented non-apoptotic cell death induction
between 30-50 uM after 24 h, compared to shikonin, used as a positive
control (Figure 2.4B). These results indicated that TMQO0153 induced cell
death in K562 cells via the necroptotic cell death pathway.

Necroptosis is known to be accompanied by a modulation of
intracellular ATP, increased expression levels of RIP1 and the appearance of
a non-apoptotic cleavage fragment of PARP-1 between 50 and 75 kDa °.
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Our results showed a significant decrease of intracellular ATP levels after 4,
8, 16 and 24 h at 30 uM TMQO0153 compared to 20 uM (Figure 2.4C).
Western blot results confirmed that TMQO153-treated cells presented
increased RIP1 expression levels and this expression was inhibited by a
Nec-1 pretreatment. Also, the differentially cleaved necrotic PARP1
fragment revealed by the C2-10 antibody, supported that TMQO0153 induced
necrotic cell death at 30 uM after 24 h of treatment (Figure 2.4D). Besides,
we observed a concomitant accumulation of cytosolic Ca®* levels at 30 and
50 uM TMQO0153 (Figure 2.4E). Hematopoietic cell lines largely lack RIP3
expression and this loss of RIP3 may reduce sensitivity against cytotoxic
agents 17>,

We then investigated the basal expression levels of RIP3 by western
blot analysis in different cancer cell types with known RIP3 expression
levels. As expected, RIP3 was silenced in K562, A549, PC3 and MCF7 cells
(Figure 2.4F). We then treated K562 cells with the DNA hypomethylating
agent 5-aza-2’-deoxycytidine (5-aza) at 1 uM for 6 days to re-express RIP3.
As shown in Figure 2.4G, 5-aza treatments increased RIP3 protein
expression levels. We then co-treated these cells with TMQO0153 to
investigate potential sensitization. Results showed that TMQO0153 treatment
of 5-aza-pretreated K562 cells led to significantly enhanced cell death levels
(54 %) compared to TMQO0153 treatment alone (21 %). Overall, our results
indicated that the cytotoxicity of TMQO0153 in K562 cells is mediated by
necroptosis at higher concentration. In addition, a pretreatment with DNA
hypomethylating agents like 5-aza may further potentialize the effect of
TMQO0153 in CML devoid of RIP3.
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Figure 2.4 TMQO153 induced a necrostatin-1-sensitive type of cell death in
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necrostatin (Nec)-1 for 1 h and 50 uM z-VAD for 1 h before a treatment with the
indicated concentrations of TMQO0153, respectively. Etoposide (Eto; 100 pM) was
used as a positive control for apoptosis induction. After 24 h of treatment, the type
of cell death triggered by TMQO0153 was characterized by flow cytometry (FACS)
after Annexin V APC/propidium iodide (PI) staining. Pictures representative of

three independent experiments (top panel) and the corresponding quantifications
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(lower panel) are shown. (B) K562 cells were incubated in presence or absence of
60 pM necrostatin (Nec)-1 for 1 h before a treatment with the indicated
concentrations of TMQO0153. Shikonin (SHK; 5 uM) was used as a positive control
for necrosis induction. Nuclear morphology analyses by fluorescence microscopy
following Hoechst/ propidium iodide (PI) staining after 8 and 24 h of treatment.
Pictures representative of three independent experiments (left panels) and the
corresponding quantification (right panels). (C) Measurement of intracellular ATP
levels at the indicated concentrations and time points. (D) Receptor-interacting
protein kinase (RIP)1 protein levels and PARP-1 cleavage were determined by
western blotting using C2-10 antibody. Shikonin (SHK; 5 uM, 24 h) and
necrostatin (Nec)-1 (60 uM, 1 h) were used as a positive control and inhibitor for
RIP1. Etoposide (Eto; 100 uM, 24 h) and ethanol (EtOH; 10 %, 2 h) were used as
positive controls for apoptotic and necrotic PARP-1 cleavage, respectively. (E)
Cytosolic Ca?* levels were measured using Fluo-3-AM. Thapsigargin (TSG; 300
nM, 24 h) was used as a positive control for intracellular Ca?* accumulation. (F)
Western blot analysis of lysates from multiple cancer cells lines showing basal
RIP3 expression levels. Cancer cells were used for comparative studies (B—actin
ratios). Quantification of the signals (lower panel). (G) K562 cells were pre-treated
with 1 pM 5-azacytidine (5-aza) for 3 days and then treated with TMQO0153 for 48
h and cell viability was assessed by trypan blue assay. RIP3 protein levels were
detected by western blot (upper panel) and the corresponding densitometric
analysis is shown (lower panel). B—actin was used as loading control. All pictures
are representative of three independent experiments and all graphs represent the
mean (£ S.D.) of three independent experiments. Statistical significance was
assessed as *P<0.05, **P<0.01, ***P<0.001 for the indicated comparisons. Two-
way ANOVA (FACS, microscopy analysis, cell viability); post hoc: Sidak’s test.
Two-way ANOVA (cell titer glo assay, western blot quantification); post hoc;
Tukey’s test. One-way ANOVA (intracellular Ca?* assay); post hoc; Dunnett’s test.

2.4.5. TMQO0153 induces an early onset of autophagy in K562 cells
followed by controlled necrosis

As we observed extensive vacuole formation (Figure 2.5A) in

1]

58



treated K562 cells prior to cell death induction, we hypothesized that
TMQO0153 was triggering an initial intracellular stress reaction, potentially
via autophagy. TMQO0153 dose-dependently and progressively induced the
conversion of LC3-1 to LC3-11 between 10 to 50 uM after 2 h by western
blot analysis. Results showed that TMQO0153 significantly increased LC3-1l
levels at 10 uM (Figure 2.5B). In addition, there is a significant increase of
LC3 conversion between 10 and 30 pM potentially reflecting the differential
ATP levels in the treated cells. Based on these results, an initial
morphological analysis of TMQO0153-treated K562 cells by confocal
microscopy and Diff-Quik staining allowed quantifying early vesicle
formation (Figure 2.5C). Treatment of K562 cells with TMQO0153 at
necroptosis-inducing concentrations (30 uM) for 2, 4, 6 and 8 h showed the
onset of vesicle formation by confocal microscopy after CYTO-ID staining
further ascertaining autophagic activity (Figure 2.5D). Western blot analysis
demonstrated that TMQO153 time-dependently induced the conversion of
LC3-1 to LC3-Il at 30 uM after 2, 4, 6 and 8 h, prior to necroptosis
induction. In agreement with these results, sequestosome-1 (SQST)M1/p62
(Figure 2.5E) was degraded. Moreover, in the presence of the lysosome
inhibitor baf-Al, we observed an enhanced accumulation of LC3-1I and p62
levels in TMQO153-treated cells after 2 and 4 h confirming an active
autophagic flux (Figure 2.5F). Results were confirmed by transmission
electron microscopy (TEM) confirming extensive vacuolization (Figure
2.5G).

To investigate the effect of TMQO0153 on cellular metabolism, we
used a Seahorse XF Analyzer. Our results showed a significant decrease of
the oxygen consumption rate (OCR) upon 4 h of treatment with 30 uM
TMQO0153 (Figure 2.5H), which precedes necroptosis induction. As these
results indicated that TMQO0153 disrupted mitochondrial bioenergetics, we
further detected mitochondria with damaged morphologies by TEM (4h, 30
1LM) in line with the observed metabolic alterations.
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We then investigated the effect of autophagy induction on caspase-8
expression levels. Our results showed a progressive reduction of pro-
caspase-8 levels during autophagy induction between 2 and 8 h with 30 pM
TMQO0153 (Figure 2.51). Despite the progressive degradation of pro-
caspase-8 after treatment, Figure 2.5J shows that chemical inhibition of
autophagy at 8 h by Baf-Al, 3-MA and CQ does not allow to significantly
rescue pro-caspase-8 levels. Noteworthy, under the same conditions, caspase

3/7 and -9 activities significantly decreased (Figure 2.5K).
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Figure 2.5 TMQO0153 stimulated autophagy prior to necroptosis K562 cells
were treated with 30 uM TMQO0153 for the indicated time points (A) Confocal

microscopy observations after Hoechst/propidium iodide staining. Arrowhead:

intracellular vacuole formation. (B) Western blot detection of LC3 protein levels

(left panel) and the corresponding densitometric analysis (right panel). 10 pM

PP242 for 4 h was used as a positive control for autophagy induction. (C) Pictures
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acquired under light microscopy after Diff-Quik staining (left panel) and the
corresponding quantification of the percentage of vacuole-containing cells (right
panel). (D) Confocal UV microscopy analysis after staining with Cyto-1D (left
panel). Representative images of FITC stained images in the 4 groups accompanied
by the corresponding pseudocolor masks (red: FITC signal, green: cell area) used
for calculation and the corresponding quantification of fluorescence intensity (right
panel). Statistical results were compared by Kruskal-Wallis test followed by
Conover post-test further adjusted by the Benjamini-Hochberg FDR method. 0 h vs.
4 handvs 8h (p<0.0004 and p < 0.00006, respectively), 4 h vs.8 h (p < 0.002).
(E) Western blot detection of LC3 and p62 protein levels (left panel) and the
corresponding densitometric analysis (right panel) (F) Similar analysis in cells
pretreated with 40 nM bafilomycin Al (baf-Al) for 1 h (upper panel) and the
corresponding densitometric analysis (lower panel). 10 uM PP242 for 4 h was used
as a positive control for autophagy induction. (G) Transmission electron
microscopy at 12.000x and 25.000x magnification. (H) Oxygen consumption rate
(OCR) was measured by Seahorse XFp analyzer. (1) Caspase 8 analysis by western
blot. Etoposide (Eto; 100 uM, 24 h) was used as a positive control for apoptotic
caspase cleavage. (J) Caspase 8 analysis by western blot in the presence or absence
of autophagy inhibitors: 40 nM baf-Al, 10 mM, 3-methyladenine (3-MA) and 75
uM chloroquine (CQ). In western blot analyses, p-actin was used as a loading
control. (K) Quantification of caspases-3/7 (left graph) and -9 activity (right graph)
levels at 30 uM of TMQO153 treatment. Etoposide (Eto; 100 uM, 24 h) was used
as a positive control for apoptosis induction. All pictures are representative of three
independent experiments and data represent mean (z S.D.) of three independent
experiments. Statistical significance was assessed as *p < 0.05, **p < 0.01, ***p <
0.001 compared to untreated cells unless otherwise specified. One-way ANOVA
(diff-quick); post hoc; Dunnett’s test. One-way ANOVA (western blot
quantification); post hoc; Tukey’s test. Two-way ANOVA (mito stress test); post
hoc; Sidak’s test.

2.4.6. Autophagic inhibitors augment necroptosis induced by TMQ0153
in K562 cells

To investigate the relationship between TMQO153 _induced
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autophagy and necroptosis, K562 cells were treated with TMQO0153 in the
presence of autophagic inhibitors. Nuclear morphology analyses showed
that the inhibition of TMQO0153-induced autophagy by baf-Al significantly
enhanced necroptosis in K562 cells compared to cells treated with
TMQO0153 alone (Figure 2.6A). In addition, baf-Al-, 3-MA- and CQ-
mediated inhibition of autophagy led to necroptotic cell death in line with a
switch from apoptotic to necrotic cell demise and concomitant with the
reduction of procaspase-8 levels (Figure 2.51).

To avoid non-specific effects of chemical inhibitors, we then also
investigated the effect of TMQO0153-induced autophagy in beclin 1 siRNA-
transfected cells. Silencing beclin 1 enhanced necroptosis (Figure 2.6B) and
decreased autophagy (Figure 2.6C). Moreover, enhanced levels of necrotic
PARP-1 cleavage products (50-75 kDa) were detected when using the C2-10
anti-PARP antibody (Figure 2.6D&E). Altogether, whereas inhibition of
autophagy did not allow a significant switch towards apoptosis, it caused
increased levels of necrosis, most likely due to induction of energetic

catastrophe.
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MA) and 75 pM chloroguine (CQ)] on 30 pM TMQO0153-induced K562 cell death
assessed by nuclear morphology analysis after 8 h of treatment. (B-E) K562 cells
were transfected with specific small interferin (si)RNAs against beclin 1 [(SIBCN-
1), 5nM SiBCN-1_1 and 10 nM SiBCN-1_2] for 24 h. (B) Upper panel: effect of
siRNA on beclin 1 protein expression level. Lower panel: transfected cells were
treated with 30 uM of TMQO0153 and a nuclear morphology analysis was carried
out after 8 h of treatment. (C-E) Effect of siRNA on TMQO0153-induced autophagy
quantified by flow cytometry after Cyto-ID staining (C); on caspase-3/7 activity
(D), and PARP-1 cleavage using C2-10 antibody (E). Etoposide (Eto; 100 uM, 24
h) and EtOH (10 %, 2 h) were used as positive controls for apoptotic and necrotic
PARP-1 cleavage, respectively. In western blot analyses, p-actin was used as a
loading control. All pictures are representative of three independent experiments
and data represent mean (+S.D.) of three independent experiments Statistical
significance was assessed as *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 for
the indicated comparisons. Two-way ANOVA (nuclear morphology analysis); post
hoc; Sidak’s test. One-way ANOVA (Cyto-ID asaay); post hoc; Dunnett’s test. One-
way ANOVA (caspase 3/7 assay); post hoc; Tukey’s test.

2.4.7. CML patient cells are characterized by increased expression
levels of genes involved in oxidative stress

We wanted to further document the status of activated redox metabolism by
using patient data. Further exacerbation of this status should facilitate cell
death induction in agreement with the concept of pro-oxidant CML therapy.
Indeed. CML patient cells are characterized by increased expression levels
of genes involved in oxidative stress. We used a patient cohort regrouping
74 healthy donors and leukemia patients including 76 patients that were
diagnosed with CML 168 1% to assess the gene expression level of oxidative
stress-related genes. In particular, in assessing the gene expression level of
the NADPH oxidases (NOX) family constituted of 7 members (NOX1-
NOX5, DUOX1, DUOX2), as they are largely responsible for the

production of ROS 7®. Our results show that the expression level of NOX
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regulator cytochrome b-245 heavy chain (CYBB) was more elevated in
CML patients compared to healthy donors (Figure 2.7A) leading to an
increased NOX activity and thus an increase in ROS production 7. Based
on these observations, we hypothesized that the resulting increased ROS
levels in CML patient cells could be therapeutically targeted by exacerbation
of intracellular ROS levels by TMQO0153 leading to a pro-oxidant treatment
approach. Indeed, from a chemical point of view, TMQO0153 can be redox
active similar to quinones and afford radical anions leading to the formation

of reactive superoxide.
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2.4.8. TMQO0153 depolarizes mitochondrial membrane potential and
triggers necroptotic cell death through ROS formation

Accumulation of intracellular ROS is known to depolarize the
mitochondrial membrane potential (MMP). First, we performed a
morphological analysis of mitochondria by TEM after treatment of K562
with TMQO0153 (30 uM). Our results showed that 30 uM TMQO0153 induced
mitochondrial morphological changes such as enlarged and swollen
mitochondria compared to control after 8 h (Figure 2.8A&B). Next, we
measured the MMP in K562 cells after 24h of treatment with TMQO0153.
Results demonstrated that TMQO0153 increased the proportion of cells with
low MMP in a dose-dependent manner (Figure 2.8C) In addition,
TMQO0153-mediated reduced cell viability and MMP loss were totally
prevented by the ROS scavenger NAC (Figure 2.8D) and also prevented by
the RIP1 inhibitor Nec-1 (Figure 2.8E)..

Next, we investigated the implication of ROS in the generation of
necroptotic cell death "8, To identify the nature and roles of intracellular
ROS induced by TMQO0153, K562 cells were pretreated with and without
various antioxidants: NAC, Trolox and Tiron. Apoptotic concentrations of
TMQO0153 (20 uM) did not induce significant levels of ROS compared to a
necrosis-inducing concentration (30 uM) after 4 and 8 h whereas
pretreatment with NAC significantly abrogated ROS formation at 30 uM
(Figure 2.8F&G) in both K562 and K562R cells. Vitamin E derivative
Trolox that reduces the levels of lipid peroxidation when the oxidation was
initiated inside the plasma membrane *”° or mitochondrially-localized Tiron
180 did not significantly reduce ROS levels (Figure 2.8H).

Since the balance of intracellular reduced and oxidized glutathione
(GSH) levels reflects the redox state of the cells, we evaluated total GSH
levels and the GSH/GSSG ratio after 4 and 24 h of treatment. Results
revealed that both total GSH levels and GSH/GSSG ratio were significantly
reduced upon 30 uM TMQO153 treatment (Figure 2.81). After GSH
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depletion, redox and cellular stress are considered to be potent inducers of
mitochondrial dysfunction through ROS accumulation . Therefore, we
examined the effect of Nec-1 on intracellular ROS accumulation by
TMQO0153 and found that Nec-1 pretreatment decreased cellular ROS levels
in TMQO153-treated K562 cells after 4 and 8 h (Figure 2.8F). This finding
could suggest that Nec-1 protects against TMQO0153-induced necroptosis by
suppressing the intracellular burden of ROS formation after necroptosis
induction. Finally, ROS-induced LMP is increasing in K562 cells after
TMQO0153-induced necroptotic cell death in a time-dependent manner at 30

UM as demonstrated by fluorescence microscopy and FACS (Figure 2.8J).
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Figure 2.8 TMQO0153 induced mitochondrial dysfunction, decreased GSH
levels, involvement of LMP and ROS in K562 cells (A) Cells were treated with
TMQO0153 for 8 h and mitochondrial morphology was assessed by TEM at 12.000x
and 25.000x magnification. (B) Cells were treated with TMQO0153 for 4h (left
picture) and for 8 h (right picture) and mitochondrial morphology was assessed
by TEM at 12.000x and 25.000x magnification. Single arrows and double arrows
indicate respectively dilated and giant mitochondria. (C) Mitochondrial membrane
potential (MMP) analysis in cells treated with increasing concentrations of
TMQO153 for 24 h. The fraction of low MMP presenting cells is depicted. (D)
Cells were pre-incubated for 1 h in presence or absence of 50 mM N-acetyl-L-
cysteine (NAC) followed by a treatment with the indicated concentrations of
TMQO0153. After 24 h of treatment, MMP (upper panel) cell viability (bottom
panel) were assessed by trypan blue assay and flow cytometry, respectively. (E)
Cells were pre-incubated for 1 h in presence or absence of 60 uM necrostatin
(Nec)-1 followed by a treatment with the indicated concentrations of TMQO0153.
After 24 h of treatment, MMP was assessed by flow cytometry, respectively. (F)
Cells were pre-incubated for 1 h in presence or absence of 50 mM NAC or 60 uM
necrostatin (Nec)-1. After 4 and 8 h of treatment with TMQO0153 at 20 and 30 uM,
reactive oxygen species (ROS) levels were measured by flow cytometry following
dichlorofluorescein diacetate (H.DCFDA) staining. H.O, was used as a positive
control for ROS induction. (G) Reactive oxygen species (ROS) levels were
quantified by FACS in K562R cells treated with the indicated concentrations of
TMQO0153 and stained with H.DCFDA. H,O, was used as a positive control for

ROS induction. (H) Cells were pre-incubated for 1 h in presence or absence of
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various antioxidants [N-acetyl-L-cysteine (NAC), tiron and trolox] and then treated
or not with TMQO0153. Reactive oxygen species (ROS) were measured at indicated
time points using H.DCFDA. H:0, was used as a positive control for ROS
induction (1) Quantification of total GSH levels (left panel) and GSH
(glutathione)/glutathione disulfide (GSSG) ratio (right panel). 50 pM Buthionine
sulfoximine (BSO) was used as a positive control for the inhibition of GSH
synthesis (J) Cell were stained with Hoechst and Lysotracker Red and analyzed by
fluoresence microsopy. Lysotracker Red fluorescence intensity was quantified
using Image J 1.8.0 software (upper panel). Lysotracker Red intensity was
quantified by FACS (bottom panel). Chloroquine (CQ; 75uM, 4 h), PP242 (PP, 10
uM, 4h) and baf-Al (40 nM, 4 h) were used as a positive and negative controls for
autophagy inhibition and induction, respectively. All pictures are representative of
three independent experiments and data represent the mean (xS.D.) of three
independent experiments. Statistical significance was assessed as *p < 0.05, **p <
0.01, ***p < 0.001 compared to untreated cells unless otherwise specified. One-
way ANOVA (mitochondrial membrane, LMP); post hoc; Dunnett’s test. One-way
ANOVA (cell viability, ROS, GSH assay); post hoc; Tukey’s test.

2.4.9. TMQO153-treated K562 cells release immunogenic cell death
markers

Our results showed a decrease in intracellular ATP levels and
increased mitochondrial ROS and cytoplasmic Ca?* levels eventually
concomitant with necroptosis induction . Since these changes were
described to contribute to the immunogenicity of the dying cells 8, we also
assessed the release of HMGB1 and demonstrated that TMQO0153 triggered
accumulation HMGBL1 in the supernatant in a dose- and time-dependent
manner in K562 cells (Figure 2.9A). In addition, 24 h of treatment with
TMQO0153 induced extracellular ATP secretion into the supernatant of K562
cells at 30 and 50 uM (Figure 2.9B). Furthermore, the potential
immunogenic signal from dying cells also includes proteins that are exposed

at the surface of stressed or dying cells. Results showed that TMQO0153-
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treated cells increased significantly the ectopic expression of calreticulin
(Ecto-CRT) and Ecto-ERp57 (Figure 2.9C&D). These results indicate that
TMQO0153-induced necroptosis could further augment immunogenicity of
dying K562 cells.
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Figure 2.9 TMQO0153 treatments released immunogenic cell death markers
from K562 cells (A) Supernatants from TMQO0153-treated cells were assessed for
high mobility group box (HMGB)1 levels. (B-D) Cells were treated for 24 h with
the indicated concentrations of TMQO0153, followed by the analysis of (B)
extracellular ATP release (C) calreticulin exposure by fluorescence microscopy
after 24 h of TMQO0153 treatment at indicated doses (Upper panel). Quantification
of calreticulin-positive cells by FACS (Bottom panel) (D) ectopic ERp57
expression by fluorescence microscopy after 24 h of TMQO153 treatment at
indicated doses (Upper panel). Quantification of ERp57-positive cells assessed by
FACS (Bottom panel). Oxaliplatin (Oxa, 30 UM, 24 h) and shikonin (SHK; 5 uM,
24 h) were used as positive controls for immunogenic cell death induction. All
pictures are representative of three independent experiments and data represent the
mean (+S.D.) of three independent experiments. Statistical significance was
assessed as *P<0.05, **P<0.01, ***P<0.001 compared to untreated cells. One-wa
y ANOVA (HMGB1 assay); post hoc; Tukey’s test. One-way ANOVA (extra
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cellular ATP assay, calreticulin expression, ERp57 expression); post hoc; Dun

nett’s test.

CML

Elevated cellular stress levels

ATP energylevels / \
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energy/metabolites
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Figure 2.10 Overall mechanism of action of TMQO0153 in CML cells (A)
TMQO0153 regulates apoptosis, necrosis/necroptosis and autophagy via a pro-
oxidant cellular stress response in CML. The cell death modalities triggered by
TMQO0153 are controlled by various factors including energy/ATP availability, the

amplification of damages caused by ROS or cellular stress. Depending on the
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severity of damage and amount of stress encountered by the cells, low doses of
TMQO153 triggered apoptosis, whereas higher concentrations induced necroptosis.
TMQO153-induced autophagy contributes to apoptosis inhibition in favor of a
RIP1-dependent necroptotic cell death.
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2.5. Discussion

CML still has high morbidity and mortality among the leukemia
patients 82, Even though the development of TKIs is an effective treatment
against CML, severe side effects and mutations of BCR-ABL are considered
as one of main reasons for drug resistance 8. For this reason, novel
therapies that target the molecular or metabolic characteristics of CML are
highly required.

In the present study, we attempted to address the interplay between
apoptosis, autophagy and necroptosis in CML cell models, by using an
experimental pro-oxidant therapeutic approach with the cytotoxic synthetic
hydroquinone derivative TMQO0153 aiming to disrupt oxidative and
metabolic stress homeostasis. As a result, we observed a ROS-and
concentration-dependent induction of protective autophagy eventually
leading to Nec-1-sensitive necroptosis, whereas low TMQO0153
concentrations do not trigger any significant increase of ROS levels and led
to caspase-dependent apoptosis. We also observed different levels of ATP
during the induction of apoptosis and necroptosis. Indeed, ATP is required
for caspase activation and induction of apoptosis 84, Therefore, high levels
of ROS can lead to necroptotic cell death whereas low levels of ROS induce
apoptotic cell death.

Quinone  derivatives  such as  5-hydroxy-2-methyl-1,4-
naphthoquinone (plumbagin) induce apoptosis or necrosis in AML by
producing ROS and decreasing Mcl-1 and Bcl-2 anti-apoptotic proteins
abundance ®. However, the effect of quinone-induced ROS on the
apoptotic machinery remains largely unknown. In our study, 20 uM
TMQO0153 induced apoptosis in K562 cells along with caspase 8, 9 and 3
cleavage, that are both prevented in presence of z-VAD. In addition, we
found that apoptosis was associated with an early downregulation of anti-
apoptotic protein Mcl-1 and Bcl-xL after TMQO0153 treatment.

We showed that TMQO0153 induces cell death in K562 cells via a
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RIP1-dependent necroptotic cell death pathway. 2,3,5-tris-hydroquinone
was reported to induce ROS production and increase intracellular Ca?*
levels that contribute to PARP-1-mediated necrosis in HK-2 cells %, p-
lapachone is reduced to p-lapachone hydroguinone, which induces
programmed necrosis through the ROS production and a RIP-1-dependent
cell death pathway in human hepatocellular carcinoma %, Here, TMQ0153
Is acting as a pro-oxidant and induces necroptosis through downstream
mediators including RIP1 leading to mitochondrial dysfunction as a
response to energy depletion. Previous research investigated that cells
lacking RIP3 expression were resistant to typical programmed necrotic
stimuli but became sensitive when RIP3 is re-expressed 1. Our results
supported these results as we observed a sensitization against TMQO0153 by
the re-expression of RIP3 after treatment with the DNA demethylating agent
5-azacitidine 17,

Despite the successful use of TKIs in CML therapy, a better
understanding of the physiology of CML cells remains important. According
to Karvela et al. 87, CML cells show elevated rates of a basal autophagic
flux due to upregulation of autophagy genes including ATG7. In addition,
higher levels of ROS and autophagy were shown to be implicated in the
development of CML and closely involved in drug resistance in leukemia
18 Qur results confirmed the elevated basal levels of autophagosome
formation in K562 cells. Autophagy is triggered as a pro-survival strategy in
human cancer cells treated with mammalian target of rapamycin (mTOR)
inhibitor rapamycin %, sarco/endoplasmic reticulum (ER) Ca?*-ATPase
(SERCA\) inhibitor stemphol % or the naphtoquinone shikonin . Indeed,
the inhibition of shikonin-induced autophagy increased necroptosis as well
as PARP-1-mediated cell death in A549 °%, Our results support the idea that
autophagy protects against necroptosis in TMQO0153-treated K562 as we
confirmed that autophagy was detected at early time points before the
induction of necroptotic cell death with 30 uM TMQO0153 most likely due to
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an early cellular stress response in K562 cells.

In cancer cells, metabolic stress may arise from insufficient energy
or oxygen supply. Autophagy can be induced as an alternative source of
energy and metabolites *°2. Our results showed that K562 cells treated with
autophagy inhibitors such as baf-Al enhanced necroptotic cell death
concomitantly with a non-apoptotic degradation of caspase-8, thus
preventing canonical apoptosis induction. These results were confirmed by a
profile of PARP-1 degradation typical of necrosis/ necroptosis.

In beclin 1-silenced K562 cells, TMQO0153 induced the appearance
of necrotic PARP-1 band and enhanced necroptotic cell population
suggesting that autophagy serves a protective role. In addition, we observed
that TMQO0153 induced autophagic responses in K562 cells as evidenced by
LC3-positive autophagy like vacuoles, and the increased conversion of
LC3-1 to LC3-1l. We also found that pretreatment with baf-Al, which
blocks autophagosomal degradation, increased the formation of LC3-11 in
K562 cells after treatment with TMQO0153.

We provided evidence that TMQO0153 induced the dysfunction of
mitochondria as shown by TEM and OCR analysis, as well as oxidative
stress via increasing ROS levels and triggering accumulation of cytoplasmic
Ca?* levels. GSH is an important antioxidant in cellular metabolism and the
reduction of GSH levels was described to induce autophagy, apoptotic or
necrotic/necroptotic cell death 1% 194 We observed that intracellular GSH
levels decreased during the onset of autophagy and necroptosis induced by
TMQO0153. TMQO0153, as a pro-oxidant compound, amplifies ROS stress in
K562 cells prior to necroptosis induction. Therefore, necroptotic cell death
potentially further exacerbates ROS generation. The change of oxidative
stress levels by TMQO0153 affects mitochondria homeostasis leading to
different forms of cell death. A shift from apoptosis to necroptosis appears
to be associated with decreased mitochondrial function and ATP production
195 Other mechanisms may involve Ca?* accumulation known to trigger
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necroptotic cell death 62,

Weak release of lysosomal enzymes leads to apoptosis, whereas a
massive release of lysosomal enzymes results in necrosis 1°. In our study,
TMQO0153 induced increased ROS and LMP at early time points which are
decreased later when necroptosis is induced. Interestingly, increased ROS
levels are specifically reduced by the pre-treatment by NAC but not by
Trolox and Tiron. These compounds possess different antioxidant capacities.
NAC is a precursor of glutathione and can scavenge different types of ROS

198 \whereas Tiron is a metal

197 Trolox neutralizes lipid-derived radicals
chelator %°. Considering our results, ROS induced by TMQO0153 which is
preventable by NAC, must be generated in the mitochondria considering the
specific antioxidant effects of NAC 2%,

Wiedmer et al. showed that autophagy is upregulated for the
clearance of damaged lysosomes, leading to cell recovery, thus playing a
pro-survival role 2%, Hence, lysosomal instability triggered by TMQO0153
contributes to final steps of necroptosis. Besides LMP, mitochondrial
dysfunction is another executioner of necroptosis *’®. Our results showed
that TMQO153 treatment generated mitochondrial alterations and
dysfunction associated with a loss of MMP.

Necroptosis triggers cell membrane rupture and the release of
cellular cytoplasmic contents into the extracellular spaces such as HMGB1
and ATP % TMQO0153 treatment significantly released HMGB1 and
increased extracellular ATP levels. Immunogenic cell death (ICD) is a form
of chemotherapy-induced tumor cell death, which is mediated by damage
associated molecular patterns (DAMPSs) that triggers effective antitumor
immune responses 22, ICD-inducers are able to mediate endoplasmic
reticulum (ER) stress resulting in the cell surface presentation of calreticulin
and ERp57 16202 Here, we showed that TMQO0153 treatment led to CRT
and ERp57 surface expression. These results provided evidence that
TMQO0153 released ICD markers as an essential feature of this
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chemotherapeutic compound.

In summary (Figure 2.10, based on 2% with modifications),
TMQO0153 possesses a potent pro-oxidant capacity effective against
imatinib-sensitive and -resistant CML cells underlining the interest of
TMQO0153 as an experimental pre-clinical therapeutic agent accompanied by
release of ICD markers.
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Abstract in Korean (ZFE&% &)

A2 WA FAE TMQ (Unaromatized Tetrahydrobenzimidazole)

+ p-Benzoquinone ¥ N-Arylamidinesol| A A4 ¥ EZo|H, WAl =44

g1 (CML) oA tvpdt A¥ AldE &Eejel apoptosis, necroptosis

AutophagyE sAlol fFEsts A2 AEA HAId=Zdolth, <t
<]

Programmed cell deathol $°JA apoptosis7} Y3 Ao 2 oA gkort

1=

P

FH o= necrosis¥} Ao = programmed necrosis ¥+ necroptosisgt B#+=
A FEAEo] A3t E Aol e At < necroptosisol= RIP13} RIP37}
T8 Aol &AL dovt AATMA A A @& Fato] mH| g
FEolil W A7 283 Fokds S g ddnh = 7)Ed e A
A ¢¥-& autophagy”} apoptosis®t necroptosisel] oj® Z&& 3FF=Xo] sk
A7 d8si, SolAola AAAQl Ao Aol tiate] WS AT

7F Za3%k AAFoltt, APAF+E FI TMQ A= 5 7743 PBMC (A

(o3
i
e
o
N
X
&2
o
A
s
v}

peripheral blood mononuclear cell) MXoA+= =4
T GAEoA FolAH o R AxEHS dov|= TMQO153E sttt
mekA  TMQO153S &3 e F=olA X% canonical-
programmed A|¥AFE-2 caspased] oEAH oAt £ FLoA FEF non-
canonical-programmed A ¥A}'E-S caspase®} FI5H mEE=glole] 7]F
FlE AA ROSE FAAA 2 23 AZ2EY 29 & vEZ=gote] &
S Ao 7S seahorse XFp cell mito stress @ FACSE & 4535, Al
EIrEd 29 807 necroptosis AlEAFEO] doji}r] Aol autophagy”’t
23 ¥4 dnAdy #Ad gdwE LC33 p629 western
blottingg %3] #WZ3ATt. EI autophagyd] HA w@¥E Beclin-19
knockdowne 53 AAIZIH TMQO153S FoIstaleul AlZAFE] o 7}
st om ol AMEE WSl (Sensitization)dhs S AT A=A}
dAnld olnAE Ao ZH autophagy’t Lol AlFoA mEZZ=go}
o] WA 9 gutophagosome & AL F7F #F3Ya, HEAEY 29 Q4
2 Axde Ca® %4, AUl GSH (Glutathione)®] 74 2 Lysosomal
membrane potential (LMP) ¢ &7} FACSS 33 dnAS E3] 24159
o} Al Xx2~Ed 29 =7} 2 necroptosis® #dAAE Eo]4 PARP-1 (C2-10),

RIP1 @] A& M EY ATPY A3 7747} necroptosisd dglels o
) -
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T A3 o]Yd @ Fi= necrostatin-19] 93] AP T o]oA
TMQO153 o 98 $H X%+ necroptosissE mitochondria membrane
permeabilization (MMP) & Z7lA]7]3 N-Acetyl Cysteine (NAC)ol| ]3] Al
YA 9 EFEEot HERHE AL JTE 5 I

L MagAFo] =W RIP3EHM AL necroptosisE® 4 3}

rr

3N
SH

jubad

duid e de A e, B GAZAAN dAs Hano] MR GAHE AFE
defor Fgsh=d A7E AT 3 Al 54T sl apoptosisl

st AgAde SAETE Ao A 5 A FoEH, GAE AbE dEF
9] AAAS 7 g, web o]E ZE-8 NecroptosisE: do7])+= &9 7]
AATE Sl = AFHS F5s = YHE AAT 5 A e stA|

(5-aza-2'-deoxycytidine; 5'aza)E Folsle] ddAyozw 7H4A¥H RIP3 vz

2 necroptosisE ##ET F AASS FFEY
TMQO153°] # 2% Necroptosis7} Aol A2 45E HMGB19| WE3 Alx
9] ATP9 =7}, Ecto-Calreticulin® ERp57 ¢ AZv =% 9 =712 #&3}
omx o] HAzHe] HAAZEAED o]d WE FAATY ThedS AN
T ARG, mxH o2 TMQO1537F F24Y9} In vivo AHEF9 4] xenograft

oA FEFFEE] BEE Adete Ae FUHH R wFESIY. ueb &2

s
AFE B3l ANR CFH ATAPEY YL 2Pt ALLEALY 99

Fa0f
AEREH A, MEZEo}, $L, Y 244 WY, ZRa9E A
™
=
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