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Abstract Cell death is a fundamental ingredient of life.
Thus, not surprisingly more than one form of cell death
exists. Several excellent reviews on various forms of cell
death have already been published but manuscripts
describing interconnection and interdependence between
such processes are uncommon. Here, what follows is a brief
introduction on all three classical forms of cell death, fol-
lowed by a more detailed insight into the role of p53, the
master regulator of apoptosis, and other forms of cell death.
While discussing p53 and also the role of caspases in cell
death forms, we offer insight into the interplay between
autophagy and apoptosis, or necrosis, where autophagy may
initially serve pro-survival functions. The review moves
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further to present some details about less researched forms of
programmed cell death, namely necroptosis, necrosis and
mitoptosis. These “mixed” forms of cell death allow us to
highlight the interconnected nature of cell death forms,
particularly apoptosis and necrosis. The interdependence
between apoptosis, autophagy and necrosis, and their sig-
nificance for cancer development and treatment are also
analyzed in further parts of the review. In the concluding
parts, the afore-mentioned issues will be put in perspective
for the development of novel anti-cancer therapies.
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Abbreviations

AML Acute myeloid leukemia

AMPK 5-Prime-AMP-activated protein kinase
Apafl Apoptotic protease activating factor-1
ATG Autophagy related gene

BH Bcl2-homology

DIABLO Direct IAP-bind protein with low pl
DISC Death-inducing signaling complex
DRAM Damage-regulated autophagy modulator
eEF2-kinase Elongation factor kinase-2

Hsp-70 Heat shock protein 70

Mcl-1 Myeloid cell leukemia-1

Mdm?2 Murine double minute 2

mTOR Mammalian target of rapamycin

Nec-1 Necrostatin-1

NOS Nitric oxide synthase

PARP-1 Poly(ADP-ribose)polymerase- 1

PCD Programmed cell death

PKC$ Protein kinase C-6

PUMA pS53 upregulated modulator of apoptosis
RHIM RIP homotypic interaction motif
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RIPK Serine/threonine kinase receptor-interacting
protein

ROS Reactive oxygen species

Smac Second mitochondria-derived activator of
caspase

TNF Tumor necrosis factor o

TRAIL TNF related apoptosis inducing ligand

VHL von Hippel-Lindau

Introduction

Cell death in its various forms shapes the essence of life.
Predominantly, apoptotic cell death is of major importance
during organism development as well as in regulation of
the immune system and in defense response to disease
stimuli (e.g. viral diseases). Cell death itself is intercon-
nected with cell survival and cell proliferation, both at the
molecular level, and in philosophical terms (Cherlonneix
2008; Maddika et al. 2007).

Several forms of cell death may typically be induced
within the same tissue although apoptosis is the fastest,
while other forms, like necrosis or autophagy, only become
visible when apoptosis is inhibited (Los et al. 2002; Mar-
tinet et al. 2006). Apoptosis is also frequently called
programmed cell death (PCD), although some researchers
reserve the term PCD only to developmental process-rela-
ted death. Approximately, 10 million cells per day undergo
apoptosis in a healthy adult human (Curtin and Cotter
2003). Such mechanism is needed not only to preserve the
homeostasis of the organism, but also to control tissue size
and shape under different developmental stages, or to
downsize the number of specific immune-effector cells after
pathogen eradication (Los et al. 1999). Cells undergo lots of
alterations during apoptosis; while chromatin condenses,
cells lose their attachment to the surrounding and shrink, as
the most peculiar property of apoptosis mechanism, cell
membrane starts blebbing. Blebs are the progenitors of
apoptotic bodies with small, nearly spherical cytoplasmic
fragments encapsulated in cell membranes. Apoptotic
bodies may contain functional organelles surrounded by
intact plasma membranes (Elmore 2007; Ghavami et al.
2009). Phosphatidylserine, a phospholipid embedded in the
plasma membrane, is exposed on the outer side of apoptotic
bodies. They act as “eat me” signals, thus attracting mac-
rophages, and are efficiently phagocytosed (Elmore 2007;
Ghavami et al. 2009).

Two partly interconnected apoptotic mechanisms exist;
caspase-dependent classical apoptosis and caspase-inde-
pendent programmed form of cell death, sometimes called
necroptosis (Kinnally et al. 2011; Smith and Yellon 2011).
Both forms of cell death may be interconnected as caspases

@ Springer

may lead to the activation of non-caspase proteases and
vice versa.

The classical, caspase-dependent apoptosis is initiated
either by extrinsic or intrinsic factors (Fig. 1). The extrinsic
pathway is activated by the engagement of transmembrane
receptors [death receptors, i.e. CD95/APO-1/Fas, tumor
necrosis factor o (TNF)-receptors, “TNF related apoptosis
inducing ligand” (TRAIL)-receptors] by its ligands (APO-
1/Fas, TNF, TRAIL). Upon ligand binding to death
receptors their cytoplasmic death domains (usually acting
as trimers) attract adaptor molecules (typically FADD) and
initiate a caspase cascade. Different receptors/ligand pairs
exist, i.e. Fas/FasL. and TNF/TNFR; TRAIL/DRs; they all
eventually lead to the activation of caspase-8, which in turn
activates downstream caspases (Elmore 2007; Los et al.
1999).

The intrinsic pathway, also called mitochondrial path-
way, is regulated by Bcl2 family of proteins. These
proteins control mitochondrial membrane permeability. A
heme-like structure containing protein cytochrome c loca-
ted on outside of the inner mitochondrial membrane is
released into cytosol, where together with (d)ATP it binds
to apoptotic protease activating factor (Apafl) and forms
apoptosome complex (Barczyk et al. 2005; Elmore 2007,
Los et al. 1999). Apoptosome activates caspase-9 that in
turn activates down-stream elements of caspase cascade.
Although mitochondrial pathway is included in caspase-
dependent apoptosis mechanisms, once cytochrome c is
released, it may also initiate caspase-independent apopto-
sis. In the caspase-independent pathway, apoptosis-
inducing factor (a flavaprotein) and endonuclease-G pro-
tein are also released from mitochondria and migrate into
the nucleus to condense chromatin (Elmore 2007; Saelens
et al. 2004).

In the following paragraphs, we will briefly introduce
two other processes, namely necrosis and autophagy that,
under certain circumstances, may also constitute pro-
grammed forms of cell death.

Necrosis

Morphologically “necrotic cell death” or “necrosis” refers
to a gain in cell volume, swelling of organelles, plasma
membrane rupture and subsequent loss of intracellular
contents. Numerous mediators, organelles and cellular
processes have been implicated in necrotic cell death, but it
is still unclear how they are related to each other. Bio-
chemical behavior of apoptosis such as activation of
specific proteases and oligonucleosomal DNA fragmenta-
tion may hardly happen in necrotic cells (Proskuryakov
et al. 2003). Necrosis, like apoptosis, may be considered as
a form of the execution phase of PCD, although the con-
sequences of necrotic and apoptotic cell death are quite
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Fig. 1 Death-receptor family signaling leading mainly to apoptosis.
In general, two types of signaling complexes can form at different
types of death receptors. Death-inducing signaling complexes known
as DISCs are formed at CD95, TRAIL-R1 or TRAIL-R2. All these
receptors recruit DISCs that have a similar basic composition (FADD,
pro-caspases-8). DISC-complexes allow caspase-8 activation and
transduction of the apoptotic signal. Proapoptotic Bcl2-family
molecule Bid may be cleaved by caspase-8, and resulting t-Bid
activates the mitochondrial (intrinsic) apoptotic pathway (omitted
here to preserve figure’s transparency). The second group comprise
the TNFR1/DR3/DR6 and EDAR receptors, recruit a different set of
molecules (see text for further details) that transduces both apoptotic

different for a whole organism. In the case of necrosis, the
inflammatory response may be caused by cytosolic con-
stituents pouring into the intercellular space through the
damaged plasma membrane; in apoptosis these products
are safely isolated inside macrophages. Disturbance of a
fine balance between necrosis and apoptosis may be a key
element in development of some diseases (Proskuryakov
et al. 2003). Terms “programmed necrosis” or “necrop-
tosis” emphasize a degree of regulation and molecular
mechanism of these death processes, and are explained at
further parts of the review.

Autophagy

Autophagy is a highly conserved degradation pathway for
bulk cellular components; it includes macroautophagy,

and survival signals. ASK activator of S-phase kinase, also known as
DBF4A; FADD Fas-associated via death domain; FLIP flice-inhib-
itory protein, flice is a former name for caspase-8; Gas2 growth
arrest-speciffic-2; GSK glycogen synthase kinase; IAP inhibitor of
apoptosis protein; /CAD inhibitor of caspase-activated protease; IKK
inhibitor of k-light chain gene enhancer in B cells, also known as
IKBKB; JNK c-Jun kinase, other names: MAPKS, SAPK1; MKK
other names: MAPK mitogen-activated protein kinase, MEK; NIK
nuclear factor (NF)-kB-inducing kinase; RIPKI receptor-interacting
serine/threonine kinase 1, formerly also known as RIP; ¢-Bid
truncated BID; TRAD TNFRI-associated death domain protein;
TRAF TNF-receptor-associated factor

microautophagy and chaperone-mediated autophagy
(Mizushima and Komatsu 2011). Macroautophagy is
morphologically known as the formation of double mem-
brane autophagosomes, which take the control of impaired
organelles or unwanted cellular components and deliver
them to lysosomes for degradation and recycling.
Autophagy is related to numerous physiological and
pathological processes, including cell survival, cell death,
cell metabolism, development, infection, immunity and
aging (Mehrpour et al. 2010). Autophagy is closely
involved in the etiology of many important human dis-
eases, including cancer, neurodegenerative diseases and
metabolic disorders (Meijer and Codogno 2009).
Autophagy predominantly serves as a cell survival
mechanism, via its suppressive role on necrotic cell death,
such as necroptosis and poly (ADP-ribose) polymerase-1
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(PARP-1)-mediated cell death. More importantly, the anti-
necrosis function of autophagy has important biological
functions in various pathological processes and diseases,
including cancer and ischemia/reperfusion injury (Cardinal
et al. 2009; Esposti et al. 2010). “Autophagic cell death” is
morphologically defined as a type of cell death that occurs
in the absence of chromatin condensation but accompanied
by massive autophagic vacuolization of the cytoplasm (Yu
et al. 2004a, 2004b).

Interconnection Between Apoptosis and Other Cell
Death Pathways

Dual Regulatory Function of p53 in Apoptosis
and Autophagy

p53 protein was initially discovered as a transformation-
associated protein in 1979 (Chang et al. 1979; DeLeo et al.
1979; Kress et al. 1979; Lane and Crawford 1979). Only
later it became clear that the wild-type p53, in addition to
its tumor suppressing activity, is also involved in regulation
of wide range of cellular processes, including cell cycle
control, DNA repair (Kastan et al. 1991; Levine 1997; Lu
and Lane 1993), cell differentiation (Rotter et al. 1994),
cell senescence (Wynford-Thomas 1999), genome stability,
apoptosis (Chen et al. 1996; Ghavami et al. 2011) and
autophagy (Feng et al. 2005; Ghavami et al. 2011; Tasd-
emir et al. 2008a).

Role of p53 in Apoptosis

pS53-dependent apoptosis was first observed in irradiated
mouse thymocytes (Clarke et al. 1993; Lowe et al. 1993).
In addition to irradiation, oncogenes such as adenovirus
E1A may activate the p53 and lead to apoptosis (Lowe and
Ruley 1993). p53 contributes to apoptosis induction mostly
by its transcription-dependent effects (please see next
paragraphs). Nuclear p53 induces the expression of murine
double minute 2 (Mdm?2) gene (Barak et al. 1993; Momand
et al. 1992), which negatively regulates the p53 protein
activity through binding, ubiquitination, thus prompting its
degradation via the proteosome-pathway. Cellular stress
signals such as DNA damage interrupt Mdm2-mediated
inhibition of p53, leading to accumulation of p53 both in
the nucleus and in the cytoplasm.

Multiple mechanisms have been invoked to explain how
pS3 triggers “mitochondrial outer membrane permeabili-
zation” (Moll et al. 2006). In apoptotic cells, p53 co-
immunoprecipitates with Bcl2, Bel-XL and Bak (Leu et al.
2004; Moll et al. 2006). According to Mihara et al. (2003),
p53 binds to Bcl-XL via its DNA binding domain. How-
ever, based on a recent nuclear magnetic resonance-based
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binding study, Bcl-XL interacts with the N-terminal
domain of p53 (Xu et al. 2006). The binding site on Bcl-XL
is located in the region including o-4, the N-and C-termini
of a-3, the N-terminus of o-5, and the central part of o-2
helix (Xu et al. 2006). Alternatively, cytoplasmic p53 can
also induce cell death via direct activation of cytosolic Bax
(Chipuk et al. 2004). Using UV-treated transformed mouse
embryonic fibroblasts, Chipuk et al. (2004) showed an
alternative cytosolic p53 cell death pathway in which
cytosolic p53 functions analogously to the Bcl2-homology
(BH) 3-only subset of proapoptotic Bcl2 proteins to acti-
vate Bax and subsequent mitochondria permeabilization
and apoptosis. In later parts of the review we also discuss
the role of cytoplasmic p53 at the level of mitochondria,
where it acts as a repressor of autophagy (Tasdemir et al.
2008a) (Fig. 2).

Oncogene expression, DNA damage or other forms of
stress result in stabilization of p53 protein by phosphory-
lation or other modifications (Xu 2003). Stabilized p53
accumulates in the nucleus and binds to specific DNA
sequences leading to transactivation of a number of proa-
poptotic genes, including those encoding members of the
Bcl2 family, such as the BH3 only proteins Bax, Noxa and
Puma (Chipuk et al. 2005; Miyashita and Reed 1995;
Nakano and Vousden 2001; Oda et al. 2000; Xu et al.
2009) (Fig. 2). Other proapoptotic genes such as Bid,
Apafl and PIDD (p53-induced protein with a death
domain) are also defined as transcriptional targets of p53
(Moroni et al. 2001; Sax et al. 2002). Removal or inacti-
vation of each of these genes from a particular model
system produced partial resistance to p53-induced apop-
tosis. For instance, Jeffers et al. (2003) reported complete
impairment of pS3-dependent apoptosis pathway in certain
cell types from PUMA (p53 upregulated modulator of
apoptosis)—knock-out mice. PUMA has been also shown
to disrupt the interaction of p53 with anti-apototic proteins,
such as Bcl-XL, resulting in the release of p53. Displaced
from Bcl-XL p53 can now induce mitochondrial perme-
abilization and apoptosis through interaction with other
proteins such as Bax (Chipuk et al. 2005). This finding
suggests that regulation of transcription by nuclear p53
may positively regulate function of cytoplasmic p53.

Role of p53 in Autophagy

P53 may either activate or repress autophagy depending on
cellular energy status, and the contextual activation of
other signaling pathways. The cytoplasmic p53 protein
inhibits autophagy in a transcription-independent fashion,
while the nuclear p53 stimulates autophagy via the trans-
activation of specific target genes (Tasdemir et al. 2008b)
(Fig. 2). Several p53 target genes stimulate autophagy. For
instance, damage-regulated autophagy modulator (DRAM)
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Fig. 2 p53 localization is a key
regulator of p53-induced
apoptosis and autophagy.
Nuclear p53 induces cellular
autophagy, apoptosis and repair
through its transcriptional
activity while cytosolic p53
inhibits autophagy and induces
apoptosis

p53 activation induced by
cellular stress and damage

7N

NI

is a p53 target gene encoding a lysosomal protein that
induces autophagy (Crighton et al. 2006). p53 may directly
interact with DRAM and induce autophagy in response to
DNA damaging agents. p53-mediated activation of
autophagy is positively linked to cell death since DRAM is
also required for p53-dependent induction of apoptosis
(Crighton et al. 2006). Cell death is also negatively con-
trolled by p53-dependent induction of autophagy since
autophagy inhibition can enhance p53-mediated apoptosis
(Crighton et al. 2006; Ghavami et al. 2011).

Sestrins are highly conserved small proteins that accu-
mulate in the cells exposed to stress and play key roles in
regulation of aging and cell metabolism (Lee et al. 2010).
p53 interacts with target genes SESTRIN1 and SESTRIN2
which subsequently inhibit mammalian target of rapamycin
(mTOR) through an indirect mechanisms involving stim-
ulation of adenosine monophosphate-activated protein
kinase (AMPK) (Budanov and Karin 2008; Sanli et al.
2012). Inactivation of Sestrin2 by RNA interference
reduced the level of autophagy in a panel of p53-positive
human cancer cell lines responding to autophagy inducers
such as nutrient depletion, rapamycin, lithium and thapsi-
gargin. Thus, Sestrin2 positively regulates autophagy in a
p53-dependent fashion (Maiuri et al. 2009).

In contrast to nuclear p53, several lines of evidence
indicate that cytoplasmic p53 inhibits autophagy pathways
(Fig. 2). Inactivation of p53 by gene knock-out, RNA
interference or chemical agents can induce autophagy in
multiple model organisms including human, murine and
nematode cells (Tasdemir et al. 2008a). Furthermore, p53
has a tonic inhibitory effect on autophagy pathways, which
was relieved through Mdm2-dependent proteasomal deg-
radation of p53 induced by different proautophagic stimuli

including starvation and mTOR inhibition by rapamycin
(Tasdemir et al. 2008a). More interestingly, the autophagy-
inhibiting activity of cytoplasmic p53 seems to be distinct
from its apoptosis inducing function, or even tumor sup-
pressor activity, as long as p53 is localized in the
cytoplasm, because the mutants of p53 still inhibit
autophagy while multiple mutants of p53 were unable to
interact with Bcl2/Bcl-XL and induce mitochondrial
apoptosis (Tasdemir et al. 2008a; Tomita et al. 2006).

The autophagy-inhibitory effect of cytoplasmic p53 is
cell cycle-dependent because inhibition of p53 induces
autophagy mostly in the G1 and at lower extend in the S
phase, but not in the G2/M phase of the cell cycle (Tasd-
emir et al. 2008b). This may suggest a regulatory role for
cytoplasmic p53 on autophagy pathway for maintaining
cellular homeostasis to increase cell survival in face of
nutrient deprivation. p53 degradation in response to
chronic starvation and endoplasmic reticulum stress stim-
ulates autophagy pathways, resulting in high levels of
intracellular ATP associated with better cell viability
(McCormick et al. 2012; Scherz-Shouval et al. 2010). For
instance, induction of autophagy in p53-deficient colorectal
cancer cells exposed to prolonged nutrient deprivation
maintains high ATP levels and improves the survival rate
of these cells (Scherz-Shouval et al. 2010).

Interconnection Between Necrosis and Other Cell
Death Forms

Necrosis has long been considered an accidental and

uncontrolled, non-programmed form of cell death whereby
dramatic changes in crucial cell parameters of metabolism
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and cell structure take place (Skulachev 2006). The acci-
dental necrosis is in general caused by chemical or physical
injury (Vandenabeele et al. 2010). Accumulating evidence
shows that necrotic cell death is sometimes also controlled
and programmed (Van Herreweghe et al. 2010). This is
particularly frequent when a cell for one or other reason
(i.e. low ATP-level) is unable to die by apoptosis (Los et al.
2002; Skulachev 2006). Necrosis is typically not associated
with activation of caspases (it rather may be a result of
their inhibition) (Los et al. 2002); it is characterized by
swelling of the endoplasmic reticulum, mitochondria, and
cytoplasm, with subsequent rupture of the plasma mem-
brane and lysis of the cells (Schweichel and Merker 1973).
Beyond this, necrosis is often associated with the disinte-
gration of the dynamic plasma membrane of the dying cell
(Leist and Jaattela 2001). Inflammatory reactions are fre-
quently triggered in response to necrosis (Holmes 1856;
Los et al. 2002). The induction of necrosis usually takes
place in pathological situations of damage to cells, either in
an accidental or an acute manner (Kerr et al. 1972; Wyllie
et al. 1980).

Programmed necrotic cell death is the result of the
interplay between several signaling cascades. Terms
“programmed necrosis” or “necroptosis” collectively refer
to necrosis and emphasize a degree of regulation and
molecular mechanism of this death process. The main
players in the propagation of necrosis are “serine/threonine
kinase receptor-interacting protein” 3 (RIPK)3, Ca®*" and
mitochondria. RIPK3 interacts with RIPK1 and binds to
several enzymes of the carbohydrate and glutamine
metabolisms (Holler et al. 2000). Ca>" controls activation
of PLA (polylactic acid), calpains and nitric oxide synthase
(NOS), which induce a series of events leading to necrotic
cell death. Mitochondria contribute to necrosis by exces-
sive reactive oxygen species (ROS) formation,
mitochondrial permeability transition, and ATP depletion
due to mitochondrial dysfunction (Denecker et al. 2001).

Mitochondria, Necrosis and Other Cell Death Forms

Mitochondrial control of necrosis occurs mostly through
their effect on cellular ATP-level. TNF plays an important
role in inducing necrosis, as it also affects mitochondrial
ROS production (Skulachev 2006). TNF also induces the
activation of PARP-1 (presumably via mitochondrial ROS,
causing DNA-damage) leading to ATP depletion and
subsequent necrosis (Los et al. 2002). PARP-1 is a nuclear
enzyme involved in DNA repair, DNA stability and tran-
scriptional regulation and becomes activated by DNA
damage (Leist and Jaattela 2001; Los et al. 2002). Its
inhibition in cells exposed to genotoxic factors leads to
decrease in the rate of DNA repair and to increase in ROS
(Cieslar-Pobuda et al. 2012; Ryabokon et al. 2008). PARP-
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1 over-activation consumes large amounts of NAD™,
resulting in a massive ATP depletion (Sims et al. 1983;
Szabo and Dawson 1998). Intracellular ATP levels can
affect the form of cell death: a high ATP level leads to
apoptosis, whereas a low ATP level leads to necrosis,
meaning that an intracellular ATP depletion switches the
energy-dependent apoptotic cell death to necrosis (Eguchi
et al. 1997; Los et al. 2002). But it is important that a
complete ATP depletion leads to a yet another type of cell
death, differing from apoptosis and necrosis (“energy-
catastrophe”). This shows that both apoptosis and necrosis
require some ATP (Skulachev 2006).

Mitoptosis

Apoptotic-like change inside mitochondria (mitoptosis, or
death program affecting mitochondria) is a poorly under-
stood process, described mostly by its morphologic
features. Induction of mitoptosis and concomitant disrup-
tion of ATP supply by mitochondria are often followed by
activation of autophagy to assure maintenance of energy
supply (Fig. 3, left panels) (Jangamreddy and Los 2012;
Mijaljica et al. 2010). Mitoptosis may take various forms:
i.e. an inner membrane mitoptosis may occur, in which

EM Fluor. Microscopy

Control

Mitoptosis

Fig. 3 Mitoptosis: ultrastructure and some morphology features.
Mitoptosis, or death program within mitochondria, is a distinctive
process of mitochondria disintegration that may accompany apoptosis
or (precedes) autophagy (Jangamreddy and Los 2012). Left mitoptosis
as seen by electron microscopy (EM). SKBR3 cells are shown. Left
normal mitochondrion, right mitoptotic mitochondria upon treatment
with salinomycin. Right mitoptosis as seen by fluorescence micros-
copy. MCF7 cells that express cytochrome c fused to green-
fluorescent protein are shown. Left cells show normal, elongated
mitochondria; right cells show swollen, round mitochondria upon
treatment with salinomycin (20 uM, 20 h)
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only the internal matrix and cristae are degraded while the
external mitochondrial envelope remains unaltered; or an
outer membrane mitoptosis may happen, where only
swollen internal cristae are detected as remnants. Further-
more, the fate of the degraded mitochondria may differ
under different experimental conditions. The degraded
mitochondria may either end-up in autophagosomes [pre-
dominantly observed in our lab (Jangamreddy and Los
2012)], or the mitoptotic bodies may be extruded from the
cell (Lyamzaev et al. 2008).

During the “outer mitochondrial membrane mitoptosis”,
the mitochondria undergo condensation, followed by
swelling and fragmenting of cristae, and finally the outer
mitochondrial membrane bursts with vesicular remnants of
cristae floating in the cytoplasm. Mitochondrial swelling
could be detected even at the fluorescence microscopy
level, at higher resolutions when, instead of typical elon-
gated “bean-like” shape, they appear round and swollen
(Fig. 3, right panels), before they disintegrate. During the
“inner mitochondrial membrane mitoptosis”, the outer
mitochondrial membrane remains intact, but the cristae
deteriorate. This starts with coalescence, followed by rare-
faction (loss of density) of the matrix, and finally concludes
with degradation of cristae. We have often observed a third,
mixed form of mitoptosis, in which mitochondria undergo
condensation, following by swelling and vesicular frag-
menting of cristae, as in the “outer mitochondrial
membrane mitoptosis”. However, instead of disruption of
the outer mitochondrial membrane, the mitochondria
become engulfed in autophagosomes (Jangamreddy and
Los 2012). Thus, the fate of mitochondria inside stressed
cells may vary, while the study of mitoptosis in different
model systems and the subcellular mechanisms underlying
these processes still await conclusion.

The Interconnecting Role of RIPK1 and RIPK3
Between Necrosis and Other Death Pathways

RIPK1 and RIPK3, both from serine/threonine Kkinases,
play an important role in inducing necrosis; they are reg-
ulated by caspases and ubiquitination. RIPK have three
distinct domains: an N-treminal kinase domain, an inter-
mediary RIP homotypic interaction motif (RHIM)-domain
and a C-terminal death domain (Holler et al. 2000; Van-
denabeele et al. 2010). TNF or TRAIL stimulation results
in induction and formation of a necrosome leading to
activation of RIPK3 that interacts with enzymes controlling
glycolytic flux, glutaminolysis; this would then result in
formation of ROS in the mitochondria (Holler et al. 2000;
Vandenabeele et al. 2010). The activity of RIPKI1 is spe-
cifically associated with necrosis and not with apoptosis.
The discovered necrostatin-1 (Nec-1) specifically blocks
the kinase activity of RIPK1 (Degterev et al. 2008).

In vitro, Nec-1 inhibits TNF-mediated necrosis in 1.929
cells and FasL-induced necrosis in Jurkat cells that are
pretreated with zZVAD-fmk caspase inhibitor or deficient in
FADD (Degterev et al. 2005). RIPK is a necessary com-
ponent for the activation of nuclear factor kB by TNF, but
its overexpression leads to cell death. Concurrently, RIPK-
deficient cell lines are resistant to caspase-independent cell
death (Holler et al. 2000).

There are two hypotheses that describe the possible
RIPK1-activation mechanisms. The first one is that chan-
ges in metabolism by PARP-1 activation result in ATP
depletion as well as intracellular pH reduction due to lac-
tate production under anaerobic conditions during ischemia
leading to RIPKI1 activation and subsequent necrotic cell
death (Van Herreweghe et al. 2010). The second hypothesis
describes the RIPK1 activation via the activation of a
mechanism that can upregulate metabolism, e.g., by auto-
crine TNF production as a response to cellular stress. TNF
is able to activate glycolysis (Matthews 1983). Thus,
autocrine TNF may activate RIPK1. This mechanism has
been shown in cellular stress induced by zVAD-fmk
resulting in TNF-mediated necrosis (Hitomi et al. 2008).
Nonetheless, recently it was demonstrated that RIPK3 is
essential for TNF-induced necrosis (Cho et al. 2011).

RIPK1 associates with RIPK3 to form the already
mentioned necrosome. Its formation needs RIPK1 activity,
and is stabilized through homotypic RHIM associations
between RIPK1 and RIPK3 (Van Herreweghe et al. 2010).
However, under necrotic conditions, RIPK3 also binds to
other metabolic enzymes, e.g., the cytosolic glycogen
phosphorylase (PYGL), the cytosolic glutamate-ammonia
ligase (GLUL) and the glutaminolysis initiating enzyme
GLUDI, which is positively regulating RIPK3 and its
enzymatic activity (Van Herreweghe et al. 2010; Zhang
et al. 2009). These interactions lead to glutamine produc-
tion and the regulation of glycogenolysis.

It has been proposed that RIPK1 and RIPK3 are
responsible for an increased carbohydrate and glutamine
metabolism of the cell, leading to a higher ROS formation
and subsequent necrotic cell death (Los et al. 2009a; Van
Herreweghe et al. 2010). Activity of caspase-8 blocks the
necrotic cell death probably because it cleaves RIPK1 and
RIPK3 (Vandenabeele et al. 2010), and downstream,
through caspase-3 to -7 activation and subsequent PARP-1
cleavage (Los et al. 2002). This indicates the importance of
RIPK1, -3 and PARP-1 for the induction of necrosis.
Concomitantly, the inhibition of caspases leads to
enhanced and accelerated ROS formation (Denecker et al.
2001; Los et al. 2001, 2002).

The release of Ca®™" to the cytosol from the endoplasmic
reticulum or from the extracellular compartment may
accumulate in the mitochondrial matrix, resulting in the
opening of permeability transition pores in the inner
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mitochondrial membrane. This opening results in perme-
ability of the membrane to low molecular mass substances,
normally responsible for osmotic balance between the
matrix and the intramembrane space, finally leading to
swelling and disrupting of mitochondria (Skulachev 2006).

Increased intracellular Ca®* concentrations lead to
activation of calpains, which are intracellular, non-lyso-
somal cysteine proteases that are ubiquitously and
constitutively expressed in mammalian cells (Kar et al.
2009; Stroh et al. 2002; Van Herreweghe et al. 2010).
Activated calpains, for example, cleave the anti-apoptotic
Bcl-XL and Bax, as well as caspase-7, -8 and -9. It is
however not clear if this cleavage inhibits or stimulates
caspase activity (Chua et al. 2000; Lee et al. 2006; Toyota
et al. 2003; Van Herreweghe et al. 2010).

Calpains play an important role in inducing ROS-
dependent, necrotic cell death because they cleave the
mitochondrial Nat/Ca®" exchanger resulting in a higher
Ca®" concentration in the mitochondria, which leads to
constant ROS-production in mitochondria. Furthermore,
calpains contribute to the necrotic cell death of neurons in
Caenorhabditis elegans (Kar et al. 2009; Van Herreweghe
et al. 2010). Ca*" may contribute to necrosis in yet another
way: it may stimulate NOS activity, and thus NO produc-
tion. NO is a strong inhibitor of complex IV of the
mitochondrial respiratory chain, subsequently leading to a
stronger ROS production at complex III (leakage from the
respiratory chain) (Van Herreweghe et al. 2010).

Other Interconnections Between Apoptotic, Necrotic
and Autophagic Pathways

In previous paragraphs, we specifically focused on inter-
connections between apoptosis and autophagic pathways.
Here, interconnection between all three-cell death mech-
anisms will be briefly discussed. For example, the
proteins of the extrinsic death receptor pathways can also
influence autophagy. The death domain of FADD in
normal epithelial cells induces cell death with high levels
of autophagy. The autophagy response involving FADD is
much more pronounced when apoptosis is blocked, i.e.,
by caspase inhibition. This suggests that autophagy and
apoptosis are induced simultaneously by the FADD death
domain, at least in normal epithelial cells (Thorburn
2008), but since apoptotic cell death progresses faster, this
is a dominantly observed form of cell death. The full
onset of autophagy (or necrosis) emerges only when
caspase inhibitors are applied. The usage of caspase
inhibitors clearly visualizes the existence of those alter-
native pathways, which function as back-up if apoptosis is
blocked. The caspase inhibitor zZVAD-fmk may modulate
all three main cell death pathways. zZVAD-fmk has been
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mostly used for blocking apoptotic cell death. Inhibition
of caspase activity by zZVAD-fmk may not only shift the
balance in favor of autophagy, but in some cells, such as
in L929 rodent fibrosarcoma cell line it also switches
apoptosis towards necrosis (Los et al. 2002). The pro-
necrotic action of the caspase inhibitor under these con-
ditions is, at least in part, the result of lack of PARP-1
cleavage/inhibition by caspase-3/caspase-7. PARP-1, that
is normally otherwise cleaved by caspases, becomes hy-
peractivated by apoptotic DNA-damage, and consumes
enormous amounts of ATP (poly-ADP-ribosylaion of
DNA and proteins of DNA-repair machinery), thereby
exhausting the cellular ATP-pool and leading to necrosis
(Los et al. 2002).

Another molecule associated with death receptor,
RIPK1 may connect all the three major death pathways: the
role of RIPKs in necrosis has already been discussed in
earlier paragraphs. Several studies have demonstrated that
RIPK1 plays an important role in initiation of caspase-
independent death. The usage of caspase inhibitors has also
revealed a positive role of CypD and negative roles for
catalase and caspase-8 in caspase-independent cell death
pathways. Necrotic and autophagic cell death pathways are
interconnected by a signaling cascade, which involves
RIPK1, and is negatively regulated by caspase-8. Necrotic
cell death may exhibit a rapid onset, involving ROS pro-
duction, cytoplasmic ATP reduction and other cellular
events. On the other hand, autophagic cell death first starts
as a survival attempt by blocking necrosis and a cleanup of
oxidatively damaged mitochondria (Vandenabeele et al.
2006) (Fig. 4).

As discussed at the beginning, the caspase-dependent
apoptosis triggered by death receptor ligation involves the
assembly of death-inducing signaling complex (DISC)
(Fig. 1). This process results in the induction of apoptosis
through caspase-8-dependent cleavage/activation of effec-
tor caspases or through Bid cleavage and subsequent
activation of the mitochondrial death pathway. Activity of
RIPK1 and RIPK3, that modulate necrosis and autophagy,
is limited by their cleavage by caspase-8, which results in
limitation of autophagy and necrosis. Only in the absence
of robust caspase-8 activity a stable complex between
RIPK1 and RIPK3 is formed, promoting programmed
necrosis and autophagy (instead of apoptosis) (Lu et al.
2011). Death receptor signaling via RIPK1 and RIPK3 has
also been studied in a model involving the assembly of
DISC in isolated membranes/pre-autophagosomal struc-
tures (PAS). Such PAS-DISC promotes caspase-8
activation and subsequent caspase-dependent apoptosis in a
similar fashion as for the cell membrane-bound death
receptor-DISC. Interestingly, the induction of necrosis by
death receptor/DISC-complex is not affected by blockade
of autophagy; however, necrosis induced by PAS/DISC can
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Fig. 4 Modulation of cell
death mode by caspase activity,
and consequences of caspase
inhibition. The broad-spectrum
caspase inhibitor zVAD-fmk
modulates the three major types zVADfmk
of cell death in different ways.

zVAD-fmk blocks apoptotic J_
cell death while it sensitizes
cells to necrotic cell death, and
autophagy, presumably by
shifting the balance from
apoptosis towards necrosis/
autophagy. Autophagy and
necrotic cell death are
interconnected and may
partially consist of common
underlying molecular pathways
involving RIPKs and negative
regulation by caspase-8.
Furthermore, an activatory role
for cyclophilin D and an
inhibitory role for catalase in
caspase-independent cell death
cascades have been
demonstrated (see text for
further details)
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Fig. 5 Reciprocal regulation of apoptosis and programmed necrosis/
autophagy. Upon ligation of death receptor the DISC is assembled,
thus leading to caspase-8 activation. This results in the caspase-8-
dependent cleavage of effector caspases and activation of apoptosis
with reciprocal proteolytic inhibition of RIPK1 and RIPK3. If
however the DISC is formed but beside pro-caspase-8 c-FLIP is
incorporated, caspase-8 activation may not occur, but the DISC will

be blocked by autophagic inhibition (Walsh and Edinger
2010) (Fig. 5).

NAD™ and ATP levels would decrease due to metabolic
stress (like for example, excessive fasting, imbalanced diet,
post-exercise acidosis, or other interferences with cellular
metabolism) and therapeutic stress. This could result in an
increase in ROS and Ca** (Amaravadi and Thompson 2007;
Castro et al. 2006). Cells which cannot efficiently cope with

still serve as a scaffold for RIPK1 and RIPK3 complex assembly,
their cross-phosphorylation and activation of necrosis and/or autoph-
agy. Bid cleavage by caspase-8 (not shown here) will activate the
mitochondrial apoptotic pathway. The threshold for apoptotic cell
death is set by anti-apoptotic factors such as c-FLIP and Bcl22 (not
shown here). RIPK1 and RIPK3 activity is limited by caspase-8-
dependent cleavage, limiting induction of autophagy and necrosis

such stress undergo necrosis. The activation of AMPK
improves survival of cells under low ATP conditions. mTOR
is inhibited by AMPK-dependant phosphorylation; thus
AMPK-activity blocks autophagy. However, AMPK may
promote p53 activation, which in turn may lead to autophagy
or apoptosis by activating Bax and Bak and subsequently
causing cytoplasmic release of cytochrome ¢ and activation
of caspases. Stress-induced autophagy may lead either to cell
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Fig. 6 Cellular energy status and the interplay between necrosis,
apoptosis, and autophagy. ATP depletion due to metabolic stress or
noxious stimuli may cause increase of intracellular calcium (ineffi-
cient Ca-pumps), and ROS (increased mitochondrial oxidation). Cells
that do not adapt to these changes undergo necrotic cell death. The
activation of protective stress regulators, such as AMPK, allows cells
to acutely survive these changes. AMPK-dependent phosphorylation

death or to cell survival unlike apoptosis or necrosis that are
always lethal (Amaravadi and Thompson 2007) (Fig. 6).

Death Pathways and Therapy Implications in Cancer

Autophagy: Its “Janus-faced” Effect in Cancer
Treatment

Autophagy is usually initiated as a pro-survival response
although the net outcome of it is far from certain. Some of
the cancer cells die when autophagic genes are inhibited
whereas some of them die when there is an induction of
autophagic process. So it mostly depends on the make-up
of the tumor cell that decides the fate of autophagy. Below,
some examples on both manifestations of autophagy will
be presented.

Autophagy may be induced in cancer cells as an adapta-
tion mechanism offering resistance against chemo- and
radio-therapy. Inhibiting autophagy and thereby sensitizing
tumor cells to apoptotic cell demise is a new therapeutic
strategy targeting apoptosis-resistant tumors. Chloroquine
and hydroxyl-chloroquine increase pH and thereby inhibits
acidification of lysosomes thus inhibiting autophagy. Syn-
ergistic use of chloroquine and an alkylating agent showed a
remarkable decrease in tumor growth in mice (Amaravadi
et al. 2007). Apart from that siRNA targeted removal of
“Autophagy related gene” (ATG) 5 enhanced p53-mediated
cell death (Amaravadi et al. 2007). These experimental
findings certainly show that inhibition of autophagy can lead
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results in the inhibition of mTOR, and thus activation of autophagy.
AMPK-dependent phosphorylation also activates p53, which can lead
to autophagy or apoptosis, through the activation of Bax and Bak, the
mitochondrial release of cytochrome c, and caspase activation. Unlike
apoptosis or necrosis, stress-induced autophagy may promote cell
survival or cell death

to apoptosis in cancer cells. These drugs are used in com-
bination with other drugs such as bortezomib, bevacizumab,
placlitaxel, carboplatin and oxalipatin to treat a number of
cancers. Chloroquine and hydroxychloroquine drugs, either
alone or in combination with other chemotherapeutic drugs,
are presently in clinical trails for treatment of various can-
cers. For details please see Table 1.

2-Deoxyglucose, a synthetic glucose analog, is a potent
inducer of autophagy in human glioma cells and in prostate
cancer cells (Ben Sahra et al. 2010; Wu et al. 2009).
Induction of autophagy by 2-deoxyglucose is mediated by
activation of elongation factor kinase-2 (eEF2-kinase).
Knock-down of eEF2-kinase using siRNA leads to the
inhibition of autophagy by 2-deoxyglucose (Wu et al.
2009). However, inhibition of autophagy is followed by
rapid decrease in cellular ATP levels and increase in
cytotoxic effects of 2-deoxyglucose by apoptosis. These
results provided evidence indicating that silencing of eEF2-
kinase can shift the cancer cells from the survival auto-
phagic pathway to cell death. Targeting eEF2-kinase in
cancer cells can be a good therapeutic target. In another
study, reported recently, a similar strategy was adopted
(Ben Sahra et al. 2010). The combination of metformin and
2-deoxyglucose has caused apoptosis cell death in prostate
cancer cells. At a cellular level, combination of these two
drugs resulted in p53-dependent apoptosis via energy
sensor AMP pathway. 2-Deoxyglucose caused autophagy
in prostate cancer cells but metformin inhibited autophagy
by downregulating the expression of beclin-1 and trigger-
ing the shift from cell survival autophagy to cell death



Arch. Immunol. Ther. Exp. (2013) 61:43-58

53

Table 1 Clinical trails involving modulation of autophagy in cancer therapy using Chloroquine or its derivates (further information on the listed

trials could be found at: http://www.clinicaltrials.gov)

Type of cancer Agent Clinical trail identification
number
Refractory multiple myeloma Hydroxychloroquine + Bortezomib NCTO00568880
Non-small cell lung cancer Hydroxychloroquine + Carboplatin, Paclitaxel and Bevacizumib NCT00933803
Metastatic breast cancer Hydroxychloroquine + Ixabepilone NCT00765765
Ductal carcinoma Chloroquine alone and Chloroquine 4+ Tamoxifen NCT01023477
Metastatic solid tumors Hydroxychloroquine + Temsirolimus NCT00909831
Metastatic prostate cancer Hydroxychloroquine + Docetaxel NCT00786682
Metastatic colorectal cancer Hydroxychloroquine 4 Capecitabine, Oxaliplatin and Bevacizumib NCT01006369
Advanced solid tumors Hydroxychloroquine 4 Vorinostat NCT01023737

pathway (Ben Sahra et al. 2010). These results show that
targeting the cell survival autophagic pathway, using small
molecule inhibitors, can be a novel therapeutic strategy in
treatment of cancer cells. In radiation resistant cells, the
formation of autophagosomes made the cancer cells resis-
tant to radiation therapy (Rikiishi 2012). Knock-down of
autophagy related genes such as Beclin-1, ATG3, ATG4
and ATGS, using siRNAs, inhibited the formation of
autophagosomes in cancer cells (Rikiishi 2012). Upon
exposure to radiation, these cancer cells underwent p53-
dependent apoptosis indicating that autophagy can act as a
survival mechanism and deregulation of autophagic genes
can lead to sensitization of cancer cells to conventional
therapies. Phenylethynesulfonamide, a small molecule that
targets heat shock protein 70 (Hsp-70), also inhibited
autophagy and lysosomal function thereby causing the
cancer cells to undergo cell death (Leu et al. 2009). The
above findings show that phenylethynesulfonamide can be
a potential therapeutic agent in targeting cancers where
Hsp-70 is highly expressed.

Many tumor cells have reduced autophagic capacity
compared to their normal counterparts. Beclin-1, one of the
proteins essential for autophagy, is mono-allelically deleted
in 40-75 % of sporadic human breast and ovarian cancers
(Aita et al. 1999). Transfection of beclin-1 gene in MCF-7
cells containing low levels of beclin-1 showed that over
expression of Beclin-1 inhibits tumor growth and tumor
formation. Another study examined the role of Beclin-1 in
colon cancer cells indicating that levels of Beclin-1 in
colon cancer cells are variable. Beclin-1 transfection into
colon cancer cells that lost beclin-1 or expressed it at low
levels inhibited the growth of the cancer cells, indicating
that beclin-1 expression can be used as a therapeutic
strategy (Aita et al. 1999; Koneri et al. 2007). Conventional
therapies such as radiation therapy, chemotherapy and
targeted therapies are not suitable for tumors that have
defects in apoptosis. Hence, activation of autophagy,
especially in these types of tumor cells, may prove an

attractive therapeutic strategy. For example, pancreatic
cancer is an aggressive malignant disease often resistant to
standard chemotherapeutic agents and radiation therapy.
Growth of pancreatic cancer cells can be inhibited via
autophagy by targeting protein kinase C-delta (PKCJ)
(Akar et al. 2007). In addition, siRNA mediated knock-
down of PKCSd-induced growth inhibition through
autophagy without inducing apoptosis in pancreatic cancer
cells.

Bcl2 proto-oncogene is expressed in ~80 % of breast
cancers (Krajewski et al. 1999). Overexpression of Bcl2
makes breast cancer cells potentially resistant to radio-,
chemo- and hormone-based therapy. Silencing of Bcl2 via
siRNA potentiates the propensity of MCF-7 breast cancer
cells to undergo autophagy (Akar et al. 2008). However,
knock-down of the autophagy genes ATGS5 and beclin-1
inhibits autophagy in Bcl2 knock-down cells, indicating
that targeted down-regulation of Bcl2 induces autophagy.
Furthermore, the results showed that doxorubicin induces
autophagy at lower concentrations while at higher con-
centrations it induces apoptosis. Low doses of doxorubicin
in combination with knock-down of Bcl2 increased
autophagy in tumor cells and reduced the tumor growth
(Akar et al. 2008). These results provide evidence indi-
cating that knock-down of Bcl2 is a potential therapeutic
strategy.

Renal cell carcinoma is particularly refractory to the
standard therapies (Turcotte et al. 2008). The von Hippel-
Lindau (VHL) tumor suppressor gene is inactivated in
75 % of the renal cell carcinomas (Turcotte et al. 2008).
STF-62247 is a small compound that specifically targets
the VHL deficient cancer cells, thereby inhibiting the
growth of the tumor cells by inducing extensive autophagy
(Turcotte et al. 2008). VHL deficient cells exhibited higher
acidification of autolysosomes in response to STF 62247
and hence underwent autophagy. Knock-down of autoph-
agy genes such as ATGS5, ATG7 or ATGY prevented the
autophagy induction by STF 62247, indicating that STF

@ Springer



54

Arch. Immunol. Ther. Exp. (2013) 61:43-58

62247 induces autophagy in VHL deficient cells (Turcotte
et al. 2008). These findings show that induction of
autophagy using small molecules is a viable therapeutic
strategy.

Potentiation of Apoptosis in Cancer Therapy

The role of apoptosis in cancer therapy has been exten-
sively studied (Ghavami et al. 2009; Los 2009; Los et al.
2003). However, finding suitable and reliable drugs for
treatment of various cancers is still a challenge for the
medical community. Now it seems logical to focus on
some new findings on cancer therapy and refer to drugs that
target p53 and Bcl2 family of proteins that are known to
affect autophagy and necrosis.

p53 is mutated and its tumor suppression function is lost
in well over 50 % of cancers (Hanahan and Weinberg
2000). Thus, the restoration of p53 function is an attractive
therapeutic strategy. Introduction of wild-type p53 using a
replication-deficient adenoviral vector inhibited human
lung cancer cell growth both in vitro and in vivo (Fujiwara
et al. 1993; Vincent and Los 2011). This adenoviral-p53
under the brand name Gendicine or Advexin is in clinical
trails in China and the United States. These drugs are well
tolerated by patients with head and neck and lung cancer
(Wang and Sun 2010); they are also successful as single
agents or in combination with other chemotherapeutic
drugs and radiation therapy.

A small molecule called RITA (reactivation of p53 and
induction of tumor cell apoptosis) induces apoptosis in
various tumor cells in a p53-dependent manner. Bio-
chemically, RITA disrupts the interaction of p53 with its
inhibitor MDM2 thereby inducing massive apoptosis both
in vitro and in vivo (Ande et al. 2009). RITA-activated p53
represses the transcription of a number of anti-apoptotic
proteins such as Bcl2, MAP4, Mcl-1, Survivin, and blocks
Akt pathway at several levels (Grinkevich et al. 2009).
Inhibition of these anti-apoptotic proteins by RITA-acti-
vated p53 induced massive apoptosis in tested cancers.
These results certainly refer to potentials of RITA, as a
therapeutic drug, both individually or as a combined ther-
apy. One has to keep in mind that Akt does not always
fulfill pro-survival functions. As recent reports have shown,
Akt may become pro-apoptotic if it enters the nucleus
(Chen et al. 2011; Los et al. 2009b; Maddika et al. 2007,
2008, 2009).

Another class of small molecules, nutlins, strongly bind
to MDM2 thereby inhibiting its interaction with p53 and
elevating the levels of active p53. Nutlin-3 very efficiently
induces apoptosis in various tumors such as breast cancer,
lymphocytic leukemia, as well as retinoblastoma and
osteosarcoma (Secchiero et al. 2007, Sonnemann et al.
2011; Zhang et al. 2011). In combination with
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chemotherapy, nutlin-3 is very effective against lympho-
cytic leukemia, lung cancer, neuroblastoma and prostrate
cancer (Schmitt et al. 2004). In addition, according to a
more recent study (Hori et al. 2010), nutlin-3 can enhance
the TRAIL-induced apoptosis through upregulation of
DRS5-receptor both at mRNA and protein level in human
colon cancer cells and sarcoma cells (Hori et al. 2010).
These results show that nutlin-3 and TRAIL synergistically
elevated the levels of apoptosis (Hori et al. 2010).

The anti-apoptotic Bcl2 family of proteins, such as Bcl2,
Bcl-XL, Mcl-1, Bcl-B etc., is often over-expressed in
various cancers and confers resistance to anti-neoplastic
drugs. The role of such proteins in regulating autophagy
and necrosis was highlighted in previous paragraphs.
Hence, targeting Bcl2 anti-apoptotic proteins is one of the
prominent strategies to combat cancer at least in a setting
where anti-apoptotic proteins are over expressed.

Gossypol is a phenolic compound found in the roots,
stem and seed of the cotton plant (Kang and Reynolds
2009). Natural gossypol is a racemic mixture; however
only one of its forms, the levo-gossyposl (AT101) is very
effective in inhibiting anti-apoptotic proteins such as Bcl2,
Bcl-XL and Mcl-1. Chronic lymphocytic leukemia is
resistant to various chemotherapeutic drugs and this is due
to the over expression of Bcl2 family of anti-apoptotic
proteins. Administration of ATI10l1 to the CLL cells
induced apoptosis by down regulating Mcl-1 and overcame
the resistance that is developed when using the other drugs
(Balakrishnan et al. 2009). Another report provides evi-
dence that AT101 markedly enhances the anti-tumor
effects of chemotherapeutic agents both in vitro and in vivo
(Paoluzzi et al. 2008). Synergetic treatment of AT101 with
etoposide, doxorubicin and carfilzomib in mantle cell
lymphoma effectively induced apoptosis and increased the
efficacy of the above drugs (Paoluzzi et al. 2008). In drug-
resistant severe immuno-deficient mice models of B cell
lymphoma, addition of ATI101 in combination with
cyclophosphamide or rituximab increased efficacy of these
drugs (Paoluzzi et al. 2008). These results certainly provide
convincing evidence that AT101 can be used as a chemo-
therapeutic drug and it is presently in phase I/II stage of
clinical trails.

Oblimersen is an 18-mer phosphorothiolate anti-sense
oligonucleotide designed to target Bcl2 mRNA. Oblimer-
sen effectively inhibited mRNA of Bcl2 by binding to the
first six codons of Bcl2 mRNA (Moreira et al. 2006).
Oblimersen induced apoptosis in tumor cells by inhibiting
the Bcl2 and thereby up-regulated the expression of proa-
poptotic Bax (Emi et al. 2005). Apart from that, this drug
also released Smac/DIABLO from mitochondria, which
antagonize the inhibitors of apoptosis proteins released
from mitochondria (Emi et al. 2005). Oblimersen is com-
bined with docetaxel, adriamycin and cyclophosphamide in
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treatment of breast cancer and these combinations are
presently in clinical trails (Rom et al. 2008). In addition,
oblimersen in combination with other drugs is in clinical
trails for treatment of various cancers such as multiple
myeloma, melanoma, small lung cancer and non-Hodg-
kin’s lymphoma (Kang and Reynolds 2009).

GX15-070 (Obatoclax) is another novel pan-Bcl2
inhibitor that induces apoptosis in acute myeloid leukemia
(AML) cell lines and also in primary AML cells (Ko-
nopleva et al. 2008). GX15-070 promoted the release of
cytochrome ¢ from mitochondria and released pro-apop-
totic proteins such as Bak and Bim. These results show that
GX15-070 can be used as a drug in treatment of AML. In
addition, preclinical studies with GX15-070 on multiple
myeloma cells show that GX15-070 is very effective in
treatment of multiple myeloma (Trudel et al. 2007). GX15-
070 inhibited binding of Bak to Mcl-1, elevating the levels
of Bim. It also promoted the release of cytochrome ¢ from
mitochondria and activated caspase-3 in various human
myeloma cells (Trudel et al. 2007). In some of the cancer
cells Mcl-I conferred resistance to apoptotic cell death
induced by either ABT-737 (A small molecule that targets
Bcl2) or bortezomib (Proteosome inhibitor). Synergetic use
of GX15-070 with either ABT 737 or bortezomib over-
comes the apoptotic resistance in cancer cells (Nguyen
et al. 2007). These experimental findings show that GX15-
070 can be used in combination with other drugs and can
overcome apoptosis resistance.

Closing Remarks

Cancer is a frequently occurring genetic disease (Wiechec
2011; Wiechec and Hansen 2009; Wiechec et al. 2011).
Beside environmental factors, viral infections and life-style
are responsible factors for its increasing frequency (Ala-
vian et al. 2011; Gurevich-Panigrahi et al. 2009). Natural
products are a frequent inspiration for the development of
new anti-cancer drugs (Ghavami et al. 2010; Gokay et al.
2010; Panigrahi et al. 2012). As outlined above, much
attention in recent years has been paid to experimental
drugs that modulate autophagy or apoptosis. While several
promising experimental anti-cancer or anti-degenerative
drugs that could modulate both pathways have been
developed, one has to exercise some caution with respect to
autophagy modulating drugs (Alavian et al. 2011). Modu-
lation of autophagy alone will not possibly show much
clinical effect, due to its highly interconnected nature and
the fact that low-level autophagy would generally promote
cell survival, and that autophagy process will kill the tar-
geted cell only when it is excessive. Therefore, as indicated
in previous paragraphs, autophagy-modulating anti-cancer
or anti-degenerative drugs, when clinically implemented,

would most likely be used in conjunction with other ther-
apeutics. Accordingly, such drugs would strengthen the
desired effect of autophagy for pro-cell death in cancer or
pro-survival in degenerative diseases when they work
together. As such, despite all the limitations indicated, the
authors are firmly convinced that autophagy-modulating
drugs will become a clinical reality in near future.
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