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Abstract: Most anticancer treatments trigger tumor cell death through apoptosis, where initiation
of proteolytic action of caspase protein is a basic need. But under certain circumstances, apoptosis
is prevented by the apoptosis inhibitor proteins, survivin and Hsp70. Several drugs focusing on
classical programmed death of the cell have been reported to have low anti-tumorogenic potency due
to mutations in proteins involved in the caspase-dependent programmed cell death with intrinsic
and extrinsic pathways. This review concentrates on the role of anti-cancer drug molecules targeting
alternative pathways of cancer cell death for treatment, by providing a molecular basis for the
new strategies of novel anti-cancer treatment. Under these conditions, active agents targeting
alternative cell death pathways can be considered as potent chemotherapeutic drugs. Many natural
compounds and other small molecules, such as inorganic and synthetic compounds, including
several repurposing drugs, are reported to cause caspase-independent cell death in the system.
However, few molecules indicated both caspase-dependent as well caspase-free cell death in specific
cancer lines. Cancer cells have alternative methods of caspase-independent programmed cell death
which are equally promising for being targeted by small molecules. These small molecules may
be useful leads for rational therapeutic drug design, and can be of potential interest for future
cancer-preventive strategies.

Keywords: caspase-dependent programmed cell death; caspase-independent programmed cell death;
apoptosis; apoptosis inducing factor AIF

1. Introduction

For many years, programmed cell death (PCD), which generally involves proteases
like caspases, has been used as a focal killers of cells, and has played a significant role
in apoptosis [1-3]. Caspases are aspartate-directed cysteine-dependent proteases that
exist as multi-member families in metazoans such as humans and Drosophila [4-6]. How-
ever, Drosophila initiator caspase (Dronc), an ortholog of human caspase, functions in both
apoptotic and non-apoptotic pathways by controlling the mechanism of ubiquitylation
of the ortholog protein [7]. Caspases remain as inactive zymogens in cells and undergo
a succession of catalytic processes that lead to the process of cell death. Active caspase
during apoptosis causes proteolytic degradation of cellular structures, such as the cell
junctions, cytoskeleton, Golgi apparatus, mitochondria, endoplasmic reticulum and the
nucleus, ultimately causing programmed cell death [8]. However, an increasing number of
recent studies support the existence of alternative cell death pathways. Although there are
some differences of opinion regarding the terminology of the various forms of PCD, in the
majority of the current literature, the term apoptosis is solely used for caspase-dependent
death of the cell [2,3,9-16]. With the emerging evidence in the literature [1,3,17-21], cell
death has been divided and modified into different forms. According to category, these
are: (1) Classical apoptosis or caspase-dependent programmed cell death (extrinsic and
intrinsic apoptosis) (Figure 1) Classical, caspase-dependent apoptosis through the extrin-
sic pathway [22,23] is initiated by receptor binding and the recruitment of FADD- and
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TRADD-like adapter molecules to the death domain (DD). This is followed by the binding
of procaspase-8 to the death effector domains (DED) of these adaptor molecules, then
activation of caspase-8 takes place. Caspase-8 then either directly activates caspases-3 and
-7 or activates the cytosolic protein, Bid (Bcl2 protein family), which moves to the mitochon-
dria, causing the release of cytochromeC. Classical, caspase-dependent apoptosis occurs
through the intrinsic pathway [9-11], which is initiated when cellular stresses, including
heat shock, DNA damage and oxidative stress causes mitochondria to release cytochrome c
or Smac/DIABLO to the cytosol. The release of cytochrome ¢ may be attained by members
of the Bcl2 protein family, as in the extrinsic pathway. Cytochrome c then leads to the forma-
tion of a high molecular weight, apoptosome, which is a caspase-activating complex and is
a heptamer comprised of seven Apaf-1 adaptor molecules, each bound to one molecule of
cytochrome ¢, and a dimer of the initiator caspase-9. This, in turn, results in the activation
of caspase-9 followed by cleavage and activation of caspases-3 and -7, the effector caspases.
Both of these pathways are characterized by less compact chromatin condensation and
fragmentation, DNA cleavage with ladder formation and phosphatidylserine exposure
associated with membrane blebbing. DNA damage and other stress signals may trigger an
increase of p53 proteins, which have three major functions: growth arrest, DNA repair and
apoptosis (cell death). The growth arrest stops the progression of the cell cycle, preventing
replication of damaged DNA.; (2) Other forms of programmed cell death viz. Autophagy
(an evolutionary ancient and highly conserved catabolic process in which cytoplasmic
material is cloistered in double-membrane vesicles and self-degraded after delivering to the
lysosome) [24,25], Anoikis (apoptosis is caused when contact with the extracellular matrix
is lost) [26,27], Pyroptosis (commonly triggered by infection with intracellular pathogens
causing lytic-programmed cell death and is highly inflammatory) [28,29], Necroptosis
(programmed necrosis that occurs without the activation and presence of both caspase
and chromatin condensation and is caused when plasma membrane integrity is lost and
is followed by phosphorylation of the pseudokinase-mixed lineage kinase domain like
MLKL/pMLKL mediated by receptor-interacting kinase 3 RIPK3) [30-32], Ferroptosis (iron
dependent cell death which is characterized by accumulation of lipid peroxides and subse-
quent membrane damage) [33-35]; (3) Necrosis, which is a passive, uncontrolled cell death
process that is characterized by cellular swelling and broken membranes, with random
and smeared DNA fragmentation and cell lyses eliciting an inflammatory reaction [36]
and (4) Caspase-independent programmed cell death (which is associated with partial
chromatin condensation, no DNA laddering, nuclear shrinkage but no fragmentation,
abundant autophagosomes, vacuolated cytoplasm and ragged plasma membrane) [17,37].
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Figure 1. A schematic representation depicting the molecular pathways with the biomarkers of
caspase-dependent programmed cell death: intrinsic and extrinsic pathways. [The intrinsic pathway
(LHS in the figure) begins inside a cell that is mitochondrial-mediated, where apoptosis is initiated
when cellular stresses caused by damage of DNA, shock due to heat and oxidative stress, causing
the release of cytochrome ¢ or Smac/DIABLO from the mitochondrial intermembrane space to the
cytosol, takes place. Release of cytochrome c is achieved by Bcl2 protein family (Bax, Bid), which
translocate to the mitochondria, and/or oligomerize within mitochondrial membranes, forming
pores which in turn releases cytochrome c to the cytoplasm from the mitochondrial intermembrane
space. Released cytochrome c, in turn, binds to Apaf-1, a cytosolic protein that normally exists as an
inactive monomer. The binding of cytochrome c induces a conformational change in Apaf-1, allowing
it to bind the nucleotide dATP or ATP. The nucleotide binding to the Apaf-1-cytochrome ¢ complex
triggers its oligomerization to form the apoptosome (a high molecular weight heptameric compound).
Apoptosome activates caspase-9, which then cleaves, and thereby, activates the effector caspases,
caspases-3 and -7. DNA damage and other stress signals may trigger the increase of p53 proteins.
The extrinsic pathway (RHS in the figure) begins outside a cell that is receptor-mediated and initiated
by receptor ligation, trimerization and recruitment of adapter molecules like FADD and TRADD
to the death domain (DD), forming a complex known as the death-inducing signaling complex
(DISC). Procaspase-8 then binds to the death effector domains (DED) of the adaptor molecules,
which is then followed by oligomerization and activation of caspase-8. Caspase-8 then either directly
activates the executioner caspases-3 and -7 or activates the cytosolic protein, Bid, to translocate into
the mitochondria, causing the release of cytochrome c].
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2. Molecular Pathways of Caspase-Independent Programmed Death of Cell

Caspase-independent cell death CI-PCD had been originally considered in the fis-
sion yeast Schizosaccharomyces pombe, where the yeast genome was without any caspase
genes. This observation proved that during evolution, advent of cell death by caspase-
independent pathways might have happened prior to caspase-dependent classical apop-
tosis pathways [38]. However, recently, it has been highlighted that cyanobacterial PCD
helped in understanding the incipient mechanism of PCD morphotype(s), about the ori-
gin of eukaryotic PCD [39]. Moreover, extensive research on metacaspases in relation to
its versatile functions have been reported in plants and non-metazoans, which are also
significant enough to highlight its origin [40]. Intracellular molecular factors like TNF-«,
Fas/APO-1, IFN-y, molecular Iodine (Iy), nitric oxide and CD47 have been reported to
activate programmed cell death by caspase-independent pathway [41-47]. Another cellular
extract, IMMUNEPOTENT C-reactive protein (I-CRP) that acts as an immunomodulator, is
a Bovine dialysable leukocyte extract which induced cell cycle arrest in the G2/M phase,
causes mitochondrial damage and ROS-mediated caspase-independent cell death in HeLa
cells [48]. As with the caspase-dependent cell death pathway, the key regulator of pro-
grammed cell death in the absence of caspase is the mitochondrion, which, in turn, causes
a sequence of events. Apoptotic stimulus causes translocation of the pro-apoptotic protein,
Bax, from cytoplasm to mitochondrion. This translocation is caused by the activation of
proteases, calpains and cathepsins. It is the lysosomes that release cathepsins and calpains,
which are triggered, following the influx of Ca?* in the cell activated by stressed endoplas-
mic reticular ER [48]. Furthermore, cleavage and translocation of Bid from cytoplasm to
the mitochondrion and the cleavage of AIF (apoptotic inducing factor) also required the
involvement of cathepsins and calpains. It is the Bax and cleaved Bid at the mitochondrial
membrane that cause loss of mitochondrial membrane potential, which, in turn, causes the
release of cleaved AIF (tAIF) and Smac/DIABLO due to increased membrane permeability.
Cleaved AIF ultimately translocates to the nucleus, and together with endonuclease G,
causes condensation of chromatin and fragmentation of DNA. Smac/DIABLO, on the other
hand, neutralizes apoptotic inhibitory proteins [46,47]. The molecular pathway has been
schematically represented in Figure 2. Caspase-independent cell death occurs under dif-
ferent circumstances. The drug efflux protein, P-glycoprotein, mediated MDR (Multidrug
resistance), often expresses caspase-independent cell death triggered by Granzyme B and
pore-forming proteins or intact NK cells [49-51]. Additionally, even excessive expression
of Bcl-xL (anti-apoptotic proteins) and Bcl-2 make the tumor cells tremendously resistant
to the diverse cytotoxic stresses caused by irradiation and cytotoxic drugs [41,52]. Fur-
thermore, cell death induced by oncogenic Ras in the absence of caspase activation, is not
inhibited by the overexpressing Bcl-2 protein [53]. Even overexpression of Bax often induces
cell death where caspase is not required [54]. Bcl-2 and Bcl-xL proteins protect cell from
both the types of cell death pathways, caspase-dependent and independent [41,52]. Again,
the anti-tumor effect of cytotoxic T lymphocytes (CTL) is executed through two different
pathways. The first pathway, which is caspase-dependent, is where the target cell death
is triggered through CD95-CD95L ligation on the surface cytotoxic T lymphocytes. The
second pathway includes exocytosis of preformed granules which act as lytic effectors,
capable of processing caspases and initiating apoptosis [55]. The mechanism involves
the insertion of perforin, a pore forming protein, into the target cell membrane, which, in
turn, facilitates entry and release of the serine proteases, granzymes (Gr), from endosomal
compartments. Interestingly, nuclear apoptosis induced by granzyme B, GrB, depends
completely on caspase activation, whereas, GrA-induced nuclear condensation and DNA
damage are independent of caspase activation [55,56]. The CD47 antigen, which is promi-
nently expressed on hematopoietic and nonhematopoietic cells, has also been reported to
induce cell death in normal and leukemic cells. The CD47 antigen is caspase independent
and was defined by exposure of phosphatidylserine (PS), cell shrinkage and mitochondrial
matrix swelling in complete absence of nuclear degradation [42]. Thus, tumor cells can be
killed by some alternative pathways bypassing the requirement for caspases.
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Figure 2. A schematic representation depicting the molecular pathways with the biomarkers of
caspase-independent programmed cell death pathway. [Mitochondria is the main regulator which
initiates number of events. In response to a stimulus, Bax, the pro-apoptotic protein, translocates to
the mitochondrion. This translocation is controlled by cathepsins and calpains activity. Cathepsins
are released from the lysosomes and calpains are activated by endoplasmic reticulum ER stress
induced Ca?* influx in the cell. Cathepsins and calpains also cause cleavage and translocation of Bid
to the mitochondrion and cleavage of AIF. The presence of Bax and cleaved Bid at the mitochondrial
membrane induces mitochondrial depolarization, thereby causing increased membrane permeability,
which, in turn, causes the release of cleaved AIF (sAIF) and Smac/DIABLO. sAIF translocates
to the nucleus where it, jointly with endonuclease G, induces chromatin condensation and DNA
fragmentation of high molecular weight fragments of ~50 kb].

3. Molecular Agents Inducing Caspase-Independent Programmed Cell Death
3.1. Synthetic Molecules

Several synthetic molecules have been reported to induce cancer cell death without
involving caspases (vide infra). Apoptosis caused by two kinds of tetracycline analogues TC-
NAs viz. COL-3 (chemically modified tetracycline-3; 6-dimethyl, 6-deoxy, 4-dedimethylamino
tetracycline) and doxyclycline DOXY, were studied in colon cancer cell line HT29 and
evaluated to induce mitochrondria-mediated apoptosis through both caspase-dependent
and caspase-independent pathways [57]. Both of the TCNAs have been reported to act in a
dose- and time-dependent manner and inhibit the proliferation of six different colorectal
cancer cell lines. COL-3 activated the caspase-dependent apoptotic pathway, whereas
DOXY predominantly induced caspase-independent pathway. Inhibitory changes were
observed by 10 ug/mL COL-3 and 20 pg/mL DOXY. COL-3 had a stronger effect on the
cancer cells than DOXY. COL-3 produced the increase in cytosolic cytochrome ¢ and de-
crease in mitochondrial membrane potential after 3 h of treatment, and thereafter, activated
caspases. While in the case of DOXY, these changes were observed after 24 h of treatment.
Bax translocation was not a prerequisite for cytochrome c releasing in COL-3 treatment.
Pretreated pancaspase inhibitor (Z-VAD-FMK) reduced COL-3 and DOXY mediated apop-
tosis up to 81.3 and 35.3%, as compared with nontreated cells, respectively. Endonuclease
G and apoptosis-inducing factor were also released into cytosol after the treatment of
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TCNAs, which indicated that the caspase-independent apoptotic pathway is also one of
the key mechanisms for the treatment of TCNAs. Taken together, TCNAs could have
strong potentials as antiproliferative drugs in treating colorectal cancers. Another synthetic
drug, Bobel 24/ AM-24 (2,4,6-triiodophenol) and derivatives have been reported to follow
caspase-independent pathways in leukemia and several human pancreatic carcinoma cell
lines (NP18, NP9, NP31, and NP29). This mechanism may overcome poor prognosis and
resistance to apoptosis observed in pancreatic carcinoma [58]. Except for the NP9 cell line,
these compounds induced cytotoxicity and DNA synthesis inhibition, inducing apoptosis
in all cell lines. Caspase and/or poly(ADP-ribose) polymerase-1 (PARP-1) activity inhibi-
tion was observed in NP18 and a caspase-independent process was shown in NP9. While,
in the NP29 and NP31 cell lines, both caspase-dependent and caspase-independent cell
death mechanisms coexisted. Cell death was associated with reactive oxygen species (ROS)
production, mitochondrial depolarization, cytochrome ¢ and apoptosis-inducing factor
(AIF) release, AIF nuclear translocation and lysosomal cathepsin release. Inhibition of
ROS production, mitochondrial pore permeability, PARP-1, or phospholipase A2 partially
prevented cell death. Hepatocellular carcinoma is also highly chemoresistant to currently
available chemotherapeutic agents. A synthetic 6,7-substituted 2-phenyl-4-quinolone,
CHM-1, (2/-fluoro-6,7-methylenedioxy-2-phenyl-4-quinolone), has been identified as a se-
lective and potent anti-mitotic anti-cancer agent for human HCC (hepatocellular carcinoma)
that acts without activation of the caspase cascade [59]. CHM-1 induced growth inhibition
in a concentration-dependent manner in cell lines viz, HA22T, Hep3B and HepG2. It in-
teracted with tubulin at the colchicine-binding site and inhibited tubulin polymerization
thereby causing microtubular disorganization. CHM-1 caused cell cycle arrest at the G2-M
phase by activating Cdc2/cyclin B1 complex activity. However, cyclin-dependent kinase
inhibitor significantly reduced CHM-1-induced cell death, activation of Cdc2 kinase activity
and increase of MPM2 (mitotic protein monoclonal 2) phosphoepitopes. CHM-1 did not
control the caspase cascade and is reported to remain unaffected by pan-caspase inhibitor
Z-VAD-FMK. However, CHM-1 induced the translocation of apoptosis-inducing factor
(AIF) from mitochondria to the nucleus. Small interfering RNA targeting AIF substantially
weakened CHM-1-induced AIF translocation. Notably, CHM-1 has been studied to inhibit
tumor growth and prolonged the lifespan in an in vivo model inoculated with HA22T
cells. Apparently, the synthetic molecule activates the caspase-independent pathway by
triggering the AIF translocation from the mitochondria to the nucleus.

3.2. Inorganic Molecules

The inorganic compound, Arsenic trioxide (As;Os), uses both caspase-dependent
and caspase-independent cell death pathways in myeloma cells [60]. It causes caspase-
independent cell death in cutaneous Tcell lymphoma cell lines: HuT-78, SeAx, Myla, and
in peripheral blood mononuclear cells from patients with Sézary syndrome, triggered
by ascorbic acid (vitamin C) [61]. The viability of the cutaneous T cell lymphoma was
studied by different biochemical assays viz. propidium iodide-annexin-V dual staining,
terminal deoxyuridine triphosphate nick end labeling (TUNEL), cell cycle analysis, mi-
tochondrial transmembrane potential alterations, cytochrome c release and detection of
processed caspase-3. Both in vitro and in vivo effects of As;O3 induce apoptosis in a time
and concentration dependent manner. However, ascorbic acid of 100 uM potentiated
As;O3-induced Sézary cell death, whereas IFN-« interferon-alpha had no collaborative
effect. AspOs-induced Sézary cell death involved activation of caspase-3, cleavage of
poly(ADP-ribose)polymerase and cytochrome c release, but was only partially inhibited
by the pancaspase inhibitor Z-VAD fluoromethylketone. Hence, these results demonstrate
that As,O3 synergizes with ascorbic acid to induce Sézary cell death at clinically attainable
concentrations through a partially caspase-independent pathway and provide a justifica-
tion for further in vivo studies. However, recently, sodium arsenite and arsenic trioxide
have been reported to execute necroptotic cell death of the L929, mouse fibrosarcoma cell
line via a RIP3 receptor-interacting protein 3-dependent pathway [62]. Both the pathways
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are complementary in cadmium-induced apoptosis in the rat proximal tubular cells [63].
Here BNIP-3(Bcl-2/adenovirus E1B 19-kDa interacting protein 3) acts as an upstream
factor, inducing translocation of apoptotic-inducing factor and endonuclease G. Besides,
cadmium also induces mitochondria-ROS pathway in MRC-5 lung fibroblasts and causes
caspase-independent cell death [64]. It causes caspase-independent apoptosis at concentra-
tions ranging from 25 to 150 uM, which was controlled by reactive oxygen species (ROS)
scavengers, such as N-acetylcysteine (NAC), mannitol and tiron. Consistently, the intracel-
lular hydrogen peroxide (H,O,) was 2.9 fold raised after 3 h of cadmium treatment and
diminished quickly within 1 h, as detected with 2,7-dichlorodihydrofluorescein diacetate
(DCFH-DA) staining. Using oligomycin A and rotenone, inhibitors of the mitochondrial
electron transport chain and mitochondrial permeability transition pore (cyclosporin A and
aristolochic acid), it was found circumstantially that ROS production, mitochondrial mem-
brane depolarization and apoptotic content were almost completely or partially stopped.
Moreover, as was also revealed by confocal microscopy staining and an anti-AIF antibody,
the downfall of mitochondrial membrane potential induced by cadmium was an intro-
duction to the translocation of caspase-independent pro-apoptotic factor, AIF, into the
nucleus. Molecular iodine also induces caspase-independent apoptosis in breast carcinoma
cell lines viz., MCF-7, MDA-MB-231, MDA-MB-453, ZR-75-1 and T-47D, involving the
mitochondria-mediated pathway. The apoptosis mechanism includes DNA fragmentation
analysis confirmed by inter-nucleosomal DNA degradation. Terminal deoxynucleotidyl
transferase-mediated dUTP nick-end labeling established that iodine induced apoptosis
in a time- and dose-dependent manner in MCF-7 cells. Iodine dissipated mitochondrial
membrane potential, exhibited antioxidant activity, and caused reduction in total cellular
thiol content. Western blot results showed a decrease in Bcl-2 and up-regulation of Bax, and
a study by Immunofluorescence confirmed the activation and mitochondrial membrane
localization of Bax. Ectopic Bcl-2 overexpression did not prevent iodine-induced cell death.
Iodine treatment causes the translocation of apoptosis-inducing factor from mitochondria
to the nucleus, and treatment of N-acetyl-L-cysteine prior to iodine exposure restored basal
thiol content and ROS levels, and completely inhibited nuclear translocation of apoptosis-
inducing factor and subsequently cell death, indicating that thiol depletion may play an
important role in iodine-induced cell death [46].

3.3. Natural Compounds

Furthermore, many natural compounds also have antitumorigenic properties by
caspase-independent programmed cell death pathway. For example, Vitamin D and its two
analogues, EB 1089 and CB 1093, which activate CIPCD in breast cancer cell lines, MCF7
and T 47D, by activating cathepsin D and are inhibited by Bcl-2, but do not require p53
or the caspases [65]. The signaling pathways mediating the events of apoptosis induced
by these natural compounds cause growth arrest followed by apoptosis in both the cell
lines at concentrations varying from 1 to 100 nM, where p53 is not involved for growth-
inhibitory effects. Unexpectedly, apoptosis induced by these compounds is independent
of caspases and inhibition of caspase activation by different caspase inhibitors showed
no effect on the induction of growth arrest or apoptosis by these analogue compounds.
Moreover, overexpression of caspase-3 in MCF-7 cells had no effect on vitamin D com-
pounds, and neither caspase-3-like protease activity nor cleavage of a caspase substrate
poly(ADP)ribose polymerase was detected from apoptotic cells following the treatment
with these compounds. Overexpression of an anti-apoptotic protein, Bcl-2, in MCF-7 cells
further conferred a protection from apoptosis induced by vitamin D compounds. An
alkaloid, staurosporine, isolated from Streptomyces staurosporeus, exhibits anti-cancer ac-
tivity by Cathepsin D mediating cytochrome c released in human fibroblast. Cathepsin
D triggers Bax activation, resulting in relocation of apoptosis inducing factor (AIF) in
T-lymphocytes, leading to apoptosis [66,67]. Activated human T lymphocytes exposed to
apoptotic stimuli by staurosporine showed early caspase-independent phase character-
ized by cell shrinkage and peripheral chromatin condensation. During this phase, AIF
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is released from the intermembrane space of mitochondria, Bax undergo conformational
changes, relocation to mitochondria, and insertion into the outer mitochondrial membrane
in a Bid-independent manner. The subcellular contribution of different cathepsins for
caspase-independent factors responsible for Bax activation and AIF release was analyzed.
Cathepsins were translocated from lysosomes to the cytosol. Thus, the novel sequence of
events involves cathepsin triggers Bax activation, Bax induces the selective release of mito-
chondrial AIF, and the latter is responsible for the early apoptotic changes. The functional
glycoprotein, thrombospondin-1 triggers caspase free cell death in promyelocytic leukemia
NB4 cells and freshly isolated monocytes and monocyte-derived dendritic cells through
thrombospondin-1 membrane receptors CD47 and o v33 [68]. Other triggering events
were characterized by the instantaneous permeability of the plasma membrane, exposure
of phosphatidylserine, decreased mitochondrial membrane potential and by fragmented
DNA sequences [67]. Though mitochondria membrane depolarization was essential to
thrombospondin-laction, it did not release death-promoting proteins like non-caspase
apoptosis regulators, apoptosis-inducing-factor AIF, endonuclease G, or caspase regulators,
cytochrome c or second mitochondrial activator of caspase/direct inhibitor of apoptosis
protein-binding protein with low isoelectric point Smac/DIABLO. Reactive oxygen species
(ROS) production was also not involved in the death process. Another natural compound,
selenite, was capable of inducing CIPCD in the cervical cancer cell lines HeLa and Hep
2 cell lines. The pathway involves oxidative stress-mediated activation of p53 and p38,
accumulation of Bax and release of AIF and Smac/DIABLO without activation of caspases.
Despite this, even with co-treatment with the caspase inhibitor, Z-VAD-FMK, cell death
was observed [69]. Selenite at concentrations of 5 and 50 umol/L during 24 h of exposure
in the HeLa and Hep-2 cell lines produced time- and dose-dependent suppression of DNA
synthesis and induced DNA damage, which resulted in phosphorylation of histone H2A X.
Following the DNA damage, selenite activated the p53-dependent pathway, as evidenced
by the appearance of phosphorylated p53 and the accumulation of p21 in the treated
cells. Additionally, selenite also activates the p38 pathway. Ultimately, the p53- and p38-
dependent signaling pathways led to the accumulation of Bax protein, which is preventable
by specific inhibitors of p38 and p53. During the process, mitochondria also changed
their dynamics and released AIF and Smac/Diablo, which initiated caspase-independent
apoptosis. Lipoic acid elicits its anti-tumor effects via CI-PCD in HL-60 leukemia cells [70].
Lipoic acid inhibits both cell growth and viability in a time- and dose-dependent manner.
Interruption of the G1/S and G2/M phases of cell cycle progression accompanied by the
induction of apoptosis was observed following the treatment. Evidence supporting the
induction of apoptosis was based on the appearance of sub-G1 peak and the cleavage of
poly(ADP-ribose) polymerase (PARP). Apoptosis was further preceded by a decrease in the
expression of anti-apoptotic protein Bcl-2, increased expression of bax, and the release and
translocation of apoptosis-inducing factor AIF and cytochrome c from the mitochondria
to the nucleus, without altering the subcellular distribution of the caspases. In a similar
manner, a naturally occurring selenoamino acid, selenocystine, induces CIPCD in MCF7
breast cancer cells via translocation of AIF and phosphorylation of p53, and is suggested to
be a promising natural anticancer compound [71]. Epidemiological, preclinical and clinical
studies reported selenium as a potential cancer chemopreventive and chemotherapeutic
agent. Although the mechanisms of apoptosis by selenoamino acid remain indefinable, it
was shown that the natural compound induced caspase-independent apoptosis in MCF-7
breast carcinoma cells, which was accompanied by poly(ADP-ribose) polymerase (PARP)
cleavage, caspase activation, DNA fragmentation, phosphatidylserine exposure and nu-
clear condensation. It also induced a decrease of mitochondrial membrane potential by
regulating the expression and phosphorylation of Bcl-2 family members [71]. This led to
the mitochondrial release of cytochrome ¢ and apoptosis-inducing factor (AIF), which then
translocated into the nucleus and induced chromatin condensation and DNA fragmentation.
MCEF-7 cells treated with selenoamino acid were also shown to exhibit an increase of p53, as
well as the silencing and attenuating of p53, which partially suppressed the cell apoptosis.
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Furthermore, two more upstream cellular events: generation of reactive oxygen species
ROS and subsequent induction of DNA strand breaks, were also found. The thiol-reducing
antioxidants, N-acetylcysteine and glutathione, were reported to completely block cell apop-
tosis. Berberine, a natural isoqinoline alkaloid, inhibits cell growth in human pancreatic
cancer cells, BxPC-3, mediating through a caspase-independent cell death pathway [72]. It
is also reported to stimulate caspase-independent cell death in mouse immorto-Min colonic
epithelial cells (IMCE) through production of ROS, leading to the release of cathepsin B and
the activation of PARP-dependent AIF translocation [73]. Berberine decreased colon tumor
colony formation and induced cell death and lactate dehydrogenase LDH release in IMCE
cells. Additionally, normal colon epithelial cells, young adult mouse colonic epithelium
YAMC, were not sensitive to berberine. Berberine-induced cell death did not stimulate
caspase activation and PARP cleavage and neither were affected by caspase inhibitor in
IMCE cells. Rather, it stimulated the release of apoptosis-inducing factor AIF from mito-
chondria to nucleus in a ROS dependent manner. Berberine-stimulated ROS production
leads to cathepsin B release and PARP activation-dependent AIF activation, resulting in
caspase-independent cell death in colon tumor cells. Many natural flavonoids, such as
quercetine, myricetine and apigenin, are also designated to be specific caspase inhibitors
of casp 1, 3 and 7, and induced cell death in MDA-MB-231, an epithelial human breast
cancer cell, through a non-classical apoptosis pathway that is not dependent on caspase
activity. Hence, they may be a lead source for the rational drug design of caspase-specific
inhibitors [74]. However, the mechanism of the protective effect of these natural flavonoids
against cancer is not fully understood, it may be related to flavonoids” ability to inhibit
the NF-«kB-signaling pathway, where NF-«B activity is thought to suppress apoptosis and
promote cancer cell growth and metastasis. Matrine, another natural alkaloid isolated from
the root of Sophora subprostrata, induces parallelly caspase-dependent and caspase-free cell
death in HepG2 cells through a Bid-regulated AIF nuclear translocation pathway [75]. It
was further studied by the authors that AIF nuclear translocation, and the subsequent cell
death, was prevented by Bid inhibitor BI-6C9, Bid-targeted siRNA and ROS scavenger
Tiron. However, the mechanisms involved are still not completely known [75]. The tomato
glycoalkaloid, «-Tomatine, induces both in vivo and in vitro caspase-free cell death in
CT-26 Cells, an N-nitroso-N methylurethane induced undifferentiated colon carcinoma cell
line from BALB/C mouse. This was supported by western blot expression of apoptosis-
inducing protein (AIF) localization from mitochondria to nucleus and down-regulation of
survivin, an inhibitor of apoptosis. It also failed to express the active form of caspase-3, -8,
and -9 produced by proteolytic cleavage in CT-26 cancer cells [76]. The natural compound,
resveratrol seems to trigger caspase-independent cell death in MCF-7 breast cancer cells
through changes in mitochondrial membrane potential, downregulating Bcl-2, increased
ROS (reactive oxygen species) and nitric oxide production and prevention of NF-kB [77].
Interestingly, a derivative of resveratrol, oxyresveratrol (a hydroxyl-substituted stilbene),
was also reported to induce apoptosis-like cell death, resulting in an accumulation of cells
at the sub-G1 phase of the cell cycle in triple negative breast cancer cells, MDA-MB-231,
by caspase-independent pathway through chromatin condensation, induction of ROS,
DNA fragmentation, phosphatidyl serine externalization, PARP cleavage, decrease in mi-
tochondrial membrane potential Apm and nuclear translocation of AIF [78]. Molecular
docking studies showed the binding of S1 site of caspase-3 to oxyresveratrol and could also
exert an inhibitory effect on this executioner caspase. The morphology and cell viability
studies with the pan-caspase inhibitor, QVD-OPH, further revealed caspase-independent
cell death induced by oxyresveratrol. The immunoblot analysis demonstrating the absence
of caspase cleavage during cell death also confirmed these findings. A natural phenolic
compound, curcumin, has been recently reported to induce apoptosis of immortalized
human keratinocytes (HaCaT) cells [79]. A 24-uM dose of circumin arrested the cells at the
G2/M phase, with an apoptosis rate of 33.95%. HaCaT cells showed changes in typical
apoptotic morphology and the configuration of nuclear matrix-intermediate filaments
after treatment. 16 differentially expressed nuclear matrix proteins were identified, in-
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cluding apoptosis-inducing factor (AIF) and caspase 3, by 2-DE and MALDI-TOF/TOF
mass spectrometry. Immunofluorescence assays further showed that AIF was released
from the mitochondria to the nucleus and the expression of AIF increased in the nucleus.
However, AIF silencing and caspase inhibitor (Z-VAD-FMK) both lead to HaCaT cells
being insensitive to apoptosis induced by curcumin. Meanwhile, after curcumin treatment,
mitochondrial membrane depolarization led to cytochrome c release from the mitochondria
to the cytoplasm, and the ratio of Bax to Bcl-2 in HaCaT cells was also increased, which
subsequently initiated the activation of caspase-3. Taken together, these results suggested
that curcumin-induced apoptosis in HaCaT cells occurs through both caspase-independent
and caspase-dependent pathways [79]. Apart from the above listed natural compounds,
few more natural extracts were also reported to follow both caspase-dependent and caspase-
free cell death pathways. A bacterial virulent factor, Clostridium diffificile toxin B (TcdB)
activates the caspase-dependent and caspase-free apoptosis in HeLa and MCF-7 cancer cell
line, respectively [80]. The thiosulfinates from Allium tuberosum L. activate both CD-PCD
and CI-PCD in prostate cancer cell line PC3, by increasing the expression of Bax and AIF
and decreasing the expression of Bcl-2 [81]. Recently, Chelidonine majus L., family Papaver-
aceae, containing isoquinoline alkaloids such as sanquinarine, chelidonine, chelerythrine,
berberine, protopine and coptisine, flavonoids and phenolic acids as major compounds,
were reported to induce both caspase-dependent and caspase-independent cell death in the
T98G Human Glioblastoma Cell Line. Like other anti-cancer compounds, Chelidonine also
induced apoptosis in a dose-dependent manner. Caspase-3 and -9 were activated by the
treatment, but chelidonine-mediated apoptosis was only partially inhibited by pan-caspase
inhibitor. Chelidonine also induced the translocation of AIF into the nucleus, therefore, it
is likely that chelidonine induces T98G cell death through both caspase-dependent and
caspase-independent apoptosis pathways. Chelidonine also induced G2/M arrest and led
to cell death by inhibiting mitosis, inducing multipolar spindle assembly. Active Cyclin
dependent kinase, CDK1, one of the factors contributing to the prolongation of the G2/M
phase, induced Mcl-1 (apoptotic inhibitor) degradation, thereby increasing mitochondrial
instability, causing apoptosis in chelidonine-treated T98G cells [82]. Unlike other natural
extracts, the rhizome of ginger (Zingiber officinale), a common culinary agent, is known for
its caspase-independent paraptosis in triple negative breast cancer (MDA-MB-231) and non-
small lung (A549) cancer cells via ER stress, mitochondrial dysfunction, AIF translocation
and DNA damage [83].

3.4. Repurposing Drugs

Several repurposing cancer chemotherapeutic drugs induce caspase-independent
cell death in cancer cells. However, the process depends on the inducing agents and
the micro-environment of the cancer cells. For example, caspase-inhibitor Z-VAD-FMK
exhibited that, in human endothelial cell HUVECs and ovarian cancer cell line A2780,
Doxorubicin-induced apoptosis through a caspase-dependent mechanism, where as in
neonatal rat cardiac myocytes NeRCaMs, the same molecule has been reported to show
caspase-independent mechanisms. It was further confirmed that flavonoid mono hydroxy
ethylrutoside, monoHER, a protective agent used against toxicity of Doxorubicin, at dif-
ferent concentrations, acts by suppressing the caspase-dependent or caspase-independent
cell death activation of molecular mechanisms [84]. A synthetic N-methylpiperidinyl
chlorophenyl flavone, Flavopiridol, prevents both in vitro and in vivo growth of renal,
prostate and colon cancers, such as solid malignancies, by decreasing the expression of
cyclin D1, CDK4 and p21. This agent induces CI-PCD by down-regulating the release
of cytochrome ¢, Bcl-2 and the translocation of AIF to the nucleus [85,86]. Several other
accepted cancer chemotherapeutic drugs, such as cladribine, camptothecin and cisplatin,
are also capable of causing cell death in various cancer cells through caspase-independent
programmed cell death pathway involving translocation of apoptotic inducing factor AIF
from mitochrondrion to nucleus [87-92]. Another novel amphiphilic cationic compound,
Atiprimod, was reported to display a strong anti-mantle cell lymphoma activity by in-
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ducing cell apoptosis mainly via activation of the apoptotic inducing factor pathway [93].
Earlier, paclitaxel poliglumex, which is a phase II clinical trial drug, was reported to be
metabolized via cathepsin B to paclitaxel in cancer cells, such as prostate and non-small
cell lung carcinoma [94,95]. Recently it has been reported that clinically applicable concen-
trations of eribulin and the classical agent targeting microtubule, paclitaxel, predominantly
cause cell death without activation of caspase in MCF-7 breast carcinoma cells [96]. On the
molecular level, both the compounds, to a similar extent, activate the key proteins involved
in apoptosis, such as p53, Plk1, caspase-2 and Bim, as well as Mitogen-activated protein ki-
nase pathway (MAPK) mediated by extracellular signal-regulated kinases (ERK) and c-Jun
amino-terminal kinases (JNK). Metformin, another repurposing anti-cancer drug, has been
recently reported to induce apoptosis in the human bladder cancer cell line, T24, through
the stimulation of the AIF signaling pathway and by increasing c-FLIPL protein (FADD
like interleukin-13-converting enzyme inhibitory protein) instability [97]. However, the in-
duced apoptosis was partially inhibited by a general caspase inhibitor, Z-VAD-FMK, which
suggested that metformin-induced apoptosis in T24 cells is partially caspase-independent.
Furthermore, treatment with the reactive oxygen species scavenger N-acetylcysteine failed
to suppress metformin-induced apoptosis and c-FLIPL protein degradation. Though the
mechanism is largely unknown, in conclusion, these results suggested that metformin-
induced apoptosis was mediated through AIF-promoted caspase-independent, as well as
caspase-dependent, pathways in T24 cells [97]. Figure 3 and Table 1 give an overview of
caspase-independent cell death induced by different classified chemotherapeutic agents.
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Figure 3. Chemical structures of molecules inducing caspase-independent cell death.
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Table 1. Overview of inducing agents engaged in caspase-independent programmed cell death.

triggers Bax activation, resulting in
relocation of AIF in T-lymphocytes,
leading to apoptosis.

Name of the Compounds System; Triggering Pathway References
TNF-o, CD47, Human neutrophils, leukemic cells,
IMMUNEPOTENT C-reactive Hela cells; induced caspase [42,44,48]
protein (I-CRP) free cell death pathway.
Tetracycline analogues:
TCNA.S’.COL_?’ (cher;ucally Colon cancer cell line HT29; evaluated to
modified tetracycline-3; be mitochondria-mediated apoptosis
6-demethyl, 6-deoxy, © mitoc pop [57]
: : through both caspase-dependent and
4-dedimethylamino  independent pathwa
tetracycline) and ependentp ye.
doxyclycline DOXY
Human pancreatic carcinoma cell lines
(NP18, NP9, NP31, and NP29), leukemia
Bobel-24/ AM-24 cell; follows caspase-independent
(2,4,6-triiodophenol) pathways via production of ROS, [58]
and derivatives mitochondrial depolarization, release of
cytochrome ¢, AIF and release of
lysosomal cathepsin.
z_p}?’ezl-}s:ll_lfgltl?;i?onel HCC (hepatocellular carcir.wma) HA22T,
CHM-1, (2'-fluoro-6,7- Hep3B., and HepG2; selective ar.ld potent 59]
. anti-cancer agent and acts without
methylenedioxy-2-phenyl- o
(gl activation of the caspase cascade.
quinolone
Myeloma cells and cutaneous T cell
lymphoma viz. HuT-78, SeAx, Myla, and
of peripheral blood mononuclear cells;
C follows both caspase-dependent and
Arsenic trioxide As;Os caspase-indefindentIZell death [60-62]
pathways, caspase-independent
cell death is triggered by
ascorbic acid (vitamin C).
Rat proximal tubular cell, MRC-5
fibroblasts; Both caspase-dependent and
caspase-independent pathways are
caused that acts synergistically. BNIP-3
Cadmium ' (B§1—2 / ader}ovirus E1B 19-kDa [63,64]
interacting protein 3) acts as an upstream
factor inducing translocation of AIF and
endonuclease G. It also induces
mitochondria-ROS pathway and causes
caspase-independent cell death.
Breast carcinoma cell lines viz., MCEF-7,
MDA-MB-231, MDA-MB-453, ZR-75-1,
Molecular iodine and T-47D; caspase-independent [46]
apoptosis involving the
mitochondria-mediated pathway.
Breast cancer cell lines: MCF7,
. T47D; activates CIPCD by activatin,
VitD cathepsin D and inhibiteyd by Bc1-2g (631
but does not require p53.
Human fibroblast; exhibits anti-cancer
activity by Cathepsin D mediating
Staurosporine cytochrome c release. Cathepsin D [66,67]
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Table 1. Cont.

Name of the Compounds

System; Triggering Pathway

References

Thrombospondin-1

Selenite

Lipoic acid

Selenocystine

Berberine

Natural flavonoids:
Quercetine,
Myricetine, Apigenin

Matrine

o-Tomatine

Promyelocytic leukemia NB4 cells and
freshly isolated monocytes and
monocyte-derived dendritic cells through
Thrombospondin-1 membrane receptors
CD47 and «v[33, triggered caspase free
cell death and characterized by the
instantaneous permeability of plasma
membrane, exposure of
phosphatidylserine, decreased
mitochondrial membrane potential and
highly fragmented DNA.
Cervical cancer cell lines HeLa and Hep 2
cell lines; The Caspase free programmed
cell death pathway involves activation of
p53, accumulation of Bax and release of
AIF and Smac/DIABLO, co-treatment
with the caspase inhibitor Z-VAD-FMK,
cell death was observed.

HL-60 leukemia cells; activates CI-PCD
via up-regulation of Bax, downregulating
Bcl-2, release and translocation
of AIF and cytochrome c to nucleus
from mitochondria.

Breast cancer cells MCF7;

CIPCD via translocation of AIF
and phosphorylation of p53.
Human pancreatic cancer cells, BxPC-3,
mouse immorto-Min colonic epithelial
cells (IMCE), normal colon epithelial
cells, namely young adult mouse colonic
epithelium (YAMC) cells; stimulate
caspase-independent cell death through
production of ROS leading to the release
of cathepsin B and activation of PARP
dependent AIF translocation.
MDA-MB-231, an epithelial human breast
cancer cells; induced cell death through a
non-classical apoptosis pathway that is
not dependent on caspase activity. Hence,
they may be lead source for the rational
drug design of caspase specific inhibitors.
HepG2 cells; induces parallelly
caspase-dependent and caspase free cell
death through Bid regulated AIF nuclear
translocation pathway.

Mouse colon cancer cells CT-26; induces
both in vitro and in vivo caspase free cell
death by expression of
apoptosis-inducing protein (AIF)
localizes from mitochondria to nucleus
and down-regulation of surviving, an
inhibitor of apoptosis. It also failed to
express the active form of caspase-3, -8,
and -9 produced by proteolytic cleavage.

[68]

[69]

[70]

[71]

[72,73]

[74]

[75]

[76]
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Table 1. Cont.

Name of the Compounds

System; Triggering Pathway

References

Resveratrol, derivative-
Oxyresveratrol

Curcumin

MCEF-7 breast cancer cells, MDA-MB-231
breast cancer cells; trigger the
caspase-independent cell death through
changes in mitochondrial membrane
potential, downregulating Bcl-2,
increased ROS and nitric oxide
production and prevention of NF-kB. The
derivative compound, induces
apoptosis-like cell death by
caspase-independent pathway through
the induction of ROS, DNA
fragmentation, Phosphatidyl serine
externalization, PARP cleavage, decrease
in mitochondrial membrane potential
Apm and nuclear translocation of AIF.
Human keratinocytes (HaCaT); induced
apoptosis of the cells through both
caspase-dependent and
caspase-independent pathways.

[77,78]

[79]

Clostridium diffificile
toxin B (TcdB)

The thiosulfinates from Allium
tuberosum L. extract

Extract of Chelidonine majus L.,
containing isoquinoline
alkaloids like sanquinarine,
chelidonine, chelerythrine,
berberine, protopine and
coptisine, flavonoids and
phenolic acids

The rhizome of ginger
(Zingiber officinale)

HeLa and MCF-7 cancer cell line;
activates caspase-dependent and
caspase-free apoptosis, respectively.
Prostate cancer cell line PC3; activate
both CD-PCD and CI-PCD by increasing
the expression of Bax and AIF and
decreasing the expression of Bcl-2.

T98G Human Glioblastoma Cell Line;
reported to induce both
caspase-dependent and

caspase-independent cell death
through G2/M arrest.

Triple negative breast cancer
(MDA-MB-231) and non-small lung
(A549) cancer cells; known for its
caspase-independent paraptosis via ER
stress, mitochondrial dysfunction, AIF
translocation and DNA damage.

[80]

[81]

[82]

[83]

Flavopiridol

Doxorubicin

Glioma cell lines; independent of
retinoblastoma and p53 tumor
suppressor pathway alterations by a
caspase-independent pathway.
Human endothelial cell HUVECs and
ovarian cancer cell line A2780, neonatal
rat cardiac myocytes NeRCaMs; induced
apoptosis through caspase-dependent
and caspase-independent mechanisms,
respectively. It was further confirmed
that flavonoid mono hydroxy
ethylrutoside, monoHER, a protective
agent used against toxicity of
Doxorubicin, at different concentrations,
acts by suppressing the
caspase-dependent or -independent cell
death activation.

[85,86]

[84]
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Table 1. Cont.

Name of the Compounds System; Triggering Pathway References
Hepatocellular cancer cell line, Human
SKOV3 ovarian carcinoma cells, LNCaP
prostate cancer cells; capable of causing
cell death through caspase-independent [87-92]
programmed cell death pathway
involving translocation of AIF from
mitochondrion to nucleus.
Mantle cell lymphoma MCL;
Atiprimod inducing cell apoptosis mainly via [93]
activation of AIF pathway:.
Prostate, ovarian cancer and
non-small cell lung carcinoma; is a phase
II clinical trial drug, metabolized via
Paclitaxel poliglumex cathepsin B to paclitaxel in the cancer [94,95]
cells. In addition, it also induced
caspase-independent apoptosis via
apoptosis inducing factor AIF.
MCE-7 breast carcinoma; predominantly
causes cell death without activation of
caspase. On the molecular level, both the
compounds to a similar extent activate
the key proteins involved in apoptosis
such as p53, PIk1, caspase-2, and Bim as
well as MAPK pathway mediated by
ERK and JNK.

Human bladder cancer cell line T24;
induces apoptosis by both
caspase-dependent and
caspase-independent signaling pathways
through the stimulation of AIF signaling
pathway and increasing c-FLIPL protein
(FADD like interleukin-13-converting
enzyme inhibitory protein) instability.

Cladribine, camptothecin
and cisplatin

Eribulin, Paclitaxel [96]

Metformin [97]

4. Summary

Recent knowledge based on research suggests that, besides having the caspase-
dependent apoptotic pathways, cells have other alternative methods of programmed
cell death which are equally promising. Several caspase-mediated drugs have been shown
to have low anti-tumorigenic potencies. The low efficiency of such drugs could be ac-
credited to the fact that human tumors often develop protein mutations, involved in the
classical caspase-mediated programmed cell death pathways. Furthermore, tumor cells
are often resistant to classical caspase-mediated pathways because of excessive expression
of anti-apoptotic proteins. Due to these limitations, it is becoming essential to identify
and design novel, effective anti-tumor agents based on above-mentioned inorganic, syn-
thetic, natural and repurposing molecules targeting caspase-independent programmed cell
death. However, few small molecules have been reported to target both caspase-dependent
and caspase-independent pathways in the same in vitro model. Caspase-independent cell
death pathways potentially and effectively work in conjunction with caspase-dependent
cell death in the above-mentioned cancer cell lines. Molecules targeting these dual path-
ways will give a better idea for future drug designs. However, further details regarding the
molecular mechanism of this alternative pathway are essential, and should be based on
in vivo study on animal models. This would give more correct and vital information on
the ability of the drug for induction of caspase-independent programmed cell death.



Molecules 2022, 27, 6401 16 of 19

Funding: KB is indebted to DST/INT/RUS/RFBR/P-254 for the monetary support. DST-FIST
SR/FST/LSI-467/2010C, DST-PURSE & PRG, University of Kalyani, 2022-23 are also acknowledged
for the partial economic support.

Conflicts of Interest: The author declares no conflict of interest.

References

1.

@

10.

11.

12.
13.
14.
15.
16.
17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

Kerr, J.E; Wyllie, A.H.; Currie, A.R. Apoptosis: A basic biological phenomenon with wide-ranging implications in tissue kinetics.
Br. J. Cancer 1972, 26, 239-257. [CrossRef] [PubMed]

Elmore, S. Apoptosis: A Review of Programmed Cell Death. Toxicol. Pathol. 2007, 35, 495-516. [CrossRef] [PubMed]

Carneiro, B.A.; El-Deiry, W.S. Targeting apoptosis in cancer therapy. Nat. Rev. Clin. Oncol. 2020, 17, 395-417. [CrossRef] [PubMed]
Earnshaw, W.C.; Martins, L.M.; Kaufmann, S.H. Mammalian caspases: Structure, activation, substrates, and functions during
apoptosis. Ann. Rev. Biochem. 1999, 68, 383-424. [CrossRef] [PubMed]

Asadi, M.; Taghizadeh, S.; Kaviani, E.; Vakili, O.; Taheri-Anganeh, M.; Tahamtan, M.; Savardashtaki, A. Caspase-3: Structure,
function, and biotechnological aspects. Biotechnol. Appl. Biochem. 2022, 69, 1633-1645. [CrossRef]

Plaza, S.C.; Su, T.T. Non-Apoptotic Role of Apoptotic Caspases in the Drosophila Nervous System. Front. Cell Dev. Biol. 2022,
10, 839358. [CrossRef]

Kaya, H.E.K,; Ditzel, M.; Meier, P.; Bergmann, A. An inhibitory mono-ubiquitylation of the Drosophila initiator caspase Dronc
functions in both apoptotic and non-apoptotic pathways. PLoS Genet. 2017, 13, €1006438. [CrossRef]

MclIlwain, D.R.; Berger, T.; Mak, T.W. Caspase functions in cell death and disease. Cold Spring Harb. Perspect. Biol. 2015, 7, a026716.
[CrossRef]

Sarkar, S.; Bhadra, K. Therapeutic role of harmalol targeting nucleic acids: Biophysical perspective and in vitro cytotoxicity.
Mini-Rev. Med. Chem. 2018, 18, 1624-1639. [CrossRef]

Bhattacharjee, P.; Sarkar, S.; Shmatova, O.1.; Nenajdenko, V.G.; Pandya, P.; Bhadra, K. Synthetic carboline compounds targeting
protein: Biophysical and biological perspective. J. Biomol. Struc. Dyn. 2021, 39, 3703-3720. [CrossRef]

Sarkar, S.; Trebedi, P.; Bhadra, K. Structure-activity insights of harmine targeting DNA, ROS inducing cytotoxicity with PARP
mediated apoptosis against cervical cancer, anti-biofilm formation and in vivo therapeutic study. J. Biomol. Struc. Dyn. 2022,
40, 5880-5902. [CrossRef] [PubMed]

Green, D.R. The Mitochondrial Pathway of Apoptosis: Part I: MOMP and Beyond. Cold Spring Harb. Perspect. Biol. 2022,
14, a041038. [CrossRef] [PubMed]

Green, D.R. The Mitochondrial Pathway of Apoptosis Part II: The BCL-2 Protein Family. Cold Spring Harb. Perspect. Biol. 2022,
14, a041046. [CrossRef] [PubMed]

Ketelut-Carneiro, N.; Fitzgerald, K.A. Apoptosis, Pyroptosis, and Necroptosis-Oh My! The Many Ways a Cell Can Die. J. Mol.
Biol. 2022, 434, 167378. [CrossRef] [PubMed]

Singh, P; Lim, B. Targeting apoptosis in cancer. Curr. Oncol. Rep. 2022, 24, 273-284. [CrossRef] [PubMed]

Lossi, L. The concept of intrinsic versus extrinsic apoptosis. Biochem. |. 2022, 479, 357-384. [CrossRef] [PubMed]

Tait, S.W.G.; Green, D.R. Caspase-independent cell death: Leaving the set without the final cut. Oncogene 2008, 27, 6452-6461.
[CrossRef]

Green, D.R.; Llambi, F. Cell Death Signaling. Cold Spring Harb. Perspect. Biol. 2015, 7, a006080. [CrossRef]

Kesavardhana, S.; Malireddi RK, S.; Kanneganti, T.-D. Caspases in Cell Death, Inflammation, and Pyroptosis. Annu. Rev. Immunol.
2020, 38, 567-595. [CrossRef]

Yan, G.; Elbadawi, M.; Efferth, T. Multiple cell death modalities and their key features. World Acad. Sci. ]. 2020, 2, 39-48. [CrossRef]
Hu, X.-M.; Li, Z.-X,; Lin, R-H.; Shan, ].-Q.; Yu, Q.-W.; Wang, R.-X,; Liao, L.-S.; Yan, W.-T.; Wang, Z.; Shang, L.; et al. Guidelines for
regulated cell death assays: A systematic summary, a categorical comparison, a prospective. Front. Cell Dev. Biol. 2021, 9, 634690.
[CrossRef] [PubMed]

Seo, H.-S.; Ku, ].M.; Choi, H.-S.; Choi, Y.K.; Woo, ].-K.; Kim, M.; Kim, I.; Na, C.H.; Hur, H; Jang, B.-H.; et al. Quercetin induces
caspase-dependent extrinsic apoptosis through inhibition of signal transducer and activator of transcription 3 signaling in
HER2-overexpressing BT-474 breast cancer cells. Oncol. Rep. 2016, 36, 31-42. [CrossRef] [PubMed]

Yanumula, A.; Cusick, J.K. Biochemistry, Extrinsic Pathway of Apoptosis; StatPearls: Treasure Island, FL, USA, 2022.

Bhutia, S.K.; Praharaj, PP.; Bhol, C.S.; Panigrahi, D.P.; Mahapatra, KK.; Patra, S.; Saha, S.; Das, D.N.; Mukhopadhyay, S.;
Sinha, N.; et al. Monitoring and measuring mammalian autophagy. Methods Mol. Biol 2019, 1854, 209-222. [CrossRef]

Guo, G.F; Wang, Y.X.; Zhang, Y.J.; Chen, X.X,; Lu, ].B.; Wang, H.H; Jiang, C.; Qiu, H.-Q.; Xia, L.-P. Predictive and prognostic
implications of 4E-BP1, Beclin-1 and LC3 for cetuximab treatment combined with chemotherapy in advanced colorectal cancer
with wild-type KRAS: Analysis from real-world data. World . Gastroenterol. 2019, 25, 1840-1853. [CrossRef]

Haun, F; Neumann, S.; Peintner, L.; Wieland, K.; Habicht, J.; Schwan, C.; Ostevold, K.; Koczorowska, M.M.; Biniossek, M.;
Kist, M.; et al. Identification of a novel anoikis signaling pathway using the fungal virulence factor gliotoxin. Nat. Commun. 2018,
9, 3524. [CrossRef]

Adeshakin, F.O.; Adeshakin, A.O.; Afolabi, L.O.; Yan, D.; Zhang, G.; Wan, X. Mechanisms for modulating anoikis resistance in
cancer and the relevance of metabolic reprogramming. Front. Oncol. 2021, 11, 626577. [CrossRef]


http://doi.org/10.1038/bjc.1972.33
http://www.ncbi.nlm.nih.gov/pubmed/4561027
http://doi.org/10.1080/01926230701320337
http://www.ncbi.nlm.nih.gov/pubmed/17562483
http://doi.org/10.1038/s41571-020-0341-y
http://www.ncbi.nlm.nih.gov/pubmed/32203277
http://doi.org/10.1146/annurev.biochem.68.1.383
http://www.ncbi.nlm.nih.gov/pubmed/10872455
http://doi.org/10.1002/bab.2233
http://doi.org/10.3389/fcell.2022.839358
http://doi.org/10.1371/journal.pgen.1006438
http://doi.org/10.1101/cshperspect.a026716
http://doi.org/10.2174/1389557518666171211164830
http://doi.org/10.1080/07391102.2020.1769732
http://doi.org/10.1080/07391102.2021.1874533
http://www.ncbi.nlm.nih.gov/pubmed/33480316
http://doi.org/10.1101/cshperspect.a041038
http://www.ncbi.nlm.nih.gov/pubmed/35623793
http://doi.org/10.1101/cshperspect.a041046
http://www.ncbi.nlm.nih.gov/pubmed/35701220
http://doi.org/10.1016/j.jmb.2021.167378
http://www.ncbi.nlm.nih.gov/pubmed/34838807
http://doi.org/10.1007/s11912-022-01199-y
http://www.ncbi.nlm.nih.gov/pubmed/35113355
http://doi.org/10.1042/BCJ20210854
http://www.ncbi.nlm.nih.gov/pubmed/35147165
http://doi.org/10.1038/onc.2008.311
http://doi.org/10.1101/cshperspect.a006080
http://doi.org/10.1146/annurev-immunol-073119-095439
http://doi.org/10.3892/wasj.2020.40
http://doi.org/10.3389/fcell.2021.634690
http://www.ncbi.nlm.nih.gov/pubmed/33748119
http://doi.org/10.3892/or.2016.4786
http://www.ncbi.nlm.nih.gov/pubmed/27175602
http://doi.org/10.1007/7651_2018_159
http://doi.org/10.3748/wjg.v25.i15.1840
http://doi.org/10.1038/s41467-018-05850-w
http://doi.org/10.3389/fonc.2021.626577

Molecules 2022, 27, 6401 17 of 19

28.

29.

30.

31.
32.

33.

34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Wu, X,; Zhang, H.; Qi, W.; Zhang, Y.; Li, J.; Li, Z.; Lin, Y.; Bai, X; Liu, X.; Chen, X.; et al. Nicotine promotes atherosclerosis via
ROS-NLRP3-mediated endothelial cell pyroptosis. Cell Death Dis. 2018, 9, 171. [CrossRef]

Zu, Y;Mu, Y; Li, Q.; Zhang, S.T.; Yan, H.J. Icariin alleviates osteoarthritis by inhibiting NLRP3-mediated pyroptosis. J. Orthop.
Surg. Res. 2019, 14, 307. [CrossRef]

Kitanaka, C.; Kuchino, Y. Caspase-independent programmed cell death with necrotic morphology. Cell Death Differ. 1999,
6, 508-515. [CrossRef]

Wimmer, K.; Sachet, M.; Oehler, R. Circulating biomarkers of cell death. Clin. Chim. Acta 2020, 500, 87-97. [CrossRef]

Lou, J.; Zhou, Y.; Feng, Z.; Ma, M.; Yao, Y.; Wang, Y.; Deng, Y.; Wu, Y. Caspase-Independent Regulated Necrosis Pathways as
Potential Targets in Cancer Management. Front. Oncol. 2021, 10, 616952. [CrossRef] [PubMed]

Kong, Z.; Liu, R.; Cheng, Y. Artesunate alleviates liver fibrosis by regulating ferroptosis signaling pathway. Biomed. Pharmacother.
2019, 109, 2043-2053. [CrossRef]

JieLi, ].; Cao, E; Yin, H.-L.; Huang, Z.-J.; Lin, Z.-T.; Mao, N.; Sun, B.; Wang, G. Ferroptosis: Past, present and future. Cell Death Dis.
2020, 11, 88-101.

Tang, D.; Kroemer, G. Ferroptosis. Curr. Biol. 2020, 30, R1292-R1297. [CrossRef] [PubMed]

Woo, Y.; Lee, H.-].; Jung, YM.; Jung, Y.-]. Regulated Necrotic Cell Death in Alternative Tumor Therapeutic Strategies. Cells 2020,
9, 2709. [CrossRef] [PubMed]

Schwartz, L.M.; Smith, S.W.; Jones, M.E.; Osborne, B.A. Do all programmed cell deaths occur via apoptosis? Proc. Natl. Acad. Sci.
USA 1993, 90, 980-984. [CrossRef]

Jurgensmeier, ].M.; Krajewski, S.; Armstrong, R.C.; Wilson, G.M.; Oltersdorf, T.; Fritz, L.C.; Reed, ].C.; Ottilie, S. Bax- and
Bak-induced cell death in the fission yeast Schizosaccharomyces pombe. Mol Biol. Cell 1997, 8, 325-339. [CrossRef] [PubMed]
Bhattacharjee, S.; Mishra, A.K. The tale of caspase homologues and their evolutionary outlook: Deciphering programmed cell
death in cyanobacteria. J. Exp. Bot. 2020, 71, 4639-4657. [CrossRef]

Dixit, V.; Tiwari, R.; Katyal, R.; Pandey, A. Metacaspases: Potential Drug Target Against Protozoan Parasites. Front. Pharmacol.
2019, 10, 790. [CrossRef]

Okuno, S.; Shimizu, S.; Ito, T.; Nomura, M.; Hamada, E.; Tsujimoto, Y.; Matsuda, H. Bcl-2 prevents caspase-independent cell
death. . Biol. Chem. 1998, 273, 34272-34277. [CrossRef]

Mateo, V.; Brown, E.J.; Biron, G.; Rubio, M.; Fischer, A.; Deist FLe Sarfati, M. Mechanisms of CD47-induced caspase-independent
cell death in normal and leukemic cells: Link between phosphatidylserine exposure and cytoskeleton organization. Blood 2002,
100, 2882-2890. [CrossRef] [PubMed]

Johansson, K.; Londei, H.M. CD47 ligation induces a rapid caspase-independent apoptosis-like cell death in human monocytes
and dendritic cells. Scand. J. Immunol. 2003, 59, 40-49. [CrossRef] [PubMed]

Maianski, N.A.; Roos, D.; Kuijpers, T.W. Tumor necrosis factor alpha induces a caspase-independent death pathway in human
neutrophils. Blood 2003, 101, 1987-1995. [CrossRef]

Cawles, A.; Janssen, B.; Waeytens, A.; Cuvelier, C.; Brouckaert, P. Caspase inhibition causes hyperacute tumor necrosis factor-
induced heat shock via oxidative stress and phospholipase A2. Nat. Immunol. 2003, 4, 387-393. [CrossRef] [PubMed]
Shrivastana, A.; Tiwari, M,; Sinha, R.A.; Kumar, A.; Balapure, A K,; Bajpai, VK.; Sharma, R.; Mitra, K.; Tandon, A.; Godbole, M.M.
Molecular iodine induces caspase-independent apoptosis in human breast carcinoma cells involving the mitochondria-mediated
pathway. J. Biol. Chem. 2006, 281, 19762-19771.

Constantinou, C.; Papas, K.A.; Constantinou, A .I. Caspase-Independent Pathways of Programmed Cell Death: The Unraveling of
New Targets of Cancer Therapy? Curr. Cancer Drug Targets 2009, 9, 717-728. [CrossRef] [PubMed]

Torres, A.C.M.; Ruiz, A.R,; Londofio, M.B.; Molina, M.A F,; Padilla, C.R. IMMUNEPOTENT CRP induces cell cycle arrest and
caspase-independent regulated cell death in HeLa cells through reactive oxygen species production. BMC Cancer 2018, 18, 13.
[CrossRef]

Kolenko, VM.; Uzzo, R.G.; Bukowski, R.; Finke, ] H. Caspase-dependent and independent death pathways in cancer therapy.
Apoptosis 2000, 5, 17-20. [CrossRef]

Smyth, M.].; Krasovskis, E.; Sutton, V.R.; Johnstone, R.-W. The drug efflux protein, P-glycoprotein, additionally protects drug-
resistant tumor cells from multiple forms of caspase-dependent apoptosis. Proc. Natl. Acad. Sci. USA 1998, 95, 7024-7029.
[CrossRef]

Johnstone, R.W.; Cretney, E.; Smyth, M.]. P-glycoprotein protects leukemia cells against caspase-dependent, but not caspase-
independent, cell death. Blood 1999, 93, 1075-1085. [CrossRef]

Reed, J.C. Mechanisms of apoptosis avoidance in cancer. Curr. Opin. Oncol. 1999, 11, 68-75. [CrossRef] [PubMed]

Chi, S.; Kitanaka, C.; Noguchi, K.; Mochizuki, T.; Nagashima, Y.; Shirouzu, M.; Fujita, H.; Yoshida, M.; Chen, W.; Asai, A.; et al.
Oncogenic Ras triggers cell suicide through the activation of a caspase- independent cell death program in human cancer cells.
Oncogene 1999, 18, 2281-2290. [CrossRef] [PubMed]

Xiang, J.; Chao, D.T.; Korsmeyer, S.J. BAX-induced cell death may not require interleukin 1p-converting enzyme-like proteases.
Proc. Natl. Acad. Sci. USA 1996, 93, 14559-14563. [CrossRef] [PubMed]

Pinkoski, M.].; Hobman, M.; Heibein, J.A.; Tomaselli, K.; Li, E; Seth, P; Froelich, C.J.; Bleackley, R.C. Entry and trafficking of
granzyme B in target cells during granzyme B-perforin-mediated apoptosis. Blood 1998, 92, 1044-1054. [CrossRef]


http://doi.org/10.1038/s41419-017-0257-3
http://doi.org/10.1186/s13018-019-1307-6
http://doi.org/10.1038/sj.cdd.4400526
http://doi.org/10.1016/j.cca.2019.10.003
http://doi.org/10.3389/fonc.2020.616952
http://www.ncbi.nlm.nih.gov/pubmed/33665167
http://doi.org/10.1016/j.biopha.2018.11.030
http://doi.org/10.1016/j.cub.2020.09.068
http://www.ncbi.nlm.nih.gov/pubmed/33142092
http://doi.org/10.3390/cells9122709
http://www.ncbi.nlm.nih.gov/pubmed/33348858
http://doi.org/10.1073/pnas.90.3.980
http://doi.org/10.1091/mbc.8.2.325
http://www.ncbi.nlm.nih.gov/pubmed/9190211
http://doi.org/10.1093/jxb/eraa213
http://doi.org/10.3389/fphar.2019.00790
http://doi.org/10.1074/jbc.273.51.34272
http://doi.org/10.1182/blood-2001-12-0217
http://www.ncbi.nlm.nih.gov/pubmed/12351399
http://doi.org/10.1111/j.0300-9475.2004.01355.x
http://www.ncbi.nlm.nih.gov/pubmed/14723620
http://doi.org/10.1182/blood-2002-02-0522
http://doi.org/10.1038/ni914
http://www.ncbi.nlm.nih.gov/pubmed/12652297
http://doi.org/10.2174/156800909789271512
http://www.ncbi.nlm.nih.gov/pubmed/19754356
http://doi.org/10.1186/s12885-017-3954-5
http://doi.org/10.1023/A:1009677307458
http://doi.org/10.1073/pnas.95.12.7024
http://doi.org/10.1182/blood.V93.3.1075
http://doi.org/10.1097/00001622-199901000-00014
http://www.ncbi.nlm.nih.gov/pubmed/9914881
http://doi.org/10.1038/sj.onc.1202538
http://www.ncbi.nlm.nih.gov/pubmed/10327074
http://doi.org/10.1073/pnas.93.25.14559
http://www.ncbi.nlm.nih.gov/pubmed/8962091
http://doi.org/10.1182/blood.V92.3.1044

Molecules 2022, 27, 6401 18 of 19

56.

57.

58.

59.

60.

61.

62.
63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Beresford, PJ.; Xia, Z.; Greenberg, A.H.; Lieberman, J. Granzyme A loading induces rapid cytolysis and a novel form of DNA
damage independently of caspase activation. Immunity 1999, 10, 585-594. [CrossRef]

Onoda, T.; Ono, T.; Dhar, D.K.; Yamanoi, A.; Nagasue, N. Tetracycline analogues (doxycycline and COL-3) induce caspase-
dependent and -independent apoptosis in human colon cancer cells. Int. J. Cancer 2006, 118, 1309-1315. [CrossRef] [PubMed]
Parrefio, M.; Casanova, I.; Céspedes, M.V.; Vaqué, ].P.; Pavén, M.A.; Leon, J.; Mangues, R. Bobel-24 and derivatives induce
caspase-independent death in pancreatic cancer regardless of apoptotic resistance. Cancer Res. 2008, 68, 6313—-6323. [CrossRef]
Wang, SW.; Pan, S.L.; Huang, Y.C.; Guh, J.H.; Chiang, P.C.; Huang, D.Y.; Kuo, S.C; Lee, KH.; Teng, CM. CHM-1, a novel
synthetic quinolone with potent and selective antimitotic antitumor activity against human hepatocellular carcinoma in vitro and
in vivo. Mol. Cancer Ther. 2008, 7, 350-360. [CrossRef]

McCafferty-Grad, J.; Bahlis, N.J.; Krett, N.; Aguilar, TM.; Reis, I.; Lee, K.P,; Boise, L.H. Arsenic trioxide uses caspase-dependent
and caspase-independent death pathways in myeloma cells. Mol. Cancer Ther. 2003, 2, 1155-1164.

Michel, L.; Dupuy, A.; Jean-Louis, E; Sors, A.; Poupon, J.; Viguier, M.; Musette, P.; Dubertret, L.; Degos, L.; Dombret, H.; et al.
Arsenic trioxide induces apoptosis of cutaneous Tcell lymphoma cells: Evidence for a partially caspase-independent pathway
and potentiation by ascorbic acid (vitamin C). J. Investig. Dermatol. 2003, 121, 881-893. [CrossRef]

Cho, Y.S. Receptor interacting protein 3 is required for arsenite mediated necroptosis. Int. J. Sci. Basic Appl. Res. 2020, 53, 51-65.
Liu, G.; Zou, H,; Luo, T,; Long, M.; Bian, J.; Liu, X,; Gu, J.; Yuan, Y.; Song, R.; Wang, Y.; et al. Caspase-Dependent and Caspase-
Independent Pathways Are Involved in Cadmium-Induced Apoptosis in Primary Rat Proximal Tubular Cell Culture. PLoS ONE
2016, 11, e0166823. [CrossRef] [PubMed]

Shih, C.-M.; Ko, W.-C.; Wu, ].-S.; Wei, Y.-H.; Wang, L.-F; Chang, E.-E.; Lo, T.-Y,; Cheng, H.-H.; Chen, C.-T. Mediating of
caspase-independent apoptosis by cadmium through the mitochondria-ROS pathway in MRC-5 fibroblasts. J. Cell. Biochem. 2004,
91, 384-397. [CrossRef]

Mathiasen, 1.S.; Lademann, U.; Jadtteld, M. Apoptosis induced by vitamin D compounds in breast cancer cells is inhibited by
Bcl-2 but does not involve known caspases or p53. Cancer Res. 1999, 59, 4848-4856. [PubMed]

Bidére, N.; Lorenzo, H.K.; Carmona, S.; Laforge, M.; Harper, F.; Dumont, C.; Senik, A. Cathepsin D triggers Bax activation,
resulting in selective apoptosis inducing factor (AIF) relocation in T lymphocytes entering the early commitment phase to
apoptosis. J. Biol. Chem. 2003, 278, 31401-31411. [CrossRef]

Johansson, A.C.; Steen, H.; Ollinger, K.; Roberg, K. Cathepsin D mediates cytochrome c release and caspase activation in human
fibroblast apoptosis induced by staurosporine. Cell Death Differ. 2003, 10, 1253-1259. [CrossRef]

Saumet, A.; Slimane, M.B.; Lanotte, M.; Lawler, J.; Dubernard, V. Type 3 repeat/C-terminal domain of thrombospondin-1 triggers
caspase-independent cell death through CD47/ x v33 in promyelocytic leukemia NB4 cells. Blood 2005, 106, 658—667. [CrossRef]
Rudolf, E.; Rudolf, K.; Cervinka, M. Selenium activates p53 and p38 pathways and induces caspase-independent cell death in
cervical cancer cells. Cell Biol. Toxicol. 2008, 24, 123-141. [CrossRef]

Selvakumar, E.; Hsieh, T.C. Regulation of cell cycle transition and induction of apoptosis in HL-60 leukemia cells by lipoic acid:
Role in cancer prevention and therapy. J. Hematol. Oncol. 2008, 1, 4. [CrossRef]

Chen, T.; Wong, Y.S. Selenocysteine induces caspase-independent apoptosis in MCF-7 human breast carcinoma cells with
involvement of p53 phosphorylation and reactive oxygen species generation. Int. |. Biochem. Cell. Biol. 2009, 41, 666—-676.
[CrossRef]

Pinto-Garcia, L.; Efferth, T.; Torres, A.; Hoheisel, ].D.; Youns, M. Berberine inhibits cell growth and mediates caspase-independent
cell death in human pancreatic cancer cells. Planta Med. 2010, 76, 1155-1161. [CrossRef] [PubMed]

Wang, L,; Liu, L.; Shi, Y.; Cao, H.; Chaturvedi, R.; Calcutt, M.W.; Hu, T,; Ren, X.; Wilson, K.T; Polk, D.B.; et al. Berberine induces
caspase-independent cell death in colon tumor cells through activation of apoptosis inducing factor. PLoS ONE 2012, 7, e36418.
[CrossRef] [PubMed]

White, B.; Beckford, J.; Yadegaryni, S.; Ngo, N.; Lialiutsk, T.; Alarcao, M.d. Some natural flavonoids are competitive inhibitors of
Caspase-1, -3 and -7 despite their cellular toxicity. Food Chem. 2012, 131, 1453-1459. [CrossRef] [PubMed]

Zhou, H.; Xu, M.; Gao, Y.; Deng, Z.; Cao, H.; Zhang, W.; Wang, Q.; Zhang, B.; Song, G.; Zhan, Y.; et al. Matrine induces
caspase-independent program cell death in hepatocellular carcinoma through bid-mediated nuclear translocation of apoptosis
inducing factor. Mol. Cancer 2014, 13, 59-70. [CrossRef]

Kim, S.P; Nam, S.H.; Friedman, M. The Tomato Glycoalkaloid «-Tomatine Induces Caspase-Independent Cell Death in Mouse
Colon Cancer CT-26 Cells and Transplanted Tumors in Mice. Agric. Food Chem. 2015, 63, 1142-1150. [CrossRef]

Pozo-uisado, E.; Merino, ]. M.; Mulero-Navarro, S.; LorenzoBenayas, M.].; Centeno, F.; Alvarez-Barrientos, A.; Fernandez Salguero,
PM. Resveratrol-induced apoptosis in MCF-7 human breast cancer cells involves a caspase-independent mechanism with
downregulation of Bcl-2 and NF-kappa B. Int. ]. Cancer 2005, 116, 1004.

Kumar, D.S,; Drishya, G.; Chandrasekharan, A.; Shaji, S.K.; Bose, C.; Jossart, ].; Perry, ].P.; Mishra, N.; Kumar, G.B.; Nair, B.G.
Oxyresveratrol drives caspase-independent apoptosis-like cell death in MDA-MB-231 breast cancer cells through the induction of
ROS. Biochem. Pharmacol. 2020, 173, 113724.

Song, W.; Ren, Y.-J.; Liu, L.L.; Zhao, Y.-Y,; Li, Q.-F; Yang, H.-B. Curcumin induced the cell death of immortalized human
keratinocytes (HaCaT) through caspase-independent and caspase-dependent pathways. Food Funct. 2021, 12, 8669-8680.
[CrossRef]


http://doi.org/10.1016/S1074-7613(00)80058-8
http://doi.org/10.1002/ijc.21447
http://www.ncbi.nlm.nih.gov/pubmed/16152604
http://doi.org/10.1158/0008-5472.CAN-08-1054
http://doi.org/10.1158/1535-7163.MCT-07-2000
http://doi.org/10.1046/j.1523-1747.2003.12479.x
http://doi.org/10.1371/journal.pone.0166823
http://www.ncbi.nlm.nih.gov/pubmed/27861627
http://doi.org/10.1002/jcb.10761
http://www.ncbi.nlm.nih.gov/pubmed/10519395
http://doi.org/10.1074/jbc.M301911200
http://doi.org/10.1038/sj.cdd.4401290
http://doi.org/10.1182/blood-2004-09-3585
http://doi.org/10.1007/s10565-007-9022-1
http://doi.org/10.1186/1756-8722-1-4
http://doi.org/10.1016/j.biocel.2008.07.014
http://doi.org/10.1055/s-0030-1249931
http://www.ncbi.nlm.nih.gov/pubmed/20455200
http://doi.org/10.1371/journal.pone.0036418
http://www.ncbi.nlm.nih.gov/pubmed/22574158
http://doi.org/10.1016/j.foodchem.2011.10.026
http://www.ncbi.nlm.nih.gov/pubmed/22140296
http://doi.org/10.1186/1476-4598-13-59
http://doi.org/10.1021/jf5040288
http://doi.org/10.1039/D1FO01560E

Molecules 2022, 27, 6401 19 of 19

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Qa’Dan, M.; Ramsey, M.; Daniel, J.; Spyres, L.M.; Safifiejko-Mroczka, B.; Ortiz-Leduc, W.; Ballard, ].D. Clostridium difficile toxin
B activates dual caspase-dependent and caspase-independent apoptosis in intoxicated cells. Cell. Microbiol. 2002, 4, 425-434.
[CrossRef]

Kim, 5.Y.; Park, KW.; Kim, J.Y,; Jeong, L.Y; Byun, M.W,; Park, ].E.; Yee, S.T.; Kim, K.H.; Rhim, ].S.; Yamada, K; et al. Thiosulfinates
from Allium tuberosum L. induce apoptosis via caspase-dependent and -independent pathways in PC-3 human prostate cancer
cells. Bioorg. Med. Chem. Lett. 2008, 18, 199-204. [CrossRef]

Lee, Y.-K,; Lee, KW.; Kim, M,; Lee, Y.; Yoo, J.; Hwangbo, C.; Park, K.H.; Kim, K.D. Chelidonine Induces Caspase-Dependent and
Caspase-Independent Cell Death through G2/M Arrest in the T98G Human Glioblastoma Cell Line. Evid.-Based Complementary
Altern. Med. Hindawi. 2019, 2019, 6318179. [CrossRef] [PubMed]

Nedungadi, D.; Binoy, A.; Vinod, V.; Vanuopadath, M.; Nair, S.S.; Nair, B.G.; Mishra, N. Ginger extract activates caspase
independent paraptosis in cancer cells via ER stress, mitochondrial dysfunction, AIF translocation and DNA damage. Nutr.
Cancer 2021, 73, 147-159. [CrossRef] [PubMed]

Bruynzeel, AAM.E.; Hassan, M.A.A.; El Torun, E.; Bast, A.; van der Vijgh, W.J.F,; Kruyt, EA.E. Caspase-dependent and -independent
suppression of apoptosis by mono HER in Doxorubicin treated cells. Br. J. Cancer 2007, 96, 450-456. [CrossRef] [PubMed]
Alonso, M.; Tamasdan, C.; Miller, D.C.; Newcomb, E.W. Flavopiridol induces apoptosis in glioma cell lines independent of
retinoblastoma and p53 tumour suppressor pathway alterations by a caspase-independent pathway. Mol. Cancer Therp. 2003,
2,139-150.

Newcomb, E.W.; Tamasdan, C.; Entzminger, Y.; Alonso, J.; Friedlander, D.; Crisan, D.; Miller, D.C.; Zagzag, D. Flavopiridol
induces mitochondrial-mediated apoptosis in murine glioma GL261 cells via release of cytochrome c and apoptosis inducing
factor. Cell Cycle 2003, 2, 243-250. [CrossRef]

Roberts, L.R.; Adjei, PN.; Gores, G.J. Cathepsins as effector proteases in hepatocyte apoptosis. Cell Biochem. Biophys. 1999,
30, 71-88. [CrossRef] [PubMed]

Marzo, L; Perez-Galan, P; Giraldo, P.; Rubio-Felix, D.; Anel, A.; Naval, J. Cladribine induces apoptosis in human leukaemia cells
by caspase-dependent and -independent pathways acting on mitochondria. Biochem. . 2001, 359, 537-546. [CrossRef]

Joseph, B.; Marchetti, P.; Formstecher, P.; Kromer, G.; Lewenshohn, R.; Zhivotovsky, B. Mitochondrial dysfunction is an essential
step for killing of non-small cell lung carcinomas resistant to conventional treatment. Oncogene 2002, 21, 65-77. [CrossRef]

Ahn, HJ,; Kim, Y.S.; Kim, ].U.; Han, S.M.; Shin, ] W,; Yang, H.O. Mechanism of taxol induced apoptosis in human SKOV3 ovarian
carcinoma cells. J. Cell. Biochem. 2004, 91, 1043-1052. [CrossRef]

Kim, R. Recent advances in understanding the cell death pathways activated by anticancer therapy. Cancer 2005, 103, 1551-1560.
[CrossRef]

Zhang, W.; Zhang, C.; Narayani, N.; Du, C.; Balaji, K.C. Nuclear translocation of apoptosis inducing factor is associated with
cisplatin induced apoptosis in LNCaP prostate cancer cells. Cancer Lett. 2007, 255, 127-134. [CrossRef]

Wang, M.; Zhang, L.; Han, X,; Yang, J.; Qian, J.; Hong, S.; Samaniego, F.; Romaguera, ].; Yi, Q. Atiprimod inhibits the growth
of mantle cell lymphoma in vitro and in vivo and induces apoptosis via activating the mitochondrial pathways. Blood 2007,
109, 5455-5461. [CrossRef] [PubMed]

Shaffer, S.A.; Baker-Lee, C.; Kennedy, J.; Lai, M.S.; de Vries, P.; Buhler, K.; Singer, ].W. In vitro and in vivo metabolism of paclitaxel
poliglumex: Identification of metabolites and active proteases. Cancer Chemother. Pharmacol. 2007, 59, 537-540. [CrossRef]
[PubMed]

Albain, K.S.; Belani, C.P,; Bonomi, P.; O’'Byre, K.J.; Schiller, ].H.; Socinski, M. PIONEER: A phase III randomized trial of paclitaxel
poliglumex versus paclitaxel in chemotherapy-naive women with advanced-stage non-small-cell lung cancer and performance
status of 2. Clin. Lung Cancer 2006, 7, 417-419. [CrossRef] [PubMed]

Hiisemann, L.C.; Reese, A.; Radine, C.; Piekorz, R.P; Budach, W.; Sohn, D.; Janicke, R.U. The microtubule targeting agents eribulin
and paclitaxel activate similar signaling pathways and induce cell death predominantly in a caspase-independent manner. Cell
Cycle 2020, 19, 464-478. [CrossRef] [PubMed]

Jang, ].H.; Sung, E.-G.; Song, I.n.-H.; Lee, T.-].; Kim, ].-Y. Metformin induces caspase-dependent and caspase-independent
apoptosis in human bladder cancer T24 cells. Anti-Cancer Drugs 2020, 31, 655-662. [CrossRef]


http://doi.org/10.1046/j.1462-5822.2002.00201.x
http://doi.org/10.1016/j.bmcl.2007.10.099
http://doi.org/10.1155/2019/6318179
http://www.ncbi.nlm.nih.gov/pubmed/31239863
http://doi.org/10.1080/01635581.2019.1685113
http://www.ncbi.nlm.nih.gov/pubmed/31690139
http://doi.org/10.1038/sj.bjc.6603598
http://www.ncbi.nlm.nih.gov/pubmed/17285121
http://doi.org/10.4161/cc.2.3.357
http://doi.org/10.1007/BF02737885
http://www.ncbi.nlm.nih.gov/pubmed/10099823
http://doi.org/10.1042/bj3590537
http://doi.org/10.1038/sj.onc.1205018
http://doi.org/10.1002/jcb.20006
http://doi.org/10.1002/cncr.20947
http://doi.org/10.1016/j.canlet.2007.04.006
http://doi.org/10.1182/blood-2006-12-063958
http://www.ncbi.nlm.nih.gov/pubmed/17317853
http://doi.org/10.1007/s00280-006-0296-4
http://www.ncbi.nlm.nih.gov/pubmed/16924498
http://doi.org/10.3816/CLC.2006.n.027
http://www.ncbi.nlm.nih.gov/pubmed/16800969
http://doi.org/10.1080/15384101.2020.1716144
http://www.ncbi.nlm.nih.gov/pubmed/31959066
http://doi.org/10.1097/CAD.0000000000000966

	Introduction 
	Molecular Pathways of Caspase-Independent Programmed Death of Cell 
	Molecular Agents Inducing Caspase-Independent Programmed Cell Death 
	Synthetic Molecules 
	Inorganic Molecules 
	Natural Compounds 
	Repurposing Drugs 

	Summary 
	References

