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Abstract

Cell death is a fundamental part of life for metazoans. To maintain the balance between cell proliferation and metabo-
lism of human bodies, a certain number of cells need to be removed regularly. Hence, the mechanisms of cell death
have been preserved during the evolution of multicellular organisms. Tumorigenesis is closely related with excep-
tional inhibition of cell death. Mutations or defects in cell death-related genes block the elimination of abnormal cells
and enhance the resistance of malignant cells to chemotherapy. Therefore, the investigation of cell death mecha-
nisms enables the development of drugs that directly induce tumor cell death. In the guidelines updated by the Cell
Death Nomenclature Committee (NCCD) in 2018, cell death was classified into 12 types according to morphological,
biochemical and functional classification, including intrinsic apoptosis, extrinsic apoptosis, mitochondrial permeability
transition (MPT)-driven necrosis, necroptosis, ferroptosis, pyroptosis, PARP-1 parthanatos, entotic cell death, NETotic
cell death, lysosome-dependent cell death, autophagy-dependent cell death, immunogenic cell death, cellular senes-
cence and mitotic catastrophe. The mechanistic relationships between epigenetic controls and cell death in can-

cer progression were previously unclear. In this review, we will summarize the mechanisms of cell death pathways
and corresponding epigenetic regulations. Also, we will explore the extensive interactions between these pathways
and discuss the mechanisms of cell death in epigenetics which bring benefits to tumor therapy.
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Introduction

The process of regulated cell death (RCD) is an irrevers-
ible termination of cellular activity and serves as a vital
mechanism for maintaining tissue functionality and
morphology. The disorder of RCD causes a variety of
diseases. Failure of clearing tumor cells or immune cells
cause serious results in evoking tumorigenesis and auto-
immune diseases respectively. Excessive neural cell apop-
tosis can lead to neurodegenerative diseases.

Researchers on RCD have been conducted for more
than 30 years. Various forms of cell death exhibit distinct
morphological characteristics and underlying mecha-
nisms. The apoptotic-cells undergo shrinkage leading to
a concentration of the cytoplasm and they are phagocy-
tosed by macrophages without eliciting an inflammatory
response [1]. However, both pyroptotic-cells and necrop-
totic-cells undergo cell swelling, leading to the formation
of pores in the cell membrane and subsequent release of
cellular contents accompanied by severe inflammatory
reactions [2]. What’s more, autophagosomes form dou-
ble-membrane structures within the cytoplasm of cells
undergoing autophagy, where they undergo fusion with
lysosomes to generate autophagolysosomes, facilitating
the degradation of cellular organelles and protein [3].
Ferroptosis has emerged as a prominent research area,
characterized by its distinct morphology during RCD
[4]. There is an increase in iron ions and lipid peroxides
within the cells. Cuproptosis is a form of death that is
not yet clear, which is usually caused by protein aggre-
gation and metabolic disorders dependent on copper
ions. With the discovery of an increasing number of cell
death pathways, there is an imminent need to delve into
the molecular mechanisms underlying cell death, given
its profound implications for researching treatments for
a wide range of diseases. Therefore, while exploring the
molecular mechanisms of cell death, we discuss the inter-
action of various cell death and the decision of cell fate at
the fork in various molecular pathways to further under-
stand the role of cell death in tumor progression.

The induction of RCD in tumor cells has emerged as a
crucial therapeutic approach for cancer treatment. Such
as using apoptosis-inducing agents (such as TRAIL, Bcl-2
inhibitors) to inhibit tumor progression [5], activating
Caspase-1 or Gasdermin E to induce tumor pyroptosis
[6], Utilizing mTOR inhibitors or autophagy enhancers to
promote tumor autophagy, employing ferroptosis induc-
ers to enhance intracellular iron ions and lipid peroxides
in tumor cells [7]. Nevertheless, there are certain limita-
tions therapeutic agents targeting cell death mechanisms.
For example, Some tumor cells are resistant to apopto-
sis-inducing agents because of the p53 mutation and
tumor microenvironment may inhibit apoptosis signal
transduction [5]. In addition, autophagy plays a complex
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role in different tumor types, which may promote both
survival and death [8]. However, epigenetic regulation
enables precise targeting of specific gene expression and
enhances therapeutic effects. So, in addition to the con-
ventional induction of tumor cell death, we provide the
pivotal role of epigenetics in cancer cells and explores the
latest advancements in drug development.

The primary epigenetic regulations include DNA modi-
fications, histone modifications and chromatin remod-
eling. Epigenetic regulations of cell death-associated
proteins with drugs can achieve the purpose of inducing
tumor cell death more efficiently and more accurately [9].

Mechanisms of cell death and tumor progression
Apoptosis

The term apoptosis was first used in a 1972 paper by Kerr,
Wyllie and Currie to describe a morphologically distinct
type of cell death that plays a complementary but oppo-
site role to mitosis in the regulation of animal cell popu-
lations without prompting an inflammatory response
[10]. Apoptosis is the earliest well-studied programmed
cell death with distinct morphological and biochemical
features accompanied by apoptotic vesicle formation,
which is mediated by several pathways [5]. Mitochondrial
apoptotic pathway is directly triggered by the mitochon-
drial outer membrane permeabilization (MOMP), which
later release pro-apoptotic factors (e.g. cytochrome c)
from the mitochondria into the cytoplasm and cause cas-
cade of Caspases. Nevertheless, the process of MOMP
depends on the interaction of apoptosis-related proteins
which sense intracellular stress and regulate intracellular
homeostasis. Meanwhile, ER stress sensors can touch off
these cascade effects independently by delivering stress
signals mainly caused by dysregulation of intracellular
nutrient balance. While death receptor pathway induces
apoptosis through receiving the extracellular death sig-
nals such as Fas, TNF etc. Certainly, these three apop-
tosis-related pathways enjoy extensive interactions with
each other.

Mechanisms of apoptosis

Mitochondrial pathway of apoptosis

The mitochondrial pathway of apoptosis is tightly reg-
ulated by a series of pro-apoptotic and anti-apoptotic
B-cell lymphoma 2 (BCL-2) family proteins [5]. The
BCL-2 family proteins can be categorized into two
groups, namely proapoptotic and antiapoptotic pro-
teins, based on their respective roles in the process of
apoptosis. The former can be segmented into multid-
omain proapoptotic proteins (eg. BAX, BAK and BOK)
and BH3-only proapoptotic proteins (e.g. BID, BIM,
BAD, and NOXA). BAK and BAX are the most impor-
tant pro-apoptotic protein on the outer membrane of
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mitochondria, which can directly commitment to mito-
chondrial damage and mitochondrial outer membrane
permeabilization (MOMP) [11]. BOK located in the
endoplasmic reticulum (ER) transfers stimulus-induced
calcium from the ER to the mitochondria and improves
mitochondrial calcium levels to upregulate apoptosis
[12]. It has been widely accepted that BID, BIM, and
NOXA triggers the homo-oligomerization of “multid-
omain” conserved proapoptotic family members BAK
or BAX while BAD indirectly activates BAX or BAK by
inhibiting the function of BCL-2 antiapoptotic proteins
[13]. However, recent studies suggest that all BH3-only
proteins primarily target the anti-apoptotic BCL-2 pro-
teins BCL-xL/MCL-1, which suppression enables spon-
taneous activation of BAX/BAK rather than their direct
activation of BAX/BAK [14]. BH3-only proteins con-
stitute the main upstream receptors of the mitochon-
drial apoptotic pathway and they are one of the nodes
that integrate pro-apoptotic and anti-apoptotic signals.
Antiapoptotic proteins in BCL-2 families such as BCL-
2, BCL-xl and MCL-1can block MOMP and inhibit cell
death by interacting with BH3 structure domains of
proapoptotic effector proteins in check [15].

BAX/BAK benefits from their pore-forming ability on
the outer membrane of mitochondrial to be considered
as core effectors of the intrinsic pathway, which release
the contents of mitochondrial. Among these released
proteins, cytochrome c is the most important which
acts on apoptotic peptidase activating factor 1 (APAF-
1) and promotes its conformational changes, leading to
the recruitment of Caspase9 to form apoptosomes [16].
Once Caspase9 is activated, it cleaves and activates the
executioner Caspase3 and Caspase 7 [17]. These ampli-
fied signals end up cleaving the proteins and DNA in
cells and induce apoptosis ultimately. SMAC and OMI
are also released into the cytosol, where they bind and
inhibit the X-linked inhibitor of apoptosis (XIAP),
to promote activation of Caspases [18] (Fig. 1). Mito-
chondrial pathway of apoptosis can be triggered by a
variety of microenvironmental perturbations, includ-
ing growth factor withdrawal, DNA damage, endo-
plasmic reticulum (ER) stress, reactive oxygen species
(ROS) overload, replication stress, microtubule altera-
tions and mitotic defects [19-23]. These different stim-
uli can alter the balance between different groups of
BCL-2 proteins, leading to activation of cell death [24].
Remarkably, BCL-2 proteins can be regulated by tran-
scriptional or post-translational modifications [20]. For
example, p53 induces PUMA (p53-upregulated apopto-
sis regulator) and NOXA (pro-apoptotic BH3 protein)
transcription in response to DNA damage, thereby ini-
tiating apoptosis [25, 26] (Fig. 1).
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Endoplasmic reticulum of apoptosis

Endoplasmic reticulum (ER) which contains a large num-
ber of chaperone enzymes and redox enzymes plays a
major role in maintaining protein homeostasis and is
responsible for folding and processing nearly all polypep-
tides destined for secretion. Nevertheless, cells repeat-
edly confront a variety of stressors such as starvation and
infection that can potentially destroy ER proteostasis.
Thus, the unfolded protein response of the endoplasmic
reticulum (UPRFR) is initiated to buffer ER stress that
orchestrate cell fate to survival or cell death [27]. The
onset of UPR relies on stress sensors protein kinase RNA-
like ER kinase (PERK), inositol-requiring protein la
(IREla) and activating transcription factor 6 (ATF6) [28].
IRE1, PERK and ATF6 are ER transmembrane proteins
that contain an ER luminal stress-sensing domain and a
cytoplasmic enzymatic domain [29]. Together, these ER
stress sensors disassociate with molecular chaperones
upon receipting stress signals and play a role in pro-sur-
vival by coordinating a temporal shut down in protein
translation. IREla which is trans-autophosphorylated
upon oligomerization in response to unfolded proteins
determines cell fate by processing X box-binding pro-
tein 1 (XBP1) and undergoing regulated IRE1-dependent
decay (RIDD) of mRNA to evoke the transcription of ER
quality control components and degradation of superflu-
ous proteins [30, 31]. Similar to IRE1la, PERK senses the
eukaryotic translation initiation factor-2a(elF2a) upon
trans-autophosphorylation by oligomerization in ER-
stressed cells and blocks ribosome 80S assembly as well
as protein synthesis in the ER [29]. Additionally, acti-
vated 50 kDa form of ATF6 (p50ATF6) acts as basic leu-
cine zipper (bZIP) transcription factor for UPR-inducible
target genes to trigger the procedure of RIDD and ER-
associated degradation (ERAD) which can alleviate the
protein load in ER [29] (Fig. 1).

Apoptosis can be triggered when cells fail to resolve
ER stress. A key step in the regulation of apoptosis is
the crosstalk between the ER and mitochondria through
transcriptional and post-translational modifications of
members of the BCL-2 family of proteins. Once ER stress
intensity reaches its threshold, RIDD initiates apoptosis
through repression of anti-apoptotic pre-microRNAs
and upregulation of apoptosis executor Caspase2 and
Caspase8 which acts on BID to promote the process of
MOMP [30]. Meanwhile, PERK-eIlF2a-ATF4 branch of
the UPR induces the pro-apoptotic transcription factor
CHOP, which in turn mediates mitochondrial apopto-
sis through the upregulation of BH3 only proteins and
down regulation of BCL-2 proteins [32]. Also, activated
IREla combines with TNF receptor-associated factor
2 (TRAF2) to trigger the activation of c-Jun N-terminal
kinase (JNK) pathway and mediates apoptosis [33, 34].
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Fig. 1 Crosstalk among mitochondrial pathway, endoplasmic reticulum pathway and death receptor pathway of apoptosis. Internal stresses which
cause the imbalance between BH3-only proteins and BCL-2 family can contribute to the mitochondrial pathway of apoptosis through MOMP. Upon
MOMP, cytochrome c is released from mitochondria, forming the multimeric apoptosome complex with APAF1 to activate initiator caspase-9.
Whereas, death receptor pathway is activated by external death factor ligation. However, clAP1/2-mediated ubiquitination of RIPK1 drives cells

to IKK-mediated cell survival. Once clAP1/2 is inhibited, activated Caspase8 can directly cleave Caspase 3 /7 or the BH3-only protein BID (tBid)

to drive MOMP. Both mitochondrial pathway and death receptor pathway lead to activation of executioner Caspase 3 /7, which cleave essential
cellular substrates to implement apoptosis. ER stress can also lead to apoptosis through ER stress-sensing proteins IRE1, PERK and ATF6. ATF6f,

the activated form of ATF6 transcription factor, XBP1s, the activated form of XBP1 following splicing

However, the understanding of IRE1 responses and cell
death fate remains controversial. It seems that the defi-
ciency of IREla in chondrocytes downregulates pro-
survival factors XBP1s and BCL-2, which enhances the
apoptosis of chondrocytes through increasing proapop-
totic factors Caspase3, p-JNK, and CHOP (growth arrest
and DNA damage-inducible gene 153/C/EBP homol-
ogy protein) [33]. Presumably, the exact role of IREl« in
apoptosis may depend on the specific stage of ER stress.
Apart from that, PERK promotes the rapid transfer of
ROS signals to mitochondria and triggers MOMP by
directly crosslinking ER with mitochondria [32] (Fig. 1).

Otherwise, inhibition of ATF6 and PERK signaling path-
ways relieves heat-induced spermatocyte apoptosis in
mouse [35]. In general, PERK, ATF6 and IRE1 signaling
could promote pro-apoptotic process, but this procedure
largely relies on downstream pathways.

Ca2 +signaling plays a crucial role in the regula-
tion of cell death and apoptosis. Many studies showed
that Ca2+transferred from endoplasmic reticulum to
mitochondria is a necessary condition for some chemi-
cal substances to induce apoptosis [36]. In HeLa cells
upon ceramide treatment, researchers observed Ca?t
release from the ER and loading into mitochondria [37].



He et al. Molecular Cancer (2024) 23:267

As a consequence, organelle swelling and fragmenta-
tion were detected that were paralleled by the release
of cytochrome c. However, Bcl-2 overexpression was
reported to decrease the size of the ER Ca”* released and
to prevent the process of MOMP [38].

Death receptor pathway of apoptosis

The initiation of exogenous apoptosis depends on the
binding of external tumor necrosis factor (TNF), TNEF-
related apoptosis-inducing ligand (TRAIL) and Fas
Ligand (FASL) proteins to corresponding cell membrane
receptors [39]. Like mitochondrial pathway, the death
receptor pathway of apoptosis converges at the level of
effector caspase activation to implement cell death.

TNF pathway The anticancer activity now known as
TNF was first described more than a century ago. TNF
released by immune cells mediates the inflammatory
response to resist invasion of foreign matters and can
be implicated in the pathogenesis of a wide spectrum of
human diseases at the same time. TNF initiates a com-
plex cascade of signaling events that can lead to induc-
tion of proinflammatory cytokines, cell proliferation, dif-
ferentiation, or cell death.

The first step in TNF signaling involves the binding
of the TNF to the extracellular domain of TNFR1 and
releasing of silencer of death domains (SODD), the com-
petitive ligand of TNEF. Thus, upon ligand binding, death
receptors are aggregated and trimerized in the cell mem-
brane (a phenomenon called capping) and subsequently
recruit adaptor proteins such as TNF receptor—asso-
ciated death domain (TRADD), Fas -associated death
domain proteins (FADD), receptor interacting protein
(RIP) and TNFR-associated factor 2 (TRAF2) [40-42].
TRAF2 or FADD bound to TNFR1 will guide the cell to
the different fate by recruiting key enzymes of different
kind. Specifically, TRAF2 recruits cellular inhibitor of
apoptosis protein-1 (cIAP-1) and cIAP-2 forming Com-
plex I (TNFR1 signaling complex;TNFR1-SC), to restrain
cell death and bring cells to JNK and NF-«kB signal way
[43]. In contrast, Caspase8 is recruited by FADD to the
TNE-R1 forming complex II, where it becomes activated
and initiates a protease cascade that leads to apoptosis.
Ubiquitination serves as an important level of regula-
tion that dictates the pro-survival output of Complex I
and serves as a major checkpoint for death via Complex
II formation. First, XIAP is crucial for the control of cell
death with its function of polyubiquitylating caspases
to cause the catalytic inactivation of these proteins [44].
Although c-IAP proteins are not physiological inhibitors
of Caspases, it can promote the ubiquitylation of Cas-
pase 3 and Caspase 7 as well, thus enhancing cell survival
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[44]. All of these proteins push cells toward NF-kB sign-
aling pathways that help them survive. It is interesting
that c-IAP1 can mediate the ubiquitylation of other IAP
proteins, namely XIAP and c-IAP2, which probably fine-
tunes their levels to ensure an optimal balance. Moreo-
ver, linear ubiquitin chain assembly complex (LUBAC),
composed of HOIL1, SHARPIN, and HOIP, induces the
ubiquitination of cIAP1/2, which enhances Complex I
binding with NEMO(NEF-«B essential modulator, IKKy),
the kinases TGF-p activated kinase-1 (TAK1) and TGEF-
beta activated kinase2/3 (TAB2/3), subsequently acti-
vates the IkB kinase (IKK) complex [45]. Destabilization
of Complex I by inhibition of cIAP1/2 or removal of the
ubiquitin chain of Receptor-interacting protein kinase 1
(RIPK1) by the action of deubiquitinating enzymes allows
the release of TRADD and RIPK1. Thus, modification of
RIPK1 provide a unique "ubiquitin code’ that determines
whether a cell activates nuclear NF-kB-mediated inflam-
matory response or induces cell death by apoptosis [46]
(Fig. 1).Otherwise, TAK1 acts like a switch of cytotoxicity
which inhibition elicits the formation of RIPK1-FADD-
Casp8 complex and initiates cell death while infected by
Yersinia [47]. In this case, Caspase-8 is activated to pro-
cess Caspase-1 along with inhibition of NF-«B and mito-
gen-activated protein kinase (MAPK) signaling, which
showing us an innate immune signaling pathway of anti-
microbial defense [48].

In the pro-apoptotic conformation of the complex,
TRADD and RIPK1 recruit FADD and Caspase-8, lead-
ing to Caspase activation and apoptosis. In the absence
of FADD, RIPK1 is capable of activating RIPK3, thereby
initiating the necroptotic pathway. Conversely, FLICE-
like inhibitory protein (FLIP) exerts its inhibitory effects
on both apoptosis and RIPK-dependent necroptosis com-
plexes via its Caspase-like domain, effectively prevent-
ing the activation of these cell death pathways [49]. The
interaction between necroptosis and apoptosis, as well as
other forms of regulatory necrosis like pyroptosis or fer-
roptosis are currently areas with active investigation, and
drug effects on these interactions will be relevant to can-
cer therapy ultimately.

Fas pathway Fas/FasL system is considered as the major
regulator of apoptosis at the cell membrane in mamma-
lian cells through a receptor/ligand interaction. FasL trig-
gers the Fas pathway by binding to the Fas receptor (also
known as CD95). In this case, FADD initiated by Fas sig-
nals recruits its downstream interaction factor proCas-
pase-8 through homotypic interaction in the death effec-
tor domain (DED), after that, proCaspase-8 performs the
automatic cleavage to generate active Caspase-8, thus ini-
tiating the execution phase of cell death. Consequently,
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activation of Fas results in receptor aggregation and for-
mation of the so-called “death-inducing signaling com-
plex” (DISC) containing trimerized Fas, FADD and pro-
Caspase8. Caspase8 then cuts proCaspase3 to produce
active Caspase3 which is responsible for ultimately per-
forming various proteolytic degradation in cell [39].

Other death receptor pathway of apoptosis A third
extrinsic apoptotic pathway has been shown to be thera-
peutically exploitable, the TNF-related apoptosis-induc-
ing ligand (TRAIL) pathway [50]. TRAIL, alternatively
known as Apo2L, was first identified by its sequence
homology to FasL. It is a type II transmembrane protein
containing an extracellular region which, upon proteo-
lytic cleavage by protease, releases a soluble portion that
acts as a ligand. Trimeric TRAIL binds to receptors on
the membrane, namely death receptors (DR), which then
trigger intracellular signaling cascade similar to the Fas
pathway. The TRAIL-DR4/DR5 pathway is proposed to
function in a wide range of physiological processes such
as T cell activation and tumorigenesis. DR3 is a third
member of TNFR family activated by its ligand Apo3L
which can stimulate the formation of FADD-containing
and caspase-8-containing DISC and induces apopto-
sis [51]. Another member of TNFR family termed DR6
has also been identified to interact with TRADD and
induce apoptosis or activation of both NF-kappaB and
JNK [52]. In summary, the signaling pathways by which
these receptors induce apoptosis are similar and rely on
oligomerization of the receptor by death ligand binding,
recruitment of an adapter protein through homophilic
interaction of cytoplasmic domains, and subsequent acti-
vation of an inducer caspase which initiates execution of
the cell death program.

Cells undergoing apoptosis reveal a characteristic
sequence of cytological alterations including membrane
blebbing and nuclear and cytoplasmic condensation.

Apoptosis in tumor progression and tumor immunity

Apoptosis maintains the dynamic balance of the number
of cells in the body by eliminating the excess cells. Par-
ticularly, apoptosis is widely known as programmed cell
death eliciting no inflammatory responses on account
of efficient and timely clearance of apoptotic cells. How-
ever, one of the hallmarks of cancer is evasion of apop-
tosis, meaning insufficient apoptosis overwhelmed by the
limitless replicative potential of cells leading to the pro-
liferation of tumors. Apart from that, apoptotic signaling
through death receptors can be attenuated by cell-surface
decoy receptors that bind to death ligands and compete
for them, thereby reducing the activation of proapop-
totic death receptors. Decoy receptors with Fas ligands
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are known to be over-expressed in some colorectal and
lung tumor cells [53], and two species of TRAIL recep-
tor decoys (DcR1 or TRID and DcRII or TRUND) are
overexpressed in normal cells, thereby abrogating TRAIL
activation in normal tissues [54]. As a result, apoptosis of
cancer cells is usually attenuated in TME with reduced
apoptotic signaling [55]. Notably, apoptosis induced by
cytotoxic immune cells is one of the major pathways of
cancer cell clearance in TME. CD8 + cytotoxic T lympho-
cytes (CTLs) take essential roles for killing cancer cells by
FasL on cell membrane. Interestingly, under specific con-
ditions, such as Caspase deficiency, apoptosis can trig-
ger adaptive antitumor or antiviral immune responses by
activating the cGAS/STING pathway and NF-kB signal-
ing [56-58].

Autophagy

In humans, cells and intracellular components are con-
stantly remodeled and recycled. The metabolic processes
including the protein degradation as well as the organelle
degradation and recycling are important for eliminating
intracellular hazardous wastes, impeding the accumula-
tion of proteins and maintaining cellular homeostasis
[59]. Also, this process helps cells replace old compo-
nents with fresh, better-quality ones. During critical
situations, especially in the presence of the hypoxia, met-
abolic stress, nutritional deprivation and oxidative stress,
the phagocytosis of intracellular substances becomes
more frequent [60]. Therefore, cells rely on a pattern of
self-phagocytosis to achieve intracellular energy balance
termed as autophagy. Autophagy is characterized by the
rearrangement of subcellular membranes to sequester
a portion of cytoplasm and organelles into a structure
called the autophagosome, which is then transported to
the lysosome for proteolysis of the sequestered materi-
als. Considering the broad term “autophagy” which has
been used with rather variable and sometimes mislead-
ing connotations, we need to discriminate autophagy
that operates on freely accessible cytosolic proteins from
vesicular trafficking that originates at the plasma mem-
brane, which also culminates in lysosomal degradation
[61]. We also need to discriminate them from other cata-
bolic pathways involved in cytoplasmic material, such as
proteasomal degradation.

Up to date, various types of organelle-specific
autophagy have been observed in different organelles,
including the mitochondrial autophagy, peroxisome
autophagy, endoplasmic reticulum phagocytosis,
nucleoprotein autophagy, hemolytic autophagy and
nuclear autophagy [62]. The absence of these specific
autophagy processes would lead to the damage of the
cell structure, dysfunction and even death. For exam-
ple, the endoplasmic reticulum, Golgi and lysosomes of
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lung fibroblasts were extensively disordered in patients
within the COPD (Chronic Obstructive Pulmonary
Disease), accompanied by the ER stress and the activa-
tion of apoptotic pathways [63]. However, the molecu-
lar connections between autophagy and cell death are
complicated and, in different contexts, autophagy may
promote or inhibit cell death. It has been known that
autophagy-related genes modulate cell death in a pat-
tern that scarcely interfere with apoptosis-related
Caspase enzymes [64]. Simultaneously, autophagy
presents extensive interactions with programmed cell
death including apoptosis, necroptosis and ferropto-
sis, concretely performed in the mutual regulation of
autophagy-related genes with other cell death pathways
especially between autophagy and apoptosis [65]. On
the one hand, autophagy can withstand cell death in
physiological or pathological states by mobilization of
intracellular nutrients to meet energy requirements or
by removal of damaged organelles to maintain homeo-
stasis. On the other hand, autophagy-mediated self-
digestion can directly lead to cell death officially named
as autophagy-dependent cell death. In many cases, the
evidence of a causal role for autophagy was not estab-
lished while other observations were based mainly on
morphological characteristics. Autophagy-dependent
cell death is considerably different from apoptosis in
morphological characteristics, which is accompanied
by the formation of autophagosomes that can degrade
cell debris without phagocytes [64]. Even so, it remains
controversial to clear the specific roles of autophagy in
mediating cell death. We will focus on illustrating the
mechanisms of autophagic cell death and discussing the
interplay between autophagy and other forms of cell
death in the following section.

Mechanism of autophagy

There are three main forms of autophagy, known as mac-
roautophagy (herein referred to as autophagy), micro-
autophagy and chaperone-mediated autophagy (CMA).
Microautophagy is a form of autophagy during which
cell components destined for degradation are directly
taken up by the vacuole via membrane invagination [66].
CMA has a distinctive pattern of transferring substrates
to lysosomes, since substrates reach the lysosomal lumen
through a protein-translocation complex at the lysosomal
membrane without vesicles or membrane invaginations
[67]. Macroautophagy is the variant of autophagy best
characterized for its dedicated vesicles which sequester
large portions of the cytoplasm including organelles, now
known as autophagosomes [61].
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Initiation

Genetic studies have found that the gene ATG1 (ULKI,
the ATG1 homolog in mammals) is a key factor in regu-
lating the initiation of autophagy. Nevertheless, ULK1 is
regulated by upstream signals AMP kinase (AMPK) and
mammalian target of rapamycin (mTOR) according to
different nutritional status of cells. Within sufficient intra-
cellular energy, mTOR disrupts the ULK1-AMPK inter-
action and inhibits autophagy by phosphorylating ULK1
Ser 757 [68]. Otherwise, when cells are in an energy-
deficient state, such as low glucose levels, the phospho-
rylation of ULK1 by mTOR is inhibited by AMPK, which
directly activates ULK1 by phosphorylation of Ser 317
and Ser 777 to promote the initiation of autophagy [68].
AMPK and mTOR can be considered as receptors that
sense the energy level of cells and face intracellular stress.
Thus, the dual regulation of ULKI activity is conducive
to preventing metabolic disorders caused by long-term
loss of intracellular energy and maintaining the stabil-
ity of the intracellular states. Besides, dimethylation of
ULK1 through decreasing KDM5C(a kind of demethy-
lase) activity under hypoxia states promotes autophos-
phorylation at T180, a prerequisite for ULK1 activation
[69]. Next, ULK1 phosphorylates ATG13 and FIP200 to
form the ULK1-ATG13-FIP200 complex, which pro-
motes the formation of autophagosomes [70]. ATG13
is supposed to be an adaptor mediating the interaction
between ULK1 and FIP200 [71]. ATG13 and FIP200
have synergic effects during autophagy induction [71].
Both FIP200 and ATG13 are critical for locating ULK1
to the pre-autophagosome and enhancing the stabil-
ity as well as activity of ULK1 protein [72]. Meanwhile,
there are other proteins involved in the stabilization of
ULK1-ATG13-FIP200 complex, such as ATG101 [73],
ATGS8 [74], ATG 9A [75]. Apart from that, Syntaxin 17
can be phosphorylated by TBK1 whereby phospho-Stx17
controls the formation of the ATG13-FIP200-regulated
pre-autophagosome [76]. What’s more, the capability of
NDP52 to induce mitophagy is dependent on its inter-
action with the FIP200/ULK1 complex, which is also
facilitated by TBK1 [77]. In brief, the main content of ini-
tiation of autophagy is the correct localization of ULK1
to the pre-autophagosome and the stability of ULK1 pro-
tein, which is important to take the next step, that is the
elongation of autophagosomes.

Elongation (VPS34/VPS15/Beclin1/ATG14L)

Following the initiation step of autophagy, the activated
ULK1 phosphorylates Beclin-1 on Ser 14, enhancing
the activity of the ATG14L-containing Vps34 complexes
[78]. It is remarkable that Vps34 presenting in two mul-
tiprotein complexes in which Complex I is composed
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of  Vps34-Vpsl5-Beclinl-ATG14L  generating  the
autophagosome while Complex II is crucial for endo-
somal trafficking [79]. Notably, AMPK activates Vps34
Complex I by phosphorylating S91/S94 in Beclinl to
induce autophagy [80]. Vps34 is a phosphatidylinositol
trikinase (PI3K) within mammals phosphorylating phos-
phatidylinositol (PI) to phosphatidylinositol 3-phosphate
(PI3P) which is enriched in the intracellular lumen of
the pre-autophagy structure (PAS/omegasome). Subse-
quently, PI3P assisted with Vps34 and Beclin-1 widely
recruits PI3P-binding proteins such as ATG18(WIPI 1/2
in mammals) and double FYVE domain-containing pro-
tein 1(DCFP1) which is dynamically associated with the
endoplasmic reticulum that directly influences the for-
mation, localization and extension of early autophago-
some membrane [81, 82]. Lactylation of Vps34 mediated
by ULK1-activated glycolytic enzyme lactate dehydro-
genase A (LDHA) under nutritional deficiency states
enhances the association of Vps34 with Beclinl, ATG14L,
and UVRAG, and then increases Vps34 lipid kinase activ-
ity [83]. Also, Vpsl5 kinase domain engages the Vps34
activation loop to regulate its activity [84].Besides the
activation of Vps34, Beclinl-ATG14L protein—protein
interaction is also important for Complex I formation
[85]. ATG14L is an autophagy-essential gene presenting
which dictates the differential regulation (either inhi-
bition or activation) of different Vps34 complexes in
response to glucose starvation. Remarkably, Beclinl-
Vps34 complex bound with ATG14L/UVRAG functions
in two different steps of autophagy by altering the subu-
nit composition [86]. To be specific, ATG14L bind with
Beclinl to determine the localization of the autophago-
some while UVRAG(Vps38) bind with Beclinl to plays a
role in autophagosome maturation [86]. Additional regu-
latory proteins also interact with Vps34 and Beclinl to
either promote autophagy. Dapperl (Dprl) acts as a criti-
cal regulator of autophagy by enhancing the formation of
the autophagy-initiation Beclinl-Vps34-ATG14L com-
plex and thus increasing Vps34 activity [87]. RACK]1, a
member of WD40-repeat proteins, facilitates the assem-
bly of the ATG14L-Beclin 1-Vps34-Vps15 complex upon
its phosphorylation by AMPK at Thr50 [88]. In a word,
Vps34-Vpsl5-Beclinl-ATG14L complex facilitates the
elongation of autophagosomes to advance the progress of
autophagy.

Maturation of autophagosome membrane

ATG5, which forms a constitutive complex with ATG12,
is a key protein involved in membrane extension in
autophagy vacuoles. In brief, ATG12 is activated by an
El-like ubiquitin-activating enzyme ATG7 and is then
transferred to the E2-like ubiquitin-transferase ATG10
[89]. Finally, ATG12-ATG5 complex further interacts
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with ATG16L to form the ATG12-ATG5-ATG16L com-
plex, which is located on the outer membrane of the
autophagosome. The ATG12-ATG5-ATG16L1 complex,
which ultimately participates the autophagosome mem-
brane maturation, is recruited to membrane contrib-
uting to the lipidation of LC3(Microtubule-associated
protein 1A/1B-light chain 3, ATGS8 family) by recruit-
ing ATG3-LC3 to the membrane and to facilitating the
transfer reaction to phosphatidylethanolamine (PE) with
the assistance of the PI3P-binding protein WIPI [81]. The
LC3 proteins undergo two proteolytic processing steps
after being newly synthesized as a precursor. The ATG4
family is thought to regulate autophagosome forma-
tion exclusively by processing LC3 to the free cytoplas-
mic LC3-I form [90]. It has been recently discovered that
human ATG4 proteins can facilitate autophagosome for-
mation by regulating ATG9A trafficking and promoting
interactions between the phagophore and ER, independ-
ent of their protease activity and their role in LC3 pro-
cessing [91, 92]. Next, ATG12-ATG5-ATG16L1 enrolls
El-like protein ATG7 and E2-like protein ATG3 (already
bound to LC3-I) into the autophagosome. Then, ATG12
activates ATG3 whereby the activated ATG3 facilitates
LC3-I to combine with PE and convert to LC3-II [93].
Notably, the presence of ATG12-ATG5-ATG16L1 accel-
erates LC3/GABARAP lipidation and hampers LC3/
GABARAP capacity to induce inter-vesicular lipid fusion
at the same time [94]. It is remarkable that the stability
of ATG12-ATG5-ATG16L1 is supported by many pro-
teins. For example, RAB37 and RAB26 involve in a direct
and activation-dependent manner in autophagy through
promoting the formation of the ATG12-ATG5-ATG16L1
complex in a GTP-dependent manner [95, 96]. It is sur-
prising to find that the ATG19-ATG11-ATG9 complex
also participates in the LC3 lipidation [97].

The LC3 family is critical for the autophagosome lipid
membrane expansion, autophagosome-lysosome fusion,
and degradation of the inner autophagosomal membrane
[98]. LC3-I is cytosolic, whereas LC3-II is membrane
bound. Deacetylation of LC3 at K49 and K51 allows LC3
to interact with the nuclear protein DOR and to shift dis-
tribution of LC3from the nucleus toward the cytoplasm,
where it is able to bind with ATG7 and other autophagy
factors and undergo phosphatidylethanolamine conjuga-
tion to autophagosome [99]. LC3-II correlated with the
extent of autophagosome formation is degraded along
with the combination of autophagosome and lysosome,
which reflects the immunofluorescence monitoring func-
tion of LC3-II to indicate the autophagy stage [100].

Fusion with lysosomes
After closure of the phagophore, the double-membrane
autophagosome matures and fuses with lysosomes to
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degrade its contents. Interaction between the scattered
autophagosomes in the cytoplasm and the perinuclear-
enriched lysosomes depends on their bidirectional
movement on microtubules, especially dynein-mediated
autophagosome perinuclear movement. The fusion of
autophagosome with the lysosome requires the coor-
dination of SNAREs, small GTPases, tethering complex
HOPS, and other proteins [101]. A major event during
autophagosome-lysosome fusion is the SNARE com-
plex-mediated fusion process, which includes STX17(Q-
SNARE), SNAP29 and VAMP8(R- SNARE). Upon
autophagy induction, STX17 is recruited from the ER
and mitochondria to completed autophagosomes, and
then interacts with SNAP29 and the endosomal/lyso-
somal VAMPS8 to form a trans-SNARE complex, which
mediates autophagosome-lysosome fusion [102]. It is
reported that acetylation of STX17 regulates its SNARE
activity and autophagic degradation while deacetylation
of STX17 also enhances the interaction between STX17
and the tethering complex HOPS, thereby further pro-
moting autophagosome-lysosome fusion [103]. SNAP29
localizes to multiple trafficking organelles, exerting
an effect on protein trafficking. Deficiency of SNAP29
causes distinctive epithelial architecture defects and
accumulation of large amounts of autophagosomes [104].
Secl family domain containing 1 (SCFD1) located in the
autolysosome, is required for SNARE complex formation
and autophagosome-lysosome fusion [105, 106]. SCFD1
can be recruited to autolysosomes by dephosphorylated
VAMPS8 while this process can be inhibited by mTOR
[105]. Conversely, SCED1 acetylation inhibits autophagy,
specifically by blocking STX17-SNAP29-VAMP8 SNARE
complex formation [106]. The core tethering factor for
autophagosome-lysosome fusion is the HOPS complex
consisting of Vpsll1, Vpsl6, Vpsl8, Vps33A, Vps39, and
Vps4l. The HOPS complex interacts with STX17 on
autophagosome and facilitates assembly of the trans-
SNARE complex to mediate autophagosome-lysosome
fusion [107]. It is worth mentioning that although LC3
plays an important role in autophagosome maturation,
deconjugation of LC3-PE by ATG4 facilitates the matu-
ration of these structures into fusion-capable autophago-
somes at the later stage of autophagy [108].

Furthermore, the key regulator of lysosomal func-
tion TFEB regulates genes involved in several steps of
the lysosome—autophagic pathway, including formation
of the isolation membrane, conjugation of ubiquitin-
like molecules of the Atg8 family(LC3) and elongation
of the autophagosomal membrane, cargo recruitment,
autophagosome-lysosome fusion, lysosome-mediated
degradation and lysosomal biogenesis [109, 110]. TFEB
promotes the process of cellular endocytosis leading
to activation of mTORC1 and autophagy, thus playing

Page 9 of 54

important roles in cellular clearance [111]. In addition,
lysosomal Ca2+is key for various lysosomal functions
as releasing Ca2+is required for the fusion of lysosomes
with autophagosomes [110]. Lysosomal Ca2+ channels
respond to a variety of stimuli, such as pH, nutrients and
cellular stress, suggesting that lysosome activity can be
differentially modulated depending on cell conditions,
thus allowing more selective signal responses that are tai-
lored to the needs of the cell.

Selective degradation

Before proteins are transferred into autophagosomes,
they need to be ubiquitinated, and recognized by proteins
containing ubiquitin-binding domains. P62 is such the
adaptor that identifies ubiquitinated protein aggregates,
dysfunctional peroxisomes and impaired mitochondrial
outer membranes (MOM) within UBA domains. The
abnormal substances are transferred into the lysosome-
bound autophagosome by P62 and subsequently elimi-
nated through the interaction between the LIR domain
with LC3 (ATGS) [112] (Fig. 2).

Induction of autophagy

Autophagy can be constitutive or adaptive. The main
functions of constitutive autophagy are removal of dam-
aged or senescent organelles and maintenance of basal
energy balance. By contrast, adaptive autophagy is char-
acterized by the mobilization of intracellular nutrients to
meet energy requirements in the event of nutrient defi-
ciency. We will illustrate factors involved in autophagy
induction in this part.

Metabolic pressure

As mentioned above, the phosphorylation of ULK1
by AMPK is conclusive in the initiation of autophagy.
Reduced intracellular energy changes the ratio of ATP
to ADP/AMD, thereby activating AMPK in an allosteric
mechanism. AMPK maintains the stability of intracel-
lular ATP levels by switching intracellular energy and
controlling cell growth factors, such as glucose and
lipid metabolism [113]. However, mTOR which con-
sumes ATP to promote the synthesis of substances under
adequate nutritional conditions functions opposite to
AMPK. Also, mTOR can be phosphorylated by AMPK
when energy is lacking, thus losing its inhibitory effect
on ULKI1 [68]. In addition, the decrease of amino acid
concentration inhibits mTORCI1 activity, sequentially
initiates autophagy [114]. mTORC1 regulates autophagy
not only by phosphorylating ULK1, but also by affecting
autophagy proteins such as coupled ATG13- ATG1 and
the Atgl4-Vps34 complex [114]. Initiating autophagy can
replenish the nutrients essential for cells in response to
cell starvation.
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Fig. 2 Cellular and molecular mechanisms of autophagy. (1) Initiation. Activated ULK1 phosphorylates ATG13 and FIP200 to form

the ULK1-ATG13-FIP200 complex, which promotes the formation of autophagosomes. (2) Nucleation. Complex |, composed

of Vps34-Vps15-Beclin1-ATG14L, facilitates the elongation of autophagosomes. (3) Maturation. The ATG12-ATG5-ATG16L1 complex contributes

to the lipidation of LC3. (4) Fusion. The fusion of autophagosome with the lysosome requires the coordination of SNAREs, small GTPases, tethering
complex HOPS, and other proteins. (5) Degradation. P62 mediates the degradation of proteins

Hypoxia

Further studies found that hypoxia could induce
autophagy. Hypoxia results in the decrease of the intra-
cellular oxygen content and limitation of the oxidative
phosphorylation. Therefore, hypoxia causes a short-term
reduction in producing ATP which can activate AMPK
and AMPK targets ULKI1, Beclinl and mTORC1 to
induce autophagy. Besides, hypoxia can up-regulate
HIF-1a, which is transported to nucleus and induces the
expression of downstream genes including BCL2, BNIP3
and BNIP3L that dissociates Beclinl from BCL2, thereby
activating the autophagy [115]. It has been put forward
that hypoxia-induced autophagy is related to tumors
because cancer cells can utilize autophagy to maintain
cell integrity in a hypoxic TME. For example, hypoxia
promotes the phosphorylation of autophagy protein
ATG5 by PAK1, which is correlated with tumor growth
[116].

Oxidative stress

The correlation between oxidative stress and autophagy
is vital in maintaining homeostasis in response to vari-
ous physiological and pathological conditions. Reactive
oxygen species (ROS) produced during oxidative stress
mediates ATM (Ataxic telangiectasia mutation)-CHK2
(cell cycle checkpoint kinase 2), a DNA damage response
pathway (DDR) that phosphorylates Beclinl and evokes

phagocytosis of damaged mitochondria and peroxisome,
thus protecting cells from being damaged by excessive
ROS [116]. ATM can also phosphorylate phosphatase
and tensin homolog (PTEN) to translocate and induce
the autophagy [117]. In addition, direct oxidation of thiol
groups of key proteins such as ATG4, ATM and TFEB
by peroxides can regulate autophagosome membrane
expansion, cargo recognition and autophagy gene tran-
scription, respectively [118]. Oxidative stress can also
mediate NF-kB phosphorylation, up-regulate the P62 /
SQSTM1 level, and promote autophagy to help retinal
pigment epithelial cells survive [119].

Autophagy in tumor progression and tumor immunity

Autophagy can play neutral, tumor-suppressive, or
tumor-promoting roles in different contexts and stages of
cancer development. The exploration in the relationship
between autophagy and carcinogenic process is step by
step. At first, it was found that Beclinl which can inhibit
tumorigenesis is absent in most breast tumor or ovar-
ian cancer tissues [120]. Next, a large number of studies
have found that artificial suppression of the ATG family
proteins can lead to the occurrence of tumors, and low
expression of the ATG family proteins is often found
in tumors as well [121, 122]. Of note, normal levels of
autophagy related genes expression in most tumor tis-
sues suggests that autophagy is also necessary for tumor
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growth [123]. It was found that p62 was essential for the
oncogene RAS to trigger IkappaB kinase and activate
NF-xB to promote tumor cells survival in autophagy-
deficient tumor cells [124, 125]. What’s more, inactiva-
tion of ATG5 was detrimental to the progression of the
oncogene kRAS-driven lung cancers and compelled
tumor cells susceptible to DNA damage and oxidative
stress instead [126]. To sum up, autophagy affects tumor
progression bilaterally and intricately. On one hand,
autophagy can maintain genome stability, prevent cell
stress damage and then bring its superiority to tumor
suppressive mechanism via its protein and organelle
quality control function. On the other hand, autophagy
can enhance the survival and resistance of the cancer
cells against stress and promote cell survival once the
tumors progress to late stage. It is speculated that the role
of autophagy in tumor progression may be intrinsically
related with the status of p53. Generally, the deletion in
autophagy genes expression induces tumorigenesis at
early stage, but it is not conducive further invasion and
migration of tumor cells. Conversely, in mice absence of
P53, the deletion of autophagy gene is beneficial to tumor
growth and invasion [127]. However, this standpoint is
still premature and controversial. There are other studies
find that autophagy is important for the tumor develop-
ment of pancreatic cancer regardless of p53 status [128].
The relationship between autophagy and tumor immu-
nity is complicated and intimate. The immune sys-
tem monitors cell growth and prevents the abnormal
growth and proliferation of tumor cells while tumor
cells reduce the immunogenicity as a countermeasure
to avoid surveillance of the immune system. The impact
of autophagy on immune activity is evident, as it serves
as a dual-purpose mechanism for both offensive and
defensive strategies of tumor cells and immune cells.
First, Autophagy in tumor cells transforms the activity of
antigen presentation. For instance, selective autophagy
assists pancreatic ductal adenocarcinoma to undergo
immune evasion by impairing the expression of MHC-I
on cell surface and the presentation of MHC-I antigen,
whereas the inhibition of autophagy can recover anti-
tumor immunity depending on transmitted signals from
MHC-I to CD8+T cells [129]. For another, mitophagy
can increase MHC-I antigen presentation and induce
CD8+T mediated anti-tumor immunity in intesti-
nal epithelial STAT3-deficient tumor models [130].1t
can be speculated that the role of the tumor autophagy
in antigen presentation depends on the specific tumor
microenvironment. Secondly, autophagy can impact the
expression of chemokines in cancer cells, which contrib-
utes to recruitment of immune cells in TME [131]. Defi-
ciency of the autophagy-related protein FIP200 or ATG7
can promote the expression of CXCL9 and CXCL10
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and recruit CD8+T cells to inhibit the tumorigenesis
and progression of breast cancer [132]. Apart from that,
performance of immune cells can be affected by intra-
cellular autophagy in TME. The inhibition of autophagy
in NK cells and CD8+T cells of hypoxic status restores
the intracellular granzyme B contents which acts as a
weapon to kill tumor cells [133]. Autophagy defects itself,
however, also can cause cell activity decreased and cell
death. Autophagy defects in naive T cells activate gen-
eration of reactive oxygen species in mitochondria and
drive the suicide of T cells in ovarian cancer and lower
the immune response [134]. The PIK3C3/VPS34 subunit
of the class III phosphatidylinositol 3-kinase (Class III
PI3K) complex plays a crucial role in the initial stages of
autophagy. It has been revealed that the loss of PIK3C3
hampers helper T cell differentiation and restricts adap-
tive immunity [135].

Necroptosis

Necrosis is the term currently used for nonapoptotic,
accidental cell death. The occurrence of necrosis is indi-
cated by irreversible alterations in the nucleus, such as
karyolysis, pyknosis, and karyorhexis, as well as changes
in the cytoplasm including condensation and intense
eosinophilia, loss of structural integrity, and fragmenta-
tion [136]. In the traditional views, necrosis was com-
monly considered non-programmed and continues to be
recognized as a form of passive cell death. Fortunately, a
new world of cell death has been opened by the under-
standing that necrosis can occur in a highly regulated and
genetically controlled manner. The discovery that various
cell types succumb to TNF-induced death did not occur
until 1988. The subsequent discovery revealed that Fas/
TNER family stimulation can induce the conventional
apoptotic pathway, as well as activate the prevalent non-
apoptotic death pathway independently of intracellu-
lar apoptotic signaling molecules like Caspases, thereby
designating this specific form of cell death as necropto-
sis [137]. Necroptosis is primarily mediated by RIPKI,
RIPK3 and mixed lineage kinase domain-like pseudo-
kinase (MLKL), which can be inhibited by necrostatin-1
(NEC1), a RIPK1 inhibitor [138]. The down-regulation
of numerous key molecules in the necroptosis signal-
ing pathway has been observed across various cancer
cell types, indicating a potential evasion mechanism
employed by cancer cells to ensure their survival.

Mechanisms of necroptosis

We have mentioned before that TNFa stimulation trig-
gers the formation of two consecutive protein complexes,
namely complex I and complex IIa, which subsequently
activate NF-kB and induce apoptosis, respectively. There
is evidence that a second complex named complex IIb
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forms in necroptosis. The activation of necroptosis relies
on protein kinases, which closely coincide with cytokines
that induce extrinsic apoptosis, such as Fas, TNFR, or
TRAIL receptors. However, it lacks the proteolytic activ-
ity of the apoptotic effector factor Caspase-8, but mainly
depends on MLKL, RIPK1 and RIPK3 instead [139]. At
present, the main mechanism of programmed necropto-
sis can be divided into three steps: activation of necrop-
tosis, MLKL phosphorylation and cell rupture.

Activation of necroptosis: death receptor and RIPKs

The death receptor (DR) is a member of the tumor necro-
sis factor receptor (TNFR) superfamily, possessing both
extracellular and intracellular death domains (DD) that
are rich in cysteine residues. Death receptors are acti-
vated in cells subjected to ischemia—reperfusion, physi-
cal or chemical trauma, viral or bacterial infection, or
neurodegenerative processes. Common death receptors
currently include CD95 (FAS) » TNFR > TRAILR and
DR6 [140-146]. The death signal is transmitted into the
cell by the death-inducing signaling complex (DISC)
and induces the activation of RIPK1 and RIPK3 [145].
Researches shows that the dissociation of complex I is
a prerequisite for TNFa-stimulated activation of RIPK3
signaling, which is mediated by DUBs such as OTULIN
(OTU deubiquitinase with linear linkage specificity),
CYLD (cylindromatosis) or A20 [147]. Multiple fac-
tors such as ROS also stimulate the initiation of RIPK1
through initiating the autophosphorylation of RIPK1
[148]. The autophosphorylation of RIPK1 not only regu-
lates the sequential oligomerization of RIPK1, but also
plays a crucial role in facilitating the proper organization
of RIPK3 homo-oligomerization initiated by RIPK1 [149].
The interaction between RIPK1 and RIPK3 via the RIP
homotypic interaction motif (RHIM) is crucial for the
formation of complex IIb, which plays a pivotal role in
necroptosis. To be specific, amyloid signalling platform
in RIPK1-RIPK3 interaction could be essential to sustain
or amplify crucial signals in necroptosis [46, 149].

In addition, the initiation of necroptosis can also be
achieved through Z-DNA Binding Protein 1 (ZBP1).
ZBP1 plays an indispensable role in the inflammatory
response and host defense. Preliminary studies reported
that both B-DNA and Z-DNA derived from multiple
sources (synthetic DNA or DNA of bacterial, viral, or
mammalian origin) induce strong expression of ZBP1
and IRF to mediate IFN expression and antiviral response
[150]. Also, ZBP1 acted as an innate sensor of influenza
virus (IAV) recognizing Z-RNA in the viral ribonucleo-
protein (VRNP) complex to induce necroptosis to resist
virus infection [150].

It is reported that ZBP1 initiates RIPK3-driven necrop-
tosis by sensing Z-nucleic acid and activating RIPK3
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[151]. Moreover, ZBP1 is required for both type I (p)
and type II (y) IFN-induced necroptosis, for its RHIM
domain in the C-terminal region interacts with RIPK3
to initiate RIPK3-dependent necroptosis [152]. Cas-
pase8 plays an inhibitory role in ZBP1-induced necrop-
tosis [152]. Interestingly, RHIM in RIPK1 prevents the
RHIM-containing adaptor protein ZBP1 from activat-
ing RIPK3 since RIPK1 deficiency or mutation of RHIM
triggers ZBP1-dependent necroptosis [153]. Therefore,
we hypothesized that RIPK1-mediated RIPK3 activation
and ZBP1-mediated RIPK3 activation were in competi-
tion with each other. What’s more, mutants of ADAR1
(an RNA editing enzyme) can alter its domain through
ZBP1-dependent signaling to activate RIPK1 and RIPK3,
which provides a readily translatable avenue for rekin-
dling the immune responsiveness of ICB-resistant human
cancers [154, 155].

MLKL phosphorylation and cell rupture

The formation of RIPK1-RIPK3 complex further phos-
phorylates the necrotic specific executive protein
mixed-lineage kinase domain-like (MLKL) [156]. The
phosphorylation sites of RIPK3 exist on the MLKL acti-
vation loop residues, mouse serine 345 or human threo-
nine 357/serine 358, in the pseudokinase domain [157].
After MLKL is phosphorylated by RIPK3, TAM (Tyro3,
Axl, and Mer) kinase phosphorylates MLKL at the pseu-
dokinase domain to initiate oligomerization of MLKL
[158, 159]. Then MLKL is conjugated to heat shock
protein 90 (Hsp90) and Hsp70 to achieve membrane
translocation [160, 161]. HSP90 plays a complex role in
necroptosis through binding and regulating the activity
of RIPK1, RIPK3, or MLKL in a context-dependent man-
ner [162]. MLKL consists of a four-helical bundle (4HB)
domain at the amino terminal, which performs a mem-
brane permeability function upon phosphorylation [163].
MLKL embedded in cell membranes forms a cationic
channel inducing the influx of Mg?* and Ca**, leading to
the destruction of cell membranes and organelles, ulti-
mately the uncontrollable release of intracellular mate-
rial [164]. In contrast, some proteins function as negative
modulators of MLKL. Flotillin-mediated endocytosis
and ALIX-syntenin-1-mediated exocytosis can prevent
contact between phosphorylated MLKL (p-MLKL) and
the plasma membrane to inhibit necroptosis [165]. Also,
Beclinl and BCL-2 can inhibit necroptosis through
binding to the coiled-coil domain and BCL-2 homology
(BH)-3 domain of MLKL, respectively [166, 167]. Modu-
lation of MLKL activity plays a critical role in determin-
ing cell fate. The absence of MLKL rescues abnormal
embryonic necroptosis induced by the loss of Caspase 8
or FADD [168]. Studies in MLKI-deficient mice showed
that it significantly reduced CCl4 and bile duct ligation
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(BDL) induced liver injury and fibrosis, suggesting that
liver fibrosis can be blocked by reducing MLKL-induced
hepatocyte necroptosis and hepatic stellate cell (HSC)
activation [169] (Fig. 3).

Necroptosis in tumor progression and tumor immunity

Tumor cell necroptosis is particularly prominent in
the central region of the tumor mass and is believed to
be a consequence of cellular stress, such as depriva-
tion of nutrients and reduced oxygen levels. However,
the impact of necroptosis on tumorigenesis appears to
be context-dependent, with both antitumorigenic and
pro-tumorigenic effects observed across different tumor
types under varying conditions. First, it has been noted
that a significant proportion of cancer cell lines dem-
onstrate either a lack or decrease in the expression of
RIPK3 [170, 171]. The knockout of RIPK3 in mice has
been reported to be associated with an increased suscep-
tibility to colitis-related colorectal cancer and enhanced
production of pro-inflammatory or pro-tumor factors
[172]. Similarly, low RIPK3 expression has been shown
to have a poor prognosis in breast cancer patients [171].
Increased RIPK3 expression is associated with increased
glial tumor cell mortality [173]. What else, RIPK3 may
restrict myeloid leukemogenesis by promoting RIPK3-
MLKL-mediated necroptosis and differentiation of leu-
kemia-initiating cells [174]. These studies suggest that
RIPK3 may play an anti-inflammatory and anti-tumor
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role in cancer. Nevertheless, through gene ontology (GO)
and pathway enrichment analysis of IncRNAs associated
with programmed necrosis, it has been found that six
IncRNAs linked to necroptosis are involved in the sur-
vival of glioma tumor cells [175]. For another, the upreg-
ulation of RIPKS3 is required for the robust proliferation
of cancer cells in an aggressive form of recurrent breast
cancer [176]. One potential explanation for the seem-
ingly contradictory effects of RIPK3-mediated necrop-
tosis on tumorigenesis is that, in addition to its role in
mediating necroptosis, RIPK3 also plays a crucial role in
modulating inflammatory responses across various path-
ological conditions which contributes to the maintenance
of tumor environment. The expression of RIPK3 varies
across different tissues, while the regulation of MLKL
in cancer cells is also influenced by interferon signaling
[177]. MLKL knockout had little effect on tumor growth,
but significantly reduced metastasis to the lung, sug-
gesting that necroptosis of tumors mainly promoted the
metastasis of mammary tumors in mice [178].Therefore,
the susceptibility of tumor cells to necroptosis and its
impact on tumor progression in different tumor types
and settings may be influenced by variations in the tumor
microenvironment.

Cells undergoing necroptosis play a crucial role in acti-
vating the immune system, particularly in antigen pres-
entation and the cross-priming of CD8+T cells. It was
found that ectopic introduction of necroptotic cells to
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Fig. 3 Cellular and molecular mechanisms of necroptosis. The death signal is transmitted into the cell by the death-inducing signaling complex
(DISC) and induces the activation of RIPK1 and RIPK3. ZBP1 initiates RIPK3-driven necroptosis by sensing Z-nucleic acid which is activated by viral
infections. The formation of RIPK1-RIPK3 complex further phosphorylates the necrotic specific executive protein MLKL. Then MLKL is conjugated
to heat shock protein 90 (Hsp90) and Hsp70 to achieve membrane translocation and induce necroptosis
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the tumor microenvironment promotes BATF3"cDC1-
dependent and CD8%leukocyte-dependent antitumor
immunity accompanied by increased tumor antigen load-
ing [179]. Delivery of RIPK3 gene encoding to tumor cells
can synergize with immune checkpoint blockade to pro-
mote durable tumor clearance. These findings support a
role for RIPK1/RIPK3 activation as a beneficial proximal
target in the initiation of tumor immunity [179].Apart
from that, dying cells generated by RIPK3 initiate adap-
tive immunity by providing both antigens and inflam-
matory stimuli for dendritic cells, which in turn activate
CD8+T cells through antigen cross-priming [180]. Fur-
thermore, necroptotic tumor cells were shown to induce
antitumor immunogenicity by releasing damage-asso-
ciated molecular patterns and promoting maturation of
dendritic cells [181].

Pyroptosis

Pyroptosis is a programmed cell death that is trig-
gered by the activation of inflammasomes and relies on
the involvement of caspase families. The cell undergoes
expansion until its membrane ruptures, leading to the
release of cellular contents and subsequent activation of
a potent inflammatory response [182]. The earliest inves-
tigations into pyroptosis were conducted by Friedlander
in 1986, wherein the treatment of primary mouse mac-
rophages with anthrax lethal toxin (LT) resulted in cel-
lular demise and prompt release of intracellular contents
[183]. The electron microscope observations conducted
by Zychlinsky et al. in 1992 revealed that this mode of
cell death is characterized by chromatin condensation,
vesiculation of the cell membrane, vacuolation of the
cytoplasm, expansion of the endoplasmic reticulum,
preservation of cellular organelle structure, fragmenta-
tion of genomic DNA, and other features; however, it
was still attributed to apoptosis [184]. The concept of
"pyroptosis" was formally proposed in 2001, marking the
first distinction between pyroptosis and apoptosis [185].
The activation of various Caspases, including Caspase-1,
through inflammasomes is believed to be the primary
mechanism underlying pyroptosis. Apart from that, mul-
tiple members of the Gasdermin family, such as GSDMD,
undergo shearing and polymerization processes that ulti-
mately lead to cell perforation and subsequent cell death.
Compared to apoptosis, pyroptosis occurred faster and
was accompanied by the release of a large number of pro-
inflammatory cytokines.

The term pyroptosis, also referred to as secondary
necrosis, is believed to arise from incomplete apoptosis.
After the initiation of apoptosis, apoptotic cells undergo
disintegration into bodies or vesicles containing intracel-
lular components, which are subsequently phagocytosed
by macrophages for subsequent elimination. However, in
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the absence of phagocyte clearance, "secondary necrosis"
will follow despite the expression of phagocytic signals
on apoptotic cells. Subsequently, this process leads to a
series of events such as cell swelling and loss of cell mem-
brane integrity, and ultimately lead to plasma membrane
rupture and release of inflammatory stimuli [186, 187].

Mechanisms of pyroptosis

The morphological characteristics, occurrence and regu-
lation mechanism of pyroptosis are different from other
cell death modes such as apoptosis and necroptosis. The
main signaling molecules involved include: partial pro-
teins of the Caspase family, Gasdermin protein family,
and inflammatory bodies. The inflammasome triggers the
activation of Caspase family proteins, which cleave Gas-
dermin proteins. The activated Gasdermin proteins then
translocate to the membrane, where they form pores that
cause cell swelling and cytoplasmic efflux. Ultimately,
this leads to cell membrane rupture and pyroptosis [188].
Inflammatory Caspases (Caspase-1, -4, -5 and -11) are
critical for innate defence. The activation of Caspase-1
is induced by ligands from various canonical inflam-
masomes, while Caspase-4, -5, and -11 directly recog-
nize bacterial lipopolysaccharide, both of which initiate
the process of pyroptosis. There are three classifications
of Pyroptosis, namely canonical pathway, also known as
Caspasel-dependent pathway; noncanonical pathway
and alternative pathway. These three molecular mecha-
nisms exhibit interdependent interactions with each
other.

Canonical pathway (Caspase1-dependent pathway)

NOD-like receptor (NLR) family pyrin domain-contain-
ing 3 (NLRP3) is an important PRR in the cytoplasm
acting as a sensor in response to pathogen-associated
molecular patterns (PAMPs) and danger-associated
molecular patterns (DAMPs), thus defensing against
pathogen invasion on the first line [189]. Oligomerized
NLRP3 recruits ASC via homotypic PYD-PYD domain
interactions and forms ternary inflammasome com-
plexes, known as NLRP3 complex, through Caspase
activation and recruitment domain (CARD) interactions
between ASC and Caspase-1 [190]. Once the NLRP3
inflammasome is activated, it induces pro-Caspase-1 self-
cleavage and activation, which results in the maturation
of the proinflammatory cytokines interleukin 1p (IL-1f3)
and interleukin 18 (IL-18) [191]. Afterwards, activated
Caspase-1 cleaves gasdermin D (GSDMD) by cutting its
N-terminal domain, which is transferred to the cell mem-
brane and forms pores, mediating the release of cellular
contents, including the inflammatory cytokines IL-1B
and IL-18, and inducing pyroptosis [192]. Excessive pores
formation enables release of pro-inflammatory cytokines
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IL-1PB, IL-18 to extracellular environments, leading to
immune cells infiltration and establishment of an inflam-
matory microenvironment. Pyroptosis also contributes
to release of DAMPs such as the protein high-mobility
group box 1 (HMGB1) and lactate dehydrogenase (LDH),
resulting in amplifying inflammation and recruiting
immune cells in the tissue [193, 194].

Currently, it is generally accepted that canonical
NLRP3 inflammasome activation requires two steps:
the priming step and the activation step. In priming
step, cells must be exposed to specific stimuli, such as
ligands for toll-like receptors (TLRs), NLRs (e.g. NOD1
and NOD?2), or cytokine receptors, which activate the
transcription factor NF-kB [195]. NF-kB is required for
initiation of NLRP3 and production of pro-IL-1p [196].
In addition, lipopolysaccharides (LPS), IL-1 receptor
associated kinase 1 (IRAK-1) and BRCC3 (which is a
JAMM domain-containing Zn2 + metalloprotease) func-
tion as priming signals of NLRP3 inflammations [195].
In activation step, NLRP3 can be stimulated by a wide
range of stimuli following this priming step, including
ATP, K+ionophores, heme, particulate matter [197],
pathogen-associated RNA [198], and bacterial and fungal
toxins and components [199]. A recent study shows that
mitochondrial DNA (mtDNA) induced by transcriptional
factor IRF1 is important for NLRP3 activation [200].

Noncanonical pathway (Caspase4, 5, 11- dependent
pathway)

Caspase-4/5 (in humans) and caspase-11 (in mice)
can be activated directly in contact with bacterial LPS
through the CARD domain of the caspases [201]. Then
the cleavage of GSDMD by caspases at Asp276 (Asp275
in human GSDMD) generates peptide segments, leading
to the induction of cell membrane perforation and subse-
quent release of cellular contents, similar to the canoni-
cal pathway. Interestingly, activated Caspase-4/5/11 can
interact with Caspase-1 in the presence of NLRP3 and
ASC to promote its activation, mediate the maturation
and release of downstream IL-1p and IL-18, and indi-
rectly activate Caspase-1, leading to pyroptosis [202]. The
priming step that activating Caspase-11 in murine cells
is induced by the ligands of TLRs and cytokine receptors
which activate transcription factor NF-kB and the type I
interferons, the upstream of JAK/ STAT pathway or the
complement C3—-C3aR axis [203]. By the way, Caspase-11
can mediate pyroptosis via the pannexin-1 channel and
the purinergic P2X7 pore [204].

Alternative pathway

GSDME, originally defined as a putative tumor suppres-
sor protein, undergoes specific cleavage by Caspase-3
in the linker region, resulting in the generation of a
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GSDME-N fragment that possesses membrane-perfo-
rating properties for inducing pyroptosis [205]. Cas-
pase-3 is a member of apoptosis executor located at the
end of the Caspase cascades, activated by endogenous
or exogenous apoptotic pathways. It is interesting that
pyroptosis can be mediated thorugh BAK/BAX-Caspase-
3-GSDME pathway, which provide a cross-talk between
apoptosis and pyroptosis [6]. Caspase-3 inducing either
apoptosis or pyroptosis may depends on the intracel-
lular GSDME content. Researches shows that caspase-3
cleavage of GSDME switches apoptosis to pyroptosis in
high-GSDME-expressing cancer cells following chemo-
therapy drugs treatment [206]. Caspase8 also plays a
role in pyroptosis in recent studies. The metabolic prod-
uct o-ketoglutarate (a-KG) has been demonstrated to
induce pyroptosis through its reduction to L-2HG, lead-
ing to an increase in ROS levels that subsequently oxi-
dizes and internalizes the plasma membrane-localized
death receptor DR6 [207]. Ultimately, this process trig-
gers Caspase-8 mediated cleavage of GSDMC. Notably,
the PD-L1 protein, a prominent player in the field of anti-
tumor research, modulates TNFa-induced apoptosis to
Caspase-8-GSDMC mediated pyroptosis in cancer cells
through direct interaction with phosphorylated Stat3 and
augmentation of GSDMC gene transcription [208]. In
addition, RIPK1-Caspase-8—GSDMD mediated pyrop-
tosis rather than inflammasome mediated pyroptosis can
be triggered to counteract virulence factor under Yersinia
infection [209]. NLRP3 inflammasome can also be acti-
vated through the TLR4-TRIF-RIPK1-FADD-Caspase8
signaling pathway and initiates canonical pathway of
pyroptosis [210] (Fig. 4).

Pyroptosis in tumor progression and tumor immunity

Pyroptosis plays a pivotal role in tumor development and
antitumor immunity, serving as a double-edged sword
that can exhibit both pro-tumorigenic and anti-tumori-
genic effects. On one hand, long-term chronic pyropto-
sis of cancer cells triggered by the adverse TME is more
likely to promote cancer progression. For example, high
levels of GSDMB in breast cancer are associated with
tumor progression, and over-expression of GSDMB indi-
cates a poor response to HER-2 targeted therapy, suggest-
ing that GSDMB may be a novel prognostic marker for
tumors [211, 212]. In addition, high levels of GSDMC are
associated with poor survival in breast cancer patients
while GSDMC downregulation leads to significantly
reduced proliferation and proliferation of colorectal can-
cer cells, which indicates that GSDMC may be a prom-
ising therapeutic target for colorectal cancer [213]. This
may be because chronic pyroptosis triggers proinflamma-
tory cytokines and the formation and maintenance of an
inflammatory microenvironment that promotes tumor
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Fig. 4 Cellular and molecular mechanisms of pyroptosis. There are three classifications of pyroptosis, namely canonical pathway, also known
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to ASC, leading to ASC focus, which recruit procaspase-1 and activate caspase-1. Caspase-1 involves in the cleavage and maturation of prolL-18 /1
and cleavage of gasdermin D (GSDMD). The N-terminal fragment of GSDMD (GSDMD-NT) releases and forms the pores in the plasma membrane,
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derived from bacteria recognizes and activates caspase-4/5/11, inducing pyroptosis by cleavage of GSDMD. (3) Alternative pathway: Muture
caspase-3 induces the cleavage of GSDME while Caspase-8 mediates cleavage of GSDMC

growth. Additionally, the reported findings suggest that
GSDME-mediated pyroptosis plays a crucial role in the
progression of colitis-associated colorectal cancer by
releasing high-mobility group box protein 1, which sub-
sequently triggers tumor cell proliferation and upregu-
lates the expression of proliferating nuclear antigen
through activation of the ERK1/2 pathway [214].
Conversely, acute and extensive activation of pyrop-
tosis leads to significant infiltration of immune cells,
which not only causes extensive tumor cell death but also
enhances antitumor immunity, thereby inhibiting tumor
growth. The extensive antitumor immunity of pyropto-
sis involves the release of damage-associated molecular

patterns and inflammatory cytokines which enhances
the recruitment of adaptive immune cells along with
increased antigen presentation. IL-18 plays critical role
in natural killer (NK) cell recruitment and activation, as
well as Th-1 polarization [215]. What’s more, pyroptosis-
induced inflammation can synergize with checkpoint
blockade to trigger robust antitumour immunity [216].
Studies have shown that GSDMA and GSDMC are tumor
suppressor genes in gastric cancer [217, 218]. Also, the
presence of GSDMD in tumor cells is closely correlated
with the viability of CTL cells, indicating that GSDMD
plays a crucial role in maintaining CTL-mediated antitu-
mor immunity [219].
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Ferroptosis

Ferroptosis is a regulation of cell death formally proposed
by Scott ] Dixon in 2012. The accumulation of iron deter-
mines the occurrence of cell death, which is mediated by
lipid peroxidation and accompanied by the generation
of reactive oxygen species (ROS). They found that this
non-apoptotic pathway holds promise as a new target for
eliminating tumor cells as well as oncogenetic mutations
[4]. Back in 2003, when Dolma et al. was trying to tar-
get an oncogenetic protein as an anticancer therapy, they
found that a compound with a genotype-selective activ-
ity called erastin could induce tumor cells to enter non-
apoptotic cell death [220]. Later, WS Yang et al. suggested
that RAS-selective lethal-3 (RSL3) and RAS-selective
lethal-5 (RSL5) are potent compounds that can induce
iron-dependent oxidative cell death in a RAS-selective
manner [221]. As researchers gain a better understand-
ing of the mechanism of ferroptosis, more and more
molecules have been invented as inducers of ferroptosis
[222]. Ferroptosis has unique morphological and bio-
energetic features, including mitochondrial shrinkage,
increased mitochondrial membrane density, destruc-
tion of membrane integrity and depletion of intracellular
NADH, whereas, without Caspase activation. Lipid per-
oxides accumulation and iron dependence are two major
characteristics of ferroptosis. Furthermore, ferroptosis is
not sensitive to inhibition of RIP1/RIP3 or Cyclophilin D
(CyPD), which are key regulators of necroptosis. Apart
from that, inhibition of autophagy by 3-MA(3-methyl-
adenine, an autophagy inhibitor) does not modulate this
cell death process [4].

Cancer cells have their own way of escaping cellular
stress and ferroptosis to survive in the tumor microenvi-
ronment, which has brought about dramatic changes in
anticancer therapy [223, 224]. Therefore, it is important
to increase the sensitivity of tumor cells to ferroptosis.
Recently, epigenetic alterations have been recognized as
important contributors to cancer development. Epige-
netic modifications significantly affect gene expression
and subsequently regulate different biological processes,
which is an important link between externally induced
signals and different biological functions. There is
increasing evidence that epigenetic modifications play an
important role in ferroptosis [225].

Mechanisms of ferroptosis

Iron accumulation

Ferroptosis is morphologically and biochemically distinct
from apoptosis, pyroptosis, and necroptosis. Before this
concept was proposed, iron chelators had been shown
to hold promise for cancer therapy [226]. The research-
ers then found that this cell death was induced by RSL3

Page 17 of 54

or erastin, which is involved in the Fenton reaction
and ROS, rather than by a caspase-dependent pathway
[221]. Iron acts as a reducing agent in the Fenton reac-
tion, generating reactive oxygen species, leading to DNA
damage and lipid peroxidation in cell membranes [227].
Iron chelators such as DFOM are able to counteract
RSL3 or erastin and inhibit cell death. In BJ-TERT/LT/
ST/RASV12 cells (synthetic mutant cells), the expres-
sion level of transferrin receptor 1 (TfR1) is elevated to
uptake higher levels of iron and in response to onco-
genic RAS signaling. Meanwhile, oncogenic RAS sign-
aling has bidirectional mechanisms to enhance cellular
destabilized iron stores: one by up-regulating TfR1 to
increase iron uptake and the other by down -regulating
ferritin heavy chain 1 ( FTH1) and ferritin light chain (
FTL) to reduce iron storage capacity [221]. Transfer-
rin binds to the transferrin receptor and forms a Tf-TfR
complex that transports Fe3 +into cells, which are later
reduced to the ferrous form by the six transmembrane
epithelial antigen of prostate 3 (STEAP3) [228]. Cancer
cells have higher transferrin receptor 1 and more ferritin
expression than other normal tissues [229]. Ferritin is a
protein used to store iron. Iron accumulation may occur
in senescent cells due to phagocytosis by ferritin. On the
contrary, sequestration of iron within ferritin confers cel-
lular resistance to ferroptosis [230]. In addition, ferritin
can inhibit ferroptosis by forming ferritin-containing
exosomes [231]. Hypoxic primary human macrophages
reduce intracellular free iron and increase ferritin expres-
sion, including mitochondrial ferritin (FTMT), for iron
storage. Nuclear receptor coactivator 4 (NCOA4), a
master regulator of ferritin phagocytosis, was shown to
directly regulate FTMT expression and inhibit ferropto-
sis [232]. Currently, some iron-containing proteins have
been shown to promote ferroptosis. Nicotinamide ade-
nine dinucleotide phosphate (NADPH) oxidase (NOX)
is a heme-containing protein that catalyzes the produc-
tion of ROS in a regulatory manner [233], suggesting that
cells with elevated intracellular iron death is more sensi-
tive. Given that cancer cells disrupt normal iron metab-
olism to increase intracellular iron, ferroptosis may be
a promising new therapeutic target. In addition to this,
epidemiological studies support the association between
elevated iron levels in the body and cancer through bio-
markers: circulating iron binding [protein transferrin
(TF) and ferritin (FT)] and transferrin saturation positive
correlation view [234]. Studies have found that dietary
iron is absorbed by enterocytes in the gut as inorganic
iron or heme, and dietary ferric iron is reduced to ferrous
iron via duodenal cytochrome B (DcytB) and via diva-
lent metal transporter 1 (DMT1) into enterocytes [235].
Heme is degraded by heme oxygenase 1 (HO-1) present
in the endoplasmic reticulum, releasing iron. Ferroportin



He et al. Molecular Cancer (2024) 23:267

(FPN) is transported out of enterocytes, oxidized by
heparin (HEPH) and loaded onto TF for systemic circula-
tion. It can be recovered from senescent erythrocytes by
endocytosis of macrophages and then re-entered into the
circulation by FPN, or transported to the liver for stor-
age [236]. Iron is imported into cells of peripheral tis-
sues through the binding of TF to its receptor, transferrin
receptor 1 (TFR1). The complex is endocytosed and fer-
ric iron is released from TF, reduced by STEAP proteins,
and exported into the cytoplasm via DMT1. Iron enters
the metabolically active labile iron pool (LIP) [237], and
the non-canonical pathway can induce ferroptosis by
increasing intracellular LIP [238].

Intercellular interactions

Recently, cell-to-cell interactions have been shown to
play a role in ferroptosis. E-cadherin-mediated inter-
cellular interactions have been reported to inhibit fer-
roptosis through intracellular Merlin-Hippo signaling.
Antagonism of this signaling axis releases the activ-
ity of the proto-oncogenic transcriptional coactivator
YAP, which promotes ferroptosis by upregulating multi-
ple ferroptosis regulators, including acyl-CoA synthase
long-chain family member 4 (ACSL4) and the transfer-
rin receptor. Malignant mutations in Merlin-YAP sign-
aling may serve as biomarkers for predicting cancer cell
response to future ferroptosis-inducing therapy [239].

Lipid peroxidation Lipid peroxidation is a process in
which lipids, especially fatty acids, are attacked by free
radicals such as ROS. Fatty acids are essential for nor-
mal cellular function and structure as cellular building
blocks. There are three types of fatty acids, saturated
fatty acids (SFAs), monounsaturated fatty acids (MUFAs)
and polyunsaturated fatty acids (PUFAs). Peroxidation
of lipid synthesis PUFAs at bisallyl sites is an important
step in promoting ferroptosis. Increased PUFA synthesis
promotes subsequent lipid peroxidation under condi-
tions of oxidative stress, which contains phosphatidy-
lethanolamine (PE), fatty acyl-arachidonoyl (AA) and
epinephrine (AdA) [240]. Ferroptosis can be inhibited
by blocking the production of these lipids [241]. Many
enzymes are involved in the lipid peroxidation process.
Oxidoreductases, including NADPH-cytochrome P450
reductase (POR) and NADH-cytochrome b5 reductase
(CYB5R1), transfer electrons to oxygen and generate
hydrogen peroxide, which generates reactive hydroxyl
radicals through the Fenton reaction and leads to oxida-
tion of membrane phospholipids [242]. Peroxidases can
indirectly promote ferroptosis by synthesizing polyun-
saturated ether phospholipids (PUFA-ePL), which subse-
quently trigger lipid oxidation [243]. ACSL4 is a member
of the long-chain family of acyl-CoA synthetase proteins
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responsible for the esterification of PUFAs to acyl-CoA
[244]. LPCAT3 then catalyzes the biosynthesis of AA/
AdA-CoA and membrane PE to form AA/AdA-PE [245].
The formation of lipid hydroperoxides (LOOH) is the
main process of lipid peroxidation. During this process,
lipids are attacked by pre-oxidants to form lipid free
radicals, which rapidly react with oxygen to form lipid
peroxidation groups, which obtain hydrogen gas to pro-
duce lipid hydrogen peroxide (LOOH) [246]. Knockdown
of upstream regulators of PUFA metabolism (ACSL4,
LPCAT3) and inhibition of lipoxygenase prevents cell
death due to inhibition of GPX4 [247]. The ALOX fam-
ily is an important regulator of lipid peroxidation in fer-
roptosis, and the mammalian ALOX family consists of
six members (ALOXE3, ALOX5, ALOX12, ALOX12B,
ALOX15 and ALOX15B) that organize the production
of AA/AdA-PE-OOHs or cell-dependent action, lead-
ing to ferroptosis. For example, spermidine /spermine
N1-acetyltransferase 1 (SAT1), a target gene of Tp53,
mediates the expression of ALOX15 (but not ALOX5 and
ALOX12) and is involved in TP53-mediated ferroptosis
in H1299 cells [248]. In contrast, ferroptosis caused by
TP53-mediated downregulation of SLC7A11 in H1299
cells requires ALOX12, but not other ALOX members
[249]. Therefore, different TP53 pathways utilize different
ALOX to induce ferroptosis.

ALOXs are not the only regulators of lipid peroxidation
in ferroptosis. In fact, POR binds to two cofactors, flavin
mononucleotide (FMN) and flavin adenine dinucleotide
(FAD), and supplies P450 enzymes directly from nicoti-
namide adenine dinucleotide phosphate (NADPH) elec-
trons, thereby promoting PUFA peroxidation in cancer
cells in an ALOX-independent manner [250]. In addition,
GPX4 reduces lipid peroxidation by oxidizing GSH to
GSS@G, which acts as an antioxidant and helps cells escape
from ferroptosis. RSL3-triggered ferroptosis works by
covalently binding to and inhibiting GPX4 activity [250].

GPX4-dependent pathway (D System xc-

Iron inducers such as erastin inhibit the uptake of cys-
tine by the cystine/glutamate anti-transporter (system
xc-), reduce intracellular GSH levels, thereby block the
cellular antioxidant defenses, and ultimately lead to fer-
roptosis. System xc- consists of two core components:
the light chain subunit SLC7A11 and the heavy chain
subunit SLC3A2, which is an amino acid anti-transporter
that mediates the transport of extracellular cystine and
intracellular glutamate at the plasma membrane. The
exchange on glutathione is essential for the synthesis of
the antioxidant glutathione (GSH) [4]. SLC7A11 expres-
sion levels generally correlate positively with antiporter
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activity. Transcription factor 3 (ATF3) is normally
expressed under cellular stress and, by binding to the
SLC7A11 promoter, represses system Xc- and promotes
ferroptosis [251]. Beclinl (BECN1) can be phospho-
rylated by adenosine 5’-phosphate- dependent protein
kinase (AMPK) and bind directly to SLC7A11 to inhibit
system Xc—activity [252]. Deubiquitinase 1 (OTUB1) of
the ovarian tumor domain proteolytic enzyme subfam-
ily stabilizes SLC7A11 activity, and its overexpression in
cancer cells favors tumor progression [253]. Transcrip-
tion factors such as BAP1, P53, Nrf2, and STAT3 are also
involved in SLC7A11 repression to control tumor devel-
opment, so their inactivation may lead to ferroptosis
resistance in cancer cells [254—257].

(@ Glutathione synthesis

Reduced glutathione (GSH) is a tripeptide composed of
glutathione, cysteine and glycine combined with a sulf-
hydryl group, which has antioxidant and comprehensive
detoxification effects. Oxidation from GSH to oxidized
glutathione (GSSG) protects membrane lipids from per-
oxidation [258]. GSH is stably present in cells due to its
unique structure, as glutamate participates in peptide
bonds with a y-carboxyl group rather than an a-carboxyl
group, a structural feature that makes it essential in cel-
lular antioxidants. The synthesis of GSH is mainly cata-
lyzed by y-glutamylcysteine synthase (GSH1) and glu-
tathione synthase (GSH2). GSH1 catalyzes the formation
of y-glutamylcysteine from L-cysteine and L-glutamate
[258-260]. GSH2 catalyzes the formation of glutathine
from y-glutamylcysteine and glycine. The first step in
GSH1 control is the rate-limiting step in which overex-
pression of GSH2 fails to increase GSH2 levels, whereas
overexpression of GSHI1 increases GSH levels [261].
Therefore, modulating GSH1 expression in cells affects
GSH expression levels [262]. GSH1 is affected by many
factors at the gene transcription level, such as oxidative
stress, insulin and glucocorticoids [263-266]. GSH1 and
GSH levels represent negative feedback regulation. TGE-
B1 can downregulate GSH1 levels and induce GSH deple-
tion [267]. In addition to the cystine uptake pathway
described above, cystine can also be produced by utiliz-
ing methionine (also known as the trans-sulfurization
pathway). The methylation reaction that converts SAM to
SAH limits the production of homocysteine, thereby lim-
iting the rate of cysteine production through the trans-
sulfurization pathway. Transsulfide-mediated cysteine
synthesis is critical for promoting tumor growth in vivo
[268].

® GPX4
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GPX4 is an important regulator of ferroptosis. GPX4
is the most abundant selenoprotein in mammals. Each
GPX4 molecule has four selenium atoms bound to
it, forming the active center of the enzyme molecule.
Changes in selenium content directly affect the activity
of this enzyme, so GPX4 is also known as a selenium-
dependent enzyme [269]. Studies have demonstrated
that drug-resistant cancer cells exhibit a dependence on
GPX4, highlighting its potential as a therapeutic target
for mitigating acquired drug resistance in cancer patients
[270]. FINO?2 indirectly inhibits the enzymatic function
of GPX4, accompanied by iron oxidation, causing exten-
sive lipid peroxidation [271]. GPX4 inhibitors may be
more effective against cancer cells after TGF-$1 pretreat-
ment [272].

ESPI pathway Ferroptosis inhibitory protein 1 (FSP1)
(formerly known as apoptosis-inducing factor mito-
chondria 2 (AIFM2)) is an effective resistance factor
for ferroptosis. FSP1 acts as an antioxidant independ-
ent of GPX4 by working in concert with Coenzyme Q10
(CoQ10). Specifically, FSP1 reduces oxidized CoQ10
to reduced CoQ10 in the cell membrane, thereby clear-
ing peroxides from the membrane lipids, inhibiting lipid
peroxidation and ferroptosis [273].Despite its role within
the mitochondria, FSP1 translocate from mitochondria
to the cell membrane after N-myristoylatyion, where it
uses NADPH to catalyze the regeneration of non-mito-
chondrial reduced CoQ10 to capture lipid peroxidation
[273]. In some cases, FSP1 inhibits ferroptosis by activat-
ing transport-essential endosomal sorting complex III
(ESCRT-III) -dependent membrane repair rather than
its oxidoreductase function. This ferroptosis-inhibiting
pathway brings new hope for chemotherapeutic drugs
that target ferroptosis and block tumor growth. The
activity of FSP1 in preventing ferroptosis can be spe-
cifically inhibited by a small molecule compound called
iFSP1 [274]. The mevalonate pathway is a key metabolic
pathway responsible for the synthesis of CoQ10, which
can be targeted by statins that inhibit CoQ10 production
and GPX4 function, making them potential ferroptosis
enhancers [275].

DHODH pathway DHODH is an enzyme located in the
inner mitochondrial membrane and is mainly involved in
pyrimidine anabolism [276]. A recent study using global
metabolomic analysis combined with metabolic tracing
analysis demonstrated a unique function of DHODH in
mitigating mitochondrial lipid peroxidation and ferrop-
tosis independent of its conventional role in the produc-
tion of pyrimidine nucleotides [277]. DHODH acts in
parallel with GPX4 in regulating mitochondrial ferropto-
sis, but this is another antioxidant system that is neither
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GPX4- nor FSP1-dependent and has a prominent role in
inhibiting ferroptosis. This novel effect of DHODH may
be due to the reduction of ubiquinone to ubiquinol [278].
This study shows that DHODH inhibitors can suppress
tumors in cancers with low GPX4 expression alone, or
in combination with ferroptosis inducers in cancers with
high GPX4 expression [277]. DHODH has been inten-
sively explored as a promising target for cancer therapy,
and DHODH inhibitors are a promising drug target for
cancer therapy (Fig. 5).

Ferroptosis in tumor progression and tumor immunity

Ferroptosis has a longstanding entanglement with can-
cer. Ferroptosis was first recognized for its RAS-selective
lethality induced by erastin in melanoma cells which
is morphologically, biochemically and genetically dis-
tinct from other forms of cell death. Unlike drug resist-
ence occurred in apoptosis-induced cancer therapy and

2+
Fe - T
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accidental injuries to normal cells in pyroptosis/necrop-
tosis-targetted drugs, ferroptosis seems to be gain-
ing favor with tumor cells. In simple terms, cancer cells
extremely susceptible to ferroptosis. This can be mani-
fested in the strong dependence of ferroptosis-regulated
proteins in tumor cells. For example, ccRCC (clear cell
renal cell carcinoma) cells are highly sensitive to the
depletion GSH, especially under [-oxidation inhibi-
tion, while the growth of normal renal epithelial cells is
not affected [279]. It is also found that therapy-resistant
high-mesenchymal cell state in multiple human cancers
exist in a GPX4-dependent way which provide a drug-
gable pathway for inducing vulnerability to ferroptosis
in therapy-resistant cancer cells [247]. This ferroptosis-
sensitive characteristic can be rationalized by oncogenic
pathways which contribute to ferroptosis. p53 is known
to be a classic tumor suppressor mutated in most can-
cer cells and failed to induce cell cycle arrest, senescence
and apoptosis. Surprisingly, p53 (3KR) retains the ability
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Fig. 5 Cellular and molecular mechanisms of ferroptosis. (1) Iron accumulation. Transferrin binds to the transferrin receptor and forms a complex
to transport Fe** into cells, which are later reduced to the by STEAP3. Fe" acts as a reducing agent in the Fenton reaction, generating reactive
oxygen species, leading to DNA damage and lipid peroxidation in cell membranes. (2) Lipid peroxidation. ACSL4 functions on the esterification
of PUFAs to acyl-CoA. LPCAT3 then catalyzes the biosynthesis of AA/AdA-CoA and membrane PE to form AA/AdA-PE. Lipids are attacked

by pre-oxidants to form lipid free radicals, which rapidly react with oxygen to form lipid peroxidation groups under the catalization of ALOX
family. (3) GPX4-dependent pathway. Oxidation from the antioxidant glutathione (GSH) to oxidized glutathione (GSSG) induced by GPX4 protects
membrane lipids from peroxidation. The exchange on glutathione mediated by system Xc™ is essential for the synthesis of GSH. (4) FSP1 pathway.
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to inhibit ferroptosis
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to regulate SLC7A11 expression and induce ferropto-
sis upon reactive oxygen species (ROS)-induced stress.
Notably, cancer cells are suggested to require higher lev-
els of iron and lipid metabolism than normal cells. For
one thing, cancer cells exhibit an iron-seeking pheno-
type achieved by increasing iron uptake and storage as
well as decreasing iron export and this process correlates
with poor prognosis [272]. It has been put forward that
regulations of iron uptake and iron storage were reached
mainly by overexpression of TF and inhibition of fer-
ritin, and expression of the proto-oncogene MYC in B
cells induces IRP2 which post-transcriptionally repress
ferritin expression and increase TFR1 expression [280].
Even TFR1 has been established as a tumor marker.
Beyond that, it is revealed that HRAS oncogene con-
trols the downregulation of ferritin increasing the labile
iron pool and stimulating proliferation [7]. For another,
cancer cells can internalize PUFAs to favor the different
steps of the metastatic cascade, ranging from the genera-
tion of metastasis-initiating cells to metastatic outgrowth
[281]. ACSL4 which fuels proliferation and migration of
colon cancer cells is one of the key catalysts of lipid per-
oxidation in ferroptosis [282, 283]. Thus, elevated levels
of iron in cancer cells engaged in free radical formation
and propagation of lipid peroxidation promote cell pro-
liferation and increase the vulnerability to ferroptosis at
the same time. In this way, sensitization of cancer cells to
ferroptosis by increasing the amount of PUFAs and iron
absorbtion can be exploited to overcome certain therapy
resistances, which also explains the high dependence of
cancer cells upon GPX4 activity and GSH biosynthesis.

However, cancer cells can also endure in ferroptosis-
sensitive states. This may be related to immune evasion
in the tumor microenvironment shaped by ferroptosis-
targeted genes, especially GPX4 [284]. GPX4 can assist T
regulatory (Treg) cells escaping from ferroptosis and sup-
press anti-tumor immunity [285]. On the contrary, redox
homeostasis maintained by GPX4 facilitates stimulator-
of-interferon genes (STING) activation initiate innate
immune responses against tumors [286]. Additionally,
CD8* T cells can promote ACSL4-dependent tumor fer-
roptosis induced by IFNy and exert anti-tumor immunity
in the tumor microenvironment [287].

Disulfidptosis

It has been mentioned above that SLC7A1l1-mediated
cystine uptake is critical to defense ferroptosis for the
importing cystine acts as rate-limiting precursor for
glutathione biosynthesis which can withstand lipid per-
oxidation. However, excessive cystine uptake and sub-
sequent cystine reduction to cysteine promote disulfide
stress and NADPH depletion under glucose deprivation
[288]. This comes at a significant cost for cancer cells
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with high levels of SLC7A11 to elude from ferroptosis
[288]. In response to oxidative stress, cysteine residues
form mixed disulfide bridges with glutathione in redox-
sensitive proteins through glutathionylation which later
causes the disulfide-bond formation and migration retar-
dation in actin cytoskeleton proteins [289, 290]. Ulteri-
orly, it is proposed that an uncharacterized form of cell
death distinct from apoptosis and ferroptosis can be trig-
gered in SLC7A11 high cells with disulfide-bond forma-
tion under glucose starvation. This form of cell death is
termed as disulfidptosis [290]. Hopefully, glucose starva-
tion-induced disulfidptosis might be an effective thera-
peutic strategy for treating SLC7A11high tumors, which
are common in human cancers [291].

Cuproptosis

Similar to iron, copper is an intracellular trace metal that
plays an indispensable role in maintaining the function of
proteins [292]. Importantly, the intracellular Cu is regu-
lated by a complex network of Cu-dependent proteins,
including cuproenzymes, Cu chaperones, and membrane
transporters to keep Cu concentration at a relatively low
range [293]. A new kind of cell death induced by cop-
per adds credence to the notion that copper homeosta-
sis is required for executing a wide range of physiological
processes [294]. Last year, Tsvetkov et al. discovered a
copper-dependent regulated cell death termed as cuprop-
tosis [294]. In this study, cuproptosis tightly relies on the
function of tricarboxylic acid (TCA) cycle and it can be
regulated by FDX1 induced DLAT lipoylation [294]. The
copper carrier elesclomol is chosen as cell death inducer.
Of note, this kind of cell death is impertinent with apop-
tosis pathway because the inhibition of BAX and BAK1
can’t influence the killing effect by elesclomol [294]. Just
like the role of ferritin and transferrin in ferroptosis,
the protein ATP7A/B and SLC31A1 are responsible for
importing or exporting cuppor to cells and controlling
the cuppor flux.

Mitochondrial permeability transition
(MPT)-driven necrosis

MPT-driven necrosis is a form of RCD triggered by spe-
cific perturbations of the intracellular microenvironment,
such as severe oxidative stress and cytoplasmic overload,
and usually manifests in a necrotic form [295, 296]. The
occurrence of MPT is attributed to significant intracellu-
lar disturbances in REDOX and Calcium ion homeosta-
sis, such as those induced by potent oxidizing agents (e.g.,
hydrogen peroxide) or ionophores, or naturally occurring
due to ischemic injury [296, 297]. To date, cyclophilin D
(CYPD) is the only protein whose requirements for MPT
induction in vivo have been formally validated by genetic
tools [298-300]. Thus, pharmacological inhibitors of



He et al. Molecular Cancer (2024) 23:267

CYPD such as cyclosporin A (CsA) [301-303], Samfilin
A (SfA) and JW47 limit MPT-driven necrosis and pro-
vide protection in a variety of rodent disease models in
which oxidative stress and cytoplasmic overload consti-
tute major etiologic determinants [304—306].

Parthanatos

Parthanatos is a poly(ADP-ribose) polymerase 1 (PARP1)
-dependent cell death pathway, which is caused by DNA
damage [307]. The mechanisms of parthanatos mainly
include DNA damage, PARP1 hyper-activation, PAR
accumulation, NAD™ and ATP depletion, and apoptosis-
inducing factor (AIF) nucleus translocation [307]. Part-
hanatos is a multi-step pathway that plays a key role in
tumor formation. There are many molecules in the par-
thanatos cascade that can be used to investigate thera-
peutic interventions in cancer, including PARP1, PARG,
ARH3, AIF and MIF. These key molecules are involved in
the proliferation, progression, invasion and metastasis of
tumor cells. Therefore, these molecular signals in the par-
thanatos cascade represent promising therapeutic targets
for cancer therapy [308]. In pathophysiological situations,
overactivation of PARP1, usually induced by DNA dam-
age, leads to accumulation of PAR polymers and nuclear
translocation of apoptosis-inducing factor (AIF), all of
which ultimately trigger parthanatos [309].

NETosis

NETosis is a form of RCD driven by the release of neu-
trophil extracellular traps (NETs), an extracellular reticu-
lar DNA protein structure released by cells in response
to infection or injury [310]. NETs can also be produced
by other leukocyte groups (such as mast cells, eosinophils
and basophils), epithelial and cancer cells in response to
various stresses [310]. Elevated NETosis not only pre-
vents the spread of infection by trapping pathogenic
microorganisms such as bacteria and viruses, but also
promotes DAMP (damage-associated molecular pat-
terns) development, which may contribute to autoim-
mune diseases (such as systemic lupus erythematosus,
rheumatoid arthritis, asthma, vasculitis, and psoriasis),
ischemia—reperfusion injury and tumor development
[311-313]. A recent study showed that NETs production
associated with inflammation can wake nearby dormant
cancer cells to divide again [314]. This effect may depend
on the degradation of laminin, a major binding compo-
nent of basement membranes; however, this requires fur-
ther mechanistic exploration [315].

NETosis is a dynamic process that depends on multiple
signals and steps, including NADPH oxidase-mediated
ROS production, autophagy, granzymes (such as elastase,
neutrophil expression, matrix metalloproteinase [MMP]
and myeloperoxidase [MPO]) and peptides of the ductin
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family from the cytoplasm to the nucleus (such as duc-
tin antibacterial peptide [CAMP, also known as LL37])
followed by histone citrullination, which facilitates
chromatin de-concentration, disruption of the nuclear
membrane and release of chromatin fibers [3, 316, 317].
Peptidyl arginine deiminase 4 (PAD4), the enzyme criti-
cal for NETosis, is responsible for catalyzing the conver-
sion of arginine residues to citrulline residues in histones.
The recently identified PAD4-independent NETosis path-
way may occur in the downstream of death signals that
are commonly involved in other types of RCD, such as
pyroptosis, necroptosis, and autophagy-dependent cell
death [318].

Lysosome-dependent cell death
Lysosome-dependent cell death (LDCD) is a form of cell
death caused by lysosomal membrane damage and lyso-
somal dysfunction, which is first proposed as “suicide bag
hypothesis” by Christian de Duve [319]. Lysosomes are
membrane-enclosed organelles that mediate the intra-
cellular degradation of macromolecules. They contain a
variety of cathepsins and are responsible for the decom-
position of various biological macromolecules. When
the lysosomal membrane is damaged or ruptured, the
enzymes within the lysosome are released into the cyto-
plasm and trigger the self-destruction process of the cell,
termed as the process of lysosomal membrane permea-
bilization (LMP) [320]. LMP can be initiated in a vari-
ety of different ways, including sphingosine, fungal and
snake toxins, pore-forming proteins from the BCL-2
family of apoptosis regulators and ROS [321]. Increasing
cholesterol levels protects lysosomes against LMP, while
hydrolysis of sphingomyelin sensitizes cells to LMP [322].
It has been indicated that tumor cell lysosomes are more
fragile than normal lysosomes, they are more suscep-
tible to LMP, leading to tumor demise by apoptotic and
nonapoptotic death mechanisms. Thus, drugs target acid
sphingomyelinase(ASM) from lysosomal membranes
have been invented to increase tumor LMP and cell death
(320, 323].

Cellular senescence

Cell senescence is an irreversible state of cell cycle arrest,
usually triggered by stress, DNA damage, shortened
telomeres or other metabolic signals. Aging cells no
longer divide, but they still have active metabolism and
can influence their surroundings by secreting specific
cytokines, chemokines, and matrix metalloproteinases
(senescence-associated secretory phenotype, SASP). Cell
senescence is different from other forms of cell death
in that it does not cause cells to die immediately, but
rather leads to their persistent presence within the body
and profound effects on the tissue microenvironment.
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Cellular senescence includes a range of triggers. Expo-
sure to radiation, chemical agents, and oxidative stress
can induce breaks in DNA double strands, subsequently
activating the p53-p21 and pl6-Rb signaling pathways,
thereby initiating cellular senescence [324]. The growth
arrest of senescent cells occurs through a cell cycle block-
ade in the G1 phase to prevent DNA replication initiation
in damaged cells. Then senescent cells may stop in G2
to block mitosis in the presence of DNA damage [325].
DNA damage signaling is also involved in the initiation
of stress-induced premature senescence in response to
acute cellular stresses, such as oxidative damage gener-
ated by ROS and oncogene activation. The overactiva-
tion of the RAS signaling pathway can induce cellular
senescence, acting as one of the mechanisms that inhibit
oncogenesis [326]. Activated oncogenes disrupt cell cycle
entry by increasing the activity of CDK (cyclin-depend-
ent kinase) as a positive regulator of S phase. As cellular
division occurs, telomeres progressively shorten. Upon
reaching a critical length, telomeres are particularly sus-
ceptible to oxidation-induced damage and the cell transi-
tions into a senescent state [325].

Cell senescence plays a dual role in tumorigenesis and
progression, functioning both as an anti-tumor mecha-
nism and as a pro-tumor factor. On one hand, cellular
aging represents a significant obstacle to the prevention
of malignant transformation. By inhibiting the cell cycle
via the p53-p21 or pl6-Rb pathways, cells harboring
unstable genomes can be effectively prevented from
undergoing uncontrolled proliferation. What’s more,
aging cells are typically identified and trigger efficient
and protective CD8-dependent antitumor immune
responses to prevent their accumulation, thereby miti-
gating the risk of cancer [327]. While cellular senescence
may inhibit tumor progression in the initial stages, the
prolonged existence of senescent cells and their secre-
tion of the SASP can contribute to the degradation of
the tumor microenvironment in certain instances. The
SASP factors encompass pro-inflammatory cytokines,
including IL-6 and IL-8, as well as matrix remodeling
enzymes such as MMPs. These components can alter the
local microenvironment and foster chronic inflamma-
tion, consequently heightening the risk of tumorigenesis
[328]. SASP-secreted IL-6 and IL-8 have the capacity to
activate the STAT3 signaling pathway in cancer cells,
thereby facilitating their proliferation and metastasis
[328]. Apart from that, these factors significantly reshape
the tumor microenvironment (TME), enabling tumors
to evade immune destruction [328]. Given the dual role
of cellular aging in tumorigenesis, researchers are inves-
tigating strategies to harness or modulate cellular aging
for cancer treatment. The proliferation of tumor cells can
be suppressed by certain drugs through the induction of
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cellular senescence. For example, DNA damage agents or
epigenetic regulatory drugs can suppress tumor growth
by activating the cell senescence pathway as well as inhib-
iting the proinflammatory SASP [329]. Futhermore, the
development of targeted therapeutics capable of selec-
tively eliminating senescent cells, termed ’senolytics; has
emerged as a promising strategy in cancer treatment
[330]. Senomorphics are drugs that modify the pheno-
type of senescent cells, restoring them to a more youthful
state without inducing apoptosis [331].

Immunogenic cell death

Although cells can undergo apoptosis, autophagy or
necroptosis when experiencing intracellular stress or
cell death-related signals, the signaling pathways of cells
have extended their reach beyond the domain of single
cells and have acquired the capacity to inform the host
about a potential danger in evolution [332]. That is to
say, stressed and dying mammalian cells release numer-
ous bioactive molecules, that interact with the immune
system to dictate the immunogenic correlates of cellu-
lar stress and death. Immunogenic cell death (ICD) is a
special form of cell death that can drive antigen-specific
immune responses culminating in immunological mem-
ory, differentiating with other RCDs (eg. necroptosis,
necroptosis) that only engage innate immune mecha-
nisms [333]. It has also been put forward that ICD can
initiate adaptive immune responses only when accom-
panied by antigenicity, adjuvanticity and a permissive
microenvironment [332].

One of the main features of ICD is that it releases or
exposes a series of dangerous signals during cell death,
which are called damage-associated molecular pat-
terns (DAMPs). When cells are in ICD, calreticulin will
be transferred to the cell surface as a "eat me" signal to
attract immune cells to clear dead cells [334]. At the same
time, they release large amounts of ATP, which can act as
a chemical chemokine to attract dendritic cells and mac-
rophages [335]. Of note, the release of HMGB1 can acti-
vate dendritic cells and other immune cells, enhancing
antigen presentation function [335]. These ICD-specific
DAMPs become effective targets for anti-cancer thera-
pies especially under combined action of ROS and ER
stress [335]. Indeed, various treatments including specific
chemotherapeutics, radiation therapy (RT) and some tar-
geted anticancer agents mediate tumor-targeting to raise
treatment efficacy [336, 337].

Mitotic catastrophe

Mitotic catastrophe is a cellular response that triggers
programmed cell death when a cell fails to properly com-
plete mitosis. This phenomenon is usually triggered by
DNA damage, faulty spindle assembly, or misallocation of
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chromosomes, and the inability of cells to complete divi-
sion properly leads to cell death. Although it is not typical
of apoptosis, it can be used as part of the cell clearance
mechanism to prevent cells with substantial genetic dam-
age from continuing to proliferate. It is of great value that
mitotic catastrophe acts as an onco-suppressive mecha-
nism for the avoidance of genomic instability (Tables 1
and 2).

Cross-talk between different forms of programmed
cell death

We have reorganized the research progress of signals and
mechanisms that related to different types of cell death.
Even though different types of cell death are equipped
with their own pathways, we can still find the intersec-
tions between these pathways. External environmental
disturbance or artificial interference can drive cells turn-
ing around to another direction.

Table 1 Events that cause the various types of cell death
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Cross-talk between autophagy and apoptosis

Autophagy and apoptosis have extensive interactions
due to their roles in controlling cellular homeostasis. The
relationship between autophagy and apoptosis on the
regulation of cell fate can be come down to three aspects,
that is, autophagy protects cells from apoptosis; exces-
sive autophagy induces autophagy-dependent cell death
which is mutually exclusive with apoptosis; autophagy
and apoptosis can concomitantly take place. From a cer-
tain perspective, the relationship between autophagy
and apoptosis can be described as a dynamic interplay
of antagonistic competition and mutual inhibition. How-
ever, simultaneously, autophagy and apoptosis serve anal-
ogous physiological purposes, namely the elimination of
aged or impaired cells and organelles to sustain the vital-
ity of tissues and organs. The initiation of both autophagy
and apoptosis can be triggered by shared upstream sig-
nals, resulting in the occurrence of concurrent autophagy
and apoptosis in specific scenarios. The exploration and

Cell death type The initiating pressure/event Reference
Apoptosis Oxidative stress, DNA damage, cytokines, ER stress, cytotoxic agents, radiation damage [27]
Autophagy Nutrient deficiency, oxidative stress, hypoxia, mitochondrial damage [113,115,116]
Necroptosis TNF-q, viral infection, Toll-like receptor activation (TLR3, TLR4 etc.) [139]
Pyroptosis Pathogen infection (bacteria, viruses), inflammasome activation [189]
Ferroptosis Oxidative stress, iron accumulation, lipid peroxidation, depletion of GSH, inhibition of GPX4 [221]
Disulfidptosis Excessive oxidative-reduction stress, disrupted disulfide bond formation, glucose metabolic dysregulation [288]
Cuproptosis Accumulation of copper ions, oxidative stress in mitochondrial proteins, dysregulation of glutamate metabolism ~ [294]
MPT-driven necrosis ~ Calcium overload, ROS, mitochondrial permeability transition pore (MPTP) opening [295, 296]
Parthanatos DNA damage, excessive activation of PARP-1, oxidative stress, glutamate toxicity [307]

NETosis Pathogen infection (bacteria, fungi, viruses), LPS [310]

LDCD Changes in the permeability of lysosomal membrane, release of lysosomal hydrolases, ROS [320,321]
ICD Pathogen infection [333]

Mitotic catastrophe ~ Abnormal cell cycle regulation, radiation, centrosome assembly defects, chromosomal instability [338]

Table 2 Potential tumor therapy targets in the cell death pathway

Cell death type Potential therapeutic targets Reference
Apoptosis Bcl-2 family, p53, Caspases, TNF [338]
Autophagy mTOR, Beclin-1, AMPK [339]
Necroptosis RIPK1, RIPK3, MLKL [340]
Pyroptosis NLRP3, Gasdermin D, Caspase [340]
Ferroptosis GPX4, SLC7A11, ACSL4, FSP1 [340]
Disulfidptosis SLC7AT [291]
Cuproptosis SLC31A1, FDX1, DLAT [340, 341]
Parthanatos PARP-1, AIF [308]
NETosis Pathogen infection (bacteria, fungi, viruses), LPS [314]

ICD Calreticulin, HMGB1 [342]
Mitotic catastrophe microtubule, spindle assembly checkpoint kinase [343]
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discussion of the decision-making process in cells under
external stimulation or intracellular stress holds signifi-
cant value.

Autophagy as a protective mechanism preceding
apoptosis

The dysregulation of cellular homeostasis often leads
to the activation of two self-destructive processes,
autophagy and apoptosis. Notably, when cells are
exposed to stress signals that cause a decrease in intracel-
lular metabolite concentrations, the autophagy resulting
from apoptosis inhibition actually provides cellular pro-
tection against cell death by replenishing the vanishing
energy reserves of the starving cells.

The accumulation of folding-incompetent or misfolded
proteins above a critical threshold initiates a compen-
satory signal transduction pathway, known as the UPR
(unfolded protein response), during ER (endoplasmic
reticulum) stress. It has been illustrated anteriorly that
UPR-dependent cell death can be triggered in response
to imbalance of cellular homeostasis in an apoptotic way
by initiating IRE1-XBP1 signaling, PERK-elF2a-ATF4-
CHOP signaling and ATF6 signaling. Simultaneously, the
process of autophagy is regarded as a cellular self-defense
mechanism which can be activated in response to vari-
ous forms of cellular stress. Multiple studies have consist-
ently demonstrated that activation of the UPR can induce
cytoprotective autophagy, which promotes cell sur-
vival by recycling damaged organelles and proteins. The
induction of ER stress can initiate alterations in apoptosis
or autophagy, thereby modulating UPR to regulate cellu-
lar fate. First of all, the activation of PERK and IRE1 UPR
pathways induced by radiation exposure-mediated ROS
accumulation can induce pro-survival autophagy in a
dose- and time-dependent way [344]. CO-induced PERK
activation temporarily halts protein translation and
induces protective autophagy, which increases antitumor
T-cell function [345]. Secondly, activated ATF4 pathway
upregulates DDIT4 to suppress mTOR, thereby inducing
a pro-survival autophagy response during inhibition of
glutaminolysis [346]. What’s more, the GADD34 protein,
which is activated by both CHOP and TFEB, dephospho-
rylates elF2a and plays a crucial role in autophagy during
periods of starvation [347, 348].

Meanwhile, the induction of autophagy frequently
concomitant with the suppression of the apoptotic
pathways. ATG7 suppresses apoptosis induced by p53
activator to promote cell survival [349]. TRAF2-RIPK1-
mediated JNK could provoke activation of cytoprotective
autophagy as well as expression of anti-apoptosis factors
[350]. Additionally, mitochondrial translation elongation
factor Tu, a mitophagy-associated protein encoded by
the TUFM gene, locates in part on the outer membrane
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of mitochondria where it acts as an inhibitor of Cas-
pase-8-mediated apoptosis through its autophagic func-
tion [351]. It has been confirmed that the inactivation of
ATG genes can cause cell death. Inhibition of autophagy
by knockdown of ATG5 or ATG7 or inhibition of Vps34
killed Bax™/~ Bak™'~ cells, which indicates that autophagy
functions as a survival mechanism [352]. These findings
underscore the extent to which the process of autophagy
serves as a highly efficient mechanism for cellular protec-
tion against apoptosis.

Apoptosis develops when autophagy is inhibited.
Notably, the phenotype of the cells (before they undergo
apoptosis) is profoundly influenced by the stage at which
autophagy is inhibited. The inhibition of genes involved
in the initial stages of autophagy, such as ATG5, ATG12,
Vps34, often results in apoptotic cell death, whereas the
inhibition of genes involved in late-stage of autophagy,
particularly those responsible for lysosome-autophago-
some fusion, can lead to autophagy dependent cell death
[353]. The mechanisms through which the inhibition of
autophagy may favor cell death are not entirely clear. It
is possible that the inhibition of autophagy results in a
bioenergetic shortage and subvert the capacity of cells to
remove damaged organelles or to remove misfolded pro-
teins that triggers apoptosis.

Autophagy-dependent cell death develops

when apoptosis is inhibited

Although autophagy serves as a protective mechanism
against cell death, excessive degradation of cytoplasm
and organelles through autophagy can surpass a criti-
cal threshold, resulting in irreversible cellular atrophy,
impairment of vital cellular functions, and disruption
of cellular homeostasis. Ultimately, this culminates
in the occurrence of autophagy-dependent cell death
(ADCD) [354]. ADCD is a Caspase-independent form
of programmed cell death (PCD), characterized by an
over-activation of autophagy, leading to prominent self-
digestion of cellular material in autolysosomes. The spe-
cific mechanism of autophagy-dependent cell death is not
very clear, but studies suggest that it may be related to the
inactivation of Na™, K™ -ATPase on cell membrane [355].
The occurrence of autophagy-induced cell death has been
observed in studies where apoptosis is inhibited. The
initial investigation revealed that Bax~~ Bak™~ mouse
embryonic fibroblast (MEFs) were incapable of undergo-
ing apoptosis, instead exhibiting extensive autophagy and
delayed cell death [352]. TRADD is a direct regulator of
apoptosis. However, inhibition of TRADD by ICCB-19 or
Apt-1 blocks apoptosis and restores cellular homeostasis
by activating autophagy in cells with accumulated mutant
tau, a-synuclein, or huntingtin [356]. The deletion of
Caspase8 in HSV-1-infected mouse embryo fibroblasts
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has been demonstrated to be associated with an upreg-
ulation of autophagy, as indicated by increased levels of
Beclinl and decreased levels of p62/SQSTM1, along with
enhanced conversion from LC3-I to LC3-II [357]. The
excessive activation of Caspases in Sl-induced apopto-
sis, on the contrary, may impede the autophagy-inducing
function of Beclin1 [358]. It has been found that Caspases
can cleave Beclinl, thereby destroying its pro-autophagic
activity [359]. Caspase inhibition has also been reported
leading to cell death by means of autophagy involves
reactive oxygen species (ROS) accumulation, membrane
lipid oxidation, and loss of plasma membrane integrity
[360]. The aberrant accumulation of reactive oxygen
species (ROS) in autophagic phenotype is attributed to
the selective autophagic degradation of catalase, which
serves as the principal scavenging enzyme for ROS [360].
It seems that induction of ADCD is an important path-
way to compensate while apoptosis is inhibited.

It has been proposed that ferroptosis is a type of
autophagy-dependent cell death since NCOA4-facilitated
ferritinophagy, RAB7A-dependent lipophagy, BECN1-
mediated system x_"inhibition, STAT3-induced lysoso-
mal membrane permeabilization, and HSP90-associated
chaperone-mediated autophagy can promote ferroptosis
[361].

Interestingly, autophagy can induce apoptosis in a
unique way. For example, HIV-infected cells can induce
autophagy in CD4+ T lymphocytes through the contact
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between Env and CXCR4, which eventually leads to
apoptosis and causes immune deficiency [362].

Common upstream triggers

It has been suggested that endoplasmic ER stress
serves as a common upstream pathway, triggering
both autophagy and apoptosis. Furthermore, other
molecules such as the sphingolipid ceramide and free
Ca 2+ion exhibit activating effects on both apopto-
sis and autophagy [363]. In particular, BCL-2 families
play a role in regulation of autophagy. It was found that
the anti-apoptotic protein BCL-2 prevents autophagy
by binding with autophagy regulatory protein Bec-
linl [364]. However, DAPK (death associated protein
kinase) and JNK (JUN N-terminal kinase) can stimulate
autophagy by phosphorylating Beclinl, which enables
its dissociation from BCL-2 and its association with
VPS34,thus promoting autophagy [365]. Moreover,
BIM (BH3-only protein) directly interacts with Beclinl
and transports it to dynein light chain 1 (DYNLL1),
thereby inhibiting Beclinl and autophagy activation
[366]. In contrast, other BH3-only proteins such as
BAD, competitively disrupt the interaction between
beclin-1 and BCL-2 or BCL-X, thus liberating Beclin-1
from an inhibitory complex and allowing it to allosteri-
cally activate Vps34 [367] (Fig. 6).
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Fig. 6 Common upstream triggers of apoptosis and autophagy. BCL-2 prevents autophagy by binding with autophagy regulatory protein Beclin.
However, DAPK and JNK can stimulate autophagy by phosphorylating Beclin1, which enables its dissociation from BCL-2 and its association

with VPS34, thus promoting autophagy. Other BH3-only proteins such as BAD, competitively disrupt the interaction between beclin-1 and BCL2

or BCL-X, thus liberating Beclin-1 from an inhibitory complex and allowing it to allosterically activate Vps34
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Cross-talk between apoptosis, necroptosis

and pyroptosis

In traditional concepts, apoptosis is commonly regarded
as a "silent” form of cell death, while necroptosis and
pyroptosis are considered to be more "audible" modes
of demise. The process of apoptosis is characterized by
self-degradation, devoid of triggering an inflammatory
response or releasing inflammasomes, whereas both
necroptosis and pyroptosis are associated with the induc-
tion of inflammation and contribute to the pathological
conditions of tissues and organs. However, subsequent
studies have revealed that apoptosis does not occur in
isolation but rather interacts extensively with necrop-
tosis and pyroptosis, thereby collectively referred to as
panoptosis. We will elucidate the mechanisms underlying
the interplay between these death pathways via the mol-
ecules at pivotal forks that dictate cellular fate.

TNF

The cytokine TNF, known for its role in initiating panop-
tosis, is tightly regulated by numerous signaling pathways
that function akin to computer commands. On one hand,
the activation of TNFR1 by TNF leads to the formation of
the TNFR1 signaling complex (TNFR1-SC), also known
as complex I, which initiates NF-kB signaling and gene
transcription to facilitate cell survival [368]. On the other
hand, TNFRI1 signaling pathway can induce cell death
through the recruitment of Fas-associated protein with
a death domain (FADD) and Caspase-8 to RIPK1, form-
ing a complex known as complex II [42]. The RIPK1 and
TRADD proteins serve as the primary mediators linking
TNF signaling to cellular survival or death, while other
proteins can modulate these key mediators or exert inde-
pendent effects to determine the ultimate fate of cells
[369].

TRADD

TRADD is a 34-kDa adaptor protein with an N-terminal
TRAF2-binding domain and a C-terminal death domain
and is the first protein to be recruited to complex 1. The
TRADD-N protein in complex I interacts with TRAF2
and cIAP1/2 to facilitate the K63-linked ubiquitination
of RIPK1 [370]. However, cIAP1/2-mediated ubiquitina-
tion is involved in the suppression of RIPK1 activation
by ICCB-19 or Apt-1 [370]. Otherwise, loss of cIAPs and
XIAP in the myeloid lineage caused overproduction of
many proinflammatory cytokines, resulting in granulocy-
tosis and severe sterile inflammation [371]. Activities of
cIAP are important for recruitment of LUBAC [372, 373].
The linear ubiquitin chain assembly complex (LUBAC),
composed of HOIP, HOIL-1 and SHARPIN, is required
for TNF-induced activation of NF-kB and prevention of
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cell death achieved by stabilizing the interaction between
TNFR1-SC and NEMO which enables recruitment of
IKKa/B and NF-kB activation [45]. LUBAC activity also
enables TBK1 and IKKe recruitment to and activation
at the TNFR1-signalling complex (TNFR1-SC) [374].
Moreover, LUBAC inhibits the formation of complex
II to inhibit cell death. Deletion of HOIP, HOIL-1 or
SHARPIN results in severe inflammation causing post-
natal lethality by TNFR1-induced, Caspase8-mediated
apoptosis [375-377]. Interestingly, Co-deletion of Cas-
pase-8 with RIPK3 or MLKL prevents cell death in Hoil-
17/~ embryos, which may relate to inhibited execution of
apoptosis or necroptosis, respectively [376]. Additionally,
removal of linear polyubiquitin from proteins that have
been modified by LUBAC by OTU deubiquitinase with
linear linkage specificity (OTULIN) prevents the auto-
ubiquitination activity of LUBAC and causes embryonic
lethality [378]. Unexpectedly, LUBAC and OTULIN reg-
ulate autophagy initiation and maturation by mediating
the linear ubiquitination and the stabilization of ATG13
[379]. Another important intermediate TAK1-TABs com-
plex phosphorylates IKKP at Ser177 and Ser181, which
is required for the activation of NF-«B signaling [380].
TAK1-TABs complex is supposed to suppress RIPKI-
driven apoptosis while pathogen blockade of TAK1 trig-
gers Caspase-8-dependent cleavage of gasdermin D and
pyroptosis [47, 381].

Persistent pathway activation and deubiquitination of
RIPK1 can induce complex II formation. CYLD, A20 and
OTULIN are deubiquitinases which induce deubiquitina-
tion of RIPK1 and inhibition of NF-«B signals by remov-
ing K63 and M1 polyubiquitin chains [382, 383]. Absence
of the K376 ubiquitination site diminishes linear ubiqui-
tination of RIPK1, and promotes complex II formation
[384]. Also, when core components of TNF complex
I, such as TAKlor cIAP1/2, are inhibited or depleted,
TNEFRI in turn promotes the binding of FADD, RIPK1
and Caspase-8 to assemble into complex II and initiate
apoptosis [385, 386].

Caspase8

Caspase8 is a molecular switch of apoptosis, necrosis and
pyroptosis in complex II. In brief, Caspase8 is cleaved
and induces apoptosis in the platform of complex II
while RIPK1 recruits RIPK3 which activates mixed line-
age kinase domain-like protein (MLKL) and necroptosis
when Caspase8 is inhibited. For one thing, Caspase8 has
long been shown to be an effector protein of apoptosis
[387]. It has been previously described that upon binding
of FAS/TNEFRI1 to the death receptor, FADD is recruited
and initiates apoptotic signaling by interacting with Cas-
pase8 DED (death effector domain) to form DISC (death
receptor complex). For another thing, Caspase8 prevents
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RIPK1 and MLKL-mediated necroptosis [388, 389].
The inhibition of Caspase8 instead causes the initiation
of necroptosis. Caspase8 deficiency has been found to
cause embryonic death in mice and link with inflamma-
tory bowel disease in humans [390]. When Caspase8 and
MLKL are both absent, it leads to inflammasome activa-
tion and tissue pathology [391]. Interestingly, Caspase8
also plays a direct role in controlling pyroptosis. Inhibi-
tion of TNF complex II and ripoptosome with AZD 5582
triggers Caspase-8-dependent GSDMD cleavage and
pyroptosis [392]. Expression of CASP8(C362S) triggered
the formation of ASC specks, activation of Caspase-1 and
secretion of IL-1f, which are the precursors of pyrop-
tosis [391]. In addition, LPS triggers RIPK3 to activate
Caspase-8, promoting apoptosis and NLRP3-Caspase-1
activation, independent of RIPK3 kinase activity and
MLKL [386]. Both embryonic lethality and premature
death can be completely rescued in mice with neither
MLKL expression nor ASC or Caspasel expression, indi-
cating that the activation of the inflammasome promotes
Caspase8-mediated tissue pathology when necroptosis is
blocked [391]. ZBP1 is characterized as a critical immune
sensor which can stimulate pyroptosis, apoptosis, and
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necroptosis [393]. ZBP1 interacts with RIPK3 or triggers
the NLRP3 inflammasome to mediate virus-induced pro-
grammed necroptosis by binding to viral genomic DNA
or RNA [394, 395]. Nevertheless, Caspase-8 and FADD
prevent spontaneous ZBP1 expression and necroptosis
[396].

The pyroptosis or apoptosis pathway induced by Cas-
pase8 has important biological significance, which can
help cells resist pathogen infection. When infected by
Yersinia bacteria, Caspase8 activation induces GSDMD
/E cleavage and eventually leads to pyroptosis, while the
loss of GSDMD leads to the apoptosis pathway [397].
Of greater significance, a-ketoglutarate (a-KG) induces
pyroptosis through Caspase-8-mediated cleavage of
pyroptosis effector protein GSDMC, and GSDMC is
highly expressed in tumor cells, which provides a good
solution to the problem of drug resistance in tumor
chemotherapy [207]. In conclusion, which pathway the
cell finally chooses is closely related to the stimulation
of external environment and fluctuations of cell con-
tents such as invasion of pathogens, ROS accumulation
(Fig. 7).
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Fig. 7 Interactions between PANoptosis. TNFR which is activated by TNF can recruit TRAF2 and TRADD to form complex | and transmit extracellular
signals. The TRADD protein has the ability to recruit a diverse array of downstream proteins and initiate distinct signaling pathways, leading

to various functional outcomes including cell survival, apoptosis, and inflammatory signaling. LUBAC recruited by clAP enables recruitment

of IKKa/(3 and NF-kB activation. However, deubiquitination of RIPK1 by OTULIN can inhibit NF-kB pathway and induce complex Il formation. Notably,
ZBP1is a critical immune sensor which can stimulate pyroptosis, apoptosis, and necroptosis
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Cross-talk between autophagy and necroptosis

The decision of cells to undergo apoptosis, autophagy,
or necrosis is regulated by a variety of factors, including
energy levels, the extent of injury or stress, and deficiency
of specific pathways. When autophagy fails to rescue
cells, mild injury and low levels of death signals usually
induce apoptosis, while severe injury and high levels of
death signals often initiate necroptosis [398].

Autophagy and necroptosis are mutually exclusive.
On one hand, autophagy serves as a remedial approach
for preventing necroptosis. For example, mTOR inhibits
RIPK3 expression in the intestinal epithelium through
autophagy to prevent intestinal inflammation and tumor
development [399]. On the other hand, TNF-mediated
necroptosis inhibits autophagy by regulating the fusion
protein SNARE to block the binding of late autophago-
somes to lysosomes [400]. It was also confirmed that
RIPK3 regulates the formation of P62-LC3 complex by
binding to P62, thus acting as a selective negative regula-
tor of autophagy [401].

Interestingly, RIPK3 was also found to be an AMPK
kinase that promotes the early initiation of autophagy
[400].For this seemingly contradictory phenomenon,
we can suggest that the induction of RIPK3-dependent
early autophagy signaling events may enlightens cell’s
self-protective function and slow down the execution of
necroptosis. It is also possible that complexes formed in
autophagy act as stepping stones to necroptosis. RIPK1-
mediated recruitment of P62 is involved in the assembly
of necrosome, and necrosome have also been found on
mature autophagosomes [402].

Cross-talk between autophagy and pyroptosis
The NLRP3 inflammasome is cytosolic multi-protein
complex that induces inflammation and pyroptosis in
response to both pathogen (PAMPs) and endogenous
activators (DAMPs). Inflammasome signals can regulate
autophagic process to achieve balance between necessary
inflammatory response and detrimental inflammation.
Firstly, the autophagy can restrict diseases with hyper-
inflammation and excessive activation of NLRP3 inflam-
masome. For instance, autophagy activation can reduce
the accumulation of reactive oxygen species (ROS) in the
cell by clearing NLRP3 and inhibiting pyroptosis [403].
Wherein, USP19 acts as an anti-inflammatory switch and
promotes M2-like macrophage polarization by manipu-
lating NLRP3 function via increasing autophagy flux
[404]. Deficient autophagy promotes inflammation and
atherosclerosis by hindering degradation of the NLRP3
protein [405].

It is worth noting that the suppression or enhance-
ment of this inflammation is related to intracellular
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stress. Hypoxia is supposed to counteract inflammation
through the downregulation of the binding of mTOR and
NLRP3 and activation of autophagy, which are protective
in mouse models of colitis [406]. In addition, it was found
that FLT4-AMPK module inhibited Caspasel-dependent
inflammasome activation and pyroptosis but enhanced
LC3 activation for elimination of the bacteria [407].
Many drugs also function through activating autophagy
and inhibiting NLRP3 to treat a variety of inflammatory
diseases [408, 409]. Therefore, the quality control of mul-
tiple organelles through organelle-specific autophagy is
of great importance in maintaining the survival and func-
tion of cells and could be a potential therapeutic target
for human diseases.

Cross-talk between ferroptosis and autophagy

Ferroptosis is a mechanism of cell death caused by
the Fenton reaction of iron ions, ultimately leading to
lipid peroxidation. This process involves the uptake
and release of iron ions and lipids by multiple cellular
organelles, so the pathway of ferroptosis have extensive
crosstalk with autophagy. In particular, the overactiva-
tion of selective autophagy, including ferritinophagy,
lipophagy, clockophagy and chaperone-mediated
autophagy, promotes ferroptosis by degrading fer-
ritin, lipid droplets, circadian proteins, and GPX4,
respectively. Ferritinophagy, a process involving selec-
tive autophagy of ferritin facilitated by nuclear recep-
tor coactivator 4 (NCOA4), entails the recognition
of ferritin by NCOA4 and subsequent delivery to the
autophagosome [410]. Within the autophagosome,
ferritin undergoes degradation, leading to the release
of iron in the lysosome. Ferritinophagy promotes fer-
roptosis through releasing free iron from ferritin to
cytoplasm, where cytoplasmic Fe?* is transported into
mitochondria, giving rise to the production of mito-
chondrial ROS and ferroptosis [411]. Thus, the deple-
tion or inhibition of NCOA4 or ATG protein inhibits
ferritin degradation and therefore reduce free iron
levels and thus limit subsequent oxidative injury dur-
ing ferroptosis [412, 413]. It has also been reported
that NCOA4 is suppressed under hypoxia, so ferritin
escapes being degraded and stores iron ions to prevent
ferroptosis [414]. Another form of autophagy takes
places in ferroptosis is lipophagy, which is defined as
the autophagic degradation of intracellular lipid drop-
lets. Lipophagy regulated by RAB7 mediates the diges-
tion of lipid droplets and releases free fatty acids served
as a fuel for mitochondrial oxidation and ferroptosis
[415]. Clockophagy, namely the selective autophagic
degradation of the circadian clock regulator ARNTL/
BMALI, promotes lipid peroxidation and subsequent
ferroptosis through blocking HIF1A-dependent fatty
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acid uptake and lipid storage [416]. Ferroptosis can
also be promoted by facilitating chaperone-mediated
autophagy (CMA), which is a cellular lysosome-medi-
ated degradative mechanism. CMA regulated by HSP90
mediates the degradation of GPX4 and executes fer-
roptosis [417]. Interestingly, autophagy can be induced
when ferroptosis has been triggered, which in return
enhance the ferroptotic effects. This may be related to
the initiation of autophagy caused by lipid peroxidation
products and ROS [418, 419].

Cross-talk between ferroptosis and apoptosis
Studies have shown that lipid peroxidation can also
trigger apoptosis. Lipid peroxidation products interact
with membrane receptors and transcription factors to
induce apoptotic signaling and stimulate the activa-
tion of intracellular and exogenous apoptotic signaling
pathways [391]. Lipid peroxides can regulate apoptotic
signaling through NF-kB pathway and anti-apoptotic
protein BCL-2 [420-422]. In addition, lipid peroxida-
tion products form complexes with ERK, JNK and P38,
activate MAPKs (mitogen-activated protein kinases)
and Caspase signals to initiate apoptosis [423].

Epigenetic regulations in cell death

The phenomenon of cells within individuals sharing the
same genome adopting phenotypic states of increas-
ing specificity is widely acknowledged. This trait of
cells can be attributed to cell differentiation, the pro-
cess of stable changes in morphology, structure and
physiological function of the offspring cells. How can
differentiated cells maintain their selective expression
patterns for a long time without changing into other
kinds of cells? Though normal differentiation outcomes
are genetically encoded, cells are programmed to incor-
porate different epigenetic modifications that turn dif-
ferent gene groups on or off during development and
these epigenetic modifications can be passed from par-
ent cells to offspring. This is the molecular mechanism
of gene selective expression and the substantive cause
of cell differentiation. The remarkable aspect of epi-
genetics lies in its inheritability and quantifiability. In
essence, cells exert control over gene switches by regu-
lating higher-order chromosome structures, and epige-
netic regulation involves the interpretation of genetic
information at the chromatin level.

The term “epigenetics” was originally advanced by Con-
rad Waddington to describe mitotically and meiotically
descendible changes in a cellular phenotype that were
independent of alterations in the DNA sequence [424].
Epigenetic regulations make it possible for researchers to
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rebuilt specific differentiation events and constrain dis-
tinct phenotypic and gene expression states.

DNA modifications

The process of DNA methylation involves the enzymatic
catalysis of cytosine within CpG dinucleotides by DNA
methyltransferases (DNMTs), utilizing S-adenosylme-
thionine (SAM) as a methyl donor to establish covalent
bonds and acquire a methyl group. DNA methylation is
the earliest and most common epigenetic phenomenon,
which plays an important role in maintaining genome
stability and regulating important physiological functions
such as cell cycle, apoptosis and embryonic development
in eukaryotes [425]. Altered DNA methylation patterns
can contribute to the molecular pathology of all kinds of
disease. Low level of DNA methylation can not only lead
to the decrease of genomic stability and the increase of
mutation rate, but also lead to the occurrence of malig-
nant tumors by abnormally activating the expression
of various proto-oncogenes [426]. High levels of DNA
methylation can indirectly induce the occurrence of
malignant tumors by reducing the transcriptional activ-
ity of tumor suppressor genes and then affecting their
expression, such as reduced expression and silencing of
expression. Some features of DNA methylation such as
early and frequent occurrence of changes in cancer and
cell-type specificity make them promising biomarkers
[427].

Regulation of DNA methylation

DNA methylation is an epigenetic mechanism involv-
ing the addition of a methyl group of the cytosine on the
C5 position to form 5-methylcytosine. Multiple forms
of DNA methylation have been identified in mammals,
including 5-methylcytosine(5mC), 5-hydroxymethylcyto-
sine (5hmC) and 5-formylcytosine (5fC) [424]. The major
epigenetic modification 5mC and its hydroxylated deriv-
ative 5hmC are widespread in vertebrate genomes and
they are predominantly found within CpG dinucleotides
[424, 428]. Methylation can be inherited through somatic
cell divisions by a mechanism involving an enzyme that
recognizes hemimethylated CpG palindromes [429].
Some mediators are pivotal for DNA methylation and
demethylation, including DNA methyltransferases
(DNMTs), methyl-CpG binding proteins (MeCPs), ten-
eleven translocation cytosine dioxygenases (TETs) and
base excision repair (BER) DNA glycosylases.

The canonical DNMTs including DNMT1, DNMT3A
and DNMT3B have an impact on establishing and main-
taining DNA methylation patterns thus keeping the dif-
ferentiated states as cells divide [430]. In mammals,
male and female gametes originate from embryonic cells
marked with their own landscape of DNA methylation.
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However, zygote which is producted by fusion of male
and female gametes is the only totipotent cell of the
organism. It means that epigenetic marks of zygote must
be updated to guarantee its totipotency and this process
is termed as epigenetic reprogramming [431]. Of which,
DNA methylation is established de novo by DNMT3A
and DNMT3B [432]. DNMT3L also facilitates DNA
methylation by serving as a cofactor of DNMT3A/3B to
enhance their methyltransferase activities [433]. Beyond
that, the E3 ubiquitin ligase UHRF1 (also known as
NP95) with higher affinity for hemi-methylated DNA
assists DNMT1 finding the cytosine to be methylated
to maintain DNA methylation in dividing cells [434]. In
addition, LSH facilitate in DNA methylation by DNMT1
through enhancing UHRF1 chromatin association [435].
However, CpG islands (CGIs), some regions rich in CpG
dinucleotides, remaining refractory to DNA methylation
mostly at the sites of promoter have a great role in gene
transcription [436]. In contrast to the CGls at promot-
ers, orphan CGIs located at intragenic regions are more
frequently methylated and this is likely a consequence
of DNMT3B-mediated genic DNA methylation [437].
Research has demonstrated that CpG methylation near a
gene’s promoter is often incompatible with efficient tran-
scription. This effect is mediated by MeCPs, which rec-
ognize and bind to methylated genes, thereby interfering
with transcription [438, 439]. Though the maintenance
mechanism of DNA methylation is stable, this process
can still be reversed. DNA demethylation can be medi-
ated by TET and TDG through iterative oxidation of
5mC to 5-hydroxymethylcytosine(5hmC), 5-formylcyto-
sine (5fC) and 5-carboxylcytosine (5caC) or base excision
repair(BER) of 5fC and 5caC, respectively [440]. What’s
more, many non-enzymatic proteins, such as TFs, could
regulate the establishment and maintenance of the local
DNA methylation levels in a sequence-specific fashion
[441]. During development, the pattern of DNA meth-
ylation in the genome changes as a result of a dynamic
process involving both de novo DNA methylation and
demethylation. As a consequence, differentiated cells
develop a stable and unique DNA methylation pattern
that regulates tissue-specific gene transcription.

DNA methylation and gene transcription

DNA methylation patterns vary between cell types
and this lead to direct differential expression of genes
[442]. In prime conceptions, DNA methylation directly
silences genes. However, the relationship between DNA
methylation and gene silencing is still skeptical. Indeed,
the location of a modification is tightly regulated and
is crucial for its effect on transcription. Large-scale
analyses of gene expression profiles and DNA methy-
lomes have revealed that a substantial proportion of
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DNA methylation sites are positively correlated with
gene expression [443]. CpG island shore, sequences up
to 2 kb distant, was strongly related to tissue-specific
differential methylation and gene expression [443]. It
has been shown that DNA methylation of downstream
of the transcription start site was correlated with
increased transcription of a target gene. What’s more,
DNA methylation of a promoter or an enhancer can
inhibit the transcription of target gene [444, 445]. For
example, Set2-mediated methylation of histone H3K36
normally occurs within the ORF of actively transcribed
genes. However, if Set2 is mistargeted to the promoter
region through artificial recruitment, it represses
transcription [446]. In general, gene bodies of highly
expressed genes are heavily methylated [447, 448],
whereas active gene regulatory elements have a low
degree of methylation [449]. In cancer, a limited num-
ber of genomic loci gain DNA methylation, particularly
at CpG islands in promoters of tumor suppressor genes
(TSGs), leading to gene silencing [450]. Hypomethyla-
tion of repetitive elements is also observed in cancer
cells [451].

It is also surprising that transcription factors (TFs) can
act as DNA methylation readers to influence gene tran-
scription and the interaction between TFs and DNA
methylation is reciprocal [441]. On one hand, DNA
methylation can impact gene transcription by affecting
the binding of TFs which is particularly important for
reprogramming of cells [452, 453]. On the other hand,
TFs can directly shape the local DNA methylation pat-
terns [454, 455]. Expression of cell-type-specific tran-
scription factors causes reduced methylation of their
binding sites during development [456]. It is interesting
that a methylation-insensitive transcription factor func-
tions as a pioneer factor and creates a site of reduced
methylation that allows a methylation-sensitive factor to
bind.

DNA methylation and cell death

DNA methylation regulators have become the mainstay
for treatment of certain malignancies due to their abili-
ties to reactivate genes, including tumor suppressors.
DNA methylation inhibitors 5-azacytidine and 5-aza-
2’-deoxycytidine (Decitabine) can be used as a thera-
peutic agent for cancers in which epigenetic silencing of
critical regulatory genes has occurred [457]. Certainly,
DNA methylation plays a crucial role in upstream regu-
lation of the cellular death mechanism. Aberrant DNA
methylation activity is observed in tumor cells, leading to
dysregulation of cell death control and key protein inac-
tivation. Exploiting DNA methylation sites as targets for
tumor therapy holds great potential.
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DNA methylation and apoptosis
The methylation status of specific genes has been identi-
fied as a regulatory mechanism for apoptosis. For exam-
ple, the continuous exposure of mice to gibberellin A3
from weaning to sexual maturity resulted in the induc-
tion of apoptosis in ovarian granulosa cells, which was
achieved through hypomethylation of the Caspase-3 gene
promoter [458]. The heterochromatin protein 1 (HP1)
family specifically recognizes and binds the tail of his-
tone H3 tagged with H3K9me3 and plays a central role
in the establishment of structural heterochromatin [459,
460]. The upregulation of HP1la protein and H3K9me3
has been observed in GOS3 and 1321N1 glioma cell
lines, specifically at the FAS and PUMA promoter sites,
the proteins involved in the facilitation of apoptosis. This
suggests that the increased levels of Hpla and H3K9me3
inhibit apoptotic activators, thereby preventing apoptosis
[459, 460]. The immuno-modulatory properties of peri-
odontal membrane stem cells (PDLSC) can be regulated
by the Tenll1 translocation (Tet) family, a group of DNA
demethylases. It has been found that downregulation of
TET1/2 would lead to hypermethylation of the DKK-1
promoter, activating the WN'T signaling pathway, which
in turn promotes expression of FasL [461]. Therefore, the
utilization of PDLSC enhances the efficiency of T cell
apoptosis induction and ameliorates the disease pheno-
type in mice with colitis [461]. Additionally, the upregu-
lation of DNA methyltransferase leads to an increase in
DNA methylation, which exerts a potent pro-apoptotic
effect on motor neurons in postnatal and adult mice as
well as photoreceptors in a mouse model of retinitis pig-
mentosa [462]. In other studies, modulation of the degree
of DNA methylation inhibited apoptosis. Epidermal
growth factor (EGF) protects against high-glucose (HG)-
induced podocyte injury by promoting cell proliferation
and inhibiting apoptosis. This role may be related to the
regulation of autophagy and PI3K/AKT/mTOR signaling
pathway through DNA methylation [463]. In addition,
DNA methylation-mediated Caspase-8 downregulation
is associated with anti-apoptotic activity and human
malignant glioma grading [464]. Thus, combination ther-
apy with demethylating agents may overcome treatment
resistance in the same malignancy. Downregulation of
IncRNA H19 reduces methylation and enhances expres-
sion of insulin-like growth factor 2 (IGF2), thereby inhib-
iting apoptosis and oxidative stress (OS) in hippocampal
neurons of streptozotocin (STZ)-induced diabetic (DM)
mice [465]. Based on the evidence from this study, down-
regulation of IncRNAHI9 is a potential target for the
treatment of apoptosis in diabetic hippocampal neurons.
Similarly, certain compounds are able to induce
apoptosis through DNA methylation, thus conferring
their anticancer value. Clofarabine (CIF) has a range
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of anticancer activities, including the ability to modu-
late DNA methylation marks. CIF, in combination with
the phytochemicals RSV or ATRA, effectively inhibits
tumor cell growth and induces Caspase-3-dependent
apoptosis by up-regulating key modifiers of DNA meth-
ylation machinery, including DNA Methyltransferase
1 (DNMT1) and Cyclin dependent kinase inhibitor 1A
(CDKN1A), in CML cells [466]. This observation predicts
the potential of CIF in epigenetic treatment of anti-leu-
kemia. DNA hypomethylating drugs 5-aza-DC or SGI-
110 cooperating with IR improves the anticancer effect
by inhibiting cell proliferation and promoting apoptosis
or autophagy [467]. In addition, DNA demethylation-
induced high expression of RASSF4 plays an impor-
tant role in T-2 toxin-induced apoptosis in BRL cells by
activating PI3K-Akt/Caspase/NF-kB signaling pathway
[468]. It is also proposed that moderate DNA hypometh-
ylation is sufficient to suppress intestinal tumorigenesis
by promoting Caspase-3 expression and apoptosis [469].
Therefore, regulating DNA methylation may provide
new avenues for the diagnosis and treatment of certain
diseases.

DNA methylation and necroptosis

The low expression of RIPK3, the pivotal executive pro-
tein in necroptosis, has been unveiled to confer a sur-
vival advantage upon cancer cells and contribute to
chemoresistance as well as poor prognosis in malignant
tumors. The silencing of the RIPK3 gene in cancer cells
may be attributed to epigenetic modifications resulting
from DNA methylation [171, 470]. The precise molecu-
lar mechanism underlying DNA methylation-mediated
downregulation of RIPK3 expression is currently under
investigation. The study found that the mutated IDH1-
produced 2-HG binds to DNMT1, leading to hyper-
methylation of the RIPK3 promoter and consequently
enhancing tumor cell resistance against necroptosis
[471]. Conversely, the up-regulation of IncRNA PVT1
was found to be associated with increased expression
of necroptosis-related proteins,including ZBP1, RIPK3,
and MLKL [472]. The IncRNA PVTI1 can interact with
DNMT1 through EZH2, a methyltransferase responsible
for dimethylation and trimethylation, thereby enhancing
the methylation of the ZBP1 promoter and subsequently
promoting necroptosis [472]. Apart from that, demethyl-
ation of highly expressed TET1 gene promotes the upreg-
ulation of ZBP1 and induces necroptosis.

There are still some potential mechanisms of DNA
methylation inducing or inhibiting cell necroptosis to be
explored. Epstein-Barr virus (EBV) infection is a recog-
nized epigenetic driver of carcinogenesis. The metabo-
lites associated with EBV can be modified through DNA
methylation to inhibit the necroptosis signaling pathway,
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suggesting a potential link between carcinogenesis and
the suppression of necroptosis, thereby elucidating the
mechanism underlying EBV-related carcinogenesis
[473]. Accumulation of myeloid-derived suppressor cells
(MDSCs) is a hallmark of cancer in tumor environ-
ment. However, TNFa-RIPK1-mediated necroptosis
regulates accumulation of MDSCs [474]. To be specific,
DNA methyltransferease inhibitor decitabine (DAC)
decreases MDSC accumulation and promotes necrop-
tosis by disrupting DNA methylation of TNFa. Other-
wise, IL6 treatment of MDSC-like cells activated STATS3,
increased expression of DNMT1 and DNMT3b, and
enhanced survival [474]. These findings demonstrated
that modulating DNA methylase activity to induce cell
death could be a potentially effective strategy for inhibit-
ing the survival and aggregation of MDSCs in the tumor
microenvironment.

DNA methylation and pyroptosis

Differential expression of pyroptosis related genes was
evident in various cancers and associated with progno-
sis which was driven by genomic variations and epige-
netic abnormalities, such as single nucleotide variations
(SNVs), copy number variation (CNV) and DNA meth-
ylation level [475]. Zinc Finger DHHC-Type Contain-
ing 1 (ZDHHC1, also known as ZNF377), frequently
silenced due to epigenetic modification among vari-
ous cancers, which exerts significant anti-tumor effects
through metabolic regulation [476]. Restoration of
ZDHHC1 expression can curb cancer cell progression
via stimulating pyroptosis through increment of oxida-
tive stress and endoplasmic reticulum (ER) stress [476].
The epigenetic mechanism underlying tumor suppres-
sion through pyroptosis is also evident in the executing
proteins of pyroptosis. The silencing of GSDME expres-
sion caused by hypermethylation of GSDME promoter
is associated with gastric cancer. DNA methyltransferase
inhibitor 5-Aza-2’-deoxycytidine (5-Aza-CdR) upregu-
lates GSDME expression effectively and exerts tumor
inhibition effects [477]. Likewise, GSDMD, a key protein
in the pyroptosis process, is low expressed in the majority
of tumor cells. DNA methyltransferease inhibitor decit-
abine (DAC) up-regulates the expression of GSDMD and
achieves effective cancer cell pyroptosis, thus inducing a
significant systemic antitumor immunity for impressive
tumor suppression [478]. What’s more, biomimetic nano-
particle (BNP) loaded with indocyanine green and DAC
were designed for photo-activated cancer cell pyroptosis
and solid tumor immunotherapy [479].

DNA methylation and ferroptosis
DNA methylation can directly regulate key proteins
of ferroptosis. It was found that TET2 regulate lipid

Page 33 of 54

peroxidation through GPX4, thus alleviating airway
epithelial cell ferroptosis in COPD [480]. Ferroptosis is
associated with an epigenomic stress response, which
might advance the therapeutic applicability of ferrop-
tosis-related compounds. For example, MM1 multiple
myeloma cells are sensitive to ferroptosis induction and
epigenetic reprogramming by RSL3 [481]. Significant
DNA methylation changes in ferroptosis myeloma cells
demonstrated an enrichment of CpG probes located in
genes associated with cell cycle progression and senes-
cence [481]. Alternatively, identification and validation
of ferroptosis-related DNA methylation signature can be
used for predicting the prognosis and guiding the treat-
ment in cutaneous melanoma [482].

Some genes are aberrantly expressed in tumor cells and
have an epigenetic inhibitory effect on ferroptosis. Lym-
phoid-specific helicase (LSH), which is a DNA methyla-
tion modifier, interacts with WDR76 to inhibit ferroptosis
by activating lipid metabolism-associated genes involved
in the Warburg effect [483]. Runt-related transcription
factor 3 (RUNX3), a member of the runt-domain fam-
ily, induces ferroptosis by activating ING1 transcription,
thereby repressing SLC7A11 in a p53-dependent manner
[484]. Downregulation of RUNX3 caused by DNMT1-
mediated methylation in GBC cells is associated with
poor prognosis of GBC patients [484].

Histone modifications

The DNA inside a human cell containing the genetic
information is two meters long while the nucleus is
only seven microns in diameter. Thus, a highly com-
pressed structure known as chromatin is required to
pack such a huge amount of genetic information into
the nucleus. DNA is wrapped around histone proteins
forming a “nucleosome core particle” which contains
147 base pairs of DNA and a histone octamer that
consists of two copies each of histones H2A, H2B, H3
and H4 [485]. The residues of histone proteins can be
post-transcriptionally modified and influence chroma-
tin compaction as well as DNA-based processes, such
as transcription, DNA repair and replication [486].
There are different modification sites on the histones
including tail regions and globular domains which may
contribute to diverse consequence for gene transcrip-
tion. The histone code hypothesis assumes that his-
tone modifications act as local information carriers,
which are interpreted by chromatin-binding proteins
termed ‘readers’ capable of recognizing varied modi-
fied nucleosomes. The main types of histones modifica-
tion include acetylation, methylation, phosphorylation,
ubiquitination, SUMO and ADP-ribosylation. The
most common modification forms are histone methyla-
tion and acetylation, which can affect human diseases
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especially cancer and immune disease. The mechanisms
of histone modifications are operated by chromatin-
modifying enzymes in a highly regulated manner [485].

Regulation of histone modifications (writers and erasers)
Histone methylation

Methyl modifications of histone are tightly regulated by
the lysine methyltransferases (KMTs) and lysine dem-
ethylases (KDMs). KMTs catalyze the various lysine
methylation events decorating the core histone pro-
teins. In the human proteome, there are two domains
with lysine methyltransferase activity: the SET domain
and the seven-beta-strand (7pS) domain. Chemically,
lysine methylation entails the addition of one, two or
three methyl groups to the e-nitrogen of a lysine side
chain, forming mono-, di- and trimethylated deriva-
tives, which greatly increases the information encoded
within the molecule [487]. In humans, the canonical
lysine methylation sites are found on histone H3 at
lysine 4 (H3K4), lysine 9 (H3K9), lysine 27 (H3K27),
lysine 36 (H3K36) and lysine 79 (H3K79), and on his-
tone H4 at lysine 20 (H4K20). Also, KMTs have a high
degree of specificity for particular lysine residues and
the degree of methylation. For example, the enzymes
that methylate H3K36 do not methylate a different
lysine if K36 is mutated. What’s more, SETD2 prefers
unmethylated H3K36 as the initial recognized substrate
of the nucleosome to H3K36me2. These multiple meth-
ylation events mediated by different enzymes causes the
enzymatic redundancy which can be used for targeting
specific activities at differential genomic localization to
selectively generate different methylation states.

There are eight KDM subfamilies (KDM1-8), which
vary in terms of their structure and lysine targets.
KDM1 contains a flavin adenine dinucleotide-depend-
ent amine oxidase domain, which erases mono- and
dimethylation marks [488]. KDM2-8 subfamilies con-
tain a catalytic Jumonji C (JmjC) domain and remove
mono-, di- and trimethylation marks on lysines [489].
Activity of transmethylases can also be regulated by
RNA methylation. For example, m®A reader YTHDC1
physically interacts with and recruits H3K9me2 dem-
ethylase KDM3B to m®A-associated chromatin regions,
promoting H3K9me2 demethylation and gene expres-
sion [490].

The disfunction of KMTs and KDMs is related with
tumorigenesis. Studies have identified recurrent SETD2
mutations across a broad spectrum of human malignan-
cies and biallelic loss of SETD2 in patients is unfortu-
nately associated with significantly lower survival rates
[487]. Thus, SETD2 has been identified as a top candidate
in multiple cancer models in vivo screens [487].
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Histone acetylation
Histone lysine acetylation is highly reversible. Histone
acetylation level is controlled by two classes of enzyme:
the lysine acetyltransferases (KATs), which catalyze the
transfer of an acetyl moiety to a Lys residue; and his-
tone deacetylases (HDACs), which catalyze acetyl group
removal [491]. Acetylation of the e-amino group leads to
neutralization of the inherent positive charge of the Lys
residue, which can affect protein functions through mul-
tiple mechanisms including regulation of protein stabil-
ity, enzymatic activity, subcellular localization, crosstalk
with other post-translational modifications as well as
regulation of protein—protein and protein-DNA inter-
actions, thus influencing transcription by altering chro-
matin structure [492]. For example, H4K16 acetylation
disrupts inter-nucleosome interactions and abolishes the
folding of nucleosomes into higher-order arrays [492].
Currently, most KATs belong to one of three fami-
lies based on amino acid sequence homology: the
MYST family, the p300/CBP family and the Gcnb5-
related acetyltransferase family (GCN5/PCAF, also
known as KAT2A /KAT2B) [493]. The MYST fam-
ily members share a highly conserved MYST domain
consisting of Acetyl-CoA-binding motif and a PHD
(plant homeodomain)-type zinc finger domain which
are required for histone H3 binding and the nuclear
localization to chromatin [493]. KAT6A and KAT6B
form stoichiometric complexes with bromodomain-
and PHD finger-containing protein 1 (BRPF1) through
their MYST domain for acetylation of H3K23, which
are associated with transcriptionally active genes [494].
KAT®6 proteins play an important role in craniofacial
development, maintenance of stem cells, regulation of
the hematopoietic and immune system, while mutant
KATS is related with developmental disorders and can-
cers [493]. p300 and CBP are in a family of their own
because of little sequence homology between them
and other acetyltransferases in the human genome
[495]. p300/CBP family consists of two acetyltrans-
ferase domains,including three cysteine/histidine-rich
domains and a bromodomain, which roles in catalyz-
ing the reaction of transferring the acetyl group from
acetyl-CoA to a protein lysine side chain [495]. Acetyla-
tion activity of p300/CBP family can be stimulated by
RNAs due to an RNA binding region in the acetyltrans-
ferase (HAT) domain of CBP [496]. p300/CBP also acts
as downstream effectors of several signals including cal-
cium signaling, stress response pathways, Notch signal-
ing, and NF-«kB signaling to regulate cellular functions
[495]. It has been confirmed that the acetylation activ-
ity of p300/CBP has roles in diverse functions includ-
ing cell migration and invasion, maintenance of the
differentiated state, tau-mediated neurodegeneration,
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and learning and memory [495]. All the known meta-
zoan GCN5 homologues can be divided in two parts:
The N-terminal half which contains the so-called
PCAF homology domain, and the C-terminal half
which contains two other conserved domains: the AT
domain and the bromodomain [497]. GCN5 and PCAF
have a preference for acetylation of H3K14, H4K8 and
H4K16 [497]. 1t is interesting to find that GCN5/PCAF-
mediated H3K9 acetylation and CBP/p300-mediated
H3K18/27 acetylation correlate with nuclear receptor
target gene activation [498]. The catalytic activity of
KATs is affected by many factors. KAT8 switches cata-
lytic activity and function depending on its associated
proteins which means it catalyzes H4K5ac and H4K8ac
as part of the NSL complex, whereas it catalyzes the
bulk of H4K16ac as part of the MSL complex [499].

Histone deacetylase Enzymes are erasers of histone
acetylation. In humans, there are 18 HDAC enzymes
grouped into four classes: the Class I Rpd3-like proteins
(HDAC1, HDAC2, HDAC3, and HDACS); the Class II
Hdal-like proteins (HDAC4, HDAC5, HDAC6, HDAC?7,
HDACY, and HDACI10); the Class III Sir2-like proteins
(SIRT1, SIRT2, SIRT3, SIRT4, SIRT5, SIRT6, and SIRT7);
and the Class IV protein (HDAC11) [500]. HDACs can be
further subdivided into two categories, zinc-dependent
HDACSs, also known as classical (classes I, II and IV) as
well as NAD +-dependent, also known as sirtuins (class
III) [501]. HDACs can not only alter transcription, but
also change the dynamics of histone modification “cross
talk’, such as methylation, ubiquitination, and sumoyla-
tion [500].

Histone acetylation can be regulated by many signals.
Recent studies have indicated that AMPK/Snfl activation
can control histone acetylation through phosphorylation
of different HATs and HDACs affecting not only gene
transcription but also many other epigenetic functions
[502]. In addition, hypoxic stress influences the activity
and gene expression of HATSs, which induces gene activa-
tion under hypoxic conditions [503].

Histone modifications and gene transcription (readers)
Distinct qualities of well-regulated chromatin, such as
euchromatic or heterochromatic domains, are largely
dependent on the local concentration and combination
of differentially modified nucleosomes [504]. This “nucle-
osome code” permits the assembly of different epigenetic
states, which leads to distinct compiling of the genetic
information, no matter gene activation or gene silence.
The enzymes transducing these histone modifications
are highly specific for particular amino acid positions,
thereby extending the information content of the genome
past the DNA code.
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Histone methylation

Histone methylation functions on transcription by
changing the chromatin compaction states. H4K20 can
be methylated at different degree(H4K20mel/2/3) to
directly facilitate chromatin openness and accessibility
at different phases of cell cycle [505]. However, methyl-
ated lysines in histone proteins do not directly alter the
chromatin structure. Histone methylation predomi-
nantly functions on transcription by providing dynamic
binding platforms for a large number of effector pro-
teins. Histone H3 trimethylation at lysine 36 prompts
N®-Methyladenosine (m®A) mRNA modification which
plays critical roles in various normal and pathological
bioprocesses [506]. Mechanistically, H3K36me3 bind
with MTC which facilitates the binding of the m°A MTC
to adjacent RNA polymerase II, thereby transcribing nas-
cent RNAs and depositing m°®A actively [506]. Trimeth-
ylated H3K4 recruit the integrator complex subunit 11
(INTS11) which is essential for the eviction of paused
RNA polymerase II and transcriptional elongation [507].
Diverse methylation content at the same methylation
site impact on transcription differentially. For example,
H3K36mel/2 and H3K36me3 have unique and shared
functions, particularly regarding the suppression of anti-
sense transcription [508].

The process of histone methylation is implicated in
various cellular activities. Methylation of H3K79 can not
only regulate elongation rates across various genes, but
also determine post-transcriptional events such as alter-
native splicing, DNA repair and cell cycle checkpoint
activation [509]. In addition, H3K9me ensures silenc-
ing in differentiated tissues by restricting the activity of
a defined set of transcription factors at promoters and
enhancers [510].

Histone acetylation

Histone tail acetylation is most strongly correlated with
transcriptional activation. Although the correlation
between histone tail acetylation and gene activation is
firmly established, the mechanisms by which acetylation
facilitates this fundamental biological process remain
poorly understood. On one hand, histone acetylation cre-
ates a local chromatin environment permitting transcrip-
tional activation [511]. On the other hand, the majority
of histone acetylation is transcription-dependent, as
promoter-bound HATs are unable to acetylate histones
in the absence of active transcription [512]. The presence
of RNA polymerase II (RNAPII) is crucial for facilitating
the interaction between H4 histone acetyltransferases
(HATs) and gene bodies [512]. In Metazoa, promoters
of transcriptionally active genes are generally devoid of
physically repressive nucleosomes, consistent with the
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contemporaneous binding of the large RNA polymerase
II transcription machinery. The removal of these nucle-
osomes is dependent on histone acetylation on specific
sites. The histone acetyltransferase p300 is detected at
active gene promoters in the range of histone hypera-
cetylation regions, which acetylates H3K14 to mediated
dissociation of the histone octamer from the promoter
DNA [513]. Interestingly, the inhibition of catalytic P300
can dynamically disrupt steady-state acetylation kinet-
ics and suppress oncogenic gene transcription, making
it a potential anti-cancer treatment regimen [514]. Also,
H3K64ac regulates nucleosome stability and facilitates
nucleosome eviction and hence gene expression in vivo
[515]. In addition, ACSS2 (acyl-CoA synthetase short-
chain family member 2) functions in recycling of nuclear
acetate for histone acetylation to promote lysosomal and
autophagy-related gene expression and counteract nutri-
tional stress [516].

The process of histone acetylation is also involved in
various other cellular processes. Histone acetylation con-
trols the early differentiation of embryonic stem cells
[517]. What’s more, histone acetylation engages in the
lymphangiogenesis mediated by fatty acid B-oxidation-
related genes (CPT1A) [518]. Mitotic histone acetyla-
tion patterns may constitute the bookmarks that restore
lineage-specific transcription patterns after mitosis [519].

Histone phosphorylation

Histone phosphorylation tends to be very site-specific
and there are far fewer sites compared with acetylated
sites. The single-site modifications, similar to H4K16ac,
can potentially induce significant structural alterations
within chromatin. For instance, phosphorylation of
H3S10 during mitosis occurs genome-wide and is associ-
ated with chromatin compaction [520].

Histone modification and cell death

The development of tumors is intricately related to his-
tone modifications. Clusters of histone modifications are
linked to melanoma progression, EMT, and metastasis
[521]. Various oncogenic and tumor suppressor proteins
involve cell death through histone modifications, thereby
regulating tumor growth and therapeutic response. His-
tone deacetylases (HDACs) catalyze protein deacetyla-
tion and are frequently dysregulated in tumors. This has
spurred the development of HDAC inhibitors (HDACi).
Such epigenetic drugs modulate protein acetylation,
eliminate tumor cells, and are approved for the treatment
of cancers.

Histone modification and apoptosis
Aberrant expression of HATs and HDACs in cells has
been confirmed to elicit human tumorigenesis. The
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effective inhibition of tumor progression can be achieved
through the regulation of histone acetylation on key
genes in the apoptotic pathway. Histone deacetylase
(HDAC) inhibitors have emerged as a new class of anti-
tumor agents for various types of tumors. HDAC2 down-
regulates P53 expression and thus inhibiting apoptosis.
The novel HDAC inhibitor MPT0B291 enhances p53
acetylation and upregulates the expression of apoptosis-
related genes PUMA, Bax, and Apafl, leading to a signifi-
cant reduction in cell viability and induction of apoptosis
in human glioma cell lines [522]. The HDAC6-selective
inhibitor A452 also enhances wild-type p53 levels by
promoting acetylation of p53 at Lys381/382 [523].What’s
more, retinoic acid (RA) with ability to exert apoptosis-
inducing effects on prostate cancer cell lines by inhibiting
HDCAC?2 expression is expected to be a novel agent for
the treatment of prostate cancer [524]. Parthenolide (PT)
has cytotoxic effects on tumor cells by inhibiting HDACs
and blocking NF-kB pathway [525]. Clove buds (CLO)
showed significant pro-apoptotic effects in breast cancer
by increasing histone lysine trimethylation and acetyla-
tion level (H4K20me3, H4K16ac) in cancer cells [526].
Additionally, the novel dual BET/HDAC inhibitor TW09
can mediate apoptosis of rhabdomyosarcoma (RMS) cells
[527]. Bromodomain and extra-terminal motif (BET)
are epigenetic modulators and have been associated
with proto-oncogene overexpression in cancer. The BET
inhibitor JQ1 has a synergistic effect with HDAC inhibi-
tors (HDACISs) to induce RMS cell apoptosis, which was
achieved by synergistically upregulating BIM and BMF
while downregulating BCL-XL [528].

Moreover, drugs have been revealed to treat tumors
using death receptors as the target of histone modifica-
tions. For example, sequential treatment with azacitidine
and valproic acid (VPA) in combination with carboplatin
can lead to a reduction in DR4 methylation and over-
come resistance to platinum-based therapy. Azacitidine
inhibits the methylation of replicative DNA through stoi-
chiometric binding of DNA methyltransferase 1, which
induces the re-expression of epigenetically silenced genes
such as DR4. Valproic acid (VPA) is a histone deacetylase
inhibitor that induces a hyperacetylated state of histones,
leading to a more open chromatin structure and making
cells more susceptible to apoptosis induced by chemo-
therapy [529]. This suggests that the combination of DNA
methylation inhibitors and histone deacetylase inhibitors
has a synergistic effect in gene expression activation and
can overcome platinum resistance. Lignocaine, a natu-
ral compound, was able to cause a significant decrease
in the survival of human leukemia cells. It has been
shown that lignans can induce the expression of Fas and
FasL by increasing the acetylation of histone H3, which
in turn triggers the extrinsic apoptotic pathway [530].
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In embryonic development, extrinsic apoptosis plays a
pivotal role, which is also regulated by the involvement
of histone modifications. The initiation of the embry-
onic death process, rather than being dependent on
death-specific signals, is due to the increased sensitivity
of target cells to harmless signaling damage from neigh-
boring cells destined to survive [531]. As key regulators
of embryonic cell behavior, epigenetic modifications and
chromatin remodeling regulate chromatin fragility by
facilitating or hindering contact of transcription factors
with their targets. The oogonia of mammalian embryos
at the two-cell stage are protected from chromatin access
by Caspase 3 activated DNA enzymes due to DNA meth-
ylation and histone deacetylation [532]. Furthermore,
the process of interphalangeal remodeling involves mas-
sive interphalangeal cell death, which is closely associ-
ated with excessive activation of Caspases and lysosomes.
Compared to adjacent finger bone forming tissues, inter-
phalangeal progenitor cells endure greater genomic insta-
bility to X radiation, which is associated with strong DNA
methylation and trimethylation regions of histone 3 on
lysines 4, 9, and 27 (H3K4me; H3K9me; and H3K27me)
[533]. This suggests that the regions of elevated DNA
fragility depend on epigenetic alterations. General epige-
netic modification rules for cell death in different systems
cannot be expected to be considered, as different modifi-
cations may favor cell death in different cell populations
[531].

Histone modifications and necroptosis

HDAC inhibitors can induce necroptosis to significantly
affect tumor growth and progression. Suberoylani-
lide hydroxamic acid (SAHA) is a common inhibitor of
HDAC and can inhibit cancer by significantly upregu-
lating levels of phosphorylated RIP3 and MLKL [534].
The administration of the HDAC inhibitor Givinostat in
refractory Hodgkin’s lymphoma leads to sustained gen-
eration of reactive oxygen species (ROS) and induction
of necroptosis [535]. Apart from that, ubiquitination is
one of the main ways of histone modification. The ubiq-
uitin specific peptidase 22 (USP22) is a component of the
SAGA complex, which plays a crucial role in catalyzing
the ubiquitination of RIPK3 at lysine residues 42, 351,
and 518 during the process of necroptosis. Mutations at
K518 of RIPK3 can reduce the ubiquitination of RIPK3
and contribute to the progression of necroptosis [536].

Histone modifications and pyroptosis

The transcription of pyroptosis-related genes can be
regulated by histone modification, thereby inducing
the activation of pyroptosis signals. HDAC11 promotes
both NLRP3/caspase-1/GSDMD and caspase-3/GSDME
pathways causing pyroptosis in vascular endothelial cells
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[537]. HDAC2 in hepatocytes plays a pivotal role in an
ULK1-NLRP3 pathway driven auto-amplification of
pyroptosis [538]. In addition, protein arginine methyl-
transferase 5 (PRMT5) is a methyltransferase that cata-
lyzes the formation of methylated residues on histones
a. Accumulating evidence suggested that PRMT5 might
play a carcinogenic role in various cancers [539]. PRMT5
can promote pyroptosis by activating the nuclear factor
kappa B (NF-«xB) /NLRP3 axis [539].

Histone modifications and autophagy
The role of histone modification in the regulation
of autophagy-related genes, particularly ATG fam-
ily proteins, has been partially investigated. The NAD-
dependent deacetylase SIRT1 regulates autophagy gene
expression through histone deacetylation, with lysine 16
on histone H4 (H4K16) as the primary deacetylation tar-
get [540]. H4K16 deacetylation inhibits the transcription
of genes involved in the early and late steps of autophagy
in multiple cell types, including ATG1, ATG8, ATG9
[541]. Moreover, SIRT1 indirectly regulates autophagy
by deacetylation of FOXO3, leading to increased expres-
sion of autophagy-related genes, including Bnip3 [542].
In addition, accumulation of nucleocytosolic acetyl-
CoA represses autophagy in yeast via hyperacetyla-
tion of histone 3 (on K9, K14, and K18) and repression
of ATG7 transcription [543]. In contrast, in human cell
lines acetyl-CoA influences autophagy through cytosolic
effects that are independent of transcriptional changes of
autophagy genes [544]. Besides, several histone methyla-
tion marks have been implicated in autophagy regulation.
The H3K9 methyltransferase EHMT2/G9A is thought to
be a repressor of autophagy under basal conditions [545].
The regulation of histone modification, like other
mechanisms of cell death, plays a crucial role in inducing
autophagy in tumor cells. However, the anti-tumor effect
of modulating histone modification to induce autophagy
is not consistently constant due to the dual effects of
autophagy on tumor cell growth. The inhibition of HDAC
has been demonstrated to activate mitophagy by mediat-
ing the acetylation of Parkin, an E3 ubiquitin ligase that
targets damaged mitochondria for degradation, thereby
leading to the suppression of cervical cancer cell prolif-
eration [546]. HDACS3 is required to stabilize autophagy
proteins and appears as a valid anti-cancer target for
pharmacological intervention [547].Otherwise, the
therapeutic potential and the underlying mechanism of
traditional magazine has been explored. Metformin pro-
motes histone deacetylation of optineurin and suppresses
tumor growth through autophagy inhibition in ocular
melanoma [548]. Histone modifications at critical loci of
autophagy genes implicated in tumor development has
also been investigated. For example, enhancer of zeste
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homolog 2 (EZH2) has been reported to contribute to the
initiation and progression of colon cancer through phos-
phorylation of H2B at tyrosine 37(H2BY*’Ph), which ele-
vates colon cancer cell autophagy possibly via activating
transcriptional regulation of ATG genes [549].

Histone modifications and ferroptosis

Histone ubiquitination is an important form of ferrop-
tosis involving epigenetic regulation. Histone 2A ubiqui-
tination (H2Aub) epigenetically activates the expression
of SLC7A11 to inhibit ferroptosis. The tumor suppres-
sor BAP1 (BRCAl-associated protein 1), a member of
the ubiquitin C-terminal hydrolase (UCH) subfamily of
deubiquitinases, negatively regulates H2Aub, leading
to SLC7A11 inhibition and accumulation of ferroptosis
by lipid peroxidation [550]. Histone 2B ubiquitination
(H2Bub) also epigenetically induces SLC7A11 expres-
sion during ferroptosis [551]. This process requires
USP7 (ubiquitin-specific peptidase 7), a deubiquitinase
responsible for the deubiquitination of histone 2B. TP53
reduces H2Bub by interacting with USP7 and inducing
nuclear translocation of USP7 through a transcription-
independent mechanism, thereby reducing H2Bub levels
[551]. TP53 reduces H2Bub occupancy in the regulatory
region of the SLC7A11 gene and suppresses SLC7A11
expression during erastin-induced ferroptosis [551].
These findings suggest that TP53 has an atypical role in
ferroptosis through H2Bub-mediated epigenetic control
of gene expression.

Histone methylation also regulates ferroptosis. KDM3B
(lysine demethylase 3B) is a histone H3 lysine 9 demethy-
lase that prevents erastin-induced ferroptosis by activat-
ing the expression of SLC7A11 [552]. The acetylation of
NFE2L2 by EP300 (E1A binding protein p300)-CREBBP/
CBP (CREB binding protein) enhances its DNA binding
and gene transactivation activity [553]. While CDKN2A/
ARF (cyclin-dependent kinase inhibitor 2A) stabilizes
and activates TP53 by promoting the degradation of
MDM2 (MDM2 proto-oncogene), ARF promotes ferrop-
tosis in a TP53-independent manner. Alternatively, ARF
impairs the interaction between CREBBP and NFE2L2,
thereby impairing NFE2L2 acetylation and inhibiting
NFE2L2-mediated SLC7A11 expression [554, 555]. The
bromodomain-containing (BRD) family plays a role in
epigenetic regulation by recognizing acetylated lysine
residues on histones or other nuclear proteins. The BRD4
(bromodomain 4-containing) inhibitor JQ1 induces fer-
roptosis by downregulating the expression of GPX4,
SLC7A11 and SLC3A2 in breast and lung cancer cells,
suggesting that BRD4 is required for anti-ferroptosis
gene expression [556].

Histone modifications can make tumor cells more sen-
sitive to ferroptosis. The nuclear RB1CCI1 recruits the
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elongator acetyltransferase complex subunit 3 (ELP3)
through its fork head box (FOX)-binding motifs to
enhance H4K12Ac histone modifications within enhanc-
ers associated with ferroptosis, thereby promoting early
elevation of mitochondrial ROS and strengthening mito-
chondrial function following induction of ferroptosis
[557]. Furthermore, inhibition of lysine-specific demeth-
ylase 1 (LSD1) transcriptionally upregulates the expres-
sion of transferrin receptor and ACSL4 by enhancing
the binding of histone H3 lysine 4 dimethyl (H3K4me2)
to their promoter sequences [558]. The combination
of an LSD1 inhibitor and a ferroptosis inducer shows a
synergistic anti-tumor effect in a xenograft model of
non-small cell lung cancer [558]. Similarly, inhibition of
protein arginine methyltransferase 1 (PRMT1) upregu-
lates ACSL1 and increases lipid peroxidation through
reducing the abundance of H4R3me2a in acute myeloid
leukemia [559]. These findings offer potential guidance
for the development of new strategies in the treatment of
cancer.

Chromatin remodeling

The human genome is intricately packaged with histones
and other proteins, creating a complex chromatin struc-
ture. Within chromatin, organization and compaction
of the human genome are achieved by forming nucle-
osomes. Chromatin can be either packed in the form of
accessible euchromatin, or densely as heterochromatin.
The packaging of chromosomal DNA by nucleosomes
condenses the genome and organizes gene expression
through controlling the accessibility of transcription fac-
tors, and the molecular regulatory mechanism of chro-
matin accessibility is mainly observed through histone
modification and ATP-dependent remodelers [9]. Due to
compositional diversity, chromatin is highly dynamic and
plastic, thereby providing it with high potential to modify
genome topology and to orchestrate gene regulation in
many aspects of cellular processes. A dynamic regulatory
mechanism relying on chromatin remodelers keeps the
process of transcription, chromosome segregation, DNA
replication and DNA repair on track [560].

Regulation of chromatin remodeling

Chromatin remodeling plays important roles in normal
physiology and diseases, particularly in cancer. Tran-
scription factors rely on specific remodeling pathways
for correct genomic binding. Chromatin remodeling
links the genome with its functional phenotype through
several primary mechanisms: (1) ATP-dependent chro-
matin-remodeling complexes ensure the proper distri-
bution of nucleosomes; (2) remodeling complexes move
or eject histones to allow transcription factors to bind
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to DNA; and (3) remodeling complexes replace the his-
tone with variants of the histone.

Chromatin remodelers are ATP-driven enzymes
which utilize ATP hydrolysis to mobilize nucleosomes,
thereby mediating the chromatin structure and the
regulation of gene expression. All remodelers contain
an ATPase/helicase of the SWI2/SNF2 (switch/sucrose
non-fermenting) superfamily that generates the energy
for selection and moving, ejecting or restructuring the
composition of nucleosomes through the hydrolysis of
ATP. Chromatin-remodeling complexes can be divided
into four subfamilies, which is SWI/SNF family, ISWI
family, CHD family and INOS80 family [560]. The SW1/
SNF family of chromatin-remodeling complexes share
the BRG1 (also known as SMARCA4) subunit respon-
sible for the main ATPase activity. SWI/SNF family
members have distinct roles in DNA-damage repair
(DDR) through modifying chromatin structure around
DNA damage sites and recruiting proteins necessary
for DDR [561]. Thus, several subunits of SWI/SNF fam-
ily, such as ARID1A, BRG1 display bona fide tumor
suppressor activity in various cancers [562, 563]. Fur-
thermore, increasing evidence has shown that altera-
tions in SWI/SNF complex subunits, especially in
ARID1A/1B/2, SMARCA2/4, and BCL7A, are not only
highly recurrent across a wide variety of lymphoid and
myeloid malignancies, but also confer resistance to sev-
eral antineoplastic agents routinely used for the treat-
ment of hematological malignancies [564]. Recently,
SWI/SNF emerged as a promising biomarker of immu-
notherapy in several cancers [565, 566].

ISWI possesses highly conserved SWI2/SNF2 fam-
ily ATPase domain, belonging to the superfamily of
DEAD/H-helicases, that provides the motor for chro-
matin remodeling and a characteristic HAND-SANT-
SLIDE domains of C terminus with DNA binding activity
[567]. Besides, accessory (non-ATPase) subunits of ISWI
remodelers can recognize specific modified nucleosomes
according to their modification state to confer their
remodeling activity [568]. ISWI complexes use two cat-
alytic subunits, SNF2H and SNF2L. SNF2H forms five
remodeler complexes in mammal which slides nucle-
osomes along DNA in vitro and functions in ruling nucle-
osomal spacing in mammals, contributing to TF binding
[569]. Recent studies have implicated that the basic motif
in SNF2H plays a critical role in anchoring the remod-
eler to the nucleosomal surface, that is to say nucleosome
acidic patch [570]. However, cancer-associated muta-
tions can disrupt regularly spaced chromatin structure by
inducing ISWI-mediated unidirectional nucleosome slid-
ing [570]. Functional or componential alterations in ISWI
subunits and ISWI-containing transcription complexes
such as RSF complex, ACF complex, BAZ1B, NORC
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complex and CERF complex etc. are critical for tumor
initiation and development [571].

The CHD complex contains a central ATPase domain,
arranged in tandem with the chromodomains at the
N-terminus that bind the methylated lysins in histone, a
NegC domain, and a SANT-SLIDE domain at the C-ter-
minus. CHD chromatin remodelers are known to inter-
act with elongation and chromatin-modifying factors,
such as Pafl, FACT, and SAGA [572]. The INO80 com-
plex contains a central ATPase domain that includes a
large insertion between the RecA-like lobes and an HSA
domain at the C-terminus that binds actin-related com-
ponents. INO80 was shown to play important roles in
transcription regulation, mitosis and DNA double-strand
break (DSB) repair [573].

Chromatin remodeling and gene transcription
Chromatin structure imposes significant obstacles on all
aspects of transcription that are mediated by RNA poly-
merase II. There are two main groups of substances that
regulate chromatin structure, that is histone modification
enzyme and chromatin remodeling complex.

Histone modifications exert their effects via two main
mechanisms. On one hand, histone modifications except
for methylation result in a change in the net charge of
nucleosomes, which could disrupt electrostatic interac-
tions between histones and DNA. Histone methylation
is unlikely to directly perturb chromatin structure since
these modifications do not alter the charge of histones.
On the other hand, specifically modified histones appeal
to a large number of effector proteins that influence chro-
matin dynamics and function. Also, some modifications
can directly influence higher-order chromatin structure.
Histone acetylated lysines are often bound by bromo-
domains within chromatin-remodeling complexes. For
example, SWI/SNF2 contains a bromodomain which
targets acetylated histones and is in turn recruited by
chromatin to exert its effects on acetylated promoter
nucleosomes [574]. Apart from that, PHD fingers within
chromatin-remodeling complex are capable of specifi-
cally recognizing as well as recruiting the BAF complex
to acetylated histones [575]. It worth noting that histone
modifications also functions disrupting the interaction
between the histone and a chromatin factor. For instance,
H3K4me3 (a mark of active transcription) can prevent
the NuRD complex (a general transcriptional repressor)
from binding to the H3 N-terminal tail [576].

Chromatin is divided into different categories based
on the higher-order packaging of nucleosomes, histone
post-translational modifications (PTMs) and histone var-
iants. Modifications that are associated with highly active
transcriptional regions, such as acetylation of histone 3
and histone 4 (H3 and H4) or H3K4me, are commonly
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referred to as euchromatin modifications, while modi-
fications that are localized to a condensed chromatin
structure which is transcriptionally less active, such as
H3K9me and H3K27me, are often termed heterochroma-
tin modifications [446, 577]. In addition, there are regions
of demarcation between heterochromatin and euchro-
matin named ‘boundary elements’ which are enriched for
certain modifications such as H3K9mel [578].

Induction of gene transcription is triggered by the
binding of transcriptional activators to specific promoter
elements. A nucleosome precisely placed on the TATA
box and transcription start site (TSS) of the adenoviral
major late promoter prevents the initiation of transcrip-
tion owing to the strong histone—-DNA interactions.
Therefore, relief from repression involves unwrapping
of the DNA by chromatin-remodeling complexes as
well as allowing RNA polymerase engaged in transcrip-
tion to invade the nucleosome. ATP-dependent chro-
matin remodelers alter the structure and positioning of
nucleosomes, and allow regulatory proteins to access
their target DNA sites in chromatin. The consequences
of remodeling include transient displacement of the end
DNA from histone octamers, forming the DNA loop, or
moving nucleosomes to different translational positions,
all of which change the accessibility of nucleosomal DNA
to transcription factors (TFs).

Chromatin remodeling and cell death

Chromatin remodeling is a dynamic modification of
chromatin structure that uses condensed genomic DNA
to regulate transcription machinery. Dysregulation of
chromatin remodeling complexes can be observed in
cancer cells. The induction of cell death through target-
ing chromatin remodeling complexes may potentially
confer anti-tumor effects.

Chromatin remodeling and apoptosis

The overexpression of chromatin remodeling complexes
in tumor cells facilitates the initiation and progression
of tumors, while inhibition of these genes can impede
tumor progression by inducing apoptosis. INI1/hSNF5
is a component of the chromatin remodeling SWI/SNF
complex which is inactivated in rhabdoid tumor (RT)
resulting in overexpression of Aurora Kinase A, a high
degree of mitotic gene. Knockdown of the Aurora A
gene in RT cells impairs cell growth and induces Cas-
pase 3/7-mediated apoptosis [579]. Snf2L is a chromatin
remodeling gene expressed in a variety of tissues, cancers
and derived cell lines and is involved in the formation
of the chromatin remodeling complex. The inhibition of
Snf2L. expression has been demonstrated to selectively
induce cell cycle arrest and apoptosis in cancer cells,
as they exhibit greater sensitivity to Snf2L. knockdown
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compared to normal cells [580]. ATRX, a chromatin
remodeling protein of the Snf2 family, participates in
diverse cellular functions including regulation of gene
expression and chromosome alignment during mitosis
and meiosis. ATRX deficiency in the mouse forebrain
results in increased apoptosis in the hippocampal region
and basal telencephalon in a P53-dependent pathway
[581]. In addition, the chromatin-regulated and ATP-
dependent nucleosome remodeling protein SMARCAD1
is involved in the induction of MMR-dependent apopto-
sis in human cells. Caspase-9 activation in SMARCAD1
knockout cells was significantly inhibited and their apop-
tosis is blocked [582].

Chromatin remodeling and necroptosis

The RIPK1 and RIPK3 protein serve as pivotal regula-
tory factors in the process of necroptosis, and they can
interact with chromatin remodeling complexes to medi-
ate induction of pro-inflammatory cytokines in necrop-
tosis cells. Activated RIPK1 mediates phosphorylation
of SMARCC2, a key component of the BAF complex,
to promote chromatin remodeling and transcription of
specific pro-inflammatory genes [583]. However, RIPK3
expression as well as RIPK3-driven inflammation can
be attenuated by chromodomain helicase DNA-binding
protein 4 (CHD4) [584].

Comprehensive multiomics studies on these regulatory
factors can help to discover novel therapeutic strategies
to overcome apoptotic resistance, and have potential pro-
tumor or anti-tumor effects in tumor occurrence, metas-
tasis and immune monitoring [585].

Chromatin remodeling and ferroptosis

Ferroptosis is also regulated by chromatin remodeling
complexes. HELLS/LSH, members of the SNF2 family
of chromatin remodeling proteins, bind to WDR76 and
inhibit ferroptosis by activating metabolic genes includ-
ing SCD and FADS2 [483]. Upregulation of SCD and
FADS2 prevents ferroptosis by reducing lipid ROS and
iron levels. HELLS also induces epigenetic silencing of
the cytosolic IncRNA LINC00472, which is downregu-
lated in cancer and functions as a tumor suppressor.
LINCO00472 may promote ferroptosis by displacing TP53
from G3BP1, resulting in TP53 retention in the nucleus
and ultimately affecting TP53-dependent metabolic gene
expression [586]. In addition to inhibiting LINC00472,
HELLS promotes nuclear IncRNA LINCO00336 expres-
sion. LINC00336 competes with miR6852 to upregulate
the expression of CBS, thereby mediating ferroptosis
inhibition [587]. The expression of HELLS is positively
regulated by the transcription factor MYC and nega-
tively regulated by HIF1A. This enables HELLS to rap-
idly respond to changes in the hypoxic environment and
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dynamically regulate many target genes [588]. Thus, the
expression of HELLS is important for the integrated epi-
genetic and transcriptional regulation of ferroptosis.

NcRNA

Non-coding RNAs(ncRNAs) play an important role in
epigenetic regulation. NcRNAs, including microRNAs
(miRNAs), long noncoding RNAs (IncRNAs), and circu-
lar RNAs (circRNAs), are widely appreciated as perva-
sive regulators of multiple cancer hallmarks. Although
they do not encode proteins, they affect gene expression,
chromatin state, and genome function through a variety
of mechanisms. The following is a detailed description
of how ncRNA participate in the regulation of epigenetic
modifications.

Roles of ncRNA in epigenetic regulations
Firstly, ncRNAs affect gene expression through direct
or indirect mechanisms during DNA methylation to
regulate gene silencing or activation. Certain IncRNAs
recruit DNMTs to specific gene loci and promote local
DNA methylation by binding to these enzymes. For
example, IncRNA HOTAIRM1 mediates DNMTs away
from the TSS of HOXA1 gene and reduces DNA meth-
ylation levels to regulate the expression of the oncogene
HOXA1, which can promote cell proliferation, migration
and invasion of malignant glioma [589]. Some IncRNAs
can recruit histone modifying enzymes such as KMTs or
KDMs to regulate histone modification. PH20 is a mem-
ber of the human hyaluronidase family that degrades
hyaluronan in the extracellular matrix and controls
tumor progression. IncRNA PAS1 recruits histone meth-
yltransferase SUV39H1to trigger the H3K9 methylation
of PH20, resulting in its silencing and partially inhibit-
ing breast cancer growth and metastasis [590]. Similarly,
some IncRNAs can bind to chromatin remodeling com-
plexes (such as SWI/SNF complex) and promote chroma-
tin remodeling.

miRNA is a class of small non-coding RNA that usually
suppresses the translation or promotes the degradation
of mRNA by binding to it. LncRNA or circRNA can act
as competitive endogenous RNA (ceRNA) and compete
with miRNA for binding sites, thus reducing the inhibi-
tory effect of miRNA on its target mRNA and indirectly
regulating gene expression. LINC00336 which served as
a ceRNA sponges miR-6825 and prevents it from binding
to the target mRNA to inhibit ferroptosis [591].

NcRNA and cell death
NcRNA and apoptosis
It has been investigated that IncRNA HOTAIRM1 can
inhibit GBM glioma cell apoptosis and promote tumor
cell invasion by interacting with KMTs and DNMTs to
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mediate epigenetic regulation of HOXA1 gene [589].
NcRNAs can regulate the expression of key genes such
as p53 and Bcl-2 proteins in the apoptosis pathway by
interacting with transcription factors, chromatin regu-
latory factors, or epigenetic modification enzymes. For
example, miR-644-5p carried by exosomes can inhibit
apoptosis by targeting p53 [592]. In contrast, dysregu-
lated ncRNAs contribute to tumorigenesis via their par-
ticipation throughout the p53 regulatory network [593].
In addition, HIFla activated IncRNA H19-mediated
miR-612/Bcl-2 pathway to promote cholangiocarcinoma,
suggesting a promising therapeutic target for cholangio-
carcinoma [594].

NcRNA and pyroptosis

NcRNAs in tumor cells can prevent tumor cell death
by inhibiting key molecules of pyroptosis. LncRNA
Malatl acts as a suppressor of pyroptosis and promotes
both tumor initiation and metastatic reactivation, mak-
ing it a promising and clinically relevant target for drug
development [595]. LINC00969 interacts with EZH2
and METTL3, transcriptionally regulates the level of
H3K27me3 in the NLRP3 promoter region, thus epige-
netically repressing NLRP3 expression to suppress the
activation of the NLRP3/caspase-1/GSDMD-related clas-
sical pyroptosis signaling pathways, thereby endowing an
anti-pyroptotic phenotype and promoting drug resist-
ance in lung cancer [596]. The pyroptosis-related IncR-
NAs not only facilitate tumor progression but also serve
as significant predictors of diverse overall survival (OS)
rates, thereby demonstrating their clinical utility [597].
Of note, necroptosis-related IncRNAs are thought to be
associated with poor prognosis and low survival rate in
various cancer [598, 599].

NcRNA and ferroptosis

Recently, an increasing amount of evidence has demon-
strated that ncRNAs play an important regulatory role
in cancer progression via the ferroptosis pathway and
might become new diagnostic markers or therapeutic
targets of cancers. Several miRNAs play important roles
in chemotherapeutic resistance via ferroptosis [600]. For
example, exo-miR-522 secreted by cancer-associated
fibroblasts interacted with ALOX15 to promote acquired
chemotherapeutic resistance in gastrointestinal cancer by
inhibiting ferroptosis in cancer cells [601]. Furthermore,
IncRNAs also play relevant roles in lung cancer progres-
sion. It was reported that a novel IncRNA, LINC00336,
which sponges miR-6825, served as a ceRNA and pro-
moted lung cancer proliferation by inhibiting ferropto-
sis [591].In contrast, overexpression of IncRNA NEAT1
increased the anti-tumor activity of erastin and RSL3 by
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modulating the miR-362-3p/MIOX axis as a ceRNA and
enhancing ferroptosis [602].

Discussion

Cancer is the primary disease that poses a significant
threat to human health and leads to mortality. The inves-
tigation of tumor cell death stands as a pivotal concern
in cancer therapy. Over the past few decades, with pro-
found exploration into the mechanisms of cell death,
our understanding of various modes of cell death has
expanded significantly. These encompass conventional
apoptosis, pyroptosis, necroptosis, autophagy, ferrop-
tosis, and cuproptosis. However, it should be noted that
these forms of cellular death do not exist independently.
On the contrary, they share common regulatory mol-
ecules across different pathways. Consequently, diverse
cellular microenvironments such as inadequate energy
supply, cellular stress, and enrichment of inflammatory
cytokines can direct cell fate towards distinct paths.

In recent years, the field of epigenetics has witnessed
significant advancements. Concurrently, the study of cell
death mechanisms has also integrated into epigenetic
regulation. Epigenetic regulation includes DNA methyla-
tion, histone modifications and chromatin remodeling.
Epigenetic dysregulation is often found in tumor cells.
Epigenetic-based anti-tumor drugs have been developed
to a certain extent, exemplified by the widely used HDAC
inhibitors and decitabine, which exhibits a discern-
ible impact on various malignancies. However, the pre-
cise mechanism underlying cell death induced by these
drugs remains elusive. Therefore, elucidating the specific
molecular mechanisms associated with epigenetics that
trigger cell death would be advantageous in identifying
pivotal targets for anti-tumor therapy. The next years
will certainly be exciting in the field as more light is shed
on the complex regulatory mechanisms that govern cell
death and inhibit tumor growth.

We acknowledge that our review does not exhaustively
cover several intricate details, which represent impor-
tant avenues for future research in understanding the
role of cell death in tumor progression and its epigenetic
regulation. For instance, we have not explored the mito-
chondrial contribution to cell death processes in depth,
which is increasingly recognized as a crucial mediator
in the epigenetic regulation of apoptosis and necrosis
within cancer cells. Additionally, while we discussed the
general role of HDACs, we did not delve into the differ-
ential effects of specific HDAC inhibitors or the unique
responses these inhibitors elicit in various model sys-
tems. These differences can have significant implications
for developing tailored therapeutic strategies and under-
standing drug resistance in specific tumor types.

Page 42 of 54

Furthermore, the timing of observed histone modifica-
tions and the sequential loss of histone linker proteins are
other factors that likely influence tumor cells’ response
to therapy, yet remain underexplored. Lastly, we recog-
nize that our review does not delve into the controversial
data surrounding the roles of various cell death pathways
in embryonic development. While we focused primar-
ily on cell death in the context of tumor progression and
its epigenetic regulation, understanding how these path-
ways contribute to embryogenesis could offer valuable
insights into their fundamental regulatory mechanisms
and possible implications in cancer biology. Future stud-
ies that explore these detailed aspects could provide a
more nuanced understanding of how specific epigenetic
modifications govern cell death and survival in the tumor
microenvironment. Such insights could pave the way for
innovative therapeutic approaches that harness epige-
netic regulation to enhance the efficacy of cancer treat-
ments, potentially transforming the landscape of tumor
therapy.

Abbreviations
RCD Regulated cell death

MOMP  Mitochondrial outer membrane permeabilization
BCL-2 B-cell lymphoma 2

ER Endoplasmic reticulum

UPR Unfolded protein response

RIPK1 Receptor-interacting protein kinase 1
DED Death effector domain

DR Death receptors

DDR DNA damage response

ROS Reactive oxygen species

PE Phosphatidylethanolamine

mTOR Mammalian target of rapamycin
TNFR Tumor necrosis factor receptor

DISC Death-inducing signaling complex
ZBP1 Z-DNA Binding Protein 1

MLKL Mixed-lineage kinase domain-like

NADPH  Nicotinamide adenine dinucleotide phosphate
FPN Ferroportin

LIP Labile iron pool

MUFAs  Monounsaturated fatty acids

LOOH Lipid hydroperoxides

GSH Antioxidant glutathione

GSSG Oxidized glutathione

FSP1 Ferroptosis inhibitory protein 1

DNMTs  DNA methyltransferases

MeCPs  Methyl-CpG binding proteins

TETs Ten-eleven translocation cytosine dioxygenases
EBV Epstein-Barr virus

LSH Lymphoid-specific helicase

KMTs Lysine methyltransferases

KATs Lysine acetyltransferases

HDACs  Histone deacetylases

EZH2 Enhancer of zeste homolog 2

KDM Lysine demethylase
TSS Transcription start site

Authors’ contributions

All authors made substantial, direct and intellectual contribution to the review.
Under the direction of the corresponding authors, Ruimin He orgnanized and
wrote this review, Yifan Liu and weijie Fu provided editorial assistance, Xuan
He edited image format. The authors read and approved the final manuscript.



He et al. Molecular Cancer (2024) 23:267

Funding

This work was supported by the National Natural Science Foundation of
China [82072594 (Y.Tao), 81874139, and 82073097 (S.Liu), 81772496, 82073136
(D. Xiao)], Hunan Provincial Key Area R&D Programs [20195K2253 and
2021SK2013, Y. Tao], and the Central South University Research Programme of
Advanced Interdisciplinary Studies [2023QYJC030(Y.Tao)].

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate

This study was conducted at the Xiangya Hospital, Central South University,
Hunan, China. All of the protocols were reviewed and approved by the Joint
Ethics Committee of the Central South University Health Authority and per-
formed in accordance with national guidelines.

Consent for publication
This manuscript has been read and approved by all the authors to publish and
is not submitted or under consideration for publication elsewhere.

Competing interests
The authors declare no competing interests.

Received: 21 August 2024 Accepted: 7 November 2024
Published online: 29 November 2024

References

1. Flusberg DA, Sorger PK. Surviving apoptosis: life-death signaling in
single cells. Trends Cell Biol. 2015;25:446-58.

2. Christofferson DE, Yuan J. Necroptosis as an alternative form of pro-
grammed cell death. Curr Opin Cell Biol. 2010;22:263-8.

3. Skendros P, Mitroulis |, Ritis K. Autophagy in Neutrophils: From
Granulopoiesis to Neutrophil Extracellular Traps. Front Cell Dev Biol.
2018;6:109.

4. Dixon SJ, et al. Ferroptosis: an iron-dependent form of nonapoptotic
cell death. Cell. 2012;149:1060-72.

5. Carneiro BA, El-Deiry WS. Targeting apoptosis in cancer therapy. Nat Rev
Clin Oncol. 2020;17:395-417.

6. Hul, et al. Chemotherapy-induced pyroptosis is mediated by BAK/
BAX-caspase-3-GSDME pathway and inhibited by 2-bromopalmitate.
Cell Death Dis. 2020;11:281.

7. Kakhlon O, Gruenbaum Y, Cabantchik ZI. Repression of ferritin expres-
sion modulates cell responsiveness to H-ras-induced growth. Biochem
Soc Trans. 2002;30:777-80.

8. Anding AL, Baehrecke EH. Autophagy in Cell Life and Cell Death. Curr
Top Dev Biol. 2015;114:67-91.

9. Zhang FL, Li DQ. Targeting Chromatin-Remodeling Factors in
Cancer Cells: Promising Molecules in Cancer Therapy. Int J Mol Sci.
2022;23:12815.

10. Kerr JF, Wyllie AH, Currie AR. Apoptosis: a basic biological phenom-
enon with wide-ranging implications in tissue kinetics. Br J Cancer.
1972;26:239-57.

11. Wei MC, et al. Proapoptotic BAX and BAK: a requisite gateway to mito-
chondrial dysfunction and death. Science. 2001;292:727-30.

12. MaC, et al. BOK controls apoptosis by Ca(2+) transfer through ER-
mitochondrial contact sites. Cell Rep. 2021;34(10):108827. https://doi.
org/10.1016/j.celrep.2021.108827.

13. Wei MC, et al. tBID, a membrane-targeted death ligand, oligomerizes
BAK to release cytochrome c. Genes Dev. 2000;14:2060-71.

14. Huang K, et al. BH3-only proteins target BCL-xL/MCL-1, not BAX/BAK, to

initiate apoptosis. Cell Res. 2019;29:942-52.
5. LlambiF, et al. A unified model of mammalian BCL-2 protein family
interactions at the mitochondria. Mol Cell. 2011;44:517-31.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

Page 43 of 54

Li P, et al. Cytochrome c and dATP-dependent formation of Apaf-1/
caspase-9 complex initiates an apoptotic protease cascade. Cell.
1997;91:479-89.

Nicholson DW, et al. Identification and inhibition of the ICE/CED-3
protease necessary for mammalian apoptosis. Nature. 1995;376:37-43.
JFE, et al. Structural basis for regulation of apoptosis and autophagy by
the BIRC6/SMAC. Science. 2023;379(6637):1117-23. https://doi.org/10.
1126/science.ade8873. Epub 2023.

Brumatti G, Salmanidis M, Ekert PG. Crossing paths: interactions
between the cell death machinery and growth factor survival signals.
Cell Mol Life Sci. 2010;67:1619-30.

Czabotar PE, Lessene G, Strasser A, Adams JM. Control of apoptosis by
the BCL-2 protein family: implications for physiology and therapy. Nat
Rev Mol Cell Biol. 2014;15:49-63.

Nufiez G, et al. Deregulated Bcl-2 gene expression selectively prolongs
survival of growth factor-deprived hemopoietic cell lines. J Immunol.
1990;144:3602-10.

Pihdn P, Carreras-Sureda A, Hetz C. BCL-2 family: integrating stress
responses at the ER to control cell demise. Cell Death Differ.
2017;24:1478-87.

Vitale I, Manic G, De Maria R, Kroemer G, Galluzzi L. DNA Damage in
Stem Cells. Mol Cell. 2017,66:306-19.

Kale J, Osterlund EJ, Andrews DW. BCL-2 family proteins: changing
partners in the dance towards death. Cell Death Differ. 2018;25:65-80.
Nakano K, Vousden KH. PUMA, a novel proapoptotic gene, is induced
by p53. Mol Cell. 2001;7:683-94.

Oda E, et al. Noxa, a BH3-only member of the Bcl-2 family and candi-
date mediator of p53-induced apoptosis. Science. 2000;288:1053-8.
Frakes AE, Dillin A. The UPR(ER): Sensor and Coordinator of Organismal
Homeostasis. Mol Cell. 2017,66:761-71.

Hetz C. The unfolded protein response: controlling cell fate decisions
under ER stress and beyond. Nat Rev Mol Cell Biol. 2012;13:89-102.
Karali E, et al. VEGF Signals through ATF6 and PERK to promote
endothelial cell survival and angiogenesis in the absence of ER stress.
Mol Cell. 2014;54:559-72.

Chen'Y, Brandizzi F. IRE1: ER stress sensor and cell fate executor. Trends
Cell Biol. 2013;23:547-55.

He S, et al. IRETa regulates skeletal muscle regeneration through
Myostatin mRNA decay. J Clin Invest. 2021;131(17):e143737.
Verfaillie T, et al. PERK is required at the ER-mitochondrial contact

sites to convey apoptosis after ROS-based ER stress. Cell Death Differ.
2012;19:1880-91.

Huang R, et al. IRET signaling regulates chondrocyte apoptosis and
death fate in the osteoarthritis. J Cell Physiol. 2022;237:118-27.

Yin X, et al. GPx8 regulates apoptosis and autophagy in esophageal
squamous cell carcinoma through the IRE1/JNK pathway. Cell Signal.
2022;93:110307.

DZ Q, et al. Melatonin relieves heat-induced spermatocyte apoptosis in
mouse testes by inhibition of ATF6 and PERK signaling pathways. Zool
Res. 2021;42(4):514-24.

M. S, et al. Mitochondrial and endoplasmic reticulum calcium homeo-
stasis and cell death. Cell Calcium. 2018,69:62-72.

Vanoverberghe K, et al. Ca2+ homeostasis and apoptotic resistance of
neuroendocrine-differentiated. Cell Death Differ. 2004Mar;11(3):321-30.
https://doi.org/10.1038/sj.cdd.4401375.

Palmer AE, et al. Bcl-2-mediated alterations in endoplasmic reticulum
Ca2+ analyzed with an improved genetically encoded fluorescent sen-
sor. Proc Natl Acad Sci U S A. 2004;101(50):17404-9.

Xu X, Lai Y, Hua ZC. Apoptosis and apoptotic body: disease message
and therapeutic target potentials. Biosci Rep. 2019;39:BSR20180992.
Guicciardi ME, Gores GJ. Life and death by death receptors. Faseb j.
2009;23:1625-37.

Lavrik |, Golks A, Krammer PH. Death receptor signaling. J Cell Sci.
2005;118:265-7.

Walczak H. Death receptor-ligand systems in cancer, cell death, and
inflammation. Cold Spring Harb Perspect Biol. 2013;5: a008698.

Li X, Yang Y, Ashwell JD. TNF-RIl and c-IAP1 mediate ubiquitination and
degradation of TRAF2. Nature. 2002;416:345-7.

Vucic D, Dixit VM, Wertz IE. Ubiquitylation in apoptosis: a post-transla-
tional modification at the edge of life and death. Nat Rev Mol Cell Biol.
2011;12:439-52.


https://doi.org/10.1016/j.celrep.2021.108827
https://doi.org/10.1016/j.celrep.2021.108827
https://doi.org/10.1126/science.ade8873
https://doi.org/10.1126/science.ade8873
https://doi.org/10.1038/sj.cdd.4401375

He et al. Molecular Cancer

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

(2024) 23:267

Haas TL, et al. Recruitment of the linear ubiquitin chain assembly
complex stabilizes the TNF-R1 signaling complex and is required for
TNF-mediated gene induction. Mol Cell. 2009;36:831-44.

Ofengeim D, Yuan J. Regulation of RIP1 kinase signalling at the
crossroads of inflammation and cell death. Nat Rev Mol Cell Biol.
2013;14:727-36.

Orning P, et al. Pathogen blockade of TAK1 triggers caspase-8-depend-
ent cleavage of gasdermin D and cell death. Science. 2018;362:1064-9.
Philip NH, et al. Caspase-8 mediates caspase-1 processing and innate
immune defense in response to bacterial blockade of NF-kB and MAPK
signaling. Proc Natl Acad Sci U S A. 2014;111:7385-90.

Tsuchiya Y, Nakabayashi O, Nakano H. FLIP the Switch: Regulation of
Apoptosis and Necroptosis by cFLIP. Int J Mol Sci. 2015;16:30321-41.
Rodriguez DA, et al. Caspase-8 and FADD prevent spontane-

ous ZBP1 expression and necroptosis. Proc Natl Acad Sci U S A.
2022;119(41):€2207240119.

Sheikh MS, Fornace AJJ. Death and decoy receptors and p53-mediated
apoptosis. Leukemia. 2000;14(8):1509-13. https://doi.org/10.1038/sj.leu.
2401865.

P.G, et al. Identification and functional characterization of DR6, a novel
death domain-containing TNF receptor. FEBS Lett. 1998;431(3):351-6.
Pitti RM, et al. Genomic amplification of a decoy receptor for Fas ligand
in lung and colon cancer. Nature. 1998;396:699-703.

LeBlanc HN, Ashkenazi A. Apo2L/TRAIL and its death and decoy recep-
tors. Cell Death Differ. 2003;10:66-75.

Hanahan D, Weinberg RA. Hallmarks of Cancer: The Next Generation.
Cell. 2011;144.646-74.

Giampazolias E, et al. Mitochondrial permeabilization engages NF-kB-
dependent anti-tumour activity under caspase deficiency. Nat Cell Biol.
2017;19:1116-29.

Rongvaux A, et al. Apoptotic caspases prevent the induction of type |
interferons by mitochondrial DNA. Cell. 2014;159:1563-77.

White MJ, et al. Apoptotic caspases suppress mtDNA-induced STING-
mediated type | IFN production. Cell. 2014;159:1549-62.

Mizushima N, Komatsu M. Autophagy: renovation of cells and tissues.
Cell. 2011;147:728-41.

Filomeni G, De Zio D, Cecconi F. Oxidative stress and autophagy:

the clash between damage and metabolic needs. Cell Death Differ.
2015;22:377-88.

Galluzzi L, et al. Molecular definitions of autophagy and related pro-
cesses. EMBO J. 2017;36:1811-36.

Yao RQ, Ren C, Xia ZF, Yao YM. Organelle-specific autophagy in inflam-
matory diseases: a potential therapeutic target underlying the quality
control of multiple organelles. Autophagy. 2021;17:385-401.
Weidner J, et al. Endoplasmic reticulum, Golgi, and lysosomes are disor-
ganized in lung fibroblasts from chronic obstructive pulmonary disease
patients. Physiol Rep. 2018;6:e13584.

Berry DL, Baehrecke EH. Growth arrest and autophagy are required for
salivary gland cell degradation in Drosophila. Cell. 2007;131:1137-48.
Doherty J, Baehrecke EH. Life, death and autophagy. Nat Cell Biol.
2018;20:1110-7.

Schuck S. Microautophagy - distinct molecular mechanisms handle
cargoes of many sizes. J Cell Sci. 2020;133:jcs246322.

Dice JF. Chaperone-mediated autophagy. Autophagy. 2007;3:295-9.
Kim J, Kundu M, Viollet B, Guan KL. AMPK and mTOR regulate
autophagy through direct phosphorylation of Ulk1. Nat Cell Biol.
2011;13:132-41.

L. J, et al. Oxygen-sensitive methylation of ULK1 is required for hypoxia-
induced autophagy. D- 107528555,- 1172.

Alers S, et al. Atg13 and FIP200 act independently of Ulk1 and Ulk2 in
autophagy induction. Autophagy. 2011;7:1423-33.

Alers S, et al. Atg13 and FIP200 act independently of Ulk1 and Ulk2 in
autophagy induction. Autophagy. 2011;7(12):1423-33.

Ganley IG, et al. ULK1.ATG13.FIP200 complex mediates mTOR signaling
and is essential for autophagy. J Biol Chem. 2009;284(18):12297-305.
Hosokawa N, et al. Atg101, a novel mammalian autophagy protein
interacting with Atg13. Autophagy. 2009;5(7):973-9. https://doi.org/10.
4161/auto.5.7.9296. Epub 2009.

Grunwald DS, et al. GABARAPs and LC3s have opposite roles in regulat-
ing ULK1 for autophagy induction. Autophagy. 2020;16(4):600-14.
https://doi.org/10.1080/15548627.2019.1632620.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

9.

97.

98.

Page 44 of 54

Kannangara AR, et al. BiolD reveals an ATG9A interaction with ATG13-
ATG101 in the degradation of p62/SQSTM1-ubiquitin clusters. EMBO
Rep. 2021;22(10):e51136.

Kumar S, et al. Phosphorylation of Syntaxin 17 by TBK1 Controls
Autophagy Initiation. Dev Cell. 2019;49(1):130-144.e6.

Vargas INS, et al. Spatiotemporal Control of ULK1 Activation

by NDP52 and TBK1 during Selective Autophagy. Mol Cell.
2019;74(2):347-362.€6.

Russell RC, et al. ULKT induces autophagy by phosphorylating Bec-
lin-1 and activating VPS34 lipid kinase. Nat Cell Biol. 2013;15:741-50.
OhashiY. Activation Mechanisms of the VPS34 Complexes. Cells.
2021;10(11):3124.

Kim J, et al. Differential regulation of distinct Vps34 complexes by
AMPK in nutrient stress and autophagy. Cell. 2013;152(1-2):290-303.
Dooley HC, et al. WIPI2 links LC3 conjugation with PI3P, autophago-
some formation, and pathogen clearance by recruiting Atg12-5-16L1.
Mol Cell. 2014;55:238-52.

Axe EL, et al. Autophagosome formation from membrane com-
partments enriched in phosphatidylinositol 3-phosphate and
dynamically connected to the endoplasmic reticulum. J Cell Biol.
2008;182:685-701.

Jia M, et al. ULK1-mediated metabolic reprogramming regu-

lates Vps34 lipid kinase activity by its lactylation. Sci Adv.
2023;9(22):eadg4993.

Rostislavleva K, et al. Structure and flexibility of the endosomal Vps34
complex reveals the basis of its function on membranes. Science.
2015;350(6257):aac7365.

Pavlinov |, et al. Beclin 1-ATG14L Protein-Protein Interaction Inhibitor
Selectively Inhibits Autophagy through Disruption of VPS34 Complex
I.J Am Chem Soc. 2020;142(18):8174-82.

Matsunaga K, et al. Two Beclin 1-binding proteins, Atg14L and Rubi-
con, reciprocally regulate autophagy at different stages. Nat Cell Biol.
2009;11(4):385-96.

Ma B, et al. Dapper1 promotes autophagy by enhancing the Beclin1-
Vps34-Atg14L complex formation. Cell Res. 2014;24(8):912-24.
Zhao'V, et al. RACK1 Promotes Autophagy by Enhancing the Atg14L-
Beclin 1-Vps34-Vps15 Complex Formation upon Phosphorylation by
AMPK. Cell Rep. 2015;13(7):1407-17.

Geng J, Klionsky DJ. The Atg8 and Atg12 ubiquitin-like conjugation
systems in macroautophagy. 'Protein modifications: beyond the
usual suspects’review series. EMBO Rep. 2008;9(9):859-64.

Xia F, et al. The regulatory factors and pathological roles of
autophagy-related protein 4 in diverse diseases: Recent research
advances. Med Res Rev. 2021 May;41(3):1644-75.

Nguyen TN, et al. ATG4 family proteins drive phagophore growth
independently of the LC3/GABARAP. Mol Cell. 2021;81(9):2013-2030.
e9. https://doi.org/10.1016/j.molcel.2021.03.001. Epub, - 2013-2030.
e2019.

Lahiri V, et al. ATG4-family proteins drive phagophore growth
independently of the LC3/GABARAP. Autophagy. 2021;17(6):1293-5.
https://doi.org/10.1080/15548627.2021.1917284. Epub, - 1293-1295.
Lystad AH, et al. Toward the function of mammalian ATG12-ATG5-
ATG16L1 complex in autophagy and related processes. Autophagy.
2019;15(8):1485-6. https://doi.org/10.1080/15548627.2019.1618100.
Epub, - 1485-1486.

Iriondo MN, et al. Vesicle tethering and fusion promoted by LC3/
GABARAP proteins is modulated by the. - Autophagy. 2023:1-3. https://
doi.org/10.1080/15548627.2023.2202557.

Sheng, et al. RAB37 interacts directly with ATG5 and promotes
autophagosome formation via regulating ATG5-12-16 complex assem-
bly. Cell Death Differ. 2018;25(5):918-34.

Dong W, et al. RAB26-dependent autophagy protects adherens junc-
tional integrity in acute lung. Autophagy. 2018;14(10):1677-92. https://
doi.org/10.1080/15548627.2018.1476811. Epub 2018.

Sawa-Makarska J, et al. Reconstitution of autophagosome nucleation
defines Atg9 vesicles as seeds for for membrane formation. Science.
2020;369(6508):eaaz7714. https;//doi.org/10.1126/science.aaz/714. T

- ppublish.

Slobodkin MR, Elazar Z. The Atg8 family: multifunctional ubiquitin-like
key regulators of autophagy. Essays Biochem. 2013;55:51-64.


https://doi.org/10.1038/sj.leu.2401865
https://doi.org/10.1038/sj.leu.2401865
https://doi.org/10.4161/auto.5.7.9296
https://doi.org/10.4161/auto.5.7.9296
https://doi.org/10.1080/15548627.2019.1632620
https://doi.org/10.1016/j.molcel.2021.03.001
https://doi.org/10.1080/15548627.2021.1917284
https://doi.org/10.1080/15548627.2019.1618100
https://doi.org/10.1080/15548627.2023.2202557
https://doi.org/10.1080/15548627.2023.2202557
https://doi.org/10.1080/15548627.2018.1476811
https://doi.org/10.1080/15548627.2018.1476811
https://doi.org/10.1126/science.aaz7714

He et al. Molecular Cancer

99.

100.

102.

103.

104.

105.

107.

108.

109.

110.

112.

117.

120.

121.

122.

123.

124.

(2024) 23:267

Huang R, et al. Deacetylation of nuclear LC3 drives autophagy initiation
under starvation. Mol Cell. 2015Feb 5;57(3):456-66. https://doi.org/10.
1016/j.molcel.2014.12.013. Epub 2015.

Tanida I, Ueno T, Kominami E. LC3 and Autophagy. Methods Mol Biol.
2008;445:77-88.

. Tian X, Teng J, Chen J. New insights regarding SNARE proteins in

autophagosome-lysosome fusion. Autophagy. 2021;17(10):2680-8.
https://doi.org/10.1080/15548627.2020.1823124.

Itakura E, Kishi-Itakura C, Mizushima N. The hairpin-type tail-

anchored SNARE syntaxin 17 targets to autophagosomes for. Cell.
2012;151(6):1256-69. https://doi.org/10.1016/j.cell.2012.11.001.

Shen Q, et al. Acetylation of STX17 (syntaxin 17) controls autophago-
some maturation. Autophagy. 2021;17(5):1157-69. https://doi.org/10.
1080/15548627.2020.1752471.

Morelli E, et al. Multiple functions of the SNARE protein Snap29 in
autophagy, endocytic, and exocytic trafficking during epithelial forma-
tion in Drosophila. Autophagy. 2014;10(12):2251-68. https://doi.org/10.
4161/15548627.2014.981913.

Huang H, et al. mTOR-mediated phosphorylation of VAMP8 and SCFD1
regulates autophagosome maturation. Nat Commun. 2021;12(1):6622.
https://doi.org/10.1038/541467-021-26824-5.

Huang H, et al. Acetylation of SCFD1 regulates SNARE complex forma-
tion and autophagosome-lysosomefusion. Autophagy. 2023;19(1):189-
203. https://doi.org/10.1080/15548627.2022.2064624. Epub 2022.
Cheng X, et al. Pacer Mediates the Function of Class Ill PI3K and HOPS
Complexes in Autophagosome maturation by engaging Stx17. Mol
Cell. 2017;65(6):1029-1043.e5. https://doi.org/10.1016/j.molcel.2017.02.
010.

Yu ZQ, et al. Dual roles of Atg8-PE deconjugation by Atg4 in autophagy.
Autophagy. 2012;8(6):883-92. https://doi.org/10.4161/auto.19652. Epub
2012 Jun 1.

Medina DL, et al. Lysosomal calcium signalling regulates autophagy
through calcineurin and TFEB. Nat Cell Biol. 2015;17(3):288-99. https://
doi.org/10.1038/ncb3114.

Ballabio A, Bonifacino JS. Lysosomes as dynamic regulators of cell and
organismal homeostasis. Nat Rev Mol Cell Biol. 2020;21(2):101-18.
https://doi.org/10.1038/541580-019-0185-4.

Nnah IC, et al. TFEB-driven endocytosis coordinates MTORCT signaling
and autophagy. Autophagy. 2019;15(1):151-64. https://doi.org/10.
1080/15548627.2018.1511504. Epub 2018.

Jeong SJ, Zhang X, Rodriguez-Velez A, Evans TD, Razani B. p62/SQSTM1
and Selective Autophagy in Cardiometabolic Diseases. Antioxid Redox
Signal. 2019;31:458-71.

Herzig S, Shaw RJ. AMPK: guardian of metabolism and mitochondrial
homeostasis. Nat Rev Mol Cell Biol. 2018;19:121-35.

Russell RC, Yuan HX, Guan KL. Autophagy regulation by nutrient signal-
ing. Cell Res. 2014;24:42-57.

Mazure NM, Pouysségur J. Atypical BH3-domains of BNIP3 and BNIP3L
lead to autophagy in hypoxia. Autophagy. 2009;5:868-9.

Feng X, et al. Hypoxia-induced acetylation of PAKT enhances
autophagy and promotes brain tumorigenesis via phosphorylating
ATGS. Autophagy. 2021;17:723-42.

Chen JH, et al. ATM-mediated PTEN phosphorylation promotes PTEN
nuclear translocation and autophagy in response to DNA-damaging
agents in cancer cells. Autophagy. 2015;11:239-52.

Zhou J, et al. Full-coverage regulations of autophagy by ROS: from
induction to maturation. Autophagy. 2022;18:1240-55.

Song C, et al. Oxidative stress-mediated NFkB phosphorylation upregu-
lates p62/SQSTM1 and promotes retinal pigmented epithelial cell
survival through increased autophagy. PLoS ONE. 2017;12: €0171940.
Liang XH, et al. Induction of autophagy and inhibition of tumorigenesis
by beclin 1. Nature. 1999;402:672-6.

Saitoh T, et al. Loss of the autophagy protein Atg16L1 enhances
endotoxin-induced IL-1beta production. Nature. 2008;456:264-8.
Takamura A, et al. Autophagy-deficient mice develop multiple liver
tumors. Genes Dev. 2011;25:795-800.

Lebovitz CB, et al. Cross-cancer profiling of molecular alterations
within the human autophagy interaction network. Autophagy.
2015;11:1668-87.

Duran A, et al. The signaling adaptor p62 is an important NF-kappaB
mediator in tumorigenesis. Cancer Cell. 2008;13:343-54.

125.

126.

127.

128.

129.

130.

131.

134.

138.

139.

140.

141.

142.

143.

146.

147.

148.

149.

150.

151.

152.

153.

154.

Page 45 of 54

Mathew R, et al. Autophagy suppresses tumorigenesis through elimina-
tion of p62. Cell. 2009;137:1062-75.

Rao S, et al. A dual role for autophagy in a murine model of lung cancer.
Nat Commun. 2014;5:3056.

Rosenfeldt MT, et al. p53 status determines the role of autophagy in
pancreatic tumour development. Nature. 2013;504:296-300.

Alers S, Wesselborg S, Stork B. ATG13: just a companion, or an executor
of the autophagic program? Autophagy. 2014;10:944-56.

Yamamoto K, et al. Autophagy promotes immune evasion of pancreatic
cancer by degrading MHC-I. Nature. 2020;581:100-5.

Ziegler PK, et al. Mitophagy in Intestinal Epithelial Cells Triggers Adap-
tive Immunity during Tumorigenesis. Cell. 2018;174:88-101.e116.
Nagarsheth N, Wicha MS, Zou W. Chemokines in the cancer micro-
environment and their relevance in cancer immunotherapy. Nat Rev
Immunol. 2017;17:559-72.

Wei H, et al. Suppression of autophagy by FIP200 deletion inhibits
mammary tumorigenesis. Genes Dev. 2011;25:1510-27.

Baginska J, et al. Granzyme B degradation by autophagy decreases
tumor cell susceptibility to natural killer-mediated lysis under hypoxia.
Proc Natl Acad Sci U S A. 2013;110:17450-5.

Xia H, et al. Suppression of FIP200 and autophagy by tumor-derived
lactate promotes naive T cell apoptosis and affects tumor immunity. Sci
Immunol. 2017;2:eaan4631.

Yang G, et al. Autophagy-related protein PIK3C3/VPS34 controls T cell
metabolism and function. Autophagy. 2021;17:1193-204.

Majno G, et al. Apoptosis, oncosis, and necrosis. An overview of cell
death. D- 0370502, - 3-15.

Degterev A, et al. Chemical inhibitor of nonapoptotic cell death

with therapeutic potential for ischemic brain injury. Nat Chem Biol.
2005;1:112-9.

Degterev A, et al. Identification of RIP1 kinase as a specific cellular
target of necrostatins. Nat Chem Biol. 2008;4:313-21.

Horne CR, Samson AL, Murphy JM. The web of death: the expanding
complexity of necroptotic signaling. Trends Cell Biol. 2023;33(2):162-74.
Kamiya M, et al. Targeting necroptosis in muscle fibers ameliorates
inflammatory myopathies. Nat Commun. 2022;13:166.

Galli G, Vacher P, Ryffel B, Blanco P, Legembre P. Fas/CD95 Signaling
Pathway in Damage-Associated Molecular Pattern (DAMP)-Sensing
Receptors. Cells. 2022;11:1438.

Zou'Y, et al. Deficiency of PPP6C protects TNF-induced necroptosis
through activation of TAK1. Cell Death Dis. 2022;13:618.

Duan YW, Chen SX, Li QY, Zang Y. Neuroimmune mechanisms underly-
ing neuropathic pain: the potential role of TNF-a-necroptosis pathway.
Int J Mol Sci. 2022,23:7191.

Ivanisenko NV, et al. Regulation of extrinsic apoptotic signal-

ing by c-FLIP: towards targeting cancer networks. Trends Cancer.
2022;8:190-209.

Krishna-Subramanian S, et al. RIPK1 and death receptor signaling drive
biliary damage and early liver tumorigenesis in mice with chronic
hepatobiliary injury. Cell Death Differ. 2019;26:2710-26.

Strilic B, et al. Tumour-cell-induced endothelial cell necroptosis via
death receptor 6 promotes. Nature. 2016;536(7615):215-8. https://doi.
org/10.1038/nature19076.

Liu S, Joshi K, Denning MF, Zhang J. RIPK3 signaling and its role in the
pathogenesis of cancers. Cell Mol Life Sci. 2021;78:7199-217.

Zhang Y, et al. RIP1 autophosphorylation is promoted by mitochondrial
ROS and is essential for RIP3 recruitment into necrosome. Nat Com-
mun. 2017;8:14329.

Chen X, et al. Mosaic composition of RIP1-RIP3 signalling hub and its
role in regulating cell death. Nat Cell Biol. 2022,24:471-82.

Chen XY, et al. ZBP1-Mediated Necroptosis: Mechanisms and Therapeu-
tic Implications. Molecules. 2022,28(1):52.

ZhangT, et al. Influenza Virus Z-RNAs Induce ZBP1-Mediated Necropto-
sis. Cell. 2020;180:1115-1129 e1113.

Yang D, et al. ZBP1 mediates interferon-induced necroptosis. Cell Mol
Immunol. 2020;17:356-68.

Newton K, et al. RIPK1 inhibits ZBP1-driven necroptosis during develop-
ment. Nature. 2016;540:129-33.

Hubbard NW, et al. ADAR1T mutation causes ZBP1-dependent immuno-
pathology. Nature. 2022;607:769-75.


https://doi.org/10.1016/j.molcel.2014.12.013
https://doi.org/10.1016/j.molcel.2014.12.013
https://doi.org/10.1080/15548627.2020.1823124
https://doi.org/10.1016/j.cell.2012.11.001
https://doi.org/10.1080/15548627.2020.1752471
https://doi.org/10.1080/15548627.2020.1752471
https://doi.org/10.4161/15548627.2014.981913
https://doi.org/10.4161/15548627.2014.981913
https://doi.org/10.1038/s41467-021-26824-5
https://doi.org/10.1080/15548627.2022.2064624
https://doi.org/10.1016/j.molcel.2017.02.010
https://doi.org/10.1016/j.molcel.2017.02.010
https://doi.org/10.4161/auto.19652
https://doi.org/10.1038/ncb3114
https://doi.org/10.1038/ncb3114
https://doi.org/10.1038/s41580-019-0185-4
https://doi.org/10.1080/15548627.2018.1511504
https://doi.org/10.1080/15548627.2018.1511504
https://doi.org/10.1038/nature19076
https://doi.org/10.1038/nature19076

He et al. Molecular Cancer

155.

156.

157.

158.

159.

160.

161.

163.

164.
165.

166.

167.

168.

170.

171.

173.

175.

177.

179.

180.

(2024) 23:267

ZhangT, et al. ADART masks the cancer immunotherapeutic promise of
ZBP1-driven necroptosis. Nature. 2022,606:594-602.

Murphy JM. The Killer Pseudokinase Mixed Lineage Kinase Domain-Like
Protein (MLKL). Cold Spring Harb Perspect Biol. 2020;12:a036376.

Zhan C,Huang M, Yang X, Hou J. MLKL: Functions beyond serving as
the Executioner of Necroptosis. Theranostics. 2021;11:4759-69.

Davies KA, et al. The brace helices of MLKL mediate interdomain com-
munication and oligomerisation to regulate cell death by necroptosis.
Cell Death Differ. 2018;25:1567-80.

Najafov A, et al. TAM Kinases Promote Necroptosis by Regulating
Oligomerization of MLKL. Mol Cell. 2019;75:457-468 e454.

Chen X, et al. Translocation of mixed lineage kinase domain-like

protein to plasma membrane leads to necrotic cell death. Cell Res.
2014;24:105-21.

Johnston AN, et al. Necroptosis-blocking compound NBCT targets heat
shock protein 70 to inhibit MLKL polymerization and necroptosis. Proc
Natl Acad SciU S A. 2020;117:6521-30.

Jacobsen AV, et al. HSP90 activity is required for MLKL oligomerisation
and membrane translocation and the induction of necroptotic cell
death. Cell Death Dis. 2016;7: €2051.

Daskalov A, et al. Identification of a novel cell death-inducing domain
reveals that fungal amyloid-controlled programmed cell death is
related to necroptosis. Proc Natl Acad Sci U S A. 2016;113:2720-5.

Xia B, et al. MLKL forms cation channels. Cell Res. 2016;26:517-28.

Fan W, et al. Flotillin-mediated endocytosis and ALIX-syntenin-1-me-
diated exocytosis protect the cell membrane from damage caused by
necroptosis. Sci Signal. 2019;12:eaaw3423.

Shi CS, Kehrl JH. Bcl-2 regulates pyroptosis and necroptosis by targeting
BH3-like domains in GSDMD and MLKL. Cell Death Discov. 2019;5:151.
Seo J, et al. Beclin 1 functions as a negative modulator of MLKL oligom-
erisation by integrating into the necrosome complex. Cell Death Differ.
2020;27:3065-81.

Alvarez-Diaz S, et al. The Pseudokinase MLKL and the Kinase RIPK3 Have
Distinct Roles in Autoimmune Disease Caused by Loss of Death-Recep-
tor-Induced Apoptosis. Immunity. 2016;45:513-26.

Guo R, et al. Loss of MLKL ameliorates liver fibrosis by inhibiting hepato-
cyte necroptosis and hepatic stellate cell activation. Theranostics.
2022;12:5220-36.

Geserick P, et al. Absence of RIPK3 predicts necroptosis resistance in
malignant melanoma. Cell Death Dis. 2015;6: €1884.

Koo GB, et al. Methylation-dependent loss of RIP3 expression in cancer
represses programmed necrosis in response to chemotherapeutics. Cell
Res. 2015;25:707-25.

Bozec D, luga AC, Roda G, Dahan S, Yeretssian G. Critical function of the
necroptosis adaptor RIPK3 in protecting from intestinal tumorigenesis.
Oncotarget. 2016;7:46384-400.

Vergara GA, Eugenio GC, Malheiros SMF, Victor EDS, Weinlich R. RIPK3 is
a novel prognostic marker for lower grade glioma and further enriches
IDH mutational status subgrouping. J Neurooncol. 2020;147:587-94.
Hockendorf U, et al. RIPK3 Restricts Myeloid Leukemogenesis by
Promoting Cell Death and Differentiation of Leukemia Initiating Cells.
Cancer Cell. 2016;30:75-91.

Chen D, et al. Comprehensive analysis: Necroptosis-related INCRNAs
can effectively predict the prognosis of glioma patients. Front Oncol.
2022;12:929233.

Lin CC, et al. RIPK3 upregulation confers robust proliferation and collat-
eral cystine-dependence on breast cancer recurrence. Cell Death Differ.
2020;27:2234-47.

Sarhan J, et al. Constitutive interferon signaling maintains critical
threshold of MLKL expression to license necroptosis. Cell Death Differ.
2019;26:332-47.

Jiao D, et al. Necroptosis of tumor cells leads to tumor necrosis and
promotes tumor metastasis. Cell Res. 2018;28:868-70.

Snyder AG, et al. Intratumoral activation of the necroptotic pathway
components RIPK1 and RIPK3 potentiates antitumor immunity. Sci
Immunol. 2019:4(36):eaaw2004.

Yatim N, et al. RIPKT and NF-kB signaling in dying cells determines
cross-priming of CD8" T. Science. 2015;350(6258):328-34. https://doi.
0rg/10.1126/science.aad0395. Epub 2015.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

Page 46 of 54

Aaes TL, et al. Vaccination with Necroptotic Cancer Cells Induces
Efficient Anti-tumor Immunity. Cell Rep. 2016;15(2):274-87. https://doi.
0rg/10.1016/j.celrep.2016.03.037. Epub 2016.

Jiang H, Niu C, Guo Y, Liu Z, Jiang Y. Wedelolactone induces apoptosis
and pyroptosis in retinoblastoma through promoting ROS generation.
Int Immunopharmacol. 2022;111: 108855.

Friedlander AM. Macrophages are sensitive to anthrax lethal toxin
through an acid-dependent process. J Biol Chem. 1986;261:7123-6.
Zychlinsky A, Prevost MC, Sansonetti PJ. Shigella flexneri induces apop-
tosis in infected macrophages. Nature. 1992;358:167-9.

Cookson BT, Brennan MA. Pro-inflammatory programmed cell death.
Trends Microbiol. 2001;9:113-4.

Park SY, Kim IS. Engulfment signals and the phagocytic machinery for
apoptotic cell clearance. Exp Mol Med. 2017;49: e331.

Silva MT. Secondary necrosis: the natural outcome of the complete
apoptotic program. FEBS Lett. 2010;584:4491-9.

Wang W, et al. Knockout of Sirt2 alleviates traumatic brain injury in
mice. Neural Regen Res. 2023;18:350-6.

He Y, Hara H, Nufez G. Mechanism and Regulation of NLRP3 Inflamma-
some Activation. Trends Biochem Sci. 2016;41:1012-21.

Lu A, et al. Unified polymerization mechanism for the assembly of ASC-
dependent inflammasomes. Cell. 2014;156:1193-206.

Fink SL, Bergsbaken T, Cookson BT. Anthrax lethal toxin and Salmo-
nella elicit the common cell death pathway of caspase-1-dependent
pyroptosis via distinct mechanisms. Proc Natl Acad Sci U S A.
2008;105:4312-7.

ShiJ, et al. Cleavage of GSDMD by inflammatory caspases determines
pyroptotic cell death. Nature. 2015;526:660-5.

Hou L, et al. NLRP3/ASC-mediated alveolar macrophage pyroptosis
enhances HMGB1 secretion in acute lung injury induced by cardiopul-
monary bypass. Lab Invest. 2018;98(8):1052-64.

Murao A, et al. Release mechanisms of major DAMPs. Apoptosis.
2021;26(3-4):152-62.

Kelley N, Jeltema D, Duan Y, He Y. The NLRP3 inflammasome: an
overview of mechanisms of activation and regulation. Int J Mol Sci.
2019;20:3328.

Bauernfeind FG, et al. Cutting edge: NF-kappaB activating pattern
recognition and cytokine receptors license NLRP3 inflammasome acti-
vation by regulating NLRP3 expression. J Immunol. 2009;183:787-91.
Martinon F, Pétrilli V, Mayor A, Tardivel A, Tschopp J. Gout-associated
uric acid crystals activate the NALP3 inflammasome. Nature.
2006;440:237-41.

Eigenbrod T, Dalpke AH. Bacterial RNA: An Underestimated Stimulus for
Innate Immune Responses. J Immunol. 2015;195:411-8.

Rogiers O, et al. Candidalysin crucially contributes to NIrp3 inflamma-
some activation by Candida albicans Hyphae. mBio. 2019;10:10-128.
Zhong Z, et al. New mitochondrial DNA synthesis enables NLRP3
inflammasome activation. Nature. 2018;560:198-203.

Shi J, et al. Inflammatory caspases are innate immune receptors for
intracellular LPS. Nature. 2014;514:187-92.

Ma X, et al. Munronoid | Ameliorates DSS-Induced Mouse Colitis by
Inhibiting NLRP3 Inflammasome Activation and Pyroptosis Via Modula-
tion of NLRP3. Front Immunol. 2022;13: 853194.

Napier BA, et al. Complement pathway amplifies caspase-11-depend-
ent cell death and endotoxin-induced sepsis severity. J Exp Med.
2016;213:2365-82.

Yang D, He Y, Mufioz-Planillo R, Liu Q, Nufez G. Caspase-11 Requires the
Pannexin-1 Channel and the Purinergic P2X7 Pore to Mediate Pyropto-
sis and Endotoxic Shock. Immunity. 2015;43:923-32.

Mao X, et al. Deoxynivalenol induces caspase-3/GSDME-dependent
pyroptosis and inflammation in mouse liver and HepaRG cells. Arch
Toxicol. 2022;96:3091-112.

WangY, et al. Chemotherapy drugs induce pyroptosis through cas-
pase-3 cleavage of a gasdermin. Nature. 2017;547:99-103.

Zhang JY, et al. The metabolite a-KG induces GSDMC-dependent
pyroptosis through death receptor 6-activated caspase-8. Cell Res.
2021;31:980-97.

Hou J, et al. PD-L1-mediated gasdermin C expression switches apopto-
sis to pyroptosis in cancer cells and facilitates tumour necrosis. Nat Cell
Biol. 2020,22:1264-75.


https://doi.org/10.1126/science.aad0395
https://doi.org/10.1126/science.aad0395
https://doi.org/10.1016/j.celrep.2016.03.037
https://doi.org/10.1016/j.celrep.2016.03.037

He et al. Molecular Cancer

209.

210.

211,
212.

213.
214,

217.

219.

220.

221,

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

(2024) 23:267

Zheng Z, et al. The Lysosomal Rag-Ragulator Complex Licenses

RIPKT and Caspase-8-mediated Pyroptosis by Yersinia. Science.
2021;372:eabg0269.

Gaidt MM, et al. Human Monocytes Engage an Alternative Inflamma-
some Pathway. Immunity. 2016;44:833-46.

Harbeck N, et al. Breast cancer Nat Rev Dis Primers. 2019;5:66.
Hergueta-Redondo M, et al. Gasdermin-B promotes invasion and
metastasis in breast cancer cells. PLoS ONE. 2014;9: €90099.

Brody H. Colorectal cancer. Nature. 2015;521:51.

Tan G, et al. HMGB1 released from GSDME-mediated pyroptotic
epithelial cells participates in the tumorigenesis of colitis-associated
colorectal cancer through the ERK1/2 pathway. J Hematol Oncol.
2020;13(1):149.

Dinarello CA. Overview of the IL-1 family in innate inflammation and
acquired immunity. Immunol Rev. 2018;281(1):8-27.

Wang Q, et al. A bioorthogonal system reveals antitumour immune
function of pyroptosis. Nature. 2020;579(7799):421-6. https://doi.org/
10.1038/541586-020-2079-1. Epub 2020 Mar.

Saeki N, et al. Distinctive expression and function of four GSDM family
genes (GSDMA-D) in normal and malignant upper gastrointestinal
epithelium. Genes Chromosomes Cancer. 2009;48:261-71.

Komiyama H, et al. Alu-derived cis-element regulates tumorigenesis-
dependent gastric expression of GASDERMIN B (GSDMB). Genes Genet
Syst. 2010;85:75-83.

Xi G, et al. GSDMD is required for effector CD8+ T cell responses to lung
cancer cells. Int Immunopharmacol. 2019;74:105713.

Dolma S, Lessnick SL, Hahn WC, Stockwell BR. Identification of geno-
type-selective antitumor agents using synthetic lethal chemical screen-
ing in engineered human tumor cells. Cancer Cell. 2003;3:285-96.
Yang WS, Stockwell BR. Synthetic lethal screening identifies com-
pounds activating iron-dependent, nonapoptotic cell death in
oncogenic-RAS-harboring cancer cells. Chem Biol. 2008;15:234-45.
Hassannia B, Vandenabeele P, Vanden Berghe T. Targeting ferroptosis to
iron out cancer. Cancer Cell. 2019;35:830-49.

Ubellacker JM, et al. Lymph protects metastasizing melanoma cells
from ferroptosis. Nature. 2020;585:113-8.

Zhang H, et al. CAF secreted miR-522 suppresses ferroptosis and
promotes acquired chemo-resistance in gastric cancer. Mol Cancer.
2020;19:43.

WuY, et al. The epigenetic regulators and metabolic changes in
ferroptosis-associated cancer progression. Mol Cancer. 2020;19:39.
Kalinowski DS, Richardson DR. The evolution of iron chelators for

the treatment of iron overload disease and cancer. Pharmacol Rev.
2005;57:547-83.

Kajarabille N, Latunde-Dada GO. Programmed cell-death by ferroptosis:
antioxidants as mitigators. Int J Mol Sci. 2019;20:4968.

Muckenthaler MU, Rivella S, Hentze MW, Galy B. A Red Carpet for Iron
Metabolism. Cell. 2017;168:344-61.

Daniels TR, Delgado T, Helguera G, Penichet ML. The transferrin receptor
part II: targeted delivery of therapeutic agents into cancer cells. Clin
Immunol. 2006;121:159-76.

Masaldan S, et al. Iron accumulation in senescent cells is coupled

with impaired ferritinophagy and inhibition of ferroptosis. Redox Biol.
2018;14:100-15.

Brown CW, et al. Prominin2 Drives Ferroptosis Resistance by Stimulating
Iron Export. Dev Cell. 2019;51:575-586.e574.

Fuhrmann DC, Mondorf A, Beifu? J, Jung M, Briine B. Hypoxia inhibits
ferritinophagy, increases mitochondrial ferritin, and protects from fer-
roptosis. Redox Biol. 2020;36: 101670.

Huang D, et al. CRL4(DCAF8) dependent opposing stability control
over the chromatin remodeler LSH orchestrates epigenetic dynamics in
ferroptosis. Cell Death Differ. 2021;28:1593-609.

Fonseca-Nunes A, Jakszyn P, Agudo A. Iron and cancer risk-a systematic
review and meta-analysis of the epidemiological evidence. Cancer
Epidemiol Biomarkers Prev. 2014,23:12-31.

West AR, Oates PS. Mechanisms of heme iron absorption: current ques-
tions and controversies. World J Gastroenterol. 2008;14:4101-10.

Bao G, et al. Iron traffics in circulation bound to a siderocalin (Ngal)-
catechol complex. Nat Chem Biol. 2010;6:602-9.

237.

238.

239.

240.

241,

242.

243.

244,

245.

246.

247.

248.

249.

250.

251,

252.

253.

254,

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

Page 47 of 54

Dowdle WE, et al. Selective VPS34 inhibitor blocks autophagy and
uncovers a role for NCOA4 in ferritin degradation and iron homeostasis
in vivo. Nat Cell Biol. 2014;16:1069-79.

Ye Z, et al. Ferroptosis: Final destination for cancer? Cell Prolif. 2020;53:
e12761.

Wu J, et al. Intercellular interaction dictates cancer cell ferroptosis via
NF2-YAP signalling. Nature. 2019;572:402-6.

Yang WS, et al. Peroxidation of polyunsaturated fatty acids by lipoxyge-
nases drives ferroptosis. Proc Natl Acad Sci U S A. 2016;113:E4966-4975.
Kagan VE, et al. Oxidized arachidonic and adrenic PEs navigate cells to
ferroptosis. Nat Chem Biol. 2017;13:81-90.

Yan B, et al. Membrane Damage during Ferroptosis Is Caused by
Oxidation of Phospholipids Catalyzed by the Oxidoreductases POR and
CYB5R1. Mol Cell. 2021;81:355-369.e310.

Zou'Y, et al. Plasticity of ether lipids promotes ferroptosis susceptibility
and evasion. Nature. 2020;585:603-8.

Doll S, et al. ACSL4 dictates ferroptosis sensitivity by shaping cellular
lipid composition. Nat Chem Biol. 2017;13:91-8.

Wang B, et al. Phospholipid Remodeling and Cholesterol Availabil-

ity Regulate Intestinal Stemness and Tumorigenesis. Cell Stem Cell.
2018;22:206-220.e204.

Saito K, Matsuoka Y, Yamada KI. Reaction targets of antioxidants in azo-
initiator or lipid hydroperoxide induced lipid peroxidation. Free Radic
Res. 2020;54:301-10.

Viswanathan VS, et al. Dependency of a therapy-resistant state of
cancer cells on a lipid peroxidase pathway. Nature. 2017,547:453-7.
OuY,Wang SJ, Li D, Chu B, GuW. Activation of SAT1 engages polyamine
metabolism with p53-mediated ferroptotic responses. Proc Natl Acad
Sci U S A.2016;113:E6806-e6812.

Chu B, et al. ALOX12 is required for p53-mediated tumour suppression
through a distinct ferroptosis pathway. Nat Cell Biol. 2019;21:579-91.
Zou'Y, et al. Cytochrome P450 oxidoreductase contributes to phospho-
lipid peroxidation in ferroptosis. Nat Chem Biol. 2020;16:302-9.

Ayala A, Munoz MF, Arguelles S. Lipid peroxidation: production,
metabolism, and signaling mechanisms of malondialdehyde and
4-hydroxy-2-nonenal. Oxid Med Cell Longev. 2014;2014: 360438.

Wang L, et al. ATF3 promotes erastin-induced ferroptosis by suppress-
ing system Xc(). Cell Death Differ. 2020,27:662-75.

Song X, et al. AMPK-Mediated BECN1 Phosphorylation Promotes
Ferroptosis by Directly Blocking System X(c)(-) Activity. Curr Biol.
2018;28:2388-2399.62385.

Dong H, et al. Nrf2 inhibits ferroptosis and protects against acute lung
injury due to intestinal ischemia reperfusion via regulating SLC7A11
and HO-1. Aging (Albany NY). 2020;12:12943-59.

Jiang L, et al. Ferroptosis as a p53-mediated activity during tumour sup-
pression. Nature. 2015;520:57-62.

LiuT, Jiang L, Tavana O, Gu W. The Deubiquitylase OTUB1 Mediates Fer-
roptosis via Stabilization of SLC7A11. Cancer Res. 2019;79:1913-24.
Zhang Y, Koppula P, Gan B. Regulation of H2A ubiquitination and
SLC7A11 expression by BAP1 and PRC1. Cell Cycle. 2019;18:773-83.
Qiang Z, et al. Nrf2 and STAT3 Alleviates Ferroptosis-Mediated lIR-ALI by
Regulating SLC7A11. Oxid Med Cell Longev. 2020;2020:5146982.
Akerboom TP, Bilzer M, Sies H. The relationship of biliary glutathione
disulfide efflux and intracellular glutathione disulfide content in per-
fused rat liver. J Biol Chem. 1982;257:4248-52.

Huang CS, Chang LS, Anderson ME, Meister A. Catalytic and regulatory
properties of the heavy subunit of rat kidney gamma-glutamylcysteine
synthetase. J Biol Chem. 1993,268:19675-80.

Huang CS, Anderson ME, Meister A. Amino acid sequence and function
of the light subunit of rat kidney gamma-glutamylcysteine synthetase.
J Biol Chem. 1993,268:20578-83.

Grant CM, Maclver FH, Dawes IW. Glutathione synthetase is dispensable
for growth under both normal and oxidative stress conditions in the
yeast Saccharomyces cerevisiae due to an accumulation of the dipep-
tide gamma-glutamylcysteine. Mol Biol Cell. 1997;8:1699-707.

Cai J,Huang ZZ, Lu SC. Differential regulation of gamma-glutamyl-
cysteine synthetase heavy and light subunit gene expression. Biochem
J.1997,326(Pt 1):167-72.

Lu SC, Ge JL, Kuhlenkamp J, Kaplowitz N. Insulin and glucocorticoid
dependence of hepatic gamma-glutamylcysteine synthetase and


https://doi.org/10.1038/s41586-020-2079-1
https://doi.org/10.1038/s41586-020-2079-1

He et al. Molecular Cancer

265.

266.

267.

268.

2609.

270.

271.

272.

273.

274.

275.

276.

277.

278.

279.

280.

281.

282.

283.

284,

285.

286.

287.

288.

289.

290.

(2024) 23:267

glutathione synthesis in the rat. Studies in cultured hepatocytes and

in vivo. J Clin Invest. 1992;90:524-32.

Mulcahy RT, Bailey HH, Gipp JJ. Up-regulation of gamma-glutamyl-
cysteine synthetase activity in melphalan-resistant human multiple
myeloma cells expressing increased glutathione levels. Cancer Chem-
other Pharmacol. 1994,34:67-71.

Yamane Y, et al. Expression of multidrug resistance protein/GS-X pump
and gamma-glutamylcysteine synthetase genes is regulated by oxida-
tive stress. J Biol Chem. 1998;273:31075-85.

Yoshida K, et al. Weakened cellular scavenging activity against oxidative
stress in diabetes mellitus: regulation of glutathione synthesis and
efflux. Diabetologia. 1995;38:201-10.

Jardine H, MacNee W, Donaldson K, Rahman I. Molecular mechanism of
transforming growth factor (TGF)-betal-induced glutathione depletion
in alveolar epithelial cells. Involvement of AP-1/ARE and Fra-1. J Biol
Chem. 2002;277:21158-66.

Bittker JA, et al. In Probe Reports from the NIH Molecular Libraries
Program. Bethesda: National Center for Biotechnology Information (US);
2010.

Stevens RG, Graubard Bl, Micozzi MS, Neriishi K, Blumberg BS. Moderate
elevation of body iron level and increased risk of cancer occurrence
and death. Int J Cancer. 1994;56:364-9.

Zacharski LR, et al. Decreased cancer risk after iron reduction in patients
with peripheral arterial disease: results from a randomized trial. J Natl
Cancer Inst. 2008;100:996-1002.

Torti SV, Manz DH, Paul BT, Blanchette-Farra N, Torti FM. Iron and Cancer.
Annu Rev Nutr. 2018;38:97-125.

Bersuker K, et al. The CoQ oxidoreductase FSP1 acts parallel to GPX4 to
inhibit ferroptosis. Nature. 2019;575:688-92.

Dai E, et al. AIFM2 blocks ferroptosis independent of ubiquinol metabo-
lism. Biochem Biophys Res Commun. 2020;523:966-71.

Doll S, et al. FSP1 is a glutathione-independent ferroptosis suppressor.
Nature. 2019;575:693-8.

Shi DD, et al. De novo pyrimidine synthesis is a targetable vulnerability
in IDH mutant glioma. Cancer Cell. 2022;40(9):939-956.e16.

Mao C, et al. DHODH-mediated ferroptosis defence is a targetable
vulnerability in cancer. Nature. 2021;593:586-90.

Vasan K, Werner M, Chandel NS. Mitochondrial Metabolism as a Target
for Cancer Therapy. Cell Metab. 2020;32:341-52.

Miess H, et al. The glutathione redox system is essential to prevent
ferroptosis caused by impaired lipid metabolism in clear cell renal cell
carcinoma. Oncogene. 2018;37:5435-50.

Wu KJ, Polack A, Dalla-Favera R. Coordinated regulation of iron-control-
ling genes, H-ferritin and IRP2, by c-MYC. Science. 1999,283:676-9.
Martin-Perez M, Urdiroz-Urricelqui U, Bigas C, Benitah SA. The

role of lipids in cancer progression and metastasis. Cell Metab.
2022;34:1675-99.

Sénchez-Martinez R, Cruz-Gil S, Garcfa-Alvarez MS, Reglero G, Ramirez
de Molina A. Complementary ACSL isoforms contribute to a non-
Warburg advantageous energetic status characterizing invasive colon
cancer cells. Sci Rep. 2017;7:11143.

Wu X, et al. ACSL4 promotes prostate cancer growth, invasion and
hormonal resistance. Oncotarget. 2015;6:44849-63.

Friedmann Angeli JP, Krysko DV, Conrad M. Ferroptosis at the crossroads
of cancer-acquired drug resistance and immune evasion. Nat Rev
Cancer. 2019;19:405-14.

Xu C, et al. The glutathione peroxidase Gpx4 prevents lipid peroxida-
tion and ferroptosis to sustain Treg cell activation and suppression of
antitumor immunity. Cell Rep. 2021;35:109235.

Jia M, et al. Redox homeostasis maintained by GPX4 facilitates STING
activation. Nat Immunol. 2020;21:727-35.

Liao P et al. CD8(+) T cells and fatty acids orchestrate tumor ferroptosis
and immunity via ACSL4. Cancer Cell. 2022;40:365-378 e366.

Liu X, et al. Cystine transporter regulation of pentose phosphate path-
way dependency and disulfide stress exposes a targetable metabolic
vulnerability in cancer. Nat Cell Biol. 2020,22:476-86.

Musaogullari A, Chai YC. Redox Regulation by Protein S-Glutathionyla-
tion: from molecular mechanisms to implications in health and disease.
Int J Mol Sci. 2020,21:8113.

Liu X, et al. Actin cytoskeleton vulnerability to disulfide stress mediates
disulfidptosis. Nat Cell Biol. 2023;25:404—-14.

291.

292.

293.

294,

295.

296.

297.

298.

299.

300.

301,

302.

303.

304.

305.

306.

307.

308.

309.

310.

312.

313.

314.

315.

316.

317.

318.

Page 48 of 54

Koppula P, Zhuang L, Gan B. Cystine transporter SLC7A11/xCT in cancer:
ferroptosis, nutrient dependency, and cancer therapy. Protein Cell.
2021;12:599-620.

Festa RA, Thiele DJ. Copper: an essential metal in biology. Curr Biol.
2011;21:R877-883.

Chen L, Min J, Wang F. Copper homeostasis and cuproptosis in health
and disease. Signal Transduct Target Ther. 2022,7:378.

Tsvetkov P, et al. Copper induces cell death by targeting lipoylated TCA
cycle proteins. Science. 2022;375:1254-61.

Findings N, Uncertainties P. V. 1zzo, J. M. Bravo-San Pedro, V. Sica, G.
Kroemer, L. Galluzzi, Mitochondrial Permeability Transition. Trends Cell
Biol. 2016,26:655-67.

the expanding network of non-apoptotic cell death pathways. T.
Vanden Berghe, A. Linkermann, S. Jouan-Lanhouet, H. Walczak, P. Van-
denabeele, Regulated necrosis. Nat Rev Mol Cell Biol. 2014;15:135-47.
Bonora M, et al. Molecular mechanisms of cell death: central implica-
tion of ATP synthase in mitochondrial permeability transition. Onco-
gene. 2015;34:1608.

Baines CP, et al. Loss of cyclophilin D reveals a critical role for mitochon-
drial permeability transition in cell death. Nature. 2005;434:658-62.
Basso E, et al. Properties of the permeability transition pore in mito-
chondria devoid of Cyclophilin D. J Biol Chem. 2005;280:18558-61.
Nakagawa T, et al. Cyclophilin D-dependent mitochondrial perme-
ability transition regulates some necrotic but not apoptotic cell
death. Nature. 2005;434:652-8.

Kwong JQ, Molkentin JD. Physiological and pathological roles of the
mitochondrial permeability transition pore in the heart. Cell Metab.
2015;21:206-14.

Mukherjee R, et al. Mechanism of mitochondrial permeability
transition pore induction and damage in the pancreas: inhibition
prevents acute pancreatitis by protecting production of ATP. Gut.
2016;65:1333-46.

Schinzel AC, et al. Cyclophilin D is a component of mitochondrial
permeability transition and mediates neuronal cell death after focal
cerebral ischemia. Proc Natl Acad Sci U S A. 2005;102:12005-10.
Clarke SJ, McStay GP, Halestrap AP. Sanglifehrin A acts as a potent
inhibitor of the mitochondrial permeability transition and reperfu-
sion injury of the heart by binding to cyclophilin-D at a different site
from cyclosporin A. J Biol Chem. 2002,277:34793-9.

Jang S, et al. Elucidating Mitochondrial Electron Transport Chain Super-
complexes in the Heart During Ischemia-Reperfusion. Antioxid Redox
Signal. 2017;27:57-69.

Warne J, et al. Selective Inhibition of the Mitochondrial Permeability
Transition Pore Protects against Neurodegeneration in Experimental
Multiple Sclerosis. J Biol Chem. 2016;291:4356-73.

Huang P, et al. Molecular mechanisms of parthanatos and its role in
diverse diseases. Int J Mol Sci. 2022;23(13):7292. https://doi.org/10.
3390/ijms23137292.

Zhou'Y, et al. Parthanatos and its associated components: Promising
therapeutic targets for cancer. Pharmacol Res. 2021;163: 105299.
Andrabi SA, Dawson TM, Dawson VL. Mitochondrial and nuclear cross
talk in cell death: parthanatos. Ann N'Y Acad Sci. 2008;1147:233-41.
Brinkmann 'V, et al. Neutrophil extracellular traps kill bacteria. Science.
2004,303:1532-5.

Arazna M, Pruchniak MP, Demkow U. Reactive Oxygen Species, Granulo-
cytes, and NETosis. Adv Exp Med Biol. 2015;836:1-7.

Kazzaz NM, Sule G, Knight JS. Intercellular Interactions as Regulators of
NETosis. Front Immunol. 2016;7:453.

Remijsen Q et al. Dying for a cause: NETosis, mechanisms behind an
antimicrobial cell death modality. Cell Death Differ. 2011;18:581-8.
Branzk N, Papayannopoulos V. Molecular mechanisms regulating NETo-
sis in infection and disease. Semin Immunopathol. 2013;35:513-30.
Albrengues J, et al. Neutrophil extracellular traps produced dur-

ing inflammation awaken dormant cancer cells in mice. Science.
2018;361:eaa04227.

Remijsen Q et al. Neutrophil extracellular trap cell death requires both
autophagy and superoxide generation. Cell Res. 2011;21:290-304.
Yipp BG, et al. Infection-induced NETosis is a dynamic process involving
neutrophil multitasking in vivo. Nat Med. 2012;18:1386-93.

Li P, et al. PAD4 is essential for antibacterial innate immunity mediated
by neutrophil extracellular traps. J Exp Med. 2010;207:1853-62.


https://doi.org/10.3390/ijms23137292
https://doi.org/10.3390/ijms23137292

He et al. Molecular Cancer

319.

320.

321.
322.

323.

324.

325.

326.

327.

328.

329.

330.
331.
332.
333.

334.

335.
336.

337.

338.

339.

340.

341.

342.

343.

344,

(2024) 23:267

W.F,O.1d, G-S. R, B. P, X. Id- Orcid, - Lysosomal membrane permeabiliza-
tion and cell death. D - 100939340, - 918-931.

Gulbins E, Kolesnick RN. It takes a CAD to kill a tumor cell with a LMP.
Cancer Cell. 2013;24(3):279-81. https://doi.org/10.1016/j.ccr.2013.08.
025.

Milani M, et al. Calcium signaling in lysosome-dependent cell death.
Cell Calcium. 2023 Jul;113:102751.

U. C, et al. Sphingosine mediates TNFa-induced lysosomal membrane
permeabilization and ensuing. D - 0376606, - 1134-1143.

Petersen NH, et al. Transformation-associated changes in sphingolipid
metabolism sensitize cells to lysosomal cell death induced by inhibitors
of acid sphingomyelinase. Cancer Cell. 2013;24(3):379-93. https://doi.
0rg/10.1016/j.ccr.2013.08.003.

Chen Q, et al. PIK3R3 inhibits cell senescence through p53/p21
signaling. Cell Death Dis. 2020;11(9):798. https://doi.org/10.1038/
$41419-020-02921-z.

R.L,T.FG.V,0.Id, - Mechanisms and Regulation of Cellular Senescence.

D-101092791,T - epublish.

Serrano M, Lin AW, McCurrach ME, Beach D, Lowe SW. Oncogenic ras
provokes premature cell senescence associated with accumulation of
p53 and p16INK4a. Cell. 1997;88(5):593-602. https://doi.org/10.1016/
50092-8674(00)81902-9.

Marin |, et al. Cellular Senescence Is Immunogenic and Promotes Anti-
tumor Immunity. Cancer Discov. 2023;13(2):410-31.

Dong Z, et al. Cellular senescence and SASP in tumor progression and
therapeutic opportunities. Mol Cancer. 2024;23(1):181. https://doi.org/
10.1186/512943-024-02096-7.

Chibaya L, et al. EZH2 inhibition remodels the inflammatory senes-
cence-associated secretory. Nat Cancer. 2023;4(6):872-92. https://doi.
0rg/10.1038/543018-023-00553-8. Epub 2023 May.

Zhu'Y, et al. The Achilles heel of senescent cells: from transcriptome to
senolytic drugs. Aging Cell. 2015;14(4):644-58.

Kim EC, Kim JR. Senotherapeutics: emerging strategy for healthy aging
and age-related disease. BMB Rep. 2019;52(1):47-55.

Kroemer G, et al. Immunogenic cell stress and death. Nat Immunol.
2022,23(4):487-500.

Sarhan M, et al. Origin and Consequences of Necroinflammation.
Physiol Rev. 2018;98(2):727-80.

Fucikova J, Spisek R, Kroemer G, Galluzzi L. Calreticulin and cancer. Cell
Res. 2021;31(1):5-16. https://doi.org/10.1038/541422-020-0383-9. Epub
2020 Jul 30.

Krysko DV, et al. Immunogenic cell death and DAMPs in cancer therapy.
Nat Rev Cancer. 2012;12(12):860-75.

D.X,C.C, L. W, O.Id, - Nanoparticle-Mediated Immunogenic Cell Death
Enables and Potentiates Cancer. D - 0370543, - 670-680.
Rodriguez-Ruiz ME, Vitale |, Harrington KJ, Melero |, Galluzzi L. Immuno-
logical impact of cell death signaling driven by radiation on the tumor

microenvironment. Nat Immunol. 2020;21(2):120-34. https://doi.org/10.

1038/541590-019-0561-4. Epub 2019.

Vitale |, et al. Mitotic catastrophe: a mechanism for avoiding genomic
instability. Nat Rev Mol Cell Biol. 2011;12(6):385-92.

Baghdadi M, et al. TIM-4 glycoprotein-mediated degradation of dying
tumor cells by autophagy leads to reduced antigen presentation and
increased immune tolerance. Immunity. 2013;39:1070-81.

Tong X, et al. Targeting cell death pathways for cancer therapy: recent
developments in necroptosis, pyroptosis, ferroptosis, and cuproptosis
research. J Hematol Oncol. 2022;15(1):174. https://doi.org/10.1186/
$13045-022-01392-3.

Xie J,Yang Y, Gao'Y, He J. Cuproptosis: mechanisms and links

with cancers. Mol Cancer. 2023;22(1):46. https://doi.org/10.1186/
$12943-023-01732-y.

Zhou J, et al. Immunogenic cell death in cancer therapy: Present and
emerging inducers. J Cell Mol Med. 2019;23(8):4854-65.

Bai Z, et al. Perspectives and mechanisms for targeting mitotic
catastrophe in cancer treatment. Biochim Biophys Acta Rev Cancer.
2023;1878(5):188965.

Chaurasia M, et al. Radiation induces EIF2AK3/PERK and ERN1/IRE1
mediated pro-survival autophagy. Autophagy. 2019;15(8):1391-406.
https://doi.org/10.1080/15548627.2019.1582973.

345.

346.

347.

348.

349.

350.

351,

352.

353.

354,

355.

356.

357.

358.

359.

360.

361.

362.

363.

364.

365.

366.

367.

368.

369.

370.

Page 49 of 54

Chakraborty P, et al. Carbon Monoxide Activates PERK-Regulated
Autophagy to Induce Immunometabolic Reprogramming and Boost
Antitumor T-cell Function. Cancer Res. 2022;82(10):1969-90.

Han'S, et al. Targeting ATF4-dependent pro-survival autophagy to
synergize glutaminolysis inhibition. Theranostics. 2021;11(17):8464-79.
Kojima E, et al. The function of GADD34 is a recovery from a shutoff

of protein synthesis induced by ER stress: elucidation by GADD34-
deficient mice. FASEB J. 2003;17:1573-5.

Gambardella G, et al. GADD34 is a modulator of autophagy during star-
vation. Sci Adv. 2020;6(39):eabb0205. https://doi.org/10.1126/sciadv.
abb0205. Print 2020 Sep., T - epublish.

Yang Y, et al. Autophagy promotes mammalian survival by suppressing
oxidative stress and p53. Genes Dev. 2020;34(9-10):688-700.

He W, et al. Attenuation of TNFSF10/TRAIL-induced apoptosis by an
autophagic survival pathway involving TRAF2-and RIPK1/RIP1-mediated
MAPKS8/INK activation. Autophagy. 2012;8(12):1811-21. https://doi.org/
10.4161/auto.22145. Epub 2012 Oct 10.

Choi CY, et al. Autophagy-competent mitochondrial translation elonga-
tion factor TUFM inhibits caspase-8-mediated apoptosis. Cell Death
Differ. 2022;29(2):451-64. https://doi.org/10.1038/541418-021-00868-y.
Shimizu S, et al. Role of Bcl-2 family proteins in a non-apoptotic
programmed cell death dependent on autophagy genes. Nat Cell Biol.
2004;6(12):1221-8. https://doi.org/10.1038/ncb1192. Epub 2004 Nov
21.

Boya P, et al. Inhibition of macroautophagy triggers apoptosis. Mol Cell
Biol. 2005;25:1025-40.

Denton D, Kumar S. Autophagy-dependent cell death. Cell Death Differ.
2019;26:605-16.

LiuY, et al. Autosis is a Na+, K+-ATPase-regulated form of cell death
triggered by autophagy-inducing peptides, starvation, and hypoxia-
ischemia. Proc Natl Acad Sci U S A. 2013;110:20364-71.

Xu D, et al. Modulating TRADD to restore cellular homeostasis and
inhibit apoptosis. Nature. 2020,587(7832):133-8.

Marino-Merlo MF, et al. Caspase-8 is required for HSV-1-induced
apoptosis and promotes effective viral particle release via autophagy
inhibition. Cell Death Differ. 2023;30(4):885-96. https://doi.org/10.1038/
541418-022-01084-y.

Moussaieff A, et al. Glycolysis-mediated changes in acetyl-CoA and
histone acetylation control the early differentiation of embryonic stem
cells. Cell Metab. 2015;21(3):392-402.

Djavaheri-Mergny M, et al. Cross talk between apoptosis and
autophagy by caspase-mediated cleavage of Beclin 1. Oncogene.
2010;29(12):1717-9.

Yu L, et al. Autophagic programmed cell death by selective catalase
degradation. Proc Natl Acad Sci U S A. 2006;103(13):4952-7.

Zhou B, et al. Ferroptosis is a type of autophagy-dependent cell death.
Semin Cancer Biol. 2020;66:89-100.

Espert L, et al. Autophagy is involved in T cell death after binding of
HIV-1 envelope proteins to CXCR4. J Clin Invest. 2006;116:2161-72.
Maiuri MC, Zalckvar E, Kimchi A, Kroemer G. Self-eating and self-killing:
crosstalk between autophagy and apoptosis. Nat Rev Mol Cell Biol.
2007;8(9):741-52. https://doi.org/10.1038/nrm2239.

Sinha S, Levine B. The autophagy effector Beclin 1: a novel BH3-only
protein. Oncogene. 2008;27 Suppl 1(Suppl 1):5137-48. https://doi.org/
10.1038/0nc.2009.51.

Marifio G, et al. Self-consumption: the interplay of autophagy and
apoptosis. Nat Rev Mol Cell Biol. 2014;15(2):81-94.

Luo S, et al. Bim inhibits autophagy by recruiting Beclin 1 to microtu-
bules. Mol Cell. 2012;47(3):359-70. https://doi.org/10.1016/j.molcel.
2012.05.040. Epub 2012.

Maiuri MC, et al. Functional and physical interaction between Bcl-X(L)
and a BH3-like domain in Beclin-1. EMBO J. 2007,26(10):2527-39.
https://doi.org/10.1038/sj.emboj.7601689. Epub 2007 Apr.
Dondelinger Y, Darding M, Bertrand MJ, Walczak H. Poly-ubiquitination
in TNFR1-mediated necroptosis. Cell Mol Life Sci. 2016,73:2165-76.
Feoktistova M, Makarov R, Yazdi AS, Panayotova-Dimitrova D. RIPK1 and
TRADD Regulate TNF-Induced Signaling and Ripoptosome Formation.
Int J Mol Sci. 2021,22:12459.

Xu D, et al. Modulating TRADD to restore cellular homeostasis and
inhibit apoptosis. Nature. 2020;587:133-8.


https://doi.org/10.1016/j.ccr.2013.08.025
https://doi.org/10.1016/j.ccr.2013.08.025
https://doi.org/10.1016/j.ccr.2013.08.003
https://doi.org/10.1016/j.ccr.2013.08.003
https://doi.org/10.1038/s41419-020-02921-z
https://doi.org/10.1038/s41419-020-02921-z
https://doi.org/10.1016/s0092-8674(00)81902-9
https://doi.org/10.1016/s0092-8674(00)81902-9
https://doi.org/10.1186/s12943-024-02096-7
https://doi.org/10.1186/s12943-024-02096-7
https://doi.org/10.1038/s43018-023-00553-8
https://doi.org/10.1038/s43018-023-00553-8
https://doi.org/10.1038/s41422-020-0383-9
https://doi.org/10.1038/s41590-019-0561-4
https://doi.org/10.1038/s41590-019-0561-4
https://doi.org/10.1186/s13045-022-01392-3
https://doi.org/10.1186/s13045-022-01392-3
https://doi.org/10.1186/s12943-023-01732-y
https://doi.org/10.1186/s12943-023-01732-y
https://doi.org/10.1080/15548627.2019.1582973
https://doi.org/10.1126/sciadv.abb0205
https://doi.org/10.1126/sciadv.abb0205
https://doi.org/10.4161/auto.22145
https://doi.org/10.4161/auto.22145
https://doi.org/10.1038/s41418-021-00868-y
https://doi.org/10.1038/ncb1192
https://doi.org/10.1038/s41418-022-01084-y
https://doi.org/10.1038/s41418-022-01084-y
https://doi.org/10.1038/nrm2239
https://doi.org/10.1038/onc.2009.51
https://doi.org/10.1038/onc.2009.51
https://doi.org/10.1016/j.molcel.2012.05.040
https://doi.org/10.1016/j.molcel.2012.05.040
https://doi.org/10.1038/sj.emboj.7601689

He et al. Molecular Cancer

372.

373.

374.

375.

376.

377.

378.

379.

380.

381.

382.

383.

384.

385.

386.

387.

388.

389.

390.

391.

392.

393.

394,

395.

396.

397.

398.

(2024) 23:267

Wong WW, et al. clAPs and XIAP regulate myelopoiesis through
cytokine production in an RIPK1- and RIPK3-dependent manner. Blood.
2014;123:2562-72.

Borghi A, et al. The E3 ubiquitin ligases HOIP and cIAP1 are recruited to
the TNFR2 signaling complex and mediate TNFR2-induced canonical
NF-kB signaling. Biochem Pharmacol. 2018;153:292-8.

Anderton H, Rickard JA, Varigos GA, Lalaoui N, Silke J. Inhibitor of Apop-
tosis Proteins (IAPs) Limit RIPK1-Mediated Skin Inflammation. J Invest
Dermatol. 2017;137:2371-9.

Lafont E, et al. TBK1 and IKKe prevent TNF-induced cell death by RIPK1
phosphorylation. Nat Cell Biol. 2018;20:1389-99.

Taraborrelli L, et al. LUBAC prevents lethal dermatitis by inhibiting cell
death induced by TNF, TRAIL and CD95L. Nat Commun. 2018;9:3910.
Peltzer N, et al. LUBAC is essential for embryogenesis by preventing cell
death and enabling haematopoiesis. Nature. 2018,557:112-7.

Peltzer N, et al. HOIP deficiency causes embryonic lethality by aberrant
TNFR1-mediated endothelial cell death. Cell Rep. 2014;9:153-65.
Heger K, et al. OTULIN limits cell death and inflammation by deubiquit-
inating LUBAC. Nature. 2018;559:120-4.

Chu, et al. LUBAC and OTULIN regulate autophagy initiation and
maturation by mediating the linear ubiquitination and the stabilization
of ATG13. Autophagy. 2021;17:1684-99.

Xu YR, Lei CQ. TAK1-TABs Complex: A Central Signalosome in Inflamma-
tory Responses. Front Immunol. 2020;11: 608976.

Xu D, et al. TBK1 suppresses RIPK1-driven apoptosis and inflammation
during development and in aging. Cell. 2018;174:1477-1491 e1419.
Lork M, Verhelst K, Beyaert R. CYLD, A20 and OTULIN deubiquitinases

in NF-kB signaling and cell death: so similar, yet so different. Cell Death
Differ. 2017,24:1172-83.

Wu B, et al. The deubiquitinase OTUD1 inhibits colonic inflammation
by suppressing RIPK1-mediated NF-kB signaling. Cell Mol Immunol.
2022;19:276-89.

Kist M, et al. Impaired RIPK1 ubiquitination sensitizes mice to TNF toxic-
ity and inflammatory cell death. Cell Death Differ. 2021;28:985-1000.
Lawlor KE, et al. XIAP Loss Triggers RIPK3- and Caspase-8-Driven IL-13
Activation and Cell Death as a Consequence of TLR-MyD88-Induced
cIAP1-TRAF2 Degradation. Cell Rep. 2017;20:668-82.

Lawlor KE, et al. RIPK3 promotes cell death and NLRP3 inflammasome
activation in the absence of MLKL. Nat Commun. 2015;6:6282.
Budihardjo I, Oliver H, Lutter M, Luo X, Wang X. Biochemical path-

ways of caspase activation during apoptosis. Annu Rev Cell Dev Biol.
1999;15:269-90.

Ch'en IL, Tsau JS, Molkentin JD, Komatsu M, Hedrick SM. Mechanisms of
necroptosis in T cells. J Exp Med. 2011;208:633-41.

Newton K, et al. Cleavage of RIPK1 by caspase-8 is crucial for limiting
apoptosis and necroptosis. Nature. 2019;574:428-31.

Lehle AS, et al. Intestinal Inflammation and Dysregulated Immunity

in Patients With Inherited Caspase-8 Deficiency. Gastroenterology.
2019;156:275-8.

Fritsch M, et al. Caspase-8 is the molecular switch for apoptosis, necrop-
tosis and pyroptosis. Nature. 2019,575:683-7.

Demarco B, et al. Caspase-8-dependent gasdermin D cleavage pro-
motes antimicrobial defense but confers susceptibility to TNF-induced
lethality. Sci Adv. 2020;6:eabc3465.

Zheng M, Kanneganti TD. The regulation of the ZBP1-NLRP3 inflam-
masome and its implications in pyroptosis, apoptosis, and necroptosis
(PANoptosis). Immunol Rev. 2020,297:26-38.

Upton JW, Kaiser WJ, Mocarski ES. DAI/ZBP1/DLM-1 complexes with
RIP3 to mediate virus-induced programmed necrosis that is targeted by
murine cytomegalovirus VIRA. Cell Host Microbe. 2012;11:290-7.
Kuriakose T, et al. ZBP1/DAl is an innate sensor of influenza virus trigger-
ing the NLRP3 inflammasome and programmed cell death pathways.
Sci Immunol. 2016;1:aag2045-.

Rodriguez DA, et al. Caspase-8 and FADD prevent spontaneous

ZBP1 expression and necroptosis. Proc Natl Acad Sci U S A. 2022;119:
€2207240119.

Sarhan J, et al. Caspase-8 induces cleavage of gasdermin D to

elicit pyroptosis during Yersinia infection. Proc Natl Acad Sci U S A.
2018;115:E10888-97.

SuZ,Yang Z, XuY, Chen Y, Yu Q. Apoptosis, autophagy, necroptosis, and
cancer metastasis. Mol Cancer. 2015;14:48.

399.

400.

401.

402.

403.

404.

405.

406.

407.

408.

409.

411,

412.

413.

414.

415.

416.

417.

418.

420.

421.

422.

Page 50 of 54

Xie Y, et al. Gut epithelial TSC1/mTOR controls RIPK3-dependent
necroptosis in intestinal inflammation and cancer. J Clin Invest.
2020;130:2111-28.

Wu W, et al. TNF-induced necroptosis initiates early autophagy events
via RIPK3-dependent AMPK activation, but inhibits late autophagy.
Autophagy. 2021;17:3992-4009.

Matsuzawa Y, et al. RIPK3 regulates p62-LC3 complex formation via the
caspase-8-dependent cleavage of p62. Biochem Biophys Res Commun.
2015;456:298-304.

Goodall ML, et al. The Autophagy Machinery Controls Cell

Death Switching between Apoptosis and Necroptosis. Dev Cell.
2016;37:337-49.

Wang L, et al. Palmitoylation prevents sustained inflammation by limit-
ing NLRP3 inflammasome activation through chaperone-mediated
autophagy. Mol Cell. 2023;83(2):281-297.e10. https://doi.org/10.1016/j.
molcel.2022.12.002.

LiuT, et al. USP19 suppresses inflammation and promotes M2-like mac-
rophage polarization by manipulating NLRP3 function via autophagy.
Cell Mol Immunol. 2021;18:2431-42.

Qiao L, et al. Deficient Chaperone-Mediated Autophagy Promotes
Inflammation and Atherosclerosis. Circ Res. 2021;129:1141-57.
Cosin-Roger J, et al. Hypoxia ameliorates intestinal inflammation
through NLRP3/mTOR downregulation and autophagy activation. Nat
Commun. 2017;8:98.

Ma L, et al. FLT4/VEGFR3 activates AMPK to coordinate glycometabolic
reprogramming with autophagy and inflammasome activation for
bacterial elimination. Autophagy. 2022;18(6):1385-400. https://doi.org/
10.1080/15548627.2021.1985338.

Kim SH, et al. Ezetimibe ameliorates steatohepatitis via AMP activated
protein kinase-TFEB-mediated activation of autophagy and NLRP3
inflammasome inhibition. Autophagy. 2017;13:1767-81.

Ko JH, Yoon SO, Lee HJ, Oh JY. Rapamycin regulates macrophage
activation by inhibiting NLRP3 inflammasome-p38 MAPK-NFkB
pathways in autophagy- and p62-dependent manners. Oncotarget.
2017,8:40817-31.

Wang J, et al. -Ferritinophagy: research advance and clinical significance
in cancers. - Cell Death Discov. 2023;9(1):463. https://doi.org/10.1038/
541420-023-01753-y.

L.N, et al. Ferritinophagy-mediated ferroptosis is involved in sepsis-
induced cardiac injury. D - 8709159, - 303-318.

Hou W, et al. Autophagy promotes ferroptosis by degradation of ferritin.
Autophagy. 2016;12:1425-8.

Gao M, et al. Ferroptosis is an autophagic cell death process. Cell Res.
2016;26:1021-32.

Fuhrmann DC, Mondorf A, Beiful? J, Jung M, Briine B. Hypoxia inhibits
ferritinophagy, increases mitochondrial ferritin, and protects from
ferroptosis. Redox Biol. 2020;36:101670. https://doi.org/10.1016/j.redox.
2020.101670. Epub 2020 Aug.

BaiV, et al. Lipid storage and lipophagy regulates ferroptosis. Biochem
Biophys Res Commun. 2019;508:997-1003.

Liu J, et al. Autophagic degradation of the circadian clock regulator
promotes ferroptosis. Autophagy. 2019;15(11):2033-5. https://doi.org/
10.1080/15548627.2019.1659623.

Chen C, et al. Legumain promotes tubular ferroptosis by facilitat-

ing chaperone-mediated autophagy of GPX4 in AKI. Cell Death Dis.
2021;12:65.

Park E, Chung SW. ROS-mediated autophagy increases intracellular iron
levels and ferroptosis by ferritin and transferrin receptor regulation. Cell
Death Dis. 2019;10:822.

Haberzettl P, Hill BG. Oxidized lipids activate autophagy in a JNK-
dependent manner by stimulating the endoplasmic reticulum stress
response. Redox Biol. 2013;1:56-64.

Page S, et al. 4-Hydroxynonenal prevents NF-kappaB activation and
tumor necrosis factor expression by inhibiting IkappaB phosphoryla-
tion and subsequent proteolysis. J Biol Chem. 1999;274:11611-8.
Bodur C, Kutuk O, Tezil T, Basaga H. Inactivation of Bcl-2 through IkB
kinase (IKK)-dependent phosphorylation mediates apoptosis upon
exposure to 4-hydroxynonenal (HNE). J Cell Physiol. 2012;227:3556-65.
Heckman CA, Mehew JW, Boxer LM. NF-kappaB activates Bcl-2 expres-
sion in t(14;18) lymphoma cells. Oncogene. 2002;21:3898-908.


https://doi.org/10.1016/j.molcel.2022.12.002
https://doi.org/10.1016/j.molcel.2022.12.002
https://doi.org/10.1080/15548627.2021.1985338
https://doi.org/10.1080/15548627.2021.1985338
https://doi.org/10.1038/s41420-023-01753-y
https://doi.org/10.1038/s41420-023-01753-y
https://doi.org/10.1016/j.redox.2020.101670
https://doi.org/10.1016/j.redox.2020.101670
https://doi.org/10.1080/15548627.2019.1659623
https://doi.org/10.1080/15548627.2019.1659623

He et al. Molecular Cancer

423.

424.

425.

426.

427.

428.

429.

430.

431.

432.

433.

434.

435.

436.

437.

438.

439.

440.

441,

442.

443,

444,

445.

446.

447.

448.

449.

450.

451.

(2024) 23:267

McElhanon KE, et al. Gsta4 Null Mouse Embryonic Fibroblasts Exhibit
Enhanced Sensitivity to Oxidants: Role of 4-Hydroxynonenal in Oxidant
Toxicity. Open J Apoptosis. 2013;2(1).

Meng H, et al. DNA methylation, its mediators and genome integrity. Int
J Biol Sci. 2015;11:604-17.

Mattei AL, Bailly N, Meissner A. DNA methylation: a historical perspec-
tive. Trends Genet. 2022;38:676-707.

Klutstein M, Nejman D, Greenfield R, Cedar H. DNA Methylation in
Cancer and Aging. Cancer Res. 2016;76:3446-50.

Koch A, et al. Analysis of DNA methylation in cancer: location revisited.
Nat Rev Clin Oncol. 2018;15:459-66.

Angeloni A, Bogdanovic O. Enhancer DNA methylation: implications for
gene regulation. Essays Biochem. 2019,63:707-15.

Jones PA. Functions of DNA methylation: islands, start sites, gene bod-
ies and beyond. Nat Rev Genet. 2012;13:484-92.

Lyko F. The DNA methyltransferase family: a versatile toolkit for epige-
netic regulation. Nat Rev Genet. 2018;19:81-92.

Smallwood SA, Kelsey G. De novo DNA methylation: a germ cell per-
spective. Trends Genet. 2012;28:33-42.

Okano M, Bell DW, Haber DA, Li E. DNA methyltransferases Dnmt3a
and Dnmt3b are essential for de novo methylation and mammalian
development. Cell. 1999,99:247-57.

Veland N, et al. DNMT3L facilitates DNA methylation partly by maintain-
ing DNMT3A stability in mouse embryonic stem cells. Nucleic Acids
Res. 2019,47:152-67.

Bronner C, Alhosin M, Hamiche A, Mousli M. Coordinated Dialogue
between UHRF1 and DNMTT1 to Ensure Faithful Inheritance of Methyl-
ated DNA Patterns. Genes (Basel). 2019;10:65.

Han M, et al. A role for LSH in facilitating DNA methylation by DNMTT1
through enhancing UHRF1 chromatin association. Nucleic Acids Res.
2020;48:12116-34.

Deaton AM, Bird A. CpG islands and the regulation of transcription.
Genes Dev. 2011;25:1010-22.

Lee ST, Wiemels JL. Genome-wide CpG island methylation and inter-
genic demethylation propensities vary among different tumor sites.
Nucleic Acids Res. 2016;44:1105-17.

Boyes J, Bird A. Repression of genes by DNA methylation depends on
CpG density and promoter strength: evidence for involvement of a
methyl-CpG binding protein. EMBO J. 1992;11:327-33.

Meehan RR, Lewis JD, McKay S, Kleiner EL, Bird AP. Identification of a
mammalian protein that binds specifically to DNA containing methyl-
ated CpGs. Cell. 1989;58:499-507.

Wu X, Zhang Y. TET-mediated active DNA demethylation: mechanism,
function and beyond. Nat Rev Genet. 2017;18:517-34.

Zhu H,Wang G, Qian J. Transcription factors as readers and effectors of
DNA methylation. Nat Rev Genet. 2016;17:551-65.

Bird A. DNA methylation patterns and epigenetic memory. Genes Dev.
2002;16:6-21.

Irizarry RA, et al. The human colon cancer methylome shows similar
hypo- and hypermethylation at conserved tissue-specific CpG island
shores. Nat Genet. 2009;41:178-86.

Bahar Halpern K, Vana T, Walker MD. Paradoxical role of DNA methyla-
tion in activation of FoxA2 gene expression during endoderm develop-
ment. J Biol Chem. 2014,289:23882-92.

Niesen M, et al. Activation of a methylated promoter mediated

by a sequence-specific DNA-binding protein. RFX J Biol Chem.
2005;280:38914-22.

Li B, Carey M, Workman JL. The role of chromatin during transcription.
Cell. 2007;128:707-19.

Ball MP, et al. Targeted and genome-scale strategies reveal gene-body
methylation signatures in human cells. Nat Biotechnol. 2009;27:361-8.
Lister R, et al. Human DNA methylomes at base resolution show wide-
spread epigenomic differences. Nature. 2009;462:315-22.

Hon GG, et al. Epigenetic memory at embryonic enhancers identi-
fied in DNA methylation maps from adult mouse tissues. Nat Genet.
2013;45:1198-206.

Esteller M. CpG island hypermethylation and tumor suppressor genes: a
booming present, a brighter future. Oncogene. 2002;21:5427-40.
Baba Y, et al. Epigenomic diversity of colorectal cancer indicated

by LINE-1 methylation in a database of 869 tumors. Mol Cancer.
2010;9:125.

452.

453.

454,

455.

456.

457.

458.

459.

460.

461.

462.

463.

464.

465.

466.

467.

468.

469.

470.

471.

472.

473.

474,

475.

Page 51 of 54

Maurano MT, et al. Role of DNA Methylation in Modulating Transcrip-
tion Factor Occupancy. Cell Rep. 2015;12:1184-95.

YinY, et al. Impact of cytosine methylation on DNA binding specificities
of human transcription factors. Science. 2017;356:eaaj2239.

Stadler MB, et al. DNA-binding factors shape the mouse methylome at
distal regulatory regions. Nature. 2011;480:490-5.

Schoenherr CJ, Levorse JM, Tilghman SM. CTCF maintains differential
methylation at the Igf2/H19 locus. Nat Genet. 2003;33:66-9.

Schubeler D. Function and information content of DNA methylation.
Nature. 2015;517:321-6.

Christman JK. 5-Azacytidine and 5-aza-2"-deoxycytidine as inhibitors of
DNA methylation. Oncogene. 2002;21(35):5483-95. https://doi.org/10.
1038/sj.0nc.1205699.

GuoYY, et al. Continuous gibberellin A3 exposure from weaning to
sexual maturity induces ovarian granulosa cell apoptosis by activat-
ing Fas-mediated death receptor signaling pathways and changing
methylation patterns on caspase-3 gene promoters. Toxicol Lett.
2020;319:175-86.

Lai X, Deng Z, Guo H, Zhu X, Tu W. HP1a'is highly expressed in glioma
cells and facilitates cell proliferation and survival. Cancer Biomark.
2017,20:453-60.

Xu J, et al. The cleft palate candidate gene BAG6 supports FoxO1 acety-
lation to promote FaslL-mediated apoptosis during palate fusion. Exp
Cell Res. 2020;396: 112310.

YuT, et al. Inhibition of Tet1- and Tet2-mediated DNA demethylation
promotes immunomodulation of periodontal ligament stem cells. Cell
Death Dis. 2019;10:780.

Farinelli P, et al. DNA methylation and differential gene regulation in
photoreceptor cell death. Cell Death Dis. 2014;5: e1558.

Sun'Y, et al. Epidermal Growth Factor Protects Against High Glucose-
Induced Podocyte Injury Possibly via Modulation of Autophagy and
PI3K/AKT/mTOR Signaling Pathway Through DNA Methylation. Diabe-
tes Metab Syndr Obes. 2021;14:2255-68.

Teng Y, et al. DNA methylation-mediated caspase-8 downregulation is
associated with anti-apoptotic activity and human malignant glioma
grade. Int J Mol Med. 2017;39:725-33.

Yu JL, Li C, Che LH, Zhao YH, Guo YB. Downregulation of long noncod-
ing RNA H19 rescues hippocampal neurons from apoptosis and oxida-
tive stress by inhibiting IGF2 methylation in mice with streptozotocin-
induced diabetes mellitus. J Cell Physiol. 2019;234:10655-70.
Kaufman-Szymczyk A, Majda K, Szutawska-Mroczek A, Fabianowska-
Majewska K, Lubecka K. Clofarabine-phytochemical combination
exposures in CML cells inhibit DNA methylation machinery, upregulate
tumor suppressor genes and promote caspase-dependent apoptosis.
Mol Med Rep. 2019,20:3597-608.

Park MT, et al. Enhancement of Radiosensitivity by DNA Hypomethylat-
ing Drugs through Apoptosis and Autophagy in Human Sarcoma Cells.
Biomol Ther (Seoul). 2022;30:80-9.

Liu A, et al. DNA methylation and RASSF4 expression are involved in T-2
toxin-induced hepatotoxicity. Toxicology. 2019;425: 152246.

Duan X, et al. Moderate DNA hypomethylation suppresses intestinal
tumorigenesis by promoting caspase-3 expression and apoptosis.
Oncogenesis. 2021;10:38.

TanYY, et al. Somatic Epigenetic Silencing of RIPK3 Inactivates Necrop-
tosis and Contributes to Chemoresistance in Malignant Mesothelioma.
Clin Cancer Res. 2021,27:1200-13.

Yang Z, et al. 2-HG Inhibits Necroptosis by Stimulating DNMT1-Depend-
ent Hypermethylation of the RIP3 Promoter. Cell Rep. 2017;19:1846-57.
Qiannan D, Qiangian J, Jiahui S, Haowei F, Qian X. LncRNA PVT1T medi-
ates the progression of liver necroptosis via ZBP1 promoter methylation
under nonylphenol exposure. Sci Total Environ. 2022;844:157185.

ShiF, et al. EBV(LMP1)-induced metabolic reprogramming inhibits
necroptosis through the hypermethylation of the RIP3 promoter. Thera-
nostics. 2019;9:2424-38.

Smith AD, et al. Autocrine IL6-Mediated Activation of the STAT3-DNMT
Axis Silences the TNFa-RIPT Necroptosis Pathway to Sustain Survival
and Accumulation of Myeloid-Derived Suppressor Cells. Cancer Res.
2020;80:3145-56.

Khan M, et al. Pyroptosis relates to tumor microenvironment remod-
eling and prognosis: A pan-cancer perspective. Front Immunol.
2022;13:1062225.


https://doi.org/10.1038/sj.onc.1205699
https://doi.org/10.1038/sj.onc.1205699

He et al. Molecular Cancer

476.

477.

478.

479.

480.

481.

482.

483.

484.

485.

486.

487.

488.

489.

490.

491.

492.

493.

494.

495.

496.

497.

498.

499.

500.

501.

(2024) 23:267

Le X, et al. DNA methylation downregulated ZDHHC1 suppresses
tumor growth by altering cellular metabolism and inducing oxida-
tive/ER stress-mediated apoptosis and pyroptosis. Theranostics.
2020;10(21):9495-511. https://doi.org/10.7150/thno.45631.

XiaY, et al. Antitumor Effect of Simvastatin in Combination With DNA
Methyltransferase Inhibitor on Gastric Cancer via GSDME-Mediated
Pyroptosis. Front Pharmacol. 2022;13: 860546.

Niu Q, et al. Co-delivery of nigericin and decitabine using hexahistidine-
metal nanocarriers for pyroptosis-induced immunotherapeutics. Acta
Pharm Sin B. 2022;12(12):4458-71.

Zhao P, et al. Programming cell pyroptosis with biomimetic nanoparti-
cles for solid tumor immunotherapy. Biomaterials. 2020;254:120142.
Zeng Z, et al. DNA dioxygenases TET2 deficiency promotes cigarette
smoke induced chronic obstructive pulmonary disease by inducing
ferroptosis of lung epithelial cell. Redox Biol. 2023;67:102916.

Logie E, et al. Ferroptosis induction in multiple myeloma cells triggers
DNA methylation and histone modification changes associated with
cellular senescence. Int J Mol Sci. 2021;22:12234.

Guo W, et al. Identification and Validation of Ferroptosis-Related DNA
Methylation Signature for Predicting the Prognosis and Guiding the
Treatment in Cutaneous Melanoma. Int J Mol Sci. 2022,23:15677.
Jiang Y, et al. EGLN1/c-Myc Induced Lymphoid-Specific Helicase Inhibits
Ferroptosis through Lipid Metabolic Gene Expression Changes. Thera-
nostics. 2017;7:3293-305.

Cai C, et al. DNA methylation of RUNX3 promotes the progression of
gallbladder cancer through repressing SLC7A11-mediated ferroptosis.
Cell Signal. 2023;108:110710.

Tessarz P, Kouzarides T. Histone core modifications regulating nucleo-
some structure and dynamics. Nat Rev Mol Cell Biol. 2014;15:703-8.
Lawrence M, Daujat S, Schneider R. Lateral Thinking: How His-

tone Modifications Regulate Gene Expression. Trends Genet.
2016;32:42-56.

Husmann D, Gozani O. Histone lysine methyltransferases in biology
and disease. Nat Struct Mol Biol. 2019;26:880-9.

Maes T, et al. KDM1 histone lysine demethylases as targets for treat-
ments of oncological and neurodegenerative disease. Epigenomics.
2015;7:609-26.

Turberfield AH, et al. KDM2 proteins constrain transcription from CpG
island gene promoters independently of their histone demethylase
activity. Nucleic Acids Res. 2019;47:9005-23.

Li'Y, et al. N(6)-Methyladenosine co-transcriptionally directs the
demethylation of histone H3K9me2. Nat Genet. 2020;52:870-7.
Shen'Y, Wei W, Zhou DX. Histone Acetylation Enzymes Coordinate
Metabolism and Gene Expression. Trends Plant Sci. 2015;20:614-21.
Shvedunova M, Akhtar A. Modulation of cellular processes by
histone and non-histone protein acetylation. Nat Rev Mol Cell Biol.
2022;23:329-49.

Wiesel-Motiuk N, Assaraf YG. The key roles of the lysine acetyltrans-
ferases KAT6A and KAT6B in physiology and pathology. Drug Resist
Updat. 2020;53: 100729.

Yan K, et al. Deficient histone H3 propionylation by BRPF1-KAT6E
complexes in neurodevelopmental disorders and cancer. Sci Adv.
2020;6:eaax0021.

Dancy BM, Cole PA. Protein lysine acetylation by p300/CBP. Chem
Rev. 2015;115:2419-52.

Bose DA, et al. RNA binding to CBP stimulates histone acetylation
and transcription. Cell. 2017;168:135-149 e122.

Nagy Z, Tora L. Distinct GCN5/PCAF-containing complexes function
as co-activators and are involved in transcription factor and global
histone acetylation. Oncogene. 2007;26:5341-57.

Jin Q, et al. Distinct roles of GCN5/PCAF-mediated H3K9ac and CBP/
p300-mediated H3K18/27ac in nuclear receptor transactivation.
EMBO J. 2011;30:249-62.

Radzisheuskaya A, et al. Complex-dependent histone acetyltrans-
ferase activity of KAT8 determines its role in transcription and cellular
homeostasis. Mol Cell. 2021;81:1749-1765 e1748.

Seto E, Yoshida M. Erasers of histone acetylation: the histone deacety-
lase enzymes. Cold Spring Harb Perspect Biol. 2014;6: a018713.
Lawlor L, Yang XB. Harnessing the HDAC-histone deacetylase
enzymes, inhibitors and how these can be utilised in tissue engineer-
ing. Int J Oral Sci. 2019;11:20.

502.

503.

504.

505.

506.

507.

508.

509.

514.

517.

518.

519.

520.

521.

522.

523.

524.

525.

526.

Page 52 of 54

Salminen A, Kauppinen A, Kaarniranta K. AMPK/Snf1 signaling regu-
lates histone acetylation: Impact on gene expression and epigenetic
functions. Cell Signal. 2016;28:887-95.

Kim J, Lee H, Yi SJ, Kim K. Gene regulation by histone-modifying
enzymes under hypoxic conditions: a focus on histone methylation
and acetylation. Exp Mol Med. 2022;54:878-89.

Jenuwein T, Allis CD. Translating the histone code. Science.
2001,293:1074-80.

Shoaib M, et al. Histone H4 lysine 20 mono-methylation directly
facilitates chromatin openness and promotes transcription of house-
keeping genes. Nat Commun. 2021;12:4800.

Huang H, et al. Histone H3 trimethylation at lysine 36 guides m(6)A
RNA modification co-transcriptionally. Nature. 2019;567:414-9.

Wang H, et al. H3K4me3 regulates RNA polymerase Il promoter-
proximal pause-release. Nature. 2023,;615:339-48.

DiFiore JV, et al. Unique and Shared Roles for Histone H3K36 Methyla-
tion States in Transcription Regulation Functions. Cell Rep. 2020;31:
107751.

Ljungman M, Parks L, Hulbatte R, Bedi K. The role of H3K79 methyla-
tion in transcription and the DNA damage response. Mutat Res Rev
Mutat Res. 2019;780:48-54.

Methot SP, et al. H3K9me selectively blocks transcription factor
activity and ensures differentiated tissue integrity. Nat Cell Biol.
2021;23:1163-75.

Clayton AL, Hazzalin CA, Mahadevan LC. Enhanced histone
acetylation and transcription: a dynamic perspective. Mol Cell.
2006;23:289-96.

Martin BJE, et al. Transcription shapes genome-wide histone acetylation
patterns. Nat Commun. 2021;12:210.

Luebben WR, Sharma N, Nyborg JK. Nucleosome eviction and activated
transcription require p300 acetylation of histone H3 lysine 14. Proc Natl
Acad Sci U S A.2010;107:19254-9.

Hogg SJ, et al. Targeting histone acetylation dynamics and oncogenic
transcription by catalytic P300/CBP inhibition. Mol Cell. 2021;81:2183-
2200 e2113.

Di Cerbo V, et al. Acetylation of histone H3 at lysine 64 regulates nucleo-
some dynamics and facilitates transcription. Elife. 2014;3: e01632.

Li X, Qian X, Lu Z. Local histone acetylation by ACSS2 promotes gene
transcription for lysosomal biogenesis and autophagy. Autophagy.
2017;13:1790-1.

Moussaieff A, et al. Glycolysis-mediated changes in acetyl-CoA and
histone acetylation control the early differentiation of embryonic stem
cells. Cell Metab. 2015;21:392-402.

Wong BW, et al. The role of fatty acid 3-oxidation in lymphangiogenesis.
Nature. 2017;542:49-54.

BeheraV, et al. Interrogating histone acetylation and BRD4 as mitotic
bookmarks of transcription. Cell Rep. 2019;27:400-415 e405.

WeiY, Mizzen CA, Cook RG, Gorovsky MA, Allis CD. Phosphorylation of
histone H3 at serine 10 is correlated with chromosome condensation
during mitosis and meiosis in Tetrahymena. Proc Natl Acad Sci U S A.
1998;95:7480-4.

Azevedo H, et al. Gene co-expression and histone modification signa-
tures are associated with melanoma progression, epithelial-to-mesen-
chymal transition, and metastasis. Clin Epigenetics. 2020;12(1):127.
Buyandelger B, et al. Histone deacetylase inhibitor MPTOB291 sup-
presses Glioma Growth in vitro and in vivo partially through acetylation
of p53. Int J Biol Sci. 2020;16(16):3184-99.

Ryu HW, et al. HDAC6 deacetylates p53 at lysines 381/382 and differen-
tially coordinates p53-induced apoptosis. Cancer Lett. 2017;391:162-71.
Jang YG, Hwang KA, Choi KC. Rosmarinic acid, a component of rose-
mary tea, induced the cell cycle arrest and apoptosis through modula-
tion of HDAC2 expression in prostate cancer cell lines. Nutrients.
2018;10:1784.

Dawood M, Ocko E, Efferth T. Collateral Sensitivity of Parthenolide via
NF-kB and HIF-a Inhibition and Epigenetic Changes in Drug-Resistant
Cancer Cell Lines. Front Pharmacol. 2019;10:542.

Kubatka P, et al. Antineoplastic effects of clove buds (Syzygium
aromaticum L.) in the model of breast carcinoma. J Cell Mol Med.
2017,21:2837-51.


https://doi.org/10.7150/thno.45631

He et al. Molecular Cancer

527.

528.

529.

530.

532.

533.

534.

535.

536.

537.

538.

539.

540.

541.

542.

543.

544,

545,

546.

547.

548.

549.

550.

551.

552.

(2024) 23:267

Laszig S, Boedicker C, Weiser T, Knapp S, Fulda S. The novel dual BET/
HDAC inhibitor TW09 mediates cell death by mitochondrial apoptosis
in rhabdomyosarcoma cells. Cancer Lett. 2020;486:46-57.

EnBle JC, et al. Co-targeting of BET proteins and HDACs as a novel
approach to trigger apoptosis in rhabdomyosarcoma cells. Cancer Lett.
2018;428:160-72.

Falchook GS, et al. Methylation and histone deacetylase inhibition in
combination with platinum treatment in patients with advanced malig-
nancies. Invest New Drugs. 2013;31:1192-200.

Wang SW, et al. Stimulation of Fas/FasL-mediated apoptosis by luteolin
through enhancement of histone H3 acetylation and c-Jun activation
in HL-60 leukemia cells. Mol Carcinog. 2018;57:866-77.

Montero JA, Lorda-Diez Cl, Hurle JM. Regulation of developmental cell
death in the animal kingdom: a critical analysis of epigenetic versus
genetic factors. Int J Mol Sci. 2022;23:1154.

Chestnut BA, et al. Epigenetic Regulation of Motor Neuron Cell Death
through DNA Methylation. J Neurosci. 2011;31:16619.
Sanchez-Fernandez C, Lorda-Diez Cl, Hurlé JM, Montero JA. The meth-
ylation status of the embryonic limb skeletal progenitors determines
their cell fate in chicken. Commun Biol. 2020;3:283.

Natarajan U, Venkatesan T, Radhakrishnan V, Samuel S, Rathinavelu A.
Differential Mechanisms of Cell Death Induced by HDAC Inhibitor SAHA
and MDM2 Inhibitor RG7388 in MCF-7 Cells. Cells. 2018;8:8.

Locatelli SL, et al. BIM upregulation and ROS-dependent necroptosis
mediate the antitumor effects of the HDACi Givinostat and Sorafenib in
Hodgkin lymphoma cell line xenografts. Leukemia. 2014,28(9):1861-71.
Roedig J, et al. USP22 controls necroptosis by regulating receptor-
interacting protein kinase 3 ubiquitination. EMBO Rep. 2021;22: e50163.
Yao F, et al. HDAC11 promotes both NLRP3/caspase-1/GSDMD and
caspase-3/GSDME pathways causing pyroptosis via ERG in vascular
endothelial cells. Cell Death Discov. 2022;8(1):112.

Wang Y, et al. Histone deacetylase 2 regulates ULK1 mediated pyrop-
tosis during acute liver failure by the K68 acetylation site. Cell Death
Dis. 2021;12(1):55. https://doi.org/10.1038/541419-020-03317-9.

Wu X, et al. Inhibition of PRMT5 attenuates cerebral ischemia/reper-
fusion-Induced inflammation and pyroptosis through suppression of
NF-kB/NLRP3 axis. Neurosci Lett. 2022;776: 136576.

Salminen A, Kaarniranta K. SIRT1: regulation of longevity via
autophagy. Cell Signal. 2009;21:1356-60.

Fullgrabe J, Klionsky DJ, Joseph B. The return of the nucleus: tran-
scriptional and epigenetic control of autophagy. Nat Rev Mol Cell
Biol. 2014;15:65-74.

Kroemer G, Marifio G, Levine B. Autophagy and the integrated stress
response. Mol Cell. 2010;40:280-93.

Eisenberg T, et al. Nucleocytosolic depletion of the energy metabo-
lite acetyl-coenzyme a stimulates autophagy and prolongs lifespan.
Cell Metab. 2014;19:431-44.

Marifio G, et al. Regulation of autophagy by cytosolic acetyl-coen-
zyme A. Mol Cell. 2014;53:710-25.

Artal-Martinez de Narvajas A, et al. Epigenetic regulation

of autophagy by the methyltransferase G9a. Mol Cell Biol.
2013;33:3983-93.

Sun X, et al. Histone deacetylase inhibitors inhibit cervical cancer
growth through Parkin acetylation-mediated mitophagy. Acta Pharm
Sin B. 2022;12(2):838-52. https://doi.org/10.1016/j.apsb.2021.07.003.
Fischer MA, et al. Novel hydroxamic acid derivative induces
apoptosis and constrains autophagy in leukemic cells. J Adv Res.
2024,60:201-14.

Zhuang A, et al. Metformin promotes histone deacetylation of
optineurin and suppresses tumour growth through autophagy
inhibition in ocular melanoma. Clin Transl Med. 2022;12(1):e660.

Liu Z, et al. EZH2 regulates H2B phosphorylation and elevates colon
cancer cell autophagy. J Cell Physiol. 2020;235(2):1494-503.

Zhang Y, et al. BAP1 links metabolic regulation of ferroptosis to tumour
suppression. Nat Cell Biol. 2018;20:1181-92.

Wang Y, et al. Epigenetic regulation of ferroptosis by H2B monoubiquit-
ination and p53. EMBO Rep. 2019;20: e47563.

Wang Y, et al. Histone demethylase KDM3B protects against ferroptosis
by upregulating SLC7A11. FEBS Open Bio. 2020;10:637-43.

553.

554.

555.

556.

557.

558.

559.

560.

561.

562.

563.

564.

565.

566.

567.

568.

569.

570.

572.

573.

574.

575.

576.

577.

578.

579.

Page 53 of 54

Sun Z, Chin YE, Zhang DD. Acetylation of Nrf2 by p300/CBP aug-
ments promoter-specific DNA binding of Nrf2 during the antioxidant
response. Mol Cell Biol. 2009;29:2658-72.

Zhang Y, Xiong Y, Yarbrough WG. ARF promotes MDM?2 degradation
and stabilizes p53: ARF-INK4a locus deletion impairs both the Rb and
p53 tumor suppression pathways. Cell. 1998;92:725-34.

Chen D, et al. NRF2 Is a Major Target of ARF in p53-Independent Tumor
Suppression. Mol Cell. 2017;68:224-232.e224.

Sui S, et al. Ferritinophagy is required for the induction of ferroptosis by
the bromodomain protein BRD4 inhibitor (+)-JQ1 in cancer cells. Cell
Death Dis. 2019;10:331.

Xue X, et al. Tumour cells are sensitised to ferroptosis via RB1CC1-
mediated transcriptional reprogramming. Clin Transl Med. 2022;12(2).
https://doi.org/10.1002/ctm2.747.

Du L, et al. Inhibition of LSD1 induces ferroptosis through the ATF4-xCT
pathway and shows enhanced anti-tumor effects with ferroptosis
inducers in NSCLC. Cell Death Dis. 2023;14(11):716. https://doi.org/10.
1038/541419-023-06238-5.

Zhou L, et al. PRMT1 inhibition promotes ferroptosis sensitivity

via ACSL1 upregulation in acute myeloid leukemia. Mol Carcinog.
2023;62(8):1119-35.

Clapier CR, Cairns BR. The biology of chromatin remodeling complexes.
Annu Rev Biochem. 2009;78:273-304.

Mittal P, Roberts CWM. The SWI/SNF complex in cancer - biology,
biomarkers and therapy. Nat Rev Clin Oncol. 2020;17:435-48.

Wilson BG, Roberts CW. SWI/SNF nucleosome remodellers and cancer.
Nat Rev Cancer. 2011;11:481-92.

Chang L, et al. The SWI/SNF complex is a mechanoregulated inhibitor
of YAP and TAZ. Nature. 2018;563:265-9.

Andrades A, et al. SWI/SNF complexes in hematological malignancies:
biological implications and therapeutic opportunities. Mol Cancer.
2023;22:39.

Botta GP, et al. SWI/SNF complex alterations as a biomarker of immuno-
therapy efficacy in pancreatic cancer. JCl Insight. 2021,6:e150453.
Agaimy A. SWI/SNF-deficient Malignancies: Optimal Candidates for
Immune-oncological Therapy? Adv Anat Pathol. 2023;30:211-7.
Bartholomew B. ISWI chromatin remodeling: one primary actor or a
coordinated effort? Curr Opin Struct Biol. 2014;24:150-5.

Dann GP, et al. ISWI chromatin remodellers sense nucleosome modifi-
cations to determine substrate preference. Nature. 2017;548:607-11.
Barisic D, Stadler MB, lurlaro M, Schiibeler D. Mammalian ISWI and SWI/
SNF selectively mediate binding of distinct transcription factors. Nature.
2019;569:136-40.

Dao HT, Dul BE, Dann GP, Liszczak GP, Muir TW. A basic motif anchoring
ISWI to nucleosome acidic patch regulates nucleosome spacing. Nat
Chem Biol. 2020;16:134-42.

LiY, et al. The emerging role of ISWI chromatin remodeling complexes
in cancer. J Exp Clin Cancer Res. 2021;40:346.

Reyes AA, Marcum RD, He Y. Structure and Function of Chromatin
Remodelers. J Mol Biol. 2021;433: 166929.

Rother MB, van Attikum H. DNA repair goes hip-hop: SMARCA and CHD
chromatin remodellers join the break dance. Philos Trans R Soc Lond B
Biol Sci. 2017;372:20160285.

Hassan AH, et al. Function and selectivity of bromodomains in anchor-
ing chromatin-modifying complexes to promoter nucleosomes. Cell.
2002;111:369-79.

Zeng L, et al. Mechanism and regulation of acetylated histone binding
by the tandem PHD finger of DPF3b. Nature. 2010;466:258-62.
Nishioka K, et al. Set9, a novel histone H3 methyltransferase that facili-
tates transcription by precluding histone tail modifications required for
heterochromatin formation. Genes Dev. 2002;16:479-89.

Bannister AJ, et al. Selective recognition of methylated lysine 9 on
histone H3 by the HP1 chromo domain. Nature. 2001;410:120-4.

Barski A, et al. High-resolution profiling of histone methylations in the
human genome. Cell. 2007;129:823-37.

Lee S, CimicaV, Ramachandra N, Zagzag D, Kalpana GV. Aurora A

is a repressed effector target of the chromatin remodeling protein
INIT/hSNF5 required for rhabdoid tumor cell survival. Cancer Res.
2011;71:3225-35.


https://doi.org/10.1038/s41419-020-03317-9
https://doi.org/10.1016/j.apsb.2021.07.003
https://doi.org/10.1002/ctm2.747
https://doi.org/10.1038/s41419-023-06238-5
https://doi.org/10.1038/s41419-023-06238-5

He et al. Molecular Cancer (2024) 23:267

580.

581.

582.

583.

584.

585.

586.

587.

588.

589.

590.

591.

592.

593.

594.

595.

596.

597.

598.

599.

600.

601.

602.

YeY, et al. Inhibition of expression of the chromatin remodeling gene,
SNF2L, selectively leads to DNA damage, growth inhibition, and cancer
cell death. Mol Cancer Res. 2009;7:1984-99.

Seah C, et al. Neuronal death resulting from targeted disruption of the
Snf2 protein ATRX is mediated by p53. J Neurosci. 2008;28:12570-80.
Takeishi Y, et al. SMARCAD1-mediated recruitment of the DNA mis-
match repair protein MutLa to MutSa on damaged chromatin induces
apoptosis in human cells. J Biol Chem. 2020;295:1056-65.

Li W, et al. Nuclear RIPK1 promotes chromatin remodeling to mediate
inflammatory response. Cell Res. 2022;32:621-37.

Sun Z, etal. 31 integrin signaling governs necroptosis via the chroma-
tin-remodeling factor CHD4. Cell Rep. 2023;42(11):113322. https://doi.
0rg/10.1016/j.celrep.2023.113322. Epub 2023.

Li G, et al. Multi-omics analysis reveals the panoramic picture of
necroptosis-related regulators in pan-cancer. Aging (Albany NY).
2022;14:5034-58.

Mao C, et al. A G3BP1-Interacting INcRNA Promotes Ferroptosis and
Apoptosis in Cancer via Nuclear Sequestration of p53. Cancer Res.
2018;78:3484-96.

Wang M, et al. Long noncoding RNA LINC00336 inhibits ferroptosis

in lung cancer by functioning as a competing endogenous RNA. Cell
Death Differ. 2019;26:2329-43.

Tesfay L, et al. Stearoyl-CoA Desaturase 1 Protects Ovarian Cancer Cells
from Ferroptotic Cell Death. Cancer Res. 2019;79:5355-66.

Li Q, et al. Over-expressed INcCRNA HOTAIRM1 promotes tumor growth
and invasion through up-regulating HOXA1 and sequestering G9a/
EZH2/Dnmts away from the HOXAT1 gene in glioblastoma multiforme. J
Exp Clin Cancer Res. 2018;37(1):265.

FuY, et al. The DNMT1-PAS1-PH20 axis drives breast cancer growth and
metastasis. Signal Transduct Target Ther. 2022;7(1):81.

Wang M, et al. Long noncoding RNA LINC00336 inhibits ferroptosis

in lung cancer by functioning as a competing endogenous RNA.

Cell Death Differ. 2019;26(11):2329-43. https://doi.org/10.1038/
$41418-019-0304-y.

Sun B, et al. miR-644-5p carried by bone mesenchymal stem cell-
derived exosomes targets regulation of p53 to inhibit ovarian granulosa
cell apoptosis. Stem Cell Res Ther. 2019;10(1):360.

Chen S, Thorne RF, Zhang XD, Wu M, Liu L. Non-coding RNAs, guardians
of the p53 galaxy. Semin Cancer Biol. 2021;75:72-83. https://doi.org/10.
1016/j.semcancer.2020.09.002. Epub.

Yu A, et al. Transcription factor HIF1a promotes proliferation, migration,
and invasion of cholangiocarcinoma via long noncoding RNA H19/
microRNA-612/Bcl-2 axis. Transl Res. 2020;224:26-39.

Kumar D, et al. LncRNA Malat1 suppresses pyroptosis and T cell-medi-
ated killing of incipient metastatic cells. Nat Cancer. 2024;5(2):262-82.
Dai J, et al. LncRNA LINC00969 promotes acquired gefitinib resistance
by epigenetically suppressing of NLRP3 at transcriptional and post-
transcriptional levels to inhibit pyroptosis in lung cancer. Cell Death Dis.
2023;14(5):312. https://doi.org/10.1038/541419-023-05840-x.

Zhou X, et al. Pyroptosis-Related IncRNA Prognostic Model for Renal
Cancer Contributes to Immunodiagnosis and Immunotherapy. Front
Oncol. 2022;12:837155.

He WP, et al. A novel necroptosis-related INncRNA signature for predict-
ing prognosis and anti-cancer treatment response in endometrial
cancer. Front Immunol. 2022;13:1018544. https://doi.org/10.3389/
fimmu.2022.1018544.

SunL, et al. Identification of a Necroptosis-Related Prognostic Signature
and Associated Regulatory Axis in Lung Adenocarcinoma. Int J Genom-
ics. 2023;2023:8766311.

Zuo YB, et al. Ferroptosis in cancer progression: role of noncoding RNAs.
Int J Biol Sci. 2022;18(5):1829-43. https://doi.org/10.7150/ijbs.66917.
Zhang H, et al. CAF secreted miR-522 suppresses ferroptosis and
promotes acquired chemo-resistance in gastric cancer. Mol Cancer.
2020;19(1):43.

ZhangY, et al. Long noncoding RNA NEAT1T promotes ferroptosis by
modulating the miR-362-3p/MIOX axis as a ceRNA. Cell Death Differ
2022;29(9):1850-63. https://doi.org/10.1038/541418-022-00970-9.

Page 54 of 54

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.1016/j.celrep.2023.113322
https://doi.org/10.1016/j.celrep.2023.113322
https://doi.org/10.1038/s41418-019-0304-y
https://doi.org/10.1038/s41418-019-0304-y
https://doi.org/10.1016/j.semcancer.2020.09.002
https://doi.org/10.1016/j.semcancer.2020.09.002
https://doi.org/10.1038/s41419-023-05840-x
https://doi.org/10.3389/fimmu.2022.1018544
https://doi.org/10.3389/fimmu.2022.1018544
https://doi.org/10.7150/ijbs.66917
https://doi.org/10.1038/s41418-022-00970-9

	Mechanisms and cross-talk of regulated cell death and their epigenetic modifications in tumor progression
	Abstract 
	Introduction
	Mechanisms of cell death and tumor progression
	Apoptosis
	Mechanisms of apoptosis
	Mitochondrial pathway of apoptosis
	Endoplasmic reticulum of apoptosis
	Death receptor pathway of apoptosis

	Apoptosis in tumor progression and tumor immunity

	Autophagy
	Mechanism of autophagy
	Initiation
	Elongation (VPS34VPS15Beclin1ATG14L)
	Maturation of autophagosome membrane
	Fusion with lysosomes
	Selective degradation

	Induction of autophagy
	Metabolic pressure
	Hypoxia
	Oxidative stress

	Autophagy in tumor progression and tumor immunity

	Necroptosis
	Mechanisms of necroptosis
	Activation of necroptosis: death receptor and RIPKs
	MLKL phosphorylation and cell rupture

	Necroptosis in tumor progression and tumor immunity

	Pyroptosis
	Mechanisms of pyroptosis
	Canonical pathway (Caspase1-dependent pathway)
	Noncanonical pathway (Caspase4, 5, 11- dependent pathway)
	Alternative pathway

	Pyroptosis in tumor progression and tumor immunity

	Ferroptosis
	Mechanisms of ferroptosis
	Iron accumulation
	Intercellular interactions

	Ferroptosis in tumor progression and tumor immunity

	Disulfidptosis
	Cuproptosis
	Mitochondrial permeability transition (MPT)-driven necrosis
	Parthanatos
	NETosis
	Lysosome-dependent cell death
	Cellular senescence
	Immunogenic cell death
	Mitotic catastrophe
	Cross-talk between different forms of programmed cell death
	Cross-talk between autophagy and apoptosis
	Autophagy as a protective mechanism preceding apoptosis
	Autophagy-dependent cell death develops when apoptosis is inhibited
	Common upstream triggers

	Cross-talk between apoptosis, necroptosis and pyroptosis
	TNF
	TRADD
	Caspase8

	Cross-talk between autophagy and necroptosis
	Cross-talk between autophagy and pyroptosis
	Cross-talk between ferroptosis and autophagy
	Cross-talk between ferroptosis and apoptosis
	Epigenetic regulations in cell death
	DNA modifications
	Regulation of DNA methylation
	DNA methylation and gene transcription
	DNA methylation and cell death
	DNA methylation and apoptosis
	DNA methylation and necroptosis
	DNA methylation and pyroptosis
	DNA methylation and ferroptosis


	Histone modifications
	Regulation of histone modifications (writers and erasers)
	Histone methylation
	Histone acetylation

	Histone modifications and gene transcription (readers)
	Histone methylation
	Histone acetylation
	Histone phosphorylation

	Histone modification and cell death
	Histone modification and apoptosis
	Histone modifications and necroptosis
	Histone modifications and pyroptosis
	Histone modifications and autophagy
	Histone modifications and ferroptosis


	Chromatin remodeling
	Regulation of chromatin remodeling
	Chromatin remodeling and gene transcription
	Chromatin remodeling and cell death
	Chromatin remodeling and apoptosis
	Chromatin remodeling and necroptosis
	Chromatin remodeling and ferroptosis


	NcRNA
	Roles of ncRNA in epigenetic regulations
	NcRNA and cell death
	NcRNA and apoptosis
	NcRNA and pyroptosis
	NcRNA and ferroptosis


	Discussion
	References


