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Highlights

What are the main findings?

• This review summarizes recent advances in the molecular regulation of necroptosis
and its multifaceted roles in cancer biology.

• Recent evidence identifies EGFR–TNFR1 signaling crosstalk and metabolic reprogram-
ming as important modulators of necroptotic signaling.

What are the implications of the main findings?

• Understanding the mechanisms regulating necroptosis provides new opportunities to
overcome therapeutic resistance in cancer.

• Integrating necroptosis-targeted strategies with existing anti-cancer therapies im-
proves treatment efficacy and patient outcomes.

Abstract

Most cancers are fatal and remain challenging to cure due to changes in tumorigenesis and
therapeutic resistance. Despite significant advancements in cancer therapy, a substantial
proportion of malignancies exhibit resistance to conventional therapies, driven primarily
by cancer plasticity and the emergence of multidrug resistance. Recent cancer treatments
include cytotoxic chemotherapy, molecular targeted therapy, and immune checkpoint in-
hibitors. A major hallmark of cancer cells is their ability to develop sophisticated evasion
mechanisms that bypass programmed cell death when exposed to anti-cancer drugs. In ad-
dition, malignant cells evade the efficacy of anti-cancer drugs by altering cell proliferation,
survival, and metastasis. To suppress oncogenic characteristics, necroptosis-based thera-
pies have attracted substantial attention, as they can inhibit tumorigenesis and improve
treatment outcomes across many cancer types. Furthermore, an increasing body of research
focuses on suppressing tumorigenesis by targeting receptors that are overexpressed in
cancer cells. In this review, we elucidate how tumorigenesis is inhibited by regulating the
epidermal growth factor receptor (EGFR)–tumor necrosis factor receptor (TNFR) signaling
pathway in necroptosis. By delineating the underlying mechanisms of these receptors,
we propose that the induction of necroptosis via EGFR and TNFR represents an innova-
tive paradigm for targeted therapy, offering a strategy to enhance clinical outcomes in
treatment-resistant cancers.
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1. Introduction
Cancer remains a leading cause of mortality worldwide. Specifically, it accounts for

a large proportion of global deaths due to its complex causes and limited therapeutic
options [1–3].

Cancer is driven by key biological hallmark processes, including sustained prolifera-
tive signaling, deregulated differentiation, angiogenesis, invasion, and metastasis. A crit-
ical hallmark of cancer is the evasion of programmed cell death, which, together with
genetic instability and metabolic reprogramming, drives tumorigenesis and treatment
resistance [4–6]. Therefore, overcoming cell death evasion represents a key objective of
modern cancer therapy.

Over the past decades, significant advances have been made in cancer therapy, in-
cluding surgery, radiotherapy, antibody–drug conjugates (ADCs), immune checkpoint
inhibitors (ICIs), cell death-based treatments, and gene-targeted therapies [6–10]. Within
this landscape, the regulation of necroptosis is associated with cancer initiation, progression,
metastasis, and drug resistance. While the activation of necroptosis suppresses malignant
cell growth and proliferation, cancer cells evade or repair cell death signaling pathways to
promote cell growth, proliferation, and metastasis [11–13]. To overcome such resistance,
recent studies have explored combination therapies, ADC-based strategies, ICI-mediated
regulation of target genes, and clinical applications of cell death induction [14–16].

This review focuses on necroptosis in cancer. Based on these findings, we suggest
a strategy to maximize therapeutic efficacy in treatment-resistant malignancies. Necroptosis,
a regulated and pro-inflammatory form of lytic cell death mediated by receptor-interacting
protein kinases 1 and 3 (RIPK1/RIPK3) and the mixed lineage kinase domain-like protein
(MLKL), has emerged as a promising therapeutic target, particularly in cancers such as
colorectal cancer and leukemia that develop resistance to cell death-inducing therapies.
Unlike necrosis, necroptosis is regulated through the RIPK1–RIPK3–MLKL signaling axis.
The activation of these signaling pathways promotes MLKL oligomerization and plasma
membrane permeabilization, thereby facilitating a necrotic morphology accompanied by
inflammatory signaling [17–19].

In contrast to necroptosis, necrosis has long been viewed as an accidental, passive,
and unregulated process, referred to as accidental cell death (ACD). Morphologically, ACD
is characterized by cell swelling, organelle distention, plasma membrane rupture, and
uncontrolled leakage of intracellular constituents into the extracellular environment. This
loss of membrane integrity leads to the release of damage-associated molecular patterns
(DAMPs)–such as high mobility group box 1 (HMGB1), ATP, nucleic acids, and heat shock
proteins–which drive a robust inflammatory response and exacerbate tissue damage [20–22].
Unlike necroptosis and necrosis, apoptosis–a regulated form of programmed cell death–is
essential for homeostasis and immune regulation. Morphologically, it is characterized
by cytoplasmic condensation, membrane blebbing, chromatin fragmentation, and the
formation of apoptotic bodies, which are subsequently cleared by efferocytosis, thereby
maintaining immunological quiescence [23,24].

In this review, we delineate the molecular mechanisms of necroptosis, elucidate its
functional role in cancer, and outline novel approaches to improve therapeutic outcomes.

2. Cell Death
Cell death is broadly categorized into regulated cell death (RCD) and ACD. RCD is

a genetically regulated process in which cells undergo programmed death in response to
specific physiological or pathological stimuli. In contrast, ACD is characterized by the
instantaneous, physical destruction of cells [20].
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2.1. Apoptosis

• Physiological Features: Apoptosis represents the paradigm of RCD, playing an indis-
pensable role in developmental morphogenesis and the maintenance of immunological
tolerance. Morphologically characterized by chromatin fragmentation, cytoplasmic
condensation, and the formation of distinct apoptotic bodies, apoptotic cells are
swiftly cleared via efferocytosis to preserve immunological quiescence within the
tissue microenvironment (Table 1 and Figure 1) [25].

Table 1. Comparison of necroptosis, necrosis, and apoptosis in cell death [18,19,26–33]. The
symbols represent the relative level of reported papers rather than quantitative expression levels.
“+/−” indicates controversial or context-dependent findings, “+” indicates limited evidence, “++”
indicates multiple independent reports, and “+++” indicates extensive and consistently demonstrated
evidence.

Characteristic Necroptosis Necrosis Apoptosis

Contained
proteins

RIPK1 +++ − +
RIPK3 + − −
MLKL + − −

Caspase-3 − − +
Membrane perforation +++ +++ −

Morphological
characteristics

Membrane blebbing − − +
DNA fragmentation + +/− +++

Cell lysis + + −
Cell swelling + + −
Inflammation + + +/−

Receptors
EGFR + +/− +++
TNFR +++ +/− +++

Cancer types

Breast cancer +++ ++ ++
Lung cancer +++ ++ ++

Colorectal cancer ++ +++ ++
Pancreatic cancer ++ +++ +++

Melanoma + ++ +++
Liver cancer + +++ +++

• Signaling Pathways (Intrinsic and Extrinsic): The execution of apoptosis occurs
through two primary interconnected pathways. Intracellular stress signals trigger
the intrinsic (mitochondrial) pathway and are tightly regulated by the B-cell lym-
phoma 2 (BCL-2) family of proteins, which regulate mitochondrial outer membrane
permeabilization. In contrast, the extrinsic pathway is initiated by the engagement of
cell-surface death receptors (e.g., Fas Cell Surface Death Receptor (Fas), TNF-related
apoptosis-inducing ligand (TRAIL), and Tumor Necrosis Factor Receptor 1 (TNFR1)
by their respective ligands, assembling the death-inducing signaling complex to ac-
tivate initiator caspase-8. Both pathways ultimately converge on the activation of
executioner caspases, specifically caspase-3 and caspase-7, to systematically dismantle
structural and regulatory proteins within the cell (Table 1) [25,34–37].

• Pharmacological Regulation and Therapies: In the context of cancer therapy, phar-
macological strategies targeting apoptotic resistance should be considered within the
broader framework of TNFR1-dependent cell death regulation [18,38,39]. BH3 mimet-
ics, such as venetoclax, restore apoptotic sensitivity by inhibiting anti-apoptotic BCL-2
family proteins; however, their efficacy is frequently limited by compensatory survival
pathways, including MCL-1-mediated resistance [40,41]. Also, SMAC mimetics, in-
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cluding LCL161 and birinapant, enhance death receptor-mediated apoptotic signaling
by targeting inhibitors of apoptosis proteins (IAPs) [42–51]. These agents induce
cIAP1/2 degradation, destabilize TNFR1-associated Complex I, promote RIPK1 deu-
biquitination, and facilitate formation of the ripoptosome, a RIPK1-containing intracel-
lular death platform that can determine apoptotic or necroptotic outcomes depending
on caspase-8 activity and cellular context [42–46,52]. Importantly, EGFR-mediated
attenuation of TNFR1-dependent death signaling and SMAC mimetic-induced pro-
motion of RIPK1-dependent death complex formation represent opposing regulatory
mechanisms that converge at the level of TNFR1-RIPK1 signaling [45,53]. This conver-
gence suggests that the EGFR–TNFR1–RIPK1 axis represents a potential therapeutic
vulnerability. Within this signaling network, RIPK1 serves as a pivotal molecular
checkpoint that determines the balance between cell survival and apoptosis or necrop-
tosis [18,26,54–56]. Future therapeutic strategies should consider the molecular context
of tumors, including EGFR activation status, TNFR1 expression, and RIPK1 regulatory
state, to identify tumor subsets most likely to benefit from combined EGFR inhibition
and TNFR1-dependent death pathway activation (Table 2).

Figure 1. Mechanism of Apoptosis, Necrosis, and Necroptosis. Cell death can be broadly classified
into three major forms (apoptosis, necrosis, and necroptosis), which differ in their degree of regulation
and their ability to elicit inflammation. Apoptosis is a caspase-dependent, programmed, non-
inflammatory form of cell death that is mediated by extrinsic or intrinsic pathways. Necrosis is
unregulated, highly inflammatory, and triggered by a loss of homeostasis (ATP depletion, severe
stress, ischemia). Necroptosis shows a regulated form of necrotic, inflammatory cell death initiated
by ligands like TNF-α, FasL, or TLRs. The figure was drafted through Servier Medical Art, revised
through the free version of ChatGPT (GPT-5.5), and then completed through Servier Medical Art.
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2.2. Necrosis

• Morphological Collapse in ACD: Necrosis has historically been defined as a pas-
sive, uncontrolled form of ACD precipitated by extreme environmental stresses, such
as severe hypoxia, hyperthermia, and mechanical trauma [57–59]. Severe bioen-
ergetic catastrophe leads to the failure of ATP-dependent ion pumps, provoking
an unregulated influx of calcium (Ca2+) and sodium (Na+). Cytosolic calcium over-
load indiscriminately activates deleterious hydrolytic enzymes—including calpains,
cathepsins, and phospholipases—permanently degrading the cellular proteome and
lipid bilayers [60–63]. Concurrently, intracellular sodium accumulation drives an os-
motic imbalance, inducing massive water influx, cellular and organelle swelling
(oncosis), and culminating in catastrophic plasma membrane rupture (Table 1 and
Figure 1) [64–66].

• Inflammatory Microenvironment and DAMP Release: The complete loss of mem-
brane integrity triggers the rapid, indiscriminate leakage of intracellular components
and DAMPs—such as HMGB1, ATP, genomic DNA, and heat shock proteins—into the
extracellular milieu [67–71]. These DAMPs act as potent danger signals that instigate
a robust innate immune response, driving chronic inflammation within the TME.
In the context of malignancy, this necrosis-induced chronic inflammation can act as
a double-edged sword, paradoxically fueling tumor progression by stimulating cell
proliferation, remodeling the extracellular matrix, and promoting angiogenesis and
metastasis (Table 1) [72–74].

• Expansion into Regulated Necrosis (RN): In contrast to accidental necrosis, recent
paradigms recognize several RN pathways that operate under precise genetic pro-
grams and signaling axes [18,19]. Key modalities include necroptosis, driven by
the RIPK1–RIPK3–MLKL axis leading to regulated osmotic lysis; ferroptosis, char-
acterized by glutathione peroxidase 4 (GPX4) inhibition and iron-dependent lipid
peroxidation; pyroptosis, involving inflammasome activation and Gasdermin D pore
formation; and parthanatos, mediated by poly(ADP-ribose) polymerase-1 (PARP-1)
hyperactivation resulting in nicotinamide adenine dinucleotide (NAD+) depletion
and apoptosis-inducing factor (AIF) nuclear translocation [19,75–77].

• Necrosis Resistance and Therapeutic Outlook: To withstand plasma membrane dam-
age and mechanical stress, advanced cancer cells deploy adaptive survival strategies.
These include upregulating the Endosomal Sorting Complex Required for Transport
III (ESCRT-III) to dynamically repair damaged membranes and delay osmotic lysis,
as well as enhancing antioxidant buffering capacities and rewiring mitochondrial
metabolic pathways [78–81]. Consequently, elucidating these multifaceted resistance
mechanisms is pivotal to counteract cell death evasion and optimize tumor-killing
efficacy in clinical settings.

To circumvent the therapeutic limitations imposed by apoptotic evasion and avoid
the detrimental inflammatory consequences of accidental necrosis, recent oncological
research has increasingly focused on necroptosis. As a form of regulated necrotic cell death,
necroptosis shares the morphological hallmarks of necrosis but operates under a highly
orchestrated, genetically programmed signaling cascade, offering a promising alternative
paradigm to overcome treatment resistance in cancer.

2.3. Necroptosis

• Physiological Features and Therapeutic Rationale: To circumvent the therapeutic lim-
itations imposed by apoptotic evasion while avoiding the detrimental inflammatory
consequences associated with accidental necrosis, contemporary oncological research
has increasingly focused on necroptosis. As a representative modality of RN, necrop-

https://doi.org/10.3390/cells15141310

https://doi.org/10.3390/cells15141310


Cells 2026, 15, 1310 6 of 26

tosis combines the morphological hallmarks of necrotic cell death—including or-
ganelle swelling, bioenergetic collapse, and terminal plasma membrane rupture—with
a tightly regulated signaling cascade. This dual nature positions necroptosis as
a promising alternative strategy for eliminating refractory tumors that exhibit in-
trinsic resistance to conventional apoptosis-inducing therapies, while potentially
enabling a more controlled modulation of downstream immune responses (Table 1
and Figure 1) [82–87].

• Signaling Pathways (The TNFR1-Necrosome Axis and Organelle Dysfunction): The
molecular initiation of necroptosis is primarily mediated by TNFR1, a pleiotropic death
receptor implicated in inflammatory signaling, tumor progression, and metastatic dis-
semination across multiple malignancies. Upon TNF-α ligation, TNFR1 recruits tumor
necrosis factor receptor type 1-associated death domain (TRADD), TNF receptor-
associated factor 2 (TRAF2), cIAPs, and the linear ubiquitin chain assembly complex
(LUBAC) to assemble membrane-associated Complex I. The signaling fate of Complex
I is critically regulated by RIPK1’s ubiquitination status. Under pro-survival condi-
tions, cIAP1/2-mediated K63-linked polyubiquitination of RIPK1 stabilizes Complex
I and promotes downstream nuclear factor kappa-light-chain-enhancer of activated
B cells (NF-κB) signaling. In contrast, commitment to cell death is initiated when
deubiquitinases, particularly cylindromatosis (CYLD), dismantle these ubiquitin scaf-
folds, allowing RIPK1 to dissociate from the plasma membrane and translocate into
the cytosol (Figure 1) [38,88–90].

Within the cytosolic compartment, RIPK1 associates with Fas-associated protein with
death domain (FADD) and pro-caspase-8 to form Complex II. The activation threshold
of necroptosis is critically regulated at this checkpoint; functional caspase-8 cleaves and
inactivates RIPK1 and RIPK3, thereby diverting the cell toward apoptosis. In contrast,
under conditions of caspase-8 deficiency or pharmacological inhibition, RIPK1 interacts
with RIPK3 through their RIP homotypic interaction motif (RHIM) domains. This interac-
tion promotes reciprocal phosphorylation events within the RIPK1–RIPK3 axis, leading
to the recruitment and phosphorylation of MLKL and the subsequent assembly of the
necrosome [18,19,39,91]. The conformational remodeling and oligomerization of phos-
phorylated MLKL mediate the terminal execution phase of necroptosis. Activated MLKL
translocates to the plasma membrane, where it interacts with phosphoinositides and dis-
rupts membrane integrity, thereby perturbing ion homeostasis and promoting osmotic lysis.
Necroptosis is additionally associated with mitochondrial dysfunction, reactive oxygen
species (ROS) accumulation, and bioenergetic collapse, which facilitate the release of mito-
chondrial damage-associated molecular patterns, including mitochondrial DNA (mtDNA).
Cytosolic mtDNA subsequently engages the cyclic GMP-AMP synthase-stimulator of inter-
feron genes (cGAS–STING) innate immune signaling pathway, thereby amplifying local
inflammatory responses and immunogenic signaling (Figure 1) [27,28,82,92–96].

• Pharmacological Regulation and Cancer Therapies: In oncology, therapeutic in-
duction of necroptosis has emerged as a promising strategy to overcome apoptosis
resistance in refractory malignancies. Pharmacological activation of necroptosis com-
monly involves the combined use of SMAC mimetics to deplete cIAPs together with
pan-caspase inhibitors (e.g., z-VAD-fmk) under TNF-α stimulation, thereby facilitating
necrosome assembly and necroptotic signaling [39,45,97,98]. Emerging small-molecule
sensitizers and epigenetic modifiers, including DNA methyltransferase (DNMT) in-
hibitors, aim to restore RIPK3 or MLKL expression in tumors where these components
are epigenetically silenced, thereby re-sensitizing subsets of TNBC and melanoma
to immunogenic cell death [99,100]. Furthermore, combining necroptosis-inducing
therapies with immune checkpoint blockade (e.g., anti-PD-1 antibodies) exploits
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necroptosis-associated DAMP release to convert immunologically cold tumors into
hot, cytotoxic T lymphocyte (CTL)- driven responses (Table 2) [86,101,102].

Table 2. Pharmacological regulation of regulated cell death pathways and therapeutic implications
in cancer [13,18,19,26,39,53,103–109].

Cell Death
Modality

Therapeutic
Strategy/Agent Molecular Target Mechanism of Action Cancer Therapeutic

Implication

Necroptosis
induction

TNF-α + z-VAD-fmk TNFR1–RIPK1–RIPK3–
MLKL axis

Caspase-8 inhibition
prevents apoptosis and
promotes RIPK1/RIPK3
necrosome assembly and

MLKL activation

Induces necroptosis in
apoptosis-resistant

cancer cells

SMAC mimetics
(Birinapant, LCL161) cIAP1/2 degradation

Induces cIAP loss, RIPK1
deubiquitination,

destabilization of TNFR1
Complex I, and ripoptosome

formation

Sensitizes tumor cells to
TNFR1-dependent

apoptosis/necroptosis

DNMT inhibitors RIPK3 promoter
methylation

Reactivation of
epigenetically silenced

RIPK3 or MLKL expression

Restores necroptotic
sensitivity in RIPK3-deficient

cancers

Necroptosis
inhibition

Necrostatin-1s RIPK1 kinase
Selectively inhibits RIPK1

kinase activity while
preserving scaffold function

Prevents pathological
necroptosis and

DAMP-mediated
inflammation

GSK872 RIPK3 kinase
Blocks RIPK3 activation and

prevents necrosome
signaling

Suppresses excessive
RIPK3-dependent

tissue injury

Necrosulfonamide MLKL
Prevents MLKL

oligomerization and
membrane translocation

Inhibits terminal execution
of necroptosis

Apoptosis
induction

BH3 mimetics
(Venetoclax) BCL-2 family proteins

Inhibits anti-apoptotic BCL-2
proteins and restores

mitochondrial apoptosis

Effective in hematologic
malignancies; limited by

MCL-1-mediated resistance

TRAIL/FasL DR4/DR5/Fas
Activates DISC formation
and caspase-8-dependent

apoptosis

Exploits death
receptor-mediated apoptosis

Cisplatin DNA damage response
Induces DNA damage and

mitochondrial apoptotic
signaling

Widely used cytotoxic
chemotherapy

SMAC mimetics IAP proteins
(cIAP1/2, XIAP)

Removes apoptosis
inhibitors and promotes

caspase activation

Enhances death
receptor-mediated apoptotic

sensitivity

Necrosis

Chemotherapy-
induced oxidative

stress
(e.g., high-dose
anthracyclines,

alkylating agents)

ROS, mitochondria,
ATP metabolism

Excessive ROS production
and mitochondrial damage
impair energy metabolism,
causing irreversible cellular

injury and necrotic death

Contributes to cytotoxic
efficacy of anticancer drugs;

necrosis-associated
inflammation may influence

tumor microenvironment

ROS-generating
compounds

(e.g., pro-oxidant
agents)

Mitochondrial ROS,
redox homeostasis

Induction of oxidative stress
overwhelms antioxidant

capacity, resulting in
membrane damage and

necrotic cell death

Potential strategy to target
tumors with elevated

oxidative stress dependency

ATP depletion-based
metabolic targeting

Glycolysis,
mitochondrial

respiration,
AMPK pathway

Severe metabolic stress
reduces ATP production,

preventing maintenance of
ion gradients and causing

necrotic membrane rupture

Exploits metabolic
dependence of cancer cells;

potential combination
strategy with

metabolic inhibitors

https://doi.org/10.3390/cells15141310

https://doi.org/10.3390/cells15141310


Cells 2026, 15, 1310 8 of 26

Table 2. Cont.

Cell Death
Modality

Therapeutic
Strategy/Agent Molecular Target Mechanism of Action Cancer Therapeutic

Implication

Necrosis

Necrosis-associated
immunotherapy

strategies

DAMPs
(HMGB1, ATP,

mitochondrial DNA),
immune activation

Necrotic cell death releases
immunostimulatory

molecules that activate
dendritic cells and antitumor

immunity

May enhance immune
checkpoint blockade

responses by increasing
tumor immunogenicity

Inhibition of
necrosis-associated

inflammation

TLRs, NF-κB,
inflammasome

signaling

Blocking inflammatory
signaling triggered by
necrotic DAMP release

reduces tumor-promoting
inflammation

May prevent chronic
inflammation-driven tumor

progression after
therapy-induced necrosis

• Cytoprotective Strategies in Pathological Necroptosis: Excessive or dysregulated
necroptosis has been implicated in the pathogenesis of acute ischemic stroke, myocar-
dial infarction, and systemic inflammatory response syndrome (SIRS) [26,110,111].
To limit pathological tissue damage, cytoprotective interventions target multiple
upstream and downstream nodes within the necroptotic pathway. Small-molecule
RIPK1 inhibitors, particularly Necrostatin-1s (Nec-1s), provide neuroprotective and
cardioprotective effects by selectively inhibiting RIPK1 kinase activity while preserv-
ing its scaffolding functions [26,110,112]. Additionally, selective RIPK3 inhibitors
(e.g., GSK872) and MLKL inhibitors (e.g., Necrosulfonamide/NSA) are under inves-
tigation for their ability to suppress MLKL activation and membrane translocation,
thereby attenuating necroptotic tissue injury and subsequently reducing chronic
DAMP-mediated sterile inflammation (Table 2) [19,103,104,113].

• Mechanisms of Necroptotic Evasion and Tumor-Promoting Effects of Necroptosis:
Advanced tumor cells acquire multiple strategies to evade necroptosis, thereby surviv-
ing cytotoxic stress and reducing their sensitivity to necroptosis-inducing therapies.
One of the best-characterized mechanisms of necroptotic evasion is the epigenetic
silencing of RIPK3 via promoter hypermethylation, resulting in impaired necrop-
totic signaling and defective execution of necroptotic cell death [13,39]. Restoration
of RIPK3 expression re-sensitizes colorectal cancer and breast cancer cell lines to
necroptosis, demonstrating that epigenetic repression of RIPK3 is functionally re-
versible [13]. Similar epigenetic inactivation of RIPK3 has also been reported in
malignant mesothelioma and non-small cell lung cancer, where promoter methyla-
tion suppresses necroptotic signaling, contributes to chemoresistance, and can be
reversed by pharmacological demethylation or ectopic RIPK3 re-expression [99,114].
Taken together, these studies indicate that epigenetic repression of RIPK3 represents
a recurrent mechanism by which the RIPK1–RIPK3–MLKL pathway is functionally
inactivated, thereby enabling tumor cells to evade necroptosis and acquire resistance
to cytotoxic therapies.

Beyond RIPK3 epigenetic silencing, additional regulatory mechanisms influence the
threshold for necroptotic activation. Caspase-8 suppresses RIPK3-dependent necroptosis
by restricting RIPK1–RIPK3 necrosome formation, whereas cFLIP-containing caspase-8
complexes further inhibit necroptotic activation and regulate cell fate decisions [115,116].
These checkpoints collectively determine whether TNFR1 signaling promotes cell survival
or necroptotic cell death under specific cellular contexts.

Furthermore, genetic alterations affecting core necroptotic mediators represent an ad-
ditional mechanism contributing to functional impairment of the necroptotic machinery
in cancer. Somatic mutations in RIPK1, RIPK3, and MLKL have been identified in hu-
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man cancers, including gastric and colorectal cancers, and are predicted to disrupt kinase
activity, protein stability, or protein–protein interactions required for necrosome assem-
bly. Among these alterations, MLKL mutations affecting conserved residues within the
pseudokinase domain, including F398I and L291P identified in human stomach cancer,
have been suggested to interfere with the conformational switch required for MLKL activa-
tion, thereby impairing MLKL oligomerization, membrane translocation, and downstream
plasma membrane disruption during necroptosis [117]. Also, functional studies have
demonstrated that RIPK1 and RIPK3 contribute differently depending on the type of cell
death stimulus. TNF-α-induced necroptosis requires coordinated RIPK1/RIPK3 activa-
tion, whereas chemotherapeutic agent-induced cell death exhibits differential dependency
on these mediators, indicating that RIPK1 and RIPK3 function in a stimulus-dependent
manner and influence cellular responses to different therapeutic stresses [29]. In addition,
genetic mutation in RIPK3 has been associated with an increased risk of non-Hodgkin
lymphoma, supporting the concept that altered RIPK3 contributes to impaired necroptotic
signaling during tumorigenesis [13,29,99,118].

Notably, although controlled necroptotic activation can enhance anti-tumor im-
munity, persistent or dysregulated necroptosis paradoxically promotes tumor progres-
sion by driving inflammatory remodeling of the tumor microenvironment [12,102,119].
RIPK3-dependent inflammatory signaling stimulates the production of cytokines and
chemokines that recruit immunosuppressive myeloid populations, including tumor-
associated macrophages and myeloid-derived suppressor cells, thereby reinforcing an im-
munosuppressive tumor microenvironment [119–121].

Together, these studies underscore that the biological outcome of necroptosis is gov-
erned not only by the activation of the necroptotic machinery itself but also by the balance
between upstream survival and death-regulatory signals within the tumor context. There-
fore, elucidating how EGFR-mediated survival signaling interfaces with TNFR1-dependent
death pathways to control RIPK1-mediated cell fate decisions will be critical for developing
rational and context-specific necroptosis-based therapeutic strategies.

3. Necroptosis-Targeting Therapeutics
Necroptosis is a highly regulated form of programmed necrosis, fundamentally gov-

erned by the assembly of the necrosome, a signaling complex primarily composed of
RIPK1, RIPK3, and the executioner protein MLKL [18,19,39,91]. This process is dynami-
cally regulated by ubiquitination-dependent signaling, caspase-8 activity, and the balance
of pro-survival versus pro-death inflammatory networks within the tissue microenvi-
ronment [103,115,122,123]. Recent advances in necroptosis-targeting therapeutics have
positioned this pathway as a promising strategy to overcome apoptosis resistance in im-
munologically cold tumors and to reshape the tumor microenvironment toward a more
pro-inflammatory, immune-permissive state. Moreover, accumulating evidence suggests
that pharmacological modulation of necroptotic signaling holds therapeutic potential be-
yond oncology, including ischemia–reperfusion injuries, neurodegenerative disorders, and
SIRS, where dysregulated necroinflammatory signaling contributes to tissue destruction
and organ dysfunction [97,102,110,111,124,125].

Collectively, therapeutic manipulation of the RIPK1–RIPK3–MLKL signaling pathway
is increasingly being recognized not merely as a mechanism for inducing cell death but
as a broader strategy for reprogramming pathological inflammatory states across diverse
disease contexts.
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3.1. Death Receptor-Mediated Induction and IAP Antagonism

The canonical induction of necroptosis is predominantly initiated through TNFR1-
dependent signaling. Upon binding of TNF-α to TNFR1, TNFR1 recruits multiple adaptor
proteins to assemble the membrane-associated complex I, a signaling platform composed
of TRADD, RIPK1, TRAF2/5, cIAP1/2, and LUBAC [38,126,127]. Under homeostatic con-
ditions, cIAP1 and cIAP2 function as critical E3 ubiquitin ligases that conjugate K63-linked
polyubiquitin chains onto RIPK1, thereby stabilizing pro-survival signaling platforms and
suppressing aberrant cell death activation. These RIPK1-associated ubiquitin scaffolds
facilitate the recruitment of TAK1-binding protein 2/3 (TAB2/3)–transforming growth
factor-beta-activated kinase-1 (TAK1) and IκB kinase (IKK) signaling complexes, resulting
in canonical NF-κB activation. Subsequent IKK-mediated phosphorylation and proteaso-
mal degradation of I-kappa-B-alpha (IκBα) permit NF-κB nuclear translocation and the
transcriptional induction of multiple pro-survival mediators, including cellular FLICE-
inhibitory protein (cFLIP), cIAP2, XIAP, and anti-apoptotic BCL-2 family proteins [122,128].
Beyond functioning as molecular scaffolds, RIPK1-associated ubiquitin chains serve as
critical inhibitory checkpoints that restrain RIPK1 kinase activation and prevent its dis-
sociation from membrane-associated Complex I into cytosolic death-inducing complexes.
In this context, TAK1- and IKK-dependent inhibitory phosphorylation cooperates with
ubiquitin-mediated signaling to maintain RIPK1 in a non-cytotoxic state. Consequently,
cIAP1/2-mediated ubiquitination suppresses the formation of RIPK1-dependent cytosolic
Complex II and limits pathological activation of necroptotic signaling pathways [129].
Necroptosis is triggered when this ubiquitin-dependent checkpoint collapses, particularly
following pharmacological antagonism or depletion of cIAP1/2. The loss of cIAP1/2
destabilizes TNFR1 Complex I and facilitates RIPK1 deubiquitination by CYLD and related
ubiquitin-editing enzymes, thereby permitting RIPK1 kinase activation and its subsequent
dissociation from membrane-associated signaling complexes. In environments where
caspase-8 activity is concomitantly compromised, this kinase-active RIPK1 initiates the
downstream necroptotic cascade [45,130]. In multiple IAP-amplified malignancies, aberrant
overexpression of cIAP1/2 establishes a potent survival checkpoint that simultaneously
suppresses TNF-induced apoptosis and necroptosis while sustaining constitutive NF-κB
signaling. In addition to conferring resistance to inflammatory cytotoxicity, persistent
cIAP-dependent signaling promotes oncogenic fitness by inducing mitogenic and anti-
apoptotic transcriptional programs, including Cyclin D1 and anti-apoptotic BCL-2 family
members. This dual capacity to suppress programmed cell death while reinforcing pro-
liferative signaling highlights cIAP1/2 as a central determinant of tumor survival and
a compelling therapeutic target for necroptosis-sensitizing strategies in apoptosis-refractory
cancers [105,106,122,131].

3.2. The Pivotal Role of CYLD in RIPK1 Activation

The transition from ubiquitin-restrained TNFR1 signaling to RIPK1-dependent necrop-
tosis critically depends on the coordinated dismantling of inhibitory ubiquitin checkpoints.
Central to this process is the deubiquitinase CYLD, which is recruited to the TNFR1 receptor
signaling complex via the adaptor protein spermatogenesis-associated protein 2 (SPATA2);
this adaptor directly bridges CYLD to the HOIL-1-interacting protein (HOIP) subunit
of the LUBAC. Within this signaling platform, CYLD catalyzes the selective removal of
K63-linked and M1-linked polyubiquitin chains from RIPK1 and LUBAC-associated com-
ponents, thereby destabilizing the ubiquitin scaffolds that sustain TAK1- and IKK-mediated
pro-survival signaling. This ubiquitin-editing process not only attenuates NF-κB activation
but also relieves RIPK1 of inhibitory constraints that normally suppress its kinase activ-
ity [132–134]. In particular, CYLD-dependent deubiquitination cooperates with the collapse
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of inhibitory signaling mediated by the IKK complex and the TAK1–p38–MK2 axis, thereby
licensing RIPK1 autophosphorylation and cytotoxic activation [135,136]. Concurrently,
kinase-active RIPK1 undergoes autophosphorylation at Ser166, a widely recognized marker
of RIPK1 kinase activation that promotes its transition into cytosolic death-inducing signal-
ing complexes. Under conditions in which caspase-8-mediated suppression is impaired,
RIPK1 engages RIPK3 through RHIM-dependent interactions, resulting in the assembly
of the necrosome. This amyloid-like supramolecular signaling platform drives RIPK3
phosphorylation and downstream MLKL activation [18,19,39].

Consequently, CYLD-mediated ubiquitin editing functions as a decisive molecular
switch, converting RIPK1 from a scaffold-associated survival regulator into a catalytic
necroptotic signaling hub, thereby establishing CYLD as a central rheostat governing
inflammatory cell fate determination.

3.3. TLR and Interferon-Driven Necroptosis

Necroptosis can also be initiated independently of canonical death receptor signaling
through innate immune sensing pathways, particularly Toll-like receptor 3/4 (TLR3/TLR4)
and the TIR domain-containing adaptor inducing interferon-β (TRIF), as well as type
I interferon (IFN) signaling. In specific cellular contexts, TLR3 and TLR4 activation
by pathogen-associated molecular patterns–including viral double-stranded RNA and
lipopolysaccharide–can induce necroptotic signaling through the RHIM-containing adap-
tor TRIF, which recruits RIPK3 independently of canonical death receptor signaling. Unlike
TNFR1 signaling, TRIF contains an RHIM that enables direct engagement of RIPK3. Al-
though this pathway bypasses the requirement for membrane-associated TNFR1 Complex
I, TRIF-mediated necroptosis can involve RIPK1 kinase activity to facilitate or amplify
necrosome assembly in a context-dependent manner. This alternative mode of necroptotic
activation highlights the integration of necroptosis within innate immune surveillance
and antiviral host defense pathways [27,103,137,138]. In parallel with TLR-mediated
surveillance, type I interferon signaling further enhances necroptotic susceptibility by up-
regulating Z-DNA-binding protein 1 (ZBP1), also known as the DNA-dependent activator
of interferon regulatory factors (DAI). ZBP1 functions as a cytosolic nucleic acid sensor
that recognizes Z-form nucleic acid conformations generated during viral replication and
cellular stress responses. Similar to TRIF, ZBP1 contains RHIM domains that directly
engage RIPK3, thereby promoting RIPK3 activation independently of upstream death
receptor signaling. Interestingly, whereas RIPK1 functions as a pro-necroptotic initiator
in canonical TNFR1 pathways, it can also serve as a scaffold-dependent suppressor that
restrains aberrant ZBP1–RIPK3 interactions under homeostatic conditions. ZBP1-driven
necroptosis has emerged as a critical component of antiviral immunity during infections
caused by influenza A virus, herpesviruses, vaccinia virus, and other cytopathic pathogens.
However, dysregulated ZBP1–RIPK3 signaling has also been implicated in pathological
inflammation, cytokine amplification, and tissue injury in sterile inflammatory disorders
and severe viral syndromes [55,139,140].

Despite substantial diversity in their upstream sensing mechanisms, many necroptotic
pathways ultimately converge on RIPK3-mediated phosphorylation and activation of
MLKL when caspase-8-dependent suppressive signaling is impaired. Under physiological
conditions, caspase-8 functions not only as a central initiator of extrinsic apoptosis but also
as a critical suppressor of necroptosis through proteolytic dismantling of RIPK1–RIPK3-
associated signaling complexes. Consequently, genetic deficiency, viral antagonism, or
pharmacological inhibition of caspase-8 can shift inflammatory signaling networks toward
necroptotic execution [103,115,141]. Collectively, these observations position necroptosis as
a central inflammatory effector program that integrates death receptor signaling, innate
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immune sensing, and antiviral defense pathways into a convergent RIPK3–MLKL-mediated
execution machinery.

The translational potential of these pathways has driven extensive research into the
therapeutic targeting of specific nodes within the RIPK1–RIPK3–MLKL signaling axis.
Nec-1, the prototypical RIPK1 inhibitor, suppresses RIPK1 kinase activity, thereby pre-
venting the initiation of necrosome assembly. Preclinical studies have demonstrated the
protective effects of Nec-1 in models of ischemia–reperfusion injury, neurodegeneration,
inflammatory disorders, and sepsis-associated tissue injury. The therapeutic implications of
RIPK1 inhibition in oncology remain highly context-dependent, as suppression of necrop-
tosis simultaneously attenuates pathological inflammation while limiting immunogenic
tumor cell death and anti-tumor immune activation [18,19,39]. To address these limitations,
next-generation RIPK1 inhibitors with improved pharmacokinetic properties, including
GSK2982772 and related compounds, have advanced into clinical evaluation for the treat-
ment of chronic inflammatory diseases. At the level of RIPK3, GSK872 selectively inhibits
RIPK3 kinase activity and suppresses downstream MLKL phosphorylation.

Nevertheless, prolonged or high-dose RIPK3 inhibition has been associated with
paradoxical scaffold-dependent apoptotic signaling, reflecting the conformational plasticity
of RIPK3 and the broader complexity of therapeutically targeting regulated cell death
pathways. Downstream inhibition of terminal necroptotic execution can also be achieved
using NSA, which covalently binds the Cys86 residue of human MLKL, preventing MLKL
oligomerization and plasma membrane translocation. However, NSA exhibits marked
species specificity and does not effectively inhibit murine MLKL, thereby complicating
translational interpretation in preclinical animal models [19,26,28,104,113]. Despite these
advances, major therapeutic challenges remain unresolved. For instance, inhibition of
necroptotic signaling can result in compensatory engagement of alternative cell death
programs, including apoptosis, pyroptosis, and integrated PANoptotic signaling networks,
thereby complicating durable therapeutic intervention [103,115,142,143].

In contrast to pharmacological inhibition of necroptotic signaling, therapeutic activa-
tion of necroptosis has emerged as a potential strategy to exploit the immunogenic proper-
ties of this cell death pathway. Necroptotic tumor cells can stimulate protective anti-tumor
immunity through coordinated immunogenic signaling, in which DAMP release promotes
dendritic cell maturation, cross-priming of cytotoxic T cells, and tumor antigen-specific
adaptive immune responses, whereas RIPK3-dependent type I interferon signaling ampli-
fies these immunogenic effects and contributes to durable anti-tumor immunity [86,144].
However, recent studies indicate that necroptosis can also exert pro-tumorigenic effects
in a context-dependent manner. Tumor cell-induced endothelial necroptosis via death
receptor 6 (DR6) signaling disrupts endothelial barrier function, thereby facilitating tumor
progression [12]. Furthermore, in pancreatic cancer, RIPK1–RIPK3 necrosome activation
drives the establishment of an immunosuppressive tumor microenvironment through
CXCL1-mediated recruitment of myeloid cells and Mincle-dependent inflammatory sig-
naling, thereby promoting tumor persistence and progression [119]. Taken together, the
dual roles of necroptosis underscore the need for therapeutic strategies that precisely mod-
ulate necroptotic signaling to maximize anti-tumor immunogenicity while minimizing
pro-tumorigenic inflammation.

4. Necroptosis: The Regulation of the Interaction Between EGFR
and TNFR

Cell death has long been the primary focus of oncology; the emergence of treat-
ment resistance necessitates a deeper understanding of alternative RCD pathways, par-
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ticularly necroptosis, and their regulation by oncogenic receptors such as EGFR and
TNFR [4,6,20,39,53].

EGFR primarily promotes tumorigenesis by activating the JAK2/STAT3, PI3K/AKT,
and MAPK/ERK signaling pathways [145–148]. Beyond these canonical functions, re-
cent studies indicate that EGFR directly modulates TNFR1-mediated cell death signaling
through interaction with TNFR1 and phosphorylates the TNFR1 death domain at Tyr360
and Tyr401, thereby limiting RIPK1 to the TNFR1 signaling complex and suppressing TNF-
α-induced necroptosis [53]. This finding provides direct mechanistic evidence that EGFR
negatively regulates TNFR1-dependent necroptotic signaling by phosphorylating TNFR1.
In addition to its direct regulation of TNFR1 signaling, EGFR activates downstream kinase
networks that can contribute to the regulation of necroptotic susceptibility. Among these
signaling mediators, c-Src is a well-established downstream effector of EGFR activation
and contributes to EGFR-driven oncogenic signaling by regulating tumor cell proliferation,
survival, and progression across multiple cancer types, including colorectal cancer, head
and neck squamous cell carcinoma, glioblastoma, and non-small cell lung cancer [149–154].

EGFR and c-Src function cooperatively, with activated c-Src phosphorylating EGFR
at Tyr845 and Tyr1101, thereby modulating receptor function and enhancing EGFR sig-
naling [155,156]. Also, beyond canonical ligand-dependent EGFR activation, G protein-
coupled receptor (GPCR)-mediated transactivation of EGFR activates Src-dependent signal-
ing (STAT3-, PI3K/AKT-, and MAPK-associated pathways), highlighting the integration
between GPCR, EGFR, and Src kinase pathways [157–163]. Furthermore, Src-dependent
signaling can influence necroptotic execution through regulation of MLKL activation, and
inhibition of Src using saracatinib, a Src/Abl kinase inhibitor, suppresses MLKL phosphory-
lation and limits necroptotic execution, indicating that Src-dependent signaling represents
a potential regulatory node linking oncogenic kinase signaling with necroptotic regula-
tion [164].

TNFR1 serves as a pivotal signaling hub that coordinates cellular survival and cell
death [38]. Upon TNF-α binding, TNFR1 recruits RIPK1, TRADD, TRAF2/5, cIAP1/2,
and LUBAC to assemble membrane-associated Complex I [38,122,123]. K63-linked and
linear polyubiquitination of RIPK1 within Complex I functions as a molecular dock-
ing scaffold that promotes pro-survival NF-κB signaling while suppressing cell death
induction [122,123,128]. However, upon the loss of cIAP activity or CYLD-mediated deu-
biquitination, RIPK1 dissociates from the receptor-associated complex and transitions
into cytosolic death-inducing complexes [90,165]. Under conditions of impaired caspase-8
activity, RIPK1 interacts with RIPK3 to assemble the necrosome, thereby shifting TNFR1 sig-
naling from a membrane-associated pro-survival platform to a cytosolic signaling complex
that executes necroptosis [18,39].

Beyond its canonical signaling functions, bidirectional crosstalk between EGFR and
TNFR1 has also been reported. TNF-α signaling through TNFR1 inhibits ligand-induced
EGFR activation via a TNFR1-dependent mechanism by promoting p38 MAPK-mediated
EGFR internalization, thereby attenuating EGFR phosphorylation and downstream sig-
naling. This inhibitory effect requires the TNFR1 death domain and is not mediated by
TNFR2 [166]. By contrast, EGFR-dependent phosphorylation of TNFR1 interferes with the
early recruitment of RIPK1, thereby suppressing TNFR1-mediated death signaling and
potentially limiting necroptotic signaling [53]. Overall, these findings support the con-
cept that bidirectional crosstalk between EGFR and TNFR1 influences tumor cell survival,
necroptotic susceptibility, and therapeutic responses in multiple malignancies (Figure 2).
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Figure 2. Crosstalk Between EGFR and TNFR1 signaling in Necroptosis. EGF-induced EGFR acti-
vation promotes cell survival and proliferation through pro-survival pathways, including PI3K/AKT,
JAK2/STAT3, and MAPK/ERK. In the context of EGFR- and TNFR1-mediated regulation of necrop-
tosis, EGFR-associated survival signaling influences cellular susceptibility to necroptosis, whereas
TNFR1 serves as a major upstream receptor initiating necroptotic signaling through necrosome for-
mation. The potential involvement of EGFR-associated Src signaling in MLKL regulation is indicated
by a question mark. The figure was drafted through Servier Medical Art, revised through the free
version of ChatGPT (GPT-5.5), and then completed through Servier Medical Art.

5. The Double-Edged Sword of Necroptosis
Necroptosis, a programmed form of lytic cell death regulated by the RIPK1–RIPK3–

MLKL signaling axis, is a critical host defense mechanism against intracellular pathogens.
However, its uncontrolled activation is recognized as a potent driver of chronic inflam-
mation and autoimmune diseases. By releasing DAMPs and amplifying inflammatory
cytokine signaling, necroptosis functionally links innate immune activation to adaptive
immune responses. Elucidating the molecular and immunological nuances of this path-
way is therefore essential for the development of next-generation therapeutic strategies
that selectively modulate necroptotic signaling without compromising systemic immune
integrity [28,107].

5.1. Immunogenic Tumor Suppression

Necroptosis serves as a potent anti-tumor strategy by circumventing intrinsic resis-
tance to cell death. Unlike the immunologically silent characteristic of apoptosis, necroptotic
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lysis facilitates the release of DAMPs and tumor-derived antigens. In particular, DAMPs re-
leased from necroptotic cells, including HMGB1 and tumor-derived genomic DNA, activate
pattern recognition receptors, notably TLR4 and the cGAS–STING signaling pathway in
type 1 conventional dendritic cells (cDC1s). This signaling axis promotes type I interferon
production and licenses cDC1s for efficient CD8+ T-cell cross-priming, thereby linking
necroptotic cell death to adaptive anti-tumor immunity. This lethal modality fundamentally
remodels the immunosuppressive tumor microenvironment, converting non-immunogenic
cold tumors into highly immunogenic hot tumors by activating dendritic cells and re-
cruiting CTLs, thereby reengaging the adaptive immune response against malignant cells
(Figure 3) [11,86,167–170]. Grounded in these mechanistic insights, translational efforts
have increasingly shifted from passively observing necroptosis toward therapeutically engi-
neering necroptotic signaling within the TME to overcome immune tolerance. One emerg-
ing strategy involves the intratumoral delivery of constitutively active RIPK3 constructs
using adeno-associated viral vectors or tumor-targeted mRNA lipid nanoparticles, thereby
inducing localized immunogenic necroptotic cell death and promoting the release of tumor-
associated antigens and inflammatory mediators. In parallel, growing preclinical evidence
suggests that necroptotic induction sensitize immune-checkpoint blockade-resistant tumors
to anti-tumor immunity. For instance, pharmacological targeting of epigenetic silencers,
including DNMTs, has been explored as a strategy to restore RIPK3 expression in advanced
carcinomas, enhancing responsiveness to anti-PD-1/PD-L1 and anti-CTLA-4 therapies.
Mechanistically, necroptosis-associated inflammatory signaling promotes the production of
T-cell-recruiting chemokines, such as C-X-C motif chemokine ligands 9 and 10 (CXCL9 and
CXCL10), thereby facilitating cytotoxic lymphocyte infiltration into otherwise immunologi-
cally cold tumors. Therefore, these findings position therapeutically induced necroptosis as
a promising platform for next-generation cancer immunotherapy by functionally coupling
tumor cell destruction to adaptive immune activation [11,86,102,169,171–173].

Figure 3. Conversion of immunologically cold tumors into hot tumors through necroptosis.
Necroptosis remodels the tumor immune microenvironment, thereby reactivating anti-tumor immune
responses and promoting the transition of cold tumors into hot tumors. The figure was drafted
through Servier Medical Art, revised through the free version of ChatGPT (GPT-5.5), and then
completed through Servier Medical Art.
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5.2. Tumor-Promoting Inflammation

Chronic activation of necroptosis can promote a tumor microenvironment conducive
to malignant progression, underscoring the paradoxical nature of necroinflammatory
signaling. First, a persistent release of intracellular DAMPs and inflammatory media-
tors establishes a chronic inflammatory milieu that selectively recruits myeloid-derived
suppressor cells, tumor-associated neutrophils, and M2-polarized macrophages, thereby
reinforcing T-cell exhaustion and suppressing durable anti-tumor immunity. In parallel, sus-
tained RIPK1–RIPK3 signaling amplifies the secretion of pro-inflammatory cytokines and
chemokines, including TNF-α, IL-1β, CXCL1, and C-C motif chemokine ligand 2 (CCL2),
further driving immunosuppressive myeloid remodeling within the tumor ecosystem. Sec-
ond, necroptotic signaling directly reshapes the tumor’s stromal and vascular architecture.
Chronic activation of RIPK-dependent inflammatory pathways promotes angiogenesis,
endothelial destabilization, extracellular matrix remodeling, and epithelial–mesenchymal
transition, facilitating tumor cell intravasation and metastatic dissemination. Moreover,
inflammatory mediators released during necroptosis activate cancer-associated fibroblasts,
generating fibrotic stromal niches that mechanically and biochemically support invasive
tumor behavior. Third, sustained necroinflammation promotes persistent oxidative and
replicative stress, leading to excessive ROS accumulation, genomic instability, and collateral
DNA damage within surrounding stromal and non-malignant tissues. Over time, these
processes accelerate tumor heterogeneity, clonal evolution, and the establishment of permis-
sive pre-metastatic niches in distant organs through systemic inflammatory conditioning.
Collectively, these findings underscore the double-edged nature of necroptosis, which can
function not only as a mechanism of tumor destruction but also as a chronic inflammatory
driver of immune dysfunction, stromal adaptation, and metastatic progression (Figure 4).

Figure 4. Tumorigenesis modulation through chronic activation. Persistent inflammatory signaling
enhances the tumor-supportive microenvironment by immune suppression and myeloid and stromal
remodeling, along with persistent oxidative stress and genomic instability. The figure was drafted
through Servier Medical Art, revised through the free version of ChatGPT (GPT-5.5), and then
completed through Servier Medical Art.
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5.3. Systemic Dysregulation: Collateral Tissue Damage

The transition from localized necroptosis to systemic dysregulation can lead to pro-
found pathological risks. Central to this process is the onset of SIRS, which involves
an uncontrolled efflux of DAMPs, notably HMGB1. As a result, a hyper-inflammatory
cytokine storm occurs. The massive systemic release of TNF, IL-6, and IL-1 leads to mi-
crovascular collapse and multi-organ failure. Conversely, chronic exposure of the immune
system to sequestered self-antigens can occur when peripheral tolerance breaks down,
predisposing the host to autoimmune diseases. Additionally, high EGFR expression levels
in sensitive tissues–such as the liver and skin–can sensitize healthy cells to TNF-induced
necroptosis, causing severe tissue cell death and impaired organ function [174,175].

6. Metabolic Reprogramming and Necroptotic Signaling
Emerging evidence indicates that necroptosis is closely integrated with cellular

metabolic programs [27]. Beyond its canonical role as a regulated form of cell death
mediated by RIPK1, RIPK3, and MLKL, accumulating evidence indicates a close functional
interplay between necroptotic signaling and cellular bioenergetic status. Several studies
have demonstrated that RIPK3 directly regulates metabolic enzymes involved in glyco-
gen utilization, glutamine metabolism, and mitochondrial metabolism, suggesting that
metabolic remodeling constitutes an integral component of necroptotic signaling rather
than a secondary consequence of cell death [11,27,176,177].

Mechanistically, RIPK3 has been shown to phosphorylate and activate multiple
metabolic enzymes, including glycogen phosphorylase (PYGL), glutamate-ammonia ligase
(GLUL), and glutamate dehydrogenase 1 (GLUD1), thereby promoting metabolic fluxes as-
sociated with reactive oxygen species (ROS) generation. Although ROS are not universally
required for necroptosis, numerous experimental studies have demonstrated that oxidative
stress can amplify necroptotic signaling in a cell type-dependent manner, suggesting that
metabolic regulation influences the extent of necroptotic responses [27,178].

The contribution of mitochondria to necroptosis remains an area of active investiga-
tion. While MLKL-mediated plasma membrane disruption can proceed independently
of classical mitochondrial apoptotic pathways, mitochondrial metabolic activity, redox
homeostasis, and cellular energetic state modulate the susceptibility of cells to necroptotic
stimulation. These observations suggest that mitochondrial metabolic activity modulates
necroptotic susceptibility in certain cellular contexts, although mitochondria are not univer-
sally required for necroptotic execution [18,19,28,93,179,180].

Within the TME, fluctuations in oxygen availability, nutrient supply, and cellular
metabolic activity influence necroptotic responsiveness. Emerging evidence suggests that
metabolic adaptation can modify the cellular context in which RIPK1–RIPK3–MLKL sig-
naling occurs; however, the precise molecular mechanisms linking tumor metabolic states
to necroptotic activation remain incompletely defined. Therefore, further investigation
is required to establish whether specific metabolic vulnerabilities within the tumor mi-
croenvironment can be therapeutically exploited to enhance necroptosis-based anti-cancer
strategies [27,177,181].

7. Conclusions and Perspectives
In cancer research, increasing attention has been directed toward exploiting necroptosis

as a therapeutically actionable form of inflammatory cell death. In this review, we highlight
the molecular interplay between the EGFR and TNFR signaling pathways in regulating
necroptotic susceptibility and tumor cell fate. EGFR signaling promotes tumor growth,
survival, and metastatic progression, in part, by suppressing TNFR-mediated necroptosis
via PI3K/AKT- and MAPK-dependent stabilization of pro-survival signaling networks
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and inhibition of necrosome activation. The EGFR–TNFR signaling axis is a promising
therapeutic framework for selectively modulating necroptotic competence in cancer cells.
However, effective therapeutic exploitation of necroptosis will require precise control
over the balance between tumoricidal efficacy and collateral inflammatory toxicity. First,
modulating key signaling nodes, including RIPK1 and caspase-8, can redirect cell death
programs toward necroptosis in apoptosis-refractory malignancies. Second, epigenetic
restoration of RIPK3 expression through DNA methyltransferase or histone deacetylase
inhibition can re-sensitize tumor cells to necroptotic signaling and enhance responsiveness
to conventional cytotoxic therapies. Third, integrating necroptosis-inducing strategies
with immunotherapy potentiate anti-tumor immunity through the release of DAMPs and
tumor-associated antigens, thereby improving responses to immune checkpoint blockade
or adoptive cellular therapies. Concurrently, emerging nanoparticle-based delivery systems
and future gene-editing approaches enable spatially restricted activation of RIPK3–MLKL
signaling within tumor tissues while minimizing systemic inflammatory injury.

Collectively, these findings support the concept that controlled induction of tumor-
selective necroptosis represents a promising avenue for next-generation oncological inter-
ventions. Future therapeutic strategies will likely combine necroptosis modulation with
immunotherapy, metabolic targeting, and locoregional delivery platforms to maximize
anti-tumor efficacy while limiting pathological necroinflammation.

Author Contributions: J.G.K. and W.J. designed the article and wrote the main manuscript text. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by a National Research Foundation of Korea grant (RS-
2025-19623004, RS-2026-25468672 to W.J) and the Gachon University Research Foundation (GCU-
202300620001 to J.G.K).

Data Availability Statement: No new data were created or analyzed in this study. Data sharing does
not apply to this article.

Acknowledgments: During the preparation of this manuscript, the authors used the free version of
ChatGPT (GPT-5.5) to generate some figures, which they then submitted to Servier Medical Art for
improvement. The authors have reviewed and edited the output and take full responsibility for the
content of this publication. The figures are original and do not contain unpublished data. This work
was supported by the Gachon University research fund of 2023 (GCU-20230062001).

Conflicts of Interest: The authors have no potential conflicts of interest to declare.

References
1. Jemal, A.; Bray, F.; Center, M.M.; Ferlay, J.; Ward, E.; Forman, D. Global cancer statistics. CA Cancer J. Clin. 2011, 61, 69–90.

[CrossRef] [PubMed]
2. Simard, E.P.; Ward, E.M.; Siegel, R.; Jemal, A. Cancers with increasing incidence trends in the united states: 1999 through 2008.

CA Cancer J. Clin. 2012, 62, 118–128. [CrossRef] [PubMed]
3. Nio, K.; Yamashita, T.; Kaneko, S. The evolving concept of liver cancer stem cells. Mol. Cancer 2017, 16, 4. [CrossRef] [PubMed]
4. Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646–674. [CrossRef] [PubMed]
5. Hanahan, D.; Weinberg, R.A. The hallmarks of cancer. Cell 2000, 100, 57–70. [CrossRef] [PubMed]
6. Hanahan, D. Hallmarks of cancer: New dimensions. Cancer Discov. 2022, 12, 31–46. [CrossRef] [PubMed]
7. Kong, X.; Zhang, J.; Chen, S.; Wang, X.; Xi, Q.; Shen, H.; Zhang, R. Immune checkpoint inhibitors: Breakthroughs in cancer

treatment. Cancer Biol. Med. 2024, 21, 451–472. [CrossRef] [PubMed]
8. Das, S.K.; Menezes, M.E.; Bhatia, S.; Wang, X.Y.; Emdad, L.; Sarkar, D.; Fisher, P.B. Gene therapies for cancer: Strategies, challenges

and successes. J. Cell. Physiol. 2015, 230, 259–271. [PubMed]
9. Long, R.; Zuo, H.; Tang, G.; Zhang, C.; Yue, X.; Yang, J.; Luo, X.; Deng, Y.; Qiu, J.; Li, J.; et al. Antibody-drug conjugates in cancer

therapy: Applications and future advances. Front. Immunol. 2025, 16, 1516419. [CrossRef] [PubMed]
10. Aggarwal, D.; Yang, J.; Salam, M.A.; Sengupta, S.; Al-Amin, M.Y.; Mustafa, S.; Khan, M.A.; Huang, X.; Pawar, J.S. Antibody-drug

conjugates: The paradigm shifts in the targeted cancer therapy. Front. Immunol. 2023, 14, 1203073. [CrossRef] [PubMed]

https://doi.org/10.3390/cells15141310

https://doi.org/10.3322/caac.20107
https://www.ncbi.nlm.nih.gov/pubmed/21296855
https://doi.org/10.3322/caac.20141
https://www.ncbi.nlm.nih.gov/pubmed/22281605
https://doi.org/10.1186/s12943-016-0572-9
https://www.ncbi.nlm.nih.gov/pubmed/28137313
https://doi.org/10.1016/j.cell.2011.02.013
https://www.ncbi.nlm.nih.gov/pubmed/21376230
https://doi.org/10.1016/s0092-8674(00)81683-9
https://www.ncbi.nlm.nih.gov/pubmed/10647931
https://doi.org/10.1158/2159-8290.cd-21-1059
https://www.ncbi.nlm.nih.gov/pubmed/35022204
https://doi.org/10.20892/j.issn.2095-3941.2024.0055
https://www.ncbi.nlm.nih.gov/pubmed/38801082
https://www.ncbi.nlm.nih.gov/pubmed/25196387
https://doi.org/10.3389/fimmu.2025.1516419
https://www.ncbi.nlm.nih.gov/pubmed/40469310
https://doi.org/10.3389/fimmu.2023.1203073
https://www.ncbi.nlm.nih.gov/pubmed/38164136
https://doi.org/10.3390/cells15141310


Cells 2026, 15, 1310 19 of 26

11. Gong, Y.; Fan, Z.; Luo, G.; Yang, C.; Huang, Q.; Fan, K.; Cheng, H.; Jin, K.; Ni, Q.; Yu, X.; et al. The role of necroptosis in cancer
biology and therapy. Mol. Cancer 2019, 18, 100. [CrossRef] [PubMed]

12. Strilic, B.; Yang, L.; Albarran-Juarez, J.; Wachsmuth, L.; Han, K.; Muller, U.C.; Pasparakis, M.; Offermanns, S. Tumour-cell-induced
endothelial cell necroptosis via death receptor 6 promotes metastasis. Nature 2016, 536, 215–218. [CrossRef] [PubMed]

13. Koo, G.B.; Morgan, M.J.; Lee, D.G.; Kim, W.J.; Yoon, J.H.; Koo, J.S.; Kim, S.I.; Kim, S.J.; Son, M.K.; Hong, S.S.; et al. Methylation-
dependent loss of rip3 expression in cancer represses programmed necrosis in response to chemotherapeutics. Cell Res. 2015, 25,
707–725. [CrossRef] [PubMed]

14. Zhang, L.; Yan, Y.; Gao, Y.; Chen, Y.; Yu, J.; Ren, N.; Sun, L. Antibody-drug conjugates and immune checkpoint inhibitors in
cancer treatment: A systematic review and meta-analysis. Sci. Rep. 2024, 14, 22357. [CrossRef] [PubMed]

15. Karasarides, M.; Cogdill, A.P.; Robbins, P.B.; Bowden, M.; Burton, E.M.; Butterfield, L.H.; Cesano, A.; Hammer, C.; Haymaker,
C.L.; Horak, C.E.; et al. Hallmarks of resistance to immune-checkpoint inhibitors. Cancer Immunol. Res. 2022, 10, 372–383.
[CrossRef] [PubMed]

16. Asadzadeh, Z.; Safarzadeh, E.; Safaei, S.; Baradaran, A.; Mohammadi, A.; Hajiasgharzadeh, K.; Derakhshani, A.; Argentiero, A.;
Silvestris, N.; Baradaran, B. Current approaches for combination therapy of cancer: The role of immunogenic cell death. Cancers
2020, 12, 1047. [CrossRef] [PubMed]

17. Zhu, K.; Liang, W.; Ma, Z.; Xu, D.; Cao, S.; Lu, X.; Liu, N.; Shan, B.; Qian, L.; Yuan, J. Necroptosis promotes cell-autonomous
activation of proinflammatory cytokine gene expression. Cell Death Dis. 2018, 9, 500. [CrossRef] [PubMed]

18. Cho, Y.S.; Challa, S.; Moquin, D.; Genga, R.; Ray, T.D.; Guildford, M.; Chan, F.K. Phosphorylation-driven assembly of the rip1-rip3
complex regulates programmed necrosis and virus-induced inflammation. Cell 2009, 137, 1112–1123. [CrossRef] [PubMed]

19. Sun, L.; Wang, H.; Wang, Z.; He, S.; Chen, S.; Liao, D.; Wang, L.; Yan, J.; Liu, W.; Lei, X.; et al. Mixed lineage kinase domain-like
protein mediates necrosis signaling downstream of rip3 kinase. Cell 2012, 148, 213–227. [CrossRef] [PubMed]

20. Galluzzi, L.; Vitale, I.; Aaronson, S.A.; Abrams, J.M.; Adam, D.; Agostinis, P.; Alnemri, E.S.; Altucci, L.; Amelio, I.; Andrews, D.W.;
et al. Molecular mechanisms of cell death: Recommendations of the nomenclature committee on cell death 2018. Cell Death Differ.
2018, 25, 486–541. [CrossRef] [PubMed]

21. Beyer, C.; Stearns, N.A.; Giessl, A.; Distler, J.H.; Schett, G.; Pisetsky, D.S. The extracellular release of DNA and hmgb1 from jurkat
t cells during in vitro necrotic cell death. Innate Immun. 2012, 18, 727–737. [CrossRef] [PubMed]

22. Kaczmarek, A.; Vandenabeele, P.; Krysko, D.V. Necroptosis: The release of damage-associated molecular patterns and its
physiological relevance. Immunity 2013, 38, 209–223. [CrossRef] [PubMed]

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

24. Hanayama, R.; Tanaka, M.; Miwa, K.; Shinohara, A.; Iwamatsu, A.; Nagata, S. Identification of a factor that links apoptotic cells to
phagocytes. Nature 2002, 417, 182–187. [CrossRef] [PubMed]

25. Zou, H.; Henzel, W.J.; Liu, X.; Lutschg, A.; Wang, X. Apaf-1, a human protein homologous to c. Elegans ced-4, participates in
cytochrome c-dependent activation of caspase-3. Cell 1997, 90, 405–413. [CrossRef]

26. Degterev, A.; Hitomi, J.; Germscheid, M.; Ch’en, I.L.; Korkina, O.; Teng, X.; Abbott, D.; Cuny, G.D.; Yuan, C.; Wagner, G.; et al.
Identification of RIP1 kinase as a specific cellular target of necrostatins. Nat. Chem. Biol. 2008, 4, 313–321. [CrossRef] [PubMed]

27. Zhang, D.W.; Shao, J.; Lin, J.; Zhang, N.; Lu, B.J.; Lin, S.C.; Dong, M.Q.; Han, J. Rip3, an energy metabolism regulator that switches
tnf-induced cell death from apoptosis to necrosis. Science 2009, 325, 332–336. [CrossRef] [PubMed]

28. Wang, H.; Sun, L.; Su, L.; Rizo, J.; Liu, L.; Wang, L.F.; Wang, F.S.; Wang, X. Mixed lineage kinase domain-like protein mlkl causes
necrotic membrane disruption upon phosphorylation by rip3. Mol. Cell 2014, 54, 133–146. [CrossRef] [PubMed]

29. Su, Z.; Yang, Z.; Xie, L.; DeWitt, J.P.; Chen, Y. Cancer therapy in the necroptosis era. Cell Death Differ. 2016, 23, 748–756. [CrossRef]
30. Ando, Y.; Ohuchida, K.; Otsubo, Y.; Kibe, S.; Takesue, S.; Abe, T.; Iwamoto, C.; Shindo, K.; Moriyama, T.; Nakata, K.; et al.

Necroptosis in pancreatic cancer promotes cancer cell migration and invasion by release of cxcl5. PLoS ONE 2020, 15, e0228015.
[CrossRef] [PubMed]

31. Hannes, S.; Abhari, B.A.; Fulda, S. Smac mimetic triggers necroptosis in pancreatic carcinoma cells when caspase activation is
blocked. Cancer Lett. 2016, 380, 31–38. [CrossRef] [PubMed]

32. Geserick, P.; Wang, J.; Schilling, R.; Horn, S.; Harris, P.A.; Bertin, J.; Gough, P.J.; Feoktistova, M.; Leverkus, M. Absence of ripk3
predicts necroptosis resistance in malignant melanoma. Cell Death Dis. 2015, 6, e1884. [CrossRef]

33. Jiang, X.; Deng, W.; Tao, S.; Tang, Z.; Chen, Y.; Tian, M.; Wang, T.; Tao, C.; Li, Y.; Fang, Y.; et al. A ripk3-independent role of mlkl in
suppressing parthanatos promotes immune evasion in hepatocellular carcinoma. Cell Discov. 2023, 9, 7. [CrossRef] [PubMed]

34. Kischkel, F.C.; Hellbardt, S.; Behrmann, I.; Germer, M.; Pawlita, M.; Krammer, P.H.; Peter, M.E. Cytotoxicity-dependent apo-1
(fas/cd95)-associated proteins form a death-inducing signaling complex (disc) with the receptor. EMBO J. 1995, 14, 5579–5588.
[CrossRef] [PubMed]

https://doi.org/10.3390/cells15141310

https://doi.org/10.1186/s12943-019-1029-8
https://www.ncbi.nlm.nih.gov/pubmed/31122251
https://doi.org/10.1038/nature19076
https://www.ncbi.nlm.nih.gov/pubmed/27487218
https://doi.org/10.1038/cr.2015.56
https://www.ncbi.nlm.nih.gov/pubmed/25952668
https://doi.org/10.1038/s41598-024-68311-z
https://www.ncbi.nlm.nih.gov/pubmed/39333227
https://doi.org/10.1158/2326-6066.cir-20-0586
https://www.ncbi.nlm.nih.gov/pubmed/35362046
https://doi.org/10.3390/cancers12041047
https://www.ncbi.nlm.nih.gov/pubmed/32340275
https://doi.org/10.1038/s41419-018-0524-y
https://www.ncbi.nlm.nih.gov/pubmed/29703889
https://doi.org/10.1016/j.cell.2009.05.037
https://www.ncbi.nlm.nih.gov/pubmed/19524513
https://doi.org/10.1016/j.cell.2011.11.031
https://www.ncbi.nlm.nih.gov/pubmed/22265413
https://doi.org/10.1038/s41418-017-0012-4
https://www.ncbi.nlm.nih.gov/pubmed/29362479
https://doi.org/10.1177/1753425912437981
https://www.ncbi.nlm.nih.gov/pubmed/22344226
https://doi.org/10.1016/j.immuni.2013.02.003
https://www.ncbi.nlm.nih.gov/pubmed/23438821
https://doi.org/10.1038/bjc.1972.33
https://www.ncbi.nlm.nih.gov/pubmed/4561027
https://doi.org/10.1038/417182a
https://www.ncbi.nlm.nih.gov/pubmed/12000961
https://doi.org/10.1016/s0092-8674(00)80501-2
https://doi.org/10.1038/nchembio.83
https://www.ncbi.nlm.nih.gov/pubmed/18408713
https://doi.org/10.1126/science.1172308
https://www.ncbi.nlm.nih.gov/pubmed/19498109
https://doi.org/10.1016/j.molcel.2014.03.003
https://www.ncbi.nlm.nih.gov/pubmed/24703947
https://doi.org/10.1038/cdd.2016.8
https://doi.org/10.1371/journal.pone.0228015
https://www.ncbi.nlm.nih.gov/pubmed/31999765
https://doi.org/10.1016/j.canlet.2016.05.036
https://www.ncbi.nlm.nih.gov/pubmed/27267809
https://doi.org/10.1038/cddis.2015.240
https://doi.org/10.1038/s41421-022-00504-0
https://www.ncbi.nlm.nih.gov/pubmed/36650126
https://doi.org/10.1002/j.1460-2075.1995.tb00245.x
https://www.ncbi.nlm.nih.gov/pubmed/8521815
https://doi.org/10.3390/cells15141310


Cells 2026, 15, 1310 20 of 26

35. Muzio, M.; Chinnaiyan, A.M.; Kischkel, F.C.; O’Rourke, K.; Shevchenko, A.; Ni, J.; Scaffidi, C.; Bretz, J.D.; Zhang, M.; Gentz,
R.; et al. Flice, a novel fadd-homologous ice/ced-3-like protease, is recruited to the cd95 (fas/apo-1) death-inducing signaling
complex. Cell 1996, 85, 817–827. [CrossRef] [PubMed]

36. Liu, X.; Zou, H.; Slaughter, C.; Wang, X. Dff, a heterodimeric protein that functions downstream of caspase-3 to trigger DNA
fragmentation during apoptosis. Cell 1997, 89, 175–184. [CrossRef] [PubMed]

37. Fernandes-Alnemri, T.; Armstrong, R.C.; Krebs, J.; Srinivasula, S.M.; Wang, L.; Bullrich, F.; Fritz, L.C.; Trapani, J.A.; Tomaselli,
K.J.; Litwack, G.; et al. In vitro activation of cpp32 and mch3 by mch4, a novel human apoptotic cysteine protease containing
two fadd-like domains. Proc. Natl. Acad. Sci. USA 1996, 93, 7464–7469. [CrossRef] [PubMed]

38. Micheau, O.; Tschopp, J. Induction of tnf receptor i-mediated apoptosis via two sequential signaling complexes. Cell 2003, 114,
181–190. [CrossRef] [PubMed]

39. He, S.; Wang, L.; Miao, L.; Wang, T.; Du, F.; Zhao, L.; Wang, X. Receptor interacting protein kinase-3 determines cellular necrotic
response to tnf-alpha. Cell 2009, 137, 1100–1111. [CrossRef] [PubMed]

40. Oltersdorf, T.; Elmore, S.W.; Shoemaker, A.R.; Armstrong, R.C.; Augeri, D.J.; Belli, B.A.; Bruncko, M.; Deckwerth, T.L.; Dinges, J.;
Hajduk, P.J.; et al. An inhibitor of bcl-2 family proteins induces regression of solid tumours. Nature 2005, 435, 677–681. [CrossRef]
[PubMed]

41. Vandenberg, C.J.; Cory, S. Abt-199, a new bcl-2-specific bh3 mimetic, has in vivo efficacy against aggressive myc-driven mouse
lymphomas without provoking thrombocytopenia. Blood 2013, 121, 2285–2288.

42. Benetatos, C.A.; Mitsuuchi, Y.; Burns, J.M.; Neiman, E.M.; Condon, S.M.; Yu, G.; Seipel, M.E.; Kapoor, G.S.; Laporte, M.G.; Rippin,
S.R.; et al. Birinapant (tl32711), a bivalent smac mimetic, targets traf2-associated ciaps, abrogates tnf-induced nf-kappab activation,
and is active in patient-derived xenograft models. Mol. Cancer Ther. 2014, 13, 867–879. [CrossRef]

43. Allensworth, J.L.; Sauer, S.J.; Lyerly, H.K.; Morse, M.A.; Devi, G.R. Smac mimetic birinapant induces apoptosis and enhances trail
potency in inflammatory breast cancer cells in an iap-dependent and tnf-alpha-independent mechanism. Breast Cancer Res. Treat.
2013, 137, 359–371. [PubMed]

44. Yang, C.; Wang, H.; Zhang, B.; Chen, Y.; Zhang, Y.; Sun, X.; Xiao, G.; Nan, K.; Ren, H.; Qin, S. Lcl161 increases paclitaxel-induced
apoptosis by degrading ciap1 and ciap2 in nsclc. J. Exp. Clin. Cancer Res. 2016, 35, 158. [CrossRef] [PubMed]

45. Feoktistova, M.; Geserick, P.; Kellert, B.; Dimitrova, D.P.; Langlais, C.; Hupe, M.; Cain, K.; MacFarlane, M.; Hacker, G.; Leverkus,
M. Ciaps block ripoptosome formation, a rip1/caspase-8 containing intracellular cell death complex differentially regulated by
cflip isoforms. Mol. Cell 2011, 43, 449–463. [CrossRef]

46. Belz, K.; Schoeneberger, H.; Wehner, S.; Weigert, A.; Bonig, H.; Klingebiel, T.; Fichtner, I.; Fulda, S. Smac mimetic and glucocorti-
coids synergize to induce apoptosis in childhood all by promoting ripoptosome assembly. Blood 2014, 124, 240–250. [CrossRef]
[PubMed]

47. Koch, A.; Jeiler, B.; Roedig, J.; van Wijk, S.J.L.; Dolgikh, N.; Fulda, S. Smac mimetics and trail cooperate to induce mlkl-dependent
necroptosis in burkitt’s lymphoma cell lines. Neoplasia 2021, 23, 539–550. [CrossRef]

48. Wang, L.; Hu, C.; Zhao, Y.; Hu, X. Novel smac mimetic astx660 (tolinapant) and tnf-alpha synergistically induce necroptosis in
bladder cancer cells in vitro upon apoptosis inhibition. Biochem. Biophys. Res. Commun. 2022, 602, 8–14. [CrossRef] [PubMed]

49. Cekay, M.J.; Roesler, S.; Frank, T.; Knuth, A.K.; Eckhardt, I.; Fulda, S. Smac mimetics and type ii interferon synergistically induce
necroptosis in various cancer cell lines. Cancer Lett. 2017, 410, 228–237. [CrossRef]

50. Uzunparmak, B.; Gao, M.; Lindemann, A.; Erikson, K.; Wang, L.; Lin, E.; Frank, S.J.; Gleber-Netto, F.O.; Zhao, M.; Skinner, H.D.;
et al. Caspase-8 loss radiosensitizes head and neck squamous cell carcinoma to smac mimetic-induced necroptosis. JCI Insight
2020, 5, e139837. [CrossRef] [PubMed]

51. Lomphithak, T.; Jaikla, P.; Sae-Fung, A.; Sonkaew, S.; Jitkaew, S. Natural flavonoids quercetin and kaempferol targeting G2/M cell
cycle-related genes and synergize with smac mimetic LCL-161 to induce necroptosis in cholangiocarcinoma cells. Nutrients 2023,
15, 3090. [CrossRef] [PubMed]

52. Flygare, J.A.; Beresini, M.; Budha, N.; Chan, H.; Chan, I.T.; Cheeti, S.; Cohen, F.; Deshayes, K.; Doerner, K.; Eckhardt, S.G.; et al.
Discovery of a potent small-molecule antagonist of inhibitor of apoptosis (IAP) proteins and clinical candidate for the treatment
of cancer (GDC-0152). J. Med. Chem. 2012, 55, 4101–4113. [CrossRef] [PubMed]

53. Nam, Y.W.; Shin, J.H.; Kim, S.; Hwang, C.H.; Lee, C.S.; Hwang, G.; Kim, H.R.; Roe, J.S.; Song, J. EGFR inhibits TNF-α-mediated
pathway by phosphorylating TNFR1 at tyrosine 360 and 401. Cell Death Differ. 2024, 31, 1318–1332. [CrossRef] [PubMed]

54. Rickard, J.A.; O’Donnell, J.A.; Evans, J.M.; Lalaoui, N.; Poh, A.R.; Rogers, T.; Vince, J.E.; Lawlor, K.E.; Ninnis, R.L.; Anderton, H.;
et al. RIPK1 regulates RIPK3-MLKL-driven systemic inflammation and emergency hematopoiesis. Cell 2014, 157, 1175–1188.
[CrossRef] [PubMed]

55. Newton, K.; Wickliffe, K.E.; Maltzman, A.; Dugger, D.L.; Strasser, A.; Pham, V.C.; Lill, J.R.; Roose-Girma, M.; Warming, S.; Solon,
M.; et al. RIPK1 inhibits ZBP1-driven necroptosis during development. Nature 2016, 540, 129–133. [CrossRef]

56. Weinlich, R.; Oberst, A.; Beere, H.M.; Green, D.R. Necroptosis in development, inflammation and disease. Nat. Rev. Mol. Cell Biol.
2017, 18, 127–136.

https://doi.org/10.3390/cells15141310

https://doi.org/10.1016/s0092-8674(00)81266-0
https://www.ncbi.nlm.nih.gov/pubmed/8681377
https://doi.org/10.1016/s0092-8674(00)80197-x
https://www.ncbi.nlm.nih.gov/pubmed/9108473
https://doi.org/10.1073/pnas.93.15.7464
https://www.ncbi.nlm.nih.gov/pubmed/8755496
https://doi.org/10.1016/s0092-8674(03)00521-x
https://www.ncbi.nlm.nih.gov/pubmed/12887920
https://doi.org/10.1016/j.cell.2009.05.021
https://www.ncbi.nlm.nih.gov/pubmed/19524512
https://doi.org/10.1038/nature03579
https://www.ncbi.nlm.nih.gov/pubmed/15902208
https://doi.org/10.1158/1535-7163.mct-13-0798
https://www.ncbi.nlm.nih.gov/pubmed/23225169
https://doi.org/10.1186/s13046-016-0435-7
https://www.ncbi.nlm.nih.gov/pubmed/27737687
https://doi.org/10.1016/j.molcel.2011.06.011
https://doi.org/10.1182/blood-2013-05-500918
https://www.ncbi.nlm.nih.gov/pubmed/24855207
https://doi.org/10.1016/j.neo.2021.03.003
https://doi.org/10.1016/j.bbrc.2022.02.053
https://www.ncbi.nlm.nih.gov/pubmed/35247703
https://doi.org/10.1016/j.canlet.2017.09.002
https://doi.org/10.1172/jci.insight.139837
https://www.ncbi.nlm.nih.gov/pubmed/33108350
https://doi.org/10.3390/nu15143090
https://www.ncbi.nlm.nih.gov/pubmed/37513508
https://doi.org/10.1021/jm300060k
https://www.ncbi.nlm.nih.gov/pubmed/22413863
https://doi.org/10.1038/s41418-024-01316-3
https://www.ncbi.nlm.nih.gov/pubmed/38789573
https://doi.org/10.1016/j.cell.2014.04.019
https://www.ncbi.nlm.nih.gov/pubmed/24813849
https://doi.org/10.1038/nature20559
https://doi.org/10.3390/cells15141310


Cells 2026, 15, 1310 21 of 26

57. O’Neill, K.L.; Fairbairn, D.W.; Smith, M.J.; Poe, B.S. Critical parameters influencing hyperthermia-induced apoptosis in human
lymphoid cell lines. Apoptosis 1998, 3, 369–375. [CrossRef] [PubMed]

58. Han, S.I.; Duong, H.Q.; Choi, J.E.; Lee, T.B.; Kim, C.H.; Lee, S.Y.; Jeon, H.M.; Shin, S.H.; Lim, S.C.; Kang, H.S. Hyperthermia
switches glucose depletion-induced necrosis to apoptosis in A549 lung adenocarcinoma cells. Int. J. Oncol. 2008, 32, 851–860.
[CrossRef] [PubMed]

59. Dieing, A.; Ahlers, O.; Kerner, T.; Wust, P.; Felix, R.; Loffel, J.; Riess, H.; Hildebrandt, B. Whole body hyperthermia induces
apoptosis in subpopulations of blood lymphocytes. Immunobiology 2003, 207, 265–273. [CrossRef] [PubMed]

60. Weinberg, J.M.; Davis, J.A.; Venkatachalam, M.A. Cytosolic-free calcium increases to greater than 100 micromolar in ATP-depleted
proximal tubules. J. Clin. Investig. 1997, 100, 713–722. [CrossRef] [PubMed]

61. Venkatachalam, M.A.; Weinberg, J.M.; Patel, Y.; Hussong, U.; Davis, J.A. Effects of Ca++ and glycine on lipid breakdown and
death of ATP-depleted MDCK cells. Kidney Int. 1995, 48, 118–128. [CrossRef] [PubMed]

62. McCoy, C.E.; Selvaggio, A.M.; Alexander, E.A.; Schwartz, J.H. Adenosine triphosphate depletion induces a rise in cytosolic free
calcium in canine renal epithelial cells. J. Clin. Investig. 1988, 82, 1326–1332. [CrossRef] [PubMed]

63. Russo, R.; Berliocchi, L.; Adornetto, A.; Varano, G.P.; Cavaliere, F.; Nucci, C.; Rotiroti, D.; Morrone, L.A.; Bagetta, G.; Corasaniti,
M.T. Calpain-mediated cleavage of Beclin-1 and autophagy deregulation following retinal ischemic injury in vivo. Cell Death Dis.
2011, 2, e144. [CrossRef] [PubMed]

64. Qiao, Y.; Wang, J.; Wang, B.; Zhou, H.; Ni, Q.; Fu, W.; Hu, Z.; Zhong, Q. Sodium disrupts mitochondrial energy metabolism to
execute NECSO. Nat. Commun. 2025, 17, 493. [CrossRef] [PubMed]

65. Rungta, R.L.; Choi, H.B.; Tyson, J.R.; Malik, A.; Dissing-Olesen, L.; Lin, P.J.C.; Cain, S.M.; Cullis, P.R.; Snutch, T.P.; MacVicar, B.A.
The cellular mechanisms of neuronal swelling underlying cytotoxic edema. Cell 2015, 161, 610–621. [CrossRef] [PubMed]

66. Li, C.; Liu, Y.; Mao, H.; Yang, W.; Liu, S.; Shan, Y. Oncosis is the predominant type of cell death in rhabdomyolysis following
exertional heat stroke. PLoS ONE 2025, 20, e0308586. [CrossRef] [PubMed]

67. Pan, R.; Hogdal, L.J.; Benito, J.M.; Bucci, D.; Han, L.; Borthakur, G.; Cortes, J.; DeAngelo, D.J.; Debose, L.; Mu, H.; et al. Selective
BCL-2 inhibition by ABT-199 causes on-target cell death in acute myeloid leukemia. Cancer Discov. 2014, 4, 362–375. [CrossRef]

68. Liu, P.; Zhao, L.; Loos, F.; Iribarren, K.; Lachkar, S.; Zhou, H.; Gomes-da-Silva, L.C.; Chen, G.; Bezu, L.; Boncompain, G.; et al.
Identification of pharmacological agents that induce HMGB1 release. Sci. Rep. 2017, 7, 14915. [CrossRef] [PubMed]

69. Llorens, F.; Thune, K.; Sikorska, B.; Schmitz, M.; Tahir, W.; Fernandez-Borges, N.; Cramm, M.; Gotzmann, N.; Carmona, M.;
Streichenberger, N.; et al. Altered Ca2+ homeostasis induces Calpain-Cathepsin axis activation in sporadic Creutzfeldt-Jakob
disease. Acta Neuropathol. Commun. 2017, 5, 35. [CrossRef] [PubMed]

70. Kobayashi, S.; Yamashita, K.; Takeoka, T.; Ohtsuki, T.; Suzuki, Y.; Takahashi, R.; Yamamoto, K.; Kaufmann, S.H.; Uchiyama, T.;
Sasada, M.; et al. Calpain-mediated x-linked inhibitor of apoptosis degradation in neutrophil apoptosis and its impairment in
chronic neutrophilic leukemia. J. Biol. Chem. 2002, 277, 33968–33977. [CrossRef] [PubMed]

71. Blomgran, R.; Zheng, L.; Stendahl, O. Cathepsin-cleaved bid promotes apoptosis in human neutrophils via oxidative stress-
induced lysosomal membrane permeabilization. J. Leukoc. Biol. 2007, 81, 1213–1223. [CrossRef] [PubMed]

72. Songjang, W.; Paiyabhroma, N.; Srisuwan, C.; Promchai, S.; Nensat, C.; Pankhong, P.; Kumphune, S.; Jiraviriyakul, A.
Chemotherapy-derived damps drive reprogramming of tumor-associated macrophages toward a pro-inflammatory phenotype in
hepatocellular carcinoma. Sci. Rep. 2026, 16, 17440. [CrossRef] [PubMed]

73. Hanggi, K.; Li, J.; Gangadharan, A.; Liu, X.; Celias, D.P.; Osunmakinde, O.; Keske, A.; Davis, J.; Ahmad, F.; Giron, A.; et al.
Interleukin-1α release during necrotic-like cell death generates myeloid-driven immunosuppression that restricts anti-tumor
immunity. Cancer Cell 2024, 42, 2015–2031.e11. [PubMed]

74. Taguchi, A.; Blood, D.C.; del Toro, G.; Canet, A.; Lee, D.C.; Qu, W.; Tanji, N.; Lu, Y.; Lalla, E.; Fu, C.; et al. Blockade of
rage-amphoterin signalling suppresses tumour growth and metastases. Nature 2000, 405, 354–360. [CrossRef] [PubMed]

75. Shi, J.; Zhao, Y.; Wang, K.; Shi, X.; Wang, Y.; Huang, H.; Zhuang, Y.; Cai, T.; Wang, F.; Shao, F. Cleavage of GSDMD by inflammatory
caspases determines pyroptotic cell death. Nature 2015, 526, 660–665. [CrossRef] [PubMed]

76. Yu, S.W.; Wang, H.; Poitras, M.F.; Coombs, C.; Bowers, W.J.; Federoff, H.J.; Poirier, G.G.; Dawson, T.M.; Dawson, V.L. Mediation
of poly(adp-ribose) polymerase-1-dependent cell death by apoptosis-inducing factor. Science 2002, 297, 259–263. [CrossRef]
[PubMed]

77. Yang, W.S.; SriRamaratnam, R.; Welsch, M.E.; Shimada, K.; Skouta, R.; Viswanathan, V.S.; Cheah, J.H.; Clemons, P.A.; Shamji, A.F.;
Clish, C.B.; et al. Regulation of ferroptotic cancer cell death by gpx4. Cell 2014, 156, 317–331. [CrossRef] [PubMed]

78. Gong, Y.N.; Guy, C.; Olauson, H.; Becker, J.U.; Yang, M.; Fitzgerald, P.; Linkermann, A.; Green, D.R. Escrt-iii acts downstream of
mlkl to regulate necroptotic cell death and its consequences. Cell 2017, 169, 286–300.e16. [CrossRef] [PubMed]

79. Dai, E.; Meng, L.; Kang, R.; Wang, X.; Tang, D. ESCRT-III-dependent membrane repair blocks ferroptosis. Biochem. Biophys. Res.
Commun. 2020, 522, 415–421. [CrossRef] [PubMed]

https://doi.org/10.3390/cells15141310

https://doi.org/10.1023/a:1009689407261
https://www.ncbi.nlm.nih.gov/pubmed/14646484
https://doi.org/10.1016/j.cellbi.2008.08.023
https://www.ncbi.nlm.nih.gov/pubmed/18360712
https://doi.org/10.1078/0171-2985-00236
https://www.ncbi.nlm.nih.gov/pubmed/12952349
https://doi.org/10.1172/jci119584
https://www.ncbi.nlm.nih.gov/pubmed/9239420
https://doi.org/10.1038/ki.1995.275
https://www.ncbi.nlm.nih.gov/pubmed/7564068
https://doi.org/10.1172/jci113734
https://www.ncbi.nlm.nih.gov/pubmed/2844853
https://doi.org/10.1038/cddis.2011.29
https://www.ncbi.nlm.nih.gov/pubmed/21490676
https://doi.org/10.1038/s41467-025-67181-x
https://www.ncbi.nlm.nih.gov/pubmed/41390760
https://doi.org/10.1016/j.cell.2015.03.029
https://www.ncbi.nlm.nih.gov/pubmed/25910210
https://doi.org/10.1371/journal.pone.0308586
https://www.ncbi.nlm.nih.gov/pubmed/41474762
https://doi.org/10.1158/2159-8290.cd-13-0609
https://doi.org/10.1038/s41598-017-14848-1
https://www.ncbi.nlm.nih.gov/pubmed/29097772
https://doi.org/10.1186/s40478-017-0431-y
https://www.ncbi.nlm.nih.gov/pubmed/28449707
https://doi.org/10.1074/jbc.m203350200
https://www.ncbi.nlm.nih.gov/pubmed/12121983
https://doi.org/10.1189/jlb.0506359
https://www.ncbi.nlm.nih.gov/pubmed/17264306
https://doi.org/10.1038/s41598-026-47480-z
https://www.ncbi.nlm.nih.gov/pubmed/41933190
https://www.ncbi.nlm.nih.gov/pubmed/39577420
https://doi.org/10.1038/35012626
https://www.ncbi.nlm.nih.gov/pubmed/10830965
https://doi.org/10.1038/nature15514
https://www.ncbi.nlm.nih.gov/pubmed/26375003
https://doi.org/10.1126/science.1072221
https://www.ncbi.nlm.nih.gov/pubmed/12114629
https://doi.org/10.1016/j.cell.2013.12.010
https://www.ncbi.nlm.nih.gov/pubmed/24439385
https://doi.org/10.1016/j.cell.2017.03.020
https://www.ncbi.nlm.nih.gov/pubmed/28388412
https://doi.org/10.1016/j.bbrc.2019.11.110
https://www.ncbi.nlm.nih.gov/pubmed/31761326
https://doi.org/10.3390/cells15141310


Cells 2026, 15, 1310 22 of 26

80. Li, Z.; Mo, F.; Wang, Y.; Li, W.; Chen, Y.; Liu, J.; Chen-Mayfield, T.J.; Hu, Q. Enhancing gasdermin-induced tumor pyroptosis
through preventing ESCRT-dependent cell membrane repair augments antitumor immune response. Nat. Commun. 2022,
13, 6321. [CrossRef]

81. Raab, M.; Gentili, M.; de Belly, H.; Thiam, H.R.; Vargas, P.; Jimenez, A.J.; Lautenschlaeger, F.; Voituriez, R.; Lennon-Dumenil,
A.M.; Manel, N.; et al. ESCRT III repairs nuclear envelope ruptures during cell migration to limit DNA damage and cell death.
Science 2016, 352, 359–362. [CrossRef] [PubMed]

82. Ros, U.; Pena-Blanco, A.; Hanggi, K.; Kunzendorf, U.; Krautwald, S.; Wong, W.W.; Garcia-Saez, A.J. Necroptosis execution is
mediated by plasma membrane nanopores independent of calcium. Cell Rep. 2017, 19, 175–187. [CrossRef] [PubMed]

83. Zhao, X.; Quan, J.; Tan, Y.; Liu, Y.; Liao, C.; Li, Z.; Liao, W.; Liu, J.; Cao, Y.; Luo, X. Rip3 mediates tcn-induced necroptosis through
activating mitochondrial metabolism and ros production in chemotherapy-resistant cancers. Am. J. Cancer Res. 2021, 11, 729–745.
[PubMed]

84. Zhang, J.; Trojel-Hansen, C.; Wang, J.; Zhang, Z.; Wang, X.; Qiao, Y.; Jiao, H.; Michaud, M.; Kepp, O.; Jaattela, M.; et al. Necrocide
1 mediates necrotic cell death and immunogenic response in human cancer cells. Cell Death Dis. 2023, 14, 238. [CrossRef]

85. Luo, R.; Onyshchenko, K.; Wang, L.; Gaedicke, S.; Grosu, A.L.; Firat, E.; Niedermann, G. Necroptosis-dependent immunogenicity
of cisplatin: Implications for enhancing the radiation-induced abscopal effect. Clin. Cancer Res. 2023, 29, 667–683. [PubMed]

86. Rucker, A.J.; Park, C.S.; Li, Q.J.; Moseman, E.A.; Chan, F.K. Necroptosis stimulates interferon-mediated protective anti-tumor
immunity. Cell Death Dis. 2024, 15, 403. [CrossRef] [PubMed]

87. Eek Mariampillai, A.; Hauge, S.; Kongsrud, K.; Syljuasen, R.G. Immunogenic cell death after combined treatment with radiation
and ATR inhibitors is dually regulated by apoptotic caspases. Front. Immunol. 2023, 14, 1138920. [CrossRef]

88. McComb, S.; Cheung, H.H.; Korneluk, R.G.; Wang, S.; Krishnan, L.; Sad, S. Ciap1 and ciap2 limit macrophage necroptosis by
inhibiting rip1 and rip3 activation. Cell Death Differ. 2012, 19, 1791–1801. [CrossRef] [PubMed]

89. Ikeda, F.; Deribe, Y.L.; Skanland, S.S.; Stieglitz, B.; Grabbe, C.; Franz-Wachtel, M.; van Wijk, S.J.; Goswami, P.; Nagy, V.; Terzic, J.;
et al. Sharpin forms a linear ubiquitin ligase complex regulating nf-kappab activity and apoptosis. Nature 2011, 471, 637–641.
[CrossRef] [PubMed]

90. Moquin, D.M.; McQuade, T.; Chan, F.K. Cyld deubiquitinates rip1 in the tnfalpha-induced necrosome to facilitate kinase activation
and programmed necrosis. PLoS ONE 2013, 8, e76841. [CrossRef] [PubMed]

91. Zhao, J.; Jitkaew, S.; Cai, Z.; Choksi, S.; Li, Q.; Luo, J.; Liu, Z.G. Mixed lineage kinase domain-like is a key receptor interacting
protein 3 downstream component of TNF-induced necrosis. Proc. Natl. Acad. Sci. USA 2012, 109, 5322–5327. [CrossRef] [PubMed]

92. West, A.P.; Khoury-Hanold, W.; Staron, M.; Tal, M.C.; Pineda, C.M.; Lang, S.M.; Bestwick, M.; Duguay, B.A.; Raimundo, N.;
MacDuff, D.A.; et al. Mitochondrial DNA stress primes the antiviral innate immune response. Nature 2015, 520, 553–557.
[CrossRef] [PubMed]

93. Xia, B.; Fang, S.; Chen, X.; Hu, H.; Chen, P.; Wang, H.; Gao, Z. Mlkl forms cation channels. Cell Res. 2016, 26, 517–528. [CrossRef]
[PubMed]

94. Frank, D.; Vaux, D.L.; Murphy, J.M.; Vince, J.E.; Lindqvist, L.M. Activated mlkl attenuates autophagy following its translocation
to intracellular membranes. J. Cell Sci. 2019, 132, jcs220996. [CrossRef] [PubMed]

95. Hildebrand, J.M.; Tanzer, M.C.; Lucet, I.S.; Young, S.N.; Spall, S.K.; Sharma, P.; Pierotti, C.; Garnier, J.M.; Dobson, R.C.; Webb,
A.I.; et al. Activation of the pseudokinase mlkl unleashes the four-helix bundle domain to induce membrane localization and
necroptotic cell death. Proc. Natl. Acad. Sci. USA 2014, 111, 15072–15077. [CrossRef] [PubMed]

96. Su, L.; Quade, B.; Wang, H.; Sun, L.; Wang, X.; Rizo, J. A plug release mechanism for membrane permeation by mlkl. Structure
2014, 22, 1489–1500. [CrossRef] [PubMed]

97. Hannes, S.; Karlowitz, R.; van Wijk, S.J.L. The smac mimetic bv6 cooperates with sting to induce necroptosis in apoptosis-resistant
pancreatic carcinoma cells. Cell Death Dis. 2021, 12, 816. [CrossRef] [PubMed]

98. Akara-Amornthum, P.; Lomphithak, T.; Choksi, S.; Tohtong, R.; Jitkaew, S. Key necroptotic proteins are required for smac
mimetic-mediated sensitization of cholangiocarcinoma cells to tnf-alpha and chemotherapeutic gemcitabine-induced necroptosis.
PLoS ONE 2020, 15, e0227454. [CrossRef] [PubMed]

99. Tan, Y.; Sementino, E.; Cheung, M.; Peri, S.; Menges, C.W.; Kukuyan, A.M.; Zhang, T.; Khazak, V.; Fox, L.A.; Ross, E.A.; et al.
Somatic epigenetic silencing of ripk3 inactivates necroptosis and contributes to chemoresistance in malignant mesothelioma. Clin.
Cancer Res. 2021, 27, 1200–1213. [CrossRef] [PubMed]

100. Arroyo Villora, S.; Castellanos Silva, P.; Zenz, T.; Kwon, J.S.; Schlaudraff, N.; Nitaj, D.; Meckbach, C.; Dammann, R.; Richter, A.M.
Biomarker ripk3 is silenced by hypermethylation in melanoma and epigenetic editing reestablishes its tumor suppressor function.
Genes 2024, 15, 175. [CrossRef] [PubMed]

101. Wu, Y.; Yu, H.; Zhang, Z.; Xiong, W.; Zeng, Z.; Liu, W.; Tu, H.; Lin, X. Inhibiting mdm2 enhances ripk3-mediated necroptosis and
synergizes with immune checkpoint blockade therapy. iScience 2026, 29, 115724. [CrossRef] [PubMed]

https://doi.org/10.3390/cells15141310

https://doi.org/10.1038/s41467-022-34036-8
https://doi.org/10.1126/science.aad7611
https://www.ncbi.nlm.nih.gov/pubmed/27013426
https://doi.org/10.1016/j.celrep.2017.03.024
https://www.ncbi.nlm.nih.gov/pubmed/28380356
https://www.ncbi.nlm.nih.gov/pubmed/33791150
https://doi.org/10.1038/s41419-023-05740-0
https://www.ncbi.nlm.nih.gov/pubmed/36449659
https://doi.org/10.1038/s41419-024-06801-8
https://www.ncbi.nlm.nih.gov/pubmed/38858387
https://doi.org/10.3389/fimmu.2023.1138920
https://doi.org/10.1038/cdd.2012.59
https://www.ncbi.nlm.nih.gov/pubmed/22576661
https://doi.org/10.1038/nature09814
https://www.ncbi.nlm.nih.gov/pubmed/21455181
https://doi.org/10.1371/journal.pone.0076841
https://www.ncbi.nlm.nih.gov/pubmed/24098568
https://doi.org/10.1073/pnas.1200012109
https://www.ncbi.nlm.nih.gov/pubmed/22421439
https://doi.org/10.1038/nature14156
https://www.ncbi.nlm.nih.gov/pubmed/25642965
https://doi.org/10.1038/cr.2016.26
https://www.ncbi.nlm.nih.gov/pubmed/27033670
https://doi.org/10.1242/jcs.220996
https://www.ncbi.nlm.nih.gov/pubmed/30709919
https://doi.org/10.1073/pnas.1408987111
https://www.ncbi.nlm.nih.gov/pubmed/25288762
https://doi.org/10.1016/j.str.2014.07.014
https://www.ncbi.nlm.nih.gov/pubmed/25220470
https://doi.org/10.1038/s41419-021-04014-x
https://www.ncbi.nlm.nih.gov/pubmed/34462421
https://doi.org/10.1371/journal.pone.0227454
https://www.ncbi.nlm.nih.gov/pubmed/31914150
https://doi.org/10.1158/1078-0432.ccr-18-3683
https://www.ncbi.nlm.nih.gov/pubmed/33203643
https://doi.org/10.3390/genes15020175
https://www.ncbi.nlm.nih.gov/pubmed/38397165
https://doi.org/10.1016/j.isci.2026.115724
https://www.ncbi.nlm.nih.gov/pubmed/42095082
https://doi.org/10.3390/cells15141310


Cells 2026, 15, 1310 23 of 26

102. Snyder, A.G.; Hubbard, N.W.; Messmer, M.N.; Kofman, S.B.; Hagan, C.E.; Orozco, S.L.; Chiang, K.; Daniels, B.P.; Baker, D.; Oberst,
A. Intratumoral activation of the necroptotic pathway components ripk1 and ripk3 potentiates antitumor immunity. Sci. Immunol.
2019, 4, eaaw2004. [CrossRef] [PubMed]

103. Kaiser, W.J.; Upton, J.W.; Long, A.B.; Livingston-Rosanoff, D.; Daley-Bauer, L.P.; Hakem, R.; Caspary, T.; Mocarski, E.S. Rip3
mediates the embryonic lethality of caspase-8-deficient mice. Nature 2011, 471, 368–372. [CrossRef] [PubMed]

104. Mandal, P.; Berger, S.B.; Pillay, S.; Moriwaki, K.; Huang, C.; Guo, H.; Lich, J.D.; Finger, J.; Kasparcova, V.; Votta, B.; et al. Rip3
induces apoptosis independent of pronecrotic kinase activity. Mol. Cell 2014, 56, 481–495. [CrossRef] [PubMed]

105. Varfolomeev, E.; Blankenship, J.W.; Wayson, S.M.; Fedorova, A.V.; Kayagaki, N.; Garg, P.; Zobel, K.; Dynek, J.N.; Elliott, L.O.;
Wallweber, H.J.; et al. Iap antagonists induce autoubiquitination of c-iaps, nf-kappab activation, and tnfalpha-dependent
apoptosis. Cell 2007, 131, 669–681. [CrossRef] [PubMed]

106. Petersen, S.L.; Wang, L.; Yalcin-Chin, A.; Li, L.; Peyton, M.; Minna, J.; Harran, P.; Wang, X. Autocrine tnfalpha signaling renders
human cancer cells susceptible to smac-mimetic-induced apoptosis. Cancer Cell 2007, 12, 445–456. [CrossRef] [PubMed]

107. Rodriguez, D.A.; Weinlich, R.; Brown, S.; Guy, C.; Fitzgerald, P.; Dillon, C.P.; Oberst, A.; Quarato, G.; Low, J.; Cripps, J.G.; et al.
Characterization of ripk3-mediated phosphorylation of the activation loop of mlkl during necroptosis. Cell Death Differ. 2016, 23,
76–88. [PubMed]

108. Walczak, H.; Degli-Esposti, M.A.; Johnson, R.S.; Smolak, P.J.; Waugh, J.Y.; Boiani, N.; Timour, M.S.; Gerhart, M.J.; Schooley, K.A.;
Smith, C.A.; et al. Trail-r2: A novel apoptosis-mediating receptor for trail. EMBO J. 1997, 16, 5386–5397. [CrossRef] [PubMed]

109. Sprick, M.R.; Rieser, E.; Stahl, H.; Grosse-Wilde, A.; Weigand, M.A.; Walczak, H. Caspase-10 is recruited to and activated at
the native trail and cd95 death-inducing signalling complexes in a fadd-dependent manner but can not functionally substitute
caspase-8. EMBO J. 2002, 21, 4520–4530. [CrossRef] [PubMed]

110. Oerlemans, M.I.; Liu, J.; Arslan, F.; den Ouden, K.; van Middelaar, B.J.; Doevendans, P.A.; Sluijter, J.P. Inhibition of rip1-dependent
necrosis prevents adverse cardiac remodeling after myocardial ischemia-reperfusion in vivo. Basic Res. Cardiol. 2012, 107, 270.
[CrossRef] [PubMed]

111. Duprez, L.; Takahashi, N.; Van Hauwermeiren, F.; Vandendriessche, B.; Goossens, V.; Vanden Berghe, T.; Declercq, W.; Libert, C.;
Cauwels, A.; Vandenabeele, P. Rip kinase-dependent necrosis drives lethal systemic inflammatory response syndrome. Immunity
2011, 35, 908–918. [CrossRef] [PubMed]

112. Takahashi, N.; Duprez, L.; Grootjans, S.; Cauwels, A.; Nerinckx, W.; DuHadaway, J.B.; Goossens, V.; Roelandt, R.; Van Hauwer-
meiren, F.; Libert, C.; et al. Necrostatin-1 analogues: Critical issues on the specificity, activity and in vivo use in experimental
disease models. Cell Death Dis. 2012, 3, e437. [CrossRef] [PubMed]

113. Newton, K.; Dugger, D.L.; Wickliffe, K.E.; Kapoor, N.; de Almagro, M.C.; Vucic, D.; Komuves, L.; Ferrando, R.E.; French, D.M.;
Webster, J.; et al. Activity of protein kinase ripk3 determines whether cells die by necroptosis or apoptosis. Science 2014, 343,
1357–1360. [CrossRef] [PubMed]

114. Wang, Q.; Wang, P.; Zhang, L.; Tessema, M.; Bai, L.; Xu, X.; Li, Q.; Zheng, X.; Saxton, B.; Chen, W.; et al. Epigenetic regulation
of rip3 suppresses necroptosis and increases resistance to chemotherapy in nonsmall cell lung cancer. Transl. Oncol. 2020, 13,
372–382. [CrossRef] [PubMed]

115. Oberst, A.; Dillon, C.P.; Weinlich, R.; McCormick, L.L.; Fitzgerald, P.; Pop, C.; Hakem, R.; Salvesen, G.S.; Green, D.R. Catalytic
activity of the caspase-8-flip(l) complex inhibits ripk3-dependent necrosis. Nature 2011, 471, 363–367. [CrossRef] [PubMed]

116. Newton, K.; Wickliffe, K.E.; Dugger, D.L.; Maltzman, A.; Roose-Girma, M.; Dohse, M.; Komuves, L.; Webster, J.D.; Dixit, V.M.
Cleavage of ripk1 by caspase-8 is crucial for limiting apoptosis and necroptosis. Nature 2019, 574, 428–431. [CrossRef] [PubMed]

117. Murphy, J.M.; Czabotar, P.E.; Hildebrand, J.M.; Lucet, I.S.; Zhang, J.G.; Alvarez-Diaz, S.; Lewis, R.; Lalaoui, N.; Metcalf, D.;
Webb, A.I.; et al. The pseudokinase mlkl mediates necroptosis via a molecular switch mechanism. Immunity 2013, 39, 443–453.
[CrossRef] [PubMed]

118. Cerhan, J.R.; Ansell, S.M.; Fredericksen, Z.S.; Kay, N.E.; Liebow, M.; Call, T.G.; Dogan, A.; Cunningham, J.M.; Wang, A.H.;
Liu-Mares, W.; et al. Genetic variation in 1253 immune and inflammation genes and risk of non-hodgkin lymphoma. Blood 2007,
110, 4455–4463. [CrossRef] [PubMed]

119. Seifert, L.; Werba, G.; Tiwari, S.; Giao Ly, N.N.; Alothman, S.; Alqunaibit, D.; Avanzi, A.; Barilla, R.; Daley, D.; Greco, S.H.; et al.
The necrosome promotes pancreatic oncogenesis via cxcl1 and mincle-induced immune suppression. Nature 2016, 532, 245–249.
[CrossRef] [PubMed]

120. Orozco, S.L.; Daniels, B.P.; Yatim, N.; Messmer, M.N.; Quarato, G.; Chen-Harris, H.; Cullen, S.P.; Snyder, A.G.; Ralli-Jain, P.;
Frase, S.; et al. Ripk3 activation leads to cytokine synthesis that continues after loss of cell membrane integrity. Cell Rep. 2019, 28,
2275–2287.e5. [CrossRef] [PubMed]

121. Yan, G.; Zhao, H.; Zhang, Q.; Zhou, Y.; Wu, L.; Lei, J.; Wang, X.; Zhang, J.; Zhang, X.; Zheng, L.; et al. A ripk3-pge(2) circuit
mediates myeloid-derived suppressor cell-potentiated colorectal carcinogenesis. Cancer Res. 2018, 78, 5586–5599. [CrossRef]
[PubMed]

https://doi.org/10.3390/cells15141310

https://doi.org/10.1126/sciimmunol.aaw2004
https://www.ncbi.nlm.nih.gov/pubmed/31227597
https://doi.org/10.1038/nature09857
https://www.ncbi.nlm.nih.gov/pubmed/21368762
https://doi.org/10.1016/j.molcel.2014.10.021
https://www.ncbi.nlm.nih.gov/pubmed/25459880
https://doi.org/10.1016/j.cell.2007.10.030
https://www.ncbi.nlm.nih.gov/pubmed/18022362
https://doi.org/10.1016/j.ccr.2007.08.029
https://www.ncbi.nlm.nih.gov/pubmed/17996648
https://www.ncbi.nlm.nih.gov/pubmed/26024392
https://doi.org/10.1093/emboj/16.17.5386
https://www.ncbi.nlm.nih.gov/pubmed/9311998
https://doi.org/10.1093/emboj/cdf441
https://www.ncbi.nlm.nih.gov/pubmed/12198154
https://doi.org/10.1007/s00395-012-0270-8
https://www.ncbi.nlm.nih.gov/pubmed/22553001
https://doi.org/10.1016/j.immuni.2011.09.020
https://www.ncbi.nlm.nih.gov/pubmed/22195746
https://doi.org/10.1038/cddis.2012.176
https://www.ncbi.nlm.nih.gov/pubmed/23190609
https://doi.org/10.1126/science.1249361
https://www.ncbi.nlm.nih.gov/pubmed/24557836
https://doi.org/10.1016/j.tranon.2019.11.011
https://www.ncbi.nlm.nih.gov/pubmed/31887632
https://doi.org/10.1038/nature09852
https://www.ncbi.nlm.nih.gov/pubmed/21368763
https://doi.org/10.1038/s41586-019-1548-x
https://www.ncbi.nlm.nih.gov/pubmed/31511692
https://doi.org/10.1016/j.immuni.2013.06.018
https://www.ncbi.nlm.nih.gov/pubmed/24012422
https://doi.org/10.1182/blood-2007-05-088682
https://www.ncbi.nlm.nih.gov/pubmed/17827388
https://doi.org/10.1038/nature17403
https://www.ncbi.nlm.nih.gov/pubmed/27049944
https://doi.org/10.1016/j.celrep.2019.07.077
https://www.ncbi.nlm.nih.gov/pubmed/31461645
https://doi.org/10.1158/0008-5472.can-17-3962
https://www.ncbi.nlm.nih.gov/pubmed/30012671
https://doi.org/10.3390/cells15141310


Cells 2026, 15, 1310 24 of 26

122. Bertrand, M.J.; Milutinovic, S.; Dickson, K.M.; Ho, W.C.; Boudreault, A.; Durkin, J.; Gillard, J.W.; Jaquith, J.B.; Morris, S.J.; Barker,
P.A. Ciap1 and ciap2 facilitate cancer cell survival by functioning as e3 ligases that promote rip1 ubiquitination. Mol. Cell 2008, 30,
689–700. [CrossRef] [PubMed]

123. Gerlach, B.; Cordier, S.M.; Schmukle, A.C.; Emmerich, C.H.; Rieser, E.; Haas, T.L.; Webb, A.I.; Rickard, J.A.; Anderton, H.; Wong,
W.W.; et al. Linear ubiquitination prevents inflammation and regulates immune signalling. Nature 2011, 471, 591–596. [CrossRef]
[PubMed]

124. Linkermann, A.; Brasen, J.H.; Darding, M.; Jin, M.K.; Sanz, A.B.; Heller, J.O.; De Zen, F.; Weinlich, R.; Ortiz, A.; Walczak, H.; et al.
Two independent pathways of regulated necrosis mediate ischemia-reperfusion injury. Proc. Natl. Acad. Sci. USA 2013, 110,
12024–12029. [CrossRef] [PubMed]

125. Caccamo, A.; Branca, C.; Piras, I.S.; Ferreira, E.; Huentelman, M.J.; Liang, W.S.; Readhead, B.; Dudley, J.T.; Spangenberg, E.E.;
Green, K.N.; et al. Necroptosis activation in alzheimer’s disease. Nat. Neurosci. 2017, 20, 1236–1246. [CrossRef] [PubMed]

126. Varfolomeev, E.; Goncharov, T.; Fedorova, A.V.; Dynek, J.N.; Zobel, K.; Deshayes, K.; Fairbrother, W.J.; Vucic, D. C-iap1 and
c-iap2 are critical mediators of tumor necrosis factor alpha (tnfalpha)-induced nf-kappab activation. J. Biol. Chem. 2008, 283,
24295–24299. [CrossRef] [PubMed]

127. Haas, T.L.; Emmerich, C.H.; Gerlach, B.; Schmukle, A.C.; Cordier, S.M.; Rieser, E.; Feltham, R.; Vince, J.; Warnken, U.; Wenger,
T.; 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, 831–844. [CrossRef] [PubMed]

128. Ea, C.K.; Deng, L.; Xia, Z.P.; Pineda, G.; Chen, Z.J. Activation of ikk by tnfalpha requires site-specific ubiquitination of rip1 and
polyubiquitin binding by nemo. Mol. Cell 2006, 22, 245–257. [CrossRef] [PubMed]

129. Dondelinger, Y.; Jouan-Lanhouet, S.; Divert, T.; Theatre, E.; Bertin, J.; Gough, P.J.; Giansanti, P.; Heck, A.J.; Dejardin, E.;
Vandenabeele, P.; et al. Nf-kappab-independent role of ikkalpha/ikkbeta in preventing ripk1 kinase-dependent apoptotic and
necroptotic cell death during tnf signaling. Mol. Cell 2015, 60, 63–76. [CrossRef] [PubMed]

130. Hitomi, J.; Christofferson, D.E.; Ng, A.; Yao, J.; Degterev, A.; Xavier, R.J.; Yuan, J. Identification of a molecular signaling network
that regulates a cellular necrotic cell death pathway. Cell 2008, 135, 1311–1323. [CrossRef] [PubMed]

131. Vince, J.E.; Wong, W.W.; Khan, N.; Feltham, R.; Chau, D.; Ahmed, A.U.; Benetatos, C.A.; Chunduru, S.K.; Condon, S.M.; McKinlay,
M.; et al. Iap antagonists target ciap1 to induce tnfalpha-dependent apoptosis. Cell 2007, 131, 682–693. [CrossRef] [PubMed]

132. Elliott, P.R.; Leske, D.; Hrdinka, M.; Bagola, K.; Fiil, B.K.; McLaughlin, S.H.; Wagstaff, J.; Volkmar, N.; Christianson, J.C.; Kessler,
B.M.; et al. Spata2 links cyld to lubac, activates cyld, and controls lubac signaling. Mol. Cell 2016, 63, 990–1005. [CrossRef]
[PubMed]

133. Schlicher, L.; Wissler, M.; Preiss, F.; Brauns-Schubert, P.; Jakob, C.; Dumit, V.; Borner, C.; Dengjel, J.; Maurer, U. Spata2 promotes
cyld activity and regulates tnf-induced nf-kappab signaling and cell death. EMBO Rep. 2016, 17, 1485–1497. [CrossRef] [PubMed]

134. Kupka, S.; De Miguel, D.; Draber, P.; Martino, L.; Surinova, S.; Rittinger, K.; Walczak, H. Spata2-mediated binding of cyld to hoip
enables cyld recruitment to signaling complexes. Cell Rep. 2016, 16, 2271–2280. [CrossRef] [PubMed]

135. Dondelinger, Y.; Delanghe, T.; Rojas-Rivera, D.; Priem, D.; Delvaeye, T.; Bruggeman, I.; Van Herreweghe, F.; Vandenabeele, P.;
Bertrand, M.J.M. Mk2 phosphorylation of ripk1 regulates tnf-mediated cell death. Nat. Cell Biol. 2017, 19, 1237–1247. [CrossRef]
[PubMed]

136. Menon, M.B.; Gropengiesser, J.; Fischer, J.; Novikova, L.; Deuretzbacher, A.; Lafera, J.; Schimmeck, H.; Czymmeck, N.; Ronkina,
N.; Kotlyarov, A.; et al. P38(mapk)/mk2-dependent phosphorylation controls cytotoxic ripk1 signalling in inflammation and
infection. Nat. Cell Biol. 2017, 19, 1248–1259. [CrossRef] [PubMed]

137. Kaiser, W.J.; Sridharan, H.; Huang, C.; Mandal, P.; Upton, J.W.; Gough, P.J.; Sehon, C.A.; Marquis, R.W.; Bertin, J.; Mocarski, E.S.
Toll-like receptor 3-mediated necrosis via trif, rip3, and mlkl. J. Biol. Chem. 2013, 288, 31268–31279. [CrossRef] [PubMed]

138. Moriwaki, K.; Balaji, S.; McQuade, T.; Malhotra, N.; Kang, J.; Chan, F.K. The necroptosis adaptor ripk3 promotes injury-induced
cytokine expression and tissue repair. Immunity 2014, 41, 567–578. [CrossRef] [PubMed]

139. Kuriakose, T.; Man, S.M.; Malireddi, R.K.; Karki, R.; Kesavardhana, S.; Place, D.E.; Neale, G.; Vogel, P.; Kanneganti, T.D. Zbp1/dai
is an innate sensor of influenza virus triggering the nlrp3 inflammasome and programmed cell death pathways. Sci. Immunol.
2016, 1, aag2045. [CrossRef] [PubMed]

140. Thapa, R.J.; Ingram, J.P.; Ragan, K.B.; Nogusa, S.; Boyd, D.F.; Benitez, A.A.; Sridharan, H.; Kosoff, R.; Shubina, M.; Landsteiner,
V.J.; et al. Dai senses influenza a virus genomic rna and activates ripk3-dependent cell death. Cell Host Microbe 2016, 20, 674–681.
[CrossRef] [PubMed]

141. Dillon, C.P.; Weinlich, R.; Rodriguez, D.A.; Cripps, J.G.; Quarato, G.; Gurung, P.; Verbist, K.C.; Brewer, T.L.; Llambi, F.; Gong, Y.N.;
et al. Ripk1 blocks early postnatal lethality mediated by caspase-8 and ripk3. Cell 2014, 157, 1189–1202. [CrossRef] [PubMed]

142. Karki, R.; Sharma, B.R.; Tuladhar, S.; Williams, E.P.; Zalduondo, L.; Samir, P.; Zheng, M.; Sundaram, B.; Banoth, B.; Malireddi,
R.K.S.; et al. Synergism of tnf-alpha and ifn-gamma triggers inflammatory cell death, tissue damage, and mortality in SARS-CoV-2
infection and cytokine shock syndromes. Cell 2021, 184, 149–168.e17. [CrossRef] [PubMed]

https://doi.org/10.3390/cells15141310

https://doi.org/10.1016/j.molcel.2008.05.014
https://www.ncbi.nlm.nih.gov/pubmed/18570872
https://doi.org/10.1038/nature09816
https://www.ncbi.nlm.nih.gov/pubmed/21455173
https://doi.org/10.1073/pnas.1305538110
https://www.ncbi.nlm.nih.gov/pubmed/23818611
https://doi.org/10.1038/nn.4608
https://www.ncbi.nlm.nih.gov/pubmed/28758999
https://doi.org/10.1074/jbc.c800128200
https://www.ncbi.nlm.nih.gov/pubmed/18621737
https://doi.org/10.1016/j.molcel.2009.10.013
https://www.ncbi.nlm.nih.gov/pubmed/20005846
https://doi.org/10.1016/j.molcel.2006.03.026
https://www.ncbi.nlm.nih.gov/pubmed/16603398
https://doi.org/10.1016/j.molcel.2015.07.032
https://www.ncbi.nlm.nih.gov/pubmed/26344099
https://doi.org/10.1016/j.cell.2008.10.044
https://www.ncbi.nlm.nih.gov/pubmed/19109899
https://doi.org/10.1016/j.cell.2007.10.037
https://www.ncbi.nlm.nih.gov/pubmed/18022363
https://doi.org/10.1016/j.molcel.2016.08.001
https://www.ncbi.nlm.nih.gov/pubmed/27591049
https://doi.org/10.15252/embr.201642592
https://www.ncbi.nlm.nih.gov/pubmed/27458237
https://doi.org/10.1016/j.celrep.2016.07.086
https://www.ncbi.nlm.nih.gov/pubmed/27545878
https://doi.org/10.1038/ncb3608
https://www.ncbi.nlm.nih.gov/pubmed/28920952
https://doi.org/10.1038/ncb3614
https://www.ncbi.nlm.nih.gov/pubmed/28920954
https://doi.org/10.1074/jbc.m113.462341
https://www.ncbi.nlm.nih.gov/pubmed/24019532
https://doi.org/10.1016/j.immuni.2014.09.016
https://www.ncbi.nlm.nih.gov/pubmed/25367573
https://doi.org/10.1126/sciimmunol.aag2045
https://www.ncbi.nlm.nih.gov/pubmed/27917412
https://doi.org/10.1016/j.chom.2016.09.014
https://www.ncbi.nlm.nih.gov/pubmed/27746097
https://doi.org/10.1016/j.cell.2014.04.018
https://www.ncbi.nlm.nih.gov/pubmed/24813850
https://doi.org/10.1016/j.cell.2020.11.025
https://www.ncbi.nlm.nih.gov/pubmed/33278357
https://doi.org/10.3390/cells15141310


Cells 2026, 15, 1310 25 of 26

143. Orning, P.; Weng, D.; Starheim, K.; Ratner, D.; Best, Z.; Lee, B.; Brooks, A.; Xia, S.; Wu, H.; Kelliher, M.A.; et al. Pathogen blockade
of tak1 triggers caspase-8-dependent cleavage of gasdermin d and cell death. Science 2018, 362, 1064–1069. [CrossRef] [PubMed]

144. Aaes, T.L.; Kaczmarek, A.; Delvaeye, T.; De Craene, B.; De Koker, S.; Heyndrickx, L.; Delrue, I.; Taminau, J.; Wiernicki, B.; De
Groote, P.; et al. Vaccination with necroptotic cancer cells induces efficient anti-tumor immunity. Cell Rep. 2016, 15, 274–287.
[CrossRef] [PubMed]

145. Oda, K.; Matsuoka, Y.; Funahashi, A.; Kitano, H. A comprehensive pathway map of epidermal growth factor receptor signaling.
Mol. Syst. Biol. 2005, 1, 2005.0010. [CrossRef] [PubMed]

146. Suzuki, S.; Igarashi, S.; Hanawa, M.; Matsubara, H.; Ooi, A.; Dobashi, Y. Diversity of epidermal growth factor receptor-mediated
activation of downstream molecules in human lung carcinomas. Mod. Pathol. 2006, 19, 986–998. [CrossRef] [PubMed]

147. Wu, J.; Patmore, D.M.; Jousma, E.; Eaves, D.W.; Breving, K.; Patel, A.V.; Schwartz, E.B.; Fuchs, J.R.; Cripe, T.P.; Stemmer-
Rachamimov, A.O.; et al. Egfr-stat3 signaling promotes formation of malignant peripheral nerve sheath tumors. Oncogene 2014,
33, 173–180. [PubMed]

148. Akca, H.; Tani, M.; Hishida, T.; Matsumoto, S.; Yokota, J. Activation of the akt and stat3 pathways and prolonged survival by
a mutant egfr in human lung cancer cells. Lung Cancer 2006, 54, 25–33. [CrossRef] [PubMed]

149. Lu, K.V.; Zhu, S.; Cvrljevic, A.; Huang, T.T.; Sarkaria, S.; Ahkavan, D.; Dang, J.; Dinca, E.B.; Plaisier, S.B.; Oderberg, I.; et al. Fyn
and src are effectors of oncogenic epidermal growth factor receptor signaling in glioblastoma patients. Cancer Res. 2009, 69,
6889–6898. [CrossRef] [PubMed]

150. Mao, W.; Irby, R.; Coppola, D.; Fu, L.; Wloch, M.; Turner, J.; Yu, H.; Garcia, R.; Jove, R.; Yeatman, T.J. Activation of c-src by receptor
tyrosine kinases in human colon cancer cells with high metastatic potential. Oncogene 1997, 15, 3083–3090. [CrossRef] [PubMed]

151. Zhang, Q.; Thomas, S.M.; Xi, S.; Smithgall, T.E.; Siegfried, J.M.; Kamens, J.; Gooding, W.E.; Grandis, J.R. Src family kinases
mediate epidermal growth factor receptor ligand cleavage, proliferation, and invasion of head and neck cancer cells. Cancer Res.
2004, 64, 6166–6173. [CrossRef] [PubMed]

152. Xi, S.; Zhang, Q.; Dyer, K.F.; Lerner, E.C.; Smithgall, T.E.; Gooding, W.E.; Kamens, J.; Grandis, J.R. Src kinases mediate stat growth
pathways in squamous cell carcinoma of the head and neck. J. Biol. Chem. 2003, 278, 31574–31583. [CrossRef] [PubMed]

153. Zhang, J.; Kalyankrishna, S.; Wislez, M.; Thilaganathan, N.; Saigal, B.; Wei, W.; Ma, L.; Wistuba, I.I.; Johnson, F.M.; Kurie, J.M. Src-
family kinases are activated in non-small cell lung cancer and promote the survival of epidermal growth factor receptor-dependent
cell lines. Am. J. Pathol. 2007, 170, 366–376. [CrossRef] [PubMed]

154. Chung, B.M.; Dimri, M.; George, M.; Reddi, A.L.; Chen, G.; Band, V.; Band, H. The role of cooperativity with src in oncogenic
transformation mediated by non-small cell lung cancer-associated egf receptor mutants. Oncogene 2009, 28, 1821–1832. [CrossRef]
[PubMed]

155. Biscardi, J.S.; Maa, M.C.; Tice, D.A.; Cox, M.E.; Leu, T.H.; Parsons, S.J. C-src-mediated phosphorylation of the epidermal growth
factor receptor on tyr845 and tyr1101 is associated with modulation of receptor function. J. Biol. Chem. 1999, 274, 8335–8343.
[CrossRef] [PubMed]

156. Maa, M.C.; Leu, T.H.; McCarley, D.J.; Schatzman, R.C.; Parsons, S.J. Potentiation of epidermal growth factor receptor-mediated
oncogenesis by c-src: Implications for the etiology of multiple human cancers. Proc. Natl. Acad. Sci. USA 1995, 92, 6981–6985.
[CrossRef] [PubMed]

157. Garcia, R.; Bowman, T.L.; Niu, G.; Yu, H.; Minton, S.; Muro-Cacho, C.A.; Cox, C.E.; Falcone, R.; Fairclough, R.; Parsons, S.; et al.
Constitutive activation of stat3 by the src and jak tyrosine kinases participates in growth regulation of human breast carcinoma
cells. Oncogene 2001, 20, 2499–2513. [CrossRef] [PubMed]

158. Song, L.; Turkson, J.; Karras, J.G.; Jove, R.; Haura, E.B. Activation of stat3 by receptor tyrosine kinases and cytokines regulates
survival in human non-small cell carcinoma cells. Oncogene 2003, 22, 4150–4165. [CrossRef] [PubMed]

159. Lu, Y.; Yu, Q.; Liu, J.H.; Zhang, J.; Wang, H.; Koul, D.; McMurray, J.S.; Fang, X.; Yung, W.K.; Siminovitch, K.A.; et al. Src family
protein-tyrosine kinases alter the function of pten to regulate phosphatidylinositol 3-kinase/akt cascades. J. Biol. Chem. 2003, 278,
40057–40066. [CrossRef] [PubMed]

160. Park, C.M.; Park, M.J.; Kwak, H.J.; Lee, H.C.; Kim, M.S.; Lee, S.H.; Park, I.C.; Rhee, C.H.; Hong, S.I. Ionizing radiation enhances
matrix metalloproteinase-2 secretion and invasion of glioma cells through src/epidermal growth factor receptor-mediated
p38/akt and phosphatidylinositol 3-kinase/akt signaling pathways. Cancer Res. 2006, 66, 8511–8519. [CrossRef] [PubMed]

161. Olayioye, M.A.; Badache, A.; Daly, J.M.; Hynes, N.E. An essential role for src kinase in erbb receptor signaling through the mapk
pathway. Exp. Cell Res. 2001, 267, 81–87. [CrossRef] [PubMed]

162. Kim, R.K.; Cui, Y.H.; Yoo, K.C.; Kim, I.G.; Lee, M.; Choi, Y.H.; Suh, Y.; Lee, S.J. Radiation promotes malignant phenotypes through
src in breast cancer cells. Cancer Sci. 2015, 106, 78–85. [PubMed]

163. Prenzel, N.; Zwick, E.; Daub, H.; Leserer, M.; Abraham, R.; Wallasch, C.; Ullrich, A. Egf receptor transactivation by g-protein-
coupled receptors requires metalloproteinase cleavage of prohb-egf. Nature 1999, 402, 884–888. [CrossRef] [PubMed]

164. Li, J.; Liu, X.; Liu, Y.; Huang, F.; Liang, J.; Lin, Y.; Hu, F.; Feng, J.; Han, Z.; Chen, Y.; et al. Saracatinib inhibits necroptosis and
ameliorates psoriatic inflammation by targeting mlkl. Cell Death Dis. 2024, 15, 122. [CrossRef] [PubMed]

https://doi.org/10.3390/cells15141310

https://doi.org/10.1126/science.aau2818
https://www.ncbi.nlm.nih.gov/pubmed/30361383
https://doi.org/10.1016/j.celrep.2016.03.037
https://www.ncbi.nlm.nih.gov/pubmed/27050509
https://doi.org/10.1038/msb4100014
https://www.ncbi.nlm.nih.gov/pubmed/16729045
https://doi.org/10.1038/modpathol.3800619
https://www.ncbi.nlm.nih.gov/pubmed/16648865
https://www.ncbi.nlm.nih.gov/pubmed/23318430
https://doi.org/10.1016/j.lungcan.2006.06.007
https://www.ncbi.nlm.nih.gov/pubmed/16872715
https://doi.org/10.1158/0008-5472.can-09-0347
https://www.ncbi.nlm.nih.gov/pubmed/19690143
https://doi.org/10.1038/sj.onc.1201496
https://www.ncbi.nlm.nih.gov/pubmed/9444956
https://doi.org/10.1158/0008-5472.can-04-0504
https://www.ncbi.nlm.nih.gov/pubmed/15342401
https://doi.org/10.1074/jbc.m303499200
https://www.ncbi.nlm.nih.gov/pubmed/12771142
https://doi.org/10.2353/ajpath.2007.060706
https://www.ncbi.nlm.nih.gov/pubmed/17200208
https://doi.org/10.1038/onc.2009.31
https://www.ncbi.nlm.nih.gov/pubmed/19305428
https://doi.org/10.1074/jbc.274.12.8335
https://www.ncbi.nlm.nih.gov/pubmed/10075741
https://doi.org/10.1073/pnas.92.15.6981
https://www.ncbi.nlm.nih.gov/pubmed/7542783
https://doi.org/10.1038/sj.onc.1204349
https://www.ncbi.nlm.nih.gov/pubmed/11420660
https://doi.org/10.1038/sj.onc.1206479
https://www.ncbi.nlm.nih.gov/pubmed/12833138
https://doi.org/10.1074/jbc.m303621200
https://www.ncbi.nlm.nih.gov/pubmed/12869565
https://doi.org/10.1158/0008-5472.can-05-4340
https://www.ncbi.nlm.nih.gov/pubmed/16951163
https://doi.org/10.1006/excr.2001.5242
https://www.ncbi.nlm.nih.gov/pubmed/11412040
https://www.ncbi.nlm.nih.gov/pubmed/25533622
https://doi.org/10.1038/47260
https://www.ncbi.nlm.nih.gov/pubmed/10622253
https://doi.org/10.1038/s41419-024-06514-y
https://www.ncbi.nlm.nih.gov/pubmed/38331847
https://doi.org/10.3390/cells15141310


Cells 2026, 15, 1310 26 of 26

165. O’Donnell, M.A.; Legarda-Addison, D.; Skountzos, P.; Yeh, W.C.; Ting, A.T. Ubiquitination of rip1 regulates an nf-kappab-
independent cell-death switch in tnf signaling. Curr. Biol. 2007, 17, 418–424. [PubMed]

166. McElroy, S.J.; Frey, M.R.; Yan, F.; Edelblum, K.L.; Goettel, J.A.; John, S.; Polk, D.B. Tumor necrosis factor inhibits ligand-stimulated
egf receptor activation through a tnf receptor 1-dependent mechanism. Am. J. Physiol. Gastrointest. Liver Physiol. 2008, 295,
G285–G293. [CrossRef] [PubMed]

167. Galluzzi, L.; Buque, A.; Kepp, O.; Zitvogel, L.; Kroemer, G. Immunogenic cell death in cancer and infectious disease. Nat. Rev.
Immunol. 2017, 17, 97–111. [CrossRef] [PubMed]

168. Scarpitta, A.; Hacker, U.T.; Buning, H.; Boyer, O.; Adriouch, S. Pyroptotic and necroptotic cell death in the tumor microenviron-
ment and their potential to stimulate anti-tumor immune responses. Front. Oncol. 2021, 11, 731598. [CrossRef] [PubMed]

169. Sprooten, J.; De Wijngaert, P.; Vanmeerbeerk, I.; Martin, S.; Vangheluwe, P.; Schlenner, S.; Krysko, D.V.; Parys, J.B.; Bultynck, G.;
Vandenabeele, P.; et al. Necroptosis in immuno-oncology and cancer immunotherapy. Cells 2020, 9, 1823. [CrossRef] [PubMed]

170. Zhang, C.; Wang, X.; Miao, Z.; Shi, T. Unleashing necroptosis: Transforming the tumor immune microenvironment for cancer
therapy. Biomed. Pharmacother. 2026, 195, 118988. [CrossRef] [PubMed]

171. Chen, D.; Yu, J.; Zhang, L. Necroptosis: An alternative cell death program defending against cancer. Biochim. Biophys. Acta 2016,
1865, 228–236. [CrossRef] [PubMed]

172. House, I.G.; Savas, P.; Lai, J.; Chen, A.X.Y.; Oliver, A.J.; Teo, Z.L.; Todd, K.L.; Henderson, M.A.; Giuffrida, L.; Petley, E.V.; et al.
Macrophage-derived cxcl9 and cxcl10 are required for antitumor immune responses following immune checkpoint blockade.
Clin. Cancer Res. 2020, 26, 487–504. [CrossRef] [PubMed]

173. Kim, S.; Kim, S.; Kim, S.; Lee, N.E.; Lee, S.H.; Kim, H.; Lee, H. Improvement of therapeutic effect via inducing non-apoptotic cell
death using mrna-protection nanocage. Adv. Healthc. Mater. 2024, 13, e2400240. [CrossRef] [PubMed]

174. Berger, S.B.; Kasparcova, V.; Hoffman, S.; Swift, B.; Dare, L.; Schaeffer, M.; Capriotti, C.; Cook, M.; Finger, J.; Hughes-Earle,
A.; et al. Cutting edge: Rip1 kinase activity is dispensable for normal development but is a key regulator of inflammation in
sharpin-deficient mice. J. Immunol. 2014, 192, 5476–5480. [CrossRef] [PubMed]

175. Pasparakis, M.; Vandenabeele, P. Necroptosis and its role in inflammation. Nature 2015, 517, 311–320. [CrossRef] [PubMed]
176. Galluzzi, L.; Kepp, O.; Chan, F.K.; Kroemer, G. Necroptosis: Mechanisms and relevance to disease. Annu. Rev. Pathol. 2017, 12,

103–130. [CrossRef] [PubMed]
177. Vandenabeele, P.; Galluzzi, L.; Vanden Berghe, T.; Kroemer, G. Molecular mechanisms of necroptosis: An ordered cellular

explosion. Nat. Rev. Mol. Cell Biol. 2010, 11, 700–714. [CrossRef] [PubMed]
178. Lee, J.; Lee, S.; Min, S.; Kang, S.W. Rip3-dependent accumulation of mitochondrial superoxide anions in tnf-alpha-induced

necroptosis. Mol. Cells 2022, 45, 193–201. [CrossRef] [PubMed]
179. Tait, S.W.; Oberst, A.; Quarato, G.; Milasta, S.; Haller, M.; Wang, R.; Karvela, M.; Ichim, G.; Yatim, N.; Albert, M.L.; et al.

Widespread mitochondrial depletion via mitophagy does not compromise necroptosis. Cell Rep. 2013, 5, 878–885. [CrossRef]
[PubMed]

180. Chen, X.; Li, W.; Ren, J.; Huang, D.; He, W.T.; Song, Y.; Yang, C.; Li, W.; Zheng, X.; Chen, P.; et al. Translocation of mixed lineage
kinase domain-like protein to plasma membrane leads to necrotic cell death. Cell Res. 2014, 24, 105–121. [PubMed]

181. Yan, J.; Wan, P.; Choksi, S.; Liu, Z.G. Necroptosis and tumor progression. Trends Cancer 2022, 8, 21–27. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/cells15141310

https://www.ncbi.nlm.nih.gov/pubmed/17306544
https://doi.org/10.1152/ajpgi.00425.2007
https://www.ncbi.nlm.nih.gov/pubmed/18467504
https://doi.org/10.1038/nri.2017.48
https://www.ncbi.nlm.nih.gov/pubmed/27748397
https://doi.org/10.3389/fonc.2021.731598
https://www.ncbi.nlm.nih.gov/pubmed/34490126
https://doi.org/10.3390/cells9081823
https://www.ncbi.nlm.nih.gov/pubmed/32752206
https://doi.org/10.1016/j.biopha.2026.118988
https://www.ncbi.nlm.nih.gov/pubmed/41512557
https://doi.org/10.1016/j.bbcan.2016.03.003
https://www.ncbi.nlm.nih.gov/pubmed/26968619
https://doi.org/10.1158/1078-0432.ccr-19-1868
https://www.ncbi.nlm.nih.gov/pubmed/31636098
https://doi.org/10.1002/adhm.202400240
https://www.ncbi.nlm.nih.gov/pubmed/39081097
https://doi.org/10.4049/jimmunol.1400499
https://www.ncbi.nlm.nih.gov/pubmed/24821972
https://doi.org/10.1038/nature14191
https://www.ncbi.nlm.nih.gov/pubmed/25592536
https://doi.org/10.1146/annurev-pathol-052016-100247
https://www.ncbi.nlm.nih.gov/pubmed/27959630
https://doi.org/10.1038/nrm2970
https://www.ncbi.nlm.nih.gov/pubmed/20823910
https://doi.org/10.14348/molcells.2021.0260
https://www.ncbi.nlm.nih.gov/pubmed/35289306
https://doi.org/10.1016/j.celrep.2013.10.034
https://www.ncbi.nlm.nih.gov/pubmed/24268776
https://www.ncbi.nlm.nih.gov/pubmed/24366341
https://doi.org/10.1016/j.trecan.2021.09.003
https://www.ncbi.nlm.nih.gov/pubmed/34627742
https://doi.org/10.3390/cells15141310

	Introduction 
	Cell Death 
	Apoptosis 
	Necrosis 
	Necroptosis 

	Necroptosis-Targeting Therapeutics 
	Death Receptor-Mediated Induction and IAP Antagonism 
	The Pivotal Role of CYLD in RIPK1 Activation 
	TLR and Interferon-Driven Necroptosis 

	Necroptosis: The Regulation of the Interaction Between EGFR and TNFR 
	The Double-Edged Sword of Necroptosis 
	Immunogenic Tumor Suppression 
	Tumor-Promoting Inflammation 
	Systemic Dysregulation: Collateral Tissue Damage 

	Metabolic Reprogramming and Necroptotic Signaling 
	Conclusions and Perspectives 
	References

