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RIPK3 signaling and its role in regulated cell death and diseases
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Receptor-interacting protein kinase 3 (RIPK3), a member of the receptor-interacting protein kinase (RIPK) family with serine/
threonine protein kinase activity, interacts with RIPK1 to generate necrosomes, which trigger caspase-independent programmed
necrosis. As a vital component of necrosomes, RIPK3 plays an indispensable role in necroptosis, which is crucial for human life and
health. In addition, RIPK3 participates in the pathological process of several infections, aseptic inflammatory diseases, and tumors
(including tumor-promoting and -suppressive activities) by regulating autophagy, cell proliferation, and the metabolism and
production of chemokines/cytokines. This review summarizes the recent research progress of the regulators of the RIPK3 signaling
pathway and discusses the potential role of RIPK3/necroptosis in the aetiopathogenesis of various diseases. An in-depth
understanding of the mechanisms and functions of RIPK3 may facilitate the development of novel therapeutic strategies.
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FACTS

● The RIPK3 protein plays an indispensable role in necroptosis.
● RIPK3 is involved in the pathological process of several

infections, aseptic inflammatory diseases, and tumors.
● RIPK3 is involved in the release of inflammatory factors;

however, the mechanisms through which RIPK3 promotes
inflammatory responses warrant further investigation.

OPEN QUESTIONS

● Can RIPK3 be used as a drug target for the treatment of
cancer?

● Is RIPK3 cross-functional between necroptosis and other forms
of regulated cell death?

● Can clinically applicable combination therapies be developed
to alleviate necroptosis and necrosis-driven inflammation?

INTRODUCTION
Necrosis has been traditionally considered a passive form of cell
death that cannot be regulated [1]. However, extensive research in
the field of cell death has revealed that necrosis can be regulated
in a programmed manner through a signaling pathway called
necroptosis [2, 3]. Receptor-interacting protein kinases (RIPKs) are
a family of serine/threonine kinases [4], with the first member,
RIPK1, being identified in 1995 [5]. RIPK1 and RIPK3 play an
important role in necroptosis. The involvement of RIPK1 in
necroptosis was discovered in the early 2000s [6], whereas that
of RIPK3 was discovered in 2009. During necroptosis, RIPK3

interacts with RIPK1 and serves as an essential downstream factor
of RIPK1. At present, RIPK3 is an important focus of research in the
field of necroptosis [7–10].
Stimulating the activation of Mixed lineage kinase domain-like

pseudokinase (MLKL) and triggering necroptosis are classical
functions of RIPK3. However, recent studies have shown that RIPK3
performs various other functions in cells and may play diverse
roles in necroptosis. The non-classical functions of RIPK3 include
the induction of inflammasome activation and cytokine produc-
tion, stimulation of ROS production, and regulation of autophagy
and cell proliferation. RIPK3-regulated necroptosis is involved in
the pathological process of systemic inflammatory diseases,
ischemia–reperfusion injury, and neurodegeneration. The
RIPK3 signaling pathway is associated with the pathogenesis of
various cancers and exhibits both tumor-promoting and -sup-
pressive activities, indicating that RIPK3 plays diverse roles in
tumor development, metastasis, and recurrence. This review
summarizes recent studies on the mechanisms of the
RIPK3 signaling pathway, discusses the key role of RIPK3 in
disease treatment and tumorigenesis, and highlights its potential
applicability as a new drug target.

STRUCTURAL FEATURES OF RIPK3
The RIPK family is composed of seven protein kinases with serine/
threonine kinase activity. As a sensor of both intracellular and
extracellular events, RIPKs contribute to immunological responses,
inflammation, and cell death. Each RIPK family member is involved
in different processes based on its function [11]. Structurally, all
RIPK family members have a serine/threonine kinase domain at
the N-terminus. The highly homologous kinase structure suggests
that RIPK family members have some common biological

Received: 10 November 2023 Revised: 9 April 2024 Accepted: 11 April 2024

1School of Basic Medical Sciences, Henan University, Kaifeng 475004, China. 2Department of Pathology, the Second People’s Hospital of Jiaozuo; The First Affiliated Hospital of
Henan Polytechnic University, Jiaozuo 454000, China. 3Faculty of Basic Medical Subjects, Shu-Qing Medical College of Zhengzhou, No. 6 Gong-Ming Rd, Mazhai Town, Erqi
District, Zhengzhou, Henan 450064, China. 4Wushu College, Henan University, Kaifeng 475004, China. ✉email: chengxiaoxia@henu.edu.cn; zhlei@henu.edu.cn

www.nature.com/cddiscovery

Official journal of CDDpress

1
2
3
4
5
6
7
8
9
0
()
;,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41420-024-01957-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41420-024-01957-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41420-024-01957-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41420-024-01957-w&domain=pdf
http://orcid.org/0009-0009-0264-0945
http://orcid.org/0009-0009-0264-0945
http://orcid.org/0009-0009-0264-0945
http://orcid.org/0009-0009-0264-0945
http://orcid.org/0009-0009-0264-0945
http://orcid.org/0009-0004-6219-8064
http://orcid.org/0009-0004-6219-8064
http://orcid.org/0009-0004-6219-8064
http://orcid.org/0009-0004-6219-8064
http://orcid.org/0009-0004-6219-8064
http://orcid.org/0009-0000-7595-6144
http://orcid.org/0009-0000-7595-6144
http://orcid.org/0009-0000-7595-6144
http://orcid.org/0009-0000-7595-6144
http://orcid.org/0009-0000-7595-6144
http://orcid.org/0000-0002-7781-3478
http://orcid.org/0000-0002-7781-3478
http://orcid.org/0000-0002-7781-3478
http://orcid.org/0000-0002-7781-3478
http://orcid.org/0000-0002-7781-3478
https://doi.org/10.1038/s41420-024-01957-w
mailto:chengxiaoxia@henu.edu.cn
mailto:zhlei@henu.edu.cn
www.nature.com/cddiscovery


functions. However, the C-terminus of RIPKs is different and can
specifically bind to a corresponding protein to exert different
biological effects. The C-terminal region of RIPK1 contains a death
domain (DD), that of RIPK2 contains a caspase recruitment domain
(CARD) that is unique to aspartate, and that of RIPK4 contains
ankyrin (ANK) repeats. These unique C-terminal structures suggest
varying mechanisms of signal recruitment and transmission.
Although RIPK3 lacks a unique C-terminal structure, it shares a
receptor-interacting protein homotypic interaction motif (RHIM)
with RIPK1. RHIM, a structure that is absent in other members of
the RIPK family, enables the interaction between RIPK3 and RIPK1,
which is essential for necroptosis.
The human RIPK3 gene is located on chromosome 11, spanning

10 exons and approximately 40 kb of genome-wide DNA. The
RIPK3 protein comprises 518 amino acids and has a molecular
weight of approximately 50 kDa. The kinase domain and RHIM are
necessary for the normal functioning of RIPK3. RHIM allows RIPK3
to interact with other RHIM-containing proteins, such as RIPK1,
ZBP1, and TRIF [12].

ROLE OF RIPK3 IN NECROPTOSIS
Necroptosis
The life of multicellular organisms is closely associated with cell
death. Cell death is classified as regulated cell death (RCD) or
accidental cell death (ACD). ACD is an uncontrolled process that
occurs in response to accidental injury. It is a sign of pressure,
injury, or infection and is associated with tissue damage and
etiological factors. On the contrary, RCD is mediated by well-
structured interconnected signaling cascades and molecular
mechanisms and hence can be managed by genetic factors and
pharmacological agents. The term “programmed cell death” refers
to RCD that occurs under physiological conditions, such as the
development of embryos to maintain homeostasis in adult tissues,
whereas RCD is triggered by exogenous disturbances in the
intracellular or extracellular microenvironment and occurs after
the failure of adaptive processes such as autophagy or the
endoplasmic reticulum (ER) stress response. Initially, apoptosis was
considered the only type of controlled cell death, whereas
necrosis was considered an uncontrolled type of ACD [13].
However, with extensive research on the types of cell death and
the mechanism The Cell Death Nomenclature Committee has
revised the definition of RCD based on molecular mechanisms,
genetic characteristics, immunomodulatory modes, and morpho-
logical characteristics. Necroptosis, pyroptosis, ferroptosis, and
cuproptosis are other unique types of RCD mechanisms [14–17]
(Table 1). Apoptosis refers to cell death induced by cysteine
proteases. Upon activation of cysteine proteases, the hydrolysis
cascade enhances the activity of the apoptosis pathway, leading
to irreversible cell death. After apoptosis is initiated, the cells
undergo DNA fragmentation, plasma membrane blebbing,
cytoplasmic and nuclear condensation, apoptotic vesicle forma-
tion, and apoptotic body clearance via phagocytosis. Necrosis is a
non-energetic process that results from inadvertent responses to
various stress stimuli. It is characterized by cell swelling, plasma
membrane rupture, and cell content leakage, resulting in
inflammation and immune-stimulating reactions. Necroptosis,
commonly referred to as “programmed necrosis,” depends
primarily on RIPK1, RIPK3, and MLKL and does not require
caspases. Similar to apoptosis, programmed necrosis requires
energy and specific proteins; therefore, kinase activity is essential
for apoptosis. Although necroptosis and apoptosis share the same
upstream molecular mechanisms, their outcomes are different.
Similar to necrosis, programmed necrosis leads to cell swelling,
plasma membrane disruption, cell leakage, and activation of the
immune system, with strong proinflammatory effects [18].
However, the mechanism of immune activation differs between
necroptosis and classical necrosis. Necroptosis plays diverse roles

in innate immunity and leads to the release of endogenous
danger signals called DAMPs [19, 20]. Innate immune cells
respond to pathogens and potentially dangerous cells (such as
infected or tumorigenic cells) after recognizing DAMPs through
pattern recognition receptors (PRRs). In addition, the immunolo-
gical response triggered by necroptosis is not limited to local
tissues but may expand and induce a systemic immune response.
In the necroptosis pathway, RIPK3 is an important signaling

molecule located downstream of RIPK1. Studies have shown that
necroptosis occurs when the following two conditions are met in
vitro: expression of RIPK3 in cells and inhibition of caspase-8
activity by drugs or virus-derived caspase inhibitors. Therefore,
RIPK3 is an important molecular switch that determines the
initiation of necroptosis or apoptosis in cells.

Upstream signals that stimulate RIPK3 activation in
necroptosis
In response to various cellular stress stimuli, RIPK3 is activated by
suitable ligands via corresponding receptors, including death
receptor ligands such as TNF, FASLG, and TRAIL. FAS was the first
receptor discovered to induce RIPK1-dependent necroptosis. FAS/
TRAIL and TNF-R1 induce necroptosis through a similar mechan-
ism, which involves the assembly of the DISC on the plasma
membrane and RIPK1-mediated induction of necrosome forma-
tion and RIPK3 activation [21]. When caspase-8 is suppressed,
depletion of cIAP facilitates the interaction between RIPK1 and
FAS/TRAIL and enhances the formation of intracytoplasmic
ribosomal complexes, thereby inducing necroptosis (Fig. 1). The
RIPK3 signaling pathway has been primarily investigated in the
context of TNF-α stimulation. TNF is a multifunctional cytokine
that remarkably aggravates inflammation, cell death, and tissue
destruction. TNFR1, FAS (also known as CD95), DR3, TRAILR1 (also
known as DR4), TRAILR2 (also known as DR5), and DR6 are six
human DRs belonging to the TNF receptor superfamily. The
TNFR1 signaling pathway has been investigated most extensively
[22]. Activation of TNFR1 by TNF leads to the formation of a
homotrimer. When TNF binds to TNFR1 on the plasma membrane,
TRADD, cIAP1/2, RIPK1, and TRAF2/5 are immediately recruited to
the plasma membrane to create complex I [12, 23]. The death
domain of TNFR1 interacts with the death domains of both RIPK1
and TRADD. Upon its recruitment to complex I, RIPK1 undergoes
polyubiquitination and phosphorylation. Ubiquitination of the
RIPK1 protein is primarily mediated by the c-IAP1/2 and LUBAC
proteins. cIAP1, cIAP2, and cIAP1/2 with E3 ubiquitin ligase activity
are recruited to this complex via ubiquitination of TRADD at K63,
consequently enabling polyubiquitination of RIPK1. In particular,
cIAP1/2 adds a K63-linked polyubiquitin chain to the K376 residue
of RIPK1 [24–27]. TAK1 and TAB interact with polyubiquitinated
RIPK1, activating the NF-κB signaling pathway. The K63-linked
polyubiquitin chain in complex I is recruited by LUBAC, which
comprises SHARPIN, HOIP, and HOIL1 [28]. LUBAC induces the
formation of an M1-linked ubiquitin chain on RIPK1, thereby
promoting the recruitment of NEMO to complex I. IKKα (also
known as IKK1) and IKKβ (also known as IKK2) form the IKK
complex, with NEMO being one of the regulatory subunits. Direct
phosphorylation of IKKβ by activated TAK1 activates the IKK
complex which in turn phosphorylates IκBα (an antagonistic
regulator of NF-κB) and activates the NF-κB signaling pathway. In
addition, recruitment of the IKK complex to complex I activates
ERK, JNK, and p38 and promotes the expression of inflammatory
genes [29]. The NF-ΚB and JNK signaling pathways regulate
various pro-survival genes, such as cIAPs, BCL-Xl, and cFLIP, with
c-IAP1/2 and cFLIP serving as anti-apoptotic genes [30, 31].
Although cFLIP is a homodimer of caspase-8 and lacks caspase
function, it can bind to caspase-8 and prevent its activation,
consequently protecting cells from caspase-8-mediated apoptosis.
In addition, cIAP2 promotes the ubiquitin-mediated degradation
of IκB, and activates NF-κB and enhances cell survival by releasing
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NF-κB into the nucleus. Therefore, complex I primarily mediates
TNF-α-stimulated survival and proinflammatory signaling. TNF-α-
induced activation of RIPK3 signaling requires the dissociation of
complex I, which is mediated by the ubiquitination enzymes A20
[32], CYLD [33], and OTULIN [34]. These enzymes remove K63-
linked ubiquitin chains from RIPK1. The dissociation of TRADD and
RIPK1 from TNFR1 leads to the formation of complex II, which
comprises subcomplexes IIa and IIb and complex IIc (a necro-
some). After complex I is dissociated, TRADD recruits FADD, which
in turn recruits and activates caspase-8 to produce complex IIa,
leading to RIPK1-independent apoptosis (RIA) [23, 35]. RIPK1
dissociates from complex I and creates complex IIb under some
conditions, such as when cIAP1/2 is deleted, cIAP1/2 is degraded,
or IAP inhibitors are present [36]. Complex IIb, which comprises
FADD, RIPK1, and FLIPL/caspase-8 heterodimer, promotes RIPK1-
dependent apoptosis (RDA), a type of cell death mechanism that
requires both RIPK1 and caspase-8 [13]. Therefore, although the
presence of RIPK1 can trigger apoptosis, RIPK1 is not essential for
apoptosis. When Z-VAD inhibits caspase-8, RIPK1 interacts with
RIPK3 through RHIM to create complex IIc (a necrosome). Under
physiological conditions, the heterodimer formed by caspase-8
and cFLIPL promotes the production of caspase-8 oligomers to
induce apoptosis. However, the activity of necrosomes is
negatively regulated by pro-caspase-8/cFLIPL heterodimers. These
heterodimers are cleaved by RIPK1 (Asp325 in mice and Asp324 in
humans) and RIPK3 (Asp333 in mice and Asp328 in humans),
resulting in the inhibition of necroptosis [37–39]. cFLIPS competes
with cFLIPL to form a heterodimer with the caspase-8 precursor.
The heterodimer formed by pro-caspase8 and cFLIPS inhibits
apoptosis and promotes the formation of necrosomes and
necroptosis. Consequently, the cFLIP isoform in complex II controls

whether cell death occurs through caspase-dependent apoptosis
or necroptosis, which is regulated by RIPK3. In necrosomes,
activated RIPK1 can bind to RIPK3 through RHIM. Upon the
binding of RIPK1 with RIPK3, additional RIPK3 is recruited to the
complex, activating RIPK3 phosphorylation, which is a crucial step
in the induction of necroptosis. Although RIPK1 does not directly
phosphorylate RIPK3, it is required for TNF-induced RIPK3
activation and necroptosis. In the cytoplasm, RIPK1 is activated
via autophosphorylation at residues Ser14/15, Ser20, Ser161, and
Ser166 (Ser14/15, Ser161, Ser166, and Thr169 in mouse) [7, 40, 41].
Autophosphorylation of RIPK1 at Ser166 is crucial for RIPK1-
mediated apoptosis and necroptosis [42, 43]. Activated RIPK1
activates RIPK3, leading to the autophosphorylation of RIPK3 (at
T231 and S232 in mice and S227 in humans) [7, 9]. A recent study
showed that TRADD, a death domain adapter protein, can directly
bind to RIPK3 to enhance TNF-induced necroptosis in cells lacking
RIPK1 [44].
PRRs, including Toll-like receptors (TLR3 and TLR4), TRAILR and

ZBP1, as well as TNFR1-mediated conventional necroptosis result
in the formation of necrosomes and activation of RIPK3. The
receptors bind to RIPK3 through RHIM in each of these three
pathways [45]. TLR4 and TLR3 can be activated by LPS and dsRNA,
respectively. ZBP1, a cytoplasmic nucleic acid sensor, is activated
by intrinsic DNA and RNA produced upon DNA damage-inducing
treatments, such as radiation therapy and chemotherapy, and viral
infection. The adaptor protein of TLR3 is TRIF, whereas the two
main adaptor proteins of TLR4 are TRIF and MYD88 [46]. Similar to
RIPK1, RIPK3 interacts with TRIF and ZBP1 through RHIM to
activate the RIPK3 signaling pathway. TLR signaling activates RIPK3
and induces necroptosis, leading to the death of infected cells to
protect the host during viral or microbial infection. Necroptosis

Fig. 1 RIPK3 signaling-mediated necroptosis. Multiple stimuli activate RIPK3 to mediate necroptosis. RIPK3 can be activated by various
receptors other than TNF receptors, including FAS, TRAIL, TLR3/4, and ZBP1, when bound by their corresponding ligands.
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directly triggered by the TRIF/RIPK3/MLKL pathway can be
blocked by caspase-8. Downregulation of RIPK1 enhances both
TRIF- and ZBP1-mediated activation of RIPK3, indicating that RIPK1
competes with these two factors to bind to RIPK3. During HSV-1
infection, some viruses produce RHIM-containing proteins, such as
ICP6, which directly activate RIPK3 and cause necroptosis in
infected cells. ICP6 selectively promotes necroptosis in mice but is
inactive in humans [47, 48].
Necroptosis can be induced by other PRRs, such as DDX58 (also

known as RIG-I) and INFAR1 (an interferon receptor). In the
presence of z-VAD-FMK, activation of JAK1 through the cognate
receptor IFNAR1 results in the formation of the IRF9–STAT
complex, which eventually causes necroptosis. With the assistance
of interferon regulatory factor 1 (IRF1), IFN may trigger necroptosis
in cancer cells when combined with Smac mimics.

Downstream signals that activate RIPK3 in necroptosis
The primary functions of RIPK3 signaling include the induction of
necroptosis and activation of MLKL. In the necrosis complex, RIPK1
phosphorylates RIPK3, and activated RIPK3 in turn phosphorylates
MLKL at T357 and S358. Upon phosphorylation, MLKL forms a
trimer and exposes its four-helix bundle domain. After MLKL
localizes to the plasma membrane, its conformation changes,
increasing its plasma membrane-binding ability. MLKL can bind to
phosphatidylinositol phosphate (PIP) and cardiolipin (CL) in the
plasma membrane. Studies have shown that oligomerized MLKL
can interact with transient receptor potential melastatin-related 7
(TRPM7) to mediate extracellular Ca2+ influx, leading to plasma
membrane damage [49]. In addition, the MLKL complex on the
cytoplasmic membrane can increase the influx of sodium ions,
either independently or through other membrane proteins,
thereby increasing the intracellular osmotic pressure and even-
tually leading to cell swelling and plasma membrane disruption.
Phosphorylation of MLKL, Ca2+ influx, and translocation of
phosphatidylserine (PS) to the surface of the cell membrane,
which leads to membrane damage, can activate the endosomal
sorting complex required for transport III (ESCRT-III). ESCRT-III
controls the duration of plasma membrane integrity and ensures
cell survival [50, 51]. Phosphoglycerate mutase family member 5
(PAGM5) has been identified as a target of necrosomes.
Phosphorylated MLKL recruits and phosphorylates PGAM5
through RIPK3. PGAM5 is a mitochondrial protein that exists in
two forms, PGAM5l and PGAM5s. PGAM5s recruits mitochondrial
division factor kinetic-related protein 1 (Drp1), which is activated
upon dephosphorylation. Activated Drp1 triggers mitochondrial
cleavage and ROS production, eventually inducing necroptosis
[52]. In addition to the RIPK1–RIPK3–MLKL signaling cascade,
activation of CaMKII is another mechanism of necroptosis
induction. Activated CaMKII stimulates the opening of procyclin
D (CypD)-mediated MPTP, resulting in dysfunctional mitochondrial
membrane potential depolarization and necroptosis of cardio-
myocytes. Studies have validated that the heart can be targeted to
protect against ischemia- and oxidative stress-induced necroptosis
and myocardial remodeling via the RIPK3–CaMKII–MPTP pathway
[53]. ROS, ANT, and RNS play an important regulatory role in
programmed necrosis. RIPK3 promotes ROS production by
activating glycogen phosphorylase (PYGL), glutamate ammonia
ligase (GLUL), and glutamate dehydrogenase (GLUD1).
Excessive accumulation of ROS activates the pro-necrotizing

function of JNK, thus preventing TNF-α-induced apoptosis and
inducing necrosis or necroptosis. The exchange of ADP for ATP by the
mitochondrial enzyme ANT is necessary for the production of
mitochondrial ATP. Blockade of the ANT-mediated transport of
cytoplasmic ADP results in a decreased amount of mitochondrial ATP,
leading to the activation of necroptosis. A study found that excess
nitric oxide triggers RNS production, which is crucial for the oxidation
and peroxidation of lipids and proteins. Furthermore, nitration can
trigger RIPK1 and RIPK3-dependent necroptosis. In particular,

nitration of nDUFB8 present in mitochondrial supercomplexes can
lead to dissociation of the supercomplexes and depolarization of
mitochondria, both of which are associated with necroptosis.

NON-NECROTIC FUNCTION OF RIPK3
Function of RIPK3 in NF-κB signaling
Nuclear factor-κB (NF-κB) is a family of proteins that play a key role
in the expression of pro-inflammatory and pro-survival factors
[54]. It comprises five proteins, namely, RelA (p65), RelB, c-Rel, NF-
κB1(p50), and NF-κB2(p52). These proteins have a highly
conserved Rel homology region (RHR) at the N-terminus. The
N-terminal domain (NTD) and C-terminal domain (CTD) collectively
constitute the RHR. The nuclear localization sequence (NLS)
present in the CTD can bind to DNA and induce dimerization as
well as nuclear translocation [55]. For necrotic apoptosis, the main
regulatory mechanism of RIPK3 in NF-κB signaling is that RIPK3
contains the RHIM and is controlled by other RHIM-containing
proteins [56]. Such as RIPK1 activation, RIPK3 through RHIM self-
assembly, RHIM phosphorylation and activate the substrate MLKL
structure, lead to the NF-κB activation, membrane rupture [57],
and programmed necrosis (necroptosis) [58]. Some degree of
inflammation may result from the release of DAMPs after
membrane rupture [59]. In non-necroptosis, RIPK3 regulates NF-
κB mainly through the TRIF–RIPK1 and ZBP1–RIPK1 signaling
pathways. In the TRIF–RIPK1 signaling pathway [60], RIPK3
competes with RIPK1 to bind to Toll-like receptor adaptor
molecule (TRIF) [61] and blocks the signal transduction of NF-κB
through TRIF–RIPK1 signaling. In the ZBP1–RIPK1 signaling path-
way, RIPK3 can cooperate with ZBP1–RIPK1 signaling to NF-κB,
promoting the activation of NF-κB by ZBP1 [62]. Therefore, RIPK3
either activates or inhibits the activation of NF-κB through
different mechanisms.
The effects of RIPK3 on NF-κB vary depending on the cell state.

When the cells are in a resting state, IκB-α (an inhibitor of NF-κB) and
two subunits of NF-κB, namely, p65 and p50, are present in the
cytoplasm in an inactivated state. Mediated by MyD88 TLR4/NF-κB
signaling pathways activated IKK.The activated IKK ubiquitinates,
phosphorylates, and degrades IκB-α, leading to the activation of both
NF-κB subunits from an inactive state and their translocation from
the cytoplasm to the nucleus (especially the p65 subunit). The
activated subunits bind to the corresponding pro-inflammatory
genes, thereby initiating their transcription and inducing inflamma-
tion. TNF and TLR ligands can induce the phosphorylation and
degradation of IκB-α in RIPK3-deficient mouse embryonic fibroblasts
and bone marrow-derived macrophages (BMDMs) [63, 64]. Degrada-
tion of IκB-α stimulates the release of NF-κB from the cytoplasmic NF-
κB/IκBα complex. The released NF-κB is activated to form dimers and
rapidly undergoes nuclear translocation. RIPK3 is not involved in the
formation of NF-κB dimers, indicating that it does not affect the
activation of NF-κB. On the contrary, RIPK3 plays an important
regulatory role in TLR4-induced NF-κB activation and cytokine
production in bone marrow-derived dendritic cells (BMDCs) produ-
cing granulocyte–macrophage colony-stimulating factor (GM-CSF)
and interleukin-4 (IL-4). In DCs, RelB binds to p50, instead of the
conventional NF-κB chaperone p52, and regulates TLR-mediated
cytokine expression [65]. The phosphorylation and degradation of
IκBα occur normally but the nuclear translocation of RelB-p50
heterodimers is severely impaired in RIPK3-expressing BMDCs
stimulated with TLR4. Therefore, RIPK3 not only promotes the
activation of NF-κB through the TLR4 pathway but also affects its
activation by interfering with the nuclear translocation of NF-κB
dimers.

RIPK3 induces inflammasome activation and cytokine
production
Cells undergoing RIPK3-induced programmed necrosis release
intracellular DAMPs [66]. DAMPs mainly include IL-1 family
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cytokines, mtDNA, shock proteins, and the S100A8 protein.
Recognition of DAMPs by PRRs induces the secretion of various
cytokines and chemokines to activate the immune response and
trigger inflammation. However, recent studies have shown that
RIPK3 can induce inflammation by producing cytokines/chemo-
kines in a cell death-independent manner (Fig. 2). For example, in
dendritic cells (DCs) and macrophages, the production of
cytokines/chemokines is regulated through the NF-κB pathway
and the transcription of cytokine-/chemokine-coding genes [67].
In addition, RIPK3 promotes the activation of the Nod-like receptor
family pyrin domain-containing 3 (NLRP3) inflammasome. Inflam-
masomes are a complex of various proteins produced in bone
marrow cells and serve as an important component of the innate
immune system. In response to external pathogens or injuries,
signals are transmitted to the immune system to initiate
inflammation. To date, various inflammasomes have been
identified, including NLRP1, NLRP3, NLRC4, and AIM2 inflamma-
somes [66]. NLRP3 is a member of the nucleotide-binding domain
and leucine-rich repeat (NLR) family of intracellular PRRs [68].
RIPK3 primarily activates the NLRP3 inflammasome. Further
processing and maturation of cytokines such as IL-1β and IL-18
[12]. RIPK3 promotes the activation of inflammatory corpuscles
through two distinct mechanisms related to the activity of
caspases [12]. First, in cells expressing caspase-8, the RIPK3
protein mediates the activation of inflammasomes through the
caspase-8–RIPK1–NLRP3 axis. This mechanism does not require
the kinase activity of RIPK3 [69]. Second, in cells lacking caspase-8,
RIPK3 mediates the phosphorylation of MLKL through its kinase
activity. Phosphorylated MLKL can directly induce potassium efflux
and activate the NLRP3 inflammasome [70, 71]. A study showed
that RIPK3 promoted IL-1β activation in the absence of MLKL.
However, when caspase-8 was inhibited genetically or chemically,

the peroxisome (RIPK3–MLKL) could bind to the NLRP3 inflamma-
some to promote IL-1β activation, which is consistent with other
previous studies demonstrating that both pathways are intracel-
lular in origin. These findings indicate that RIPK3-induced
inflammation may be driven by factors other than necroptosis
and DAMP release [72, 73].
RIPK3 is a key regulator of inflammatory signaling, which can

control various types of cell death pathways located downstream
of death receptors and TLRs. Impairment of the RIPK3 signaling
pathway is an important feature of many chronic inflammatory
diseases and is related to the loss or excessive secretion of
cytokines [74]. In rheumatoid arthritis (RA), IL-1β promotes
mitochondrial membrane depolarization and exacerbates the
acidosis-induced apoptosis of articular chondrocytes. IL-1β is
produced by immune cells primarily through the activation of the
NLRP3 inflammasome. In the absence of IAPs (inhibitors of the
death protein family) and caspase-8, RIPK3 induces the production
of the NLRP3 inflammasome, which induces the production of IL-
1β. RIPK3 signaling plays an important role in the dysregulation of
immune responses to arthritis induced by the transfer of K/BxN
serum (serum from mouse models of severe arthritis) in mice.
Therefore, joint inflammation and the inflow of polymorpho-
nuclear (PMN) cells (white blood cells that promote inflammation)
can be prevented by deleting RIPK3 in mice. RIPK3 deletion
reversed joint dysregulation induced by caspase-8 deficiency
under arthritic conditions and may have an inhibitory effect on
arthritis induced by the transfer of K/BxN serum [75]. The levels of
RIPK3 are remarkably high in the lung epithelial cells of patients
with chronic obstructive pulmonary disease (COPD). Excess RIPK3
aggravates the disease and enhances inflammatory responses by
regulating the activation of mitophagy [76]. In addition, RIPK3 is
overexpressed in patients with nonalcoholic steatohepatitis

Fig. 2 RIPK3 induces inflammasome activation and cytokine production. Cells undergoing RIPK3-induced necroptosis release intracellular
DAMPs. In dendritic cells (DCs) and macrophages, RIPK3 regulates the production of cytokines/chemokines by regulating the NF-κB pathway.
The RIPK3 protein induces the production of IL-1β and IL-18 through the caspase-8–RIPK1–NLRP3 axis. In addition, it induces the production
of NF-kB through the TRIF–RIPK3 pathway to stimulate the production of cytokines.
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(NASH) and is associated with liver inflammation and fibrosis [77].
Deletion of RIPK3 has been shown to alleviate CDAA-induced
inflammation and fibrosis in mice [78]. RIPK3 may regulate
peroxisome proliferator-activated receptor gamma (PPARγ), which
has anti-proliferation activity. The increased expression of PPARγ
in RIPK3-deficient mice has been shown to prevent tumor
development. Therefore, targeting RIPK3 may represent a novel
strategy for treating NASH and preventing disease progression. In
pulmonary inflammation caused by viral infection, the loss of
RIPK3 reduces the secretion of various inflammatory cytokines and
chemokines, especially CXCL10 (also known as interferon-γ-
inducible protein 10 [IP-10]) and chemokine ligand 2 (CCL2;
monocyte chemoattractant protein 1 [MCP-1]). In addition, it can
attenuate immune cell infiltration, especially neutrophil, macro-
phage, and T-cell infiltration, and alleviate lung injury [79, 80]. In
cardiovascular diseases, RIPK3 acts as a key regulator of cell death
and necrosis [81]. Abdominal aneurysm (AAA) is an aortic
condition characterized by inflammation, loss of smooth muscle
cells, extracellular matrix remodeling, and progressive aortic
dilatation. Studies have validated that RIPK3 is overexpressed in
AAA. In isolated aortic smooth muscle cells, knockdown or
knockout of RIPK3 has been shown to attenuate the TNF-α-
induced phosphorylation of p65 at Ser536 and expression of
several pro-inflammatory cytokines. Phosphorylated p65 plays an
important role in enhancing the transcription of NF-κB, which
regulates cytokines, such as IL-6 and TNF, and VCAM-1. In addition,
defects in RIPK3 can attenuate the formation of AAAs by inhibiting
the necrosis and inflammation of aortic smooth muscle cells
[82, 83].

Role of RIPK3 in the cell cycle
RIPK3 regulates cell growth by controlling the cell cycle. Cell cycle
progression is closely related to the direct or indirect phosphor-
ylation of proteins associated with cell metabolism and develop-
ment. RIPK3 can regulate changes in the structure of these
proteins, thereby influencing cell growth [12]. RIPK3 deficiency can
delay cell cycle progression and arrest cell division. For example,
deletion of RIPK3 inhibits the generation of induced pluripotent
stem cells (iPSCs). In RIPK3-deficient mouse fibroblasts (RIPK3-KO
MEFs), the production of iPSCs can be induced by reducing the
expression of genes that control cell cycle progression and cell
division [84].

Role of RIPK3 in autophagy
RIPK3 participates in etoposide-induced autophagy by phosphorylat-
ing UNC51-like kinase 1 (Ulk1) [12]. Functional complexes containing
autophagy-associated (Atg) proteins drive the formation of autopha-
gosomes, leading to canonical autophagy. Atg5-independent
macroautophagy is called alternative autophagy [85]. Both Ulk1
and RIPK3 are involved in alternative autophagy. When stimulated by
genotoxic stress, RIPK3 phosphorylates ULK1 at Ser746. Phosphory-
lated ULK1 is required for alternative autophagy [86]. Deletion of
RIPK3 or inhibition of its kinase activity inhibits ULK1 phosphorylation
and selective autophagy [87]. Therefore, RIPK3 can induce autophagy
by phosphorylating U1K1.

Role of RIPK3 in metabolism
RIPK3 not only affects inflammation but also plays an important
role in mitochondrial metabolism. It may participate in glycolysis
by regulating mitochondria-related metabolic enzymes [21].
Phosphorylation of RIPK3 activates metabolic enzymes involved
in glycolysis, such as PYGL, GLUL, and GLUD1. These enzymes
increase the levels of substrates for oxidative phosphorylation,
which in turn promotes ROS production. Direct phosphorylation of
PGAM5 by RIPK3 accelerates the dephosphorylation of DRP1 at
S637 and activates its translocation to mitochondria, leading to
mitochondrial fission and ROS production. Under TNF stimulation,
phosphorylation of RIPK3 can activate the E3 subunit (PDC-E135)

of the pyruvate dehydrogenase complex (PDC, also known as
PDH), thereby promoting aerobic respiration and ROS production
in cells. These findings suggest that RIPK3 regulates cell
metabolism in addition to cell death [88].

DISEASES INVOLVING RIPK3
Necroptosis is a type of controlled cell death caused by
disturbances in external or internal homeostasis and primarily
relies on the kinase activity of MLKL, RIPK3, and (under some
conditions) RIPK1 [89]. Because RIPK3 is essential for necroptosis,
RIPK3-dependent cell death is a more accurate description of
necroptosis [22]. RIPK3 has been shown to regulate and
participate in necroptosis in a kinase-independent manner
in vitro. RIPK3-dependent necroptosis has been associated with
ischemic injury, inflammation, and neurodegenerative diseases
[90] (Fig. 3). Therefore, RIPK3 is considered a potential target for
preventing or treating these diseases. To date, numerous RIPK3
inhibitors have been identified for the treatment of various
diseases.

Ischemic injury
Various conditions can reduce blood perfusion in local tissues and
organs, which causes ischemic damage to cells. Ischemic injury
manifests as changes in membrane potential, cell swelling, and
cytoskeleton disorder. In recent years, thrombolytic therapy,
catheterization, arterial bypass surgery, organ transplantation,
and other methods have been used to increase blood perfusion in
ischemic tissues and organs, improving treatment outcomes in
clinical settings. Ischemia–reperfusion injury (IRI), which refers to
damage caused by the restoration of blood perfusion in ischemic
tissues and organs, presents a different issue. IRI exacerbates
dysfunction and structural damage, which frequently affects vital
organs such as the heart, brain, kidney, and lung. As a cell death
regulator, RIPK3 plays a crucial role in IRI.
In 2014, Luedde et al. demonstrated for the first time that RIPK3

expression was high in ischemic cardiomyocytes from mice with
myocardial infarction (MI) [91]. The global knockout of RIPK3 has
been shown to reduce infarct size and improve cardiac systolic
function following acute IRI [92]. A study investigating the role of
RIPK3 in cardiovascular failure in a model of MI with permanent
coronary artery blockage showed that knockdown of RIPK3
attenuated unfavorable cardiac remodeling, dysfunctional cardiac
hypertrophy, and inflammatory reactions after MI [93]. Notably,
irrespective of RIPK1 and MLKL, RIPK3 activates Ca2+/calmodulin-
dependent protein kinase IIδ (CaMK IIδ), resulting in myocardial
necroptosis [94]. Because CaMK IIδ is an agonist of mPTP-
mediated necrosis, mPTP opening and cardiomyocyte death can
be prevented upon RIPK3 overexpression by pharmacologically
inhibiting CaMK IIδ.
Atrial fibrillation, atherothrombosis, and embolism are the

leading causes of ischemic stroke, resulting in severe disability
including hemiplegia, speech impairment, impaired vision, and
altered level of consciousness [95]. Using an animal model of
middle cerebral artery occlusion (MCAO), Zhang et al. demon-
strated that RIPK3 deficiency reduced necroptosis and neuroin-
flammation, protecting against ischemic brain injury [96]. To date,
most studies have shown that necroptosis is the cause of a
majority of negative effects of cerebral ischemia; therefore,
targeting or inhibiting the downstream regulator RIPK3 represents
a novel therapeutic strategy for ischemia. Dabrafenib, an inhibitor
of serine/threonine kinase B-Raf V600E, is the only type I RIPK3
inhibitor approved for use in clinical trials [97]. It has been
reported to decrease infarct size and attenuate the elevation of
TNF-α levels to protect against ischemia-induced brain injury [22].
The most common cell-permeable RIPK3-selective kinase inhibitor
GSK'872 [81] has been shown to reduce the size of lesions in mice
with ischemic brain injury [98]. Li et al. found that the co-
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chaperone complex formed by HSP90 and CDC37 not only
modulated the stability and functionality of RIPK3 and MLKL but
also directly inhibited RIPK3. In addition, this complex was found
to be involved in the activation of RIPK3 during necroptosis [99].
Kongensin A (KA), an HSP90 inhibitor, disrupts the association
between HSP90 and CDC37. Compound 17AAG, another HSP90
inhibitor, disrupts the interaction between MLKL and RIPK3.
Alvespimycin (17-DMAG) promotes the degradation of RIPK3 after
inactivating HSP90, thereby preventing the formation of necro-
somes, decreasing the phosphorylation of MLKL, and inhibiting
TNF-induced necroptosis [22]. In future studies, direct or indirect
inhibitors of RIPK3 should be used to gain important insights into
the diagnosis and treatment of RIPK3-related diseases.

Acute and chronic inflammation
Acute inflammation refers to localized redness, swelling, fever, or
pain caused by trauma or bacterial infection. Chronic inflamma-
tion is primarily related to the destruction of immunological
homeostasis and is mostly caused by the untimely and inadequate
treatment of acute inflammation as well as by poor treatment
outcomes, resulting in the gradual development of the disease.
The treatment of incurable diseases may be improved by
understanding the relationship between necroptosis and inflam-
mation or immunological homeostasis. In 2011, Duprez et al.
demonstrated that TNF-induced systemic inflammatory response
syndrome (SIRS) was triggered by RIPK3-mediated necroptosis
[100]. To date, studies on necroptosis have mostly focused on
RIPK3, which has provided several novel therapeutic options.

Necroptosis plays an important role in hepatic cell death, which
exacerbates chronic inflammation and fibrosis in the liver and
eventually leads to cirrhosis and liver cancer. Patients with
alcoholic fatty liver disease (AFLD) exhibit abnormally elevated
RIPK3 expression in the liver, accompanied by other pathological
abnormalities such as increased transaminase levels and lipid
accumulation in liver cells [22]. Deletion of RIPK3, intraperitoneal
injection of antisense oligonucleotides targeting RIPK3, and
dabrafenib treatment have been shown to exert hepatoprotective
effects in mouse models of acetaminophen toxicity, concanavalin
hepatitis A, alcohol and diet intoxication, and NASH [94]. Although
studies have established a relationship between hepatic RIPK3
levels and the severity of non-alcoholic fatty liver disease (NAFLD),
the precise mechanisms through which RIPK3-dependent signal-
ing contributes to the development of NAFLD remain unclear. A
study showed that knockdown of RIPK3 significantly alleviated
hepatic steatosis, liver injury, oxidative damage, fibrosis, and
inflammation in mice with methionine-deficient and choline-
deficient diet-induced NASH, whereas it aggravated hepatic
steatosis and inflammation in mice fed a high-fat diet (HFD) [78].
RIPK3 affects various lung diseases, including asthma, idiopathic

pulmonary fibrosis, acute respiratory distress syndrome, and
bacterial and aseptic lung damage [21]. Huang et al. showed that
RIPK3 expression increased in response to Streptococcus pneumo-
niae infection [101]. Necroptosis initiated by RIPK3 plays an
indispensable role in host defense against Streptococcus pneumo-
niae infection, whereas RIPK3 deficiency decreases the bacterial
clearance rate and aggravates lung inflammation and tissue

Fig. 3 The role of RIPK3-mediated necroptosis in human diseases. Necroptosis is involved in the pathophysiological mechanisms of various
clinical diseases, including infectious diseases, neurodegenerative diseases, hepatic diseases, pulmonary diseases, renal diseases,
cardiovascular diseases, joint diseases, and cancer.
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damage, resulting in a high risk of mortality [101]. In neonatal
mice exposed to urinary hydroxyproline (HYP), the RIPK3 inhibitor
GW939B or genetic deletion of RIPK3 can decrease RIPK3
expression, which in turn alleviates lung inflammation and
alveolar damage [102].
Necroptosis contributes to both acute and chronic kidney

diseases and causes renal fibrosis [21, 103]. Martin-Sanchez et al.
reported that RIPK3 deficiency inhibited NF-kB activation and
alleviated renal inflammation in individuals with folate-induced
AKI (FA-AKI) but did not prevent kidney failure. Bone marrow-
derived cells that express RIPK3 are an essential early inflamma-
tory factor in FA-AKI in chimeric mice [104]. Tumor necrosis factor-
like weak inducer of apoptosis (TWEAK), a crucial pro-
inflammatory cytokine that aggravates AKI and functions inde-
pendently of necroptosis, causes renal inflammation mediated by
RIPK3. Therefore, selective inhibition of myeloid-derived RIPK3
may represent an effective strategy for alleviating renal inflamma-
tion while preventing the risk of complications associated with
systemic targeting of RIPK3 [104]. The abnormal accumulation of
crystalline substances such as calcium oxalate (CaOx) in the kidney
causes excessive renal tubular epithelial cell death, inflammation,
and calcification. Hou et al. synthesized a novel RIPK3 inhibitor
named complex-42 (Cpd-42), which reduces the accumulation of
CaOx crystals in the kidney and attenuates their cytotoxic effects
[97]. Notably, Cpd42 outperformed dabrafenib in terms of anti-
necroptosis and anti-inflammatory activities.
Although necroptosis was not initially associated with TNF-

induced acute intestinal injury, several recent studies have
demonstrated that RIPK3 may significantly affect intestinal
damage under some circumstances [105]. Welz et al. showed
that RIPK3 had a protective effect on inflammation and cell death
in Fas-associated protein with a novel death domain (FADD)
deficiency-induced spontaneous colitis and ileitis models, indicat-
ing that RIPK3-mediated necrosis can lead to intestinal inflamma-
tion [106]. Additionally, RIPK3 inhibitors have been shown to
reduce the necrosis of CD4+ T cells, differentiation of Th17 cells,
and expression of pro-inflammatory cytokines [107], all of which
are important colitis-inducing factors. These findings offer novel
insights into the treatment of intestinal diseases.
RIPK3 has been associated with other autoimmune diseases,

such as psoriasis, toxic epidermal necrolysis (TEN), RA, osteoar-
thritis (OA), Crohn’s disease, and pancreatitis [21]. According to
earlier studies, RIPK3 protects mice against SIRS induced by TNF
and sepsis caused by cecal ligation and puncture (CLP) [100].
However, recent studies have demonstrated that deficiency of
RIPK3 or gasdermin D (GSDMD) can protect against TNF-induced
SIRS, CLP-induced sepsis, or lipopolysaccharide (LPS)-induced
septic shock. In addition, the positive feedback mechanism
between the RIPK3/MLKL and GSDMD pathways and inflammation
promotes the development of sepsis [108]. A study investigating
the potential role of RIPK3 in the neuropathogenesis of herpes
simplex encephalitis (HSE) showed that mice with RIPK3 knockout
were more susceptible to HSE than wild-type mice after corneal
inoculation with the herpes simplex virus (HSV), suggesting that
RIPK3 delayed the progression of HSE. In addition, kinase-
independent inflammation caused by RIPK3 and caspase-8
collectively inhibited viral replication in the brains of mice with
HSE [109], providing a novel therapeutic strategy for HSE.

Neurodegenerative diseases
Neurodegenerative disorders are defined by the deterioration of
axons, the loss of myelin from neurons (brain and spinal cord
cells), or both. RIPK1 and RIPK3 have been shown to form
necrosomes, phosphorylate downstream MLKL, and activate
MLKL-mediated necroptosis in multiple neurodegenerative dis-
eases, including multiple sclerosis (MS), amyotrophic lateral
sclerosis (ALS), Parkinson’s disease (PD), Gaucher’s disease (GD),
and Alzheimer’s disease (AD) [21, 63].

The progressive demyelination of axons in the central nervous
system is a hallmark of MS. In 2015, Ofengeim et al. reported
increased TNF-α levels and aberrant caspase-8 activation in active
white matter lesions in patients with MS [43]. In addition,
increased levels of total and phosphorylated RIPK1, RIPK3, and
MLKL have been observed in injured tissues [105]. From a
therapeutic perspective, evidence mostly suggests that RIPK1
inhibitors (such as Nec-1) can protect oligodendrocytes; however,
the role of RIPK3 in this process remains elusive and whether it
may be safely silenced by small molecule inhibitors remains
unclear. RIPK1 inhibition and RIPK3 deficiency have been reported
to delay the onset of motor impairment and prevent axonal
myelination abnormalities in mice with ALS expressing a mutant
form of superoxide dismutase 1 (SOD1) (SOD1G93A mice) [110]. A
study showed that the protein expression of RIPK1, RIPK3, and
MLKL was higher in postmortem substantia nigra samples from
patients with PD than in control individuals, which is consistent
with the pathological features observed in MS and ALS [111].
Notably, RIPK3 deficiency can significantly improve neurological
and systemic sickness and enhance survival and motor coordina-
tion in mice with GD [19].
Furthermore, necroptosis is involved in other neurodegenera-

tive diseases, such as spinal cord injury (SCI) and retinal
degeneration [112, 113]. Reactive astrocytes and microglia express
more RIPK3 and phosphorylated MLKL after SCI, and astrocytic
death is significantly reduced in RIPK3 deficiency mice after SCI
[94]. These findings highlight the relationship between RIPK3 and
the improved maintenance of neurotrophic function.
In an animal model of retinal detachment (RD), the activator

RIPK3 was recently discovered to increase more than 10-fold
[114]. RIPK3 deficiency can effectively prevent necroptosis,
alleviate oxidative stress, and reduce the release of apoptosis-
inducing factors from mitochondria. In addition, it can signifi-
cantly suppress cone cell death in mice with retinitis pigmentosa
(RP) [115]. Therefore, RIPK3 is a viable therapeutic target for
preventing and delaying the degeneration of photoreceptors in
patients with RP.

ROLE OF RIPK3 IN CANCER
To overcome apoptosis resistance in anti-cancer treatment,
researchers have paid more attention to the effects of necroptosis
on cancer because it is a mode of RCD and can function when
apoptosis is inhibited. As a key regulator of necroptosis, RIPK3 has
been extensively investigated as well. However, existing studies
suggest that RIPK3 has contradictory effects on cancer based on
the type and specific development stage of cancer [116]. On the
one hand, RIPK3 inhibits cancer development by directly killing
cancer cells through necroptosis. Moreover, RIPK3 can induce anti-
cancer immune surveillance mediated by T cells to limit tumor
progression and limit tumor development by inducing and
facilitating the secretion of cytokines and chemokines. On the
other hand, RIPK3-mediated necroptosis creates an immunosup-
pressive tumor environment that promotes tumor growth,
development, and metastasis [12]. In addition, RIPK3 can
participate in tumorigenesis by (1) acting on various T cells to
enhance cellular immunity; (2) inducing the aggregation of
immunosuppressive myeloid cells, including myeloid-derived
suppressor cells (MDSCs) and tumor-associated macrophages
(TAMs), to promote immune evasion of cancer cells; (3)
participating in PANoptosis.

Inhibitory effects of RIPK3-mediated necroptosis on tumors
Studies have shown that tumor cell necroptosis frequently occurs
in some solid tumors, including breast, liver, and lung cancers
[117]. After a series of phosphorylation cascades, RIPK3-mediated
necroptosis can inhibit tumor development through anti-tumor
immunity. During this process, tumor cells are stimulated by
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TNF-α, TRAIL, or FasL as well as downstream TLRs, resulting in the
activation of RIPK1. Additionally, under the effects of SMAC mimics
(including SM164) and pan-caspase inhibitors (including Z-VAD-
FMK), RIPK3 can interact with RIPK1 to form necrosomes, leading
to the phosphorylation of MLKL and necroptosis of cancer cells
[118, 119]. In addition, RIPK3 can promote the anti-tumor immune
effects of CD8+ T cells by mediating necroptosis. DAMPs released
by cancer cells undergoing necroptosis are recognized and bound
by immature antigen-presenting cells (APCs), which eventually
activate CD8+ T cells. Activated CD8+ T cells promote anti-tumor
immunity via the perforin–granzyme or Fas–FasL pathway
[120, 121]. This process occurs in various tumors, such as
pancreatic adenocarcinoma (PAAD), colorectal cancer (CRC), and
acute myeloid leukemia (AML) [122–124]. When the expression of
RIPK3 is low, tumor cells exhibit resistance to necroptosis, resulting
in tumor growth.
Snyder et al. showed that anti-tumor immunity can be initiated

after necroptosis occurs in cells without tumor antigens in the
tumor microenvironment (TME). In NIH-3T3 fibroblasts that have
undergone necroptosis, activated RIPK3 promotes transcriptional
responses mediated by the NF-κB pathway, increasing the levels
of chemokines such as CCL3, CCL4, and CCL5 in TME. These
chemokines enable the recruitment of APCs to TME, which
internalize antigens and eventually activate the anti-tumor
immune responses of CD8+ T cells. Notably, this process is limited
to TME and the mechanisms through which RIPK3-mediated
necroptosis of fibroblasts promotes antigen uptake and APC
activation warrant further investigation [125].

Promoting effects of RIPK3-mediated necroptosis on tumors
RIPK3-mediated necroptosis has been shown to promote tumor
growth, development, and metastasis in some cancer models.
Tumor cells can promote tumor progression by triggering
immunogenic responses through necroptosis or enhancing the
formation of an immunosuppressive TME. In several tumor cells,
RIPK3 is often silenced by methylation near the transcriptional
initiation site, which inhibits the activation of MLKL and fails to
mediate necroptosis, consequently promoting tumor develop-
ment [126].
In intestinal epithelial cells (IECs), RIPK3 is overexpressed when

the mTOR signaling pathway is impaired. This process is often
accompanied by the inhibition of Trim11-mediated autophagy-
dependent degradation of RIPK3, which promotes the necroptosis
of IECs and aggravates colitis, leading to the progression of
inflammation-associated CRC [127].
Seifert et al. showed that RIPK3 was overexpressed and

mediated necroptosis in pancreatic ductal adenocarcinoma
(PDA) cells, inducing the release of the inflammatory factor
SAP130 from tumor cells. Upon its recognition by the correspond-
ing receptor Mincle, SAP130 induced the formation of an
immunosuppressive TME, thereby promoting the progression of
PDA [128].
Metastasis refers to the extravasation of tumor cells through

endothelial cells. Therefore, the death of endothelial cells may
accelerate tumor metastasis [129]. Upon activation of DR6, tumor
cells can express the amyloid precursor protein to induce the
necroptosis of endothelial cells, thereby accelerating tumor
metastasis. On the contrary, specific treatment with RIPK3-
deficient endothelial cells attenuates the death of endothelial
cells, suggesting that RIPK3-mediated necroptosis can promote
tumor metastasis [130].
Altogether, RIPK3-mediated necroptosis has significant effects

on tumor growth, progression, and metastasis, indicating that
targeting RIPK3-mediated necroptosis represents an effective
strategy for inhibiting tumor development and progression in
clinical practice. However, whether RIPK3 plays a pro- or anti-
cancer role primarily depends on the relative quantity of the
released chemokines and cytokines. Moreover, the mechanisms

through which this balance is regulated warrant further
investigation.

Other roles of RIPK3 in tumors
As discussed in the abovementioned sections, RIPK3 can mediate
the necroptosis of tumor cells or fibroblasts in TME. This process
promotes the release of DAMPs from tumor cells or increased
levels of chemokines such as CCL3, CCL4, and CCL5, which
enhance antigen uptake and APC activation while promoting T
cell-mediated anti-cancer immune surveillance. T cells not only
participate in mediating anti-cancer processes but also lead to
excessive damage to normal tissues. Therefore, the activities of
T cells should be tightly regulated.
When the activity of caspase-8 is inhibited or lost, activated

mature T cells undergo necroptosis. However, RIPK3 does not
always act as a kinase in decreasing the abundance of some cells,
such as mucosal-associated invariant T (MAIT) cells. Patton et al.
found that in addition to mediating the necroptosis of MAIT cells,
RIPK3 selectively inhibited the accumulation of MAIT cells in
lymphoid organs as well as peripheral tissues. This inhibition was
independent of the loss of caspase-8 or MLKL, indicating that
downregulation of RIPK3 can increase the abundance of MAIT cells
that are in a homeostatic state in the thymus, spleen, liver, and
lung. However, RIPK3 did not affect the homeostasis and
abundance of MAIT cells during infection with Francisella
tularensis. Consequently, the mechanisms through which RIPK3
regulates the development of MAIT cells in the thymus warrant
further investigation [131]. Notably, MAIT cells constitute 1–5% of
innate T cells in the blood. In addition, they have high expression
of the ABCB1 protein, which can promote drug efflux. Therefore,
the anti-tumor effects of MAIT cells are not affected by
chemotherapy [132]. Given that RIPK3 can be targeted to inhibit
the accumulation of MAIT cells, targeting RIPK3 can be combined
with chemotherapy for the treatment of cancer.
RIPK3 can assist cancer cells in evading immune surveillance by

promoting the aggregation of MDSCs and TAMs. In CRC, down-
regulation of RIPK3 in MDSCs, which may be caused by factors
from TME, eventually promotes the activation of the NF-κB
pathway. Activated NF-κB promotes the transcription of COX-2,
consequently catalyzing the production of prostaglandin E2
(PGE2). PGE2 downregulates RIPK3, promoting the immunosup-
pressive and carcinogenic activities of MDSCs [133]. MDSCs
belong to colorectal cancer-infiltrating immune cells, which
express Arg-1, iNOS/NOS2, and ROS and can induce immune
tolerance by inhibiting the proliferation and activation of CD8+

T cells [134, 135]. In addition, they can differentiate into TAMs,
promoting Th cells to inhibit tumor cells, and can secrete various
cytokines, such as PGE2, to promote tumor cell proliferation [133].
Jayakumar et al. found that RIPK3 promoted the production of
pathogenic Th17 cells by inducing the synthesis of IL17, IL23, and
IL-1β in I-MDSCs and eventually accelerated the progression of
intestinal tumors. However, the specific mechanism through
which RIPK3 acts on I-MDSCs warrants further investigation [136].
In malignant melanoma and CRC, RIPK3 can interact with ZBP1

through RHIM, driving the recruitment of caspase-6 and caspase-8
to form the ZBP1–PANoptosome complex, which activates the
NLRP3 inflammasome and induces PANoptosis. PANoptosis is an
inflammatory RCD mechanism characterized by apoptosis,
necroptosis, and pyroptosis, which can suppress tumor develop-
ment [60, 137].

Tumor treatment strategies targeting RIPK3
Although existing anti-tumor drugs can effectively induce
apoptosis, the acquired resistance of cancer cells to chemotherapy
and apoptosis are major challenges associated with the treatment
of cancer in clinical practice. As a substitute for apoptosis,
necroptosis can overcome this resistance, thereby improving the
therapeutic efficacy.
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Shikonin (SHI), a natural compound extracted from a Chinese
herb, can mediate necroptosis to inhibit tumor growth by
promoting RIPK3 phosphorylation, which subsequently promotes
MLKL phosphorylation [138].
Additionally, prunetin (PRU), an O-methylated flavonoid, can be

used to treat gastric cancer, as it can inhibit cancer cell
proliferation through necroptosis by activating RIPK3 and
phosphorylating MLKL [139].
Morgan et al. found that RIPK3 could be silenced by

methylation in some cancer cell lines and primary cancer cells.
Therefore, in analogous RIPK3-negative cancers, demethylating
agents such as decitabine, RG108, and 5-azacytidine, which reduce
DNA methylation near the transcription initiation site, can be used
to restore the expression of RIPK3 [140]. Notably, the resistance of
cancer cells to necroptosis is driven by certain oncogenes
associated with the loss of RIPK3, such as BRAF and AXL.
Therefore, inhibition of these genes may restore the expression
of RIPK3. For example, Rizos et al. found that dabrafenib and
vemurafenib effectively increased the expression of RIPK3 by
inhibiting BRAF in patients with malignant melanoma [141]. In
addition, Najafov et al. found that BMS-777607, which is an
inhibitor of AXL/TYRO3, reactivated RIPK3 expression and restored
necroptosis sensitivity in tumor cells [118]. Further investigation is
warranted to understand the mechanisms through which these
kinase inhibitors activate RIPK3 expression in tumor cells. In
xenograft models, RIPK3 has been shown to not only reduce
tumor growth but also increase the sensitivity of tumor cells to
chemotherapy. Therefore, RIPK3 is a promising therapeutic target
for tumors. However, novel methods should be developed to
accurately regulate necroptosis in tumor cells.
RIPK3 can promote tumor growth in some RIPK3-positive or

-overexpressing cancers. RIPK3 inhibitors can be used to suppress
the occurrence and development of these cancers. Studies have
shown that mTOR signaling relies on the gut microbiota. When
RIPK3 overexpression is caused by the downregulation of the
tumor suppressor gene TSC1 owing to an inappropriate diet,
depletion of the gut microbiota induced by antibiotics or
probiotics can attenuate the activation and expression of RIPK3.
This process attenuates epithelial cell necrosis and alleviates colitis
driven by excessive activation of mTOR [127].
RIPK3-mediated necroptosis is closely related to cisplatin, which

is one of the most effective chemotherapeutic agents. On the one
hand, cisplatin can inhibit the replication and synthesis of DNA by
binding to it, thereby killing cancer cells. Notably, this process can
lead to multiple side effects, especially nephrotoxicity. Studies
have shown that necroptosis promotes cisplatin-induced nephro-
toxicity, whereas inhibition of RIPK3 inhibits it [142]. On the other
hand, cisplatin can trigger RIPK3-mediated necroptosis in tumor
cells, leading to the release of cytosolic mtDNA, initiation of the
cGAS–STING pathway, and secretion of IFN-I, consequently
promoting the cross-activation of T cells through APCs. It is
noteworthy that cisplatin enhances the abscopal effects of T cells
in this process. Therefore, RIPK3 can be targeted to regulate the
use of cisplatin in the treatment of tumors [143].
Researchers have developed other selective inhibitors targeting

RIPK3. For example, GSK’872 can prevent the activation of RIPK3,
thereby blocking the phosphorylation of the co-repressor TRIM28
at Ser473. This process regulates the transcription of TRIM28
during necroptosis and prevents TRIM28 from interacting with
necrosomes, eventually inhibiting necroptosis [56]. GSK’840 and
GSK’843 can inhibit RIPK3 by binding to its structural domain with
high affinity [144]. However, the blockade of necroptosis by
GSK'872 has been shown to accelerate the formation of a tumor-
promoting microenvironment and exacerbate tumor progression
in models of AOM-DSS-induced CRC [145]. In addition, HS-1371
competes with ATP to bind to the ATP-binding pockets of RIPK3,
thereby suppressing the enzymatic activity of RIPK3 and inhibiting
necroptosis. Only TNF-induced necroptosis is inhibited in this

process, indicating that HS-1371 can specifically inhibit RIPK3-
mediated necroptosis [146].
It is necessary to assess whether the abovementioned inhibitors

can selectively inhibit certain cancer types. In addition, the
synergistic effects of these inhibitors and immune checkpoint
inhibitors should be evaluated in future studies.
To address the crosstalk between RIPK3-mediated necroptosis

and other PCD mechanisms, researchers have proposed that RIPK3
can be delivered to tumor cells using engineered adeno-associated
viruses (AAVs) to induce necroptosis precisely. This strategy has
been successfully used to induce tumor-suppressive effects through
necroptosis [125]. Given that many tumors undergo mutations,
which complicate the disease, understanding the regulatory
crosstalk between necroptosis and apoptosis is necessary.

CONCLUSIONS
Necroptosis is an important cell death mechanism that is involved
in various pathological conditions, including neurodegenerative
diseases and cancer. Given that RIPK3 plays an important role in
organ growth and tumor cell proliferation, it is considered a
promising therapeutic target for various serious diseases. Under-
standing the modification and regulation of RIPK3 is important for
understanding how cells survive or die through necroptosis via
activation of NF-κB. The mechanisms underlying necroptosis and
the role of RIPK3 in cell death-related signaling and disease
pathogenesis warrant intensive investigation. In future studies,
RIPK3 inhibitors should be used to gain valuable insights into the
diagnosis and treatment of necroptosis-related diseases.

REFERENCES
1. Yuan J, Ofengeim D. A guide to cell death pathways. Nat Rev Mol Cell Biol.

2023;25:379–95.
2. Degterev A, Huang Z, Boyce M, Li Y, Jagtap P, Mizushima N, et al. Chemical

inhibitor of nonapoptotic cell death with therapeutic potential for ischemic
brain injury. Nat. Chem. Biol. 2005;1:112–9.

3. Vandenabeele P, Galluzzi L, Vanden Berghe T, Kroemer G. Molecular mechanisms of
necroptosis: an ordered cellular explosion. Nat. Rev. Mol. Cell Biol. 2010;11:700–14.

4. Weinlich R, Oberst A, Beere HM, Green DR. Necroptosis in development,
inflammation and disease. Nat. Rev. Mol. Cell Biol. 2017;18:127–36.

5. Stanger BZ, Leder P, Lee TH, Kim E, Seed B. RIP: a novel protein containing a
death domain that interacts with Fas/APO-1 (CD95) in yeast and causes cell
death. Cell. 1995;81:513–23.

6. Holler N, Zaru R, Micheau O, Thome M, Attinger A, Valitutti S, et al. Fas triggers
an alternative, caspase-8-independent cell death pathway using the kinase RIP
as effector molecule. Nat. Immunol. 2000;1:489–95.

7. Cho YS, Challa S, Moquin D, Genga R, Ray TD, Guildford M, et al.
Phosphorylation-driven assembly of the RIP1-RIP3 complex regulates pro-
grammed necrosis and virus-induced inflammation. Cell. 2009;137:1112–23.

8. He S, Wang L, Miao L, Wang T, Du F, Zhao L, et al. Receptor interacting protein
kinase-3 determines cellular necrotic response to TNF-alpha. Cell.
2009;137:1100–11.

9. Zhang DW, Shao J, Lin J, Zhang N, Lu BJ, Lin SC, et al. RIP3, an energy meta-
bolism regulator that switches TNF-induced cell death from apoptosis to
necrosis. Science. 2009;325:332–6.

10. Christofferson DE, Yuan J. Necroptosis as an alternative form of programmed
cell death. Curr. Opin. Cell Biol. 2010;22:263–8.

11. Dong F, Shang JF, Fang W, Han LY, Lian GL, Chen D. [Research update on the
role of necroptosis in the development and progression of cardiovascular dis-
eases and related molecular mechanisms]. Zhonghua Xin Xue Guan Bing. Za Zhi.
2021;49:728–32.

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

13. Pasparakis M, Vandenabeele P. Necroptosis and its role in inflammation. Nature.
2015;517:311–20.

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

15. Xie J, Yang Y, Gao Y, He J. Cuproptosis: mechanisms and links with cancers. Mol.
Cancer. 2023;22:46.

16. Gao W, Wang X, Zhou Y, Wang X, Yu Y. Autophagy, ferroptosis, pyroptosis, and
necroptosis in tumor immunotherapy. Signal Transduct. Target Ther. 2022;7:196.

Y. Zhou et al.

11

Cell Death Discovery          (2024) 10:200 



17. von Haacke N. Aspergillosis of the paranasal sinuses. J. Laryngol. Otol.
1984;98:193–7.

18. Kroemer G, El-Deiry WS, Golstein P, Peter ME, Vaux D, Vandenabeele P, et al.
Classification of cell death: recommendations of the Nomenclature Committee
on Cell Death. Cell Death Differ. 2005;12:1463–7.

19. Choi ME, Price DR, Ryter SW, Choi AMK. Necroptosis: a crucial pathogenic
mediator of human disease. JCI insight. 2019;4:e128834.

20. Kaczmarek A, Vandenabeele P, Krysko DV. Necroptosis: the release of damage-
associated molecular patterns and its physiological relevance. Immunity.
2013;38:209–23.

21. Morgan MJ, Kim YS. Roles of RIPK3 in necroptosis, cell signaling, and disease.
Exp. Mol. Med. 2022;54:1695–704.

22. Liu Y, Liu T, Lei T, Zhang D, Du S, Girani L, et al. RIP1/RIP3-regulated necroptosis
as a target for multifaceted disease therapy (Review). Int. J. Mol. Med.
2019;44:771–86.

23. Micheau O, Tschopp J. Induction of TNF receptor I-mediated apoptosis via two
sequential signaling complexes. Cell. 2003;114:181–90.

24. Ea CK, Deng L, Xia ZP, Pineda G, Chen ZJ. Activation of IKK by TNFalpha requires
site-specific ubiquitination of RIP1 and polyubiquitin binding by NEMO. Mol.
Cell. 2006;22:245–57.

25. Mahoney DJ, Cheung HH, Mrad RL, Plenchette S, Simard C, Enwere E, et al. Both
cIAP1 and cIAP2 regulate TNFalpha-mediated NF-kappaB activation. Proc. Natl
Acad. Sci. USA. 2008;105:11778–83.

26. Varfolomeev E, Goncharov T, Fedorova AV, Dynek JN, Zobel K, Deshayes K, et al.
c-IAP1 and c-IAP2 are critical mediators of tumor necrosis factor alpha (TNFal-
pha)-induced NF-kappaB activation. J. Biol. Chem. 2008;283:24295–9.

27. Tang Y, Tu H, Zhang J, Zhao X, Wang Y, Qin J, et al. K63-linked ubiquitination
regulates RIPK1 kinase activity to prevent cell death during embryogenesis and
inflammation. Nat. Commun. 2019;10:4157.

28. Xu D, Zou C, Yuan J. Genetic regulation of RIPK1 and Necroptosis. Annu Rev.
Genet. 2021;55:235–63.

29. Seo J, Nam YW, Kim S, Oh DB, Song J. Necroptosis molecular mechanisms:
Recent findings regarding novel necroptosis regulators. Exp. Mol. Med.
2021;53:1007–17.

30. Mao R, Fan Y, Mou Y, Zhang H, Fu S, Yang J. TAK1 lysine 158 is required for TGF-
beta-induced TRAF6-mediated Smad-independent IKK/NF-kappaB and JNK/AP-
1 activation. Cell Signal. 2011;23:222–7.

31. Fan Y, Yu Y, Shi Y, Sun W, Xie M, Ge N, et al. Lysine 63-linked polyubiquitination
of TAK1 at lysine 158 is required for tumor necrosis factor alpha- and
interleukin-1beta-induced IKK/NF-kappaB and JNK/AP-1 activation. J. Biol.
Chem. 2010;285:5347–60.

32. Wertz IE, O’Rourke KM, Zhou H, Eby M, Aravind L, Seshagiri S, et al. De-
ubiquitination and ubiquitin ligase domains of A20 downregulate NF-kappaB
signalling. Nature. 2004;430:694–9.

33. Wright A, Reiley WW, Chang M, Jin W, Lee AJ, Zhang M, et al. Regulation of early
wave of germ cell apoptosis and spermatogenesis by deubiquitinating enzyme
CYLD. Dev Cell. 2007;13:705–16.

34. Heger K, Wickliffe KE, Ndoja A, Zhang J, Murthy A, Dugger DL, et al. OTULIN
limits cell death and inflammation by deubiquitinating LUBAC. Nature.
2018;559:120–4.

35. Wang L, Du F, Wang X. TNF-alpha induces two distinct caspase-8 activation
pathways. Cell. 2008;133:693–703.

36. Benetatos CA, Mitsuuchi Y, Burns JM, Neiman EM, Condon SM, Yu G, et al. Bir-
inapant (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;13:867–79.

37. Tao P, Sun J, Wu Z, Wang S, Wang J, Li W, et al. A dominant autoinflammatory
disease caused by non-cleavable variants of RIPK1. Nature. 2020;577:109–14.

38. Chan FK, Shisler J, Bixby JG, Felices M, Zheng L, Appel M, et al. A role for tumor
necrosis factor receptor-2 and receptor-interacting protein in programmed
necrosis and antiviral responses. J Biol Chem. 2003;278:51613–21.

39. Lalaoui N, Boyden SE, Oda H, Wood GM, Stone DL, Chau D, et al. Mutations that
prevent caspase cleavage of RIPK1 cause autoinflammatory disease. Nature.
2020;577:103–8.

40. Degterev A, Hitomi J, Germscheid M, Ch’en IL, Korkina O, Teng X, et al. Identi-
fication of RIP1 kinase as a specific cellular target of necrostatins. Nat Chem Biol.
2008;4:313–21.

41. Degterev A, Ofengeim D, Yuan J. Targeting RIPK1 for the treatment of human
diseases. Proc Natl Acad Sci USA. 2019;116:9714–22.

42. Laurien L, Nagata M, Schünke H, Delanghe T, Wiederstein JL, Kumari S, et al.
Autophosphorylation at serine 166 regulates RIP kinase 1-mediated cell death
and inflammation. Nat Commun. 2020;11:1747.

43. Ofengeim D, Ito Y, Najafov A, Zhang Y, Shan B, DeWitt JP, et al. Activation of
necroptosis in multiple sclerosis. Cell Rep. 2015;10:1836–49.

44. Dowling JP, Alsabbagh M, Del Casale C, Liu ZG, Zhang J. TRADD regulates
perinatal development and adulthood survival in mice lacking RIPK1 and RIPK3.
Nat Commun. 2019;10:705.

45. Wu Y, Dong G, Sheng C. Targeting necroptosis in anticancer therapy:
mechanisms and modulators. Acta Pharm. Sin B. 2020;10:1601–18.

46. Seya T, Shime H, Takaki H, Azuma M, Oshiumi H, Matsumoto M. TLR3/TICAM-
1 signaling in tumor cell RIP3-dependent necroptosis. Oncoimmunology.
2012;1:917–23.

47. Huang Z, Wu SQ, Liang Y, Zhou X, Chen W, Li L, et al. RIP1/RIP3 binding to HSV-1
ICP6 initiates necroptosis to restrict virus propagation in mice. Cell Host
Microbe. 2015;17:229–42.

48. Wang X, Li Y, Liu S, Yu X, Li L, Shi C, et al. Direct activation of RIP3/MLKL-
dependent necrosis by herpes simplex virus 1 (HSV-1) protein ICP6 triggers host
antiviral defense. Proc Natl Acad Sci USA. 2014;111:15438–43.

49. Cai Z, Jitkaew S, Zhao J, Chiang HC, Choksi S, Liu J, et al. Plasma membrane
translocation of trimerized MLKL protein is required for TNF-induced necrop-
tosis. Nat Cell Biol. 2014;16:55–65.

50. Gong YN, Guy C, Olauson H, Becker JU, Yang M, Fitzgerald P, et al. ESCRT-III acts
downstream of MLKL to regulate necroptotic cell death and its consequences.
Cell. 2017;169:286–300.e16.

51. Gong YN, Guy C, Crawford JC, Green DR. Biological events and molecular sig-
naling following MLKL activation during necroptosis. Cell Cycle.
2017;16:1748–60.

52. Dan S, Duan X, Yu X, Zang J, Liu L, Wu G. PGAM5 regulates DRP1-mediated
mitochondrial fission/mitophagy flux in lipid overload-induced renal tubular
epithelial cell necroptosis. Toxicol Lett. 2023;372:14–24.

53. Zhang T, Zhang Y, Cui M, Jin L, Wang Y, Lv F, et al. CaMKII is a RIP3 substrate
mediating ischemia- and oxidative stress-induced myocardial necroptosis. Nat
Med. 2016;22:175–82.

54. Chi Q, Wang D, Hu X, Li S, Li S. Hydrogen Sulfide gas exposure induces
necroptosis and promotes inflammation through the MAPK/NF-kappaB path-
way in broiler spleen. Oxid Med Cell Longev. 2019;2019:8061823.

55. Oliver Metzig M, Tang Y, Mitchell S, Taylor B, Foreman R, Wollman R, et al. An
incoherent feedforward loop interprets NFkappaB/RelA dynamics to determine
TNF-induced necroptosis decisions. Mol Syst Biol. 2020;16:e9677.

56. Park HH, Kim HR, Park SY, Hwang SM, Hong SM, Park S, et al. RIPK3 activation
induces TRIM28 derepression in cancer cells and enhances the anti-tumor
microenvironment. Mol Cancer. 2021;20:107.

57. Moriwaki K, Chan FK. Necrosis-dependent and independent signaling of the RIP
kinases in inflammation. Cytokine Growth Factor Rev. 2014;25:167–74.

58. Yang B, Maddison LA, Zaborska KE, Dai C, Yin L, Tang Z, et al. RIPK3-mediated
inflammation is a conserved beta cell response to ER stress. Sci Adv.
2020;6:eabd7272.

59. Frank D, Garnish SE, Sandow JJ, Weir A, Liu L, Clayer E, et al. Ubiquitylation of
RIPK3 beyond-the-RHIM can limit RIPK3 activity and cell death. iScience.
2022;25:104632.

60. Karki R, Kanneganti TD. ADAR1 and ZBP1 in innate immunity, cell death, and
disease. Trends Immunol. 2023;44:201–16.

61. Orozco S, Oberst A. RIPK3 in cell death and inflammation: the good, the bad,
and the ugly. Immunol Rev. 2017;277:102–12.

62. Hao Y, Yang B, Yang J, Shi X, Yang X, Zhang D, et al. ZBP1: a powerful innate
immune sensor and double-edged sword in host immunity. Int J Mol Sci.
2022;23:10224.

63. Moriwaki K, Chan FK. The inflammatory signal adaptor RIPK3: functions beyond
necroptosis. Int Rev Cell Mol Biol. 2017;328:253–75.

64. Roedig J, Kowald L, Juretschke T, Karlowitz R, Ahangarian Abhari B, Roedig H,
et al. USP22 controls necroptosis by regulating receptor-interacting protein
kinase 3 ubiquitination. EMBO Rep. 2021;22:e50163.

65. Kondylis V, Kumari S, Vlantis K, Pasparakis M. The interplay of IKK, NF-kappaB
and RIPK1 signaling in the regulation of cell death, tissue homeostasis and
inflammation. Immunol Rev. 2017;277:113–27.

66. Zheng M, Williams EP, Malireddi RKS, Karki R, Banoth B, Burton A, et al. Impaired
NLRP3 inflammasome activation/pyroptosis leads to robust inflammatory cell
death via caspase-8/RIPK3 during coronavirus infection. J Biol Chem.
2020;295:14040–52.

67. Zhu K, Liang W, Ma Z, Xu D, Cao S, Lu X, et al. Necroptosis promotes cell-
autonomous activation of proinflammatory cytokine gene expression. Cell
Death Dis. 2018;9:500.

68. Orning P, Lien E. Multiple roles of caspase-8 in cell death, inflammation, and
innate immunity. J Leukoc Biol. 2021;109:121–41.

69. DeLaney AA, Berry CT, Christian DA, Hart A, Bjanes E, Wynosky-Dolfi MA, et al.
Caspase-8 promotes c-Rel-dependent inflammatory cytokine expression and
resistance against Toxoplasma gondii. Proc Natl Acad Sci USA.
2019;116:11926–35.

Y. Zhou et al.

12

Cell Death Discovery          (2024) 10:200 



70. Lawlor KE, Khan N, Mildenhall A, Gerlic M, Croker BA, D’Cruz AA, et al. RIPK3
promotes cell death and NLRP3 inflammasome activation in the absence of
MLKL. Nat Commun. 2015;6:6282.

71. Liu C, Chen Y, Cui W, Cao Y, Zhao L, Wang H, et al. Inhibition of neuronal
necroptosis mediated by RIP1/RIP3/MLKL provides neuroprotective effects on
kaolin-induced hydrocephalus in mice. Cell Prolif. 2021;54:e13108.

72. Kumar S, Budhathoki S, Oliveira CB, Kahle AD, Calhan OY, Lukens JR, et al. Role of
the caspase-8/RIPK3 axis in Alzheimer’s disease pathogenesis and Abeta-
induced NLRP3 inflammasome activation. JCI Insight. 2023;8:e157433.

73. Wu J, Huang Z, Ren J, Zhang Z, He P, Li Y, et al. Mlkl knockout mice demonstrate
the indispensable role of Mlkl in necroptosis. Cell Res. 2013;23:994–1006.

74. Speir M, Djajawi TM, Conos SA, Tye H, Lawlor KE. Targeting RIP kinases in chronic
inflammatory disease. Biomolecules. 2021;11:646.

75. Dominguez S, Montgomery AB, Haines GK 3rd, Bloomfield CL, Cuda CM. The
caspase-8/RIPK3 signaling axis in antigen presenting cells controls the inflam-
matory arthritic response. Arthritis Res Ther. 2017;19:224.

76. Yao RQ, Ren C, Xia ZF, Yao YM. Organelle-specific autophagy in inflammatory
diseases: a potential therapeutic target underlying the quality control of mul-
tiple organelles. Autophagy. 2021;17:385–401.

77. Afonso MB, Islam T, Magusto J, Amorim R, Lenoir V, Simoes RF, et al. RIPK3
dampens mitochondrial bioenergetics and lipid droplet dynamics in metabolic
liver disease. Hepatology. 2023;77:1319–34.

78. Afonso MB, Rodrigues PM, Mateus-Pinheiro M, Simao AL, Gaspar MM, Majdi A,
et al. RIPK3 acts as a lipid metabolism regulator contributing to inflammation
and carcinogenesis in non-alcoholic fatty liver disease. Gut. 2021;70:2359–72.

79. Johnson K. The immediate maxillary full denture. I. Clinical observations. Aust
Dent J. 1986;31:44–52.

80. Li S, Zhang Y, Guan Z, Ye M, Li H, You M, et al. SARS-CoV-2 Z-RNA activates the
ZBP1-RIPK3 pathway to promote virus-induced inflammatory responses. Cell
Res. 2023;33:201–14.

81. Zhang J, Qian J, Zhang W, Chen X. The pathophysiological role of receptor-
interacting protein kinase 3 in cardiovascular disease. Biomed Pharmacother.
2023;165:114696.

82. Zhang J, Feng W, Li M, Chen P, Ning X, Ou C, et al. Receptor-interacting protein
Kinase 3 inhibition prevents cadmium-mediated macrophage polarization and
subsequent atherosclerosis via maintaining mitochondrial homeostasis. Front
Cardiovasc Med. 2021;8:737652.

83. Leng Y, Zhang Y, Li X, Wang Z, Zhuang Q, Lu Y. Receptor interacting protein
kinases 1/3: the potential therapeutic target for cardiovascular inflammatory
diseases. Front Pharm. 2021;12:762334.

84. Al-Moujahed A, Tian B, Efstathiou NE, Konstantinou EK, Hoang M, Lin H, et al.
Receptor interacting protein kinase 3 (RIP3) regulates iPSCs generation through
modulating cell cycle progression genes. Stem Cell Res. 2019;35:101387.

85. Torii S, Yamaguchi H, Nakanishi A, Arakawa S, Honda S, Moriwaki K, et al.
Identification of a phosphorylation site on Ulk1 required for genotoxic stress-
induced alternative autophagy. Nat Commun. 2020;11:1754.

86. Torii S, Shimizu S. Involvement of phosphorylation of ULK1 in alternative
autophagy. Autophagy. 2020;16:1532–3.

87. Wen X, Klionsky DJ. Phosphorylation of ULK1 serine 746 dictates ATG5-
independent autophagy. Autophagy. 2020;16:1557–8.

88. Yang Z, Wang Y, Zhang Y, He X, Zhong CQ, Ni H, et al. RIP3 targets pyruvate
dehydrogenase complex to increase aerobic respiration in TNF-induced
necroptosis. Nat Cell Biol. 2018;20:186–97.

89. Galluzzi L, Vitale I, Aaronson SA, Abrams JM, Adam D, Agostinis P, et al. Mole-
cular mechanisms of cell death: recommendations of the Nomenclature Com-
mittee on Cell Death 2018. Cell Death Differ. 2018;25:486–541.

90. Gardner CR, Davies KA, Zhang Y, Brzozowski M, Czabotar PE, Murphy JM, et al.
From (Tool)bench to bedside: the potential of necroptosis inhibitors. J Med
Chem. 2023;66:2361–85.

91. Luedde M, Lutz M, Carter N, Sosna J, Jacoby C, Vucur M, et al. RIP3, a kinase
promoting necroptotic cell death, mediates adverse remodelling after myo-
cardial infarction. Cardiovasc Res. 2014;103:206–16.

92. Gao XQ, Liu CY, Zhang YH, Wang YH, Zhou LY, Li XM, et al. The circRNA CNEACR
regulates necroptosis of cardiomyocytes through Foxa2 suppression. Cell Death
Differ. 2022;29:527–39.

93. Guo X, Chen Y, Liu Q. Necroptosis in heart disease: molecular mechanisms and
therapeutic implications. J Mol Cell Cardiol. 2022;169:74–83.

94. Galluzzi L, Kepp O, Chan FK, Kroemer G. Necroptosis: mechanisms and relevance
to disease. Annu Rev Pathol. 2017;12:103–30.

95. DeRoo E, Zhou T, Liu B. The Role of RIPK1 and RIPK3 in cardiovascular disease.
Int J Mol Sci. 2020;21:8174.

96. Zhang Y, Li M, Li X, Zhang H, Wang L, Wu X, et al. Catalytically inactive RIP1 and
RIP3 deficiency protect against acute ischemic stroke by inhibiting necroptosis
and neuroinflammation. Cell Death Dis. 2020;11:565.

97. Hou B, Liu M, Chen Y, Ni W, Suo X, Xu Y, et al. Cpd-42 protects against calcium
oxalate nephrocalcinosis-induced renal injury and inflammation by targeting
RIPK3-mediated necroptosis. Front Pharmacol. 2022;13:1041117.

98. Shi Y, Chen X, Huang C, Pollock C. RIPK3: a new player in renal fibrosis. Front Cell
Dev. Biol. 2020;8:502.

99. Li D, Xu T, Cao Y, Wang H, Li L, Chen S, et al. A cytosolic heat shock protein 90
and cochaperone CDC37 complex is required for RIP3 activation during
necroptosis. Proc Natl Acad Sci USA. 2015;112:5017–22.

100. Duprez L, Takahashi N, Van Hauwermeiren F, Vandendriessche B, Goossens V,
Vanden Berghe T, et al. RIP kinase-dependent necrosis drives lethal systemic
inflammatory response syndrome. Immunity. 2011;35:908–18.

101. Huang HR, Cho SJ, Harris RM, Yang J, Bermejo S, Sharma L, et al. RIPK3 Activates
MLKL-mediated Necroptosis and Inflammasome Signaling during Streptococcus
Infection. Am J Respir. Cell Mol Biol. 2021;64:579–91.

102. Syed MA, Shah D, Das P, Andersson S, Pryhuber G, Bhandari V. TREM-1
Attenuates RIPK3-mediated Necroptosis in Hyperoxia-induced Lung Injury in
Neonatal Mice. Am J Respir. Cell Mol Biol. 2019;60:308–22.

103. Guerrero-Mauvecin J, Fontecha-Barriuso M, Lopez-Diaz AM, Ortiz A, Sanz AB.
RIPK3 and kidney disease. Nefrologia (Engl Ed). 2023;44:10–22.

104. Martin-Sanchez D, Guerrero-Mauvecin J, Fontecha-Barriuso M, Mendez-
Barbero N, Saiz ML, Lopez-Diaz AM, et al. Bone marrow-derived RIPK3 med-
iates kidney inflammation in acute kidney injury. J Am Soc Nephrol.
2022;33:357–73.

105. Wegner KW, Saleh D, Degterev A. Complex pathologic roles of RIPK1 and RIPK3:
moving beyond necroptosis. Trends Pharm Sci. 2017;38:202–25.

106. Welz PS, Wullaert A, Vlantis K, Kondylis V, Fernández-Majada V, Ermolaeva M,
et al. FADD prevents RIP3-mediated epithelial cell necrosis and chronic intest-
inal inflammation. Nature. 2011;477:330–4.

107. Lee SH, Kwon JY, Moon J, Choi J, Jhun J, Jung K, et al. Inhibition of RIPK3
pathway attenuates intestinal inflammation and cell death of inflammatory
bowel disease and suppresses necroptosis in peripheral mononuclear cells of
ulcerative colitis patients. Immune Netw. 2020;20:e16.

108. Chen H, Li Y, Wu J, Li G, Tao X, Lai K, et al. RIPK3 collaborates with GSDMD to
drive tissue injury in lethal polymicrobial sepsis. Cell Death Differ.
2020;27:2568–85.

109. Guo H, Koehler HS, Mocarski ES, Dix RD. RIPK3 and caspase 8 collaborate to limit
herpes simplex encephalitis. PLoS Pathog. 2022;18:e1010857.

110. Yuan J, Amin P, Ofengeim D. Necroptosis and RIPK1-mediated neuroin-
flammation in CNS diseases. Nat Rev Neurosci. 2019;20:19–33.

111. Chaouhan HS, Vinod C, Mahapatra N, Yu SH, Wang IK, Chen KB, et al. Necrop-
tosis: a pathogenic negotiator in human diseases. Int J Mol Sci. 2022;23:12714.

112. Zhang Q, Hu XM, Zhao WJ, Ban XX, Li Y, Huang YX, et al. Targeting necroptosis: a
novel therapeutic option for retinal degenerative diseases. Int J Biol Sci.
2023;19:658–74.

113. Dhuriya YK, Sharma D. Necroptosis: a regulated inflammatory mode of cell
death. J. Neuroinflamm. 2018;15:199.

114. Trichonas G, Murakami Y, Thanos A, Morizane Y, Kayama M, Debouck CM, et al.
Receptor interacting protein kinases mediate retinal detachment-induced
photoreceptor necrosis and compensate for inhibition of apoptosis. Proc Natl
Acad Sci USA. 2010;107:21695–700.

115. Murakami Y, Ikeda Y, Nakatake S, Miller JW, Vavvas DG, Sonoda KH, et al.
Necrotic cone photoreceptor cell death in retinitis pigmentosa. Cell Death Dis.
2015;6:e2038.

116. Gong Y, Fan Z, Luo G, Yang C, Huang Q, Fan K, et al. The role of necroptosis in
cancer biology and therapy. Mol Cancer. 2019;18:100.

117. Jiao D, Cai Z, Choksi S, Ma D, Choe M, Kwon HJ, et al. Necroptosis of tumor cells
leads to tumor necrosis and promotes tumor metastasis. Cell Res.
2018;28:868–70.

118. Najafov A, Zervantonakis IK, Mookhtiar AK, Greninger P, March RJ, Egan RK, et al.
BRAF and AXL oncogenes drive RIPK3 expression loss in cancer. PLoS Biol.
2018;16:e2005756.

119. Silke J, Rickard JA, Gerlic M. The diverse role of RIP kinases in necroptosis and
inflammation. Nat Immunol. 2015;16:689–97.

120. Tang R, Xu J, Zhang B, Liu J, Liang C, Hua J, et al. Ferroptosis, necroptosis, and
pyroptosis in anticancer immunity. J Hematol Oncol. 2020;13:110.

121. Krysko O, Aaes TL, Kagan VE, D’Herde K, Bachert C, Leybaert L, et al. Necroptotic
cell death in anti-cancer therapy. Immunol Rev. 2017;280:207–19.

122. Brumatti G, Ma C, Lalaoui N, Nguyen NY, Navarro M, Tanzer MC, et al. The
caspase-8 inhibitor emricasan combines with the SMAC mimetic birinapant to
induce necroptosis and treat acute myeloid leukemia. Sci Transl Med.
2016;8:339ra69.

123. Aaes TL, Kaczmarek A, Delvaeye T, De Craene B, De Koker S, Heyndrickx L, et al.
Vaccination with necroptotic cancer cells induces efficient anti-tumor immunity.
Cell Rep. 2016;15:274–87.

Y. Zhou et al.

13

Cell Death Discovery          (2024) 10:200 



124. Xie Y, Zhu S, Zhong M, Yang M, Sun X, Liu J, et al. Inhibition of Aurora Kinase A
Induces necroptosis in pancreatic carcinoma. Gastroenterology.
2017;153:1429–43.e5.

125. Snyder AG, Hubbard NW, Messmer MN, Kofman SB, Hagan CE, Orozco SL, et al.
Intratumoral activation of the necroptotic pathway components RIPK1 and
RIPK3 potentiates antitumor immunity. Sci Immunol. 2019;4:eaaw2004.

126. Koo GB, Morgan MJ, Lee DG, Kim WJ, Yoon JH, Koo JS, et al. Methylation-
dependent loss of RIP3 expression in cancer represses programmed necrosis in
response to chemotherapeutics. Cell Res. 2015;25:707–25.

127. Xie Y, Zhao Y, Shi L, Li W, Chen K, Li M, et al. Gut epithelial TSC1/mTOR controls
RIPK3-dependent necroptosis in intestinal inflammation and cancer. J Clin
Investig. 2020;130:2111–28.

128. Seifert L, Werba G, Tiwari S, Giao Ly NN, Alothman S, Alqunaibit D, et al. The
necrosome promotes pancreatic oncogenesis via CXCL1 and Mincle-induced
immune suppression. Nature. 2016;532:245–9.

129. Yang L, Joseph S, Sun T, Hoffmann J, Thevissen S, Offermanns S, et al. TAK1
regulates endothelial cell necroptosis and tumor metastasis. Cell Death Differ.
2019;26:1987–97.

130. Strilic B, Yang L, Albarran-Juarez J, Wachsmuth L, Han K, Muller UC, et al.
Tumour-cell-induced endothelial cell necroptosis via death receptor 6 promotes
metastasis. Nature. 2016;536:215–8.

131. Patton T, Zhao Z, Lim XY, Eddy E, Wang H, Nelson AG, et al. RIPK3 controls MAIT
cell accumulation during development but not during infection. Cell Death Dis.
2023;14:111.

132. Melo AM, O’Brien AM, Phelan JJ, Kennedy SA, Wood NAW, Veerapen N, et al.
Mucosal-Associated Invariant T cells display diminished effector capacity in
oesophageal adenocarcinoma. Front Immunol. 2019;10:1580.

133. Yan G, Zhao H, Zhang Q, Zhou Y, Wu L, Lei J, et al. A RIPK3-PGE(2) circuit
mediates myeloid-derived suppressor cell-potentiated colorectal carcinogen-
esis. Cancer Res. 2018;78:5586–99.

134. Hegde S, Leader AM, Merad M. MDSC: markers, development, states, and
unaddressed complexity. Immunity. 2021;54:875–84.

135. Yu SJ, Ma C, Heinrich B, Brown ZJ, Sandhu M, Zhang Q, et al. Targeting the
crosstalk between cytokine-induced killer cells and myeloid-derived suppressor
cells in hepatocellular carcinoma. J Hepatol. 2019;70:449–57.

136. Jayakumar A, Bothwell ALM. RIPK3-induced inflammation by I-MDSCs promotes
intestinal tumors. Cancer Res. 2019;79:1587–99.

137. Karki R, Sundaram B, Sharma BR, Lee S, Malireddi RKS, Nguyen LN, et al. ADAR1
restricts ZBP1-mediated immune response and PANoptosis to promote
tumorigenesis. Cell Rep. 2021;37:109858.

138. Markowitsch SD, Juetter KM, Schupp P, Hauschulte K, Vakhrusheva O, Slade KS,
et al. Shikonin reduces growth of docetaxel-resistant prostate cancer cells
mainly through necroptosis. Cancers. 2021;13:882.

139. Vetrivel P, Kim SM, Ha SE, Kim HH, Bhosale PB, Senthil K, et al. Compound
Prunetin induces cell death in gastric cancer cell with potent anti-proliferative
properties: in vitro assay, molecular docking, dynamics, and ADMET Studies.
Biomolecules. 2020;10:1086.

140. Morgan MJ, Kim YS. The serine threonine kinase RIP3: lost and found. BMB Rep.
2015;48:303–12.

141. Rizos H, Menzies AM, Pupo GM, Carlino MS, Fung C, Hyman J, et al. BRAF
inhibitor resistance mechanisms in metastatic melanoma: spectrum and clinical
impact. Clin Cancer Res. 2014;20:1965–77.

142. Alassaf N, Attia H. Autophagy and necroptosis in cisplatin-induced acute kidney
injury: recent advances regarding their role and therapeutic potential. Front
Pharm. 2023;14:1103062.

143. Luo R, Onyshchenko K, Wang L, Gaedicke S, Grosu AL, Firat E, et al. Necroptosis-
dependent immunogenicity of cisplatin: implications for enhancing the
radiation-induced abscopal effect. Clin Cancer Res. 2023;29:667–83.

144. Mandal P, Berger SB, Pillay S, Moriwaki K, Huang C, Guo H, et al. RIP3 induces
apoptosis independent of pronecrotic kinase activity. Mol Cell. 2014;56:481–95.

145. Zhou M, He J, Shi Y, Liu X, Luo S, Cheng C, et al. ABIN3 negatively regulates
necroptosis-induced intestinal inflammation through recruiting A20 and
restricting the ubiquitination of RIPK3 in inflammatory bowel disease. J. Crohns
Colitis. 2021;15:99–114.

146. Park HH, Park SY, Mah S, Park JH, Hong SS, Hong S, et al. HS-1371, a novel kinase
inhibitor of RIP3-mediated necroptosis. Exp Mol Med. 2018;50:1–15.

ACKNOWLEDGEMENTS
This work has been financed by the National Natural Science Foundation of China
(No. 81870591), Joint project of Henan Medical Science and Technology Research
Program (No. LHGJ20230905), Science and technology research projects of Jiaozuo
City (No. 202223056), Medical Education Research Project of Henan Provincial Health
Commission (No. Wj1x2022208, Wx2023094, and wilx2021052), Science and
technology in Henan Province (Nos. 242102310407, 242102310448, 242102230123),
National College Students’ Innovation and Entrepreneurship Training Program (No.
202310475136).

AUTHOR CONTRIBUTIONS
Conceptualization, XC and LZ; methodology, YZ; investigation, YZ, YX, SL and CL;
writing original draft preparation, YZ, YX, SL and CL; writing—review and editing, YZ,
YX, SL and CL; software, JD and XK; visualization, YZ and YX; supervision, XJ; project
administration, XC and LZ; funding acquisition, LZ. We thank Bullet Edits Limited for
the linguistic editing and proofreading of the manuscript. All authors have read and
agreed to the published version of the manuscript.

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Correspondence and requests for materials should be addressed to Xiaoxia Cheng
or Lei Zhang.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Y. Zhou et al.

14

Cell Death Discovery          (2024) 10:200 

http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	RIPK3 signaling and its role in regulated cell death and diseases
	Facts
	Open questions
	Introduction
	Structural features of�RIPK3
	Role of RIPK3 in necroptosis
	Necroptosis
	Upstream signals that stimulate RIPK3 activation in necroptosis
	Downstream signals that activate RIPK3 in necroptosis

	Non-necrotic function of�RIPK3
	Function of RIPK3 in NF-&#x003BA;B signaling
	RIPK3 induces inflammasome activation and cytokine production
	Role of RIPK3 in the cell�cycle
	Role of RIPK3 in autophagy
	Role of RIPK3 in metabolism

	Diseases involving�RIPK3
	Ischemic�injury
	Acute and chronic inflammation
	Neurodegenerative diseases

	Role of RIPK3 in�cancer
	Inhibitory effects of RIPK3-mediated necroptosis on�tumors
	Promoting effects of RIPK3-mediated necroptosis on�tumors
	Other roles of RIPK3 in�tumors
	Tumor treatment strategies targeting�RIPK3

	Conclusions
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




