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Necroptosis is a form of regulated necrotic cell death that
is mediated by receptor-interacting protein 1 (RIP1) and RIP3
kinases. Diverse receptors, including death receptors, Toll-like
receptors, interferon receptors, and DAl DNA receptors are
able to trigger necroptosis. The newly identified MLKL protein
functions downstream of RIP1/RIP3 and is essential for the
execution of necroptosis. Studies also indicate involvement of
reactive oxygen species and calcium and sodium ions.
Identification of the key mediators of necroptosis is critical for
understanding the molecular mechanisms of the necroptotic
process.

Necrosis is a type of cell death that is morphologically charac-
terized by a gain in cell volume, swelling of organelles, plasma
membrane rupture, and subsequent loss of intracellular contents.'”
® For a long time necrosis was considered to be accidental cell
death caused by extremely harsh physical or chemical insults.*
However, it is now known that necrosis can occur in a controlled
and regulated manner. The discovery that a serine/threonine
kinase, receptor-interacting protein 1 (RIP1), is required for tumor
necrosis factor (TNF)-induced necrotic cell death initiated elucida-
tion of the molecular mechanism underlying programmed necro-
sis.”® When the term necroptosis was first introduced it originally
referred to RIP1-mediated programmed necrosis, which is inhib-
ited by necrostatin-1, a chemical inhibitor of RIP1.” However,
after RIP3 was identified as an essential mediator of necroptosis
downstream of RIP1,'% other types of RIPI-independent but
RIP3-dependent programmed necrosis were also reported.'"'*
Currently, both RIP1-dependent and RIP1-independent RIP3-
mediated programmed necrosis are referred to as necroptosis. In
addition, although necroptosis is the most studied form of
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programmed necrosis, other types of regulated necrosis including
pyroptosis, pyronecrosis, parthanatos, oxytosis, ferroptosis, and
NETosis have also been described.'” Tt has been suggested that
necroptosis and other forms of programmed necrosis are involved
in a variety of diseases including inflammatory bowel diseases,
pancreatitis, virus infections, salmonellosis, ischemia-reperfusion
injury, and myocardial infarction."*

The initiation of necroptosis can be triggered by the engage-
ment of death receptors, such as TNF receptor 1 (INFR1),
CD95 (FAS), Toll-like receptors, including TLR3 and TLR4, or
interferon receptors.'"'”>'® The necroptotic signals induced by
these receptors lead to formation of the necrosome.* ' The ser-
ine/threonine kinases RIP1 and RIP3 and the recently identified
mixed lineage kinase domain-like protein (MLKL) are key com-
ponents of the necrosome and all of these proteins are essential
for TNF-induced necroptosis.'”* In this review, we will sum-
marize and discuss current knowledge of the regulation of nec-
roptosis and RIP3-mediated execution of the process.

RIPK3 is the Essential Player in Necroptosis

The molecular mechanism of TNF signaling has been exten-
sively studied (Fig. 1). It is known that binding of the TNF
homotrimer to TNF-receptor 1 (TNF-R1) initiates the forma-
tion of a TNF-R1 signaling complex by recruiting several adap-
tor/effector proteins. TNF-R1-associated death domain protein
(TRADD) is the first protein to interact with the receptor
through its death domain and subsequently recruits other effector
proteins, including RIP1, TNFR-associated factor 2 (TRAF2),
and cellular inhibitor of apoptosis (cIAP1/cIAP 2), to form the
TNE-RI surface signaling complex, also named complex I, which
leads to the activation of pro-survival pathways involving NF-kB
and MAP kinases.”"** Polyubiquitination of RIP1 by cIAP1/
cIAP 2 and LUBAC is essential for activation of the IKK/NF-kB
pathway.”* Under apoptotic conditions, the TNF-R1 complex I
is released into the cytosol and recruits other proteins to form
complex II and mediate apoptosis.”* Recruitment of Fas-associ-
ated protein with death domain (FADD) is essential for the initi-
ation of apoptosis because FADD recruits and induces the

€960759-1


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/

e

Smac mimetic

o-—na

@PDRIP:

Smac

Inhibition of

MLKL oligomerization

Necroptosis

Ca?

Na*

Casp8 Activity

=

Figure 1. Overview of the execu-
tion of RIP3-dependent necrosis.
Binding of tumor necrosis factor
(TNF) homotrimer to TNF-receptor 1
(TNF-R1) initiates the formation of a
TNF-R1 signaling complex through
the recruitment of several adaptor/
effector proteins including RIP1,
TRADD, and TRAF2. Inactivation of
clAP1/2 by Smac or deubiquitination
of RIP1 by CYLD induces the forma-
tion of complex Il and converts sig-
naling from cell survival to cell death
pathways. Complex Il mediates apo-
ptosis by recruiting FADD and acti-
vating caspase-8. When caspase-8
activity is inhibited the amyloid-like
RIP1/RIP3 necrosome is formed and
recruits the RIP3 kinase downstream
substrate MLKL. In certain condi-
tions, such as in L929 cells, the TNF
receptor signaling components RIP1
and TRADD form a complex with
NADPH oxidases in a TNF-dependent
manner to induce the generation of
ROS, which are involved in the execu-
tion of necroptosis. Phosphorylation
of MLKL by RIP3 results in homo-
oligomerization of the MLKL protein
and its relocation to the plasma
membrane. This plasma membrane
translocation of MLKL is essential for
increasing plasma membrane perme-
ability, either by itself or by associa-
tion with ion channels, to increase
Ca*" and Na' ion influx, which may
in turn increase osmotic pressure and
ultimately lead to cellular membrane
rupture.

Activation

o>

dimerization and activation of caspases, which execute the pro-
cess of apoptosis.>

Under necroptotic conditions, deubiquitination of RIP1 by
cylindromatosis (CYLD) and inhibition of caspase activity allow
recruitment of RIP3 to these secondary complexes to form the
necrosome.”>?® Inhibition of caspase-8 activity is critical for the
formation of the necrosome because otherwise RIP1, RIP3, and
CYLD would be cleaved by the caspase.”” In the necrosome,
RIP1 and RIP3 interact through their RIP homotypic interaction
motifs (RHIMs) and further form large amyloid-like com-
plexes.>”*® The recruitment of RIP3 into the secondary com-
plexes switches the death signal from apoptotic to necrotic.
Studies with RIP3 knockout mice have demonstrated the essen-
tial role of RIP3 in necroptosis 77 vivo.* '® Another key compo-
nent of the necrosome is the MLKL protein, which is recruited
to the complex by RIP3'?% and is the downstream substrate of
RIP3 kinase.'”*® Phosphorylation of MLKL by RIP3 in the
necrosome results in oligomerization and plasma membrane
localization of the MLKL protein.””** This plasma membrane
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translocation of MLKL is essen-
tial for increasing plasma mem-
brane permeability and ion influx, which in turn increases the
cellular osmotic pressure and ultimately results in cell plasma
membrane rupture and necroptosis.””>* Importantly, there is
also crosstalk between RIP1-mediated apoptosis and necroptosis
pathways 77 vivo, as demonstrated in mouse models.””~”

In addition to the activation of death receptors, other
stimuli can also induce RIP3-dependent necroptosis including
activation of TLR 3 and 4, DNA-dependent activator of
interferon regulatory factors (DAI/ZBP1/DLM-1), and inter-
ferons. TLR-induced necroptosis requires the RHIM-contain-
ing TLR adaptor TRIF, which directly interacts with and
activates RIP3.'"1® In a similar fashion, the DNA-binding
RHIM-containing protein DAI interacts with RIP3 to medi-
ate virus-induced necroptosis.'” Interferons activate the tran-
scription of RNA-responsive protein kinase PKR, which then
interacts with RIP1 to trigger necroptosis.'® As RIP1 is only
involved in necroptotic death induced by certain stimuli, it is
believed that RIP3 is the essential and indispensable compo-
nent of necroptosis.
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Important Mediators Involved in the Execution
of RIP3-dependent Necroptosis

MLKL

MIKL is the immediate downstream mediator of RIP3 in
necroptosis. MLKL was first identified as a pseudo kinase and
was found to be recruited to the necrosome by RIP3."” MLKL
contains N-terminal coiled-coil domains and a C-terminal
kinase-like domain. The crystal structure of monomeric MLKL
reveals that the N-terminal coiled-coil domains form a 4-helical
bundle and tethers to the C-terminal kinase-like domain through
a 2-helix linker.”® After phosphorylation by RIP3, MLKL oligo-
merizes through the N-terminal coiled-coil domains and translo-
cates to the plasma membrane.’® The dimerized N-terminal
region of MLKL is sufficient to kill cells when overexpressed***
whereas the C-terminal kinase-like domain appears to be
important for modulating the mono-oligomeric status of
MLKL.** "% Studying the oligomeric structure of MLKL will
help us understand the molecular mechanisms of MLKL-medi-
ated necroptosis.

It has been suggested that MLKL mediates disruption of
plasma membrane permeability by activating ion channels or
forming pore structures directly in the plasma membrane.*”>* In
the first scenario, Ca*" and Na™ are critical for rupture of the
plasma membrane.’®?* Since cations such as Ca** promote for-
mation of amyloid protein structures that disrupt the plasma
membrane,”” MLKL-mediated cation influx may facilitate for-
mation of necrosomes, which have amyloid-like structures, and
rupture of the plasma membrane iz vivo. Regarding the second
scenario, MLKL was found to bind to membrane lipids and dis-
rupt liposome integrity in vitro.*”>' However, as the levels of
endogenous MLKL protein are relatively low in necroptotic-sen-
sitive cells, the direct pore-forming activity of MLKL in the
plasma membrane needs to be confirmed 7 vivo.

Calcium

Under physiological conditions, the cytoplasmic Ca®* con-
centration is approximately 0.1 wM while the extracellular Ca**
concentration is approximately 1.2 mM. The plasma membrane
is impermeable to extracellular Ca®" and most of the intracellular
Ca®" is stored in the endoplasmic reticulum (ER). Intracellular
Ca®" can act as a second messenger in many signaling transduc-
tion pathways including neurotransmitter release, contraction of
muscle cells, and fertilization.**~** Furthermore, many enzymes
require intracellular Ca®" as a cofactor for their activity®® whereas
extracellular Ca®* is important for maintaining the electric
potential between the interior and the exterior of a cell. Thus,
calcium ions play a pivotal role in maintaining cellular homeostasis.

Under certain pathological conditions, apoptosis or necrosis
can be initiated when ER Ca®" is released into the cytosol or
when extracellular Ca®* crosses the plasma membrane. The
increase in cytosolic Ca** triggers mitochondrial Ca** overload,
leading to mitochondrial membrane permeability transition
(mPT) and ATP depletion.“’45 Cytosolic Ca®" also induces the
activation of Ca®'-dependent proteases such as calpains and
kinases  such  as

Ca*™/ calmodulin-dependent  protein
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CaMKIL“*" These events will ultimately lead to apoptosis or
necrosis.*® The cytoplasmic Ca®" concentration may even deter-
mine the nature of cell death; it has been reported that induction
of apoptosis is related to a low increase in cytosolic Ca®" from
the ER, whereas induction of necrosis is related to more severe
insults from plasma membrane influx. !

Several ion channels have been shown to mediate extracellular
Ca’" entry into necrotic cells including NMDA receptors and
voltage-sensitive Ca** channels,>? acid-sensing ion channels
(ASICs),”>>* transient receptor potential (TRP) cation chan-
nels,? or capacitive entry channels that are activated by emptying
of the ER Ca*" stomge.5 556 Moreover, Ca’ " influx activates cal-
pain, which proteolytically inactivates the Na™/Ca®* exchanger
responsible for the extrusion of Ca.>™"% This process consti-
tutes a positive-feedback loop that ensures an irreversible increase
in intracellular Ca*" in necrotic cells. Several mechanisms for the
cell death induced by cytosolic Ca®" overload have been pro-
posed. For example, it has been suggested that Ca>* overload can
destabilize lysosomal membranes,’’ induce cleavage of the
plasma membrane Na™/Ca®" exchanger,61 and promote the
release of apoptosis-inducing factor (AIF) from mitochondria,
which is required for necrotic cell death.®>%?

Ca’"-mediated programmed necrosis has also been reported
in Caenorbabditis elegans. Hyperactive mutation of the ion chan-
nel MEC-4 in C. elegans induces a toxic Ca®" influx that leads to
necrotic neurodegeneration. For TNF-induced necroptosis in
1929 mouse cells, a similar increase in cytosolic Ca®" has been
observed after TNF-a treatment.”>®* Moreover, Ca>* chelators
exhibit a protective effect in L929 cells upon necroptosis induc-
tion, suggesting a potential role of Ca®" in the execution of
TNF-induced necroptosis.” We recently demonstrated that
MLKL translocates to the plasma membrane and regulates cal-
cium influx through the TPRM7 ion channel during TNF-
induced necroptosis in human HT29 cells.’® Translocation of
MLKL to the plasma membrane leads to a robust Ca®" influx,
which is an early event of necroptosis. We demonstrated that
TRPM?7, a non—voltage-sensitive ion channel that has previously
been implicated in necroptosis, is the Ca®* channel activated by
MILKL. Importantly, knockdown of TRPM7 did not interfere
with MLKL phosphorylation by RIP3, MLKL trimerization, or
MIKL translocation to the plasma membrane, suggesting that
TRPM?7 functions downstream of MLKL in necroptosis. How-
ever, it is worth noting that some cells, such as mouse embryonic
fibroblast (MEF) cells, are not protected as well as HT29 cells in
Ca’"-free medium.’® Additionally, if the cell culture medium
contains HEPES, Ca®" is less protective against necroptosis
(unpublished data). Since TRPM7 and other TRPMs are cation
channels, it is possible that other cations also contribute to the

. - 65,66
execution of necroptosis. >

Sodium

For cells under physiological conditions, the extracellular con-
centration of Na™ ions is much higher than the intracellular con-
centration. This Na® concentration gradient provides the
potential energy to form the membrane potential, which is criti-
cal for maintaining cellular osmotic balance.®” Intracellular Na™
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increase can be caused by ecither defective outward pumping of
Na™ resulting from metabolic depletion or increased Na™ influx
via activated membrane transporters. As one key characteristic of
necrosis is an increase in cell volume, the Nat and water overload
in necrotic cells is considered an important step leading to a
marked increase in cell volume and subsequent cell lysis.1 It has
been reported that oxygen and glucose deprivation cause an
increase in intracellular Na* and induce neuronal necrotic cell
death®® and that ionotropic glutamate receptors,G9 voltage-
dependent Na® channels,”” and both plasma membrane and
mitochondrial Na*/Ca*"exchangers®>”" are required for necro-
sis.®!"%” Furthermore, oxidative stress can also induce Na™ influx
through the activation of non-selective cation channels and lead
to necrosis.”” In addition, Ca®" influx can be elicited by Na*
influx through various mechanisms, such as reverse operation of
the Na™/Ca*" exchanger or non-selective Ca®* entry via voltage-
sensitive Na™ channels.”?

The involvement of Na™ influx in TNF-induced necroptosis
has recently been reported.’” Translocation of MLKL to the
plasma membrane of 1.929 cells leads to a robust influx of Na™
before the plasma membrane becomes permeable. Depletion of
Na™ from the culture medium of 1929 cells protects against
necrotic, but not apoptotic, cell death.?* Therefore, both Ca**
and Na™ might play a role in mediating necroptosis. This is in
fact quite likely because there are multiple TRPM channel pro-
teins that are expressed in different cell types. For example,
TRPM4, which is known to mediate Na© influx, might be
involv4€d in necrosis in a similar manner to TRPM7 in HT29
cells.”

Reactive Oxygen Species

Reactive oxygen species (ROS) are normally generated as
natural byproducts of cell metabolism and are involved in
diverse cellular processes.”>’® ROS are produced from 3 differ-
ent sources within the cell. First, mitochondria are the major
site. of ROS generation. It is known that ROS are predomi-
nantly generated by complex I and complex III of the mito-
chondrial respiratory chain.”” Second, the plasma membrane-
associated NADPH oxidase complexes (NOXs) use NADPH as
a substrate to reduce molecular oxygen and generate superoxide
anions, which play an important role in innate immunity
against infectious pathogens and function as second messengers
mediating signal transduction pathways.”®”®”? Third, although
less robustly than NOXs, other enzymes including xanthine oxi-
dase, cyclooxygenases, lipoxygenases, myeloperoxidases, heme
oxygenase, monoamine oxidases, and aldehyde oxidase, as well
as cytochrome P450-based enzymes, can also generate ROS in a
variety of cell types.®’

Under physiological conditions cells possess multiple antioxi-
dant systems to counteract excessive production of ROS and
maintain the balance between the production and scavenging of
ROS, leading to general homeostasis.®"** However, under path-
ological conditions excessive uncontrolled ROS production
results in deleterious effects and induces oxidative stress, which
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causes cell damage and may eventually kill the cell.”” ROS may
directly oxidize cellular proteins, lipids, or nucleic acids and
therefore cause general cellular damage.”® Additionally, ROS can
function as second messengers to initiate or mediate multiple sig-
naling pathways involved in cell death. For example, ROS have
been shown to induce production of ceramide and activate the
p53 pathway during cell death.””* The uncontrolled production
of ROS induced by TNF was first observed in the 1990s,% and
since then the important role of ROS in the execution of TNEF-
induced necroptosis has been proposed. It has been reported that
inhibition of mitochondrial complexes I and II protects 1929
cells against TNF-induced necroptosis.**> Moreover, treatment
with the ROS scavengers butylated hydroxnisole (BHA) or N-
acetylcysteine (NAC) delays TNFa-induced necroptosis in sev-
eral cell types.®”® In addition to the production of ROS from
mitochondria, another important source of ROS is the plasma
membrane-associated NADPH oxidase. We have reported that
TNEF is a direct activator of NADPH oxidase 1 (NOX1) in the
1929 cell line and in p65”’" MEFs subjected to caspase inhibi-
tion.®® In TNF-induced necroptosis, the death domain-contain-
ing TNF-R1 adaptor proteins RIP1 and TRADD associate with
NOXI1 and the small GTPase RAC1 to regulate ROS production
at the plasma membrane, which is involved in the execution of
necroptosis.86

The regulation of ROS generation by RIP3 and MLKL is a
crucial component of TNF-induced necroptosis. It has been
demonstrated that ROS production upon induction of necropto-
sis is inhibited in RIP3- or MLKL-deficient cells.*”* It is worth
noting that the requirement for ROS for the execution of necrop-
tosis seems to be dependent on cell type and that ROS are not
required for necroptosis in certain types of cells. For example, it
has been demonstrated that ROS scavengers do not inhibit nec-
roptosis in colon carcinoma HT-29 cells and Jurkat T cells.® In
addition, ROS scavengers may exhibit some off-target effects in
necroptosis.”> Moreover, a recent study suggested that depletion
of mitochondria prevented ROS production but had no effect on
necroptotic cell death in NIH3T3 cells, suggesting that players
other than mitochondrial ROS are necessary for the execution of
necrosis.’” Thus, the function and source of the ROS that are
generated in TNF-induced necroptosis are currently a subject of
some debate within the field and future studies are necessary to
clarify the functions of ROS from different sources in TNEF-

induced necroptosis.

The Role of Mitochondria in Necroptosis

The role of mitochondria in necroptosis was first implicated
when ROS produced from mitochondrial complex I were found
to be required for TNF-induced necrosis.*> More recently, the
identification of RIP3 as a key regulator of necroptosis and mito-
chondrial ROS production further indicated the possible role of
ROS in necroptosis.® "% It has been shown that RIP3 physically
interacts with and activates several metabolic enzymes including
the cytosol localized GLUL and the mitochondrial localized
GLUD1." Activation of these metabolic enzymes causes ROS
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generation by the mitochondrial respiratory chain and promotes
necroptosis.10 In addition, 2 mitochondrial proteins, PGAMS5
and Drp-1, have been suggested as crucial downstream effectors
of RIP3 in the execution of necroptosis in HT29 cells®® although
recent studies suggest that both PGAMS5 and Drp-1 are dispens-
able for RIP3-dependent necroptosis in other cell types.89’90 Fur-
study indicated that
mitochondria had little effect on necroptosis, which argues

thermore, a recent depletion  of
against the role of mitochondria in the execution of necropto-
sis.”” This conclusion is supported by the observation that
MLKL localizes to the plasma membrane and regulates plasma
membrane permeability upon necroptosis induction.*”** Thus,
mitochondria may function as facilitators, but not as executors,
in the process of RIP3-mediated necroptosis.

As a key modulator of the mitochondrial permeability transi-
tion pore, cyclophilin D (CypD) is known to play a role in pro-
grammed necrosis.”" Current knowledge of necrosis suggests that
both RIP1 and CypD are key players in regulated necrosis and
that the RIP1 pathway is responsible for the plasma membrane
rupture whereas CypD regulates the mitochondrial permeability
transition (mPT).*>”* Work by Linkermann et al.”* elegantly
demonstrated that both of these pathways are activated and dis-
tinct in regulated necrosis during ischemia/perfusion injury.
Importantly, this study raised the possibility that CypD may also
function downstream of RIP1-mediated Ca®" elevation. There-
fore, it is important to test whether RIP1-mediated Ca®" eleva-
tion leads to mPT and whether CypD is required for this
process. If so, CypD-mediated mPT might be a component of
the RIP1-regulated machinery that accelerates the process,
although this mitochondrial event may not be essential for execu-
tion of RIP3-mediated necroptosis.
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