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Abstract

Necrosis has been thought to be an accidental or uncontrolled type of cell death rather than
programmed. Recent studies from diverse organisms show that necrosis follows a stereotypical
series of cellular and molecular events: swelling of organelles, increases in reactive oxygen
species and cytoplasmic calcium, a decrease in ATP, activation of calpain and cathepsin proteases,
and finally rupture of organelles and the plasma membrane. Genetic and chemical manipulations
demonstrate that necrosis can be inhibited, indicating that necrosis can indeed be controlled and
follows a specific “program.” This review highlights recent findings from C. elegans, yeast,
Dictyostelium, Drosophila, and mammals that collectively provide evidence for conserved
mechanisms of necrosis.

Introduction

The term necrosis has been used for hundreds, if not thousands, of years to describe the
death of tissue in an organism. The word derives from the Greek, meaning death or dead
body. With the coining of the term apoptosis by Kerr, Wyllie and Currie in 1972, necrosis
became known as a distinct type of cell death [1]. Kerr defined two types of cell death
occurring in the rat liver following disruption of the blood supply. Patches of swollen
necrotic cells showing lysosomal leakage were found but cells showing a condensed
morphology were also observed. Kerr and colleagues first called this form of cell death
“shrinkage necrosis” and later termed it “apoptosis” (reviewed in [2]).

While others had previously described the cellular events of apoptotic cell death (reviewed
in [3]), the papers from Kerr and colleagues have been highly influential in defining modes
of cell death. These authors used morphological characteristics to distinguish apoptosis from
necrosis. They also argued that necrosis occurred in response to gross cellular damage
caused by environmental conditions and was less likely to be inherently controlled. The
appreciation of the central role of apoptosis in development and disease has triggered
prolific amounts of research, whereas progress towards understanding necrosis has lagged.
In addition to apoptosis and necrosis, other types of cell death have been described,
including autophagic cell death and cell death with mixed characteristics [4¢].

Because historically necrosis has been the term used for all cell death, confusion has arisen
as to the precise modern definition of necrosis. Several groups have tried to address this
problem, devising alternative terms such as oncosis [3], oncotic necrosis [5], necroptosis
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[6°], programmed necrosis, necrotic cell death, and Type 111 cell death [4]. All of these terms
refer to a form of cell death characterized by swelling which is morphologically distinct
from apoptosis. Following the recommendations of the Nomenclature Committee on Cell
Death [4], I will use the term necrosis to refer to this form of cell death.

As with apoptosis, cells undergoing necrosis show similar morphologies across a wide range
of stimuli, cell types and organisms (reviewed in [4,7]). Not all necrotic cells show precisely
the same features, but a general progression has emerged. Necrotic cells first show clumping
of chromatin and swelling of organelles. This is followed by swelling of the cell, and the
rupture of nuclei, mitochondria, and the plasma membrane [8,9]. Necrosis is characterized
by a rise in cytosolic Ca2*, increased reactive oxygen species (ROS), intracellular
acidification, and a depletion of ATP (reviewed in [7]). In mammals, rupture of necrotic
cells leads to the discharge of “danger” molecules and stimulates immune cells to release
pro-inflammatory cytokines. In contrast, apoptotic cells are engulfed by phagocytic cells
which typically release anti-inflammatory molecules (reviewed in [10]). Thus, necrosis can
trigger inflammation while apoptosis usually does not.

Necrosis is a major form of cell death occurring in multiple diseases including
neurodegenerative disorders, heart disease, neuronal ischemia and toxicity, muscular
dystrophy, diabetes, and infections [11-16¢]. Additionally, apoptotic cells that fail to be
engulfed by phagocytic cells can undergo “secondary” necrosis [17]. This review focuses on
the emergence of non-mammalian models of necrosis, which collectively demonstrate that
the events of necrosis may be programmed after all.

Models of necrosis

Caenorhabditis elegans

The nematode C. elegans was the organism in which genetic control over apoptosis was first
demonstrated. Likewise, C. elegans has been a leading model for the genetic dissection of
necrosis. Necrosis does not occur during normal C. elegans development, but certain mutant
backgrounds lead to necrotic cell death, which has provided an excellent opportunity to
determine the relevant cellular mechanisms (reviewed in [18,19¢]). Gain-of-function
mutations in ion channel subunit genes, including mec-4 and deg-1, or expression of a
constitutively active G-protein Ga, lead to swelling and death of neurons [20,21]. The
progression of degeneration in mec-4(d) mutants has been carefully characterized by
electron microscopy; early stages of cell death are accompanied by membranous whorls and
vacuole formation, while later stages show increased swelling with loss of organelles and
the nucleus [20]. A screen for suppressors of mec-4(d) induced necrosis identified
calreticulin, a calcium binding protein localized to the endoplasmic reticulum, and similar
effects were obtained with other calcium modulators [22]. These findings led to the model
that calcium influx is a common underlying cause for necrotic neurodegeneration in C.
elegans. Furthermore, calpains, a family of calcium-regulated proteases, act to promote
necrosis in mec-4(d), deg-1(d), deg-3(d) and Ga (gf) mutants, pointing to a significant role
for calcium [23].

The lysosomal compartment also plays a critical role in C. elegans necrosis. Lysosomes
cluster around the nuclei of necrotic cells and eventually rupture, acidifying the cytoplasm
[24]. Mutations in vacuolar H*-ATPase subunits, disruption of lysosome biogenesis, or
alkali treatment are sufficient to inhibit necrosis induced by distinct stimuli [24,25]. Further,
lysosomal aspartyl proteases (cathepsins) are required for necrosis in C. elegans [23], and
necrosis can be reduced by expression of serpin-6, an inhibitor of calpains and lysosomal
cysteine proteases [26]. These findings in C. elegans have provided strong support for an
evolutionarily conserved “calpain-cathepsin hypothesis,” first described as mediating
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necrosis in mammalian neurodegeneration [11]. Mutations in autophagy genes partially
suppress necrosis, indicating that autophagy acts to facilitate necrosis in C. elegans [27,28¢
*]. Genetic analysis indicates that calpains and autophagy genes act within the same
pathway, but cathepsins and acidification of the cytosol act synergistically with autophagy
[28¢ °].

In addition to neurons, necrotic cell death can be induced in uterine vulval 1 (uvl) cells in C.
elegans (Figure 1A). Mutations in pnc-1, which encodes an enzyme in the salvage pathway
of NAD* biosynthesis, cause specific necrotic cell death of uv1 cells [29,30¢]. The necrotic
phenotype appears to be caused primarily by a build up of nicotinamide (NAM). As with the
examples of necrotic cell death in neurons, uvl cell death is not blocked by mutations in the
apoptosis gene ced-4, but is partially inhibited by RNAI of calpain and aspartyl protease
genes [29]. How NAM induces necrotic cell death is unclear, but Hanna-Rose and
colleagues suggest that it could be through NAM’s role as an inhibitor of NAD* consumers
such as sirtuins [30¢]. Sirtuins are NAD*-dependent histone deacetylases linked to aging and
neurodegeneration in diverse organisms (reviewed in [31]). In several models of mammalian
necrosis, NAM treatment is neuroprotective. It is thought that this occurs by replenishing
depleted NAD™ [32]. It is intriguing that the NAD™* biosynthesis pathway is linked to
necrosis in both mammals and C. elegans, yet NAM treatment produces opposite outcomes
in the two organisms. Whether these differences are due to truly distinct mechanisms or
different feedback pathways in the two systems remains to be determined.

Dictyostelium discoideum

Dictyostelium is a protist that undergoes differentiation into a multicellular spore-producing
organism under starvation conditions. Dictyostelium cells do not undergo apoptosis and lack
genes encoding Bcl-2 family proteins, caspases and metacaspases. However, differentiating
stalk cells undergo autophagic programmed cell death [33]. This form of cell death can also
be induced in monolayers of cells subjected to starvation and treated with differentiation-
inducing factor DIF-1 [34]. Genetic disruption of the autophagy gene atg-1 does not prevent
cell death, but cells die with a distinct non-vacuolar morphology with characteristics of
necrosis (Figure 1B) [34,35]. This system has become a very useful model for the dissection
of events in necrotic cell death.

Dictyostelium atg-1 mutant cells stimulated to undergo necrosis show perinuclear clustering
of mitochondria, an increase in ROS, and a depletion of ATP [34]. These changes occur
within minutes of adding DIF-1 to the cultures, but interestingly, the effects on mitochondria
and ROS are reversible if DIF-1 is removed, even after several hours of treatment [36e *].
The effects on ATP depletion are not reversible but cells in these early stages of necrosis do
not progress further when DIF-1 is removed. Later steps in the progression of DIF-1-
induced necrotic cell death include lysosome permeabilization and ultimately plasma
membrane rupture. Lysosome permeabilization is not reversible upon removal of DIF-1,
suggesting that this step is the “point of no return” for necrotic cell death in Dictyostelium.

Saccharomyces cerevisiae

The yeast Saccharomyces cerevisiae has recently emerged as a model for necrotic cell death.
Yeast have been shown to undergo necrosis at old age, when exposed to certain chemicals,
or when ectopically expressing genes associated with human neurodegeneration [37,38¢].
Twenty day-old yeast cells show hallmarks of necrosis such as plasma membrane rupture
and swollen organelles, and this death can be inhibited by treatment with spermidine [39e ¢].
Additionally, spermidine treatment of aged yeast inhibited nuclear release of the chromatin-
associated high mobility group Box 1 protein (HMGBL1) [39+ <], a phenomenon
characteristic of mammalian necrosis. Interestingly, spermidine can extend lifespan in
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multiple organisms, suggesting a link between increased necrosis and aging. Spermidine was
also found to increase autophagy, suggesting that this could be a mechanism for the
suppression of necrosis. Further support for a protective role for autophagy against necrosis
was shown in yeast cells treated with acetic acid. Treatment of wild-type yeast with acetic
acid leads to cells dying by both apoptosis and necrosis whereas mutants defective in yeast
vacuole formation (analogous to autophagy in higher organisms) become exclusively
necrotic, as revealed by propidium iodide uptake [40]. This role for autophagy in protecting
against necrosis is at odds with the findings in C. elegans.

Drosophila melanogaster

Drosophila has been remarkably under-developed as a model for necrosis. Numerous
models for neurodegeneration have been reported, but the type of cell death in many cases is
not clear (reviewed in [41-43]). Most fly examples of neurodegeneration fall into three
broad classes of mutants: those that affect the phototransduction cascade, those that produce
protein aggregates, and those that affect ion homeostasis. In several mutants with disruption
in the phototransduction cascade, cell death is not blocked with caspase inhibitors, although
the morphology may resemble apoptosis [44,45]. Some Drosophila models of human
neurodegeneration also fail to be inhibited by caspase inhibitors [41], although Ark, which
acts upstream of caspases in the apoptosis cascade, has been shown to inhibit polyglutamine
toxicity [46]. In several models, autophagy acts as a protective mechanism against
neurodegeneration [47,48¢], and blocking autophagy alone is sufficient to lead to light-
dependent retinal degeneration [48¢]. Thus, several examples of neurodegeneration do not
appear to occur by typical apoptosis or autophagic cell death, but a necrotic morphology has
not been described either. In some cases, events common to necrosis have been reported,
such as an increase in oxidative stress or calcium levels [42,44,49], or large tissue
vacuolization [44,50,51]. However, no specific descriptions of necrosis have been reported
in Drosophila neurodegeneration models.

As in C. elegans, it is not clear that there is any developmental necrosis in Drosophila. One
possible exception is an unusual form of cell death that occurs in the fly ovary at the
completion of oogenesis (reviewed in [52]). Each developing Drosophila oocyte is
connected to fifteen support cells called nurse cells. Near the end of oogenesis, the nurse cell
cytoplasm is rapidly transferred to the oocyte through intercellular bridges. At this point, the
nurse cell nuclei are excluded from the oocyte, retaining only a small amount of cytoplasm
and few organelles. The nurse cell nuclei disappear over a few hours, displaying chromatin
condensation and becoming TUNEL-positive [53-55]. Caspases appear to be weakly
activated during this process, and autophagosomes can be detected; however, inhibition of
caspases or autophagy causes only a partial inhibition of nurse cell death [56-60].
Importantly, caspase- or autophagy-inhibited nurse cells die with the same gross
morphology as wild-type nurse cells, suggesting that they are not shifted to a different mode
of cell death, although this has not been examined by electron microscopy. These findings
suggest that nurse cell death does not normally occur by apoptosis or autophagic cell death.

Developmental nurse cell death displays several of the common features of necrotic cell
death seen in Dictyostelium and C. elegans. Early stages of nurse cell death show condensed
chromatin, but in later stages the chromatin becomes largely diffuse, and eventually only an
empty space remains (Figure 1C) [59¢]. The disappearance of the nuclei is accompanied by
acidification of the nurse cell remnants, and ruptured organelles are detectable by electron
microscopy [59¢]. Mutations in lysosomal fusion proteins and enzymes can suppress nurse
cell death. Another common feature is the involvement of calcium which rises in the cytosol
of nurse cells prior to cytoplasmic transfer [61]. The timing is appropriate for calcium-
dependent signaling or proteases to play a role in nurse cell death, although this remains to
be shown.
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Mammalian pathways to necrosis

Necrosis is induced in response to diverse stimuli in mammals, and the topic has been
covered in several excellent recent reviews [6¢,14,62]. | will briefly highlight two key
effectors of mammalian necrosis. The kinase RIP1 has been shown to play an essential role
in promoting necrosis in response to TNFa, TRAIL or FasL stimulation in mammals. RIP1
also acts to promote NF-kB activation and cell survival, and caspase-8 dependent apoptosis
in certain contexts [6+,14,62]. However, when caspases are inhibited, RIP1 interacts with a
second kinase, RIP3, and switches to a necrotic pathway [6¢,14,62]. Necrotic effectors
acting downstream of RIP1 still remain to be elucidated, but a recent siRNA screen for
effectors of RIP1-mediated necrosis has identified a number of intriguing possibilities [63¢
*]. Cyclophilin-D, a mitochondrial peptidyl prolyl cis-trans isomerase that regulates the
mitochondrial permeability transition, has been shown to control necrosis activated by
diverse stimuli [64,65]. Cyclophilin-D-deficient mice have proven to be a powerful tool for
dissecting cell death mechanisms in several mouse disease models [12,15,16]. There are no
reports of RIP1, RIP3 or Cyclophilin-D orthologs in invertebrates [66], suggesting that these
proteins direct vertebrate-specific pathways to activate necrosis, or divergent molecules
carry out these functions in invertebrates. Despite these differences, there are many common
events among different organisms, including the involvement of calcium, ROS, organelle
rupture, acidification of the cytoplasm, and a requirement for specific proteases (Figure 2).

Conclusions

It is now apparent from work in multiple organisms that necrosis is not an uncontrolled
process, but that it is under genetic control. Necrosis can be suppressed by treatment with
specific inhibitors, genetic mutation of downstream effectors, or alkalinization. Many of the
molecules thus far identified in necrosis are evolutionarily conserved, suggesting that
necrosis is an ancient process. However, some aspects are puzzling, such as the opposing
effects of autophagy, acting to promote necrosis in C. elegans but protecting against necrosis
in yeast and Dictyostelium. This difference may depend on specific requirements for
subcellular events, such as ROS generation (expected to be inhibited by autophagy) versus
lysosomal activity (which could be promoted by autophagy).

One remaining enigma is that there are few examples of necrosis occurring during
development. However, necrosis appears to be widespread during infection and disease. It
has been suggested that a key role of necrosis is to allow for cell death to occur when
apoptosis is specifically inhibited, as may occur during viral infection or tumorigenesis [62¢
*]. Others have suggested that necrosis may be the more primitive form of cell death, with
apoptosis and autophagic cell death having evolved later [67]. Some stimuli such as ROS
can promote either apoptosis or necrosis, with necrosis being activated after a massive
insult. Necrosis may be the major type of cell death triggered by a significant ion imbalance.
Many details of the mechanisms of necrosis have yet to be uncovered, but are of high
clinical relevance. The initial studies highlighted here show that necrosis can be genetically
programmed rather than accidental, and provide a strong foundation for further dissection of
the molecular pathways.
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Figure 1.

Necrotic cells in different species. A) C. elegans pnc-1 mutant uvl cells undergoing
necrosis, visualized with Nomarski optics. Arrows indicate dramatic swelling of the cells. B)
Dictyostelium atgl1-deficient stalk cell undergoing necrosis, visualized by transmission
electron microscopy. Mitochondria (open arrow) are clustered around the nucleus (white
arrow) and the periphery of the cell is clear of organelles. C) Electron micrograph of a
Drosophila wild-type nurse cell (NC) at the end of oogenesis; the region is largely devoid of
organelles. Healthy follicle cell is nearby (FCN, follicle cell nucleus). Images kindly
provided by Wendy Hanna-Rose (a, Reprinted from [29], Copyright (2006), with permission
from Elsevier), Pierre Golstein (b, [35] © 2004 The American Society for Biochemistry and
Molecular Biology) and Elizabeth Tanner (c, unpublished).
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Figure 2.

Common cellular events during necrosis. In some examples of necrosis, an increase in
cytoplasmic Ca?* is an early event, leading to the activation of calcium-dependent proteases
such as calpains. Influx of Ca2* may be from intracellular stores or extracellular sources.
Mitochondria (pink) and lysosomes (yellow) are seen to cluster around the nucleus (gray).
Disruptions of mitochondrial permeability transition lead to a loss of membrane potential
(AW¥n,), mitochondrial swelling and rupture. Lysosomal rupture leads to acidification of the
cytoplasm (H*) and release of cathepsins. Nuclear export of the chromatin protein HMGB1
has been reported in yeast and mammals. TNFR-activation of RIP1 is an important initiator
of necrosis in mammals but has not been shown to be conserved in other species. Many
necrotic cells will eventually show rupture of the plasma membrane.
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