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Necrotic cell death and neurodegeneration
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Necrosis, one of the two main types
of cell death, contributes critically

in many devastating pathological condi-
tions in human, including stroke, ische-
mia, trauma and neurodegenerative
diseases. However, unlike apoptosis, the
molecular mechanisms underlying necro-
tic cell death and neurodegeneration are
poorly understood. Caenorhabditis ele-
gans offers a powerful platform for a
thorough and systematic dissection of the
molecular basis of necrotic cell death.
Similarly to humans, neuronal necrosis
can be induced by several well-character-
ized genetic lesions and by adverse
environmental conditions in the nem-
atode. The availability of precisely-
defined C. elegans neurodegeneration
models provides a unique opportunity
for comprehensive delineation of the
cellular and molecular mechanisms medi-
ating necrotic cell death. Through genetic
dissection of such models, we recently
uncovered an unexpected requirement for
specific proteins involved in endocytosis
and intracellular trafficking, in the exe-
cution of necrosis. Moreover, initiation of
necrotic cell death is accompanied by a
sharp increase in the formation of early
and recycling endosomes, which subse-
quently disintegrate during the final stage
of cell death. These findings implicate
endocytic and intracellular trafficking
processes in the cellular destruction
during necrosis. Indeed, endocytosis
synergizes with two other essential cel-
lular processes, autophagy and lysosomal
proteolysis to facilitate necrotic neurode-
generation. In this
consider the contribution of endocytosis
and intracellular trafficking to cell injury
and discuss the crosstalk between these
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processes and other molecular mechan-
isms that mediate necrosis.

Introduction

Cell death is a major biological process
that plays pivotal roles in normal develop-
ment, and homeostasis but, when either
inappropriately implemented or blocked,
contributes to severe pathological condi-
tions. Cells may die by genetically defined
programmed cell death (apoptosis), an
active process that involves signaling path-
ways and ordered cellular dismantling.
Cells may also die by necrosis upon
traumatic injury. Cell death mechanisms
may be invoked during development to
redistribute cellular space or contents, or
during pathogenesis to isolate and remove
infected cells. For example, apoptosis in
animals is involved in developmental
processes such as the sculpting of organs
during embryogenesis, and in adults dur-
ing normal tissue turnover and as part of
the immune response. Both necrotic
and apoptotic cell death have been
intimately associated with devastating
human pathologies including ischemic,
infectious, neurodegenerative and auto-
immune diseases. However, unlike apop-
tosis, which has been studied in great
detail and involves a highly regulated
network of biochemical events and cas-
cades, our knowledge of necrotic/non-
apoptotic cell death mechanisms is lim-
ited."” In humans, necrotic cell death
generally occurs in response to severe
changes of physiological conditions such
as hypoxia and ischemia following
stroke, hypoglycemia, trauma and epi-
lepsy.  Neurodegenerative  syndromes
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and aging-associated diseases including
Alzheimer, Huntington, Parkinson and
amyotrophic lateral sclerosis (ALS) also
involve necrosis. Exposure to toxins,
reactive oxygen metabolites and extreme
temperature changes can also induce
necrosis. Focal necrosis, due to oxygen
and nutrient deprivation, is often seen at
the center of tumor nodules.’” It is
therefore striking that, despite the pro-
found impact of necrotic/non-apoptotic
cell death on human health, the molecular
events that transpire during cellular nec-
rosis still remain vague. One reason has
been the lack of tractable genetic models of
necrosis similar to those that accelerated
research on apoptosis.

We have developed and extensively
characterized genetic models of necrotic
cell death and neurodegeneration in the
nematode Caenorhabditis. elegans.  The
establishment of such models provides
the unique opportunity to utilize a
genetically tractable organism such as C.
elegans to dissect the process of necrotic
cell death at the molecular level. The
advantages of using C. elegans as a model
for understanding the basis of necrosis and
neurodegeneration have been widely
recognized.®” The nematode provides the
capacity for a holistic and systematic attack
on the basic biochemistry of necrotic cell
death that is not feasible in higher model
organisms. The precise
arrangement of the 959 somatic cells of
the animal, the complete cell lineage, a
simple nervous system with only 302
neurons and a known wiring diagram
coupled with the ability to obtain viable
nervous system mutants are only some of

anatomical

the features that render C. elegans uniquely
suitable for dissecting the molecular
mechanisms of cell death. Various cellular
insults, including hyperactivation of ion
channels, expression of the human
B-amyloid or o-synuclein proteins impli-
cated in Alzheimer and Parkinson disease
respectively,
certain G proteins and the aging process
itself can trigger necrosis in C. elegans.®
these
models of necrosis, we have recently
found that endocytosis and intracellular

trafficking contribute to cellular destruc-

constitutive activation of
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tion during necrotic cell death and
neurodegeneration.’

Implicating Endocytosis and
Intracellular Trafficking
in Necrotic Neurodegeneration

The first evidence pointing to the involve-
ment of the endocytotic mechanisms in
the execution of necrotic cell death came
from early electron microscopy studies
with dying nematode neurons expressing
the hyperactive, cytotoxic form of the
MEC-4 degenerin ion channel subunit."
This analysis revealed that the first
detectable abnormality of the dying
neuron is the formation of small elec-
tron-dense whorls adjacent to the plasma
membrane. These whotls are subsequently
internalized, forming large multi-layered
membranous structures. Such ultrastruc-
tural features suggest that neurodegenera-
tion may involve enhanced endocytosis at
the plasma membrane and increased
intracellular trafficking of membrane com-
ponents and vesicles. Notably, similar
structures have also been detected in
mouse models for degenerative conditions,
such as the Motor Neuron Degeneration
(MND) mouse (for neuronal ceroid lipo-
fuscinosis see refs. 11 and 12), and the
WOBBLER mouse

lateral sclerosis see ref. 13).

(for amyotrophic

Accumulating, circumstantial indica-
tions further implicate disrupted intra-
cellular trafficking in neurodegenerative
diseases such as ALS, and the Alzheimer or
Huntington’s diseases. For example, muta-
tions in proteins such as SOD1 (Cu/Zn
superoxide dismutase-1) in ALS patients,
affect  intracellular trafficking along
neuronal axons.'* In Alzheimer disease
patients, neurofibrillary  tangles and
amyloid plaques containing {-amyloid
aggregates (AB), disrupt intracellular trans-
port of various cargoes such as mitochon-
dria.”"” Conversely, elimination of the
light chain of kinesin 1 impairs intra-
cellular trafficking toward synapse, includ-
ing the transport of the amyloid protein
precursor (APP), increasing {-amyloid
production,'®  which may exacerbate
development of the disease. Moreover, in
pyramidal neurons of Alzheimer patients,
carly endosomes appear to be up to 32
times larger than endosomes in neurons of
healthy individuals. Enlarged endosomes
have a morphology that is similar to
endosomes in cells with increased levels
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of endocytosis. This intriguing finding
indicates a substantial increase in endo-
cytotic activity in neurons of Alzheimer
disease patients.'”** Consistent with these
observations, the endocytic protein endo-
philin T is enriched in their brains of
mouse models of Alzheimer disease.”!
Finally, genome-wide screens for modifiers
of AB toxicity in yeast identified several
genes encoding endocytotic factors. These
factors interfered with AB toxicity both in
glutamatergic neurons of C. elegans and in
primary rat cortical neurons.*

In Drosophila and mammalian neuron
models of Huntington’s disease, expression
of mutant huntingtin blocks intracellular
trafficking. This effect likely originates
from the association of huntingtin with
the light chain of kinesin 1 (KLC1)** and
the p150“" subunit of dynactin.*
Combined, the above accruing evidence
suggests a link between endocytosis and
intracellular trafficking defects and the
development of neurodegenerative disor-
ders. However, these findings do not
establish a clear requirement or a causative
role of these processes in cellular pathology
associated with neurodegenerative disor-
ders. To directly address the role of
endocytosis and intracellular trafficking
in neurodegeneration, we examined the
involvement of key components of these
processes in necrotic cell death.

Requirement for Clathrin-mediated
Endocytosis and Intracellular
Trafficking in Necrotic
Neurodegeneration

Both endocytosis and intracellular traffick-
ing are essential cellular processes.
Clathrin-mediated endocytosis (CME),
the major route for endocytosis in most
cells including neurons, requires the
coordinated function of several different
proteins and is orchestrated in five steps:
nucleation, cargo selection, clathrin coat
assembly, vesicle scission, and uncoating/
clathrin component recycling. Neurons are
particularly dependent on both endocyto-
sis and trafficking, owing to their highly
differentiated/elongated morphology and
specialized physiology.” Most proteins,
including ion channels, neurotransmitters
and components of synaptic vesicles are
then

synthesized in the soma and
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transferred to their final destination by
motor proteins, such as kinesin and
dynein. The travel distance is longer than
in any other cell type (e.g., more than 1 m
for human motor neurons). In addition,
the process of neurotransmission relies on
endocytosis for the recycling of synaptic
vesicle components after neurotransmitter
release, and the maintenance of synaptic
vesicle pools. Therefore, neurons are
particularly sensitive to perturbations of
endocytosis and intracellular trafficking.
We reasoned that if endocytosis is
required for necrosis, then depletion of
key proteins mediating different endo-
cytosis steps may interfere with neuro-
degeneration triggered by various necrotic
insults. Indeed, we found that down-
regulation or depletion of three important
endocytosis factors, synaptotagmin, endo-
philin and dynamin, significantly amelio-
rates necrosis induced both by genetic and
environmental stimuli. Moreover, dys-
function of kinesin motor proteins

involved in  intracellular  trafficking
similarly protects neurons against necrotic
death.” Consistent with = these findings,
suppression of synaptotagmin reduces
brain damage in neonatal rats after
ischemic insults.”® Therefore, endocytosis
plays an evolutionarily conserved role in
cellular destruction during necrosis in
organisms as diverse as nematodes and
mammals. This suggests that interfering
with induction of endocytosis may reduce
cell damage during acute neurodegenera-
tive episodes such as ischemia, epilepsy

and stroke.

Upregulation of Endocytosis
During Neurodegeneration

In addition to being required for neuro-

degeneration,  endocytosis  becomes
transiently upregulated during cell death.
We find that early endosome formation is
significantly induced upon triggering
neurodegeneration, in C. elegans.” What
is the molecular basis of early endosome
increase during the initial phase of nec-
rosis? A common denominator of necrotic
cell death inflicted by multiple insults is a
sharp increase of intracellular Ca** con-
centration.” For example, neuronal hyper-
excitation observed in neurodegenerative
such as epilepsy,

disorders ischemia,
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stroke, trauma and Alzheimer disease
results in massive Ca** influx. In turn,
excessive calcium elevation may signal
aberrant induction of endocytosis by
promoting oligomerization of clathrin
and the synthesis of PI(4,5)P2, which
mediates formation of the clathrin lat-
tice.””*® Indeed, calcium modulates both
the assembly and disassembly of clathrin
adaptor complexes, such as AP2, that are
necessary for the formation of the clathrin
coat.” Elevated cytoplasmic Ca’* level also
causes neurotransmitter exocytosis, fol-
lowed by clathrin-mediated endocytosis
of synaptic vesicle proteins. In addition,
the GTPase dynamin interacts with calci-
neurin in a calcium-dependent manner®
and the disruption of this interaction can
block endocytosis. Endocytosis is also
regulated by suppressive phosphorylation
events.”’ Phosphorylation of dynamin and
synaptojanin blocks their binding to
amphiphysin, whereas phosphorylation of
amphiphysin blocks its association with
AP2 and clathrin. By contrast, Ca*-
dependent  dephosphorylation  induces
endocytosis. Ca** ions are also known to
bind clathrin light chain, stimulating the
formation of clathrin triskelia.””** Ca®* is
also important for processes downstream
of endosome formation. For example, Ca*
binds to calmodulin, which interacts with
EEA1 (early endosome antigen 1) and
induces the fusion of early endosomes.”
Moreover, calcium  regulates fusion
between late endosomes and lysosomes
and re-formation of lysosomes from hybrid
organelles.>* Thus, deregulation of calcium
homeostasis during neurodegeneration
may underlie the transient increase in
endocytic activity observed early during
cell death. Calcium fluctuations also
impact intracellular trafficking. Low
calcium levels induce transport of cargoes
from organelles, such as Golgi, whereas
too high Ca® concentration (> 100 nM)

blocks transport.*®

Crosstalk Between Molecular
Mechanisms Mediating Necrotic
Cell Death

Several previous studies have identified
molecular mechanisms and specific pro-
teins that are involved in the destruction of
the cell during necrosis." As noted above,
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one of the early events in the necrotic
cascade is an increase in intracellular Ca**
either because of Ca**
influx through plasma membrane channels
or due to Ca?* efflux from intracellular

concentration,

store sites (endoplasmic reticulum, Golgi,
mitochondria). Ca** elevation leads to the
activation of cytoplasmic calpain proteases
that subsequently attack lysosomal mem-
brane proteins, compromising lysosome
integrity. In turn, this results in the release
of lysosomal hydrolytic cathepsin pro-
teases, and concomitant acidification of
the cytoplasm.**** Moreover, autophagy is
induced and contributes to necrotic cell
destruction. 4

In addition to the lysosome, cathepsin
proteases are also localized in both early
and Interestingly,
cathepsins B and D were found in early
endosomes in  pyramidal neurons of
Alzheimer ~disease  patients.** ~ Clathrin-

late  endosomes.*

coated vesicles lose their coat and fuse
with early endosomes during the last steps
of clathrin-mediated endocytosis. The
V-ATPase proton pump is required for
the gradual acidification of early endo-
somes during their maturation to late
endosomes. V-ATPase also acidifies early
endosomes, facilitating  dissociation of
endocytosed receptors from their ligands,
which is necessary for receptor release and
recycling. Consistently, we find that endo-
cytosis functions in the same pathway with
lysosomal proteolysis and V-ATPase acid-
ification mechanisms to mediate neuro-
degeneration in C. elegans.” Moreover,
combined inactivation of endocytosis and
cytoplasmic calpain proteases implicated in
necrosis revealed that they also contribute
in the same cell destruction pathway
(Fig. 1). This notion is further supported
by previous studies showing that calpain
activity is involved in endocytosis and/or
exocytosis, activated by Ca’*-dependent
membrane fusion events.”” Calpain pro-
teases have been detected on the membrane
of clathrin-coated vesicles in the bovine
brain, where they bind in a Ca*
> Components of
clathrin-coated vesicles, such as the clathrin
light chain, amphiphysin and adaptins
are calpain substrates. Indeed, calpain
blocks vesicle endocytosis by cleaving

-dependent manner.*

the endocytotic protein amphiphysin 1.¢
Recently, calpain proteases were also found



to cleave o- and B2- adaptins, epsin and
AP180 in the brain of Alzheimer patients
after ischemia.”” These observations sug-
gest that Ca®™ signaling may interface with
endocytic processes via calpain protease
activity during necrotic cell death.
Consistent with the role of calpain in
moderating endocytosis, we observed a
reduction of clathrin-coated vesicles and
endosomes during late stages of necrotic
cell death.’

Our genetic analysis also revealed that
combined inactivation of endocytosis and
autophagy enhances cytoprotection against

toxic necrotic insults. This result indicates
that these two processes act in parallel
during necrosis (Fig. 1). Recently, it was
shown that autophagosome maturation
requires fusion with early endosomes.*
Thus, one likely scenario is that increase in
the cytoplasmic Ca** concentration during
necrosis induces both the autophagic and
endocytic pathways which subsequently
converge for autophagosome maturation.
Similarly, interfering with both intra-
cellular trafficking and autophagy reveals
that they synergize to protect neurons
from necrotic insults. These findings

expose a complex and extensive crosstalk
between different subroutines that interact
to contribute in cellular destruction during
necrosis. Particular insults may engage
specific combinations of these subroutines
to elicit cell death.

Concluding Remarks

We exploited a range of well-characterized
and nematode neurodegeneration models
to dissect the involvement of endocytosis
and intracellular trafficking in cellular
destruction during necrotic death. Our
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Figure 1. Crosstalk between necrotic cell death mechanisms. Diverse necrotic insults (both genetic and environmental) converge to increase intracellular Ca**
levels via two main routes. First, by calcium influx from extracellular pools through various plasma membrane channels, such as voltage-gated receptors or
sodium/calcium exchangers (NCX). Second, by calcium efflux from subcellular organelles with substantial Ca** stores, such as the endoplasmic reticulum via
the ryanodine (RyR) and the 1,4,5-inositol triphosphate receptors (Ins(1,4,5)PsR). Ca** ions then activate cytoplasmic calpain proteases that attack lysosomal
membrane proteins, compromising the integrity of lysosomes and causing the release of hydrolytic enzymes, such as cathepsin proteases. Vacuolar H*
ATPase (V-ATPase) -mediated lysosomal acidification is important for subsequent acidification of the cytoplasm and enhancement of cathepsin activity,
upon rupture of lysosomes. In addition, autophagy is induced during necrosis, either directly or through calpain activation and synergizes with lysosomal
cathepsin proteases to facilitate cellular destruction. Moreover, both clathrin-mediated endocytosis and intracellular trafficking are required for cell death and
become upregulated by necrosis-triggering insults. Thus, necrotic cell death is the outcome of synergistic contributions by otherwise essential cellular
processes that become aberrantly activated. [Ca**];: cytoplasmic calcium, InsP3R: inositol trisphosphate receptor, RyR: ryanodine receptor, ER: endoplasmic
reticulum, AP: adaptor proteins for clathrin-mediated endocytosis, V-ATPase: vacuolar H* ATPase.
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findings, in their totality, reveal a novel
requirement for both endocytosis and
trafficking in neuron necrosis, and uncover
novel aspects of the cellular changes that
transpire  during  neurodegeneration.
Downregulation of endocytosis or kinesin-
mediated trafficking by interfering with
key proteins regulating these processes
significantly suppresses necrosis and protects
against  degeneration.  Such
information could be effectively utilized

neurons

toward identifying candidate common
intervention targets, in an effort to batte
related pathological conditions in humans.
A potential caveat of implementing strate-
gies that interfere with essential cellular
processes such as  endocytosis and
trafficking relates to the likelihood of such
manipulations causing pleiotropic adverse
effects.  For example, suppression of
in C. elegans  might be a
secondary consequence, originating from

Necrosis
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