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Non-developmentally programmed cell death
in Caenorhabditis elegans
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bstract

The simple nematode worm Caenorhabditis elegans has played a pivotal role in deciphering the molecular mechanisms of apoptosis. Precisely
31 somatic cells undergo programmed apoptotic death during development to contour the 959-cell adult organism. In addition to developmental
ell death, specific genetic manipulations and extrinsic factors can trigger non-programmed cell death that is morphologically and mechanistically
istinct from apoptosis. Here, we survey paradigms of cell death that is not developmentally programmed in C. elegans and review the molecular

echanisms involved. Furthermore, we consider the potential of the nematode as a platform to investigate pathological cell death. The striking

xtent of conservation between apoptotic pathways in worms and higher organisms including humans, holds promise that similarly, studies of
on-programmed cell death in C. elegans will yield significant new insights, highly relevant to human pathology.

2006 Elsevier Ltd. All rights reserved.
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. Caenorhabditis elegans biology: the essentials

C. elegans is a small (about 1.3 mm in length and 100 �m
n diameter), free-living, soil nematode worm. Since its intro-
uction as a research platform by Sydney Brenner in 1974, C.
legans has become a valuable tool for biomedical research
1]. The key strength of the C. elegans model system resides
n the extensive genetic analyses that can be conducted with

his animal. Its small size and simple dietary demands (feeds
n a lawn of Escherichia coli on petri dishes or liquid cultures)
ermit easy and cheap cultivation in the laboratory. The worm
ompletes a reproductive life cycle in 2.5 days at 25 ◦C, pro-

mailto:tavernarakis@imbb.forth.gr
dx.doi.org/10.1016/j.semcancer.2006.11.004


N. Kourtis, N. Tavernarakis / Seminars in Cancer Biology 17 (2007) 122–133 123

Fig. 1. Life cycle of Caenorhabditis elegans at 25 ◦C. Following hatching, worms progress through four larval stages before reaching adulthood and complete their
lifecycle in about 2 days, with a lifespan of between 15 and 20 days. If L2 larvae encounter stress conditions such as high temperature, lack of food and overcrowding,
they enter a different developmental stage, the dauer larva. When the conditions become favorable, worms re-enter the normal lifecycle at the L4 stage and resume the
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est of their development. As worms age, metabolic rhythms are slowed down an
nimal length at each developmental stage is given in parentheses.

ressing from a fertilized embryo through four larval stages, to
ecome an egg-laying adult which consists of 959 cells and lives
or about 2–3 weeks (Fig. 1). Under non-favorable conditions,
uch as starvation or stress, larvae may enter an alternative life
tage called dauer larva, during which animals move but do not
eed. In this resistant form, animals survive for weeks or even
onths [2]. When a dauer larva encounters favorable environ-
ental conditions, it re-enters the life cycle at the fourth larval

tage and completes the final week or so of its lifespan. The
bility of C. elegans to reproduce by self-fertilization leads to
enotypically homogeneous populations and renders the pro-
uction and recovery of mutants straightforward. Mutagenized
arents segregate homozygous mutants as F2 progeny without
ny required genetic crossing. Occasional males that appear at
small percentage in the population (approximately 0.1%) are

ble to mate with hermaphrodites, facilitating genetic manipu-
ations. Thus, mutant alleles can be readily transferred by male

ating so that complementation analysis and construction of
ouble mutant strains is effortless. Rapid and precise genetic
apping can be achieved by taking advantage of a dense single

ucleotide polymorphism map [3–5].
C. elegans molecular biology enables a considerable amount

f information on in vivo activities of genes of interest to be
etermined rapidly. A physical map of the C. elegans genome,
onsisting of overlapping cosmid and YAC clones covering
ost of the six chromosomes, has been constructed to facili-

ate cloning of genes that have been positioned on the genetic
ap [6,7]. Sequencing and high quality annotation of the com-

lete C. elegans genome organized in six chromosomes (5
utosomes and the sex chromosome X) has been accomplished

http://www.wormbase.org) [8]. In addition, ongoing efforts to
btain Expressed Sequence Tags (ESTs) and Open reading
rame Sequence Tags (OSTs) for all C. elegans genes have pro-
ided an extensive collection of nematode cDNAs [9,10]. All

d
(
b
o

ues deteriorate. The duration of each stage is shown in hours. The approximate

pproximately 20,000 predicted open reading frames (ORFs)
ave been subjected to expression profiling under numerous
onditions using microarray technology [11,12]. Detailed gene
xpression profiles and protein–protein interaction maps have
een developed and are publicly available [13–15].

C. elegans is also particularly amenable to reverse genet-
cs studies. Investigators can take advantage of the wealth of
enome data available to perform ‘reverse genetics’, directly
nocking out genes [16]. Double-stranded RNA mediated inter-
erence (dsRNAi), a method of generating mutant phenocopies,
nables probable loss-of-function phenotypes to be rapidly eval-
ated [17,18]. Comprehensive RNAi approaches to knock down
xpression of each of the 20,000 ORFs have already been pub-
ished [19,20]. Transgenic nematodes for functional and genetic
ssays can be readily constructed by microinjecting DNA manip-
lated in vitro into the gonad of hermaphrodite adults, where
t is packaged into developing oocytes [21]. Vectors are avail-
ble for identification of transformants, cell-specific expression,
nd generation of fusions to marker genes such as E. coli �-
alactosidase and the jellyfish Green Fluorescent Protein (GFP)
o that individual cells can be visualized in stained or living
nimals [22–24].

Throughout its short history as a research model organism,
. elegans has been used successfully to study basic biologi-
al phenomena. C. elegans is exceptionally well-suited for the
tudy of both normal and aberrant cell death at the cellular,
enetic and molecular level. There is no other organism in which
evelopment is better understood. The simple body plan, the
ransparent egg and cuticle, and the nearly invariant develop-

ental program of this nematode have facilitated the detailed

evelopmental and anatomical characterization of the animal
Wormatlas: http://www.wormatlas.org). Individual nuclei can
e readily visualized using differential interference contrast
ptics. These attributes have enabled the complete sequence

http://www.wormbase.org/
http://www.wormatlas.org/
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f somatic cell divisions, from the fertilized egg to the 959-
ell adult hermaphrodite, to be determined [25,26]. Elucidation
f the cell lineage map has revealed that in certain lineages,
articular divisions generate cells which die at specific times
nd locations and that the identities of these ill-fated cells are
nvariant from one animal to another. Exactly 131 somatic cells
ndergo programmed cell death (PCD) as the fertilized egg
evelops into the adult animal. This detailed knowledge of nor-
al development has allowed easy identification of mutants with

berrant patterns of cell death. The simple nervous system of
he animal consists of only 302 neurons. The pattern of synaptic
onnections made by each of the neurons has been described,
o that the full ‘wiring diagram’ of the nervous system is known
27–29]. Microsurgery with a laser beam can be used to specif-
cally ablate individual cells, and whole classes of cells can be
endered non-functional or killed by cell-specific expression of
oxic genes [30,31]. Primary culture methodologies are avail-
ble for the analysis of specific groups of cells and neurons ex
ivo [32].

Nematode genes and major signaling pathways show a sig-
ificant conservation during evolution and more than 50% of
he C. elegans genes have counterparts in humans. In addition
o its contribution in elucidating developmental processes, the
orm has also served as a platform to model many human patho-

ogical conditions such as neurodegenerative disorders, cancer,
geing and associated diseases [33–35]. Systematic mapping of
ene interactions and signaling pathways implicated in human
isease using C. elegans has provided better understanding of
omplex pathologies [36]. The ability to produce ‘humanized’
orms, which express human genes not present in the C. ele-
ans genome, has further enhanced the experimental value of the
ematode by allowing the dissection of molecular mechanisms
elevant to human disorders. In addition, the ease of drug test-
ng coupled with the efficiency of genetic screens in worms, has

ade C. elegans a favorable tool for the identification and val-
dation of novel drugs and drug targets, aiming to battle human
athological conditions [37].

. Non-programmed cell death in C. elegans

The genetic instructions for the regulation and execution of
evelopmentally programmed cell death have been remarkably
onserved. In C. elegans, programmed cell death is almost exclu-

ively apoptotic. Elaborate genetic and molecular studies have
rovided significant insight into the mechanisms underlying this
ell death process. In the 131 cells destined to die during devel-
pment, the level of EGL-1, a BH3 domain protein, is increased.

a
e
v
a

able 1
ifferences between developmentally programmed and non-programmed cell death i

rogrammed cell death Non-program

ell death transpires within an hour Degeneration
ED-3 and CED-4 are required for the execution of cell death No requireme
ompacted, “button-like” appearance Swollen and
ucleus becomes compacted, chromatin clumping Nucleus beco
ormal cytosolic organelles Mitochondria
aintenance of membrane integrity Infolding of t
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GL-1 interacts with a protein complex composed of CED-9
similar to the human B-cell lymphoma protein 2; BCL-2) and
ED-4 (similar to the human apoptotic protease activating fac-

or 1; Apaf-1), releasing CED-4 which in turn activates CED-3
similar to human caspases) [38].

Not quite all programmed cell death events during C. elegans
evelopment follow the typical apoptotic pathway that involves
ED-4 and CED-3. In the C. elegans male, the linker cell is

equired to guide the developing male gonad to the tail. Once
he destination is reached, the linker cell is engulfed by a neigh-
oring cell, in a CED-3-independent process [39]. In another
ase, one of two equivalent cells forms part of the male repro-
uctive system (vas deferens), whereas the other one is engulfed
y a neighboring cell [40]. Laser ablation of the engulfing cell
llows survival of both cells [41]. This indicates that, instead of
hardwired program, the interaction between the two cells and

he engulfing cell defines which cell will die.
Less is clear about the mechanisms of non-developmentally

rogrammed, pathological cell death in the nematode. In certain
ases, precise spatial and temporal control of cell differentia-
ion is critical for cell survival. For example, lack of coordinated
evelopment between the vulva and the uterus in cog-3 mutants
eads to insufficient epidermal growth factor (EGF) signaling,
hich triggers necrosis of cells that should normally adopt the
terine vulva fate [42]. In addition, mutations in the transcrip-
ion factor lin-26 cause hypodermal cells to become neuroblasts,
hich swell and die [43].
Non-programmed cell death contrasts with apoptosis or pro-

rammed cell death in several respects (Table 1). By definition,
on-programmed cell death is not part of normal development.
ather, this type of death generally occurs as a consequence
f cellular injury or in response to extreme changes in phys-
ological conditions and typically takes the form of necrosis.
econd, the morphological changes observed during patholog-

cal cell death differ greatly from those observed in apoptotic
ell death. Necrotic cell death is characterized by gross cellular
welling and distention of subcellular organelles such as mito-
hondria and endoplasmic reticulum. Clumping of chromatin is
bserved and DNA degradation occurs by cleavage at random
ites. In general, necrosis occurs in response to severe changes
f physiological conditions including hypoxia and ischemia,
nd exposure to toxins, reactive oxygen metabolites, or extreme
emperature. Necrotic cell death contributes significantly in dev-

stating pathological conditions in humans. For example, the
xcitotoxic neuronal cell death that accompanies oxygen depri-
ation associated with stroke is a major contributor to death
nd disability. Ischemic diseases of the heart, kidney and brain

n C. elegans

med cell death References

occurs over several hours [100]
nt for CED-3 or CED-4 [101,102]

enlarged cells [25]
mes distorted, chromatin aggregation [25,49]
l swelling [25,49]
he plasma membrane, formation of electron-dense whorls [49]
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ave been cited as the primary causes of mortality and mor-
idity in industrialized nations. Necrosis is believed to occur
ndependently of de novo protein synthesis and was generally
hought to reflect the chaotic breakdown of the cell [44]. How-
ver, given that many cells of diverse origins exhibit stereotyped
esponses to cellular injury, it is conceivable that a conserved
xecution program, activated in response to injury, may exist. It
hould be noted that more than just two patterns of cell death
an be distinguished and the initial distinction between apoptosis
nd necrosis is an over-simplification. For example, alternative
orphological death profiles have been described and certain

ying cells are known to exhibit some, but not all, commonly
istinctive features of either apoptosis or necrosis. Likewise,
ertain markers of death can be expressed by both apoptotic and
ecrotic cells. Although remarkable progress in understanding
poptosis has been accomplished, understanding necrosis and
lternative death mechanisms is more limited. The emerging,
etailed molecular models of degenerative conditions estab-
ished and characterized in the nematode may provide means
f identifying a conserved pathway for pathological cell death
n humans. In the following sections, we present and discuss
tudies of non-programmed cell death in C. elegans, aiming to
utline the molecular mechanisms involved and identify likely
ommon denominators.

. Necrotic cell death
Necrotic cell death can be triggered by a wide variety of
oth extrinsic and intrinsic signals [45]. The most extensively
haracterized paradigm of non-programmed cell death in C. ele-
ans is the necrosis of cells expressing aberrant ion channels

[
l
c
t

ig. 2. Morphology of cell death in Caenorhabditis elegans. Nematode neurons un
emarkable morphological differences from apoptotic cells. (A) The degenerating cel
istorted morphology (arrowhead). (B) Apoptosis which occurs normally during deve
utton-like appearance (arrow). (C) Distinctive electron dense membranous circumvo
he electron microscope [49]. Similar membranous inclusions are observed in rat neu
Cancer Biology 17 (2007) 122–133 125

arboring unusual gain-of-function mutations [46]. For exam-
le, dominant mutations in deg-1 (degenerin; deg-1(d)) induce
eath of a group of interneurons of the nematode posterior
ouch sensory circuit [47]. Similarly, dominant mutations in
he mec-4 gene (mechanosensory; mec-4(d)) induce degener-
tion of six touch receptor neurons required for the sensation of
entle touch to the body [48]. MEC-4 functions as the core sub-
nit of a multimeric, mechanically gated Na+ channel complex.
arge side chain amino acid substitutions near the MEC-4 pore
nhance sodium and calcium conductivity and induce necrotic
ell death.

Cell demise is accompanied by characteristic morphologi-
al features [49]. During the early phase of death, the nucleus
nd cell body become distorted. Gradually, the cell swells to
everal times its normal diameter (Fig. 2). A distinguishing fea-
ure of the necrotic process is the formation of small, tightly
rapped membrane whorls, originating from the plasma mem-
rane. These whorls are internalized and seem to coalesce into
arge, electron dense membranous structures [49]. It is striking
hat these membranous inclusions appear also in mammalian
eurodegenerative disorders, such as neuronal ceroid lipofusci-
osis (Batten’s disease; the mnd mouse) and in wobbler mouse,
he model of amyotrophic lateral sclerosis (ALS) [50,51].

deg-1 and mec-4 encode proteins that are very similar in
equence. These genes were the first identified members of the
. elegans “degenerin” family, so named because several mem-
ers can mutate to forms that induce cell degeneration (Table 2)

52]. Degenerins bear sequence similarity to mammalian epithe-
ial sodium channels (ENaCs). The time of degeneration onset
orrelates with the initiation of degenerin gene expression and
he severity of cell death is analogous to the dose of the toxic

dergoing necrosis as a result of degenerin ion channel hyperactivation show
l (arrow) appears extensively swollen, while the nucleus is distended and has a
lopment, generates refractile cell corpses compact in size with a characteristic
lutions (arrows) that accompany necrotic cellular destruction, observed under

rons undergoing excitotoxic cell death [107].



126 N. Kourtis, N. Tavernarakis / Seminars in Cancer Biology 17 (2007) 122–133

Table 2
Initiators of non-programmed cell death in C. elegans

Initiator Type of insult Affected cells References

deg-1(u38ts) Hyperactive degenerin ion channel Small subset of neurons including specific
interneurons

[47]

deg-3(u662) Hyperactive acetylcholine receptor Touch receptor neurons and interneurons [53]
egl-19(ad695) Hyperactive voltage-gated calcium channel Muscles [95]
gsa-1; G�s(Q208L) Constitutively active G�s Body wall muscles, motorneurons, head and

tail ganglion neurons
[54,55]

mec-4(u231) Hyperactive degenerin ion channel Touch-receptor neurons [103]
mec-10(A673V) Hyperactive degenerin ion channel Touch-receptor neurons [104]
unc-8(n491) Hyperactive degenerin ion channel Motor neurons [105,106]
Radiation Macromolecular damage Multipotent vulva precursor cells [96]
Chemical inhibitors of the respiratory chain (NaN3) Energy limitation Pharynx, body wall muscles, gonad

primordium, unidentified cells
[88]

Hypoxic treatment Oxygen/energy limitation Pharynx, body wall muscles, gonad
primordium, unidentified cells

[88]

6-Hydroxydopamine (6-OHDA) Toxin treatment Dopaminergic neurons [70]
MPTP/MPP+ Toxin treatment Dopaminergic neurons [74]
Thapsigargin Perturbation of calcium homeostasis Touch receptor neurons [62]
�-Synuclein Stress induction Dopaminergic neurons [71]
D
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ystrophin Stress induction
olyQ proteins Stress induction
au protein Stress induction

llele [49]. Expression of mammalian homologous proteins,

arrying amino-acid substitutions analogous to those of toxic
egenerins, leads to degeneration of cells in a manner remi-
iscent of necrotic cell death in C. elegans. Included in this
amily are mec-10, which can be engineered to encode toxic

t
o
i
m

able 3
enes implicated in non-programmed cell death in C. elegans

ene Protein (mode of action)

cy-1 Adenylyl cyclase (required for G�s-induced neuronal cell death)
sp-3 Aspartyl protease (required for the execution of necrotic cell death)
sp-4 Aspartyl protease (required for the execution of necrotic cell death)
ad-1 Unknown (mutants show diminished aspartyl protease activity)
lp-1 Calcium-activated cystein protease (required for necrotic cell death)
nx-1 Calnexin, ER Ca2+binding chaperone (required for necrosis

induced by degenerin hyperactivation)
rt-1 Calreticulin, ER Ca2+ binding-storing protein (required for necrosis

induced by degenerin hyperactivation)
up-5 Mucolipin-1 homologue (mutants enhance necrotic cell death)
af-2 Receptor of insulin-like ligands (mutants are resistant to hypoxia)
at-1 Dopamine transporter (mutants are resistant to the 6-OHDA toxin)
tr-1 Inositol triphosphate receptor ion channel (required for necrosis

induced by degenerin hyperactivation)
qe-1 Q/P-rich protein (protects neurons from polyQ protein toxicity)
gs-1 Adenylyl cyclase (required for G�s-induced neuronal cell death)
pe-5 Vacuolar H+-ATPase B subunit (required for intracellular

acidification during necrosis)
ra-3 Calcium-activated cystein protease (required for necrotic cell death)
nc-68 Ryanodine receptor, ER Ca2+ release channel (required for necrosis

induced by degenerin hyperactivation)
nc-32 Vacuolar H+-ATPase subunit (required for intracellular

acidification during necrosis)
ha-2 Vacuolar H+-ATPase c subunit (required for intracellular

acidification during necrosis)
ha-10 Vacuolar H+-ATPase G subunit (required for intracellular

acidification during necrosis)
ha-12 Vacuolar H+-ATPase B subunit (required for intracellular

acidification during necrosis)
Muscles [92]
Sensory neurons [81]
Motor neurons [85]

egeneration-inducing substitutions, unc-8, which can mutate

o a semi-dominant form that induces swelling and dysfunction
f ventral nerve cord and unc-105, which appears to be expressed
n muscle and can mutate to a semi-dominant form that induces
uscle hypercontraction (Table 2) [48]. Thus, a general feature

Expressing cells References

Muscles, neurons [55]
Touch receptor and motor neurons [67]
Touch receptor and motor neurons [67]
Touch receptor neurons [68]
Touch receptor and motor neurons [67]
Touch receptor neurons [62]

Many neurons, muscles, gastrointestinal cells [62]

Touch receptor neurons [68]
Myocytes and different neurons [88]
Dopaminergic neurons [70]
Touch receptor neurons [62]

Sensory neurons [82]
Head and tail ganglion neurons, motorneurons [56]
– [63]

Touch receptor and motor neurons [67]
Touch receptor neurons [62]

Head neurons, ventral nerve cord neurons [63]

Excretory canal cell [63]

Most neurons, muscles, gastrointestinal cells, hypodermis [63]

– [63]
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f degenerin gene family is that specific gain-of-function muta-
ions have deleterious consequences for the cells in which they
re expressed.

In addition to degenerins, gain-of-function mutations in other
on channel genes such as deg-3, lead to vacuolar degeneration
f various types of C. elegans neurons (Table 2). deg-3 encodes
n acetylcholine receptor ion channel, related to the vertebrate
icotinic acetylcholine receptor (nAChr) that participates in the
ormation of a channel highly permeable to Ca2+ [53]. Moreover,
xpression of a constitutively active form of a heterotrimeric G-
rotein subunit G�s results in degeneration of a specific subset
f neurons [54]. Genetic suppressor analysis identified an adenyl
yclase as a downstream effector of G�s-induced neurodegener-
tion, indicating that cAMP signaling is critical for degeneration
Table 3) [55,56].

Ionic imbalance and subsequent necrotic cell death induced

y aberrant ion channel function in C. elegans is mechanistically
nd morphologically similar to excitotoxicity in vertebrates.
xcitotoxic cell death is prevalent during stroke, where the
nergy required to sustain ionic gradients and the resting poten-

t
f
c
r

ig. 3. Necrotic cell death pathways in Caenorhabditis elegans. Various necrosis-
oncentration ([Ca2+]i), which is the principal death-signaling event. Intracellular ca
olerable levels. The channels and molecules involved in calcium homeostasis are sh
hich facilitate lysosomal rupture and release of acidic lysosomal contents into the

ysosomal acidification is depicted (V-ATPase). Low pH conditions favor activation of
isease proteins in worms also disturbs cellular homeostasis mechanisms and induc
[Ca2+]i, cytoplasmic calcium concentration; ER, endoplasmic reticulum; G�, G�, G
eceptor; SERCA, sarco-endoplasmic reticulum Ca2+-ATPase; V-ATPase, vacuolar H
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ial of neurons is lost. Because membrane potential collapses,
assive amounts of the excitatory neurotransmitter glutamate

re released at synaptic clefts [57,58]. Energy depletion also
revents re-uptake of glutamate by dedicated transporters lead-
ng to accumulation of glutamate at synapses, hyper-excitation
nd eventually necrotic death of downstream synaptic target
eurons. Excitotoxicity is critically dependent on Ca2+ influx
hrough glutamate-gated receptor ion channels.

. Molecular mechanisms mediating necrotic cell death

Excessive and prolonged activation of ion channels irre-
ersibly compromises cellular ionic homeostasis. Intracellular
alcium overload through different sources is considered as
ne of the initial steps in the necrotic pathway (Fig. 3). Cal-
ium may enter the cell through voltage-gated channels and

he Na+/Ca2+ exchanger. Mutations that increase sodium influx
acilitate calcium entry through these paths. The main intra-
ellular compartment for calcium storage is the endoplasmic
eticulum (ER) [59–61]. Calcium is sequestered into the ER

initiating insults converge to elicit a sharp increase of cytoplasmic calcium
lcium stores also contribute to the elevation of calcium concentration beyond
own. Increased calcium concentration activates cytoplasmic calpain proteases,
cytoplasm, which consequently becomes acidified. The pump responsible for
cathepsin proteases and contribute to cellular destruction. Expression of human
es stress, which, beyond a certain threshold, becomes detrimental for the cell

�, G-protein subunits; InsP3R, inositol triposphate receptor; RyR, ryanodine
+-ATPase).
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y the sarco-endopasmic reticulum Ca2+-ATPase (SERCA) and
s released back to the cytoplasm by ryanodine (RyR) and
nositol-1,4,5-triphosphate receptors (Ins(1,4,5)P3PR). Exten-
ive genetic screens for suppressors of mec-4(d)-induced
ecrosis have identified genes required for the execution of
ecrotic cell death. Calreticulin and calnexin, which are calcium-
inding chaperones regulate intracellular calcium levels and are
equired for necrotic cell death [62]. Treatment of animals with
hapsigargin, which induces release of calcium from the ER to
he cytoplasm, triggers necrotic cell death. In contrast, pharma-
ological treatments or genetic mutations that inhibit calcium
elease from the ER have a strong protective effect against
ecrotic cell death.

Genetic studies in C. elegans have also shown that intra-
ellular pH is an important modulator of necrotic cell death.
ytoplasmic acidification occurs during necrosis, whereas the
acuolar H+-ATPase, which is a pump that acidifies lysosomes
nd other intracellular organelles, is required downstream of
ytoplasmic calcium overload to promote necrotic cell death
63]. Reduced vacuolar H+-ATPase activity or alkalization of
cidic endosomal/lysosomal compartments by weak bases has
neuroprotective role against necrosis. Acidic conditions are

equired for full activity of cathepsins, aspartyl proteases that
re primarily confined to lysosomes and other acidic endosomal
ompartments [64].

Lysosomal as well as cytoplasmic, proteases have been impli-
ated in cellular destruction following the onset of necrosis.
alpains are cytoplasmic, papain-like cystein proteases that
epend on calcium for their activity. Under normal conditions,
alpains function to mediate essential signaling and metabolic
rocesses. However, during the course of necrotic cell death
hese proteases localize onto lysosomal membranes and may
ompromise lysosomal integrity, thereby causing leakage of
heir acidic contents, including lysosomal proteases, into the
ytoplasm [65]. In primates, calpains rapidly localize to lysoso-
al membranes after the onset of ischaemic episodes [66]. In
. elegans, two specific calpains – TRA-3 and CLP-1 – and two

ysosomal cathepsin proteases – ASP-3 and ASP-4 – are required
or neurodegeneration [67]. It is likely that ensuing cytoplasmic
cidification activates the lysosomal, low-pH dependent cathep-
ins and hydrolases that contribute to cell demise.

Mutations that interfere with lysosomal biogenesis and func-
ion influence necrotic cell death. For example, necrosis is
xacerbated in mutants that accumulate abnormally large lyso-
omes, whereas impairment of lysosomal biogenesis protects
rom cell death [68]. Interestingly, lysosomes appear to coalesce
round the nucleus and dramatically enlarge during early and
ntermediate stages of necrosis. In advanced stages of cell death,
FP-labeled lysosomal membranes fade, indicating lysosomal

upture.

. Modeling Parkinson’s disease in C. elegans
Parkinson’s disease is a chronic and progressive neurodegen-
rative disorder that impacts motor skills and speech, usually
n the elderly. Patients suffer from involuntary movements
ncluding resting tremor, muscle rigidity, slowed movement and
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ifficulty in balance, symptoms associated with loss of neurons
hat produce dopamine in specific parts of the brain. Charac-
eristic of the disease is the intracytoplasmic accumulation of
ewy bodies. Familial forms of the disease can be caused by
utations in specific genes, implicating the components of the
ewy bodies and the misfolded protein degradation machinery,

n the pathogenicity of the disease.
In rodent and primate models of Parkinson disease, neu-

oroxicity is induced by the neurotoxins 6-hydroxydopamine
6-OHDA) or 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
MPTP), and more recently the pesticide rotenone. The pathway
hrough which neurons degenerate depends on the neurotoxin
nd the conditions used [69]. Presynaptic dopamine transporters
DATs) are necessary for the accumulation of these toxins to
opamine neurons, resulting in an increase in reactive oxygen
pecies production and/or mitochondrial dysfunction. In C. ele-
ans, dopamine neurons degenerate after exposure to 6-OHDA.
egenerating cells do not display membranous whorls, swollen
rganelles or swollen cell bodies, which are characteristics of
ecrotic cell death. Instead, chromatin condensation is evident, a
eature reminiscent of apoptotic cell death. However, neither the
aspase CED-3 nor its activator CED-4 appear to play a role in
-OHDA-induced dopamine neuron degeneration [70]. Instead,
he dopamine transporter DAT-1 is required for 6-OHDA toxicity
Table 3).

Parkinson’s disease has also been modeled in C. elegans by
verexpression of wild and mutant types of �-synuclein, the
ain component of Lewy bodies. Overexpression throughout

he nervous system or specifically in motor neurons caused
otor deficits in transgenic worms. In addition, loss of a num-

er of cell bodies and dendrites of dopaminergic neurons was
bserved when human �-synuclein was overexpressed under the
ontrol of a dopaminergic or pan-neuronal promoter [71].

Several cellular mechanisms have been implicated in
he pathogenesis of Parkinson’s disease and the associ-
ted neurodegeneration. These include impairment of the
biquitin-proteasome system, stress within the ER, mitochon-
rial dysfunction and accumulation of reactive oxygen species
72]. Inhibition of ER–Golgi trafficking by �-synuclein aggre-
ates also contributes to toxicity and cell loss [73]. Impairment
f trafficking would result in accumulation of proteins in the ER,
nducing ER stress. Interestingly, overproduction of gene prod-
cts which increase transport between ER and Golgi overcomes
he �-synuclein-induced transport block. Conversely, manipula-
ions that negatively regulate ER-Golgi transport exacerbate the
-synuclein-induced problems.

An MPTP-based nematode model of Parkinson’s disease,
argeting specifically the dopaminergic neurons has also been
stablished and used as a platform for drug testing in living ani-
als. Treatment of C. elegans with MPTP or its active metabolite
PP+ (1-methyl-4-phenylpyridinium) resulted in significantly

educed mobility and increased lethality, which was accompa-
ied by specific degeneration of the dopaminergic neurons [74].

his model allows the implementation of large-scale genetic and
harmacological screenings designed to elucidate the molecular
echanisms underlying neuronal death and identify targets and

rugs for therapeutic intervention [75].
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. Expanded polyglutamine protein toxicity

Several progressive neurodegenerative conditions are asso-
iated with accumulation of expanded polyglutamine (polyQ)
roteins [76]. Disease severity is correlated with the extent of
olyQ expansion, with increased expansion resulting in earlier
nset and more severe symptoms. The pathogenesis mechanisms
ssociated with polyQ expansion are subject to intense study
nd many animal models have been developed towards this end
77,78]. In C. elegans, expression of proteins with expanded
olyQ in the nervous system results in neuronal dysfunction
nd degeneration. Ataxin-3 is the product of the gene MJD1
ssociated with the common spinocerebellar ataxia degenerative
isorder also known as Machado-Joseph disease (SCA-3/MJD).
xpression of MDJ1 throughout the nematode nervous system

mpaired synaptic transmission and the ubiquitin-proteasome
ystem, resulting in accumulation of polyQ aggregates and mor-
hological abnormalities, such as swelling of neuronal processes
79]. Age-dependent alterations in the branching of neuronal
rocesses were also observed. Cellular folding and clearance
echanisms may sustain homeostasis and promote cell survival

o some extend. However, accumulation of aggregation-prone
roteins overwhelms these defenses, disrupting the balance and
eading to cell degeneration [80].

Amino-terminal huntingtin fragments with varying polyg-
utamine repeat lengths have also been expressed in C. elegans
ensory neurons. Fragments carrying the longest polyglutamine
tretch (150 glutamine residues) inhibit neuronal function in an
ge-dependent fashion. Toxicity is characterized by the forma-
ion of protein aggregates and loss of neuronal function, which
recedes physical degeneration. Actual cell death of sensory
eurons requires a sensitized genetic background expressing a
oxic but sub-lethal OSM-10::green fluorescent protein (GFP)
usion together with the long polyglutamine repeat transgene
81]. This indicates that a second toxic signal is required for
apid onset of the disease. OSM-10::GFP is non-functional and
ay interfere with the function of endogenous OSM-10, gener-

ting a state of cellular stress and neuronal dysfunction. While
ell death induced by the co-expressed transgenes could be sup-
ressed by a loss-of-function mutation in the caspase gene ced-3,
he ability of OSM-10::GFP alone to cause neuronal defects was
ot dependent on CED-3. Nuclear inclusions were not observed
n this model, although cytoplasmic aggregates were observed
n older animals expressing the long polyglutamine repeat
ransgene.

Genetic screens for enhancers of mutant huntingtin toxicity
n C. elegans, led to the identification of the poly-Q enhancer
(pqe-1) gene (Table 3). Loss of PQE-1 function strongly and

pecifically accelerates neurodegeneration, whereas overexpres-
ion protects against neurotoxicity [82]. It is hypothesized that
QE-1 may interact with cellular proteins, preventing interfer-
nce by expanded huntingtin fragments. In addition, loss of the
AMP response element-binding protein (CREB) or the CREB

inding protein (CBP), enhanced polyglutamine toxicity in C.
legans. Similarly, knockdown of specific histone deacetylases
HDACs) exacerbates toxicity [83]. These findings suggest that
xpanded polyglutamine repeat proteins hinder transcription
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egulation and that targeting these deleterious effects may be
n efficient strategy to battle neurodegeneration.

. Tau toxicity

Accumulation of hyper-phosphorylated tau, a microtubule
inding protein, in the form of neurofibrillary tangles, is cor-
elated with many neurodegenerative disorders, like Alzheimer
isease and frontotemporal dementia with parkinsonism linked
o chromosome 17 (FTDP-17). The mechanisms that underlie
au-induced neurodegeneration remain largely unknown. The
. elegans genome encodes a protein with significant sequence

imilarity to mammalian Tau. Expression of normal and mutant
P301L and R406W) tau in C. elegans neurons causes altered
nimal behavior, reduced lifespan, defective cholinergic trans-
ission, accumulation of insoluble phosphorylated protein and

ge dependent loss of axons and neurons (Table 2). Tau accumu-
ates in an age-dependent manner and neurodegeneration is more
evere upon expression of mutant, rather than wild type tau [84].
nterestingly, there is no formation of tau filaments in transgenic
nimals, questioning the necessity of neurofibrillary tangles for
he pathogenesis of the disease. Neurodegeneration is character-
zed by vacuolar axon clearing, collapsed membrane structures,
oncentric layers of axonal membrane and axonal swelling [85].
pecific expression of wild type and mutant tau in touch recep-

or neurons results in morphological abnormalities, although tau
oes not accumulate in cell bodies. In worms expressing mutant
au, degeneration of affected neurons does not involve the apop-
otic pathway, since cell survival is not improved in ced-3 or
ed-4 mutant background [86].

. Hypoxic death

Oxygen deprivation induces cell death in pathological
onditions such as stroke and heart attack [87]. In C. elegans,
ypoxia can inflict necrotic death in various cell types [88].
nterestingly, mutations in the daf-2 gene, which encodes the C.
legans insulin/IGF receptor tyrosine kinase, confer resistance
gainst hypoxic cell death (Table 3). DAF-2 is a component of
he insulin signaling pathway that regulates ageing and dauer
ormation in C. elegans [35]. It is remarkable that many human
eurodegenerative disorders show a late-onset pathogenesis,
ndicating that ageing may alter the vulnerability of cells to
arious insults. However, while hypoxia resistance in C. elegans
ppears to be modulated by insulin signaling, other daf-2 muta-
ions that affect longevity and stress resistance do not affect
ypoxic death. Selective expression of wild type daf-2 in neurons
nd muscles restores hypoxic death in daf-2 hypoxia-resistant
utants, demonstrating a role of the insulin/IGF receptor

n the protection of myocytes and neurons from hypoxic
njury.

Na+-activated potassium channels (KNa) have been identified
n cardiomyocytes and neurons, where they may provide protec-

ion against ischaemia [89,90]. The slo-2 gene encodes a KNa
on channel in C. elegans. slo-2 mutants are hypersensitive to
ypoxic death, suggesting that SLO-2 protects against hypoxia
ffects. Thus, molecular characterization of KNa channels may
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llow the development of specific agonists and antagonists, in
n effort to combat hypoxia caused pathologies [91].

. Muscle degeneration and reproductive cell death

Degeneration of C. elegans muscles is observed in dys-1
utants. The dys-1 gene encodes a dystrophin-like protein. In

umans, mutations in the dystrophin gene cause Duchenne’s
uscular dystrophy, one of the most common neuromuscular

iseases (Table 2). In C. elegans, degenerating body wall mus-
les show fragmentation and destruction of actin fibers [92].
he ease of scoring muscle dysfunction and degeneration, estab-

ishes C. elegans as an ideal model for high-throughput testing
f compounds fighting dystrophy [93,94]. Muscle degeneration,
nduced by dystrophin mutations, dramatically increases in a
ensitized genetic background carrying a gain-of-function muta-
ion in the egl-19 calcium channel gene [95]. This suggests that
alcium levels are critical for the process of degeneration.

Reproductive cell death is considered to be the primary
echanism of radiation-induced death of clonogens, which are
ultipotent precursor cells, during cytotoxic tumor targeting.
ecently, a model of radiation-induced reproductive cell death

n the C. elegans vulva, a tissue with multipotent precursor cells,
as been developed [96]. In this model, cell death of vulva pre-
ursor cells is sufficient to lead to tissue death, as predicted for
uman clonogens. Radiation-induced reproductive cell death is
istinct from apoptosis and resembles necrosis. The DNA dam-
ge response pathway appears to be critical for clonogen cell
urvival. This system can be exploited to elucidate the cellular
echanisms that act in response to tumor irradiation to facilitate

ell death.

0. Concluding remarks and perspectives

The identification of C. elegans mutations that trigger patho-
ogical or necrotic cell death enables us to exploit the strengths
f this model system to gain novel insight into a non-apoptotic
eath mechanism. The intriguing observation that distinct cellu-
ar insults can induce a similar necrotic-like response suggests
hat C. elegans cells may respond to various injuries by a com-

on process, which can lead to cell death.
Inappropriate channel activity is known to be causative for

ammalian neurodegenerative conditions. For example, it is
nteresting that initiation of degenerative cell death by hyper-
ctive ion channels in C. elegans is remarkably similar to events
hat initiate excitotoxic cell death in higher organisms. In exci-
otoxicity, glutamate receptor ion channels are hyper-stimulated
y the excitatory transmitter glutamate and the resultant ele-
ated Na+ and Ca2+ influx induces neuronal swelling death.
ammalian ion channel mutations can also induce neurode-

eneration. In the weaver mutant mouse, altered gating and
on selectivity properties of the GIRK2 potassium channel are
ssociated with vacuolar cell death in the cerebellum, dentate

yrus and olfactory bulb [97,98]. It is also interesting that
here are many reported instances, in animals as diverse as
ies, mice and humans, in which neurons degenerating due to
enetic lesions exhibit morphological changes similar to those
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nduced by hyperactive ion channels, in the nematode. Given
hat apoptotic death mechanisms are conserved between worms
nd humans, we are prompted to ask: might various cell injuries,
nvironmentally or genetically-introduced, converge to activate
degenerative death process that involves common biochemical
teps? At present the question of common mechanisms remains
n intriguing but open issue.

It is noteworthy, that mutations which cause cell swelling
nd death can be isolated at a relatively high frequency, suggest-
ng that there might be multiple types of genes that can mutate
o induce necrotic-like death. These observations suggest that
egenerative cell death might be induced by a variety of cellular
injuries” and that a common death mechanism could operate to
liminate injured cells. Indeed, electron micrograph analyses of
egenerin-induced cell death revealed a reproducible sequence
f cellular changes that transpire during degeneration, suggest-
ng that specific regulated steps (rather than chaotic cellular
estruction) are involved. The peculiar internalized membranous
horls observed suggest that degenerin-induced death could

nvolve disrupted intracellular trafficking, an interesting impli-
ation given that disrupted trafficking has been implicated in
lzheimer’s disease, Huntington’s disease, and amyotrophic lat-

ral sclerosis (ALS). Interestingly, Vps54 a protein involved
n vesicular trafficking is defective in the wobbler mouse, an
nimal model of ALS [99]. Perhaps, endocytotic responses
rovoked by diverse types of damage might be a common ele-
ent of diverse degenerative conditions. Research on C. elegans
odels of human degenerative disorders holds promise for the

lucidation of important but poorly understood aspects of the rel-
vant mechanisms. Why is there an age-dependent aggravation
f symptoms? What is the reason for increased vulnerability
f specific cell types? Does cell degeneration associated with
ggregation of diverse proteins transpire via a common path-
ay? What is the relationship between protein aggregation and

oxicity? There is currently much debate about whether aggre-
ation is a cause of the pathology, a mere consequence or even
protective measure.

If specific genes enact different steps of the degenerative
rocess, then such genes should in principle, be identifiable by
utations in C. elegans. Indeed, suppressor mutations in several

enes that block non-programmed cell death have been isolated.
lthough some suppressor mutations may affect the expression
r efficacy of the death stimulus itself, others are expected to
e more generally involved in the death process. Analysis of
uch genes should result in the description of a genetic path-
ay for degenerative cell death. Perhaps, as has proven to be

he case for the analysis of programmed cell death mechanisms,
laboration of an injury-induced death pathway in C. elegans
ay provide insight into neurodegenerative death mechanisms

n higher organisms.

cknowledgments
We wish to thank our colleagues at IMBB and the Euro-
ean TransDeath consortium for many inspiring discussions.
e particularly thank Pierre Golstein for his input and encour-

gement during the course of preparing this review article. Work



rs in

i
C
E

R

N. Kourtis, N. Tavernarakis / Semina

n our laboratory is funded by grants from EMBO, the European
ommission 6th Framework Programme and IMBB. N.T. is an
MBO Young Investigator.

eferences

[1] Brenner S. The genetics of Caenorhabditis elegans. Genetics
1974;77(May (1)):71–94.

[2] Klass M, Hirsh D. Non-ageing developmental variant of Caenorhabditis
elegans. Nature 1976;260(April (5551)):523–5.

[3] Jakubowski J, Kornfeld K. A local, high-density, single-nucleotide poly-
morphism map used to clone Caenorhabditis elegans cdf-1. Genetics
1999;153(October (2)):743–52.

[4] Koch R, van Luenen HG, van der Horst M, Thijssen KL, Plasterk RH. Sin-
gle nucleotide polymorphisms in wild isolates of Caenorhabditis elegans.
Genome Res 2000;10(November (11)):1690–6.

[5] Wicks SR, Yeh RT, Gish WR, Waterston RH, Plasterk RH. Rapid gene
mapping in Caenorhabditis elegans using a high density polymorphism
map. Nat Genet 2001;28(June (2)):160–4.

[6] Coulson A, Waterston R, Kiff J, Sulston J, Kohara Y. Genome link-
ing with yeast artificial chromosomes. Nature 1988;335(September
(6186)):184–6.

[7] Waterston R, Sulston J. The genome of Caenorhabditis elegans. Proc Natl
Acad Sci USA 1995;92:10836–40.

[8] The C. elegans Sequencing Consortium. Genome sequence of the
nematode C. elegans: a platform for investigating biology. Science
1998;282:2012–8.

[9] Maeda I, Kohara Y, Yamamoto M, Sugimoto A. Large-scale analysis of
gene function in Caenorhabditis elegans by high-throughput RNAi. Curr
Biol 2001;11(February (3)):171–6.

[10] Reboul J, Vaglio P, Tzellas N, Thierry-Mieg N, Moore T, Jackson C,
et al. Open-reading-frame sequence tags (OSTs) support the existence
of at least 17,300 genes in C. elegans. Nat Genet 2001;27(March (3)):
332–6.

[11] Blumenthal T, Evans D, Link CD, Guffanti A, Lawson D, Thierry-Mieg
J, et al. A global analysis of Caenorhabditis elegans operons. Nature
2002;417(June (6891)):851–4.

[12] Kim SK, Lund J, Kiraly M, Duke K, Jiang M, Stuart JM, et al. A gene
expression map for Caenorhabditis elegans. Science 2001;293(Septem-
ber (5537)):2087–92.

[13] Boulton SJ, Gartner A, Reboul J, Vaglio P, Dyson N, Hill DE, et al. Com-
bined functional genomic maps of the C. elegans DNA damage response.
Science 2002;295(January (5552)):127–31.

[14] Matthews LR, Vaglio P, Reboul J, Ge H, Davis BP, Garrels J, et al. Identi-
fication of potential interaction networks using sequence-based searches
for conserved protein-protein interactions or “interologs”. Genome Res
2001;11(December (12)):2120–6.

[15] Walhout AJ, Sordella R, Lu X, Hartley JL, Temple GF, Brasch MA, et
al. Protein interaction mapping in C. elegans using proteins involved in
vulval development. Science 2000;287(January (5450)):116–22.

[16] Edgley M, D’Souza A, Moulder G, McKay S, Shen B, Gilchrist E, et al.
Improved detection of small deletions in complex pools of DNA. Nucleic
Acids Res 2002;30(June (12)):e52.

[17] Fire A, Xu S, Montgomery MK, Kostas SA, Driver SE, Mello CC. Potent
and specific genetic interference by double-stranded RNA in Caenorhab-
ditis elegans. Nature 1998;391(February (6669)):806–11.

[18] Tavernarakis N, Wang SL, Dorovkov M, Ryazanov A, Driscoll M. Herita-
ble and inducible genetic interference by double-stranded RNA encoded
by transgenes. Nature Genet 2000;24(February (2)):180–3.

[19] Kamath RS, Ahringer J. Genome-wide RNAi screening in Caenorhabdi-
tis elegans. Methods 2003;30(August (4)):313–21.

[20] Simmer F, Moorman C, van der Linden AM, Kuijk E, van den Berghe PV,

Kamath RS, et al. Genome-wide RNAi of C. elegans using the hypersen-
sitive rrf-3 strain reveals novel gene functions. PLoS Biol 2003;1(October
(1)):E12.

[21] Mello C, Fire A. DNA transformation. Methods Cell Biol
1995;48:451–82.
Cancer Biology 17 (2007) 122–133 131

[22] Fire A, Harrison SW, Dixon D. A modular set of lacZ fusion vec-
tors for studying gene expression in Caenorhabditis elegans. Gene
1990;93(2):189–98.

[23] Chalfie M, Tu Y, Euskirchen G, Ward WW, Prasher DC. Green fluorescent
protein as a marker for gene expression. Science 1994;263:802–5.

[24] Miller 3rd DM, Desai NS, Hardin DC, Piston DW, Patterson GH, Fleenor
J, et al. Two-color GFP expression system for C. elegans. Biotechniques
1999;26(May (5)). p. 914–8, 20–1.

[25] Sulston JE, Horvitz HR. Post-embryonic cell lineages of the nematode,
Caenorhabditis elegans. Dev Biol 1977;56(March (1)):110–56.

[26] Sulston JE, Schierenberg E, White JG, Thomson JN. The embry-
onic cell lineage of the nematode Caenorhabditis elegans. Dev Biol
1983;100:64–119.

[27] White JG, Southgate E, Thomson JN, Brenner S. The structure of the
ventral nerve cord of Caenorhabditis elegans. Philos Trans R Soc Lond
B Biol Sci 1976;275(August (938)):327–48.

[28] White JG, Southgate E, Thomson JN, Brenner S. The structure of the
nervous system of Caenorhabditis elegans. Philos Trans R Soc Lond B
Biol Sci 1986;314:1–340.

[29] Bargmann CI, Kaplan JM. Signal transduction in the Caenorhabditis
elegans nervous system. Annu Rev Neurosci 1998;21:279–308.

[30] Bargmann CI, Avery L. Laser killing of cells in Caenorhabditis elegans.
Methods Cell Biol 1995;48:225–50.

[31] Harbinder S, Tavernarakis N, Herndon LA, Kinnell M, Xu SQ, Fire A, et
al. Genetically targeted cell disruption in Caenorhabditis elegans. Proc
Natl Acad Sci USA 1997;94(November (24)):13128–33.

[32] Christensen M, Estevez A, Yin X, Fox R, Morrison R, McDonnell M, et
al. A primary culture system for functional analysis of C. elegans neurons
and muscle cells. Neuron 2002;33(February (4)):503–14.

[33] Baumeister R, Ge L. The worm in us—Caenorhabditis elegans as a model
of human disease. Trends Biotechnol 2002;20(April (4)):147–8.

[34] Poulin G, Nandakumar R, Ahringer J. Genome-wide RNAi screens
in Caenorhabditis elegans: impact on cancer research. Oncogene
2004;23(November (51)):8340–5.

[35] Kenyon C. The plasticity of aging: insights from long-lived mutants. Cell
2005;120(February (4)):449–60.

[36] Bussey H, Andrews B, Boone C. From worm genetic networks to complex
human diseases. Nat Genet 2006;38(August (8)):862–3.

[37] Kaletta T, Hengartner MO. Finding function in novel targets: C. elegans
as a model organism. Nat Rev Drug Discov 2006;5(April (5)):387–99.

[38] Hengartner MO. The biochemistry of apoptosis. Nature 2000;407(Octo-
ber (6805)):770–6.

[39] Kimble J, Hirsh D. The postembryonic cell lineages of the hermaphrodite
and male gonads in Caenorhabditis elegans. Dev Biol 1979;70(June
(2)):396–417.

[40] Sulston JE, Albertson DG, Thomson JN. The Caenorhabditis elegans
male: postembryonic development of nongonadal structures. Dev Biol
1980;78(August (2)):542–76.

[41] Sulston JE, White JG. Regulation and cell autonomy during postembry-
onic development of Caenorhabditis elegans. Dev Biol 1980;78(August
(2)):577–97.

[42] Huang L, Hanna-Rose W. EGF signaling overcomes a uterine cell death
associated with temporal mis-coordination of organogenesis within the
C. elegans egg-laying apparatus. Dev Biol 2006;(August).

[43] Labouesse M, Sookhareea S, Horvitz HR. The Caenorhabditis ele-
gans gene lin-26 is required to specify the fates of hypodermal cells
and encodes a presumptive zinc-finger transcription factor. Development
1994;120(September (9)):2359–68.

[44] Syntichaki P, Tavernarakis N. Death by necrosis. Uncontrollable catas-
trophe, or is there order behind the chaos? EMBO Rep 2002;3(July
(7)):604–9.

[45] Walker NI, Harmon BV, Gobe GC, Kerr JF. Patterns of cell death. Methods
Achiev Exp Pathol 1988;13:18–54.
[46] Syntichaki P, Tavernarakis N. The biochemistry of neuronal necrosis:
rogue biology? Nat Rev Neurosci 2003;4(August (8)):672–84.

[47] Chalfie M, Wolinsky E. The identification and suppression of inher-
ited neurodegeneration in Caenorhabditis elegans. Nature 1990;345(May
(6274)):410–6.



1 rs in
32 N. Kourtis, N. Tavernarakis / Semina

[48] Syntichaki P, Tavernarakis N. Genetic models of mechanotransduction:
the nematode Caenorhabditis elegans. Physiol Rev 2004;84(October
(4)):1097–153.

[49] Hall DH, Gu G, Garcia-Anoveros J, Gong L, Chalfie M, Driscoll M.
Neuropathology of degenerative cell death in Caenorhabditis elegans. J
Neurosci 1997;17(February (3)):1033–45.

[50] Cooper JD, Messer A, Feng AK, Chua-Couzens J, Mobley WC. Apparent
loss and hypertrophy of interneurons in a mouse model of neuronal ceroid
lipofuscinosis: evidence for partial response to insulin-like growth factor-
1 treatment. J Neurosci 1999;19(April (7)):2556–67.

[51] Blondet B, Carpentier G, Ait-Ikhlef A, Murawsky M, Rieger F. Motoneu-
ron morphological alterations before and after the onset of the disease in
the wobbler mouse. Brain Res 2002;930(March (1–2)):53–7.

[52] Chalfie M, Driscoll M, Huang M. Degenerin similarities. Nature
1993;361(February (6412)):504.

[53] Treinin M, Chalfie M. A mutated acetylcholine receptor subunit causes
neuronal degeneration in C. elegans. Neuron 1995;14(April (4)):871–7.

[54] Korswagen HC, Park JH, Ohshima Y, Plasterk RH. An activating muta-
tion in a Caenorhabditis elegans Gs protein induces neural degeneration.
Genes Dev 1997;11(June (12)):1493–503.

[55] Berger AJ, Hart AC, Kaplan JM. G alphas-induced neurodegeneration in
Caenorhabditis elegans. J Neurosci 1998;18(April (8)):2871–80.

[56] Korswagen HC, van der Linden AM, Plasterk RH. G protein hyperac-
tivation of the Caenorhabditis elegans adenylyl cyclase SGS-1 induces
neuronal degeneration. EMBO J 1998;17(September (17)):5059–65.

[57] Kauppinen RA, Enkvist K, Holopainen I, Akerman KE. Glucose
deprivation depolarizes plasma membrane of cultured astrocytes and col-
lapses transmembrane potassium and glutamate gradients. Neuroscience
1988;26(July (1)):283–9.

[58] Kauppinen RA, McMahon HT, Nicholls DG. Ca2+-dependent and Ca2+-
independent glutamate release, energy status and cytosolic free Ca2+

concentration in isolated nerve terminals following metabolic inhibi-
tion: possible relevance to hypoglycaemia and anoxia. Neuroscience
1988;27(October (1)):175–82.

[59] Mattson MP, LaFerla FM, Chan SL, Leissring MA, Shepel PN, Geiger
JD. Calcium signaling in the ER: its role in neuronal plasticity and neu-
rodegenerative disorders. Trends Neurosci 2000;23(May (5)):222–9.

[60] Paschen W. Dependence of vital cell function on endoplasmic reticu-
lum calcium levels: implications for the mechanisms underlying neuronal
cell injury in different pathological states. Cell Calcium 2001;29(January
(1)):1–11.

[61] Paschen W, Frandsen A. Endoplasmic reticulum dysfunction—a common
denominator for cell injury in acute and degenerative diseases of the brain?
J Neurochem 2001;79(November (4)):719–25.

[62] Xu K, Tavernarakis N, Driscoll M. Necrotic cell death in C. elegans
requires the function of calreticulin and regulators of Ca(2+) release from
the endoplasmic reticulum. Neuron 2001;31(September (6)):957–71.

[63] Syntichaki P, Samara C, Tavernarakis N. The vacuolar H+ -ATPase
mediates intracellular acidification required for neurodegeneration in C.
elegans. Curr Biol 2005;15(July (13)):1249–54.

[64] Ishidoh K, Kominami E. Processing and activation of lysosomal pro-
teinases. Biol Chem 2002;383(December (12)):1827–31.

[65] Yamashima T. Ca2+-dependent proteases in ischemic neuronal death: a
conserved ’calpain-cathepsin cascade’ from nematodes to primates. Cell
Calcium 2004;36(September–October (3–4)):285–93.

[66] Yamashima T. Implication of cysteine proteases calpain, cathepsin
and caspase in ischemic neuronal death of primates. Prog Neurobiol
2000;62(October (3)):273–95.

[67] Syntichaki P, Xu K, Driscoll M, Tavernarakis N. Specific aspartyl and
calpain proteases are required for neurodegeneration in C. elegans. Nature
2002;419(October (6910)):939–44.

[68] Artal-Sanz M, Samara C, Syntichaki P, Tavernarakis N. Lysosomal bio-
genesis and function is critical for necrotic cell death in Caenorhabditis

elegans. J Cell Biol 2006;173(April (2)):231–9.

[69] Choi WS, Yoon SY, Oh TH, Choi EJ, O’Malley KL, Oh YJ. Two distinct
mechanisms are involved in 6-hydroxydopamine- and MPP+-induced
dopaminergic neuronal cell death: role of caspases, ROS, and JNK. J
Neurosci Res 1999;57(July (1)):86–94.
Cancer Biology 17 (2007) 122–133

[70] Nass R, Hall DH, Miller 3rd DM, Blakely RD. Neurotoxin-induced
degeneration of dopamine neurons in Caenorhabditis elegans. Proc Natl
Acad Sci USA 2002;99(March (5)):3264–9.

[71] Lakso M, Vartiainen S, Moilanen AM, Sirvio J, Thomas JH, Nass R, et
al. Dopaminergic neuronal loss and motor deficits in Caenorhabditis ele-
gans overexpressing human alpha-synuclein. J Neurochem 2003;86(July
(1)):165–72.

[72] Dauer W, Przedborski S. Parkinson’s disease: mechanisms and models.
Neuron 2003;39(September (6)):889–909.

[73] Cooper AA, Gitler AD, Cashikar A, Haynes CM, Hill KJ, Bhullar B, et al.
Alpha-synuclein blocks ER-Golgi traffic and Rab1 rescues neuron loss
in Parkinson’s models. Science 2006;313(July (5785)):324–8.

[74] Braungart E, Gerlach M, Riederer P, Baumeister R, Hoener MC.
Caenorhabditis elegans MPP+ model of Parkinson’s disease for
high-throughput drug screenings. Neurodegener Dis 2004;1(4–5):175–
83.

[75] Nass R, Miller DM, Blakely RD. C. elegans: a novel pharmacoge-
netic model to study Parkinson’s disease. Parkinsonism Relat Disord
2001;7(July (3)):185–91.

[76] Taylor JP, Hardy J, Fischbeck KH. Toxic proteins in neurodegenerative
disease. Science 2002;296(June (5575)):1991–5.

[77] La Spada AR, Taylor JP. Polyglutamines placed into context. Neuron
2003;38(June (5)):681–4.

[78] Riley BE, Orr HT. Polyglutamine neurodegenerative diseases and regula-
tion of transcription: assembling the puzzle. Genes Dev 2006;20(August
(16)):2183–92.

[79] Khan LA, Bauer PO, Miyazaki H, Lindenberg KS, Landwehrmeyer BG,
Nukina N. Expanded polyglutamines impair synaptic transmission and
ubiquitin-proteasome system in Caenorhabditis elegans. J Neurochem
2006;98(July (2)):576–87.

[80] Gidalevitz T, Ben-Zvi A, Ho KH, Brignull HR, Morimoto RI. Progressive
disruption of cellular protein folding in models of polyglutamine diseases.
Science 2006;311(March (5766)):1471–4.

[81] Faber PW, Alter JR, MacDonald ME, Hart AC. Polyglutamine-mediated
dysfunction and apoptotic death of a Caenorhabditis elegans sensory
neuron. Proc Natl Acad Sci USA 1999;96(January (1)):179–84.

[82] Faber PW, Voisine C, King DC, Bates EA, Hart AC. Glutamine/proline-
rich PQE-1 proteins protect Caenorhabditis elegans neurons from
huntingtin polyglutamine neurotoxicity. Proc Natl Acad Sci USA
2002;99(December (26)):17131–6.

[83] Bates EA, Victor M, Jones AK, Shi Y, Hart AC. Differential contributions
of Caenorhabditis elegans histone deacetylases to huntingtin polyglu-
tamine toxicity. J Neurosci 2006;26(March (10)):2830–8.

[84] Goedert M. Neurodegenerative tauopathy in the worm. Proc Natl Acad
Sci USA 2003;100(August (17)):9653–5.

[85] Kraemer BC, Zhang B, Leverenz JB, Thomas JH, Trojanowski JQ, Schel-
lenberg GD. Neurodegeneration and defective neurotransmission in a
Caenorhabditis elegans model of tauopathy. Proc Natl Acad Sci USA
2003;100(August (17)):9980–5.

[86] Miyasaka T, Ding Z, Gengyo-Ando K, Oue M, Yamaguchi H, Mitani S,
et al. Progressive neurodegeneration in C. elegans model of tauopathy.
Neurobiol Dis 2005;20(November (2)):372–83.

[87] Lee JM, Zipfel GJ, Choi DW. The changing landscape of ischaemic brain
injury mechanisms. Nature 1999;399(June (Suppl. 6738)):A7–14.

[88] Scott BA, Avidan MS, Crowder CM. Regulation of hypoxic death
in C. elegans by the insulin/IGF receptor homolog DAF-2. Science
2002;296(June (5577)):2388–91.

[89] Kameyama M, Kakei M, Sato R, Shibasaki T, Matsuda H, Irisawa H.
Intracellular Na+ activates a K+ channel in mammalian cardiac cells.
Nature 1984;309(May (5966)):354–6.

[90] Bader CR, Bernheim L, Bertrand D. Sodium-activated potassium current
in cultured avian neurones. Nature 1985;317(October (6037)):540–2.

[91] Yuan A, Santi CM, Wei A, Wang ZW, Pollak K, Nonet M, et al. The

sodium-activated potassium channel is encoded by a member of the Slo
gene family. Neuron 2003;37(March (5)):765–73.

[92] Gieseler K, Grisoni K, Segalat L. Genetic suppression of phenotypes
arising from mutations in dystrophin-related genes in Caenorhabditis
elegans. Curr Biol 2000;10(September (18)):1092–7.



rs in
N. Kourtis, N. Tavernarakis / Semina

[93] Carre-Pierrat M, Mariol MC, Chambonnier L, Laugraud A, Hes-
kia F, Giacomotto J, et al. Blocking of striated muscle degeneration
by serotonin in C. elegans. J Muscle Res Cell Motil 2006;27(3–4):
253–8.

[94] Gaud A, Simon JM, Witzel T, Carre-Pierrat M, Wermuth CG, Segalat
L. Prednisone reduces muscle degeneration in dystrophin-deficient
Caenorhabditis elegans. Neuromuscul Disord 2004;14(June (6)):365–
70.

[95] Mariol MC, Segalat L. Muscular degeneration in the absence of dys-
trophin is a calcium-dependent process. Curr Biol 2001;11(October
(21)):1691–4.

[96] Weidhaas JB, Eisenmann DM, Holub JM, Nallur SV. A Caenorhabditis
elegans tissue model of radiation-induced reproductive cell death. Proc
Natl Acad Sci USA 2006;103(June (26)):9946–51.

[97] Kofuji P, Hofer M, Millen KJ, Millonig JH, Davidson N, Lester HA, et al.
Functional analysis of the weaver mutant GIRK2 K+ channel and rescue
of weaver granule cells. Neuron 1996;16(May (5)):941–52.

[98] Slesinger PA, Patil N, Liao YJ, Jan YN, Jan LY, Cox DR. Functional
effects of the mouse weaver mutation on G protein-gated inwardly recti-

fying K+ channels. Neuron 1996;16(February (2)):321–31.

[99] Schmitt-John T, Drepper C, Mussmann A, Hahn P, Kuhlmann M, Thiel
C, et al. Mutation of Vps54 causes motor neuron disease and defec-
tive spermiogenesis in the wobbler mouse. Nat Genet 2005;37(November
(11)):1213–5.
Cancer Biology 17 (2007) 122–133 133

[100] Chalfie M, Sulston J. Developmental genetics of the mechanosensory neu-
rons of Caenorhabditis elegans. Dev Biol 1981;82(March (2)):358–70.

[101] Hedgecock EM, Sulston JE, Thomson JN. Mutations affecting pro-
grammed cell deaths in the nematode Caenorhabditis elegans. Science
1983;220(June (4603)):1277–9.

[102] Ellis HM, Horvitz HR. Genetic control of programmed cell death in the
nematode C. elegans. Cell 1986;44(March (6)):817–29.

[103] Driscoll M, Chalfie M. The mec-4 gene is a member of a family of
Caenorhabditis elegans genes that can mutate to induce neuronal degen-
eration. Nature 1991;349(February (6310)):588–93.

[104] Huang M, Chalfie M. Gene interactions affecting mechanosensory
transduction in Caenorhabditis elegans. Nature 1994;367(February
(6462)):467–70.

[105] Tavernarakis N, Shreffler W, Wang S. Driscoll M. unc-8, a DEG/ENaC
family member, encodes a subunit of a candidate mechanically gated
channel that modulates C. elegans locomotion. Neuron 1997;18(January
(1)):107–19.

[106] Shreffler W, Magardino T, Shekdar K, Wolinsky E. The unc-8 and sup-40
genes regulate ion channel function in Caenorhabditis elegans motorneu-

rons. Genetics 1995;139(March (3)):1261–72.

[107] Rothstein JD, Dykes-Hoberg M, Pardo CA, Bristol LA, Jin L, Kuncl
RW, et al. Knockout of glutamate transporters reveals a major role for
astroglial transport in excitotoxicity and clearance of glutamate. Neuron
1996;16(March (3)):675–86.


	Non-developmentally programmed cell death in Caenorhabditis elegans
	Caenorhabditis elegans biology: the essentials
	Non-programmed cell death in C. elegans
	Necrotic cell death
	Molecular mechanisms mediating necrotic cell death
	Modeling Parkinsons disease in C. elegans
	Expanded polyglutamine protein toxicity
	Tau toxicity
	Hypoxic death
	Muscle degeneration and reproductive cell death
	Concluding remarks and perspectives
	Acknowledgments
	References


