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PERSPECTIVE

Autophagy tor the avoidance

of neurodegeneration
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Cellular defense mechanisms, including the unfolded
protein response (UPR) and autophagy, attempt to re-
solve toxic protein aggregates, which are common de-
nominators of neurodegenerative diseases. In this issue
of Genes & Development, Hetz and colleagues (pp. 2294-
2306) surprisingly show that inhibition of the UPR
by knockout of XBP-1 causes a massive increase in
autophagy, enhances clearance of superoxide dismutase 1
(SOD1) aggregates, and delays the development of
amyotrophic lateral sclerosis. These findings suggest the
existence of a homeostatic—if not hormetic—balance
between distinct cellular defense mechanisms.

In response to fluctuations of their microenvironment,
cells must continuously activate a series of homeostatic
mechanisms that aim at maintaining their bioenergetic,
metabolic, ionic, and genomic integrity. The frontier
between normal fluctuations and potentially pathogenic
perturbations (“stress”) is not neat, and actually depends
on the capacity of cells to adapt to distinct levels of stress.
Hence, any genetically determined or acquired reduction
in the capacity of cells to adapt to cellular stress is
potentially pathogenic because it lowers the threshold
at which endogenous or exogenous noxious agents cause
irreversible cellular damage, culminating in the irrevers-
ible loss of cells by the activation of programmed cell
death pathways. In this issue of Genes & Development,
Hetz et al. (2009) report the intriguing and counterintu-
itive observation that inhibition of one particular stress
response, the unfolded protein response (UPR), can im-
prove the survival of cells responding to one peculiar
stress; namely, the accumulation of a mutated, misfolded
protein. How can this apparent paradox be resolved?

The UPR: a homeostatic mechanism

A plethora of distinct chemical agents and physical
perturbations increase the rate at which unfolded or

[Keywords: Amyotrophic lateral sclerosis; unfolded protein response;
endoplasmic reticulum stress; XBP-1; autophagy]

Corresponding authors.

SE-MAIL frank.madeo@uni-graz.at; FAX 43-316-3809898.

°E-MAIL kroemer@orange.fr; FAX 33-1-42-11-60-47.

Article is online at http://www.genesdev.org/cgi/doi/10.1101/gad.1858009.

misfolded proteins accumulate in the endoplasmic re-
ticulum (ER) (Scheper and Hoozemans 2009). In specific
neurodegenerative diseases, mutations affecting the struc-
ture of neuron-specific proteins lead to the generation of
constitutively misfolded proteins. This applies, for exam-
ple, to a-synuclein in familial Parkinson’s disease, to
huntingtin (Htt) in Huntington’s disease, and to superox-
ide dismutase-1 (SOD1) in amyotrophic lateral sclerosis
(ALS) (Scheper and Hoozemans 2009). The best-character-
ized reaction to “ER stress” is the UPR (Ron and Walter
2007). In this pathway, accumulating unfolded or mis-
folded proteins stimulate a cascade of events leading to the
activation of IRE1, a kinase with endoribonuclease activ-
ity that cleaves the mRINA of transcription factor XBP-1.
XBP-1 then transactivates various chaperones and pro-
teases that counteract protein aggregation and refold un-
folded or misfolded proteins. In several neurodegenerative
diseases, mutated proteins slowly accumulate in specific
subpopulations of neurons and cause a progressive, age-
dependent functional decline that is linked to pathological
cell loss. Reportedly, the UPR, which partially depends on
the IRE1/XBP-1 pathway, can dissolve potentially toxic
protein aggregates. Accordingly, the UPR can protect
against various neurodegenerative phenotypes, as this
has been observed in multiple animal and cell culture
models (Sado et al. 2009). Chronic activation of the UPR,
however, can trigger cell death and, in one neurodegener-
ative condition, Pelizzaeus-Merzbacher disease, the ER
stress response reportedly results in oligodendrocyte apo-
ptosis (Forman et al. 2003). The severity of neurodegener-
ative diseases and the extent of the UPR could be cor-
related in animal models (Matus et al. 2008). In addition,
post-mortem explorations of patients suffering from var-
ious neurodegenerative disorders revealed a marked acti-
vation of the UPR (Matus et al. 2008). This observation has
been confirmed for familial and sporadic ALS, in which
ER stress markers are up-regulated (Hetz et al. 2009).
Thus, in recent years, the UPR has attracted increasing
attention due to its potential neuroprotective function.

Autophagy: a potent inhibitor of aging
and neurodegeneration

While the UPR controls the degradation of smaller units
of unfolded or misfolded proteins via transcription of
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chaperones, larger aggregates are detoxified via degrada-
tion in the lysosome, a process called autophagy. This
perspective concentrates on macroautophagy (hereafter
referred to as autophagy), because it is, besides the
proteasome, probably the major cellular device responsi-
ble for the degradation of long-lived proteins (Rubinsztein
2006; Williams et al. 2006). During autophagy, cargos
destined for degradation are sequestered into double-
membrane-coated vesicles and targeted to the lysosome.
Autophagy is strongly up-regulated by fasting or starva-
tion and can also be triggered by protein aggregates and
oxidative stress, as well as damage affecting distinct
cytoplasmic organelles (Levine and Kroemer 2008). The
induction of autophagy is strongly linked to that of the
UPR. For example, the phosphorylation of the eukaryotic
initiation factor 2« (eIF2a) is an integrated part of the
UPR (and required for the translational arrest) (Hamanaka
et al. 2005), yet is also stringently required for the in-
duction of autophagy (Talloczy et al. 2002; Kouroku et al.
2007). Therefore, ER stress often stimulates autophagy.

Many reports (some of which are summarized in
Table 1) have addressed a potential neuro- and age- pro-
tective role of autophagy (Sarkar et al. 2009). Aging is the
principal risk factor for neurodegenerative disorders (Thal
et al. 2004). The only external regimen leading to life span
extension in every organism tested to date is caloric
restriction (CR), which is a reduction of the organism’s
caloric intake without malnutrition (Masoro 2005). New
data suggest that autophagy, which is induced by CR, is
the crucial determinant of life span extension. Thus, in
the nematode Caenorhabditis elegans, autophagy is re-
quired for the life span prolongation mediated by CR (Jia
and Levine 2007) or p53 inhibition (Tasdemir et al. 2008;
Tavernarakis et al. 2008). Inhibition of the nutrient-
responsive kinase target of rapamycin (TOR), which ac-
tivates autophagy, increases life span in various model
organisms (Wullschleger et al. 2006). In yeast, autophagy
is required for rapamycin-mediated life span extension
and delay of chronological aging (Alvers et al. 2009). The
TOR inhibitor rapamycin can even prolong the healthy
life of mice when the treatment is started at old age
(Harrison et al. 2009).

In this context, it appears intriguing that enhancement
of autophagy specifically in the brain of Drosophila
melanogaster suffices to prolong life span by ~50%
(Simonsen et al. 2008), arguing in favor of aging as a pro-
gram located within the brain. Alternatively, the brain
may be the crucial vulnerable component of the organism
that determines organismal aging. In several mouse
models, brain-specific disruption of autophagy causes
neurodegeneration, accompanied by accumulation of pro-
tein aggregates and a progressive decline of neuronal
functions, connectivity, and survival (Table 1). These ob-
servations suggest that baseline autophagy is required for
the avoidance of precocious neurodegeneration (Levine
and Kroemer 2008; Winslow and Rubinsztein 2008).

Numerous studies performed in animal models suggest
that pharmacological or genetic induction of autophagy
delays the onset of age-related neurodegenerative dis-
eases, such as Alzheimer’s, Parkinson’s, and Huntington’s
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diseases and ALS (Table 1). In Drosophila, mutations af-
fecting the regular function of the ubiquitin—proteasome
system (UPS) led to a compensatory increase in auto-
phagy that depended on the microtubule-associated de-
acetylase HDACG6 (Pandey et al. 2007). Strikingly, over-
expression of HDAC6 in vivo was sufficient to rescue
degeneration associated with UPS impairment in a
Drosophila model of spinobulbar muscular atrophy, in
an autophagy-dependent manner (Pandey et al. 2007).
Rapamycin-induced autophagy can rescue cultured rat
neurons from the toxic effects of the proteasome inhibitor
lactacystin while it avoids the aggregation of ubiquiti-
nated proteins. Loss of nigral dopaminergic neurons and
protein aggregation caused by lactacystin treatment of
C57BL/6 mice in vivo were similarly inhibited by post-
treatment with rapamycin (Pan et al. 2008).

An initial screen in yeast for small molecule enhancers
of rapamycin (SMERs) identified three compounds that
were subsequently shown to modulate autophagy in
mammalian cells independently of or downstream from
Tor (Sarkar et al. 2007). Application of these SMERs
induced the clearance of mutant Htt and mutant (A53T)
a-synuclein in mammalian cell culture and attenuated
the toxicity of mutant Htt in a Drosophila model of
Huntington’s disease (Sarkar et al. 2007). Furthermore,
yet another autophagy inducer, lithium, which acts in
a TOR-independent fashion, delayed the onset of ALS and
augmented the life span of mice expressing a mutated
(G93A) SOD1 protein, correlating with enhanced, pre-
sumably autophagy-mediated, clearance of SODI1 and
ubiquitin aggregates (Fornai et al. 2008). Intriguingly,
there is epidemiological evidence that patients with
mood disorders that are treated with lithium exhibit
a later onset of Alzheimer’s disease than control popula-
tions (Yeh and Tsai 2008). Moreover, a clinical trial
indicates that lithium treatment could be beneficial for
ALS patients (Pradat et al. 2009). This suggests that the
pharmacological induction of autophagy may constitute
a valuable strategy for the prevention (and, perhaps, the
treatment) of neurodegenerative diseases in humans.

Disturbance of UPR causes neuroprotection in ALS

Hetz et al. (2009) now provide provocative but compelling
evidence that disturbance of the UPR paradoxically
attenuates ALS in mice through the induction of autoph-
agy. Human ALS occurs in either a familial (10%) or
a sporadic (90%) form. Familial ALS is caused by muta-
tions that affect the cytosolic SOD1 and that result in the
intracellular accumulation and aggregation of misfolded
SODI, in particular in motorneurons (Pasinelli and
Brown 2006). Hence, mice that express a transgenic,
mutated (G93A) SODI1 provide an accurate model of
ALS, showing characteristic hallmarks of the human
disease. Hetz et al. (2009) deleted the three major medi-
ators of the UPR—ATF4, ATF6, and IRE-1—from cells
harboring mutated SODI1. Depletion of both the tran-
scription factors ATF4 and ATF6 increased the amount of
SODI1 aggregates, in line with the common idea that the
UPR has been designed for this specific purpose—the
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Table 1.

Examples of neuro- and age-protective autophagy

Autophagy for the avoidance of neurodegeneration

Neuroprotective autophagy

Pharmacological
modulation of autophagy
(organism/cell line)

Phenotype

Disease relevance

Reference

SMERs (mammalian cell
culture, D. melanogaster)

Lithium treatment (G93A
mouse model)

Rapamycin treatment
(PC12 cells and
C57BL/6 mice)

Rapamycin treatment
(primary rat neurons)

Ischemic preconditioning
(IPC) (PC12 cells)

Clearance of mutant Htt and a-synuclein A53T and
attenuated mutant Htt toxicity

Decreased death of motor neurons and delayed
progression of disease; 3-MA inhibitable clearance of
SODI, a-synuclein and ubiquitin aggregates

3-MA reversible inhibition of lactacystin-induced loss
of nigral DA neurons; reduced ubiquitinated protein
aggregation

Neuronal protection of neurotoxicity caused by
supernatant of SIV-infected myeloid cells

3-MA inhibitable autophagy is induced by IPC and
confers neuroprotection after hypoxia or reperfusion.

Huntington’s disease,
Parkinson’s disease
ALS

Parkinson’s disease

HIV-associated
neurotoxicity

Sarkar et al. 2007

Fornai et al.
2008

Pan et al. 2008

Alirezaei et al.

2008
Park et al. 2009

Genetic modulation
of autophagy (organism,
cell type)

Phenotype

Disease relevance

Reference

Atg gene knockdown
(human cell culture)
HDACG6 overexpression

(D. melanogaster)
bec-1, Ce-atg7, Ce-atg18

RNAI (C. elegans)
atg7"1°/Mox.pepa.-Cre

(mouse, Purkinje cells)

atg7F/F:nestin-C1'e (mouse,
neurons)

atg5F/F:nestin-Cre (mouse,
neurons)

CIn3(Deltaex7/8) knock-in
(mouse, all tissues)

Cathepsin D™/~ (mouse,
all tissues)

Dynein mutations (fly and
mouse models)

Accumulation of intracellular polyQ aggregates

Autophagy-dependent compensation for impairment
of the ubiquitin—proteasome system

Accumulation of Htt-Q150 aggregates in ASH
Sensory neurons

Axonal dystrophy and degeneration of axon
terminals; subsequent Purkinje cell death and
behavioral deficits

Progressive neurodegeneration associated with
ubiquitinated protein aggregates and inclusion
bodies; increased frequency of TUNEL positive
neurons

Progressive neurodegeneration associated with
ubiquitinated protein aggregates and inclusion
bodies

Decreased lysosomal clearance of autophagosomes
(due to impaired autophagic vacuolar maturation)

Lysosomal dysfunction and aberrant autophagosome
accumulation

Premature aggregate formation of mutant Htt
with increased autophagosome formation and
impaired autophagosome-lysosome fusion

Huntington’s disease
Spinobulbar muscular

atrophy
Huntington’s disease

Batten disease
Batten disease
Huntington’s disease,

motor neuron
diseases

Iwata et al. 2005;
Shibata et al. 2006

Pandey et al. 2007

Jia and Levine 2007

Komatsu et al. 2007

Komatsu et al. 2006

Hara et al. 2006

Cao et al. 2006
Koike et al. 2005

Ravikumar et al.
2005

Age-protective autophagy

Modulation of

autophagy Model organism Phenotype Reference
Increase of hepatocytic Mus musculus Restoration of liver chaperone-mediated autophagic Zhang and
LAMP-2A abundance activity in aged animals; reduced abundance of Cuervo 2008

bec-1 and Ce-atg7
RNAIi
bec-1 RNAi

Brain-specific overexpression

of Atg8a

Exogenous application
of rapamycin

oxidized proteins, polyubiquinated protein

aggregates and TUNEL" cells

C. elegans Loss of longevity phenotype in dietary restriction
mutant [eat-2(ad1113)] animals
C. elegans Abolishment of longevity phenotype in insulin/IGF-1

loss-of-function mutant animals

D. melanogaster

Extension of the average adult lifespan by 56% and

enhanced resistance to oxidative stress and the
accumulation of ubiquitinated and oxidized proteins

Mus musculus

Extension of maximum life span by up to 14% in

males and females accompanied by mTOR inhibition®

Jia and Levine
2007

Melendez et al.
2003

Simonsen et al.
2008

Harrison et al.
2009

#Note that a potential induction and relevance of autophagy has not been addressed specifically in the study by Harrison et al. (2009),
and the observed effects of rapamycin may as well be attributed to other downstream events of mammalian TOR.
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removal of unfolded or misfolded proteins. However,
knockdown of IRE-1 or that of its downstream target,
XBP-1, the third transcription factor involved in the UPR
(which regulates genes involved in protein folding and
quality control), unexpectedly enhanced clearance of
SOD1 aggregates and improved survival of cultured
motorneurons. Hetz et al. (2009) subsequently found that
deletion of IRE-1 or XBP-1 strongly stimulated autophagy,
which then led to improved clearance of SOD1 aggre-
gates. Thus, the low levels of aggregated SOD1 in XBP-1-
depleted cells were increased to toxic levels when essen-
tial autophagy mediators such as ATG5 or Beclinl were
knocked down by RNAi. Hetz et al. (2009) then went on
to demonstrate that XBP-1 deletion can also improve
SOD1 clearance in vivo, in an established mouse model of
familial ALS. Indeed, mice expressing a transgenic mu-
tated SODI exhibited delayed ALS onset and increased
life span when XBP-1 was deleted in the CNS. Again, this
state of neuroprotection correlated with increased
autophagy and reduced accumulation of SODI1 aggregates
in the spinal chord. Unfortunately, no results are avail-
able that would demonstrate that CNS-specific inhibi-
tion of autophagy would counteract the beneficial effect
of the XBP-1 knockout in vivo. Finally, in an attempt to
translate their findings to human ALS, Hetz et al. (2009)
analyzed post-mortem samples from sporadic and famil-
ial ALS brains and detected signs of both UPR and
autophagy. This suggests that the findings obtained in
mice can be applied to the human setting.

Resolving the paradox

As outlined above, in many mouse models of neuro-
degeneration, as well as in post-mortem analyses of
brains from patients with neurodegenerative diseases,
the activation of the UPR correlates with the amount of
aggregated proteins (Matus et al. 2008). Moreover, the
UPR has generally been viewed as a homeostatic mech-

Figure 1. Schematic view of UPR and
autophagy interactions with relevance to
neuroprotection. Unfolded or misfolded
protein aggregates accumulate during neu-
rodegenerative diseases within the cytosol
or the ER of neurons. Several cellular de- ﬁ
fense mechanisms can be activated in order a$w
to resolve protein aggregates, thus serving Protein

i A i aggreagates
as neuroprotective processes. This applies
to the UPR, the ERAD pathway, and the %
lysosomal degradation pathway or autoph-
agy. Upon depletion of IREla or XBP-1,
a homeostatic activation of autophagy en-
sures efficient removal of SODI protein
aggregates and is responsible for neuropro-
tection. However, the exact mechanism of
how autophagy is activated when the UPR
is impaired remains to be investigated and
might involve several nonexclusive ways of
interaction, illustrated by red colored ar-
rows (see the text for details). Question
marks indicate hypothetical interrelations.

Neuro-
degeneration

AUTOPHAGOSOME
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anism designed to avoid the accumulation of toxic pro-
tein aggregates. The finding by Hetz et al. (2009) that
disturbance of the UPR by deletion of XBP-1 can prevent
neurodegeneration is counterintuitive and, at this state of
knowledge, may be explained in several nonexclusive
ways (illustrated in Fig. 1).

First, beyond a certain threshold, intense and prolonged
UPR can stimulate apoptosis, which hence can be initi-
ated at the level of the ER (Haynes et al. 2004; Szegezdi
et al. 2006). Thus, although the UPR stimulates the
adaptive up-regulation of chaperones and hence mediates
cytoprotection, prolonged UPR activation can lead to
Bax-mediated apoptosis, presumably via activation of
c-Jun N-terminal kinase (JNK) (Davis 2000). Therefore,
under prolonged oxidative and protein folding stress,
which is expected in ALS due to impairment of SOD1
function, knockdown of XBP-1 could rescue neurons due
to inhibition of the apoptotic program in vivo, and not
necessarily or solely via induction of autophagy. Indeed,
deletion of the BH3-only protein Puma protects moto-
neurons from ER stress-induced apoptosis and delays
motoneuron loss in mice expressing a mutant SODI1
transgene, yet does not prolong their life span (Kieran
et al. 2007). In addition, ablation of CHOP, another key
transcription factor of the UPR, reportedly restores motor
function in a mouse model of Charcot Marie Tooth 1B
neuropathy, possibly via inhibition of ER stress-induced
apoptosis (Pennuto et al. 2008).

Second, given that autophagy induction is responsible
for the cytoprotective effects observed by Hetz et al.
(2009), at least in vitro, a major question emerges: How,
exactly, is the homeostatic switch between UPR de-
ficiency and autophagy induction achieved? Hetz et al.
(2009) suggest that inhibition of the ER-associated degra-
dation (ERAD) pathway secondary to the ablation of
XBP-1 might account for the compensatory stimulation
of autophagy. Alternatively, XBP-1 target genes may reg-
ulate autophagy directly by yet unknown mechanisms.

\ ER UPR target NUCLEUS
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Another (nonexclusive) possibility would be that a (tran-
sient?) accumulation of unfolded or misfolded proteins
due to the absent UPR leads to cumulative ER stress,
which in turn induces autophagy via activation of protein
kinase C 0 (PKC6) (Sakaki et al. 2008). A few experiments
could clarify this issue. First, a time course monitoring
the generation of mutant SODI1 aggregates should be
performed in the ALS cell culture model upon depletion
of XBP-1. The prediction would be that there is a time
window (prior to the earliest time point analyzed by Hetz
et al. [2009], which is 48 h after application of XBP-1
shRNA), when depletion of XBP-1 leads to higher levels of
SOD1 aggregates, preceding their homeostatic clearance
by autophagy. Second, it should be clarified whether
ablation of PKCH would abolish the cytoprotective effects
of XBP-1 depletion. Another possibility would be that
HDAC6 would provide the link between the inhibited
UPR and induction of autophagy. Indeed, activation of
HDACS6 is responsible for the induction of autophagy
when the UPS, yet another degradation pathway involved
in clearance of misfolded proteins, is inhibited (Pandey
et al. 2007).

Third, disturbance of the UPR reportedly triggers
oxidative stress and depletion of glutathione (Xue et al.
2005), and there may be even more intimate connections
between reactive oxygen species (ROS) generation and
UPR. For example, tunicamycin, a prototypic inducer of
ER stress, does not induce ROS generation in cultured
cells per se, but leads to marked accumulation of ROS in
cells lacking PERK or ATF4, two major mediators of the
UPR (Harding et al. 2003). In addition, tumor necrosis
factor-a induces ROS accumulation and cell death in
a UPR-dependent fashion (Xue et al. 2005). Given that
SOD1 mutations associated with familial ALS may
themselves enhance the basal ROS level (Bogdanov
et al. 1998), inhibition of the UPR might further exacer-
bate oxidative stress. At sublethal levels, ROS can act as
signaling molecules and even prolong life span of C.
elegans; for instance, in conditions of glucose restriction
(Schulz et al. 2007). ROS can also stimulate autophagy by
boosting the activity of ATG4, a cysteine protease that is
a direct target for regulatory oxidation and activation
(Scherz-Shouval et al. 2007). Thus, ROS can serve as
signaling molecules for the induction of cytoprotection.

Hormesis: harming cells for longer life?

The term “hormesis” was coined by toxologists. It de-
scribes the, at first sight, paradoxical finding that noxious
agents (e.g., chemical, thermal, or radiological) can have
beneficial effects when they are applied at low, sublethal,
and subtoxic doses (Calabrese et al. 1999). The teleolog-
ical sense behind hormesis was first formulated by
Friedrich Nietze in his proverb: “What does not kill
him makes him stronger” (Nietzsche 2005; Gems and
Partridge 2008). Indeed, low doses of cellular or organis-
mal stressors (such as heat or mild doses of oxidative
stress) have been reported to prolong life span in C.
elegans (Cypser et al. 2006). This astonishing finding
may be explained by a general enhancement of the anti-

Autophagy for the avoidance of neurodegeneration

stress response leading to protection (possibly as an
adaptive mechanism) against the ultimate physiological
stress: aging.

The principle of hormesis is not restricted to heat, tox-
ins, or oxidative stress, but can be observed and applied to
numerous settings. For example, acquired immune re-
sponses constitute a protective system that has been
shaped by sublethal infectious insults. Moreover, the
induction of drug metabolizing enzymes upon xenobiotic
stimulation can protect an organism against cancer
(chemoprotection) (Talalay et al. 2003). Even more sur-
prising is the strong and unexplained correlation between
cigarette smoking and protection against Parkinson’s
disease (Quik 2004). The findings by Hetz et al. (2009)
may hence be classified as a hormetic response in which
the perturbation of the UPR stimulates a compensatory,
cytoprotective response. Although this is not formally
proven by in vivo experiments, it appears plausible that
a large part of this neuroprotective response is medi-
ated by autophagy. Irrespective of the yet-to-be-resolved
molecular mechanisms, it is highly astonishing that al-
ready harmed cells can be rescued by disturbance of a
cellular protection system. Hence, nature is more com-
plex than we can imagine, and future treatments of neu-
rodegenerative diseases may well be based on scientific
surprises.
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