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XBP-1 deficiency in the nervous system
protects against amyotrophic lateral
sclerosis by increasing autophagy
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Mutations in superoxide dismutase-1 (SOD1) cause familial amyotrophic lateral sclerosis (ALS). Recent evidence
implicates adaptive responses to endoplasmic reticulum (ER) stress in the disease process via a pathway known as
the unfolded protein response (UPR). Here, we investigated the contribution to fALS of X-box-binding protein-1
(XBP-1), a key UPR transcription factor that regulates genes involved in protein folding and quality control. De-
spite expectations that XBP-1 deficiency would enhance the pathogenesis of mutant SOD1, we observed a dra-
matic decrease in its toxicity due to an enhanced clearance of mutant SOD1 aggregates by macroautophagy, a
cellular pathway involved in lysosome-mediated protein degradation. To validate these observations in vivo, we
generated mutant SOD1 transgenic mice with specific deletion of XBP-1 in the nervous system. XBP-1-deficient
mice were more resistant to developing disease, correlating with increased levels of autophagy in motoneurons
and reduced accumulation of mutant SOD1 aggregates in the spinal cord. Post-mortem spinal cord samples from
patients with sporadic ALS and fALS displayed a marked activation of both the UPR and autophagy. Our results

reveal a new function of XBP-1 in the control of autophagy and indicate critical cross-talk between these two
signaling pathways that can provide protection against neurodegeneration.
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Most neurodegenerative disorders—such as amyotrophic
lateral sclerosis (ALS), Alzheimer’s, and Parkinson’s and
Huntington’s diseases—share a common pathology char-
acterized by abnormal protein inclusions containing spe-
cific misfolded proteins (Matus et al. 2008). ALS is a pro-
gressive and deadly adult-onset motor neuron disease
characterized by muscle weakness, spasticity, atrophy,
paralysis, and premature death. The pathological hall-
mark of ALS is the selective degeneration of motoneurons
in the spinal ventral horn, most brainstem nuclei, and the
cerebral cortex (Boillee et al. 2006; Pasinelli and Brown
2006). ALS is more frequent in males, and the disease
lacks a defined genetic component in a majority of ALS
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patients, so-called sporadic ALS (sALS), while ~10% of
cases are familial (fALS). More than 100 mutations in the
gene encoding superoxide dismutase-1 (SOD1) are linked
to fALS and trigger its misfolding and abnormal aggrega-
tion, resulting in motoneuron dysfunction (Pasinelli and
Brown 2006). Overexpression of human fALS-linked
SODI1 mutations in transgenic mice recapitulates essen-
tial features of the human pathology, provoking age-
dependent protein aggregation, paralysis, and motor neu-
ron degeneration. Since SALS and fALS affect the same
neurons with similar pathology, therapeutics effective in
mutant SOD1 mouse models may translate to sALS.
The pathogenesis of mutant SODI toxicity remains
unclear, and may include mitochondrial dysfunction,
altered axonal transport, and nonneuronal inflammatory
components (for review, see Boillee et al. 2006; Pasinelli
and Brown 2006). Recent data suggest that stress signaling
responses originating from the endoplasmic reticulum
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(ER) may contribute to ALS (Atkin et al. 2006; Kikuchi
et al. 2006; Ilieva et al. 2007). A number of conditions
interfere with oxidative protein folding processes in the
ER, leading to the accumulation of intralumenal mis-
folded proteins, a cellular condition referred to as “ER
stress” (Ron and Walter 2007). Adaptation to ER stress is
mediated by engagement of the unfolded protein response
(UPR), an integrated signal transduction pathway that
transmits information about protein folding status in the
ER lumen to the cytosol and nucleus to increase protein
folding capacity. Conversely, cells undergo apoptosis if
these mechanisms of adaptation are insufficient to handle
ER stress. The most conserved UPR pathway is initiated
by the stress sensor IREla (inositol-requiring transmem-
brane kinase/endonuclease) (Ron and Walter 2007). IRE1la
is a Ser/Thr protein kinase and endoribonuclease that, up-
on activation, initiates the splicing of the mRNA encod-
ing the transcriptional factor X-box-binding protein 1
(XBP-1), converting it into a potent activator (termed
XBP-1s) that controls genes related to protein quality
control, ER translocation, glycosylation, and ER/Golgi
biogenesis (Ron and Walter 2007). XBP-1 is essential for
the proper function of plasma B cells (Reimold et al. 2001},
Paneth cells (Kaser et al. 2008), exocrine cells of the
pancreas and salivary glands (Lee et al. 2005), and for liver
lipogenesis (Lee et al. 2008), but its actual role in the
nervous system remains speculative (Hetz et al. 2008;
Matus et al. 2008).

Up-regulation of ER stress markers was described re-
cently in human post-mortem samples from sALS pa-
tients (Ilieva et al. 2007; Atkin et al. 2008), and activation
of IREla and XBP-1 mRNA splicing is observed in the
spinal cord of transgenic rodents expressing different
fALS-related SOD1 mutations (Atkin et al. 2006; Kikuchi
et al. 2006; Nishitoh et al. 2008). A fraction of mutant
SODI1 accumulates inside the ER and Golgi in vivo,
where it forms insoluble high-molecular-weight species
and physically interacts with ER chaperones (Atkin et al.
2006; Kikuchi et al. 2006; Urushitani et al. 2006). Impor-
tantly, a proteomic analysis revealed that two UPR target
genes, PDI and Grp58, are among the most induced
proteins in an ALS mouse model (Atkin et al. 2006).
Finally, a recent study indicated that only vulnerable
motoneurons in a fALS mouse model showed presymp-
tomatic ER stress responses that occurred very early,
prior to detectable axonal denervation (Saxena et al.
2009). Although a strong correlation between ER stress,
motoneuron loss, and ALS progression has been estab-
lished, the actual role of the UPR in the disease process
has not been addressed directly. Genetic manipulation of
the UPR is required to directly address this question.

Here, we investigated the role of the UPR in fALS using
cellular and animal models of the disease. We developed
a mutant SODI transgenic mouse with specific deletion of
the transcription factor XBP-1 in the nervous system.
Unexpectedly, despite predictions that XBP-1 deficiency
would enhance the severity of experimental ALS, we
observed that female mice were markedly more resistant
to developing the disease. This phenotype was associated
with the up-regulation of macroautophagy in motoneu-

XBP-1 controls mutant SOD1 clearance

rons due to XBP-1 deficiency, a survival pathway involved
in lysosome-mediated clearance of cytosolic components
including damaged organelles and abnormal protein aggre-
gates. Our results reveal a homeostatic connection be-
tween the UPR and macroautophagy in vivo, and identify
XBP-1 as a possible therapeutic target for the treatment of
neurological conditions linked to protein misfolding.

Results

Knocking down XBP-1 and IREla decreases mutant
SOD1 aggregation and toxicity

To define the role of the UPR in SODI pathogenesis, we
reduced the expression levels of major UPR components
in the NSC34 motoneuron cell line (Hetz et al. 2007)
using lentiviral delivery of shRNAs. Targeted genes in-
cluded IREla, XBP-1, activating transcription factor-6a
(ATF6a) and ATF4. In addition to XBP-1, ATF6 and ATF4
constitute two parallel signaling branches of the UPR
that regulate distinct transcriptional responses under ER
stress (Ron and Walter 2007). To monitor SOD1 misfold-
ing in these cells, we transiently expressed human
SOD1IWT or the mutants SOD1%** and SOD1S%® 35
EGFP fusion proteins and examined the accumulation of
intracellular SOD1 inclusions by fluorescent microscopy
or SODI1 aggregation by Western blot analysis. In agree-
ment with the known role of ATF4 and ATF6a in the
transcriptional control of ER chaperones, knocking down
these UPR components increased mutant SOD1 aggrega-
tion (Supplemental Fig. S1A-C). We verified functional
knockdown of XBP-1 as evidenced by the significant
reduction in expression of XBP-1s protein and many
XBP1-target genes (Fig. 1A,C). Similarly, IREla knock-
down reduced the levels of XBP-1 mRNA splicing and
XBP-1s expression under ER stress conditions (Fig. 1B).
Surprisingly, a drastic reduction in the generation of high-
molecular-weight and detergent-insoluble SODI1 species
was observed in XBP-1 and IREla knockdown NSC34
cells (termed shXBP-1 and shIRE], respectively) (Fig. 1E;
Supplemental Fig. S1D for total extracts). To complement
these observations, we monitored the accumulation
of SOD1 inclusions in these cells. A nearly 50% reduc-
tion in the number of cells harboring SOD1%%*# and
SOD1%R intracellular inclusions was detected in shXBP-1
and shIREl (Fig. 1D). Similar results were obtained
when IREla and XBP-1 knockdowns were performed in
Neuro2a cells (data not shown). As control, to monitor
the efficiency of protein expression/cell transfection,
SOD1VT.EGFP was expressed in shXBP-1, shIRE1, and
shControl cells, and then quantified by FACS (Supple-
mental Fig. S1E).

Consistent with a decrease in the levels of mutant
SODI1 misfolding, shXBP-1 cells displayed increased sur-
vival after SOD1%® expression as measured by monitor-
ing mitochondrial activity with the MTT assay (Fig. 1F).
We also investigated the effects of XBP-1s gain of function
in mutant SODI1 aggregation. After cotransfection of an
XBP-1s expression vector with SOD15%34 or SOD1585R
constructs, we observed increased aggregation of mutant
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experiment. Results are representative of four
independent experiments performed. Average
and standard deviation are presented. Bar,
20 pum. (E) In parallel, detergent-insoluble
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soluble SOD1 was analyzed by Western blot.
Of note, high-molecular-weight SOD1 aggre-
gates are observed. shRNA cells: (M) Mock;
(X) XBP-1; (I) IREla. SOD1 monomers are
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was monitored using the MTT assay and normalized to control nontreated (NT) cells. Data represent average and standard deviation of
three determinations. (G) NSC34 cells were cotransfected with mutant SOD1-EGFP and an XBP-1s expression vector or empty
PCDNA.3 vector. After 48 h, intracellular inclusions were observed by fluorescent microscopy (white arrowheads). (Insets) The
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representative of three independent experiments.

SODI and augmented generation of intracellular inclu-
sions (Fig. 1G). Taken together, these results revealed an
unexpected role of the IRE1a/XBP-1 axis of the UPR on
SODI1 pathogenesis.

Autophagy-mediated degradation of mutant SOD1
in XBP-1-deficient motoneurons

Diminished SOD1 aggregation in XBP-1 knockdown
NSC34 cells might be explained by the up-regulation of
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protein degradation pathways involved in mutant SOD1
clearance. Both the proteasome and macroautophagy (re-
ferred to here as autophagy) (Rubinsztein 2006; Mizushima
et al. 2008) pathways have been shown to mediate mu-
tant SOD1 degradation in vitro (Kabuta et al. 2006).
To define the contribution of these pathways to SODI1
clearance, we treated shRNA NSC34 cells with protea-
some (MG-132) or phosphatidylinositol-3 (PI3) kinase
inhibitors (3-methyladenine [3-MA] and Wortmannin),
which block an early step controlling autophagosome
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formation (Levine and Kroemer 2008; Mizushima et al.
2008), and thus inhibit autophagy. Blocking PI3 kinases
resulted in more SODI1 aggregation than did proteasome
inhibition, with recovery of mutant SODI1 aggregation
in knockdown cells (Fig. 2A). In agreement with these
results, no changes in basal proteasomal activity were
observed after knocking down XBP-1 (Supplemental

Fig. S2A).
Autophagosomes fuse with lysosomes, forming auto-
phagolysosomes where their content is degraded

(Rubinsztein 2006; Mizushima et al. 2008). In order to
study the role of the lysosomal compartment in the
degradation of mutant SOD1, we first analyzed its possi-
ble localization at the lysosome. A clear colocalization
between SOD1 mutant inclusions and acidic compart-
ments was observed in NSC34 cells when compared with
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wild-type SOD1 (Fig. 2B; Supplemental Fig. S2B). To
measure the functional degradation of mutant SOD1 by
the lysosomal pathway, we treated shXBP-1 cells with
a cocktail of lysosomal inhibitors (bafilomycin A; and the
protease inhibitors pepstatin and E64d). Using this ap-
proach, we observed an enhanced accumulation of SOD1
aggregates and inclusions in shXBP-1 cells after inhibiting
lysosomal activity (Fig. 2C).

We extended our results by knocking down ATGS5,
a major autophagy regulator in the nervous system (Hara
et al. 2006). We transduced shXBP-1 cells with shRNA
lentiviruses against the atg5 mRNA, which reduced its
mRNA levels by ~70% (Fig. 2D). A significant increase
in the levels of mutant SOD1 aggregation was observed
in shXBP-1 cells when ATGS5 expression was knocked
down, reverting the phenotype of XBP-1 deficiency

Figure 2. XBP-1 deficiency leads to
autophagy-mediated degradation of mu-
tant SODI. (A, right panel) shXBP-1 and
shControl cells were transfected with an
expression vector for SOD1%R and, after
48 h, cells were treated for 8 h with
MGI132 (10 and 1 uM) or for 16 h with
10 mM 3-MA or 10 p.M wortmannin, and
SOD1 aggregation was analyzed by West-
ern blot. (Bottom panel) A shorter expo-
sure of the same Western blot shows
monomeric SODI. As control, SOD1WT
was expressed in shControl cells. (Left
panel) Examples of SODI intracellular in-
clusions are presented visualized by fluo-
rescent microscopy in cells treated with
3-MA or not. Arrows indicate intracellular
SODI1-EGFP inclusions. Bar, 50 wm. (B)
NSC34 shControl or shXBP-1 cells were
transiently transfected with expression
vectors for SOD1WT.EGFP and SOD1<%°".
EGFP and stained with lysotracker and
Hoechst, and the colocalization with
SODI1 intracellular inclusions was deter-
mined by confocal microscopy. Bar, 10 pm.
(C) SODIWT and SODIS*® were tran-
siently expressed in shXBP-1 cells and,
after 48 h, lysosomal activity was inhibited
by treatment with 200 nM bafilomycin A,
(Baf.) alone or in combination with 10 pg/
mL pepstatin (Peps.) and E64d. SOD1 olig-
omers were visualized by Western blot
after 16 h of treatment. HSP90 levels
served as loading control. (Left panel) Ex-
amples of mutant SODI1 inclusions after
lysosome inhibition. Bar, 50 pm. (D)
shXBP-1 cells were transiently transduced
with a shRNA lentiviral constructs against
ATG5 mRNA or control vector. After 7 d,
cells were transfected with SOD1S85R.
EGFP, and the levels of mutant SODI1
aggregation were evaluated by Western
blot in total cell extracts. (Bottom panel)

A shorter exposure (low expo.) of the same Western blot shows monomeric SOD1. HSP90 levels were monitored as loading control.
(Left panel) Knockdown efficiency was monitored by real-time PCR and normalized with the levels of actin. Mean and standard
deviation are presented. Data are representative of four determinations.
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(Fig. 2D). Similar results were obtained when we targeted
the expression of Beclin-1/ATG6, the first identified
mammalian gene product shown to regulate autophagy
(Liang et al. 1999; for review, see Mizushima et al.
2008), in shXBP-1 cells (Supplemental Fig. S2C). Thus,
our results indicate that XBP-1 deficiency increases
mutant SODI1 clearance due to autophagy-mediated
degradation.

Targeting XBP-1 up-regulates basal autophagy activity

Based on the previous results, we then investigated the
possible role of XBP-1 in the regulation of autophagy. LC3
(also known as ATGS in yeast) is a commonly used mark-
er of autophagy that localizes specifically to autophago-
somes (Klionsky et al. 2008). Using LC3-EGFP fusion to

Figure 3. Inhibition of XBP-1 expression in- A
creases the levels of basal autophagy. (A) Num-
ber of cells with autophagosomes was quantified
by confocal microscopy in shControl or shXBP-1
NSC34 cells after expressing a LC3-EGFP ex-
pression vector. Cells were classified into two
groups: those that contained low LC3-EGFP dots
or those that contained more than four LC3-
EGFP dots. As control, cells were treated for 16 h
with 10 mM 3-MA. (Top panel) Representative
images of LC3-EGFP-positive vacuoles (arrows).
Bar, 10 pm. Average and standard deviation are
presented of three determinations. (B) To mon-
itor the proteolytic activity of lysosomes,
shXBP-1 and shControl cells were loaded with
DQ-BSA for 16 h and analyzed by FACS to
monitor the dequenching of the dye associated
with lysosomal degradation. (n.s.) Nonstained
cells. (Top panel) Representative images of DQ-
BSA staining are presented. Bar, 10 um. (C) Basal
levels of the endogenous lipidated LC3-II form
were monitored by Western blot in shControl
(M) or shXBP-1 (X) cells under resting condi-
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icant increase in the content of active lysosomes in XBP-1
knockdown motoneurons (Fig. 3B). Similarly, increased
lysosome content was detected after visualization of
shXBP-1 cells with lysotraker, acridine orange staining,
or electron microscopy (Supplemental Fig. S2D-F).

To determine whether the presence of LC3-positive
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Representative overlapped fluorescent images are presented. Bar, 10 wm. (E,F) shControl, shXBP-1, and shIREla cells were maintained
in rich culture medium or incubated in EBSS buffer for 2 h, and mitochondrial metabolism was determined using the MTT assay (E) or
cell viability was monitored by propidium iodide staining (F). Overlapping phase contrast and propidium iodide staining images are
shown. Average and standard deviation are presented of three to five determinations.
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rather than to decreased lysosomal fusion/degradative
activity, we monitored the flow of LC3 through the
autophagy pathway. The level of endogenous LC3-II (the
active phosphatidylethanolamine-conjugated form) was
measured under resting conditions in shXBP-1 and con-
trol cells in the presence or absence of lysosomal in-
hibitors. We observed a clear increase in the expression of
LC3-1I in shXBP-1 cells when compared with control cells
that was reverted by knocking down ATGS5 (Fig. 3C).
Interestingly, LC3-II levels were further augmented by
blocking lysosomal activity (Fig. 3C), indicating elevated
autophagy activity and LC3 flux in shXBP-1 cells. These
data were also corroborated by expressing a tandem
monomeric RFP-GFP-tagged LC3, where the LC3 flux
into the lysosomal acidic compartment can be followed
in living cells in the absence of drug treatment (Fig. 3D;
Klionsky et al. 2008).

Since autophagy was described originally as a survival
pathway under limiting nutrient conditions, we tested
the cellular consequence of increased basal autophagy in
IREla- and XBP-1-deficient NSC34 cells by analyzing
their susceptibility to nutrient starvation (assessment of
preconditioning effect). Using two independent methods,
we observed that shXBP-1 and shIREI cells were more
resistant to starvation-induced cell death induced by
incubating cells in Earle’s balanced salt solution (EBSS)
buffer (Fig. 3E,F). Together, these results indicate that
functional autophagy is overactive in cells where IREla
signaling is impaired.

ER-associated degradation (ERAD) impairment
increases basal autophagy

Through ERAD, misfolded proteins accumulated at the
ER are retrotranslocated to the cytosol for degradation by
the proteasome, and ERAD-related genes are a major
target of XBP-1s (Lee et al. 2003). Autophagy has been
suggested to act as a second ERAD pathway for degrada-
tion of ER-located misfolded proteins (Fujita et al. 2007).
Because proteasome impairment has been shown to
trigger autophagy (Ding et al. 2007; Pandey et al. 2007;
Kaganovich et al. 2008), we hypothesized that XBP-1
deficiency may affect ERAD and other related processes,
leading to increased basal levels of misfolded proteins at
the ER, activating autophagy as a survival mechanism. To
determine the effects of XBP-1 on ERAD activity in
motoneurons, we first monitored the levels of a classical
ERAD substrate, CD3-3-YFP (Lerner et al. 2007), in
shXBP-1 cells under resting conditions. To determine
the flow of CD3-3-YFP through the ERAD pathway for
proteasome-mediated degradation, experiments were per-
formed after inhibition of translation by cycloheximide
treatment in the presence or absence of proteasome
inhibitors. Western blot analysis of CD3-8-YFP-express-
ing cells revealed a marked decrease in its degradation in
shXBP-1 cells when compared with control cells (Fig. 4A).
To test the possible involvement of ERAD-related XBP-1
target genes in the up-regulation of autophagy, we
knocked down EDEM]1, a key protein in ERAD (Molinari
et al. 2003) that is specifically up-regulated by XBP-1
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Figure 4. Reduced ERAD in XBP-1 knockdown cells and its
connection with autophagy. (A) ERAD activity was measured in
shXBP-1 and control cells by determining the degradation rate of
the substrate CD3-3-YFP by Western blot after 3 h of cyclohex-
imide (cyclohex.) treatment to allow for the clearance of CD3-
3-YFP through the proteasome. As control, cells were cotreated
with the proteasome inhibitor MG132. Nontransfected (NT)
cells are also shown. (B) Mutant SOD1 aggregation was detected
by Western blot analysis in NSC34 cells transduced with
EDEM1 shRNA. Two different EDEM1 shRNA constructs
(ShEDEM) were used that reduced mRNA levels. Results are
representative of three independent experiments. (Left panel)
Knockdown levels were determined by real-time PCR. (C) In
parallel, cells transduced with a shRNA construct against
EDEM1 mRNA (construct 2 from B) or control vector were
transiently transfected with an LC3-EGFP expression vector and
the levels of autophagosomes were visualized and quantified
after 48 h with a confocal microscope. Average and standard
deviation are presented. Arrows indicate LC3-labeled autopha-
gosomes. Bar, 10 pm.

under ER stress conditions (Lee et al. 2003). Interestingly,
decreasing EDEM1 levels in NSC34 cells recapitulated
the phenotype of XBP-1 silencing, with reduced accumu-
lation of SOD1%®*® detergent-insoluble species (Fig. 4B).
In addition, elevated numbers of LC3-labeled autophago-
somes were observed in these cells (Fig. 4C). These results
suggest that the protective effects of XBP-1 deficiency on
SOD1 pathogenesis are related to its essential regulation
of ERAD function.
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XBP-1 deficiency prolongs the life span of a mutant
SOD1 transgenic mouse

To establish the role of XBP-1 in fALS in vivo, we first
monitored the levels of ER stress markers in the spinal
cord of SOD1%*4 or mouse SOD1%3¢R (the equivalent to
human SOD1%%°® mutation) transgenic mice. In agree-
ment with previous reports, we observed the up-regula-
tion of PDI, Grp78/BiP, and CHOP in symptomatic
animals (Supplemental Fig. S3A). More importantly,
XBP-1 mRNA splicing was observed in the SOD1%8R
transgenic mice (Fig. 5A), which correlated with the up-
regulation of its target genes edem (Fig. 5B), herp, erdj4,
wfs-1, sec61, grp58, and other UPR-related genes (Sup-
plemental Fig. S3B).

To establish the contribution of XBP-1 to fALS in vivo,
we generated an XBP-1 conditional knockout model in
which xbp-1 was deleted in the nervous system using the
Nestin-Cre system (XBP-1N"/~) (Hetz et al. 2008). These
mice developed normally and did not show any overt
spontaneous disease phenotype as we described recently
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Figure 5. XBP-1 deficiency in the nervous system prolongs life
span of mutant SOD1 transgenic mice and decreases the levels
of apoptosis. (A) The levels of XBP-1 mRNA splicing (XBP-1s)
and nonspliced (XBP-1u/s) were determined in the spinal cord of
three symptomatic SOD1%R transgenic mice by RT-PCR. (B)
The mRNA level of the XBP-1 target gene edem1 was analyzed
by real-time PCR in total cDNA obtained from the spinal cord
of five SOD1%%R or four littermate control mice. All samples
were normalized to B-actin levels. Average and standard de-
viation are presented. P-value was calculated using Student’s
t-test. (C) XBP-1N~/~ (N = 7) and control wild-type (N = 9) mice
were bred onto SODIS®®R transgenic mice and survival was
evaluated in female animals. P-value was calculated with
Kaplan-Meier statistics. (D) TUNEL-positive cells in the right
half of the ventral horn were quantified in a total of five animals
per group in mice at the late stage of the disease. Average and
standard deviation are presented. Indicated P-value was calcu-
lated using Student’s t-test.
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(Hetz et al. 2008). We cross-bred XBP-1N*"/~ mice with
SOD1%8R transgenic mice to evaluate the role of XBP-1
in animal survival. Consistent with our cellular studies,
XBP-1 deficiency resulted in an average overall increase
in life span of 10 d in SOD18¢® mice (Supplemental Fig.
S4A). Interestingly, analysis by gender revealed that this
was entirely due to the effect of XBP1 deficiency in female
animals. XBP-1 deficiency in females resulted in a highly
significant increase in life span of 22 d (P = 0.0019), with
an average survival of 110 and 132 d for XBP-1WT-
SOD158¢R and XBP-1N*/~_SOD1%R mice, respectively
(Fig. 5C). Analysis of male animals did not show a signif-
icant effect on life span (Supplemental Fig. S4B). Life span
extension was associated with a delay in the disease onset
in XBP-1N"/~ mice, but the duration of the symptom-
atic phase of the disease was not affected by XBP-1
deficiency or gender when compared with control ani-
mals (Supplemental Fig. S4C,D). The increased life span
in females correlated with a 30% decrease in apoptosis
in the ventral horn of the spinal cord of XBP-1N¢~/——
SOD1%%R mice compared with control animals (P = 0.03)
(Fig. 5D). Thus, despite our initial prediction that impair-
ment of the IRE1a/XBP-1-dependent adaptive response
would accelerate neuronal dysfunction and disease sever-
ity, therefore decreasing the life span of fALS mouse
models, we observed significant protection against dis-
ease in female animals.

XBP-1 deficiency increases autophagy and SOD1
degradation in vivo

To test whether XBP-1 deficiency alters autophagy levels
in fALS in vivo, we monitored the number of neurons
containing autophagosomes in the ventral horn of the
spinal cord. A marked increase of neurons containing
LC3-labeled autophagosomes was observed in SOD158¢%/
XBP-1N*"/~ mice when compared with control animals
(Fig. 6A). Histological quantification of different animals
revealed that ~50% of neurons in the ventral horn con-
tained LC3-positive autophagosomes (P = 0.005) (Fig. 6A).
In contrast, SOD1%%® mice on a wild-type background
showed only a slight increase in the number of autopha-
gosomes in some animals when compared with non-
transgenic animals, totaling, on average, ~15% of neu-
rons containing LC3-positive vesicles (Fig. 6A). Of note,
the majority of LC3-positive cells were positive for NeuN
staining (>90%) in the ventral horn (Supplemental Fig.
S5A). In agreement with this observation, astrocytes
were, in general, negative for LC3-positive dots (Fig. 6B),
indicating a specific contribution of XBP-1 deficiency to
the enhancement of autophagy in neurons. In addition,
although SOD1%®® transgenic mice show clear signs of
glial activation, this phenomenon was not drastically af-
fected by XBP-1 deficiency (Supplemental Fig. S6).
Analysis of lysosomal content by LAMP-2 staining
revealed a higher content in motoneurons of SOD1%8¢%_
XBP-1N*"/~ mice when compared with control mice (Fig.
6C). Similar results were observed when autophagosomal
structures were visualized by electron microscopy (see
Supplemental Fig. S5B). In addition, we measured the
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Figure 6. XBP-1 deficiency increases autophagy
levels in neurons of SOD1S8® transgenic mice. (A)
Autophagosomes were directly observed in the spi-
nal cord of control of mSOD1%%® transgenic mice
on an XBP-1"7T or XBP-1N¢*~/~ background by inmu-
nofluorescence using an anti-LC3 antibody (green).
Neurons were costained with an anti-NeuN anti-
body (red) and with Hoechst (nucleus, blue). Images
are representative of the analysis of five different
animals per group of ~125-130 d of age. (Right
panel) Quantification of the percentage of NeuN-
positive cells containing LC3-positive vacuoles.
Values represent average and standard deviation.
P-value was calculated using Student’s t-test. Bar,
10 pm. (B) The colocalization between LC3-positive
dots (red) with neurons (NeuN, blue) or astrocytes
(GFAP, green) was analyzed in the spinal cord of
a mSOD1S8® transgenic mice using coimmuno-
fluorescence. A merged picture is presented where
white arrows indicate astrocytes and red arrows
indicate neurons. A negative control of staining with-
out primary antibodies is presented. Bar, 20 pm. (C)
Lysosomes were visualized in the samples in A after
LAMP-2 staining (red). Colocalization with moto-
neurons was evaluated after ChAT (green) staining
(white arrow). Total cells were stained with Hoechst
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(nucleus, blue). Quantification of LAMP-2-positive

motoneurons is indicated in the inset. Bar, 20 um.

(D) Beclin-1, LC3, and Hsp90 expression were de-
termined in spinal cord protein extracts from symp-

Merge/
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tomatic mSOD1%#R transgenic or control mice by
Western blot. LC3-II form is indicated. Two repre-
sentative animals are shown per group.

expression of LC3-II in the spinal cord of symptomatic
SOD1%8R mice bred onto a wild-type or XBP-1Nes~/~
background. In agreement with the histological charac-
terization, accumulation of LC3-II was only evident by
Western blot analysis in XBP-1N*/~_SOD1%%R mice
(Fig. 6D), which may be related to the low abundance of
autophagosomes in SOD1%8® control mice as visualized
by histology, and would be diluted in a total tissue
extract. Interestingly, Western blot analysis revealed in-
duction of the autophagy regulator Beclin-1 in the XBP-1-
sufficient SOD1%8® strain that was further increased in
XBP-1N*/~_S0D1%%R animals (Fig. 6D). Although alter-
ations in Beclin-1 levels are not usually used as an indi-
cation of autophagy, changes in Beclin-1 expression have
been reported to correlate well with autophagy levels in
animal models of brain ischemia and injury (Diskin et al.
2005; Carloni et al. 2008; Rami et al. 2008), and auto-
phagy-mediated clearance of aggregate-prone proteins in
models of Huntington’s and Alzheimer’s disease (Shibata
et al. 2006; Pickford et al. 2008). Overall, our results

indicate that the slight increase in autophagy in SOD1
mutant spinal cords described previously (Morimoto
et al. 2007) is significantly enhanced when XBP-1 is ab-
lated in the nervous system.

To monitor the active engulfment of SOD1 aggregates
by autophagy in the spinal cord of XBP-1N¢~/~ mice, we
performed SOD1 immunogold staining and electron
microscopy analysis. We were able to visualize SOD1
inside autophagosomes using this method (Fig. 7A). In
addition, we detected a colocalization of SOD1 and LC3
in vesicular structures by double-immunogold staining of
presymptomatic XBP-1N¢"/~_SOD1%8¢® mice (Fig. 7C).
Consistent with increased autophagy levels in XBP-1Nes~/~
mice and the colocalization of SOD1 with autophagosomal
structures, analysis of female animals revealed almost
complete elimination of mutant SOD1 aggregates in the
spinal cord of some XBP-1V*~/~_SOD1%%°R animals when
compared with littermate control female mice (Fig. 7B).
Consistent with the animal survival data, the levels of
SODI1 aggregation and numbers of LC3-positive cells
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Figure 7. Decreased mutant SODI1 aggrega-
tion in XBP-1-deficient mice and enhanced
autophagy in sALS and fALS patients. (A)
Electron microscopy sections of SOD18R/
XBP-1N¢~/~ mice were analyzed by immu-
nogold staining of SOD1. Autophagosomes
were identified by the presence of double-
membrane vesicles containing cytosol and
organelles such as mitochondria (M). (Bottom
panel) A higher magnification of the areas
marked with red squares is shown to depict
the double membrane of the vesicle and
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SOD1 immunogold staining (see arrows). Im-
ages are representative of three independent
experiments. (B) SOD1 aggregation was de-
termined by Western blot in XBP-1N*~/~ and
control SOD1%¥R presymptomatic female
mice of the same litter (90 d of age). Two
animals per group are presented. As loading
control, Hsp90 levels were monitored. (C)
Colocalization of SOD1 and LC3 was deter-
mined by double-immunogold staining. Gold
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(Panels iii,iv)] Two magnifications showing
the colocalization of LC3 and SODI1 inside
a dense structure (white arrow). (Panels v,vi)
Two magnifications showing the colocaliza-
tion of LC3 and SODI in an autophagosomal
structure. White arrows indicate double
membranes. Arrows in panels iv and vi are
SODI1 (yellow), 5-nm gold colloid; and LC3
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tures of the analysis of three animals per group in two independent experiments are presented. (D) Increased levels of autophagy in post-
mortem samples of sALS and fALS cases. The levels of BECLIN-1, ATG5-ATG12 complex, LC3, EDEMI, and polyubiquitinated
proteins were investigated in total protein extracts derived from spinal cord post-mortem samples from sALS and fALS patients and
three healthy control subjects. HSP90 levels were analyzed as loading control.

were not significantly affected in male XBP-1Nes~/——
SOD1%8¢R animals compared with control mice (Supple-
mental Fig. S7A,B). Taken together, these data indicate
that XBP-1 deficiency in female mice leads to increased
autophagy, associated with augmented mutant SODI
clearance and prolonged life span.

Up-regulation of autophagy in the spinal cord of SALS
and fALS cases

Finally, to characterize the role of autophagy in sALS and
fALS, we determined the levels of LC3-I, LC3-II, BECLIN-
1, and the ATG5-ATG12 complex in human post-mor-
tem spinal cord samples. A marked induction of autoph-
agy markers was observed in the majority of samples
analyzed when compared with age-matched, healthy
control subjects (Fig. 7D). Interestingly, the relative levels
of BECLIN-1 induction correlated well with increased
amounts of polyubiquitinated proteins (Fig. 7D). Two
recent reports (Ilieva et al. 2007; Atkin et al. 2008)
indicated that signs of ER stress are observed in the spinal
cord of sALS post-mortem samples. To determine
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whether XBP-1 and the UPR are active in sALS, we
analyzed the expression levels of different UPR markers
in post-mortem spinal cord samples from sALS patients.
There was marked expression of XBP-1s and ATF4 in
several SALS cases, up to a 4.5-fold increase, in addition to
the ER chaperone Grp58 (Supplemental Fig. S8). Consis-
tent with these results, increased expression of the XBP-
Is target EDEM1 was observed in both sALS and fALS
cases (Fig. 7D). These data corroborate previous findings
suggesting that ER stress is observed in sALS patients,
and suggest an active engagement of the UPR and
autophagy in ALS.

Discussion

A common feature of many neurodegenerative diseases is
the accumulation of misfolded proteins in the brain,
affecting cognitive and motor functions. Increased ex-
pression of ER stress markers is observed in post-mortem
brain tissues from patients affected with diseases such
as Parkinson’s disease, ALS, Alzheimer’s disease, and
Creutzfeldt-Jacob’s disease, in addition to mouse models
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(for review, see Matus et al. 2008). The predicted func-
tional significance of ER stress in the disease process is
complex because it has two paradoxical interpretations:
Activation of the UPR could result in protective re-
sponses to increase protein folding and quality control
mechanisms (adaptive phase). Alternatively, ER stress
may represent a deleterious signaling event during
chronic stress due to the irreversible disturbance of ER
homeostasis (proapoptotic phase). Here, we defined the
role of XBP-1 in fALS models. To our surprise, silencing
XBP-1 and IREla led to a drastic decrease in the misfold-
ing of mutant SODI, as established by a series of
complementary methodologies. This phenotype was
explained by the up-regulation of autophagy in XBP-1-
deficient cells, uncovering an unexpected function of the
IRE1a/XBP-1 axis of the UPR.

The occurrence of ER stress is associated with disease
progression and motoneuron degeneration in ALS mouse
models, and occurs during early presymptomatic stages
(Saxena et al. 2009). Activation of the three major UPR
stress pathways is observed in the spinal cord of mutant
SODI1 transgenic mice (Atkin et al. 2006; Kikuchi et al.
2006). Interestingly, mutations in ALS8/VAPB, a gene
recently discovered to be linked with fALS, may directly
affect ATF6 and XBP-1 signaling (Gkogkas et al. 2008),
increasing the susceptibility of cells to ER stress-medi-
ated apoptosis (Suzuki et al. 2009). More importantly,
analysis of post-mortem samples derived from sALS
patients demonstrated up-regulation of UPR components
(Ilieva et al. 2007; Atkin et al. 2008). Our results con-
firmed these observations and further demonstrated for
the first time up-regulation of the UPR transcription
factors ATF4 and XBP-1 in tissue from human sALS
patients. Overall, these studies suggest that ER stress
and protein misfolding is a common feature of sALS and
different forms of fALS.

To address the function of XBP-1 in fALS in vivo, we
studied the susceptibility of mice with selective defi-
ciency of XBP-1 in the nervous system to experimental
ALS. Targeting XBP-1 in the nervous system increased
life span and motoneuron survival of mutant SODI1
transgenic mice, despite initial predictions that XBP-1
ablation would enhance disease severity based on its role
as an ER stress survival factor. XBP-1 deficiency attenu-
ated the rate of apoptosis in the ventral horn of SOD1%8R
transgenic mice, associated with enhanced autophagy
and diminished levels of mutant SOD1 aggregation. Since
the Nestin-Cre transgene deletes in many cell types of the
nervous system in addition to neurons, we cannot rule
out a contribution of glial cells to the protective effects of
XBP-1 ablation, as these cells are known to contribute to
ALS pathogenesis (Pasinelli and Brown 2006). Of note,
a recent study demonstrated that neuronal expression of
mutant SODI in transgenic mice is sufficient to cause
motoneuron degeneration and paralysis (Jaarsma et al.
2008). Conversely, we observed that most of the cells
displaying LC3-labeled autophagosomes in the ventral
horn of XBP-1N*~/~/SOD1%*R mice were neurons and
not astrocytes, suggesting a specific effect of XBP-1 de-
ficiency on autophagy levels in neurons.

XBP-1 controls mutant SOD1 clearance

The effect of XBP-1 ablation was more evident in
females, suggesting that the protective consequences of
autophagy may be influenced by gender. A recent report
also indicated that targeting BECLIN-1-dependent auto-
phagy in the context of an Alzheimer’s disease model had
beneficial effects only in female and not in male animals
(Pickford et al. 2008), suggesting that autophagy levels are
influenced by gender. We obtained data supporting this
hypothesis by monitoring the levels of LC3-II conversion
in male and female mice using a classical model of
autophagy in which nutrient starvation triggers the pro-
cess in muscle tissue (Supplemental Fig. S7C; Mizushima
et al. 2004). Interestingly, the incidence of human ALS is
higher in males than females, and other reports have
detected marked differences between genders in SOD1
transgenic mice (for examples, see Lepore et al. 2007;
Stam et al. 2008), although the molecular basis of these
gender differences is not understood. Along this line, we
observed intrinsic differences in our SOD1%%¢® trans-
genic mice, where the accumulation of SOD1 aggregates
was higher in males than females despite similar mRNA
levels between genders (Supplemental Fig. S7D,E).

In contrast to our results, a recent report indicated that
treatment of mutant SODI1 transgenic mice with salubri-
nal (Saxena et al. 2009), a small molecule that augments
elF2a phosphorylation with concomitant ATF4 up-regu-
lation, significantly delays disease onset, increasing life
span. These results are consistent with the effects of
ATF4 knockdown in mutant SODI1 aggregation. Taken
together with the current study, an intriguing scenario
emerges in which the contribution of ER stress to protein
misfolding disorders is more complex than previously
anticipated, since each UPR signaling branch may have
distinct effects on the cellular responses to mutant SOD1
protein misfolding.

In addition to its role as a survival pathway under
conditions of nutrient starvation, autophagy is critical for
the maintenance of neuronal homeostasis and contrib-
utes to basal elimination of misfolded proteins, and brain-
specific ablation of essential autophagy-related genes
results in spontaneous neurodegeneration (Hara et al.
2006; Komatsu et al. 2006). In addition, pharmacological
activation of autophagy has proven beneficial in different
models of neurodegeneration (for reviews, see Rubinsztein
2006; Matus et al. 2008). Our analysis of the XBP-1N¢s~/~
ALS model strain has uncovered a heretofore unappreci-
ated cross-talk between autophagy and the UPR in the
nervous system, where homeostatic balance related to
XBP-1 deficiency lead to increased autophagy, possibly
due to ERAD impairment. ERAD is an essential process
controlled by XBP-1 that decreases the unfolded protein
load at the ER. However, recent data indicate that dis-
ease-related protein aggregates linked to neurodegenera-
tion are poorly degraded by the proteasome (Rubinsztein
2006), and in some cases can even block ERAD, triggering
ER stress (Duennwald and Lindquist 2008; Nishitoh et al.
2008).

The functional connection between the UPR and
autophagy may explain the lack of lethality or spontane-
ous disease in XBP-1N*"/~ mice (model in Supplemental
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Fig. S9). Because many aggregate-prone proteins, such as
SOD1, cause disease by a gain-of-function mechanism,
therapeutic strategies that reduce the levels of such
proteins by increasing autophagy may be beneficial. In
fact, we observed a clear induction of several autophagy
markers in SALS and fALS spinal cord samples, indicating
that autophagy is a relevant cellular response in ALS. Our
results uncover a new function of XBP-1 in vivo, and
suggest that small molecules such as IREla inhibitors
and chemical chaperones in addition to autophagy acti-
vators may be a feasible strategy for the treatment of
protein folding disorders in the nervous system.

Materials and methods

Knockdown of UPR and autophagy components
in motoneurons

We generated stable motoneuron cell lines with reduced levels of
XBP-1, IRElq, Beclin-1, and EDEMI1 using methods described
previously (Hetz et al. 2007) by targeting the respective mRNA
with shRNA using the lentiviral expression vector pLKO.1 and
puromycin selection.

Assays for mutant SOD1 aggregation and detection
of intracellular inclusions

We developed assays using the transient expression of human
SOD1™T and the mutants SOD1%%** and SOD1“**® as EGFP
fusion proteins. SOD1 oligomers were visualized in total cell
extracts prepared in RIPA buffer and sonication, and then
analyzed by Western blot. Alternatively, nuclear cell lysates
were prepared in 1% NP-40 in PBS containing protease in-
hibitors. After solubilization for 30 min on ice, cell nuclei were
precipitated by centrifugation at 3000 rpm for 5 min and cell
extracts were centrifuged at 10,000g for 10 min to collect NP-40-
soluble and -insoluble material. Pellets were resuspended in
Western blot sampler buffer containing SDS.

Quantification of autophagy and cell viability

Different assays and control experiments were used to monitor
autophagy-related processes following the recommendations
and precautions described in Klionsky et al. (2008). Living cells
were stained with 200 nM lysotraker or 600 nM Acridine orange
for 45 min at 37°C and 5% CO,. Alternatively, cells were loaded
with DQ-BSA to monitor lysosomal activity as described pre-
viously (Klionsky et al. 2008). Autophagy was monitored by
analyzing LC3-positive dots or the levels of LC3-IT by Western
blot and its flux through the autophagosomal/lysosomal path-
way by treating cells with a mix of 200 nM bafilomycin A;,
10 pg/mL pepstatin, and 10 pg/mL E64d. Alternatively, to
monitor flux, we transiently expressed a tandem monomeric
RFP-GFP-tagged LC3 (Klionsky et al. 2008). Cell viability was
monitored using the MTT assay or propidium iodide staining
(Lisbona et al. 2009). Proteasomal or ERAD activity was moni-
tored after transient transfection of the fluorescent substrate
GFPu or CD3-5-YFP and FACS analysis.

Animal experimentation

XBP-1 conditional knockout mice were described previously
(Hetz et al. 2008). We used as an ALS model the SOD1S8¢R
transgenic strain (the equivalent of human SOD1%%°}|, which
was generated in the FVB/N strain [strain FVB-Tg(Sodl-
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G86R)M1Jwg/], The Jackson Laboratory]. All animal experi-
ments were performed according to procedures approved by
the Institutional Review Board’s Animal Care and Use Commit-
tee of the Harvard School of Public Health (approved animal
protocol 04137) and the Faculty of Medicine of the University of
Chile (approved protocol CBA no. 0208 FMUCH). Disease pro-
gression was determined using methods described previously
(Hetz et al. 2007, 2008).

Tissue analysis

To monitor SOD1 pathogenesis in vivo, animals were eutha-
nized and tissue was collected for histology at different time
points, depending on the analysis required. Spinal cord tissue
was processed for immunohistochemistry using standard pro-
cedures as described (Hetz et al. 2007). Confocal microscopy was
used to acquire images and then analysis was performed using
the IP laboratory version 4.04 software (Beckon and Dickenson).
Antibodies and dilutions used are described in the Supplemental
Material.

Western blot analysis of spinal cord extracts

One centimeter of lumbar spinal cord tissue was collected and
homogenized in RIPA buffer (20 mM Tris at pH 8.0, 150 mM
NaCl, 0.1% SDS, 0.5% DOC, 0.5% Triton X-100) containing
a protease inhibitor cocktail (Roche) by sonication. Antibodies
and dilutions used are described in the Supplemental Material.

Electron microscopy studies and immunogold staining

Autophagosomes were also visualized by transmission electron
microscopy as in Klionsky et al. (2008) and morphology was
examined using standard methods (Eskelinen 2008). Immuno-
gold electron microscopy staining was perfomed as we described
previously (Court et al. 2008).

ALS human post-mortem spinal cord samples

Human post-mortem tissue from ALS and control subjects was
obtained as frozen tissue from the Massachusetts General Hos-
pital and then processed for biochemical analysis. The gender,
genotype, age of death, and identity numbers are indicated in
Supplemental Table 1.

Statistical analysis

Data were analyzed by Student’s t-test, two-way ANOVA, or
Kaplan-Meier statistics. The GraphPad Prism 5 software was
used for statistical analysis. Complete methodological details are
described in the Supplemental Material.
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