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Abstract

Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative disorder affecting
predominantly motor neurons. Recent studies suggest that the disease progression of ALS is non-
cell-autonomous, although the interaction between neurons and glial cells in different disease
stages is not entirely clear. Here, we demonstrate that the interferon (IFN) signaling pathway is
activated in human SOD1(G93A) transgenic mice, a rodent model of ALS. IFN-stimulated genes
(ISGs) increased in the spinal cord of SOD1(G93A) mice at a pre-symptomatic age. In addition,
the up-regulated I1SGs, and most likely their transcriptional activators, were found specifically in
astrocytes surrounding motor neurons, suggesting that IFN signaling in astrocytes was triggered
by specific pathologic changes in motor neurons. Furthermore, induction of ISGs in cultured
astrocytes was highly sensitive to IFN, especially type | IFN. ISGs in astrocytes were activated
specifically by endoplasmic reticulum stress-induced neurodegeneration in vitro, implicating a
similar process in the pre-symptomatic stage of SOD1 mutant mice. Finally, reduction or deletion
of IFNa receptor 1 inhibited IFN signaling and increased the life-span of SOD1(G93A) mice.
Thus, the activation of IFN signaling pathways represents an early “dialogue” between motor
neurons and astrocytes in response to pathological changes in ALS.
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INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative disorder affecting
both upper and lower motor neurons, resulting in a gradual loss of motor neuron function
and muscle atrophy, which ultimately leads to paralysis and death (Boillee et al. 2006g;
Bruijn et al. 2004). Although 90% of all ALS cases are sporadic, there are also genetic
causes, such as mutations in superoxide dismutase 1 (SOD1) (Pasinelli and Brown 2006;
Rosen et al. 1993). Transgenic mouse models overexpressing mutant human SOD1 manifest
symptoms of ALS (Bendotti and Carri 2004; Bruijn et al. 1997; Gurney et al. 1994). The
relatively consistent disease onset and survival period of the transgenic SOD1 mouse lines
makes them particularly suitable for studying temporal events linked to different disease
stages.

The search for the mechanism of motor neuron degeneration in ALS originally focused on
motor neurons, but non-neuronal cells and non-cell-autonomous pathways contribute to its
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pathogenesis. Normal non-neuronal cells can protect motor neurons that express the mutated
SOD1 gene (Clement et al. 2003). Microglia and astrocytes carrying a SOD1 mutant had no
effect on disease onset, but played an important role in disease progression (Boillee et al.
2006b; Yamanaka et al. 2008). Immune and inflammatory components also contribute to the
pathogenesis of ALS before motor symptoms become apparent. Increased immunostaining
for reactive astrocytes and microglial/macrophage markers are observed in areas of motor
neuron degeneration in all forms of human ALS (Ince et al. 1996; Kawamata et al. 1992)
and in symptomatic SOD1 mice (Almer et al. 1999; Bruijn et al. 1997; Hall et al. 1998,
Alexianu, 2001). Pro-inflammatory cytokines such as interleukin-6 (IL6) and interleukin-13
(IL1p) are elevated in the cerebrospinal fluid (Sekizawa et al. 1998) and spinal cord (Li et al.
2000) of ALS patients. Increased levels of the macrophage-derived cytokines, IL1 and
tumor necrosis factor-o. (TNFa), as well as several other pro-inflammatory factors, occur in
the spinal cord of SOD1 mice, even before motor neuron loss (Elliott 2001; Hensley et al.
2002; Yoshihara et al. 2002). Microglia are the resident immune cells of the CNS and the
source and target of cytokines (Hanisch 2002; Streit 2002). The activation of microglia
during pathogenesis will in turn activate astrocytes to release more cytokines, thus creating a
vicious circle (Dong and Benveniste 2001). However, the molecular events that trigger
immune/inflammatory responses in ALS and whether motor neurons participate in this
process are not well understood.

Here, we found that interferon-stimulated genes (ISGs) were up-regulated in the spinal cord
of SOD1(G93A) mice at a pre-symptomatic age, about 30 days before disease onset.
Importantly, this up-regulation was observed specifically in astrocytes surrounding motor
neurons. Furthermore, expression of ISGs in cultured astrocytes was highly inducible by
type I interferon (IFN). Finally, reduction or deletion of IFNa receptor 1 (IFNAR1) inhibited
IFN signaling and increased the life span of SOD1(G93A) mice. All these results suggest
that the activation of IFN signaling pathway in SOD1(G93A) spinal cord may represent an
early “dialogue” between motor neurons and astrocytes in response to pathological changes
in ALS.

MATERIALS AND METHODS

Mice

SOD1(G93A) transgenic mice, which express the human SOD1 gene containing a G93A
mutation [B6SJL-TgN(SOD1-G93A)1Gur/J line and B6.Cg-Tg(SOD1-G93A)1Gur/J line]
were obtained from Jackson Laboratory. B6SJL-TgN(SOD1-G93A)1Gur/J mice were
maintained as hemizygotes by breeding transgenic males with wild-type B6SJL females.
The littermates were used in most experiments. B6.Cg-Tg(SOD1-G93A)1Gur/J were also
maintained as hemizygotes by breeding transgenic males with wild-type C57BL/6J females.
B6.Cg-Tg(SOD1-G93A)1Gur/J and C57BL/6J-IFNAR1 ™~ (Muller et al. 1994) mice served
as founders for the cross-breeding experiment. The mice were housed in a virus-free barrier
facility under a 12-h light/dark cycle, with ad libitum access to food and water. All
procedures were performed in accordance with the NIH Guide for the Care and Use of
Laboratory Animals and the Society for Neuroscience “Guidelines for the Use of Animals in
Neuroscience Research,” using protocols approved by Sanford-Burnham Medical Research
Institute Animal Research Committee.

Cross-breeding of mice

Cross-breeding of B6.Cg-Tg(SOD1-G93A)1Gur/J males and C57BL/6J-IFNARL ™~
females resulted in SOD1(G93A)-IFNAR1*/~ mice and IFNAR1*/~ mice. We then used
mice derived from breeding SOD1(G93A)-IFNAR1*/~ males with IFNAR1*/~ females to
assess the effect of both IFNARL loss (IFNAR1 /") and IFNAR1 reduction (IFNAR1*/7) on
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the survival of SOD1(G93A) mice. Survival time was measured by recording the date that
each animal reached an endpoint where they were unable to right themselves for 10 s after
being placed on their sides (Wang and Zhang 2005). At this stage, mice were killed.

Human tissue samples

Cell Culture

Human lumbar spinal cord segments from five patients that died of respiratory failure
caused by ALS were provided by the Human Brain and Spinal Fluid Resource Center, VA
West Los Angeles Healthcare Center, Los Angeles, CA, which is sponsored by NINDS/
NIMH, National Multiple Sclerosis Society, and the Department of Veterans Affairs.
Control samples were obtained from four individuals without evidence of ALS disease. The
age, gender and post-mortem interval of the subjects are described in Table 1.

Primary spinal motor neuron cultures were derived from E12.5 C57 BL/6 mouse embryos.
Briefly, isolated spinal cords were digested in 0.25% papain in Hank’s balanced salt
solution(HBSS) for 15 min at 37 °C. Cells were dissociated by triturating and were plated at
5 x 10° cells/cm? on glass coverslips coated with poly-L-ornithine and laminin. Cultures
were maintained in medium consisting of Neurobasal media, 2% B-27 supplement, 2%
horse serum, 0.5 mM L-glutamine, 1% penicillin/streptomycin, 1 ng/ml BDNF, 100 pg/ml
GDNF, and 10 ng/ml CNTF, at 37 °C and 5% CO,. All materials for cell culture were from
Invitrogen except that growth factors were from Millipore. After 7 days in vitro (DIV),
cultures were used for experiments. These cultures had about 31% neurons, 68% astrocytes,
and 1% microglia. Neurotoxic reagents, including 100 uM glutamate, 30 nM rotenone
(Sigma), and 0.2uM tunicamycin (MP Biomedicals), were added to the culture medium.
Neuronal viability was assessed after neurotoxin exposure using immunostaining with an
anti-SMI32 antibody and counting all surviving SMI132-positive motor neurons. 1sg15
protein was examined using Western blotting.

Primary spinal cord astrocyte cultures were obtained from P1 C57/BL6 mouse pups. Spinal
cord tissue was incubated for 20 min at 37 °C in HBSS plus 0.5mM EDTA and 0.5%
trypsin. Cells were dissociated by trituration, plated on poly-L-lysine-coated 75 cm? flasks,
and maintained at 37 °C and 5% CO, in DMEM with 2 mM glutamine, 10% fetal bovine
serum and 100 U/ml of penicillin/streptomycin. Ten days later, cultures were shaken in an
incubator at 37 °C, 250 rpm for 24 h. After rinsing with culture medium, the undetached
cells were passed from the flasks into Petri dishes. The secondary cultures were grown for >
8 DIV before being treated with IFNB, IFNy, Lipopolysaccharide (LPS, Sigma), IL1p
(Sigma), TNFa (Sigma), rabbit anti-IFNa antibody, rabbit anti-IFNp antibody, or rabbit anti-
IFNy antibody. IFNs and anti-IFN antibodies were from PBL InterferonSource.

Gene Expression Array Analysis

Total RNA was extracted individually from the lumbar spinal cord of three P60 female
SOD1(G93A) mice and three wild-type female littermates using RNeasy (Qiagen). A DNA
removal step was included in all RNA extraction experiments. RNA quality was examined
using gel electrophoresis and optical density measurement. Total RNA was then used as a
template for double-stranded cDNA synthesis (MessegeAMP 11 kit, Ambion), which was
used as a template for biotin-labeled cRNA synthesis (High Yield RNA Transcription
Labeling kit; Affymetrix). Biotin-labeled cRNA samples were submitted to the DNA
Microarray Core facility at UCLA, for hybridization and scanning with a standardized
protocol. Mouse Genome 430 2.0 Array chips were obtained from Affymetrix. Each chip
was hybridized with the cRNA sample from one mouse. Microarray Suite 5.0 was used to
generate CEL files using the default settings. dChip software (Li and Hung Wong 2001) was
used for calculation of expression levels because it operates consistently in comparison to
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other analysis software/algorithms (Zakharkin et al. 2005). Model-based expression values
were calculated by the perfect match-only method. Probe sets with at least two Present calls
and an average model-based expression value of at least 30 in either SOD1(G93A) group or
wild-type control group were first filtered, and then differentially regulated genes were
selected by comparison analysis using a lower 90% confidence bound of a 1.5-fold change
(unpaired two-tailed t - test, p < 0.05). Gene-annotation analysis was performed with the
Database for Annotation, Visualization, and Integrated Discovery (DAVID;
http://david.abcc.ncifcrf.gov/) (Dennis et al. 2003; Huang da et al. 2009). Gene ontology
classes were also analyzed by DAVID. The ratio of regulated genes in SOD1 spinal cord
belonging to a given gene ontology class (list hits) and the total of annotated genes present
in this list (list total) were compared with the ratio of expressed, annotated genes belonging
to the same ontology (population hits) and the total of expressed, annotated genes present on
the array (population total). Statistical significance was analyzed using the Bonferroni
multiparameter post test.

Quantitative PCR (QPCR) Analysis

Total RNA was extracted individually from the whole tissue or ventral horn of lumbar spinal
cords of female SOD1(G93A) mice and their female wild-type littermates of varying ages
by using RNeasy. Each group or condition had three animals. RNA quality was examined
using gel electrophoresis and optical density measurement. Total RNA was used as
templates for cDONA synthesis by reverse transcription (Superscript 11, Invitrogen) (Xing et
al. 2006). QPCR was performed with the Stratagene Mx3000p QPCR system using SYBR
Green PCR Master Mix (Applied Biosystems). Each sample was analyzed in triplicate. At
the end of the PCR, baseline and threshold values were set in the software and the cycle
threshold values were exported to Microsoft Excel for analysis. Gene expression levels were
normalized to that of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) to correct for
RNA input variability. The primers designed using the Primer3 software
(http://frodo.wi.mit.edu/primer3/) were GBP2 5'-tgtagaccaaaagttccagacaga-3' (forward), 5'-
gataaaggcatctcgcttgg-3' (reverse); IFI27L2A, 5'-tagccacactccaatcagea-3' (forward), 5'-
agagcaaggctccaacagc-3' (reverse); IF144, 5'-ctgattacaaaagaagacatgacagac-3' (forward), 5'-
aggcaaaaccaaagactcca-3’ (reverse); IFIT1, 5’-ggacaaggtggagaaggtgt-3' (forward), 5'-
tcctcacagtccatctcage-3' (reverse); IFIT3, 5'-ggaatgcccagaacttgaat-3' (forward), 5'-
gctcgttcatttcttccaca-3' (reverse); 1ISG15, 5'-gaacaagtccacgaagaccag-3' (forward), 5'-
gcagctccttgtcctccat-3' (reverse); USP18, 5'-ggcagtgcttaggtgacaga-3' (forward), 5'-
gagagatcccatgaaccgat-3' (reverse); and GAPDH, 5'-ggcattgctctcaatgacaa-3’ (forward), 5’
tgtgagggagatgctcagtg-3’ (reverse).

Western Blot Analysis

The lumbar spinal cord of SOD1(G93A) mice and their wild-type littermates, spinal cord
lumbar segments of ALS patients and controls, or the pellets of primary cultures, were
homogenized in SDS-sample buffer containing 50 mM Tris-HCI, pH 7.4, 150 mM NaCl,
0.1% sodium dodecyl sulfate (SDS), and 1% protease inhibitor cocktail (Sigma). Protein
samples (25 pg) were fractionated by 4% — 12% SDS-polyacrylamide gels and transferred to
Hybond ECL nitrocellulose membranes (Amersham Pharmacia Biotech). The blots were
probed with primary antibodies: rabbit anti-1sg15 (1:3000, from Dr. D. E. Zhang), rabbit
anti-Usp18 (1:500, from Dr. D. E. Zhang), mouse anti-f-actin (1:5000, Pierce), mouse anti-
GFAP (1:5000, Sigma), rabbit anti-phospho-STAT1 (Tyr701) (1:1000, Cell Signaling), or
rabbit anti-phospho-STAT2 (Tyr689) (1:1000, Upstate). The blots were subsequently probed
with either anti-rabbit or anti-mouse 1gG peroxidase conjugate (Amersham), and the signals
were detected using ECL reagents (Amersham).
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Immunohistochemistry

SOD1(G93A) mice and their wild-type littermates at P45 — P120 were anesthetized with
isoflurane and perfused transcardially with chilled PBS followed by phosphate-buffered 4%
paraformaldehyde (PFA) solution. The spinal cord was cryoprotected in 25% sucrose.
Human spinal cord lumbar segments were fixed by 4% PFA solution overnight and also
cryoprotected in 25% sucrose. Transverse cryostat sections (12 um) were processed for
immunohistochemistry as described previously (Wang and Zhang 2005). In brief, sections
were incubated with primary anti-1sg15 (1:1000), anti-phospho-STAT1 (Tyr701) (1:1000),
or anti-phopho-STAT2 (Tyr689) (1:1000) antibodies, followed by incubation with a
biotinylated secondary antibody (Vector Laboratories). The detection of immunosignals was
performed using a Vectastain Elite ABC kit (Vector Laboratories) and visualized with a
DAB substrate solution (Roche Applied Science). For immunofluorescence, spinal cord
sections were incubated with rabbit anti-1sg15 (1:1000), mouse anti-GFAP (1:1000), mouse
anti-NeuN (1:1000, Millipore), or rat anti-F4/80 (1:100, Pharmingen), followed by
incubation with secondary antibodies conjugated

with 595Alexafluor, 488Alexafluor, 3°Alexafluor (Invitrogen), FITC (Jackson
Immunoresearch), or RRX (Jackson Immunoresearch). Some sections were also incubated
with FITC lectin (from tomato) (Vector Laboratories). After washing in PBS, the samples
were mounted by adding Vectashield (Vector Laboratories) to the cover slips.

RESULTS

ISGs are Elevated in the Spinal Cord of Pre-symptomatic SOD1 Mice

We used a gene profiling approach to screen early molecular changes in the spinal cord of
pre-symptomatic (P60) SOD1(G93A) mice. We found that 62 probe sets were >1.5-fold up-
regulated and 14 probe sets were >1.5-fold down-regulated, corresponding to 72 unique
genes (S Table 1). The most significant gene ontology class corresponded to the biological
process of immune response (list hits = 13, list total = 46, population hits = 496, population
total = 13830, Bonferroni = 2.18E-05). 15 up-regulated genes, including GBP2, GBP3,
GBP6, IFI27L2A, IF144, IFIT1, IFIT3, 1IGP1, ISG15, MPA2L, OASL2, PLSCR1, RSAD2,
SLC15A3, USP18, are ISGs from the IFN-signaling pathway (Bordignon et al. 2008; Der et
al. 1998; Indraccolo et al. 2007; Wang et al. 2008a; Zhao et al. 2005). Some of them are
preferentially induced by type | IFNs (IFNo and IFN), such as IFI27L2A, IF144, IFIT1,
IFIT3, ISG15, OASL2, and USP18, whereas others are preferentially induced by type Il
IFNYy, such as GBP2 and 1IGP1.

We performed QPCR assays for seven ISGs, GBP2, IFI27L2A, IFI144, IFIT1, IFIT3, ISG15,
and USP18, to confirm microarray data, and detected significantly higher levels of mMRNA
for all seven I1SGs in SOD1 mice than that from wild-type littermate controls (Fig. 1A),
consistent with microarray data. We also examined the expression levels of these 1SGs in the
spinal cord ventral grey matter, in which ALS-vulnerable motor neurons reside. All seven
ISGs showed significantly higher mRNA levels in the ventral grey matter than in the whole
spinal cord at a pre-symptomatic age (P60) and at an age (P90) around disease onset (Fig.
1B), demonstrating that the expression pattern of these genes is region-specific.

ISG15 protein levels were higher in lumbar spinal lysates from SOD1 mice showing signs of
paresis than wild-type lysates (Fig. 2A). 1ISG15 is an ubiquitin-like modifier and is able to
covalently modify target proteins to form 1SG15 conjugates (Kim and Zhang 2003). In
SOD1 samples the levels of ISG15 conjugates were also dramatically increased (Fig. 2A).
ISG15 immunoreactivity was very weak in the spinal cords of all wild-type mice and young
SOD1 mice (Fig. 2B). However, from a pre-symptomatic age (P60) to an age following
disease onset (P100), strong ISG15 signals appeared consistently in the ventral horns of
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SOD1 spinal cords, which contain motor neurons. ISG15 induction extended to the central
canal region of the SOD1 spinal cord at later stages (Fig. 2C). ISG15 was only co-localized
with GFAP, an astrocyte marker, and not NeuN, a neuronal marker, F4/80, a microglia
marker, or an endothelial cell/microglia marker, lectin (from tomato) (Fig. 3).

ISG Protein Expression is also Elevated in Human ALS Spinal Cord

We next investigated whether the induction of ISGs occurred in the spinal cord of ALS
patients. ALS patients showed higher levels of ISG15 in Western blots of the lumbar spinal
cord than controls without evidence of motor neuron disease (Fig. 4A). Motor neurons in
control lumbar spinal cord sections were large and had good morphology, but were shrunken
in ALS lumbar spinal cord sections (Fig. 4B). ISG15 immunoreactivity was very weak in
control lumbar spinal cord, but the abundant reactive astrocytes showed strong 1ISG15
immunosignals in the ventral horn of ALS spinal cord (Fig. 4B), consistent with our findings
in SOD1 mouse spinal cord.

Phosphorylation of STAT1 and STAT2 is Increased in the Spinal Cord of Pre-symptomatic

SOD1 Mice

IFN signaling leads to the phosphorylation of STAT1 and STAT2 transcription factors,
which are then translocated to the nucleus and induce 1SG transcription. We therefore tested
for pathways involved in ISG induction in SOD1 spinal cord. Spinal cord sections of P50
and P80 SOD1 mice showed strong nuclear-like labeling of both phospho-STAT1 and
phospho-STAT2 in the ventral horns of all SOD1 sections, with stronger immunoreactive
signals in P80 than P50 SOD1 sections (Fig. 5, S Table 2). In contrast, no such labeling was
observed in wild-type sections. The numbers of phospho-STAT1-positive and phospho-
STAT2-positive nuclei in the spinal cord ventral horn of SOD1 mice were similar to the
number of 1ISG15-positive astrocytes observed around these ages. The small size of the
nuclear-like labeling (~3 pm) was also consistent with the size of astrocyte nuclei. Together
with the microarray data, these results suggest that IFN signaling is active in SOD1 spinal
cord during presymptomatic stages.

Type I IFN Signaling is Highly Inducible in Spinal Cord Astrocyte Cultures

To confirm that ISG induction in astrocytes is mediated by IFN signaling, we treated
primary astrocyte cultures of the spinal cord with IFN. IFNf treatment induced ISG15 in
cultured astrocytes (Fig. 6A) in a time- and concentration-dependent manner (Fig. 6B,C),
with even 1 unit/ml of IFN sufficient to increase ISG15. Both 1SG15 and USP18 were
increased from two hours after IFNJ treatment, whereas phospho-STAT1 and phospho-
STAT?2 activation peaked within a half hour after IFNf treatment (Fig. 6C), remained high
six hours later, and had disappeared by 14 h after treatment. Thus, the activation of the type
I IFN pathway in astrocytes is a highly sensitive and dynamic process.

We also tested the effect of other pro-inflammatory cytokines and an inflammation-inducing
reagent, LPS, on induction of ISG15 in cultured spinal cord astrocytes. IFNy (50 unit/ml)
and LPS (1 pg/ml) increased the expression of ISG15, whereas IL1B (10 ng/ml) and TNFo.
(20 ng/ml) had only minimal effects (Fig. 7A). Furthermore, LPS-induced ISG15 expression
was almost completely blocked by an anti-IFNp antibody but not by an anti-IFNy antibody
or an anti-IFNa antibody (Fig. 7B). These results suggest that IFNp is the major
inflammatory trigger of ISG expression.
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ER Stress-induced Neurodegeneration Elevates I1sg15 in Primary Spinal Motor Neuron

Cultures

To investigate the underlying mechanisms that triggered expression of 1ISG in ALS mutant
mice, we investigated the effect of different neurotoxins on induction of ISG15 in primary
spinal motor neuron cultures. Treatment with the potent ER stress inducer, tunicamycin (0.2
uM), for 48 h dramatically decreased the number of motor neurons, with a survival rate of
24.0% £ 1.9% (Student’s t test, P < 0.01). The remaining motor neurons in the cultures had
much shorter neurites than those in untreated control cultures (Fig. 8A). Tunicamycin
increased 1SG15 protein levels, which could be partially blocked by co-applying an anti-
IFN antibody with tunicamycin (Fig. 8B). Baseline ISG15 levels in mixed neuron-glial
cultures were more variable and higher than in pure astrocyte cultures, potentially due to
baseline neuronal death. We also found a higher number of ISG15-immunopositive
astrocytes in tunicamycin-treated primary spinal motor neuron cultures than in untreated
controls (Fig. 8A). In contrast, exposure of glutamate (100uM, overnight), an excitotoxin, or
rotenone (30 nM, 24 h), a mitochondrial damaging agent, to the same culture did not
increase 1ISG15 expression, although both almost completely killed motor neurons (data not
shown). Furthermore, direct treatment of purified astrocyte cultures with the same dose of
tunicamycin, glutamate, or rotenone did not induce 1SG15 expression (S Fig. 1). Thus, the
induction of ISGs in astrocytes originates from neuronal injury and is insult type-dependent.

Reduction or Deletion of IFNAR1 Prolongs the Life Span of SOD1(G93A) Mice

To assess the contribution of the IFN signaling pathway in ALS pathogenesis, we generated
SOD1(G93A) mice in the context of an IFNAR1 gene knock-out in the same strain
background (C57/BL6) (Muller et al. 1994). IFNAR1-deficient mice were viable and fertile,
and showed no apparent phenotypic abnormalities. The type | IFN signaling pathway was
severely affected in IFNAR1 ™~ mice, since expression of 1SG15 was completely abolished
in SOD1(G93A)-IFNAR1~~ spinal cord (S Fig. 2). SOD1(G93A)-IFNAR1*/*,
SOD1(G93A)-IFNAR1*~, and SOD1(G93A)-IFNAR1~~ mice had life-spans of 158.9 +
6.8d (n=16),174.1+8.9d (n = 16), and 167.1 + 8.0 d (n = 22), respectively (Fig. 9),
indicating that both reducing and deleting IFNARL1 significantly (Student’s t test, P < 0.01)
prolonged survival in SOD1(G93A) mice.

DISCUSSION

Gene expression studies with microarrays provide an experimental approach to the
molecular events that occur in ALS. Two early studies examined the entire spinal cord of the
transgenic SOD1(G93A) mouse model (Gurney et al. 1994) and both found changes in gene
expression only after symptom onset (Olsen et al. 2001; Yoshihara et al. 2002). Not
surprisingly, our microarray samples from before disease onset did not completely overlap
with these findings. More recently, a study using laser-capture microdissected spinal motor
neurons from active and inactive SOD1 mutants (G93A, G37R, and G85R) showed
dysregulation of the d/I-serine biosynthetic pathway and induction of neuronal components
of the classic complement system (Lobsiger et al. 2007). However, another study using a
similar approach found a different list of genes regulated during the disease stage of
transgenic SOD1(G93A) mice (Ferraiuolo et al. 2007). In fact, no studies agree on the major
regulated genes, suggesting that disease-induced changes in the transcriptome are complex
and subtle. Certain genes identified here, particularly ATF3, C1QA, C1QB, GRN, IFIT3,
LAPTMS5, and LY86, were also up-regulated in other studies (Lobsiger et al. 2007).
However, we are the first to show ISG up-regulation in an ALS mouse model, a novel
finding for neurodegenerative models.
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We found that a number of ISGs, including GBP2, IFI27L2A, IF144, IFIT1, IFIT3, ISG15,
and USP18, are up-regulated within the grey matter of the lumbar spinal cord of
SOD1(G93A) mice at an early pre-symptomatic stage (P60). Most of these ISGs are
preferentially induced by type I IFN. Type | and type Il IFNs initiate two similar but distinct
signaling pathways (Borden et al. 2007). Type | IFNs bind to their heterodimeric receptor
and trigger phosphorylation of JAK1 and TYK2 tyrosine kinases, which in turn
phosphorylate STAT1 and STAT?2 transcription factors. Phospho-STAT1 and phospho-
STAT2 move into the nucleus and form a complex with ISGF3G, which activates the
transcription of many I1SGs. In contrast, type 11 IFNy acts on a tetrameric receptor to activate
JAK1 and JAK2 kinases, which subsequently phosphorylate STAT1. The phospho-STAT1
forms a homodimer, translocates to the nucleus, and induces the expression of IFNy-
stimulated genes. We detected both phospho-STAT1 and phospho-STAT? in the spinal cord
of pre-symptomatic transgenic SOD1 mice and IFNp-treated spinal astrocyte cultures,
providing further evidence IFN signaling, especially the type | IFN pathway, in the spinal
cord of SOD1 mice. Activation of IFN signaling in the brain is usually associated with
inflammation triggered by viral infection or autoimmunization (Dafny and Yang 2005).
However, SOD1 mice show little sign of inflammation at the early pre-symptomatic stages,
making sensitive and robust activation of IFN signaling pathways at this stage a surprising
but intriguing finding. We found increased mRNA levels of IFN, but not IFNa, in the
spinal cord of SOD1 mice in the early disease stage (S Fig. 3). However, the type | IFNs
could not be detected directly in lysates from the spinal cord of SOD1 mice by a sensitive
Enzyme-Linked Immunosorbent Assay kit (PBL Interferon Source) (data not shown),
suggesting the expression of type | IFNs under disease conditions is restricted in both
concentration and distribution. It is perhaps not unusual for signaling molecules like IFNs to
show such low expression when associated with degenerative or chronic diseases, otherwise
the expression of downstream molecules would not be spatially restricted. Developing
techniques for detecting low levels of IFNs in vivo will be a challenging task for the future.

The earliest pathological changes seen in SOD1(G93A) mice are mitochondrial swelling,
first detectable around postnatal day 30 (P30) by electron microscopy and then around day
P50-60 by light microscopy (Bendotti et al. 2001; Chiu et al. 1995; Dal Canto and Gurney
1994; Kong and Xu 1998). Another detectable early change is degeneration of motor neuron
axons, with the largest axons innervating fast muscle fibers the earliest to degenerate at
around P50 (Frey et al. 2000; Pun et al. 2006). Degeneration of motor axons in ventral roots
can be seen from P80 (Fischer et al. 2004). Consistent with axonal degeneration, abnormal
muscle activities are also detected by electromyograms (EMG) as early as P60 (Kennel et al.
1996; Miana-Mena et al. 2005). Besides these morphological and physiological changes,
expression of several molecules also increases in the pre-symptomatic stage (P60), including
p38 MAP kinase, neuronal nitric oxide synthase, AKT MAP kinase, and caspase-3, as well
as cytokines like TNFa, transforming growth factor B, and macrophage colony-stimulating
factor (Elliott 2001; Wengenack et al. 2004). On the other hand, activation of astrocytes and
microglia occurs at disease onset around P90 and becomes more prevalent at later stages
(Hall et al. 1998; Wengenack et al. 2004). Interestingly, the expression of ISGs in the spinal
cord occurs long before motor neuron degeneration and any clinical sign of the disease in
SOD1 mice. For example, ISGs and their transcriptional activators in SOD1 spinal cord
ventral horn were higher from P50 to P60, which paralleled the first sign of motor axon
terminal damage and is much earlier than gliosis. Furthermore, increased ISG protein was
detected in the spinal cord of ALS patients, despite the fact that most control samples were
from an aging population and might have higher background ISG levels. Given their robust
expression, ISGs may be reliable biomarkers for detecting early pathological changes in the
ALS spinal cord.
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We also showed that 1ISGs are transcribed and expressed at much higher levels in the pre-
symptomatic ventral horn, where the motor neurons reside, than the whole spinal cord. For
example, 1ISG15 protein was robustly induced only in the ventral horn of SOD1 spinal cord
at P60. This temporal and spatial expression pattern of ISGs in SOD1 mice suggests that the
activation of IFN signaling is triggered by pathological changes in motor neurons. Because
we could not directly detect the source of type I IFNs in the spinal cord of SOD1 mice due
to technical limitations, we can only speculate that early pathological changes in motor
neurons induce the release of either interferon directly or other signaling molecules that can
trigger interferon release from glial cells such as microglia and astrocytes. Interestingly, the
expression of ISG15 in primary motor neuron cultures was specifically triggered by ER
stress-induced neuronal injury, implicating a similar process in the pre-symptomatic stage of
SOD1 mice. ER stress is one early pathogenic mechanism of motor neuron death in SOD1
mice (Kanekura et al. 2009; Saxena et al. 2009), which fits well with the fact that ALS
etiology is tightly linked to an increased propensity for protein aggregation and decreased
protein stability seen in over one hundred single SOD1 mutations (Wang et al. 2008b).
Many ER stress-related molecules are up-regulated in SOD1 mice with a similar temporal
pattern as 1ISGs (Atkin et al. 2006; Kikuchi et al. 2006; Nagata et al. 2007; Saxena et al.
2009; Tobisawa et al. 2003). Further elucidation of the molecular events in motor neurons
that trigger the activation of IFN signaling pathways will provide important clues to
understand the early stages of ALS.

The disease progression of ALS is non-cell-autonomous (Boillee et al. 2006a; Clement et al.
2003) and astrocytes play a crucial role in the degeneration of spinal motor neurons in ALS
(Di Giorgio et al. 2007; Julien 2007; Nagai et al. 2007; Yamanaka et al. 2008). Our study
demonstrated that astrocytes showed the most robust ISG expression upon stimulation, and
ISG15 was selectively co-localized with GFAP, an astrocyte marker, in the ventral horn of
SOD1 spinal cord. Phosphorylation of STAT1 and STATZ2, two major components of the
type I IFN signaling pathway, also occurred prior to the increase of ISG15 in SOD1 mice.
Furthermore, no induction of ISG15 was detected in IFNAR1-deficient SOD1(G93A) mice
that lack type I IFN signaling. The dependence of ISG15 signaling on type | IFN and the
astrocyte-specific expression of 1ISG15 suggest that the activation of type | IFN signaling
occurs specifically in astrocytes. Interestingly, the life span of SOD1(G93A)-IFNAR1*/~
was longer than SOD1(G93A)-IFNAR1 ™~ mice, indicating that reduced IFNARL is more
effective than its absence to promote the survival of SOD1 mice. Type | IFN-activated
ISGF3-dependent signal transduction protects against the ISGF3-independent
pathophysiological actions of the type I IFNs in the CNS (Hofer et al. 2010), suggesting a
pleotropic role of type | IFNs in neuronal survival (van Boxel-Dezaire et al. 2006). Our
findings further suggest that the ISGF3-dependent and independent actions of type | IFNs in
CNS may be “dose-dependent”, each requiring a different optimal level of IFNAR1
expression. We speculate that low levels of type | IFNs in the early stage of ALS may be
protective, whereas chronic, higher levels of type | IFNs in the later stages of ALS are
harmful. Thus, further work is needed to understand the role of type | IFNs in astrocyte
function during ALS pathogenesis.

Astrocytes expressing a mutant SOD1 accelerate disease progression but not disease onset in
SOD1 mutant mice (Boillee et al. 2006b; Yamanaka et al. 2008), suggesting that the
detrimental effect of astrocytes is induced most likely by pathological changes in motor
neurons, although the induction process is not understood. Most of the 1ISGs identified here
have not been studied in detail, but some are components of the immune system: 1ISG15
(Lenschow et al. 2005), USP18 (Malakhov et al. 2002; Malakhova et al. 2006), IFI127
(Labrada et al. 2002), and GBP2 (Balasubramanian et al. 2006). Although the role of these
ISGs in astrocytes is not clear, their up-regulation may result in altered astrocyte function in
the spinal cord of SOD1 mice. Thus, our findings open a new avenue for investigating the
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early “dialogue” between motor neurons and astrocytes in response to pathological changes
in ALS. The biological functions of this molecular events in the disease progression of ALS
warrant further investigation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Up-regulation of 1ISGs in the SOD1(G93A) spinal cord. The ratio of SOD1/WT indicates the
expression level of each gene. Data shown represent mean values. Both microarray and
QPCR analysis showed that the seven ISGs had higher mRNA levels in P60 SOD1 mice (n
= 3) than in wild-type littermates (n = 3) (A). mRNA levels were higher in the ventral grey
matter than in the whole spinal cord of P60 SOD1 mice (n = 3) and P90 SOD1 mice (h = 3)

(B).
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Fig. 2.

ISG15 protein expression is higher in SOD1(G93A) spinal cord. ISG15 and its conjugates
were increased in spinal cord lysate from P106 SOD1 mice (A). From a pre-symptomatic
age (P60) to an age (P100) following disease onset, strong ISG15 immunosignals appeared
consistently in the ventral horns of the SOD1 spinal cords (B). The dotted line separates
grey matter (G) from white matter (W). ISG15 induction (green) extended to the central
canal region (cc) of the SOD1 spinal cord at late stage of the disease (P120) (C). Bar: 50
um.
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Fig. 3.

Specific localization of ISG15 in SOD1(G93A) spinal cord astrocytes. ISG15 was co-
localized with GFAP (green), an astrocyte marker (A). Arrows indicates double-labeled
cells. ISG15 was not co-localized with a neuronal marker, NeuN (red) (B), a microglia
marker, F4/80 (red) (C), or an endothelial cell/microglia marker, lectin (green) (D). Bar: 50
pm.
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Fig. 4.

Elevation of ISG15 protein in the spinal cord of ALS patients. ISG15 protein levels in lysate
samples were increased in ALS patients compared to controls (top panel) (A). Bottom panel
shows densitometry quantitation of ISG15 in all ALS and control human spinal cord tissue
samples normalized to B-actin. Data are presented as mean + SEM, * P < 0.05 versus control
by unpaired two tailed t-test. Control spinal cord had many large motor neurons, whereas
ALS spinal cord only had few shrunken motor neurons (top panel) (B). ISG15 staining was
very weak in control spinal cord ventral horn but strong in ALS spinal cord ventral horn
(bottom panel) (B). Inset shows ISG15 positive reactive astrocyte in ALS sample. Bar: 20
um.
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Fig. 5.

Detection of phospho-STAT1 and phospho-STAT?2 in the SOD1(G93A) spinal cord. Strong
nuclear-like labeling (small arrows) of both phospho-STAT1 (A) and phospho-STAT2 (B)
appeared in the ventral horns of all SOD1 sections. Immunoreactive signals were much
stronger in P80 than P50 SOD1 sections. Big arrow heads indicate motor neurons. Bar: 25
um.
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Fig. 6.

Induction of ISGs by IFNB in primary spinal cord astrocyte cultures. Strong 1SG15
immunosignals appeared in astrocytes after 14 hr IFNB-treatment (A). Bar: 30um. IFNB
dose-dependently induced ISG15 in astrocytes after 14 h treatment (B) at doses as low as 1
unit/ml, and showed time-dependent changes in induction (C). The phosphorylation of
STAT1 and STAT2 occurred before the induction of ISG15 and USP18.
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Fig. 7.

Effect of pro-inflammatory cytokines and LPS on ISG15 expression in primary spinal cord
astrocyte cultures. IFNy (50 unit/ml) and LPS (1 pg/ml), but not IL1p (10 ng/ml) or TFNa
(20 ng/ml), increased expression of ISG15 in astrocytes cultures (A). LPS-induced ISG15
expression was blocked by an anti-IFNp antibody but not by an anti-IFNy antibody or an
anti-IFNa antibody (B).
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Fig. 8.

Elevation of ISG15 in primary spinal motor neuron cultures after ER stress-induced
neurodegeneration. Tunicamycin (0.2 uM) exposure for 48 h dramatically decreased the
number of motor neurons (top panel) and induced the expression of ISG15 in astrocytes
(bottom panel) (A). Arrows indicate 1ISG15 immunopositive astrocytes. Bar: 50 um.
Tunicamycin exposure significantly elevated ISG15 levels in the whole cell lysates, which
could be partially blocked by adding anti-IFNp antibody along with tunicamycin (B). In the
top panel, each lane contains lysate from an individual culture. Bottom panel shows
densitometry quantitation of ISG15 normalized to p-actin. Data are presented as mean +
SEM.
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Fig. 9.

Effect of IFNARL1 on the survival of SOD1(G93A) mice. Cumulative probabilities of
survival time are shown for SOD1(G93A)-IFNAR1** (solid line, n = 16), SOD1(G93A)-
IFNARL*/~ (dash line, n = 16), and SOD1(G93A)-IFNAR1 ™~ mice (dotted line, n = 22).
Both absence and reduction of IFNAR1 prolonged the life span of SOD1(G93A) mice. Data
were analyzed using the Kaplan—-Meier method.
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Patient information

Table 1

Control patients

Case Sex Age (years)

PMI (h)

1 F 82
2 M 67
3 F 83
4 F 7

19.0
9.3
7.0
145

ALS patients

Case Sex Age (years)

PMI (h)

1 F 52
2 M 68
3 M 67
4 F 64
5 M 58

13.9
16.0
9.5
18.3
6.0
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