Table 1. Summary of regional immunohistochemical findings
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Lower motor Motor Non-motor Dentate Hippocampal Cerebellar
neurones* cortex cortext gyrus CA4 granule cells
Neuronal loss ++ + - - - -
TDP-43 + + - - - -
pTDP-43 + + - - - -
RBM45 + + - - - -
p62 + ++ ++ ++ ++ ++
Ubiquitin + + + + + ++
Ubiquilin - + + ++ + ++
DPR% - ++ ++ +++ ++ +++
Severity of neuronal loss are represented as: — = not noted, + = mild, ++ = moderate-severe.

Neurones containing each antibody-positive inclusions were counted per 100 neurones in high-power fields, and ratio is represented as:

—=none, +=~10%, ++=10~30%, +++=>30%.
*Cervical anterior horn cells and hypoglossal nucleus.
‘TFrontal and temporal cortex were examined.

Ipoly Gly-Ala.

Figure 2. Immunoelectron microscopy for the presence of ubiquilin. (a) A cerebellar granule cell is seen to have a round filamentous
cytoplasmic aggregate. (b) Higher-magnification view of the aggregate, showing immunogold particles on the randomly arranged,
approximately 10-nm-wide filamentous structures. Bars: (a) 500 nm, (b) 200 nm.

(Figure 1e~h,j) that generally differed in morphology from
TDP-43- and RBM45-positive NCIs (Figure 1a~d). Such
inclusions were frequently labelled with antibodies
against ubiquilin, ubiquitin (polyclonal, Dako, Glostrup,
Denmark; 1:800) and p62 (monoclonal, BD biosciences,
San Jose, CA, USA; 1:500) (Figure 1j—m). The immuno-
histochemical findings are summarized in Table 1.

Under immunogold-labelling electron microscopy for
ubiquilin in the cerebellar granular layer tissue, the
labelled NCIs were shown to be composed of randomly
arranged filamentous structures (Figure 2a,b); their mor-
phological features were very similar to those of ubiquitin-
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positive and TDP-4 3-negative NCIsin the entorhinal cortex
in a case of ¢c9FTD/ALS [12]. Double-labelling immuno-
fluorescence ‘revealed that co-localization of TDP-43
(monoclonal, clone 2E2-D3, Abnova, Taipei, Taiwan;
1:250) and RBM45 (Figure 3a—c), but not TDP-43 (2E2-
D3) and DPR proteins (Figure 3d-f), was a feature in the
cytoplasmic inclusions. The majority of p62-positive NCIs
were positive for DPR proteins, whereas p62-positive GCIs
were negative for DPR proteins (Figure 3g—i).

In the present Japanese case of ¢9ALS, the histological
and molecular pathology of sporadic ALS was observed:
especially, the occurrence of Bunina bodies and TDP-43-
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Figure 3. Double-labelling immunofluorescence for the presence of TDP-43, RBM45, DPR proteins and p62. (a-i) Inclusions observed in
the motor cortex cells. (a—c) Colocalization of RBM45 (a, green) and TDP-43 (b, red) is evident in the cytoplasmic inclusions in an
oligodendrocytic cell (c, merge). (d-f) Poly Gly-Ala (GA) (d, green) and TDP-43 (e, red) never co-localize in the cytoplasmic inclusions (£,
merge), although co-existence of poly GA- and TDP-43-positive inclusions are rarely observed in the same cells, mostly in the neuronal cells
(asterisks) (d-f). (g—i) Co-localization of poly GA (g, green, arrow) and p62 (h, red, arrow) is evident in cytoplasmic inclusions in a neuronal
cell (i, merge, arrow). Poly GA-negative (g, green) and p62-positive inclusions (h, red, arrowheads) are also evident in two oligodendrocytic
cells (i, merge, arrowheads). Bars: 10 pm (a-i).

positive NCIs was confirmed. It is important to note that
the TDP-43 pathology and neuronal loss were correlated
with each other; this was also the case for another RNA-
binding protein, RBM45, which has been reported to be
increased in the cerebrospinal fluid of ALS patients, and
also colocalized with TDP-43 in inclusions of patients
with ALS and FTLD-TDP [10]. In addition, the occurrence
of p62-positive, and TDP-43-negative granular or star-
shaped NCIs in the cerebellar cortex and hippocampus
was a feature. Importantly, such p62-positive and TDP-
43-negative NCIs were also labelled with antibodies
against DPR proteins we generated. The DPR protein
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pathology was distributed independently of TDP-43
pathology: co-localization of DPR proteins and TDP-43
was extremely rare, if present, in the same inclusion, indi-
cating that unlike TDP-43 and RBM45, there was no cor-
relation between DPR protein pathology and neuronal
loss (Table 1), or between DPR protein pathology and
clinical symptoms, as pointed out previously in Caucasian
cases of c9FTD/ALS [13].

It is noteworthy that most recently, the DPR proteins
have been reported to be translated from not only a sense
direction of the repeats but also an antisense direction
(CCCCGQG); in fact, two additional DPR proteins (poly
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Ala-Pro and poly Pro-Arg) have been detected by
immunohistochemistry [8,11]. Although the present
study did not investigate antisense strand-derived DPR
proteins, it appears almost certain that the overall
neuropathological picture, including the immunohisto-
chemical features, was indistinguishable from that
described previously in Caucasian cases of c9FTD/ALS
[8,11,13], leading us to conclude that the neuropathology
of c9FTD/ALS is specifically and strongly tied to the abnor-
mal C90RF72 repeat expansions, irrespective of any dif-
ference in genetic background or ethnicity.

At present, several pathomechanisms, by which
C90RF72 repeat expansions cause c9FTD/ALS, can be
considered [14]: loss of C9ORF72 function (decrease in
C90ORF72 mRNA), gain of RNA toxic function (formation
of RNA foci and sequestration of protein into them), and
aberrant dipeptide aggregation resulting from RAN trans-
lation. It remains unknown which mechanism might play
a major role in the pathogenesis of c9FTD/ALS, or
whether these mechanisms may mutually affect each
other and generate synergistic toxicity. Considering the
possible pathomechanisms, it appears significant that
there was no apparent correlation between DPR protein
pathology and neuronal loss [13], which was also evident
in the present Japanese case of c9ALS (Table 1). It is also of
great interest that the co-occurrence of sense/antisense
RNA foci and DPR protein-positive inclusions is rare in the
same cells [8]. Taken together, it may be possible to con-
sider that the production of, and subsequent aggregate
formation by DPR proteins is either neuroprotective or not
a major factor in the pathogenesis of c9FTD/ALS.

Acknowledgements

This work was supported by a Grant-in-Aid, 23240049,
for Scientific Research from the Ministry of Education,
Culture, Sports, Science and Technology, Japan.

Author contributions

TK., M.T. and H.T. managed the study and were princi-
pally responsible for writing. A.T. and H.E. examined the
patient, TK., M.T.,, A.S.,, AK. and H.T. performed the
neuropathological observation and evaluation, TX, M.N.
and O.0. performed the C9ORF7 2 repeat expansion analy-
sis, and M.M.-S. and M.H. generated anti-polypeptide anti-
bodies used in this study.

© 2014 British Neuropathological Society

Scientific correspondence 787

Contlict of interest

The authors declare that they have no conflict of interest.
T. Konno***

M. Tadat**

A. Shigat

A. Tsujinot

H. Eguchii

M. Masuda-Suzukake§

M. Hasegawa§

M. Nishizawa*

O. Onodera¥

A. Kakita}

H. Takahashi}

Departments of *Neurology, 1Pathology, and {Molecular
Neuroscience, Brain Research Institute, Niigata University,
Niigata, fFirst Department of Internal Medicine, Nagasaki
University Graduate School of Biomedical Science, Nagasaki,
and §Department of Neuropathology and Cell Biology, Tokyo
Metropolitan Institute of Medical Science, Tokyo, Japan
**These authors contributed equally to this work.

References

1 Majounie E, Renton AE, Mok K, Dopper EG, Waite A,
Rollinson S, Chid A, Restagno G, Nicolaou N,
Simon-Sanchez J, van Swieten JC, Abramzon Y, Johnson
JO, Sendtner M, Pamphlett R, Orrell RW, Mead S, Sidle
KC, Houlden H, Rohrer JD, Morrison KE, Pall H, Talbot
K, Ansorge O, Chromosome 9-ALS/FTD Consortium,
French Research Network on FTLD/FTLD/ALS,
ITALSGEN Consortium, Hernandez DG, Arepalli S,
Sabatelli M, Mora G, Corbo M, Giannini F, Calvo A,
Englund E, Borghero G, Floris GL, Remes AM, Laaksovirta
H, McCluskey L, Trojanowski JQ, Van Deerlin VM,
Schellenberg GD, Nalls MA, Drory VE, Lu CS, Yeh TH,
Ishiura H, Takahashi Y, Tsuji S, Le Ber I, Brice A, Drepper
C, Williams N, Kirby J, Shaw P, Hardy ], Tienari PJ,
Heutink P, Morris HR, Pickering-Brown S, Traynor BJ.
Frequency of the C9orf72 hexanucleotide repeat expan-
sion in patients with amyotrophic lateral sclerosis and
frontotemporal dementia: a cross-sectional study. Lancet
Neurol 2012; 11: 323-30

2 Konno T, Shiga A, Tsujino A, Sugai A, Kato T, Kanai K,
Yokoseki A, BEguchi H, Kuwabara S, Nishizawa M,
Takahashi H, Onodera O. Japanese amyotrophic lateral
sclerosis patients with GGGGCC hexanucleotide repeat
expansion in COORF72. ] Neurol Neurosurg Psychiatry
2013; 84: 398-401

3 Ogaki K, Li Y, Atsuta N, Tomiyama H, Funayama M,
Watanabe H, Nakamura R, Yoshino H, Yato S, Tamura A,
Naito Y, Taniguchi A, Fujita K, Izumi Y, Kaji R, Hattori N,
Sobue G, Japanese Consortium for Amyotrophic Lateral
Sclerosis research (JaCALS). Analysis of C9orf72 repeat

NAN 2014; 40: 783-788



788

Scientific correspondence

expansion in 563 Japanese patients with amyotrophic
lateral sclerosis. Neurobiol Aging 2012; 33: 2527.e11-6
Murray ME, DeJesus-Hernandez M, Rutherford NJ, Baker
M, Duara R, Graff-Radford NR, Wszolek ZK, Ferman T7J,
Josephs KA, Boylan KB, Rademakers R, Dickson DW.
Clinical and neuropathologic heterogeneity of c9FTD/
ALS associated with hexanucleotide repeat expansion in
C90RF72. Acta Neuropathol 2011; 122: 673-90
Al-Sarraj S, King A, Troakes C, Smith B, Maekawa S, Bodi
I, Rogelj B, Al-Chalabi A, Hortobagyi T, Shaw CE. p62
positive, TDP-43 negative, neuronal cytoplasmic and
intranuclear inclusions in the cerebellum and
hippocampus define the pathology of C9orf72-linked
FTLD and MND/ALS. Acta Neuropathol 2011; 122
Brettschneider ], Van Deerlin VM, Robinson JL, Kwong L,
Lee EB, Ali YO, Safren N, Monteiro MJ, Toledo JB, Elman
L, McCluskey L, Irwin DJ, Grossman M, Molina-Porcel L,
Lee VM, Trojanowski JQ. Pattern of ubiquilin pathology
in ALS and FTLD indicates presence of C9ORF72
hexanucleotide expansion. Acta Neuropathol 2012; 123:
825-39

Mori K, Weng SM, Arzberger T, May S, Rentzsch K,
Kremmer E, Schmid B, Kretzschmar HA, Cruts M,
Van Broeckhoven C, Haass C, Edbauer D. The C9orf72
GGGGCC repeat is translated into aggregating dipeptide-
repeat proteins in FTLD/ALS. Science 2013;339: 1335-8
Gendron TF, Bieniek KF, Zhang YJ, Jansen-West K, Ash
PE, Caulfield T, Daughrity L, Dunmore JH,
Castanedes-Casey M, Chew J, Cosio DM, van Blitterswijk
M, Lee WC, Rademakers R, Boylan KB, Dickson DW,
Petrucelli L. Antisense transcripts of the expanded
C90RF72 hexanucleotide repeat form nuclear RNA foci
and undergo repeat-associated non-ATG translation in
c9FTD/ALS. Acta Neuropathol 2013; 126: 829-44

Tan CF, Eguchi H, Tagawa A, Onodera O, Iwasaki T,
Tsujino A, Nishizawa M, Kakita A, Takahashi H. TDP-43

© 2014 British Neuropathological Society

_99_

10

11

12

13

14

immunoreactivity in neuronal inclusions in familial
amyotrophic lateral sclerosis with or without SOD1 gene
mutation. Acta Neuropathol 2007; 113: 535-42

Collins M, Riascos D, Kovalik T, An ], Krupa K, Krupa K,
Hood BL, Conrads TP, Renton AE, Traynor BJ, Bowser R.
The RNA-binding motif 45 (RBM45) protein accumu-
lates in inclusion bodies in amyotrophic lateral sclerosis
(ALS) and frontotemporal lobar degeneration with
TDP-43  inclusions (FTLD-TDP) patients. Acta
Neuropathol 2012; 124: 717-32

Mann DM, Rollinson S, Robinson A, Bennion Callister J,
Thompson JC, Snowden ]S, Gendron T, Petrucelli L,
Masuda-Suzukake M, Hasegawa M, Davidson Y,
Pickering-Brown S. Dipeptide repeat proteins are present
in the p62 positive inclusions in patients with
frontotemporal lobar degeneration and motor neurone
disease associated with expansions in C9ORF72. Acta
Neuropathol Commun 2013; 1: 68

Lin W, Dickson DW. Ultrastructure of ubiquitin-positive,
TDP-43-negative neuronal inclusions in cerebral cortex
of C9ORF72-linked frontotemporal lobar degeneration/
amyotrophic lateral sclerosis. Neuropathology 2012; 32:
679-81

Mackenzie IR, Arzberger T, Kremmer E, Troost D,
Lorenzl S, Mori K, Weng SM, Haass C, Kretzschmar HA,
Edbauer D, Neumann M. Dipeptide repeat protein
pathology in C90RF72 mutation cases: clinico-
pathological correlations. Acta Neuropathol 2013; 126:
859-79

Todd PK. Making sense of the antisense transcripts in
COFTD/ALS. Acta Neuropathol 2013; 126: 785-7

Received 1 February 2014
Accepted after revision 21 May 2014
Published online Article Accepted on 27 May 2014

NAN 2014; 40: 783-788



ayama Daigaku on 02/03/15

Amyotrophic Lateral Sclerosis and Frontotemporal Degeneration Downloaded from informahealthcare.com by Ok

For personal use only.

Amyotrophic Lareral Sclerosis and Frontotemporal Degeneration, 2014; 15: 610-617 inform a

healthcare

ORIGINAL ARTICLE

Confirmatory double-blind, parallel-group, placebo-controlled study
of efficacy and safety of edaravone (MCI-186) in amyotrophic lateral
sclerosis patients
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Abstract

Our objective was to confirm the efficacy and safety of edaravone in amyotrophic lateral sclerosis (ALS) patients. We
conducted a 36-week confirmatory study, consisting of 12-week pre-observation period followed by 24-week treatment
period. Patients received placebo or edaravone i.v. infusion over 60 min for the first 14 days in cycle 1, and for 10 of the
first 14 days during cycles 2 to 6. The efficacy primary endpoint was changed in the revised ALS functional rating scale
(ALSFRS-R) scores during the 24-week treatment. Patients were treated with placebo (z= 104) and edaravone (n= 102).
Changes in ALSFRS-R during the 24-week treatment were —6.35 = 0.84 in the placebo group (z=99) and -5.70+ 0.85
in the edaravone group (z= 100), with a difference 0of 0.65 = 0.78 (p = 0.411). Adverse events amounted to 88.5% (92/104)
in the placebo group and 89.2% (91/102) in the edaravone group. In conclusion, the reduction of ALSFRS-R was
smaller in the edaravone group than in the placebo group, but efficacy of edaravone for treatment of ALS was not
demonstrated. Levels and frequencies of reported adverse events were similar in the two groups.

Key words: Amyotrophic lateral sclerosis, ALSFRS-R, edaravone, placebo, randomized trial

Introduction SOD1 (4) and in autopsied spinal cord of FALS
patients with genetic mutation of SODI1 and
sporadic ALS (SALS) patients (5). 3NT was found

in motor neurons (6,7) and was elevated in cere-

Amyotrophic lateral sclerosis (ALS) is a refractory
and progressive disease that causes selective
degeneration of upper and lower motor neurons

(1). Median survival from onset to death in ALS
is reported to vary from 20 to 48 months (2).
Oxidative stress has been considered to be
involved in the onset and progression of ALS (3).
An established marker of oxidative stress is 3-
nitrotyrosine (3NT), formed by reaction of the
free radical peroxynitrite with tyrosine residues.
A significant increase of 3NT was reported in
spinal cord of transgenic mice expressing mutated

brospinal fluid of SALS patients (8). Moreover,
oxidative stress induces nuclear translocation
and activation of Nrf-2, a transcription factor that
generates an anti-oxidative response (9). Nrf-2
translocation also occurs in mutant TDP-43 trans-
fected cultured motor neuron cell lines (10-12).
Consequently, drugs that eliminate free radicals
might protect motor neurons from oxidative stress
and free radical damage in ALS patients.
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Edaravone (MCI-186, 3-methyl-1-phenyl-2-
pyrazolin-5-one, Mitsubishi Tanabe Pharma Corpo-
ration, Tokyo, Japan) is a free radical scavenger
approved for treatment of acute cerebral infarction
in Japan in 2001 (13). Edaravone eliminates lipid
peroxides and hydroxyl radicals during cerebral isch-
emia and protects nerve cells within or around the
ischemic region from free radical damage (14-16).
Beneficial effects of edaravone have been reported in
wobbler mice with ALS-like symptoms (17) and in
ALS-model animals (18,19).

A phase II trial was conducted to investigate the
safety and efficacy of edaravone in ALS patients, and
found that progression of motor dysfunction was
slowed and no clinically significant adverse drug
reactions occurred. The level of 3NT was low in
cerebrospinal fluid of almost all patients in the phase
II trial, suggesting that edaravone could protect
neuronal cells from oxidative stress (20). Therefore
we designed a clinical trial to confirm the efficacy
and safety of edaravone in ALS patients.

Methods
Standard protocol approvals

Twenty-nine sites in Japan participated in the study
between May 2006 and September 2008. An insti-
tutional review board at each site approved the study
protocol. The study was conducted in compliance
with Good Clinical Practice (GCP). All participants
provided written informed consent before the pre-
observation stage. The study sponsor was Mitsubishi
Tanabe Pharma Corporation. The study is registered
in ClinicalTrials.gov with a registration number
NCT00330681.

Patients

Inclusion criteria were: age 20-75 years; diagnosis of
‘definite’, ‘probable’ or ‘probable laboratory-sup-
ported’ ALS (21,22) according to the revised Airlie
House diagnostic criteria; forced vital capacity (FVC)
of at least 70%; duration of disease within three
years; and change in revised ALS functional rating
scale (ALSFRS-R) (23,24) score during the 12-week
pre-observation period of —1 to —4 points. Patients
also had a Japanese ALS severity classification (25)
of 1 or 2. (The Japanese ALS severity classification
score ranges from 1 to 5 according to the severity
classification of the Specified Disease Treatment
Research Program for ALS of the Ministry of Health,
Labor and Welfare of Japan. Severity Classification:
1) able to work or perform housework; 2) indepen-
dent living but unable to work; 3) requiring assis-
tance for eating, excretion or ambulation; 4) presence
of respiratory insufficiency, difficulty in coughing out
sputum or dysphagia; and 5) using a tracheostomy
tube, tube feeding or tracheostomy positive pressure
ventilation.)

Placebo-controlled trial of edaravone for ALS 611

Exclusion criteria were: reduced respiratory
function and complaints of dyspnea; complica-
tions that may substantially influence evaluation
of drug efficacy, such as Parkinson’s disease,
schizophrenia and dementia; complications that
require hospitalization, including liver, cardiac
and renal diseases; infections that require antibi-
otic therapy; deteriorated general condition as
judged by investigators; renal dysfunction with
creatinine clearance of 50 ml/min or below within
28 days before treatment; and undergoing cancer
treatment.

Patient eligibility was assessed with inclusion
and exclusion criteria at the start and end of pre-
observation.

Administration regimen of riluzole was required
not to be changed during the study.

Study medication

Mitsubishi Tanabe Pharma Corporation provided
the investigational drugs in ampoules. Only autho-
rized personnel, independent of the sponsor
and investigators, had access to the key code until
unblinding. The dose of edaravone was 60 mg
per day, which was indicated to show efficacy in
the phase II trial (20), and placebo was chosen
since no suitable comparator drug for ALS
has been approved. Saline (placebo) or edaravone
was administered once daily by i.v. infusion over
60 min.

Design

After the 12-week pre-observation period, eligible
patients were randomized to placebo or edaravone
group. Dynamic allocation was used to minimize
the effects of the following three factors, which
may substantially influence the evaluation of
edaravone:

e Factor 1: change in ALSFRS-R score during
pre-observation period: two categories: —4, —3

or -2, —1.

e Factor 2: initial symptom: two categories — bulbar
or limb.

e Factor 3: use of riluzole: two categories — yes
or no.

The study period was 36 weeks, consisting of a
12-week pre-observation period before the start of
the first cycle, followed by a 24-week treatment
period (Figure 1).

A single treatment cycle consisted of 14 days of
study drug administration period followed by a
14-day observation period. Study drugs were admin-
istered every day for 14 days in the administration
period of the first cycle, and for 10 out of 14 days
in the administration periods of cycles 2 to 6. The
end of the administration period in each cycle was
followed by a 14-day observation period.
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Safety population: 206
Placebo group: 104
Edaravone group: 102

FAS (Full analysis set): 205

Placebo group: 104
Edaravone group: 101

Figure 1. Trial profile.

Efficacy evaluation

Primary efficacy endpoint was the change in ALS-
FRS-R score. Secondary endpoints were: changes of
FVC, grip strength (left/right mean), pinch strength
(left/right mean), Modified Norris Scale score
(26,27), ALSAQ-40 (ALS Assessment Questionnaire)
(28,29), and time to death or a specified state of
disease progression (incapable of independent ambu-
lation, loss of function in upper limbs, tracheotomy,
artificial respirator with intubation, or tube feeding).
The evaluations were carried out at the following
times: before pre-observation, before the start of the
first treatment cycle and at the end of each treatment
cycle (after 14 days observation and before the first
dosage of the next cycle).

Safery evaluation

Safety was assessed in terms of number and severity
of adverse events (AE), adverse drug reactions and
the results of clinical laboratory tests and sensory
tests. Serious adverse events were identified from the
adverse events according to the GCP guideline.

Staristical analysis

Based upon the experience of the phase II trial (20),
we considered that it would be difficult to enroll
more than 100 patients per group for the trial and
the target number of patients for enrollment was set
at 200. In the phase II trial, the difference of the

change of ALSFRS-R between the edaravone and
placebo groups was 2.2 for patients with matched
severity and dose to those of the present study; and
on the assumption of a standard deviation of 5.2, the
statistical power of this study can be calculated as
85% when 100 patients per group were enrolled.
The primary population used for the efficacy
analysis was the full analysis set (FAS). For ALS-
FRS-R scores, analysis of covariance (ANCOVA)
was performed on the change in score during treat-
ment, defined as the difference between the score
before the start of the first treatment cycle (before
treatment) and the score at two weeks after the end
of the sixth treatment cycle (after treatment). Three
factors were used for dynamic allocation as covari-
ates, after which the inter-group difference was
assessed. Repeated measures analysis of variance
was also performed using the treatment group,
period, and interaction between treatment group
and period (treatment group X period) as design
factors, and baseline value and the three factors
used for dynamic allocation as covariates, after
which the inter-group difference was assessed.
Compound symmetry was assumed as a covariance
structure of repeated measurement. Edaravone effi-
cacy would be verified if a significant inter-group
difference were found in at least one of the above
analyses. A two-sided level of significance of 5%
and a two-sided 95% confidence interval were
chosen for interpretation of main effect. A two-

1 1 i 0, < f‘l‘\l\oﬂ"\ ‘FI\"‘
sided level of significance of 15% wz:Lg TOHTE LiNK ‘}

Eewuaripkn 4 ievepers £avine
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determining the existence of effect of interaction. A
stratified analysis was also performed on the changes
of ALSFRS-R score by diagnostic category. The
level of significance for differences of patient char-
acteristics was set at 15%.

ANCOVA and repeated measures analysis of
variance were similarly performed on the secondary
endpoints. Time to death or a specified state of dis-
ease progression was defined as an event and the
other endpoints were followed until cut-off. A strat-
ified, generalized Wilcoxon test and log-rank test
were performed using the change in ALSFRS-R
score during the pre-observation period as a stratifi-
cation factor. For patients with more than one event,
the onset date of the first event was defined as the
survival time. In censored cases, the cut-off date was
the end date of observations.

For patients with missing data at 24 weeks after
starting treatment, the last observation carried for-
ward (LOCF) method was applied to impute miss-
ing data. Patients who completed the third cycle
were eligible for LOCF.

To evaluate safety, AE and adverse drug reactions
were assessed in the safety population. Proportions of
AE, adverse drug reactions, serious adverse events
(SAE) and serious adverse drug reactions were calcu-
lated and compared between the groups using Fisher’s
exact test. A two-sided level of significance of 5% and
a two-sided 95% confidence interval were chosen for
interpretation. Statistical analysis was performed using
SAS software (version 9.1, SAS Institute, Cary, NC).

Table 1. Subject demographic characteristics.

Placebo-controlled trial of edaravone for ALS 613

Results
Subject background

Two hundred and forty-six patients were prospec-
tively registered. After the 12-week pre-observation
period, 40 patients were excluded according to the
inclusion and exclusion criteria, and the remaining
206 patients were randomized (Figure 1).

The FAS included 205 patients after exclusion
of one patient who was diagnosed with a different
disease. For the safety evaluation, the number of
patients in the safety population was 206, which
included all patients treated with the study medica-
tion. The treatment was discontinued for 23 patients
(edaravone group: patients’ request 5, AE 3, trache-
otomy 1; placebo group: patients’ request 5, AE 6,
tracheotomy 2, protocol violation 1). There was no
imbalance between the groups in either analysis
set on discontinuation (FAS: p = 0.378; safety popu-
lation: p=0.377).

All patients in the safety population received at
least 80% of the assigned dosages of study drug.

Patient characteristics are summarized in Table I.
Among the patient characteristics, those for which
inter-group differences were found at a significance
level below 15% were the duration of disease
(p =0.104, paired r-test), ALSFRS-R score before
pre-observation (p = 0.065, paired z-test), and ALS-
FRS-R score at the start of the first cycle (p = 0.146,
paired r-test).

Placebo (104) Edaravone (101)

Item n (%) n (%)
Gender

male 69 (66.3) 63 (62.4)
Initial symptom

bulbar 20 (19.2) 18 (17.8)

limb 84 (80.8) 83 (82.2)
Diagnosis (El Escorial revisited)

definite 21 (20.2) 29 (28.7)

probable 54 (51.9) 52 (51.5)

probable laboratory-supported 28 (26.9) 20 (19.8)

possible 1 (1.0) 0 (0.0)
The Japanese severity classification

grade 1 40 (38.5) 36 (35.6)

grade 2 64 (61.5) 65 (64.4)
Use of riluzole

yes 92 (88.5) 90 (89.1)
Change in ALSFRS-R score during pre-observation

-4, -3 32 (30.8) 29 (28.7)

-2, -1 72 (69.2) 72 (71.3)

Placebo (104) Edaravone (101)

Item median (min-max) median (min-max)

Age (years old)

Body weight (kg)

Duration of disease (years)

ALSFRS-R score before pre-observation
ALSFRS-R score before treatment period

58.5 (28-75) 58.0 (29-73)
57.0 (37-109) 57.0 (35-77)
1.20 (0.3-3.0) 1.30 (0.4-2.9)
44.0 (35-48) 43.0 (31-48)
42.0 (32-47) 41.0 (29-47)

ALSFRS-R: the revised amyotrophic lateral sclerosis functional rating scale.
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Table II. Change in endpoints during treatment.

614 K. Abe

Repeated-measures analysis

Change in endpoints during treatment (ANCOVA)

Inter-group difference in adjusted

Adjusted mean

Inter-group difference in adjusted

Adjusted mean change

mean LS
Mean * S.E.

LS Mean * S.E.

mean change

LS Mean *= S.E.

L.S Mean * S.E.

(95% C.1.) p value

Edaravone

Placebo

p value

(95% C.1.)

Edaravone

Placebo

et al.

Primary endpoint

ALSFRS-R

0.141

0.65+0.44
(—0.22 - 1.52)

38.08 £0.47

37.43+0.46

0.411

0.65+0.78
(=0.90-2.19)

—-5.70+0.85

—6.35+0.84

(100)

99

Secondary endpoint

%FVC

0.390

1.26 £ 1.46
(—1.63, 4.15)

88.56+1.59

87.30x1.56

0.193

2.92%2.24
(—1.49, 7.33)

—14.57x2.41

—17.49+2.39

(100)
—4.81 +0.69

99)
—5.71%0.69

0.60+0.40 0.130

(~0.18, 1.38)

13.83+0.43

13.22+0.42

0.165

0.89 = 0.64
(~0.37, 2.16)

Grip strength

(100)
—0.83+0.15

(99)
-1.03+0.15

0.21+0.10 0.038

(0.01, 0.41)

2.83+0.11

2.62+0.11

0.165

0.20+0.14
—0.08, 0.48)

Pinch strength

(100)
~14.12+2.05

(99)
-16.15=2.00

NA

NA

NA NA

0.284

2.03+1.89
(~1.69, 5.75)

Modified Norris scale

(95)
19.60+3.82

o7
19.13£3.79

NA

NA

NA NA

0.892

0.48+3.50
(~6.44, 7.39)

ALSAQ40

(95)

(95)

0.915). ALSFRS-R: the revised amyotrophic lateral sclerosis functional rating scale. NA: not applicable. For Modified Norris scale

ALSFRS-R: interaction between treatment group and period (p

and ALSAQ40, repeated measures analysis was not conducted

Efficacy

The results of ANCOVA for the change of ALS-
FRS-R score during treatment and the results of
repeated measures analysis of variance are shown in
Table II. In both analyses, no significant inter-group
difference was observed.

The changes in ALSFRS-R score during treat-
ment according to diagnostic category, i.e. ‘definite’,
‘probable’ and ‘probable laboratory-supported’, are
shown in Figure 2.

The results of secondary endpoints are presented
in Table II. The pinch strength analyzed by repeated
measures analysis of variance showed a statistically
significant difference, as there was no interaction
between the treatment group and period (p = 0.292).
The other endpoints did not show a significant
difference.

The proportion of events of death or a particular
state of disease progression was documented in 27
patients in the placebo group (14 patients with —4, -3
change in ALSFRS-R score during pre-observation,
and 13 patients with -2, —1 change) and 32 in the
edaravone group (12 patients with —4, —3 change and
20 patients with -2, —1 change). There was no sig-
nificant inter-group difference (stratified log-rank
test: p=0.381, stratified generalized Wilcoxon test:
»=0.399).

Safery

The proportion of AE reported in the safety popula-
tion was 88.5% in the placebo group and 89.2% in
the edaravone group. All AE and SAE with a propor-
tion of at least 5% in either group are listed (Table
IID). The inter-group difference in proportion with
95% confidence interval is 0.8% (-7.8% to 9.4%).
There were no significant inter-group differences in
the proportion of AE (p = 1.000), and in adverse drug
reactions (p=0.349). The proportion of SAE was
23.1% in the placebo group and 17.6% in the edar-
avone group. Two cases of respiratory failure in the
placebo group resulted in death; in the edaravone
group, there were three deaths (two cases of respira-
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Figure 2. Change of ALSFRS-R score during treatment by
diagnostic category. ALSFRS-R: the revised amyotrophic
lateral sclerosis functional rating scale.
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Table II1. Adverse events and serious adverse events.

AE SAE
Placebo Edaravone Placebo Edaravone
(104) (102) (104) (102)

Treatment n (%) n (%) n (%) 7 (%)
Total 92 (88.5) 91 (89.2) 24 (23.1) 18 (17.6)
Constipation 17 (16.3) 13 (12.7)
Dysphagia 12 11.5) 8 (7.8) 11 (10.6) 8 (7.8)
Nasopharyngitis 22 (21.2) 22 (21.6)
Muscular weakness 9 (8.7) 7 (6.9) 1 (1.0) 1 (1.0)
Contusion 5 (4.8) 12 (11.8)
Headache 3 2.9) 8 (7.8)
Insomnia 10 9.6) 9 (8.8)
Gait disturbance 16 (15.4) 20 (19.6) 2 (1.9) 3 2.9
Eczema 2 (1.9) 7 (6.9)
Glucose urine present 3 2.9 6 (5.9)

All AE with an incidence greater than 5% are tabulated by the primary term, MedDRA

version 11.1.

tory disorder and one case of respiratory failure). The
investigators determined that the deaths were due to
the primary disease and were not related to the study
drug. There was no significant inter-group difference
in the proportion of SAE (p=0.389). No serious
adverse drug reactions occurred in either group.

Discussion

The results of prior clinical trials (20,30) indicated
that edaravone may delay the progression of symp-
toms in some ALS patients. Because evaluation of
edaravone would be difficult in patients in whom
ALS progression was either acute or non-existent,
only patients whose ALSFRS-R score changed by -1
to —4 points during the 12-week pre-observation
period were eligible for the study. Since efficacy was
found over the 24-week treatment period in the
phase II trial, a treatment period of 24 weeks was
also chosen for this study.

Based on the results of the previous phase II trial,
the inter-group difference in the change of ALS-
FRS-R score at the end of treatment was expected
to be 2 points in this trial. However, the actual inter-
group difference was only 0.65 points by ANCOVA
and this was not statistically significant. No signifi-
cant inter-group difference was found by repeated
measures analysis of variance either. The results of
ANCOVA for pinch strength, a secondary endpoint,
suggested a beneficial effect in the edaravone group
compared to the placebo group.

Additionally, stratified analysis by diagnostic cat-
egory (Figure 2) revealed that the change in ALS-
FRS-R score during treatment was greater in those
patients fulfilling the criteria for clinically definite
ALS using the Airlie House diagnostic classification.
This trial enrolled patients with longer duration of
disease and higher ALSFRS-R scores at the start
of treatment compared to those of the patients in
other trials (31-34). As shown in Table I, the mean

duration of disease for the edaravone group and the
placebo group was 1.3 years and 1.2 years, respec-
tively, and the mean ALSFRS-R score at the start of
treatment was 41 and 42, respectively. While the
mean change in ALSFRS-R score during the treat-
ment was —5.70 for the edaravone group and —-6.35
for the placebo group, our internal analysis showed
that 25% of patients in the edaravone group and
26% of patients in the placebo group showed the
change of 0 or —1 point in ALSFRS-R score indicat-
ing a more slowly progressive form of the disease
than had originally been anticipated when the trial
was designed, and thus attenuating the power of the
study. Future trials will aim to enroll patients with
more rapidly progressive illness. AE occurred in
nearly 90% of both groups, i.e. 88.5% of patients in
the placebo group and 89.2% in the edaravone
group, with no significant differences between the
two groups.

In conclusion, although the elimination of free
radicals to inhibit the degeneration of motor neurons
appears to be a promising new strategy for the treat-
ment of ALS, this study failed to demonstrate effi-
cacy of edaravone to delay the progression of ALS.
While the primary endpoint was not achieved, we
consider that the results are helpful to identify the
patient population in which edaravone could be
expected to show efficacy. On the basis of this infor-
mation, we have designed and are conducting a
phase III study.
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The Edaravone ALS Study Group:
Site Investigators
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Cystatin C protects neuronal cells against mutant
copper-zinc superoxide dismutase-mediated toxicity

OPEN

S Watanabe'?, T Hayakawa®, K Wakasugi® and K Yamanaka* '

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease characterized by the selective and progressive loss of
motor neurons. Cystatin C (CysC), an endogenous cysteine protease inhibitor, is a major protein component of Bunina bodies
observed in the spinal motor neurons of sporadic ALS and is decreased in the cerebrospinal fluid of ALS patients. Despite
prominent deposition of CysC in ALS, the roles of CysC in the central nervous system remain unknown. Here, we identified the
neuroprotective activity of CysC against ALS-linked mutant Cu/Zn-superoxide dismutase (SOD1)-mediated toxicity. We found that
exogenously added CysC protected neuronal cells including primary cultured motor neurons. Moreover, the neuroprotective
property of CysC was dependent on the coordinated activation of two distinct pathways: autophagy induction through AMPK-
mTOR pathway and inhibition of cathepsin B. Furthermore, exogenously added CysC was transduced into the cells and
aggregated in the cytosol under oxidative stress conditions, implying a relationship between the neuroprotective activity of CysC
and Bunina body formation. These data suggest CysC is an endogenous neuroprotective agent and targeting CysC in motor
neurons may provide a novel therapeutic strategy for ALS.

Cell Death and Disease (2014) 5, e1497; doi:10.1038/cddis.2014.459; published online 30 October 2014

Failure of protein quality control and degradation is deeply proteins might be one of the viable therapeutic approaches

involved in the pathomechanisms of neurodegenerative
diseases. Prominent deposition of disease-specific proteins
is characteristic in neurodegenerative diseases, such as
amyloid-g in Alzheimer’s disease or huntingtin in Huntington’s
disease. Amyotrophic lateral sclerosis (ALS) is a fatal adult-
onset neurodegenerative disease characterized by the selec-
tive loss of motor neurons. While 90% of ALS is sporadic, 10%
is inherited. Among the inherited ALS cases, dominant
mutations in Cu/Zn superoxide dismutase (SOD1) are the
frequent cause of inherited ALS." Transgenic mice and rats
expressing a human gene for SOD1 with an ALS-linked
mutation develop an ALS phenotype, whereas those with
deletion of wild-type SOD1 do not, indicating that acquired
toxicity mediated by mutant SOD1 is involved in
neurodegeneration.?® In  SOD1-linked ALS, SOD1-
containing inclusions or oligomerized protein complexes have
been specifically found in the spinal motor neurons and
astrocytes. It has been proposed that mutant SOD1 proteins
are misfolded and consequently aggregated, gaining toxic
properties at some stage in their formation.® Furthermore,
recent studies have suggested that the accumulation of
misfolded SOD1 proteins is involved in the pathomechanisms
of sporadic ALS.%7 Therefore, a reduction of misfolded SOD1

for ALS.

Cystatin C (CysC) is an endogenous cysteine protease
inhibitor and expressed in various tissues.® In the central
nervous system, CysC is mainly secreted from the choroid
plexus into the cerebrospinal fluid. CysC is a member of the
type-Il Cystatin family and inhibits cathepsin B, S and F*
Although its precise function, especially in the central nervous
system, is still uncertain, some studies have revealed that
CysC has a neuroprotective role in neurodegenerative
diseases.” In a mouse model for Alzheimers disease,
overexpression of human CysC in the mice reduced deposits
of amyloid-g fibrils."? CysC has been shown to improve the
survival of dopaminergic neurons in a rat model of Parkinson’s
disease.'® In sporadic ALS, CysC is a major component of
Bunina bodies, which are ALS-specific inclusion bodies, found
in remaining motor neurons,'® and the levels of CysC are
decreased in the cerebrospinal fluid of ALS patients."*'®
Intriguingly, it was also reported that the concentration of CysC
in the cerebrospinal fluid is correlated with the survival time of
ALS patients,"® implying a potent neuroprotective property of
CysC in ALS.

Previous reports showed that CysC induces autophagy
to protect neuronal cells against various stresses including
serum or growth-factor deprivation and oxidative stresses.'®1®
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Autophagy is a major intracellular proteolytic pathway that
targets misfolded or aggregated proteins as well as the
ubiquitin-proteasome pathway. Because the ubiquitin-
proteasome pathway is impaired in both SOD1-linked'”"1®
and SOD1-unrelated'®®° ALS models, autophagy activation
may complementally degrade the abnormal proteins to rescue
motor neurons. Indeed, involvement of autophagy is impli-
cated in the experimental models of ALS.2"22 Moreover,
recent studies have shown that cathepsin B (CatB), a member
of the cysteine protease family that is inhibited by CysC, is
deeply involved in motor neuronal degeneration. Increased
immunoreactivity of CatB was often found in the neurons of
sporadic ALS patients®® or ALS model mice®* and CatB-
knockout mice showed a lower rate of motor neuron death
after nerve injury,®® suggesting that inhibition of CatB is
beneficial for motor neuronal survival. These previous data
suggest the possibility that CysC is a promising therapeutic
candidate for ALS. However, no evidence has been provided
for the role of CysC in neuroprotection in ALS models.

Here, we performed direct tests of the neuroprotective
property of CysC using neuroblastoma cell Neuro2a (N2a)
and primary mix-cultured motor neurons derived from mutant
SOD1 transgenic mice and identified that CysC is a novel

o

CysC NeuN

SOD1WT AH

SOD1WT PH

SOD1693A AH

SOD16%34 PH

Figure 1

antibodies for NeuN, LAMP-2 and CysC, respectively. Transverse sections in the anterior horn (AH) and the posterior horn (PH) of 5-month-old SOD1" (a and b) or SOD

Merged

neuroprotective agent against mutant SOD1-mediated neuro-
toxicity that acts through induction of autophagy and inhibition
of CatB.

Results

CysC is enriched in the healthy motor neurons in mouse
spinal cords. Although Bunina bodies are the specific
structures in patients with sporadic ALS, they are not found
in some sporadic ALS cases as well as cases of familial ALS
caused by SOD1 mutations.2®27 In a previous study, CysC
was immunostained in remaining neurons as a condensed
form and activated astrocytes in SOD1%%** mouse spinal
cord.?* Therefore, we first confirmed the localization of
endogenous murine CysC and its alternations in SOD1%3A
mouse spinal cord (Figure 1). The punctate staining of murine
CysC was observed in SOD1 wild-type mouse spinal cord.
Murine CysC immunoreactivity was strongly positive in the
anterior horn neurons, whereas it was weak or negative in the
posterior horn neurons and the glial cells (Figure 1a). Murine
CysC was partially co-localized with lysosome-associated
membrane protein 2 (LAMP-2), a marker protein of lyso-
somes (Figure 1b). In SOD1%%3* mouse spinal cord, murine

NeuN

CysC

LAMP-2

CysC expression in wild-type and mutant SOD1 mouse spinal cords. Double or triple immunostaining for neurons, lysosomes and Cystatin C was performed uging
1 93A

(c and d) mouse spinal cords were analyzed by confocal microscopy. The arrow represents the remaining normal-shaped neuron, and the arrowheads represent the shrunken

neurons, respectively. Scale bars: 50 um in a—¢, 25 umin d
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CysC immunoreactivity was generally reduced and con-
densed in the remaining neurons, and it was also found in the
outside of neurons (Figures 1c and d). Interestingly, murine
CysC was still immunostained in remaining, normal-
appearing neurons (Figure 1c, arrows), whereas murine
CysC immunoreactivity was almost undetectable in shrunken
neurons (Figure 1c, arrowheads). These results are similar to
that of human sporadic ALS cases,'® suggesting that murine
CysC immunoreactivity correlates with motor neuronal
survival. Moreover, LAMP-2 immunoreactivity was also
diminished in the SOD1%%3A anterior horn neurons
(Figure 1d), implying the involvement of lysosomal dysfunc-
tion in motor neuronal degeneration.

CysC protects N2a cells against mutant SOD1-mediated
neurotoxicity. In order to investigate whether CysC is
involved in motor neuronal survival, we examined the
neuroprotective activity of exogenously added recombinant
human CysC against mutant SOD1-mediated toxicity. Phase
microscopic images showed that both of G85R and G93A
mutant SOD1 were toxic to differentiated N2a cells and the
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addition of CysC to the culture medium reduced their toxicity
(Figure 2a). The neuroprotective effect of CysC against
mutant SOD1-mediated toxicity was further confirmed by the
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-
(4-sulfophenyl)-2H-tetrazolium (MTS) assay (Figure 2b) and
by quantitation of the live cells excluding trypan blue dye
(Figure 2c). To evaluate the concentration dependence of
neuroprotection by CysC, we added CysC into the culture
medium at dose of 0, 0.2, 0.6 and 1uM. As shown in
Figure 2d, CysC protected the N2a cells in a concentration-
dependent manner. These results provide strong evidence
that CysC is involved in neuroprotection against mutant
SOD1-mediated toxicity.

CysC reduces toxic SOD1 species by induction of
autophagy. A previous study demonstrated that CysC
protected neuronal cells against various stresses by induc-
tion of autophagy.’® To examine whether autophagy is
involved in the neuroprotective activity of CysC against
SOD1-mediated toxicity, we first evaluated the number of
intracellular SOD1 aggregates with fluorescent microscopy.

1.2 4
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Figure2 CysC protects N2a cells against mutant SOD1-mediated cytotoxicity. (a-¢) N2a cells were transfected with SOD1WT (WT), SOD1%85R (G85R) or SOD16%%A (G93A),
and incubated for 48 h in the differentiation medium with or without 0.2 M CysC. Light microscopy images (a), the cell viability measured by the MTS assay (b), or quantification
of viable cells with trypan blue staining (c) were shown. (d) Dose-dependent cytoprotection of CysC. Transfected N2a cells were incubated with CysC at the indicated
concentrations. Cytoprotective activity of CysC was measured by the MTS assay. All data are expressed as means + standard error of the mean (S.E.M.) from three independent
experiments, each performed in triplicate. *P<0.05, **P<0.01 in (b) and (c). *P<0.05 compared to SOD1*T without CysC, #P< 0.05 compared to SOD1%8® without CysC in D.

Scale bar: 200 um
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Figure 3 CysC induces autophagy and reduces detergent-insoluble mutant SOD1 proteins in cells. (a) Representative fluorescent microscopy images of N2a cells
expressing GFP-SOD1 incubated for 24 h with rapamycin (Rap.; 300 nM) or CysC (0.2 uM). The arrowheads indicate the intracellular mutant SOD1 aggregates. Quantified data
are expressed as means + S.E.M. from three independent experiments. In each experiment, at least 100 cells were counted. (b) Induction of LC3-li, an autophagy marker, by
CysC. N2a cells were transfected with SOD1WT or SOD1%%5R and incubated with CysC at the indicated concentrations for 12 h. Lysates were analyzed by immunoblotting with
anti-LC3 and a-tubulin antibodies. Relative levels of LC3-Il normalized by the expression of a-tubulin were quantified. (¢) The effect of autophagy inhibition on neuroprotection by
CysC. N2a cells expressing wild-type or mutant SOD1 were treated with CysC (0.2 M) and/or 3-MA (10 mM). Cell viability was measured by the MTS assay. Data are expressed
as means + S.E.M. from three independent experiments. Each experiment was performed in triplicate. (d) Reduction of Triton-insoluble mutant SOD1 species by CysC. After 24 h
of CysC treatment, N2a cells expressing SOD1 constructs were lysed with 1% Triton X-100. Triton-insoluble fractions were resuspended with 2% sodium dodecyl sulfate and

analyzed by immunoblotting. **P< 0.01. *P<0.05. Scale bar: 50 um

As shown in Figure 3a, the green fluorescent protein (GFP)-
fused SOD1%%" mutant formed intracellular aggregates in
about 30% of total transfected N2a cells. Rapamycin, a
representative inducer of autophagy, remarkably reduced
these intracellular aggregates of SOD1%8F to about 50% of
untreated cells. CysC treatment also decreased the aggre-
gates like rapamycin did to about 70% of untreated cells,
although difference in the degree of reducing aggregates
between CysC and rapamycin treatment was not statistically

Cell Death and Disease

significant. These data imply that CysC protected N2a cells
through induction of autophagy. LC3, a selective marker of
autophagy, normally appears as a cytosolic form (LC3-I) and
becomes cleaved, membrane-bound form (LC3-ll) under
autophagosome formation process. Western blot analyses
showed that CysC enhanced the formation of LC3-l
(Figure 3b). Lysosomal proteinase inhibitors, E64d and
pepstatin A, further increased the level of LC3-ll, indicating
the upregulation of autophagy by CysC. Interestingly, the
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induction of autophagy was independent of the transfected
SOD1 species, suggesting that the regulation of autophagy
by CysC is physiologically constitutive and independent of
SOD1-mediated toxicity (Figure 3b). Next, in order to confirm
the relationship between neuroprotective activity of CysC
against mutant SOD1-mediated toxicity and induction of
autophagy, the MTS assay was performed in the presence of
3-methyladenine (3-MA), an inhibitor of macroautophagy. As
shown in Figure 3c, the protective effects of CysC were
completely abolished by 3-MA treatment. Moreover, CysC
treatment remarkably reduced Triton X-100-insoluble SOD1
mutants (Figure 3d), suggesting degradation of the misfolded
toxic SOD1 species by autophagy. All of these data indicate
that the induction of autophagy is essential for the neuro-
protective activity of CysC.

CysC induces autophagy via AMPK-mTOR pathway.
CysC has been shown to inhibit the mammalian target of
rapamycin (mTOR) complex, which suppresses autophagy.'®
However, the mechanisms through which CysC inhibits
mTOR are still uncertain. To identify the signal transduction
pathway mediated by CysC, we investigated the following
pathways that regulate mTOR activity. (i) AMP-activated
kinase (AMPK) is a regulator of cellular metabolism and
energy consumption. AMPK inactivates mTOR under mal-
nutritic conditions, such as those involving a low glucose
supply.?® (ii) Akt is a major signal transducer that promotes
protein synthesis, cellular proliferation and cell survival. Akt
phosphorylates mTOR at Ser2448 and induces its activity.?®
(iii) Protein kinase C & (PKCJ9) is activated in the spinal cord
of the wobbler mouse, an ALS model.?° PKCS activates
mTOR via the transglutaminase-Akt pathway.®' In order to
examine the effects of CysC on these pathways, N2a cells
expressing SOD1 were treated with 1 uM CysC for 8h and
analyzed by immunoblotting (Figure 4a). AMPK activation
was remarkably inhibited when SOD1 mutants were
expressed (Figures 4a and b) and the reduced activation of
AMPK by SOD1 mutants was partially recovered by CysC
treatment (Figures 4a and c). In addition to this, compound C
(CC), an AMPK inhibitor, clearly inhibited the AMPK activa-
tion and the conversion to LC3-ll by CysC treatment
(Figure 4d). These data indicate that CysC induces auto-
phagy through the AMPK-mTOR pathway, whereas the
activities of the other mTOR-regulating factors, Akt and
PKCS, were not affected by CysC treatment. To examine the
role of AMPK activation in the neuroprotection by CysC, we
measured the cell viability with CysC, AMPK inhibitor or
activator (Figure 4e). CC also inhibited the neuroprotective
activity of CysC. However, AICA-riboside (AICAR), an AMPK
activator, exacerbated the mutant SOD1-mediated toxicity.
These data indicate that AMPK activation is essential but not
sufficient for the neuroprotection by CysC. To confirm the
changes in AMPK activity in vivo, we analyzed the spinal cord
lysates of SOD1 transgenic mice at various ages (Figure 4f).
The phosphorylation levels of AMPK were reduced at the end
stages of the disease (Figure 4f). This is consistent with the
results of the N2a cells and implies that a reduction of AMPK
activity is involved in the disease.
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CysC is transduced into neuronal cells via clathrin-
dependent endocytotic pathway. CysC transduction into
some human non-neuronal cell lines®>°2 has been previously
reported. However, it has not been clarified whether CysC is
also transduced into neuronal cells. Moreover, the transduc-
tion pathway by which CysC is transduced into neuronal cells
is unknown. To address these questions, we added fluorescein
isothiocyanate (FITC)-labeled CysC (FITC-CysC) into the culture
medium. We found that CysC was transduced into neuronal
cells and localized to lysosomal acidic components, which were
labeled by Lysotracker-Red, as like in the case of other cells
(Figure 5a). Immunoblot analyses of isolated intact lysosomes of
the cells treated with biotinylated-CysC (Biotin-CysC) revealed
intact full-length CysC delivery (Figure 5b). There are multiple
endocytotic pathways including clathrin-dependent endocytosis,
lipid raft-caveolae-dependent endocytosis and macropinocytosis.
To determine the endocytotic pathway responsible for CysC
transduction, we administered the pathway-specific inhibitors,
chlorpromazine (clathrin-dependent endocytosis),®* Filipin-t|
(lipid raft-caveolae-dependent endocytosis)® or 5-(N-Ethyl-
N-isopropyl) amiloride (macropinocytosis)®® into the cells.
Although Filipin-Ill and 5-(N-Ethyl-N-isopropyl) amiloride did
not inhibit CysC transduction at all, chlorpromazine clearly
inhibited it (Figure 5c). These data showed that CysC is
transduced into the cells via the clathrin-dependent pathway
and localized to lysosomes.

Transduced CysC leaks from lysosome and forms
aggregates under oxidative stress conditions. Intriguingly,
transduced CysC was leaked from the lysosomes and
aggregated in the cytosol when the G85R or G93A SOD1
mutant was expressed (Figure 6a), whereas wild-type SOD1
expression did not cause the CysC leakage. Previous studies
have revealed that lysosomal membrane permeabilization
(LMP) is induced by various stresses including oxidative
stress.®”®8 |n order to investigate the possible involvement of
oxidative stress in CysC leakage, we treated N2a cells with
hydrogen peroxide (H.Op) and found that HyO, treatment
caused CysC leakage, which was similar to the effects of the
mutant SOD1 expression (Figure 6b). Moreover, N-acetyl-L-
cysteine, a scavenger of reactive oxygen species, inhibited
H20Oz-induced CysC release from the lysosomes. Further-
more, N-acetyl-L-cysteine also inhibited the leakage of CysC
from lysosomes when G85R SOD1 mutant was expressed
(Figure 6c). These data suggest that LMP caused by
oxidative stress is a major cause of CysC leakage from
lysosomes.

CatB inhibitory activity of CysC is required for its
neuroprotection. Itis of interest whether the CatB inhibitory
activity of CysC is also involved in its neuroprotective activity,
because the previous reports have shown that CatB is
activated in ALS pathology®®?* and involved in motor
neuronal degeneration.® First, we confirmed the activation
of CatB in the mutant SOD1 model. The immunoreactivity of
CatB and the amount of the CatB active form was
substantially increased in SOD1%%** mouse spinal cord,
which was similar to the findings of previous studies (Figures
7a and b). Next, to examine the inhibitory activity of CysC
treatment on CatB activation by mutant SOD1 expression, we
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Figure4 CysC regulates AMPK activity during the induction of autophagy. (a) Immunoblotting analysis of autophagy regulators. N2a cells expressing SOD1 were treated with
or without CysC (1 uM) for 6 h. The lysates were analyzed by immunobiotting using antibodies for phosphorylated AMPK (pAMPK), phosphorylated mTOR (pmTOR),
phosphorylated PKCs (pPKC6), Myc and g-actin. (b) Inactivation of AMPK by mutant SOD1 expression. Each relative pAMPK level normalized by g-actin in (a) is quantified.
*P<0.05, **P<0.01 versus mock. (¢) Activation of AMPK by CysC treatment. Relative levels of pAMPK for CysC-treated samples normalized by that of PBS-treated control,
which is shown as the broken line, in (a) were quantified. *P<0.05 versus PBS-treated controls. (d) CysC induced autophagy through the AMPK activation. N2a cells were
treated with CysC (1 M), CC (5 uM) or AICA-riboside (AICAR, 5 mM) for 12 h. The lysates were analyzed by immunoblotting using antibodies against pAMPK, LC3 and Tubulin
(left panel). Quantification of immunoblots was plotted (right panel). () The effect of pAMPK activation on neuroprotection by CysC. N2a cells expressing G85R SOD1 mutant
were treated with CysC (0.2 uM), CC (5 uM) or AICAR (5 mM). Cell viability was measured by the MTS assay. Data are expressed as means + S.E.M. from three independent
experiments. Each experiment was performed in triplicate. *P<0.01 compared to non-treated control, #P<0.01 compared to CysC-treated one. (f) Immunoblotting analysis of
pAMPK in SOD1 transgenic mouse spinal cords. The spinal cord lysates from the transgenic mice at indicated ages were analyzed for the levels of pAMPK, SOD1 and f-actin
(upper panel). The expression levels of pAMPK were normalized by f-actin (lower panel). All data are expressed as means + S.E.M. from three independent experiments
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Figure 5 Transduction of exogenously added CysC into N2a cells. (a) Transduction and localization of CysC to lysosomes in N2a cells. FITC-labeled CysC or bovine serum
albumin (1 M) was added to N2a cells for 3 h, and the cells were then briefly treated by LysoTracker and analyzed by confocal microscopy. (b) Immunoblotting detection of
transduced full-length CysC in purified lysosomal fractions. Biotin-conjugated transduced CysC was detected by horseradish peroxidase-streptavidin. Immunoblot using anti-
LAMP-2 antibody indicates enrichment of lysosome. {c) Clathrin-dependent transduction of CysC. N2a cells were pre-treated with chlorpromazine (25 4M), filipin 1l (5 mg/ml) or
5-(N-Ethyl-N-isopropyl) amiloride (EIPA) (25 M) for 1 h. Then, the cells were incubated with FITC-labeled CysC for 1 h, and analyzed by confocal microscopy. Scale bars: 25 um

created a W106G CysC mutant that specifically lacked the
inhibitory activity against CatB.%° Similar to the wild-type, the
W106G mutant induced autophagy (Figure 7c) and trans-
duced into N2a cells (Figure 7d). As shown in Figure 7e, the
CatB activity induced by mutant SOD1 was completely
inhibited by wild-type CysC treatment, whereas the W106G
CysC mutant did not inhibit the activation of CatB, suggesting
that transduced CysC functioned as the endogenous
intracellular CatB inhibitor. Surprisingly, CysC treatment did
not affect the CatB activity at all in the absence of mutant
SOD1, implying that CysC was effective only to inhibit the
aberrant activation of CatB. Moreover, to assess the
contribution of CatB inhibition by CysC to its neuroprotective
activity, we examined the neuroprotective activity of the wild-
type or W106G CysC mutant to mutant SOD1-mediated
toxicity by the MTS assay. As shown in Figure 7f, W106G
CysC did not reduce the mutant SOD1-mediated toxicity at
all. This suggests that CatB inhibitory activity was also
essential for the neuroprotective activity of CysC as well as
the induction of autophagy. Moreover, a CatB-specific
inhibitor CA-074 did not improve the viability of the N2a cells
(Figure 79), indicating that the CatB inhibitory activity was

essential but not sufficient to protect neurons as well as the
induction of autophagy.

CysC protects primary cultured motor neurons from
mutant SOD1-mediated toxicity. In order to confirm the
protective effect of CysC on primary motor neurons, we
examined motor neuronal survival in a primary neuron-glia
mix culture derived from Hb9-GFP/SOD1%8%" mouse
embryos. As Hb9-GFP mice have been used to identify
motor neurons in mice,*® the number of GFP-positive cells
represents surviving motor neurons (Figure 8a). Mixed
culture derived from SOD1%8R embryos showed an accel-
erated decrease of motor neurons compared with that of the
wild-type one and CysC treatment markedly improved the
viability of SOD1%8%% motor neurons (Figure 8b). This result
indicates that CysC exerts a neuroprotective activity against
mutant SOD1-mediated toxicity on primary cultured motor
neurons as well as N2a cells.

Discussion

In the present study, we demonstrated the neuroprotective
activity of CysC against mutant SOD1-mediated toxicity.
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Figure 6 Stress-induced leakage from the lysosomes and aggregation of CysC in N2a cells. (a) Leakage and aggregation of CysC caused by mutant SOD1 expression. N2a
cells transiently expressing SOD1 were incubated with 0.5 M FITC-CysC for 24 h, treated with LysoTracker and analyzed by confocal microscopy. (b) H,O,-induced aggregation
of CysC and effects of N-acetyl cysteine (NAC). N2a cells were incubated for 24 h in the medium containing 0.5 M FITC-CysC and 50 M H,0, with or without 100 zM NAC.
Cells were treated with LysoTracker and observed by confocal microscopy. (€) NAC prevented mutant SOD1-induced aggregation of CysC. N2a cells expressing G85R SOD1
mutant were incubated for 24 h in the medium containing 0.5 xM FITC-CysC with or without 100 M NAC. Cells were treated with LysoTracker and observed by confocal
microscopy. The arrowheads indicate the leaked and aggregated CysC in the cytosol. (a—c, right panel) Cells with CysC aggregates were quantified. **P<0.01. *P< 0.05. Scale
bars: 25 ym
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