Three-year change of outcome measures in spinal and bulbar muscular atrophy

the subjective functional parameters, such as the ALSFRS-R and
modified Norris score, indicating that motor functional deficits at
an early stage of the disease may not be detected using these
measures. By contrast, the estimated values at onset were far
more or less than the normal level for the objective outcome
measures, such as the 6-min walk distance, grip power and
serum creatine kinase and creatinine levels, implying that disease
severity may be evaluated by using these objective measures.
Thus, our findings suggest that the objective and quantitative as-
sessments, but not functional scales, are sensitive measures to
detect subtle clinical deficits at an early or preclinical stage of
spinal and bulbar muscular atrophy.

Clinical phenotypes and onset site dis-
tribution of spinal and bulbar muscular
atrophy

in the analyses of the baseline data, we noticed that the degree of
bulbar symptoms do not necessary correspond to that of limb
involvement. For instance, pharyngeal barium residue, a clinical
measure of dysphagia, was relatively little in certain patients
who showed a decreased 6-min walk distance (Patients 9 and
11; Supplementary Table 10). Conversely, walking capacity was
relatively preserved in Patients 28 and 32 who demonstrated
increased barium residue in videofluorography. These findings
prompted us to categorize the clinical symptoms of spinal and
bulbar muscular atrophy with respect to the site of involvement
using factor analysis (Fig. 3 and Supplementary material). This
result suggests that upper limb function is closely related to
bulbar function, but not to lower limb function. To confirm this
view, the relationship among each domain of ALSFRS-R and that
of the modified Norris score were investigated. The results showed
that upper limb function is closely related to bulbar function com-
pared with lower limb function, supporting the findings of our
factor analysis (Supplementary Table 11). These observations sug-
gest that the phenotypes of spinal and bulbar muscular atrophy
may take a bulbar/upper limb-dominant or lower limb-dominant
form. However, subgroup analyses according to the initially af-
fected site showed no substantial differences between the patients
whose initial symptom were bulbar or upper limb weakness and
those who first noticed lower limb symptoms (Supplementary
Table 12).

Discussion

Spinal and bulbar muscular atrophy is a relatively rare neurode-
generative disease, for which the data regarding longitudinal ana-
lyses of clinical measures are limited (Katsuno et al. 2010;
Fernandez-Rhodes et al. 2011). The 3-year natural history data
of quantitative outcome measures in spinal and bulbar muscular
atrophy obtained from the present study will be useful for the
design of future therapeutic trials, including the choice of outcome
measures, determination of the observation period, stratification of
patients and calculation of the sample size. In our longitudinal
analyses, all of the outcome measures, except for the ALSAQ-5
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Figure 3 Factor analysis of ALSFRS-R subscores. Plot of
variables for Factors 1 and 2 derived from factor analyses. Each
variable indicates the items of the ALSFRS-R.
Climbing = climbing stairs; Cutting = cutting food and handling
utensils.

and barium residue, showed a statistically significant progression,
suggesting a slow but steady deterioration of symptoms in
patients with spinal and bulbar muscular atrophy. The lack of
significant longitudinal changes of pharyngeal barium residue
may result from unequivocal variation among patients and piece-
meal deglutition, a possible compensatory mechanism against
slowly progressive bulbar palsy, which may hinder the measure-
ment of the residue in patients with spinal and bulbar muscular
atrophy (Katsuno et al., 2010).

The results of sample size calculation indicated that the employ-
ment of functional rating scales as the primary endpoint may
reduce the sample size. However, even with these functional out-
come measures, clinical trials of disease-modifying therapies that
suppress the exacerbation of symptoms appear to be less practical
than those testing symptomatic therapies. Furthermore, these
scales are shown to be more susceptible to placebo effects than
objective measures (Hashizume et al., 2012). This issue should also
be taken into account to design clinical trials of spinal and bulbar
muscular atrophy using subjective outcome measures. In addition,
the effect of ageing on outcome measures is an alternative factor
that may compromise the sample size estimation. Since motor
function declines with age, the longitudinal changes of outcome
measures in the present study might contain both disease-specific
and age-related deterioration of function. This issue appears to be
particularly critical when using objective measures, whereas the
effects of ageing appear to be less problematic for subjective
measures, the score of which is expected to be full even in aged
subjects with normal activity. For instance, previous studies sug-
gest that the 6-min walk distance test shows an age-dependent
decline at ~5m/year that may lead to the overestimation of
disease progression in patients with spinal and bulbar muscular
atrophy (Enright et al., 1998; Takeuchi et al., 2008).
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In this longitudinal study, we also analysed the individual raw
data in consideration of disease duration because it influences the
severity of the neurological symptoms of spinal and bulbar mus-
cular atrophy (Takeuchi et al., 2008; Rhodes et al., 2009). To this
end, we summarized the individual data into a representative line
by using random coefficient regression models. The results indi-
cated that the disease progression is relatively linear, rather than
quadratic or exponential, in the population studied (Fig. 2). The
slope of the line was equivalent to the actual disease progression
calculated for each parameter, indicating the plausibility of this
modelling process (Table 3). This result raised the possibility that
the data from the present study can be used as comparative his-
torical control data in future clinical studies.

In the present study, we also confirmed that CAG repeat length
correlated well with the age of onset and other activity of daily
living milestones, as previously shown in spinal and bulbar mus-
cular atrophy and other polyglutamine diseases (Abe et al., 1998;
Stevanin et al., 2000; Atsuta et al., 2006; Walker, 2007; Reetz
et al., 2011). In contrast to the strong correlation of CAG repeat
size with the age at onset, the disease progression of spinal and
bulbar muscular atrophy was not affected by CAG repeat length in
androgen receptor. This result may suggest that the size of the
CAG repeat influences the timing of the onset of clinical symp-
toms, but not the progression of neurological deficits, and that
different mechanisms underlie disease initiation and progression
in spinal and bulbar muscular atrophy (Atsuta et al., 2006). In
support of this view, the onset of motor dysfunction is reportedly
determined by the expression of causative proteins in neurons, but
disease progression is largely dependent on glial pathology, in a
mutant super oxide dismutase 1 mouse model of amyotrophic
lateral sclerosis (Boille et al., 2006). Alternatively, the length of
the CAG repeat may determine the nucleation speed of patho-
genic androgen receptor proteins and the eventual onset of dis-
ease, but not the rate of aggregation that is likely to influence
progression (Zhou et al., 2011). It can also be inferred that the
older age at onset in patients with a shorter CAG repeat may lead
to accelerated progression, which overwhelms the direct effects of
genotype on the post-onset course of the disease. This may
underlie the faster deterioration of timed walking and serum cre-
atinine levels in the patients with a shorter CAG repeat
(Supplementary Table 6). In our subgroup analyses considering
age at onset, patients with an older age of onset tended to
show a more rapid deterioration of timed walking and serum cre-
atinine levels, although the intergroup differences were not signifi-
cant (Supplementary Table 7).

Laboratory tests often detect high serum levels of creatine
kinase in patients with spinal and bulbar muscular atrophy, a pos-
sible clue to early diagnosis (Sorarti et al., 2008; Chahin and
Sorenson, 2009; Rhodes et al., 2009). Our results of the baseline
analysis suggested that the elevation of creatine kinase and the
decrease of creatinine levels in serum were the most characteristic
blood findings in patients with spinal and bulbar muscular atrophy.
Since there are no established blood markers for spinal and bulbar
muscular atrophy, it is important to determine if each blood index
can be used as a biomarker to evaluate the effects of tested
therapies in future clinical trials. In the present study, multiple
regression analyses using baseline data raised the possibility that
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the serum level of creatinine is a reliable biomarker of disease
severity. Creatinine is a biosysthetic product of creatine phosphate,
which is a key molecule for energy production in muscle. Creatine
is converted to creatinine and transported from muscle through
the circulation to the kidneys (Viollet et al., 2009). Because the
serum creatinine level is associated with the whole muscle mass, it
may be a useful marker for monitoring disease progression in
spinal and bulbar muscular atrophy. The correlation between the
serum levels of creatinine and clinical severity also suggested that
the precise measurement of the whole muscle mass is essential to
develop new biomarkers. Conversely, the serum level of creatine
kinase was not correlated with most of the outcome measures,
possibly because it is vulnerable to the patient's activity before
blood sampling. Therefore, careful management of the patient's
activity before sampling appears to be necessary when the serum
levels of creatine kinase are used as a biomarker of spinal and
bulbar muscular atrophy (Banno et al., 2009).

Preventive or early intervention is construed as a key factor for
successful translational research on disease-modifying therapies for
neurodegenerative diseases (Holtzman, 2008). With regard to
spinal and bulbar muscular atrophy, the results of phase il trials
suggest that leuprorelin might be more effective in patients whose
disease duration is <10 years (Katsuno et al., 2010). These ob-
servations imply the need to evaluate disease severity at an early
stage using sensitive clinical markers to facilitate clinical trials of
disease-modifying therapies. in the longitudinal analyses of the
present study, it was suggested that the biological or neurological
deficit at a preclinical or early stage of the disease might be de-
tectable using objective functional or blood parameters, but not
using subjective outcome measures. In support of these findings,
the reduction of brain volume and the decline of quantitative
motor function were demonstrated in pre-manifest carriers in a
prospective analysis of the natural history of Huntington's disease
(Tabrizi et al., 2009). These results might suggest the need to
adopt appropriate objective measures for designing clinical trials
of early interventions, and to reconsider the conventional defin-
ition of the onset of neurodegenerative diseases, including spinal
and bulbar muscular atrophy, on the basis of the patients’ percep-
tion of subjective symptoms for the development of
disease-modifying therapies. The variability of onset age with a
similar CAG repeat length may also suggest the limit of clinical
definition of disease onset (Supplementary Table 9).

On the basis of the observation that the degree of bulbar
involvement is not necessarily similar to that of limb impairment,
we analysed the clinical phenotype of spinal and bulbar muscular
atrophy using baseline data. The results indicated that upper limb
function is closely related to bulbar function, but not to lower limb
function and that patients with spinal and bulbar muscular atrophy
appear to be diverse in terms of the preferentially affected site.
These observations suggest that the severity of neurodegeneration
may be associated with neuroanatomical closeness in spinal and
bulbar muscular atrophy. In support of this view, the degeneration
of neurons is shown to affect the dynamics of cell death in neigh-
bouring cells (Friedlander; 2003). Additionally, disease-specific pat-
terns of the topographical expansion of pathology have been
suggested for several neurodegenerative diseases (Goedert et al.,
2010).
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In summary, the results of the present study demonstrated the
slow but steady progression of motor impairment in spinal and
bulbar muscular atrophy. Analyses using random coefficient
models did not indicate that the disease progression of spinal
and bulbar muscular atrophy is substantially affected by the
CAG repeat length, the age of onset, or serum levels of testoster-
one, suggesting that these variables may not be critical factors for
the stratification of patients in clinical trials. Biological and neuro-
logical deficits were detectable using objective functional or blood
parameters, even during the early or preclinical stage of spinal and
bulbar muscular atrophy, suggesting that these indices may be
used as endpoints in clinical trials of disease-modifying therapies
for spinal and bulbar muscular atrophy.
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TAR DNA-binding protein 43 (TDP-43) is a major component of ubiquitin-positive inclusion of TDP-43 pro-
teinopathies including amyotrophic lateral sclerosis and frontotemporal lobar degeneration with ubiquiti-
nated inclusions, which is now referred to as FTLD-TDP. TDP-43 in the aberrant inclusion is known to be
hyperphosphorylated at C-terminal sites, to be truncated at the N-terminal region, and to re-distribute
from nucleus to cytoplasm or neurite. The pathogenic role of these modifications, however, has not been clar-
ified. Furthermore, there is no evidence about the initial cause of these modifications. Herein we show that
ethacrynic acid (EA), which is able to increase cellular oxidative stress through glutathione depletion, induces
TDP-43 C-terminal phosphorylation at serine 403/404 and 409/410, insolubilization, C-terminal fragmenta-

" tion, and cytoplasmic distribution in' NSC34 cells and primary cortical neurons. In the investigation using a

nonphosphorylable mutant of TDP-43, there was no evidence that C-terminal phosphorylation of TDP-43
contributes to its solubility or distribution under EA induction. Our findings suggest that oxidative stress in-
duced by glutathione depletion is associated with the process of the pathological TDP-43 modifications and

provide new insight for TDP-43 proteinopathies.

© 2011 Elsevier Inc. All rights reserved.

Introduction

TAR DNA-binding protein 43 (TDP-43) is a major component of
ubiquitin-positive inclusion, a pathological hallmark of TDP-43 pro-
teinopathies including amyotrophic lateral sclerosis (ALS) and fronto-
ternporal lobar degeneration with ubiquitinated inclusions, which is
now referred to as FTLD-TDP (Arai et al, 2006; Neumann et al.,
2006). Both diseases occur in sporadic or familial forms, and are char-
acterized by late-onset progressive deterioration of motor and/or
cognitive function. TDP-43 is a heterogeneous nuclear ribonucleopro-
tein (hnRNP), which is known to regulate gene transcription and
exon splicing through interactions with RNA, hnRNPs, and nuclear
bodies (Ayala et al., 2005; Buratti et al, 2005; Wang et al., 2002,

Abbreviations: TDP-43, TAR DNA-binding protein of 43 kDa; ALS, amyotrophic lat-
eral sclerosis; hnRNP, heterogeneous nuclear ribonucleoprotein; hNFL, human low mo-
lecular weight neurofilament; Cdk6, cyclin-dependent kinase 6; ROS, reactive oxygen
species; EA, ethacrynic acid; NAC, N-acetylcysteine; CK1, casein kinase 1; CK2, casein
kinase 2; WT-TDP-43, wild type TDP-43; SA-TDP-43, nonphosphorylable TDP-43.
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2004). In addition, this protein has also been reported to stabilize
human low molecular weight neurofilament (hNFL) mRNA through
direct interaction with its 3'UTR (Strong et al., 2007), regulate retino-~
blastoma protein phosphorylation through the repression of cyclin-
dependent kinase 6 (Cdk6) expression (Ayala et al., 2008), regulate
activity of Rho family GTPases (Iguchi et al., 2009), and alter the ex-
pression of selected microRNAs, such as let-7b and miR-663 (Buratti
et al., 2010). Furthermore, very recent works using cross-linking im-
munoprecipitation sequencing show that multiple RNAs interact
with TDP-43 (Polymenidou et al., 2011; Sephton et al, 2011;
Tollervey et al., 2011).

Although it mostly localizes in the nucleus under normal condi-
tions, TDP-43 is distributed from nucleus to cytoplasm or neurite,
and forms aggregates consisting mainly of C-terminal fragments in af-
fected neurons of patients with TDP-43 proteinopathies. In addition,
TDP-43 in the aberrant aggregation is hyperphosphorylated at multi-
ple C-terminal sites (Hasegawa et al., 2008). However, neither the
pathogenic role nor the initial cause of these abnormal modifications
of TDP-43 has been elucidated. The fact that the majority of patients
with TDP-43 proteinopathies are sporadic suggests that exogenous
factors induce post-translational modifications of TDP-43 that are
seen in the disease. Furthermore, TDP-43 inclusions have also been
observed in Alzheimer disease (AD), Parkinson disease (PD),
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dementia with Lewy bodies (DLB), and Huntington disease (HD),
argyrophilic grain disease, suggesting that the aggregation of this pro-
tein may be a secondary feature of neurodegeneration {(Amador-Ortiz
et al., 2007; Arai et al., 2009, 2010; Geser et al., 2008; Hasegawa et al.,
2007). These findings complicate understanding of the pathogenic
role of TDP-43. On the other hand, there is considerable evidence
that reactive oxygen species (ROS) and oxidative stress are associated
with many neurodegenerative conditions including ALS (Abe et al,,
1995, 1997; Beal et al., 1997; Butterfield et al., 2007; Ferrante et al.,
1997; Lovell and Markesbery, 2007; Nunomura et al.,, 2002; Shaw et
al., 1995). Herein we show that oxidative stress induced by glutathi-
one depletion reproduces the pathological modifications of TDP-43,
that are seen in TDP-43 proteinopathies, in motor neuron-like cells
and primary cortical neurons.

Materials and methods
Cell culture and treatiment

Mouse NSC34 motor neuron-like cells (a kind gift of N.R. Cashman,
University of British Columbia, Vancouver, Canada) were cultured in a
humidified atmosphere of 95% air-5% CO2 in a 37 °C incubator in Dul-
becco’s Modified Eagle's Medium (DMEM) supplemented with 10%
fetal bovine serum (FBS). To differentiate the cells, the medium was
changed to DMEM containing 1% FBS and 1% NEAA, and was cultured
for 24 h. For the interventions, the cells were then incubated with
ethacrynic acid (EA) (Sigma-Aldrich, St. Louis, MO), with or without
N-acetylcysteine (NAC) (Sigma-Aldrich), casein kinase 1 (CK1) inhibi-
tor (D4476), or casein kinase 2 (CK2) inhibitor (TBCA) (Sigma-Aldrich).
Primary cultures of mouse embryonic cortical neurons that were disso-
ciated from embryonic cortex of embryonic day 15 (E15) C57BL/6]
pregnant mice were plated onto poly-L-lysine-coated plates or glass
bottom dishes, and maintained in neuron culture medium (Sumilon,
Osaka, Japan). Five days after the incubation, the indicated interven-
tions were performed. In both NSC34 cells and primary cortical neurons,
the transfections of the intended plasmids were performed using Lipo-
fectamine 2000 (Invitrogen, Eugene, OR), according to the manufac-
turer's instructions.

DNA constructs

Human wild type TDP-43 (WT-TDP-43) (accession number NM
007375) cDNA was amplified by PCR from cDNA of human spinal
cord using the following primers: 5’-CACCATGTCTGAATATATICGGG-
TAAC-3’ and 5’-CTACATTCCCCAGCCAGAAGACTTAGAAT-3'. The PCR
product was cloned into the pENTR/D-TOPO vector (Invitrogen). For
nonphosphorylable TDP-43 (SA-TDP-43) vector, primers containing
the mutant substitution of TDP-43 serine 403/404 and 409/410 to al-
anine were used to mutagenize WT-TDP-43 (KOD-Plus-Mutagenesis
kit; Toyobo, Osaka, Japan). The entry vector of WT- or SA-TDP-43
was transferred into pcDNA6.2/N-EmGFP-DEST Vector or pcDNA3.1/
nV5-DEST using Gateway LR Clonase II enzyme mix (Invitrogen).
The sequences of all constructs were verified using CEQ 8000 genetic
analysis system (Beckman Coulter, Brea, CA).

Immunoblot analysis

For whole lysate analysis, NSC34 cells and primary cortical neurons
were lysed in 2% SDS sample buffer. For analysis of protein solubility,
cells cultured in 6-well plates were lysed in 100 pl of Tris (TS) buffer
(50 mM Tris-HC buffer, pH 7.5, 0.15M Na(Cl, 5mM EDTA, 5 mM
EGTA, protein phosphatase inhibitors, and protease inhibitor cocktail).
Lysates were sonicated and centrifuged at 100,000 xg for 15 min. To
prevent carryover, the pellets were washed with TS buffer, followed
by sonication and centrifugation. TS-insoluble pellets were lysed in
50 W of Triton-X100 (TX) buffer (TS buffer containing 1% Triton X-

100), sonicated, and centrifuged at 100,000 g for 15 min. The pellets
were washed with TX buffer, followed by sonication and centrifuge.
TX-insoluble pellets were lysed in 50 pi of Sarkosyl (Sar) buffer (TS buff-
er containing 1% Sarkosyl), sonicated and centrifuged at 100,000 x g for
15 min. Sar-insoluble pellets were lysed in 25 pl of SDS sample buffer.
After denaturation, 3 l of each cell lysate was separated by SDS-PAGE
(5%-20% gradient gel) and analyzed by western blotting with ECL Plus
detection reagents (GE Healthcare, Buckinghamshire, UK). Primary an-
tibodies used were as follows: anti-TDP-43 rabbit polyclonal antibody
(1:1000, ProteinTech, Chicago, IL), anti-TDP-43 (405-414) rabbit poly-
clonal antibody (1:1000, Cosmo Bio Co. Ltd., Tokyo, Japan), anti-TDP-43
(phospho Ser403/404, Cosmo Bio) rabbit polyclonal antibody (1:1000,
Cosmo Bio), anti-TDP-43 (phospho Ser409/410, Cosmo Bio) rabbit poly-
clonal antibody (1:1000, Cosmo Bio), anti-GAPDH mouse monoclonal
antibody (1:2000, Temecula, CA), anti-GFP mouse monoclonal antibody
(1:2000, MBL, Nagoya, Japan), and anti-V5 mouse monoclonal antibody
(1:2000, Invitrogen).

Assay of ROS production

NSC34 cells to be treated with intended agents were incubated in
96-well plates with 5-(and-6)-chloromethyl-2’,7’-dichlorodihydro
fluoresceindiacetate acetyl ester (CM-H2DCFDA) (Molecular Probes,
Eugene, OR, USA) for 1 h. Oxidation in the cells was then measured
in a multiple-plate reader (PowerscanHT, Dainippon Pharmaceutical,
Japan) at excitation and emission wavelengths of 485nm and
530 nm, respectively. The assays were carried out in 6 wells for
each condition.

Immunocytochemistry

NSC34 cells and primary cortical neurons were fixed with 4% para-
formaldehyde, incubated with PBS containing 0.2% Triton X-100 for
5 min, blocked, and incubated overnight with anti-TDP-43 rabbit poly-
clonal antibody (1:1000, ProteinTech), anti-TDP-43 {phospho Ser409/
410) mouse monoclonal antibody (1:2000, Cosmo Bio) and anti-TIAR
mouse monoclonal antibody (1:1000, BD Transduction Laboratories,
Milan, Italy). After washing, samples were incubated with Alexa-488-
conjugated goat anti-rabbit IgG (1:1000, Invitrogen) and Alexa-564-
conjugated goat anti-mouse IgG (1:1000, Invitrogen) for 30 min,
mounted with (Vector Laboratories, Inc. Burlingame, CA), then imaged
with a laser conforcal microscope (Nikon A1, Nikon, Tokyo, Japan).

Time lapse analysis

NSC34 cells or mouse primary cortical neurons were grown on
glass base dishes, transfected with GFP-WT-TDP-43, and treated
with EA. GFP and phase contrast imaging was done every 10 min
using a 40X objective lens on a laser scanning confocal microscope.

Cell viability analysis

The 3-(4,5-dimethylthiazol-2-yl)-5-(3-caboxymethoxyphenyl)-2-
(4-sulfophenyl)-2H -tetrazolium (MTS)-based cell proliferation assay
(MTS assay) was carried out using the CellTiter 96 Aqueous One Solu-
tion Cell Proliferation Assay (Promega, Madison, W1), according to the
manufacturer's instructions. Absorbance at 490 nm was measured in
a multiple-plate reader (PowerscanHT, Dainippon Pharmaceutical,
Japan). The assays were carried out in 6 wells for each condition.

Statistical analysis

Statistical differences were analyzed by ANOVA and Bonferroni
post hoc analyses for three group comparisons (SPSS version 15.0,
SPSS Inc., Chicago, IL). Two-tailed p<0.05 was regarded as statistically
significant.
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Results

EA-mediated oxidative stress induces TDP-43 phosphorylation in
NSC34 cells

To investigate the effect of oxidative stress on endogenous TDP-43,
NSC34 cells were incubated for 12 h with EA, which is able to increase
cellular oxidative stress through depletion of glutathione, (Keelan et
al, 2001; Rizzardini et al, 2003). Immunoblots showed abnormal
TDP-43-immunoreactive bands at 45 kDa, which suggests hyperpho-
sphorylation of TDP-43, at EA concentration greater than 50 uM EA
(Fig. 1A). The bands were immunopositive for phospho-TDP-43-specific
(pTDP-43) antibodies at serine 403/404 and serine 409/410 (S403/404
and S409/410), that are seen in TDP-43 proteinopathies as pathological
phosphorylation (Hasegawa et al,, 2008) (Fig. 1A). In addition, phos-
phorylation of these TDP-43 sites was prevented by co-treatment with
2 mM NAC, a precursor of glutathione. Quantification of CM-H2DCFDA
oxidation, a measure of ROS formation, showed that ROS productions
was increased by EA treatment in a dose-dependent manner and was
prevented by NAC (Fig. 1B). Since TDP-43 phosphorylation at S403/
404 and S409/410 is exerted by CK1 and CK2 (Hasegawa et al,, 2008),
the effect of treatment with these inhibitors in combination with EA
was examined. Both inhibitors prevented serine phosphorylation of
TDP-43 in a dose-dependent manner, although CK1 inhibitor was
more effective than CK2 inhibitor (Fig. 1C).

EA induces TDP-43 insolubilization and C-terminal fragmentation
To investigate the effect of oxidative stress on endogenous TDP-43

solubility, cells treated with 70 UM EA were extracted sequentially. In
the immunoblots, the amount of TDP-43 in TS and TX fractions were

significantly decreased, but the amount in Sar and SDS fractions were
increased in a time-dependent manner (Fig. 2A). These phenomena
were prevented in the presence of 2 mM NAC. Phosphorylated TDP-
43 was increased in Sar fractions in a time-dependent manner and
was detectable in SDS fractions 5 h after EA induction (Fig. 2A). In ad-
dition, long exposure of immunoblots with anti-TDP-43 antibody
demonstrated that ~25 kDa C-terminal fragment (CTF) of TDP-43 in
Sar and SDS fractions appeared evidently by EA induction, and the
amount of TDP-43 CTF in SDS fraction was significantly increased at
5 h after EA induction compared with control (Fig. 2A, B).

EA induces cytoplasmic distribution of TDP-43

Immunocytochemistry showed that endogenous TDP-43 disap-
peared from the nucleus, translocated to the cytoplasm, and became
phosphorylated at least in some population of NSC34 cells treated
with 70 uM EA for 5 h, whereas this protein was localized in the nu-
cleus and was not phosphorylated in untreated cells (Fig. 3A). Al-
though the majority of cytoplasmic TDP-43 was diffusely distributed
under EA treatment, it was also localized in stress granules (SGs),
which were labeled with TIAR (Fig. 3A). The time lapse analysis of
NSC43 cells expressing GFP-WT-TDP-43 demonstrated cytoplasmic
distribution of TDP-43 in the majority of the cells treated with
70 uM EA, but TDP-43 consistently localized in the nucleus of cells
co-treated with 2 mM NAC (Fig. 3B, C)..

H>0, induces C-terminal phosphorylation, C-terminal fragmentation,
insolubilization, and cytoplasmic distribution of TDP-43

To confirm that the TDP-43 modifications are not induced by the
specific toxicity of EA, we investigated the effects of H,0,, another
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Fig. 1. TDP-43 phosphorylation induced by EA. (A) Immunoblots of NSC34 cells. EA induced TDP-43 C-terminal phosphorylation at S403/404 and S409/410 in a dose-dependent
manner. The phosphorylation was prevented by 2 mM NAC. (B) Quantification of ROS by CM-H2DCFDA oxidative assay. The values relative to those of controls are shown. ROS pro-
duction was increased by EA induction and suppressed by 2 mM NAC. Asterisk denotes significant difference from control (p<0.0001, n=6). Error bars indicate SD. (C) Immuno-
blots of NSC34 cells treated with 70 uM of EA. Casein kinase 1 and 2 inhibitors (CK1-1 and CK2-1) both prevented the phosphorylation of TDP-43 in a dose-dependent manner.
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Fig. 2. Analysis of TDP-43 solubility under EA treatment. (A) Sequential extraction analysis using Tris (TS), Triton X100 (TX), Sarkosy! (Sar), and SDS buffers. The amount of TDP-43
in TS and TX fractions was decreased by 70 pM EA in a time-dependent manner, while the amount of TDP-43 in Sar and SDS fractions was increased by the treatment. These phe-
nomena were prevented by 2 mM NAC. Phosphorylated TDP-43 (S409/410) was increased in Sar and SDS fractions in a time-dependent manner. (B) Densitometric quantitation of
TDP-43C-terminal fragment (CTF). The relative intensities to controls are shown in arbitrary units (AU). Long exposure of immunoblots with anti-TDP-43 antibody (405-414)
(TDP-43C) showed ~25 kDa C-terminal fragment (CTF) in Sar and SDS fractions. The amount of TDP-43 CTF was significantly increased in the SDS fraction at 5 h after EA induction

(n==3). Error bars indicate SD.

inducer of oxidative stress, on the modifications of TDP-43. Immuno-
blots of NSC34 cells showed that 10 mM H,0, induced C-terminal
phosphorylation and C-terminal fragmentation of TDP-43 (Fig. S4A).
In the sequential extraction analysis of NSC34 cells, the amount of
TDP-43 in TS and TX fractions was decreased by 10 mM H,0,, while
that of TDP-43 in SDS fraction was increased by the treatment (Fig.
S4B). The time lapse analysis of NSC34 cells expressing GFP-WT-
TDP-43 showed that 10 mM H,0; induced cytoplasmic distribution
of TDP-43 (Fig. S4C).

EA induces C-terminal phosphorylation and cytoplasmic distribution of
TDP-43 in primary cortical neurons

To investigate the effect of oxidative stress in neurons, 5-day in
vivo (5 DIV) mouse primary cortical neurons were treated with EA
for 5 h. Immunoblots showed that EA induced TDP-43 phosphoryla-
tion at S403/404 and S409/410 in a dose-dependent manner, and
2 mM NAC prevented the phosphorylation (Fig. 4A). In the time
lapse analysis of neurons expressing GFP-WT-TDP-43, TDP-43 was
distributed in the cytoplasm in the presence of 30 uM EA (Fig. 4B).

C-terminal phosphorylation of TDP-43 is not mandatory for its
insolubilization or cytoplasmic distribution under EA

Since C-terminal phosphorylation of TDP-43 was accompanied by
insolubilization and distribution to the cytoplasm in response to ox-
idative stress, we investigated the effect of C-terminal phosphoryla-
tion of TDP-43 using a nonphosphorylable TDP-43 (SA-TDP-43)
mutant which contains serine to alanine substitutions at 403/404
and 409/410 (Fig. 5A). We used N-terminal tagged TDP-43, since
C-terminal tagged TDP-43 was not detected by anti-pTDP-43 anti-
body in the immunoblots even under conditions of oxidative stress
sufficient to phosphorylate endogenous TDP-43 (Fig. S1). As was
seen with WT-TDP-43 under normal conditions, GFP-tagged and
V5-tagged SA-TDP-43 were located in the nucleus (Fig. S2). In the
immunoblots, endogenous and GFP-WT-TDP-43 were phosphorylated
in the presence of 70 1M EA, but GFP-SA-TDP-43 was not phosphorylated
even at an EA concentration of 70 uM (Fig. 5B). The time lapse anal-
ysis of NSC34 cells demonstrated that GFP-SA-TDP-43 translocated
to the cytoplasm (Fig. 6A). The proportion of the cells with cyto-
plasmic distribution of TDP-43 under oxidative stress was not
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Fig. 3. Cytoplasmic distribution of TDP-43 induced by EA. (A) Immunocytochemistry of NSC34 cells. Cells were stained with anti-TDP-43 antibody (green), anti-phospho-specific
TDP-43 (pTDP-43) (5409/410) or anti-TIAR antibody (red), and DAPI (blue). EA treatment (70 pM, 5 h) induced translocation of TDP-43 from the nucleus to the cytoplasm in NSC34
cells. Cytoplasmic TDP-43 was immunopositive for pTDP-43 antibody. In the control cells TDP-43 localized in the nucleus without phosphorylation. TDP-43 co-localized with stress
granule marker, TIAR under EA treatment, although the majority of cytoplasmic TDP-43 was diffusely distributed. Arrows indicate stress granules. Scale bars represent 10 pm.
(B) Time lapse analysis of NSC43 cells expressing GFP-WT-TDP-43. GFP and phase contrast images showed that TDP-43 was distributed to the cytoplasm when exposed to
70 UM EA, but this distribution was prevented by 2 mM of NAC. (C) The proportion of cells with cytoplasmic distribution of TDP-43 (cells with cyto-TDP) in the GFP-TDP-43 expres-
sing cells O h or 5 h after EA induction without or with NAC treatment. Three areas per sample were measured. Error bars indicate SD.

different between WT- and SA-TDP-43 (Fig. 6B). Sequential extrac-
tion of NSC34 cells was performed using V5-tagged TDP-43 vectors,
since the Sar-insoluble fraction of GFP-TDP-43 was abundant even
in the absence of oxidative stress (data not shown). The amount
of Sar-insoluble fraction of SA-TDP-43 detected was the same as
was seen with WT-TDP-43. (Fig. 7A, B). These findings indicate
that phosphorylation is not necessary for oxidative-stress mediated in-
solubilization and cytoplasmic distribution of TDP-43. Next, we per-
formed MTS assay of NSC34 cells to investigate the effect of TDP-43
and its modifications on the cell viability. The results showed that no
significant difference in the viability among the cells expressing GFP-
mock, GFP-WT- and GFP-SA-TDP-43, either 0 h or 5 h after EA induction
(Fig. S3).

Discussion

Post-translational modifications of TDP-43 such as C-terminal
phosphorylation, insolubilization, C-terminal fragmentation, and cy-
toplasmic distribution are pathological hallmarks of TDP-43 proteino-
pathies (Arai et al., 2006; Hasegawa et al, 2008; Neumann et al.,
2006). TDP-43 with defective nuclear localization signal (NLS) was
shown to promote cytoplasmic aggregation, C-terminal phosphoryla-
tion, and C-terminal fragmentation of TDP-43 in cell-based studies
(Nonaka et al., 2009a; Winton et al,, 2008). In addition, overexpres-
sion of TDP-43 CTF lead to phosphorylation and formation of cyto-
plasmic aggregates (Igaz et al, 2009; Nonaka et al, 2009b).
Although these observations suggest that the cytoplasmic localization
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or fragmentation of TDP-43 facilitates its pathological modification
such as aggregation and phosphorylation, the initial cause of these
modifications in TDP-43 proteinopathies has not been fully elucidat-
ed. Some studies have demonstrated that artificial axonal damage in-
duces transient cytoplasmic distribution of TDP-43 in motor neurons
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(Moisse et al., 2009; Sato et al., 2009), indicating that the pathological
distribution of TDP-43 may result from the cellular response to neu-
ronal injury or axonal obstruction. However, in these affected neu-
rons, aggregation, C-terminal fragmentation and phosphorylation of
TDP-43 were not observed. Furthermore, zinc-induced nuclear
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Fig. 4. TDP-43 modification induced by EA in primary cortical neuron. (A) Immunoblots
of primary cortical neurons. EA induced TDP-43 phosphorylation at S403/404 and
5409/410 in a dose-dependent manner, and this was prevented by 2 mM NAC. (B)
Time lapse analysis of neurons expressing GFP-WT-TDP-43. TDP-43 in primary cultures
was distributed to the cytoplasm in the presence of 30 pM EA.

inclusion formations have also been observed in SY5Y cells, but not C-
terminal fragmentation or phosphorylation of TDP-43 (Caragounis et
al,, 2010).

In the present study, we demonstrated that a compound that in-
duces cellular glutathione depletion, EA induced C-terminal phos-
phorylation of TPD-43 at $403/404 and S409/410 in NSC34 cells and
mouse primary cortical neurons, and that NAC completely prevented
this phosphorylation. In addition, inhibitors of both CK1 and CK2 also
prevented the phosphorylation in a dose-dependent manner. These
findings indicate that C-terminal phosphorylation of TDP-43 occurs
as a consequence of oxidative stress induced by glutathione depletion
and is mediated by CK1 and CK2. Furthermore, the sequential extract
analysis showed that EA reduced the solubility of TDP43 and in-
creased the amount of ~25 kDa CTF in the Sar-insoluble fraction. Ad-
ditionally, EA also induced cytoplasmic distribution of TDP-43 in
NSC34 cells and primary cortical neurons. The time lapse analysis
showed that cytoplasmic distribution of TDP-43 was seen in the ma-
jority of NSC34 cells. Although the immunocytochemistry of TDP-43
demonstrated that cytoplasmic distribution of TDP-43 were observed
only in a certain population of NSC34 cells treated with EA, this is
likely due to the fact that most of damaged cells could not stay adher-
ent to the plate during the fixation. Previous reports indicated that

wild type TDP-43  (wt-TDP)

nonphosphorylable mutant (SA-TDP)

B Mock  wt~TDP SA~TDP
EA 0..30770 03070

— GFP-TDP-43
——— non-specific
WB: TDP-43 C éo—kDTDP-f#S
-37kD
— GFP-TDP-43
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se i’403/404 -50kD
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Fig. 5. Nonphosphorylable mutant of TDP-43. (A) Structures of WT- and SA-TDP-43
vectors. SA-TDP-43 contains serine to alanine substitutions at 403/404 and 409/410.
(B) Immunoblots of NSC34 cells expressing GFP-WT- or GFP-SA-TDP-43. Endogenous
and GFP-WT-TDP-43 were phosphorylated at both 403/404 and 409/410 by 70 uM
EA, but GFP-SA-TDP-43 was not phosphorylated by the treatment.

severe level of oxidative stress may result in apoptotic cell death,
and that caspase activation induces C-terminal fragmentation of
TDP-43 (Dormann et al., 2009; Zhang et al., 2007). These observations
do not exclude the possibility that caspase activation contributes to
TDP-43 modifications that were observed under EA treatment. The
results of the present study demonstrated that H,0,, another inducer
of oxidative stress, also causes C-terminal phosphorylation, fragmen-
tation, insolubilization, and cytoplasmic distribution of TDP-43 as ob-
served under EA exposure. These data suggest that oxidative stress is
involved in the process of the pathological TDP-43 modifications seen
in TDP-43 proteinopathies. The facts that oxidative stress is associat-
ed with aging-related disorders (Frederickson et al., 2005; Migliore,
2005) and that TDP-43 proteinopathies are aging process-related dis-
eases may support our assumption that oxidative stress possibly me-
diates TDP-43 modification. A high frequency of abnormal TDP-43
pathology such as C-terminal phosphorylation has been found not
only in patients with TDP-43 proteinopathies but also in patients
with other neurodegenerative disease such as AD, DLB, and HD
(Arai et al,, 2010). Since numerous studies have demonstrated in-
creased oxidative cellular damage in these conditions (Butterfield et
al., 2007; Lovell and Markesbery, 2007; Nunomura et al., 2002), oxi-
dative stress may be a cause of pathological TDP-43 modification in
various neurodegenerative disorders.

Several studies demonstrated that TDP-43 is involved in SGs under
cellular stresses including arsenite treatment and heat shock
(Colombrita et al, 2009; Liu-Yesucevitz et al,, 2010; McDonald et al.,
2011; Nishimoto et al., 2010). Although TDP-43 was seen as a compo-
nent of SGs under EA treatment, majority of cytoplasmic TDP-43 was in-
dependent of SGs and was diffusely distributed. These findings suggest
that there is SG-independent mechanism for cytoplasmic distribution of
TDP-43 under oxidative stress induced by glutathione depletion.
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Fig. 6. The effect of C-terminal phosphorylation on TDP-43 distribution. (A) Time lapse
analysis of NSC34 cells expressing GFP-SA-TDP-43. GFP-SA-TDP-43 was distributed to
the cytoplasm by 70 M of EA. (B) The proportion of cells-with cytoplasmic distribution
of TDP-43 (cells with cyto-TDP) in the GFP-TDP-43 expressing cells. The proportion of
cells with cyto-TDP was not different between WT- and SA-TDP-43, either Oh or 5h
after EA induction. Three areas per sample were measured. Error bars indicate SD.

In the present study, S403/404 and S409/410 of TDP-43 were
phosphorylated together with insolubilization and cytoplasimic dis-
tribution of the protein. The hyperphosphorylation of disease marker
proteins is a common feature of neurodegenerative disorders, and its
relation to the pathogenesis has been intensively investigated: Tau in
AD; huntingtin in HD; and alfa-synuclein in PD and DLB (Ballatore et
al., 2007; Fujiwara et al., 2002; Gu et al,, 2009). A number of studies
have demonstrated that disease-specific phosphorylation of these
marker proteins modulates aggregation and potentially influences
disease pathogenesis (Azeredo da Silveira et al, 2009; Gu et al,
2009). In the present study, there was no difference between wild
type and non-phosphorylable TDP-43 in the degree of insolubilization
and cytoplasmic translocation under oxidative stress conditions, sug-
gesting that C-terminal phosphorylation of TDP-43 is not mandatory
for aggregation or abnormal intracellular distribution. In support
with our findings, there is a study demonstrating that C-terminal
phosphorylation of TDP-43 is not substantially required for the cyto-
plasmic aggregation (Brady et al., 2010). In addition, our results show
that C-terminal tags interfere with the detection of TDP-43 phosphor-
ylation, providing a cautionary note for cell-based and animal studies
of TDP-43 with a C-terminal tag.

We further examined whether the pathological modifications of
TDP-43 contribute to cell vulnerability to glutathione depletion. In
the analysis of MTS assay, the viabilities of NSC34 cells were de-
creased by EA treatment. Although GFP-WT-TDP-43 was fully phos-
phorylated, insolubilized and distributed to cytoplasm in the cells
treated with EA, there was no significant difference in the viability be-
tween the cells expressing GFP-mock and GFP-WT-TDP-43. In addi-
tion, the viability of NSC34 cells expressing GFP-SA-TDP-43 was not
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Fig. 7. The effect of C-terminal phosphorylation on TDP-43 solubility. (A) Sequential
extraction of NSC34 cells expressing V5-WT- or V5-SA-TDP-43. (B) Densitometric
quantitation of Sar-insoluble V5-TDP-43. Ratio of Sar-insoluble fraction from the
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different from that of the cells expressing GFP-WT-TDP-43. These
findings suggest that TDP-43 modification may not affect cell viability
under oxidative stress induced by glutathione depletion.

In conclusion, we demonstrated that oxidative stress induced by
glutathione depletion instigated TDP-43 modifications including C-
terminal phosphorylation, insolubilization, C-terminal fragmentation
and cytoplasmic distribution, and that these changes reproduce the
pathological features of TDP-43 proteinopathies and other neurode-
generative diseases such as AD.

Supplementary materials related to this article can be found on-
line at doi:10.1016/j.nbd.2011.12.002.
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Introduction

Autophagy is one of the major cellular systems that regulate
protein degradation and organelle turnover in physiological and
pathological conditions [1], and it is an essential quality control
system for proteins in post-mitotic neurons that need to eliminate
abnormal proteins and organelles for their proper function and
survival [2,3]. It is well known that the dysregulation of autophagy
causes neurodegeneration [4,5] and that the abnormal accumu-
lation of autophagosomes is observed in several neurodegenerative
diseases [6-9]. Particularly, intensified immunoreactivity for
microtubule-associated protein 1 light chain 3 (LC3), which is a
marker of autophagosome, is often observed in the spinal motor
neurons of amyotrophic lateral sclerosis (ALS) patients {8,10].
Electron microscopy of the motor neurons of ALS patients shows
an increased number of autophagosomes surrounded by a double-
membrane that contain sequestered cytoplasmic organelles, e.g.,
mitochondria [8]. Although these observations suggest the
possibility that autophagy is upregulated to protect neurons from
increased amounts of aggregated proteins and/or damaged

PLOS ONE | www.plosone.org

organelles, it is also possible that the accumulation of autophago-
somes due to dysregulated autophagy leads to neurodegeneration.
One possible mechanism for the accumulation of autophago-
somes in degenerated neurons is the disruption of the cellular
transport system, given that autophagosomes are cargo that moves
bidirectionally along microtubules, which is powered by the
kinesin family of motor proteins and dynein/dynactin complexes
[11,12]. We previously investigated the motor neuron-specific
gene expression profile of sporadic ALS (SALS), which accounts
for more than 90% of ALS, and found that the expression of
dynactin 1, which is a key member of the dynactin family, is
markedly decreased in the spinal motor neurons of SALS patients
[9]. The decreased expression of dynactin 1 was also verified
quantitatively using in situ hybridization analysis of tissues from
SALS patients [13]. By contrast, the expression of other motor
proteins including the kinesin family, which are responsible for
anterograde transport and dyneins, which are responsible for
retrograde transport was not significantly changed. Thus, we
hypothesized that the decreased expression of dynactin 1 results in
the disrupted transport of autophagosomes and thus attenuates the
protective effects of autophagy against neurodegeneration.
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Figure 1. Dysregulated expression of dynactin 1 and the accumulation of autophagosomes in SALS patients. (A) Representative in situ
hybridization for DCTNT in the spinal cords of control and ALS patients. (B, C) Representative immunohistochemistry for dynactin 1 and microtubule-
associated protein 1 light chain 3 alpha (LC3) on consecutive spinal cord (B) and cerebellar (O) sections from control and ALS patients. (D)
Quantification of the signal intensity of LC3 in anterior horn neurons of the spinal cord (n =20 sections from 4 patients for each group). (E) Correlation
between LC3 intensity and the expression of DCTNT in individual motor neurons from SALS patients (n=12 consecutive sections from 3 SALS
patients). (F) Correlation between the intensity of LC3 immunoreactivity and the size of motor neurons in SALS patients {(n=20 sections from 4
patients). (G-L) Electron microscopy images of spinal motor neurons. Representative lower magnification image of a motor neuron from a control
patient (G) and lower (H) and higher magnification images (/-L) from SALS patients. The open arrowheads indicate lipofuscin. There were abundant
autophagic vacuoles, e.g., multi-lamellar bodies (arrowheads in /, K), autophagosome-like double membrane vesicles (arrows in K, J), and
autolysosomes (asterisks in L) in the motor neurons of SALS patients, but not of the control. Scale bar=50 um (A-C), 2 um (G, H), or Tum (-L).
Statistical analyses were performed using Student’s t test (*p<<0.0001) and Pearson’s correlation coefficient in £ and F. The error bars are S.E.M.
doi:10.1371/journal.pone.0054511.g001

Moreover, mutations of DCTNI, the gene encoding dynactin 1,
are linked to familial lower motor neuron disease [14]. Several
mutant DCTNI models exhibited motor dysfunction and patho-
logical changes related to motor neuron disease [15,16]. As seen in
the motor neurons of SALS patients, mutant DCTN/ mice
exhibited a massive accumulation of membrane vesicles, including
autophagosomes, in spinal motor neurons [16]. Although these
findings suggest that impaired vesicular trafficking might cause the

PLOS ONE | www.plosone.org

accumulation of vesicles, it remains unclear whether the transport
of autophagosomes is actually impaired in the mutant DCTNI/
mice or whether the accumulation of autophagosomes plays a
causative role in the pathogenesis of motor neuron degeneration.

The aim of the present study was to clarify the biological link
between the quantitative loss of dynactin 1 and the disruption of
autophagy. In particular, we examined whether the decreased
levels of dynactin 1 induce motor neuron degeneration by
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Figure 2. Creation of the motor neuron-specific dnc-7KD C. efegans model. (A) Fluorescent visualization of ventral cholinergic motor
neurons and their neurites in transgenic C. elegans worms expressing acr2p::shRNA:gfp. (B) Representative immunohistochemical staining of GFP and
in situ hybridization against dnc-1 in ventral cholinergic motor neurons and their neurites in the control(RNAI) and dnc-1(RNAI) worms. (C) The number
of GFP-positive motor neurons (white arrows in B) was not significantly different between the control(RNAi) and dnc-1(RNAi) worms (n= 20 animals for
each strain). (D) Conversely, the number of dnc-1 mRNA-positive neurons (black arrows in B) was remarkably decreased in the dnc-1(RNAi) worms
(n=20 animals for each strain). (E) Representative images of in situ hybridization for dnc-1 in the head neurons. Scale bars=100 um (4), 10 um (B),
and 20 um (£). Statistical analyses were performed using Student’s t test (*p<<0.0001). The error bars are S.EM.
doi:10.1371/journal.pone.0054511.g002

hindering the transport of autophagosomes. To this end, we first homolog of human DCTNI, using small hairpin RNA (shRNA),
examined the relationship between the decreased levels of  and investigated whether the depletion of dynactin 1 impairs the
dynactin 1, the accumulation of autophagosomes, and motor transport of autophagosomes and thereby induces motor neuron
neuron degeneration in post-mortem tissues from SALS patients. degeneration. Using this model, we also explored therapeutic
Next, we created a Caenorhabditis elegans (C. elegans) model of the strategies targeting the transport of autophagosomes.

motor neuron-specific knockdown (KD) of dnc-I, the C. elegans
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— 293 —



Dynactin 1 and Disrupted Autophagy in Sporadic ALS

control(RNAJ)

B o]
] & dne-1(RNAI-1 1 ——— v dne-1(RNAi-2
o1 -contro(l(RNA/)) © - :contrrgI(RNAr))
T .81 & wild T8 | o wild
._g 61 Tg 67 5
e 41 s A
B .21 B2
01 01
0246 810121416182022 0246 810121416182022
(days) (days)
D = E
o free »
5 g 80 53
T ™ a0 S
£3 €5
3 40 g o
=3 £

[
o

) ?.\ AN D \- \ ps & *\ N
B Yo AP R
At e® ‘6‘,‘» &(&@* @ \@ o A& ot ‘w @“ &
6“0’&‘5‘ d’ (\“’ Y U A (,0 é‘(\ Go“
day 3 day 6 day 9 day3 day6 day$9

F dnc-1(RNAI) control(RNAJ) WT

&
S

N
o
i1

150
100

Speed (um/s)

o 8

;\ \?34 \ K\\\P"’ \5\\6

Figure 3. Motor dysfunction in the motor neuron-specific dnc-7-KD C. elegans model. (A) Stereoscopic microscopy showing the
phenotypes of the control(RNAI) and dnc-1(RNAI) worms. (B, C) Survival curves of the transgenic worms (dnc-1(RNAI-1), n=90; dnc-1(RNAI-2), n=90;
control(RNAI) n=90; and wild-type n=30). The same survival data of the control(RNAi)and wild-type worms were used in both graphs. Both dnc-
1(RNAI) worms with different shRNA sequences (101, 2888) had significantly reduced life spans compared with the control(RNAi) worms (101:
p = 0.005; 2888: p<0.0001; log-rank test). (D) The number of body bends associated with forward movement in 3 min. (£} The number of thrashing
movements in liquid medium in 30 s. (F, G) The tracks (F) and average speed of the worms (G) analyzed by video capture at day 4. Scale bars in
F=100 pm. The error bars are S.EM. (n=30, 30, 40, and 40 for dnc-1(RNAI-1), dnc-1(RNAI-2), control(RNAI), and wild-type, respectively, in D, E; and
n=6, 6, and 6 for dnc-1(RNAi-1), control(RNAi), and wild-type, respectively, in G). The statistical analyses in C, D, and F were petrformed by one-way
ANOVA followed by the Bonferroni/Dunn post hoc test (*p<<0.001 and **p<<0.0001).

doi:10.1371/journal.pone.0054511.9003

PLOS ONE | www.plosone.org 4 February 2013 | Volume 8 | Issue 2 | e54511

— 294 —



Materials and Methods

Protocols for the human samples

Ethics Statement. The collection of autopsied human tissues
and their use for this study were approved by the Ethics
Committee of Nagoya University Graduate School of Medicine,
and written informed consent was obtained from the patients’
next-of-kin. Experimental procedures involving human subjects
were conducted in conformance with the principles expressed in
the Declaration of Helsinki.

Dynactin 1 and Disrupted Autophagy in Sporadic ALS

Immunohistochemistry. Six micrometer-thick sections
from paraffin-embedded spinal cord sections from autopsied
patients were prepared as described previously [17]: four patients
with sporadic ALS (64.5%9.3 years-old; M:F=2:2) and four
disease controls (73.5%5.4 years-old; M:I = 1:3). The four control
patients were diagnosed with progressive supranuclear palsy,
multiple system atrophy, diffuse lewy body disease, and Parkinon’s
disease, respectively. The sections were first microwaved for
20 min in 50 mM citrate buffer, pH 6.0, then blocked with TNB
blocking buffer (PerkinElmer, Hvidovre, Denmark) in Tris-
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Figure 4. Morphological changes in ventral motor neurons. (A) Representative view of fluorescent GFP microscopic images of the ventral
nerve cord in a control(RNAI) C. elegans. All of the motor neurons (white asterisks) were located in the ventral side of the worm. Axons from the motor
neurons project within the ventral nerve cord or toward the dorsal side. (B-£) Representative view of the ventral nerve cord in the control(RNAI)
worms (B, C) and dnc-1(RNAi) worms (D, E). The degenerated axons were defasciculated (arrows in D, E) and formed spheroids (arrowheads in D, £) in
the dnc-1(RNA) worms. Mild defasciculation was observed occasionally in the control(RNAI) worms (arrow in C). While the cell bodies of the motor
neurons were regular and round in control(RNAi} and young adult dnc-1(RNAI) worms (white asterisks in 8-D), abnormally shaped cell bodies (yellow
asterisks in ) were observed only in the worms with severe axonal changes. (F) Semi-quantification of the abnormal morphological changes in the
control(RNAI} and dnc-1(RNAi) worms. The percentage of worms with axonal defasciculation, axonal spheroids, or cell body degeneration on days 4, 7,
and 10. (G) Population of dnc-1(RNAI) worms with and without cell body degeneration (black and gray boxes, respectively) on day 4. (H) Correlation
between the axonal defasciculation index and locomotor function in the dnc-1(RNAI) worms. The axonal defasciculation index represents the degree
of axonal defasciculation (its details are described in the Materials and Methods). Scale bars =20 pm. The statistical analysis in F was performed using
Fisher's exact probability test (*p<<0.05, **p<<0.001, and ***p<<0.0001) and Pearson’s correlation coefficient in H.
doi:10.1371/journal.pone.0054511.g004
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buffered saline (pH 7.5) at room temperature for 30 min and
incubated with a monoclonal antibody against LC3 (anti-LC3,
1:40000; Medical & Biological Laboratories, Co., Nagoya, Japan)
or dynactin 1 (anti-dynactin 1 H300; 1:2000; Santa Cruz, Santa
Cruz, CA, USA) overnight at 4°C. The subsequent procedures
were carried out using the EnVision+Kit/HRP (DAB) (DAKO,
Glostrup, Denmark) according to the manufacturer’s protocol.

Quantitative assessment of immunchistochemistry. To
assess LC3 immunoreactivity in spinal motor neurons, we included
4 ALS patients and 4 disease controls, and prepared 5
independent specimens from each subject. We counted about
200 motor neurons in ALS patients and about 400 neurons in
control patients. The intensity of immunohistochemistry signals
was quantified using a BZ-8000 fluorescent microscope and its
software (BZ-Analyzer; Keyence, Osaka, Japan). Signal intensity
was expressed as the individual intracellular cytoplasmic signal
level (arbitrary absorbance units/mm?) per motor neuron by
subtracting the mean background levels of 3 regions of interest in
each section. The ventral spinal horn was defined as the gray
matter ventral to the line through the central spinal canal
perpendicular to the ventral spinal sulcus. To investigate the
correlation between dynactin 1 and LC3 in individual motor
neurons we used consecutive transverse spinal cord sections.

In situ hybridization. In situ hybridization for human tissue
was performed as described previously {13]. We provide the
detailed information in Materials and Methods S1.

Electron microscopy. Electron microscopy was performed
on samples from 2 sporadic ALS patients (71 years-old male and
62 years-old female) and 2 disease control patients (68 years old

. male with multiple system atrophy and 60 years-old male with
multiple system atrophy). Epoxy resin-embedded specimens of
spinal anterior horn were cut into 70-nm ultrathin sections.
Ultrathin sections were contrasted by staining with uranyl acetate

dnc-1(RNAI)
early degeneration

control(RNAIJ)

cytoplasm

severe degeneration
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and lead citrate. Sections were viewed with a JEM-1400EX
electron microscope (JEOL, Tokyo, Japan) at 80 kV.

Protocols for C. elegans

Ethics statement. All animal experiments were performed in
accordance with the National Institute of Health Guide for the
Care and Use of Laboratory Animals and were approved by the
Nagoya University Animal Experiment Committee.

Culture of C. elegans. Standard methods were used to
culture C. elegans on nematode growth medium (NGM) agar [18].
The animals were maintained at 20°C unless otherwise indicated.
We provide the detailed information in Materials and Methods S1.

Constructs and C. elegans Strains. To generate transgenic
C. elegans, plasmid DNA encoding acr2promotor::shRNA:gfhp was
injected into the gonads of young adult hermaphrodite N2 worms.
We provide the detailed information for the shRINA vector and
other co-injected proteins, i.e., SNB-1 and Lggl, in Materials and
Methods S1.

Whole Mount in situ Hybridization. Whole mount o situ
hybridization of worms was performed as described previously
[18,19]. We provide the detailed information in Materials and
Methods S1.

Phenotypic analysis of C. elegans. A lifespan assay was
performed as described preciously [20], with some modifications.
The Worms were allowed to lay eggs on a dish for 3-6 h to obtain
synchronous progeny for the experiment. L4 worms were collected
and transferred every 3 days to a fresh plate until the end of their
reproductive life. The animals were scored as dead if they did not
move when prodded with a platinum pick and did not show
pharyngeal pumping.

A body bend assay, liquid thrashing assay, and video capture
analysis were performed as locomotion assays. To examine the
body bend frequency, exposed worms were transferred onto a
fresh NGM plate and scored for the number of body bends

dnc-1(RNA)

axoh

Nu: nucleus, M: muscle, W: whorl-like inclusion, V: vacuole

Figure 5. Ultrastructure of degenerating motor neurons. Electron microscopy of transverse sections of ventral motor neurons from the
control(RNAI) {A, B) and dnc-1(RNAI) (C-F) worms. The dashed lines in B, D, and F denote the boundaries of the main bundle of axons. Each round-
shaped component inside the dashed line is an axon. In the dnc-1(RNAi) worms, whorl-like inclusions (W) and vacuoles (V) were observed (D-F). In the
worms with mild axonal degeneration (D), few morphological changes were observed in the cytoplasm (C); however, in the later stage with severe
axonal degeneration (F), the cell bodies were also affected (£). Scale bars =20 pm.

doi:10.1371/journal.pone.0054511.g005
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Figure 6. Defective axonal transport of synaptobrevin-1 in dnc-1(RNA) C. elegans. (A, B) Expression patterns of DsRed-tagged
synaptobrevin-1 (SNB-1) in the dorsal nerve cord. In the contro/(RNAi) worms, SNB-1 puncta (arrowheads) are regularly spaced with a uniform shape.
In the dnc-1(RNAI) worms (B), they are irregularly spaced and abnormally accumulated (white bars) with occasional clumps. (C, D) Histograms of the
distances between neighboring SNB-1 puncta. The average distance between puncta in the control(RNAI) (3.240+1.716 pm, n=139) and dnc-1(RNAi)
(3.855+2.764 um, n=104) worms was not significantly different (p=0.996 by Student’s t test), but the peak of the control histogram was higher than
that of the dnc-1(RNAI) histogram, proving that the localization of SNB1 was irregular. (E, F) Representative kymographs of SNB-1:DsRed in the ventral
nerve cord from the control(RNAI) (E) and dnc-1(RNAI) (F) worms derived from time-lapse imaging. Vertical lines represent stationary/docked SNB-1
puncta and oblique lines (labeled with yellow arrowheads) represent the tracks of moving SNB-1 puncta. The slope of this track is an indicator of
velocity. (G) The number of SNB-1 puncta within a single image of kymograph was not different between the control(RNAi) and the dnc-1(RNAI)
worms. (H) The mean velocities of SNB-1 puncta. (/, J) The quantitative analysis of mobile puncta. The number of puncta which moved more than
2 um was counted (/). The ratio of moving puncta was calculated by dividing the number of moving puncta by the total number of SNB-1 puncta (J).
A total of 20 time laps images were analyzed from each strains in G-J. Scale bar (black} =10 um (B) Statistical analyses were performed using
Student's t test (*p<<0.05, **p<0.001, **p<0.0001). Error bars are S.EM.

doi:10.1371/journal.pone.0054511.g006

performed in 3 min. A body bend was defined as a change in the individually to agar plates with no food. The movement of each

direction of the part of the worm corresponding to the posterior
bulb of the pharynx along the y-axis, assuming that the worm was
traveling along the x-axis. We also performed a liquid thrashing
assay as described previously [21], with some modifications.
Briefly, the worms were put on a 6-cm NGM-coated plate with
3 ml of M9 media. The worms were allowed to settle for 30 s,
their movements were captured by video for 30 s, and the number
of thrashing movements was counted. We also analyzed the speed
of movement using a video capture system as described previously
[22]. Briefly, fully matured, adult worms were transferred

PLOS ONE | www.plosone.org

worm was observed for 5 min and recorded using video
equipment (Olympus, Tokyo, Japan) with a sampling rate of
30 frames/s. A computer-controlled microscope stage was auto-
matically moved to center the worms in the visual field using a
custom image analysis algorithm within the microscope’s software
package (MetaMorph; Universal Imaging Corp., West Chester,
PA, USA). The midlines of the recorded worms were extracted
from each image. All strains were randomized and scored on the
same day.
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