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Figure 7 Transduced CysC exerts neuroprotective activity through the inhibition of Cathepsin B. (a) Expression of CatB in mouse spinal cords. Transverse sections in anterior
horn (AH) of SOD1¥T or SOD1%%A 5-month-old mouse spinal cords were analyzed by confocal microscopy. Scale bar: 50 zm (b) Induction of active form CatB in the SOD1%%%A
mouse spinal cord. Lysates of SODT"T or SOD1%%* 5.month-old mouse spinal cords were analyzed by immunoblotting. Quantification of CatB refative to -actin in immunoblots
(bottom). (c) Induction of autophagy by wild-type (WT) or W106G CysC. N2a cells were treated with CysC (0.6 M) for 24 h. The lysates of the cells were analyzed by
immunoblotting. (d) Intracellular transduction of WT and W106G CysC. N2a cells were treated with FITC-CysC (1 uM) for 3 h and observed by confocal microscopy. Scale bar:
25 um (e) Enzymatic activities of CatB were measured by the luciferase assay with a CatB-specific substrate. N2a cells transiently expressing mutant SOD1 species were treated
with CysC (1 uM) for 24 h. The lysates of the cells were used for measuring CatB activity. (f and g) Protective effects of WT and W106G CysC (f), and a CatB-specific inhibitor
CA-074 (g). The viability of N2a cells was examined by the MTS assay after incubation for 48 h in the differentiation medium with WT or W106G CysC (0.2 M), or CA-074 methyl
ester (10 xM). These experiments were independently performed three times with triplicate samples. All data were shown as means + S.EM. *P<0.01. *P<0.05
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Figure 8 CysC protects primary cultured motor neurons in vitro. (a)
Representative fluorescent images of the primary spinal cord mix culture from
Hb9-GFP or Hb9-GFP/SOD1%85" transgenic mouse embryos. The spinal mix culture
was treated with or without CysC. GFP-positive cells represent motor neurons. Scale
bar: 100 um. (b) The viability of motor neurons in the spinal cord mix culture of Hb9-
GFP (closed circle, solid line), Hb9-GFP with CysC (open circle, dotted line), Hb9-
GFP/SOD1%R (closed square, broken ling) and Hb9-GFP/SOD1%8R with CysC
(open square, dashed line). GFP-positive motor neurons were quantified. Data are
expressed as means + S.E.M. from three independent experiments. The cells were
counted in nine random fields in each experiment (n=3). *P<0.05 compared to
Hb9-GFP without CysC. tP<0.01 compared to Hb9-GFP/SOD1%85® with CysC

CysC protected neuronal cells through two distinct pathways:
(i) induction of autophagy through AMPK activation and
(i) inhibition of aberrantly activated CatB. Furthermore, the
coordinated activation of these two pathways was required for
neuroprotection by CysC.

Autophagy is a major degradation pathway of misfolded or
unfolded proteins as well as the ubiquitin-proteasomal
pathway*' and regulation of basal autophagy is crucial for
neural survivals.*®*3 Impairment of the ubiquitin-proteasomal
pathway, which has been reported in both SOD1-related'”*®
and SOD1-unrelated®2° ALS models implies that activation
of the autophagy pathway may complementally contribute to
degradation of abnormal toxic proteins. Indeed, inducers of
autophagy such as progesterone, trehalose or rapamycin
showed neuroprotective effects by degrading toxic
species.2!?22944 Oyr finding that CysC induces autophagy
to protect neurons is consistent with these previous results.
Reduction of the intracellular aggregates (Figure 3a) and the
Triton-insoluble mutant SOD1 protein (Figure 3d) suggested
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induction of autophagic protein degradation by CysC.
Furthermore, 3-MA treatment demonstrated that induction of
autophagy is essential for the neuroprotective activity of CysC
(Figure 3c). As induction of autophagy by CysC also protects
neurons against various stresses other than SOD1-mediated
toxicity’® and rapamycin protected neurons in mice
expressing TAR DNA binding protein 43 (TDP-43), another
disease-linked protein accumulated in sporadic ALS and
frontotemporal lobar degeneration,?® CysC treatment may
also be useful for SOD1-unrelated ALS as well as the SOD1-
linked one. Although autophagy is generally considered as a
neuroprotective pathway, autophagy inducers are not
effective®® or can even exacerbate the disease
progression.*® We demonstrated that induction of autophagy
is essential for neuroprotection by CysC (Figure 3c). However,
induction of autophagy by AICAR treatment (Figures 4d and e)
or W106G CysC mutant (Figures 7c and f) alone was
insufficient to protect neuronal cells against the mutant
SOD1-mediated toxicity. These data suggest that activation
of multiple neuroprotective pathways including autophagy is
required for neuroprotection. In addition to this, it has recently
been suggested that these inconsistent results might be due to
the side effects of rapamycin, which are independent of
autophagy induction.*” In light of this, CysC-mediated
autophagy is one of the neuroprotective mechanisms against
mutant SOD1-mediated neurotoxicity and may be a promising
candidate for neuroprotection.

We demonstrated that CysC activated AMPK to inhibit
mTOR (Figure 4). AMPK was inactivated both in the in vitro
and in vivo models of SOD1-linked ALS, suggesting that
metabolic aberration is involved in the disease and that CysC
possibly contributes to restore intracellular metabolic home-
ostasis. Moreover, inducing autophagy by CysC through
AMPK activation even without mutant SOD1 implies the idea
that CysC is a regulator of basal autophagy required for
neuronal survival. However, in a previous study, the reduced
activity of AMPK improved the motor activity of neurons in
C. elegans without halting neurodegeneration.*® Their findings
seem to be in contradiction to our findings. One possible
interpretation is that coordinated activation of AMPK is
required to inhibit neurodegeneration. As we demonstrated,
AMPK inhibition by CC prevented the neuroprotection by
CysC (Figure 4e), indicating AMPK activation is essential. On
the other hand, we also showed that AMPK-specific activation
by AICAR exacerbated the mutant SOD1-mediated toxicity
(Figure 4e), which is consistent with a previous study,*® and
CatB inhibitory activity of CysC is also required for neuro-
protection (Figure 7). These data indicate that AMPK-specific
activation is not sufficient to protect the neuronal cells and,
eventually, might be toxic. Therefore, we suggest that the
synergetic regulation of intracellular signaling pathways
should be required for neuroprotection.

Aberrant CatB activation is correlated with motor neuronal
death in sporadic ALS cases®® and the SOD1%%** mice
model.?* We showed that inhibition of CatB activity by CysC
was also essential for its neuroprotective activity (Figure 7),
supporting the idea that aberrant proteolysis mediated by
CatB is highly toxic to motor neurons. It should be noted that
the W106G CysC mutant did not rescue the cells at all
(Figure 7f), regardless of its ability for intracellular transduction
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and autophagy induction. Moreover, CatB-specific inhibition
by CA-074 was also not protective (Figure 7g). These results
suggest that autophagy is less protective alone and synergistic
activation of multiple neuroprotective pathways is crucial to
ameliorate neurodegeneration in ALS.

Interestingly, transduced CysC inhibited CatB only when
CatB was activated by stress without affecting basal CatB
activity, suggesting that the transduced CysC was inactivated
in the lysosomes and reactivated under stress conditions. As
CysC forms a reversible dimer and/or oligomer under low pH
conditions in vitro*® and dimeric CysC does not inhibit CatB,?°
acidic condition in the lysosomes might contribute to this
stress-inducible response of CysC. CysC was leaked into
cytosol only when mutant SOD1 species were expressed
(Figure 6), supporting this notion. Moreover, involvement of
lysosomal dysfunction in neurodegeneration, especially LMP
and LMP-caused lysosomal proteinase leakage possibly
including CatB, is also implicated by our data (Figures 1d
and 6) and previous studies.>”®*® Therefore, CysC released
from lysosome by LMP may specifically inhibit aberrant
cytosolic proteolysis caused by leaked CatB.

CysC was transduced into N2a cells and localized to
lysosomes, which was like that seen in the other cell lines®23®
through clathrin-dependent endocytosis (Figure 5). We also
revealed that transduced CysC leaked into the cytosol from
the lysosomes and aggregated oxidative stress-dependently
(Figures 6b and c). These data suggest that stress-induced
CysC release from the lysosomes is a first step in forming
Bunina bodies. However, Bunina bodies are not found in
familial ALS patients with SOD1 mutations.?®2” One possible
interpretation is that the amount of CysC in neurons is not
enough to form Bunina bodies in those SOD1-linked ALS
cases. Indeed, the immunoreactivity of CysC in SOD18%3A
mouse spinal cord was apparently reduced (Figure 1). In
addition to this, increased CysC immunoreactivity in non-
neuronal celis (Figure 1c) implies dysfunction of the CysC
secretory pathway. Therefore, the downregulation of CysC
level in the neurons carrying SOD1 mutations may inhibit the
formation of Bunina bodies. Further studies are required to
investigate the mechanism of Bunina bodies’ formation.

We demonstrate here that CysC, a main component of
Bunina bodies in ALS, is an endogenous neuroprotective
factor that acts through coordinated activation of two distinct
neuroprotective pathways: induction of autophagy and inhibi-
tion of aberrant CatB activity. We expect further investigations
of the mechanisms through which CysC accumulates and
maintains proteostasis in motor neurons should clarify the role
of Bunina bodies in ALS. Furthermore, targeting CysC in
motor neurons may become a novel therapeutic strategy
for ALS.

Materials and Methods

Antibodies. Antibodies against phosphorylated PKCS (Thr507), AMPKer 1/2
(Thr172) and anti- LAMP-2 antibody were obtained from Santa Cruz Biotechnology
Inc. (Santa Cruz, CA, USA). The anti-phosphorylated mammalian target of
rapamycin  (MTOR) (Ser2448) antbody was obtained from Cell Signaling
Technology Inc. (Danvers, MA, USA). Antibodies against NeuN, CatB and CysC
were obtained from EMD Millipore Corp. (Billerica, MA, USA). Alexa
Fluor-conjugated secondary antibodies were purchased from Life Technologies
Corp. (Grand Island, NY, USA). We also used the following commercially available
antibodies: anti-c-myc (Roche, Basel, Switzerland), anti-tubulin, anti-g-actin
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(both from Sigma-Aldrich Co. LLC St. Louis, MO, USA) and anti-LC3 (Novus
Biologicals LLC, Littleton, CO, USA). Rabbit anti-human SOD1 was raised in our
laboratory against a recombinant human SOD1 peptide (24-36) and purified with
protein A.5!

Transgenic mice. Wild-type, mutant SOD1 (B6.Cg-Tg(SOD1-G37R) 1Dwcld),
(B6.Cg-Tg(SOD1-G85R) 148Dwcid), (B6.Cg-Tg(SOD1-GI3A) 1Gurd)) and Hb9-
GFP (B6.Cg-Tg(HIxbS-GFP) 1Tmj/J) transgenic mice were obtained from the
Jackson Laboratory (Bar Harbor, ME, USA) or were gifts from Dr. Don Cleveland
(University of California, San Diego). The mice were genotyped by polymerase
chain reactions with the following sense and antisense primers: §'-CATC
AGCCCTAATCCATCTGA-Y, 5-CGCGACTAACAATCAAAGTGA-3’, respectively.
The mice were housed and freated in compliance with the requirements of the
Animal Care and Use Committee of RIKEN Brain Science Institute and Nagoya
University.

Immunofluorescence staining. Immunofluorescence staining was per-
formed as described previously®® In brief, after blocking, the sections were
incubated with anti-CysC (1 : 100), anti-Cathepsin B, anti-NeuN (1 : 500) and/or anti-
LAMP-2 (1:100) overnight at 4 °C. Bound antibodies were detected with Alexa
Fluor 488-conjugated anti-rabbit IgG, Alexa Fluor 594-conjugated anti-mouse 1gG
and Alexa Fluor 650-conjugated anti-rat IgG antibodies (all 1:1000). Immuno-
stained images were obtained by confocal laser scanning microscopy (LSM 5
Exciter, LSM-700; Carl Zeiss AG, Oberkochen, Germany) and the equipped
software (Zen; Carl Zeiss AG).

Construction, expression and purification of recombinant
human CysC protein. The DNA fragment containing human CysC (lacking
the 26 amino acids leader sequence of the precursor CysC) was amplified by
polymerase chain reactions and cloned into the pET-20b(+) vector (EMD Millipore)
under pelB signal sequence for potential periplasmic localization. Overexpression of
CysC was induced in Escherichia coli strain Rosetta (DE3) (EMD Millipore) by
treatment with 0.3 mM isopropyl-3-D-thiogalactopylanoside for 4.5h at 30 °C and
CysC protein was purified according to the osmotic shock protocol (EMD Millipore)
to prepare for periplasmic fraction with some modifications.%*** In brief, the cells
were resuspended in an equal volume of 30 mM Tris-HCI (pH 9.0), 20% (w/w)
sucrose. Then, ethylenediaminetetraacetic acid was added to 1 mM. The cells were
agitated for 10 min at room temperature and centrifuged at 13000 x g for 10 min.
The pellet was resuspended in an equal volume of ice-cold 10 mM Tris-HC! (pH 9.0)
and 5mM MgSO;, then it was agitated for 10 min at 4 °C. The cell debris was
removed by centrifugation at 13 000 x g for 10 min at 4 °C and the supernatant was
loaded onto a DEAE sepharose anion-exchange column equilibrated with 50 mM
Tris-HC! (pH 9.0). The flow-through was collected and concentrated. Purified CysC
was dialyzed against 10 mM Tris-HCI (pH 9.0) and 150 mM NaCl. Endotoxin was
removed from the protein solutions by phase separation using Triton-X 114 (Wako
Pure Chemical Industries Lid., Osaka, Japan).>>*® The amounts of Triton X-114
were removed by ultrafiltration with an Amicon Ultra centrifugal unit (EMD Millipore).
The protein concentration of CysC was determined spectrophotometrically with an
extinction coefficient of 11.5 mM/cm at 280 nm.%

Biotin or FITC labeling of CysC proteins. CysC was conjugated to
D-biotin, succinimidyl azide (Life Technologies) or FITC (Dojindo Laboratories,
Kumamoto, Japan) according to the manufacturers’ instructions. Labeled CysC was
purified with G25 gel chromatography to eliminate any unconjugated reagents. The
conjugation of biotin to CysC was confirmed by an immunoblotting assay using
horseradish peroxidase conjugated streptavidin (Thermo Fisher Scientific Inc.,
Waltham, MA, USA). The concentrations of CysC protein and FITC dye were
calculated on the basis of their absorbance at 280 and 494 nm, respectively. The
molar ratio of dye per protein was determined to be 0.9-1.8.

Cell culture. N2a cells were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) containing 4.5 g/l glucose supplemented with 10% (v/v) fetal bovine serum
(FBS), 100 U/ml penicillin and 100 g/ml streptomycin (all from Life Technologies) in
a humidified atmosphere containing 5% CO, at 37 °C. To differentiate the cells, the
cells were cultured with a differentiation medium (DMEM containing 4.5 g/l glucose
supplemented with 2% (v/v) FBS and 2 mM N,N-dibutyladenosine 3’,5’-phosphoric
acid (dbcAMP; Nacalai Tesque Inc., Kyoto, Japan)).
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Isolation of intact lysosomes from Neuro2a cells. Lysosomes were
isolated by an Optiprep (Axis-Shield pic, Dundee, UK) gradient centrifugation as
previously reported.®®*® Briefly, the cells treated with 1 M Biotin-CysC for 24 h
were homogenized in 10 mM HEPES-KOH (pH 7.4), 0.25 M sucrose and 1 mM
ethylenediamineteraacetic acid with a Potter-Elehjem tissue grinder (Wheaton,
Millville, NJ, USA). The cell debris and nuclei were removed by centrifugation at
600x g for 5min at 4°C. The post-nuclear fraction was further centrifuged at
3000x g for 10 min at 4°C to remove the mitochondrial fraction. The resultant
supernatant was loaded onto an Optiprep gradient (1 ml each of 10, 12, 14, 16 and
18% (w/v)) and centrifuged at 145000x g for 2 h at 4 °C. One milliliter from the top
was collected and analyzed by immunoblotting.

Immunoblotting. N2a cells seeded at 2.0x 10° cells/ml in 6-well plates were
transfected with pcDNA3.3-SOD1 expression vectors by Lipofectamine 2000 (Life
Technologies). After 24h of incubation, the medium was replaced with the
differentiation medium with CysC, rapamycin (EMD Millipore, 300 nM) or E64d/
Pepstatin A (both from Sigma, 10 mg/m! each). After the indicated time of incubation
at 37 °C, the cells were washed with ice-cold phosphate-buffered saline (PBS) twice
and harvested in TNE lysis buffer (50 mM Tris-HCI (pH 7.4), 150 mM NaCl, 1 mM
ethylenediamineteraacetic acid, 1% Triton-X 100, protease inhibitor cocktail and
PhosSTOP (both from Roche)). The celfs or spinal cord lysates of the transgenic
mice in TNE lysis buffer were sonicated and centrifuged at 15000x g for 5 min at
4°C. The protein concentrations in the supernatants were measured by micro BCA
assay kit (Thermo Fisher Scientific Inc.). Each 15 ug/lane of total proteins was
analyzed by immunoblotting. Densitometric analysis was performed after the
chemiluminescence detection by using an image analyzer LAS-4000mini (Fuji film,
Tokyo, Japan) with the equipped software (Multi Gauge: Fuji film).
Neurotoxicity assays. Neurotoxicity was analyzed as previously reported®
with slight modifications. N2a cells were seeded at 5.0 x 10* cells/ml in poly-D-lysine
coated 96-well plates in DMEM containing 1.0 g/l glucose supplemented with 10%
(viv) FBS. After transfection, the cells were differentiated for 48h in DMEM
containing 1.0 g/l glucose supplemented with 2% (v/v) FBS and 2 mM dbcAMP with
or without CysC, 3-methyladenine (3-MA; Sigma), CC (EMD Millipore), AICA-
riboside (AICAR; EMD Millipore) or CA-074 methyl ester (EMD Millipore). The
number of live cells was manually counted by trypan blue staining or estimated by
CellTiter 96 AQueous One Solution Cell Proliferation Assay kit (Promega
Biosciences, San Louis Obispo, CA, USA) containing MTS as described by the
manufacturer. A primary glia-neuron mix culiure was prepared from E12.5
embryonic spinal cord of Hb9-GFP/SOD1%%® mouse. The cells were maintained in
DMEM supplemented with 10% (v/v) FBS and the medium was changed every
3 days. The numbers of GFP-positive motor neuronal cells were counted manually
with fluorescent microscopy.

Examination of CysC transduction into cells with fluorescence
microscopy. N2a cells were seeded at 1.0x10° cells/ml in poly-D-lysine-
coated 35mm glass-bottomed dishes (MatTek Corp., Ashford, MA, USA). The
medium was replaced with the differentiation medium containing 1 M FITC-CysC
or 300 nM rapamycin at 6 h after the transfection of pcDNA3.3-S0D1 or pAcGFP-
N1-SOD1. The cells were further incubated for 24 h. To determine the CysC
endocytotic pathway, the cells were treated with 25 uM chlorpromazine (Wako),
5 mg/ml filipin 1ll (Enzo Life Sciences Inc., Farmingdale, NY, USA) or 25 4M 5-(N-
Ethyl-N-isopropyl) amiloride (Enzo) for 1h. The medium was replaced with the
differentiation one with or without 1 M FITC-CysC and incubated for another 1h.
The cells were stained with Lysotracker-Red (Life Technologies) according to the
manufacturer’s instructions to visualize the lysosomal acidic components. The cells
were washed with PBS twice and observed by confocal laser scanning microscopy.

CatB activity assay. N2a cells were seeded at 2.0x10° celis/mi in 60 mm
dishes and transfected with pcDNA3.3-SOD1 expression vectors by Lipofectamine
2000. After 24h of transfection, the medium was replaced with differentiation
medium containing 1 zM wild-type or W106G CysC. The cells were incubated for
24 h at 37 °C in 5% CO, and harvested in ice-cold PBS. Intracellular CatB activities
were measured with a Cathepsin B Activity Assay kit (BioVision Inc., Mountain View,
CA, USA) as described in the manufacturer's protocol.

Statistics. Neuroprotective activity of CysC on primary cultured motor neurons
was analyzed by a two-way ANOVA with subsequent post hoc tests. All other
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quantified data were analyzed by a one-way ANOVA with subsequent post hoc
Hests or by a Student's #test.
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ABSTRACT

Objective: Progressive muscular atrophy (PMA) is a
clinical diagnosis characterised by progressive lower
motor neuron (LMN) symptoms/signs with sporadic
adult onset. It is unclear whether PMA is simply a
clinical phenotype of amyotrophic lateral sclerosis
(ALS) in which upper motor neuron (UMN) signs are
undetectable. To elucidate the clinicopathological
features of patients with clinically diagnosed PMA, we
studied consecutive autopsied cases.

Design: Retrospective, observational.

Setting: Autopsied patients.

Participants: We compared clinicopathological
profiles of clinically diagnosed PMA and ALS using
107 consecutive autopsied patients. For clinical
analysis, 14 and 103 patients were included in clinical
PMA and ALS groups, respectively. For
neuropathological evaluation, 13 patients with clinical
PMA and 29 patients with clinical ALS were included.
Primary outcome measures: Clinical features, UMN
and LMN degeneration, axonal density in the corticospinal
tract (CST) and immunohistochemical profiles.

Results: Clinically, no significant difference between the
prognosis of clinical PMA and ALS groups was shown.
Neuropathologically, 84.6% of patients with clinical PMA
displayed UMN and LMN degeneration. In the remaining
15.4% of patients with clinical PMA, neuropathological
parameters that we defined as UMN degeneration were all
negative or in the normal range. In contrast, all patients
with clinical ALS displayed a combination of UMN and
LMN system degeneration. CST axon densities were
diverse in the clinical PMA group, ranging from low
values to the normal range, but consistently lower in the
clinical ALS group. Immunohistochemically, 85% of
patients with clinical PMA displayed 43-kDa TAR DNA-
binding protein (TDP-43) pathology, while 15% displayed
fused-in-sarcoma (FUS)-positive basophilic inclusion
bodies. All of the patients with clinical ALS displayed
TDP-43 pathology.

Conclusions: PMA has three neuropathological
background patterns. A combination of UMN and LMN
degeneration with TDP-43 pathology, consistent with
ALS, is the major pathological profile. The remaining
patterns have LMN degeneration with TDP-43 pathology

Strengths and limitations of this study

without UMN degeneration, or a combination of UMN and
LMN degeneration with FUS-positive basophilic inclusion
body disease.

INTRGDUCTION

Motor neuron disease (MND) constitutes a
group of heterogeneous neurodegenerative
diseases that are associated with progressive
upper motor neuron (UMN) and/or lower
motor neuron (LMN) degeneration. A
portion of MND cases has genetic causes;
however, the majority of MND cases are spor-
adic and of unknown aetiology. Amyotrophic
lateral sclerosis (ALS) constitutes the majority
of MND cases. ALS is a clinicopathological dis-
order that presents with progressive UMN and
LMN symptoms/signs. Neuropathologically,
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the UMN and LMN systems exhibit neuronal loss and
gliosis and Bunina bodies are detected in surviving
neurons. Although various immunohistochemical profiles
have been identified in patients with ALS, 43-kDa TAR
DNA-binding protein (TDP-43) is the major pathological
protein in sporadic ALS."!

In contrast, MND that presents with LMN symptoms/
signs alone occurs in several disorders, including genet-
ically mediated disorders such as, spinal muscular
atrophy (SMA), symmetrical axonal neuropathy and
spinal and bulbar muscular atrophy (SBMA).? s
Additionally, a sporadic and adult-onset LMN disease
has been referred to as progressive muscular atrophy
(PMA).3 1 Although the revised El Escorial criteria, the
standard diagnostic criteria for ALS, exclude patients
who only present with LMN symptoms/signs, several
studies have revealed that a subset of patients with clinic-
ally diagnosed PMA exhibit the neuropathological hall-
marks of ALS. Postmortem histopathological studies
have revealed corticospinal tract (CST) degeneration in
more than half of the patients with MND clinically limited
to LMN symptoms/signs.” ¢ TDP-43-immunoreactive inclu-
sions have been detected in the ILMNs and cortical
neurons of patients with PMA.” ® The disease course of
PMA is relentlessly progressive, although somewhat
longer than that of ALS.? * 9 1°

However, it is unclear whether clinically diagnosed
PMA is simply a clinical phenotype of ALS in which
UMN symptoms/signs are undetectable. In this study, we
investigated the clinicopathological profiles of patients
with clinically diagnosed PMA compared with those of
patients with clinically diagnosed ALS using a series of
consecutive adult-onset sporadic MND autopsy cases.

METHODS

Patients and clinical evaluations

We enrolled 130 consecutive autopsied patients who
were clinically diagnosed with and pathologically con-
firmed as suffering from sporadic, adult-onset MND at
the Department of Neuropathology of the Institute for
Medical Science of Aging at the Aichi Medical
University from January 1998 to December 2010. All of
the patients had been clinically evaluated by neuro-
logical experts at the Nagoya University Hospital, the
Aichi Medical University Hospital or their affiliated hos-
pitals. Permission to perform an autopsy and archive the
brain and spinal cord for research purposes was
obtained from the patients’ relatives by the attending
physician after death. We evaluated the clinical profiles
of the included patients by retrospectively reviewing case
notes written at the time of diagnosis and in an
advanced disease stage. Disease onset was defined as the
time at which patients became aware of muscle weak-
ness. The inclusion criteria for the patients with MND
were as follows: older than 18 years at disease onset;
no family history of ALS, PMA, progressive lateral scler-
osis, inherited SMA or SBMA or any other

neurodegenerative disorder; motor neuron involvement
based on neurological examination and neuropatho-
logical evidence of neuronal loss and gliosis in the UMN
and/or LMN systems that were not due to any cerebro-
vascular diseases, metabolic disorders, genetic neuro-
logical disorders, inflammatory disorders, neoplasms or
traumas. We excluded 22 patients due to invalid clinical
data and 1 patient with only UMN symptoms/signs
throughout his disease course; 107 patients were ultim-
ately included in this study. Based on the clinical data, we
separated these 107 patients with MND into two groups,
namely the clinical PMA and clinical ALS groups.
According to a previous study,’ clinical PMA was defined
by neurological evidence of LMN involvement (decreased
or diminished deep tendon reflexes and muscle atrophy)
and a lack of UMN symptoms/signs (increased jaw jerk,
other exaggerated tendon reflexes, Babinski sign, other
pathological reflexes, forced crying and forced laughing)
throughout the clinical course. Patients who exhibited
motor conduction block(s) based on extensive standar
dised nerve conduction studies,!' exhibited objective
sensory signs (apart from mild vibration sensory distur-
bances in elderly patients) or had a history of diseases
that may mimic MND (eg, spinal radiculopathy, poliomy-
elitis and diabetic amyotrophy) were not included in the
clinical PMA group.” We defined clinical ALS, based on
the revised El Escorial criteria, as fulfilling ‘possible’ or
above categories, which require UMN signs/symptoms in
at least one region of the body."?

Pathological evaluations

For pathological evaluations, we excluded one patient
with clinical PMA due to severe anoxic changes in the
brain and four patients with clinical ALS due to insuffi-
cient tissue material. Ultimately, we enrolled 13 patients
with clinical PMA for pathological evaluations. For com-
parison, we enrolled 29 patients with clinical ALS who
were consecutively autopsied during the past 5 years of
the study period (after January 2006). Additionally,
13 age-matched controls (mean age at death 68
+6.91 years) were enrolled. We prepared 8 mm coronal
sections of the cerebrum and 5 mm axial sections of the
brainstem. The tssues were fixed using 20% neutral-
buffered formalin, embedded in paraffin and sectioned
at a thickness of 4.5 pm. We evaluated the sections from
the precentral gyrus (four segments from the left hemi-
sphere), hippocampus, brainstem and spinal cord. In all
cases, the spinal cord was examined at all segment
levels. Two investigators (YR and MY) evaluated the
degeneration of the motor neuron systems and the
immunohistochemical profiles of the included patients.
The investigators were completely blinded to each
patient’s ID and the clinical diagnosis corresponding to
each specimen. With respect to the degeneration of
motor neuron systems, the severity of motor neuron loss
in the primary motor cortex, facial and hypoglossal
nuclei and spinal anterior horns, myelin pallor within
the CST and aggregation of macrophages within the
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primary motor cortex and CST were evaluated. The eva-
luations were performed on the most severely affected
lesions and graded as none (—), mild (+), moderate (++)
or severe (+++; figure 1). The immunohistochemical pro-
files were evaluated wusing anti-pTDP-43 and
antifused-in-sarcoma (FUS) antibodies in the LMN
system and cerebrum. For the routine neuropatho-
logical examinations, the sections were subjected to
H&E or Kliver-Barrera staining. Immunohistochemistry
was performed according to a standard polymer-based
method using the EnVision Kit (Dako, Glostrup,
Denmark). The primary antibodies used in this study
were antiubiquitin (polyclonal rabbit, 1:2000; Dako,
Glostrup, Denmark), anti-TDP-43 (polyclonal rabbit,

1:2500; ProteinTech, Chicago, Illinois, USA), antipho-
sphorylated TDP-43 (pTDP-43 ser 409/410, polyclonal
rabbit, 1:2500; CosmoBio, Tokyo, Japan), anti-FUS
(polyclonal rabbit, 1:500; Sigma Aldrich, St Louis,
Missouri, USA), anti-o internexin (monoclonal mouse,
1:1000; Invitrogen, Carlsbad, California, USA), antiperi-
pherin (polyclonal rabbit, 1:200; Millipore, Billerica,
Massachusetts, USA), anti-CD68 (monoclonal mouse,
1:200; Dako, Glostrup, Denmark), antiphosphorylated
neurofilament (pNE, monoclonal mouse, 1:600; Dako,
Glostrup, Denmark) and parvalbumin (polyclonal
mouse, 1:1000; Sigma Aldrich, St Louis, Missouri,
USA). Diaminobenzidine (Wako, Osaka, Japan) was
used as the chromogen.

Figure 1

Measures of degeneration in the upper motor neuron system. (A-D) Loss of Betz cells in the primary motor cortex:

stage (-), the Betz cells were spared in number and gliosis was absent (A); stage (+), mild neuronophagia and gliosis were
noted (B) and stage (++), marked neuronophagia and glial proliferation were observed (C). (D-K) Aggregation of CD68
macrophages in the primary motor cortex (D~G) and the corticospinal tract in the lateral column of the spinal cord (H-K): stage
(-), the aggregates were absent (D and H); stage (+), the aggregates were occasionally present (E and 1); stage (++), the
aggregates were present at a number of 1-5/ x100 field (F and J) and stage (+++), the aggregates were diffusely observed (G
and K). (L-0O) Myelin pallor in the corticospinal tracts (CST) of the lateral column of the spinal cord: stage (-), myelin pallor was
not detected (L); stage (+), myelin pallor was slightly notable (M); stage (++), myelin pallor was moderate (N) and stage (+++),
the CST was entirely pale. (A—C) H&E staining, (D—-K) anti-CD68 immunohistochemistry and (L-O) Kllver-Barrera staining. Scale

bars: (A-G) 100 um, (H-K) 50 um and (L—O) 3 mm.
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Quantitative analysis of large axonal fibres in the CST

To evaluate the degeneration of axonal fibres in
the CST, we calculated the density of axonal fibres in the
lateral column of the spinal cord. Specimens corre-
sponding to the C5-6 levels were prepared for all of the
patients and 13 controls. For this assay, the
paraffin-embedded spinal cords were immunostained
using the anti-pNF antibody and diaminobenzidine as
chromogen without additional nuclear staining to visual-
ise only axons as brown particles. The microscopic views
were binarised and automatically recognised using
Luzex AP software (Nireco, Tokyo, Japan) that was
coupled to the microscope via a CCD video camera.
This software automatically measured the particle counts
and diameters on the binarised pictures.”” Axonal
counts were evaluated on five areas of 10000 }J.m2
(x40 objective) randomly chosen from the CST of the
spinal lateral column in each patient and averaged. To
validate duplicability between tests, we constructed two
axon size histograms from 13 ipsilateral control samples
(see online supplementary file). Briefly, the variability
between the test and retest was sufficiently small to
count the axons for each axon size. We constructed a
histogram of axonal sizes in the CST (figure 2A), and
the density of the large axons (axonal fibres/10 000
um?) was calculated (figure 2B,C) for patients with PMA
and ALS and control samples.
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Statistical analysis

The demographic features of patients with PMA and
ALS were compared using the Mann-Whitney U test for
continuous variables or the Pearson’s y? test or Fisher’s
exact test to assess bivariate correlations. The
Kruskal-Wallis test was used for analyses between three
groups, and the t test was used for analyses between two
groups. The significance level was set at a p value of 0.05
for comparisons between two groups and 0.016 for com-
parisons between three groups. All of the statistical tests
performed were two-sided and were conducted using
the software program PASW V.18.0 (IBM SPSS).

RESULTS

Demographic features of the registered patients

The included patients consisted of 67 men and 40
women. The mean age at disease onset was 62.7
+12.4 years, and the median duration from disease onset
to death was 27months (range 2-348 months).
Seventeen patients were treated with tracheostomy
positive-pressure ventilation (TPPV). Initial symptoms
included upper limb weakness in 40.2%, lower limb
weakness in 32.7%, bulbar symptoms in 24.3% and
respiratory symptoms in 2.8% of the included patients.
Fourteen (13.1%) patients were categorised into the
clinical PMA group, and 93 (86.9%) patients were
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Figure 2 Quantitative analysis of the axonal fibres in the corticospinal tract. (A) Phosphorylated neurofilament (pNF)-positive
fibres were automatically binarised using Luzex AP software. The density of pNF-positive axons (particles/10 000 um?) was
automatically calculated using averaged data from five fields (x400). The histogram of axonal sizes revealed that the percentages
of axons that were more than 1 um in diameter were smaller in ALS and PMA than in controls. (B) The large axonal fibres more
than 1 um in diameter were automatically recognised, binarised and counted using the software to successfully evaluate the
axonal density. (C) There were significant differences in the densities of axons that were more than 1 um in diameter between all
pairs of clinical groups: p=0.001 (*) between the clinical amyotrophic lateral sclerosis (ALS) and clinical progressive muscular
atrophy (PMA) groups, p=0.001 (*) between the clinical PMA and control groups and p<0.001 (**) between the clinical ALS and
control groups. All patients diagnosed with clinical ALS exhibited lower values than the controls. In contrast, the results of the
clinical PMA group were widely diverse, ranging from low values to values within the normal range.
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classified into the clinical ALS group. With regard to
clinical diagnosis, 10 (71.4%) of 14 patients with clinical
PMA and 88 (94.6%) of 93 patients with clinical ALS
were correctly diagnosed as PMA or ALS by the first
referred physicians. However, one patient with clinical
PMA and four patients with clinical ALS were initially
diagnosed as having cervical or lumbar canal stenosis
based on focal weakness restricted to one upper or
lower limb and canal stenosis on MRI. One of the
patients with clinical PMA was initially diagnosed as
having carpal tunnel syndrome based on weakness
restricted to the distal area of the median nerve in the
right hand. One of the patients with clinical PMA was
diagnosed as having polyradiculopathy because the
cauda  equina  was  slightly enhanced on
gadolinium-enhanced MRI. One of the patients with
clinical PMA was initially diagnosed as having myositis
based on myalgia and slight lymphatic infiltration on a
muscle biopsy. One of the patients with clinical ALS was
initially diagnosed as having parkinsonian syndrome
because the patient showed bradykinesia due to marked
rigospasticity in the limbs. The demographic features of
patients with clinical PMA and ALS are presented in
table 1. In summary, no significant differences in the
age at onset, male-to-female ratio, clinical duration
(whether including or excluding the TPPV treatment
period) or initial symptoms were detected between the
clinical PMA and ALS groups.

Pathological evaluations

Degeneration in the UMN system

Loss of Betz cells in the primary motor corfex

Ten (76.9%) of the 13 patients with clinical PMA exhib-
ited a loss of Betz cells, which was severe in 3 (23.1%) of
these patients (figure 3). However, in 2 (15.4%) of the
13 patients with clinical PMA, no loss of Betz cells or
gliosis in the primary motor cortex was detectable. In
contrast, all of the patients diagnosed with clinical ALS
exhibited a loss of Betz cells, which was severe in 10
(34.5%) of the 29 patients with clinical ALS. There was

no significant difference in the severity of this patho-
logical change between the clinical groups.

Aggregation of macrophages in the primary motor cortex

The aggregation of CD68 macrophages in the primary
motor cortex was detected in 10 (76.9%) of the 13
patients with clinical PMA. In contrast, all of the patients
diagnosed with clinical ALS exhibited the aggregation of
macrophages in the primary motor cortex. When com-
paring the clinical groups, this pathological change was
significantly more severe in clinical ALS than clinical
PMA (p=0.048).

CST degeneration

Myelin pallor was present in 8 (61.5%) of the 13 patients
with clinical PMA. The aggregation of macrophages
within the CST was detected in 11 (84.6%) of the 13
patients with clinical PMA. In the clinical ALS group, all
patients exhibited myelin pallor and macrophage aggre-
gation in the CST. When comparing the clinical groups,
this pathological change was significantly more severe in
clinical ALS than clinical PMA (p=0.004).

Degeneration in the LMN system

All of the patients diagnosed with either clinical PMA or
ALS exhibited neuronal loss in the spinal anterior horns
(figure 3). This neuronal loss was severe in 11 (84.6%)
of the 13 patients with clinical PMA and 20 (69%) of
the 29 patients with clinical ALS. All of the patients diag-
nosed with clinical PMA and 27 (93.1%) of the 29
patients with clinical ALS exhibited neuronal loss in the
cranial nerve nuclei. This neuronal loss was severe in 6
(46.2%) of the 13 patients with clinical PMA and 11
(37.9%) of the 29 patents with clinical ALS. When com-
paring the clinical groups, there was no significant dif-
ference in the severity of LMN loss. Eight (61.5%) of
the 13 patients with clinical PMA and 24 (82.8%) of the
29 patients with clinical ALS displayed Bunina bodies in
the LMN system.
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Motor neuron pathology in Clinical PMA and ALS patients
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Figure 3 Summary of the neuropathological findings in the included patients. The stages of the pathological changes
correspond to those in figure 1. Pathological changes between the clinical groups were compared using Pearson’s y2 test. ALS,
amyotrophic lateral sclerosis; FUS, antifused-in-sarcoma; GCI, glial cytoplasmic inclusions; KB, Kllver-Barrera staining; NCI,
neuronal cytoplasmic inclusion; PMA, progressive muscular atrophy; TDP-43, 43 kDa TAR DNA-binding protein; TPPV,

tracheostomy positive-pressure ventilation.

Immunohistochemical profiles

In 11 (84.6%) of the patients with clinical PMA, we
detected ubiquitin and TDP-43-positive neuronal cyto-
plasmic inclusions (NCIs) in the LMN system (figure 3).
In eight of these patients, TDP-43-positive NCIs were
also detected in the primary motor cortex. All of the
patients with clinical ALS displayed ubiquitin and
TDP-43-positive NCIs in the LMN system. Moreover,
TDP-43-positive  glial cytoplasmic inclusions were
observed in the spinal anterior horn and primary motor
cortex in all of the TDP-43-positive patients of the clin-
ical ALS and PMA groups. In contrast, two of the
patients with clinical PMA (15.4%) exhibited basophilic
inclusion bodies in the neuronal cytoplasm, which were
broadly extended throughout the central nervous
system. These inclusions were positive for FUS but nega-
tive for TDP-43, o-internexin and peripherin.

Quantitative analysis of large axonal fibres in the CST

The histogram of axonal sizes revealed that the percent-
age of axons that were greater than I pm in diameter
was smaller in ALS (18.5%) and PMA (23.9%) than in
controls (32.3%), resulting in a relative increase in the
percentage of smaller axons (figure 2). Then, we mea-
sured the densities of large axons that were greater than

1 um in diameter. The average densities were as follows:
clinical ALS, 68.3+20.9 fibres/10 000 umg; clinical PMA,
97.2+31.5 fibres/10 000 }ng and controls, 129.1x6.1
fibres/10 000 um?® (p=0.001 between the clinical ALS
and PMA groups; p=0.001 between the clinical PMA and
control groups; p<0.001 between the clinical ALS and
control groups). All patients diagnosed with clinical ALS
exhibited lower values than the range of normal values
that was obtained from the controls. In contrast, the
results from the clinical PMA group were widely diverse.
The results from 5 (38.5%) of the 13 patients with clin-
ical PMA were within the normal range, but 8 (61.5%)
of these patients exhibited lower values than the normal
range. One patient with PMA who had been treated with
TPPV exhibited an exceptionally low value.

Pathological overview of the patients diagnosed with clinical
PMA or clinical ALS

Clinical PMA: 11 (84.6%) of the 13 patients with clinical
PMA displayed UMN degeneration (either the loss of
Betz cells, myelin pallor or the aggregation of macro-
phages in the primary cortex or CST) and LMN degen-
eration. Nine of these patients exhibited TDP-43-positive
inclusions and the remaining 2 patients displayed
FUS-positive basophilic inclusion bodies. Their large

6 Riku Y, Atsuta N, Yoshida M, et al. BMJ Open 2014;4:6005213. doi:10.1136/bmjopen-2014-005213
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CST axon densities were diverse, ranging from low
values to values within the normal range that were
obtained from the control participants. In 2 (15.4%) of
the 13 patients with clinical PMA, neuropathological
parameters that we defined as UMN system degener-
ation were all negative. Their large CST axon density was
within the normal range. These two patients exhibited
abundant TDP-43-positive neuronal and glial inclusions
in the LMN and, occasionally, in layers II-III of the
primary motor cortex and the hippocampus. The

pathological findings from the representative patients
are shown in figure 4.

Clinical ALS: All 29 patients displayed a combination
of UMN and LMN system degeneration and exhibited
TDP-43-positive inclusions.

Additionally, of the respirator-managed patients, three
patients (patient 13 of clinical PMA and patients 27 and
28 of clinical ALS) showed diffusely extended neuronal
loss, gliosis and TDP-43 pathology beyond the motor
neuron systems, which involved all layers of the cerebral

Figure 4 Neuropathological profiles of the patients in the clinical progressive muscular atrophy group. (A-J) correspond to
patient 2. The corticospinal tracts (CST) did not display myelin pallor (A), loss of large axonal fibres (B), or aggregation of
macrophages (C). Additionally, in the primary motor cortex, neither the loss of Betz cells (D) nor aggregation of macrophages (E)
was detected. The upper layers of the primary motor cortex rarely contained phosphorylated 43 kDa TAR DNA-binding protein
(pTDP-43)-positive neuronal (F) and glial (G) inclusions. The spinal anterior horn displayed severe neuronal loss (H),
pTDP-43-positive skein-like inclusions (I) and Bunina bodies (J). (K-M) correspond to patient 12. The CST displayed myelin
pallor (K) and the depletion of large axonal fibres (L). Neuronophagia was often found in the primary motor cortex (M, arrows).
(N and O) correspond to patient 6. The spinal motor neurons contained basophilic inclusion bodies (N) that were positive for
antifused-in-sarcoma (FUS) based on immunohistochemistry (O). (A and K) KlUver-Barrera staining, (B) antiphosphorylated
neurofilament immunohistochemistry, (C and E) anti-CD68 immunohistochemistry, (D, H, J and M) H&E staining, (F, G and 1)
anti-pTDP-43 immunohistochemistry and (O) anti-FUS immunohistochemistry. Scale bars: (A and K) 3 mm, (D and E) 100 um,

(C, Hand M) 50 um, (B) 20 um and (F, G, I, J, N and O) 10 um.
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neocortices, the striatum, thalamus, cerebellar dentate
nucleus and non-motor nuclei in the brainstem, includ-
ing the substantia nigra, red nucleus, periaqueductal
grey matter, inferior olivary nucleus and reticular
formation.

DISCUSSION

Our study demonstrated the clinicopathological profiles
of patients with clinical PMA and ALS in a consecutive
autopsy series. The clinical evaluations in this study
revealed rapid disease progression and short survival
duration in patients with clinical PMA, which are analo-
gous courses to those that are characteristic of clinical
ALS. Contrary to our results, it has been described that
PMA exhibits slower progression and longer survival dur-
ation compared with ALS.®> However, recent studies
revealed that PMA follows a relentlessly progressive
course and that the survival duration is not much longer
than that of ALS.? * 9 ' ™ The relatively small number
of patients in our study may have contributed to the
absence of significant differences in the survival dura-
tions between the clinical PMA and ALS groups.

Our pathological results indicate that, of the patients
with clinical PMA, 85% exhibited degeneration in the
UMN and LMN systems, which corresponds with ALS.
However, the remaining 15% of patients with clinical
PMA lacked any apparent degeneration in the UMN
system. A previous study reported that approximately
50% of all patients with PMA exhibit macrophages in
the CST” Another report demonstrated the degener-
ation of the pyramidal tract and loss of Betz cells in 65%
and 60%, respectively, of the patients diagnosed with the
PMA phenotype.® Our results revealed that patients with
PMA more frequently had degeneration in the UMN
system than those reported in previous studies; however,
in a few patients with PMA, UMN degeneration
remained undetectable at death. Our pathological
results revealed differential UMN involvement between
patients with PMA and indicated that PMA and ALS are
continuous pathological entities. Regarding immunobhis-
tochemical aspects, several studies have revealed that
TDP-43 pathology is commonly observed in the cerebral
cortices or the subcortical grey matter of patients with
PMA.” ® In our results, TDP-43-positive neuronal or glial
inclusions in the motor cortices or hippocampus were
common in the clinical ALS and PMA groups and were
found even in patients apparently lacking UMN degen-
erative changes. A recent report described the propaga-
tion of TDP-43 pathology in ALS, which starts from the
UMN and LMN systems and spreads to the anteromedial
temporal lobes through the motor neuron system.'”
Based on this theory of TDP-43 propagation, TDP-43
pathology beyond the LMN system in patients with PMA
may support the pathological continuity between these
two clinical phenotypes.

The standard diagnostic criteria for ALS are the
revised El Escorial criteria, which require a combination

of UMN and LMN symptoms/signs for the diagnosis of
ALS.'? However, it is often difficult to clinically deter-
mine whether the UMN is involved,'® which sometimes
results in diagnostic difficulty. In our patient series, only
71.4% of the patients with clinical PMA were correctly
diagnosed by the first referred physicians, although
94.6% of the patients with clinical ALS were diagnosed
correctly. Recently, several studies have demonstrated the
utility of radiological procedures, including transcranial
magnetic stimulation, "H MR spectroscopy and diffusion
tensor imaging in the detection of UMN system deterior-
ation in a subset of patients with PMA.'* 2% Based on
our results, a large subset of patients with PMA may have
some degree of UMN degeneration. In such patients,
these radiological or electrophysiological procedures
would be expected to increase the sensitivity of detec-
tion of UMN degeneration. However, our results also
indicate that some of the patients with PMA exhibit
sparse morphological changes in the UMN system, even
at death. It may be difficult to detect UMN degeneration
using these procedures in such patients. To diagnose
clinical patients with PMA displaying sparse UMN
degeneration as ALS in the early phase of the disease
course may be a future subject of focus.

A limitation of our study was the inability to evaluate
the entire motor cortex and CST, and it is controversial
whether patients with apparently intact UMN systems
actually lack or have extremely mild UMN involvement.
Another methodological limitation is that we evaluated
axonal sizes and densities using neutral formalin-fixed,
paraffin-embedded specimens. The tissues may be some-
what distorted when compared with conventional nerve
fixation using glutaraldehyde followed by Epon embed-
ding. Our methods were considered to be appropriate
to assess the proportional changes in the sizes of pyram-
idal axons, but the absolute values of axonal diameters
can vary from those that have been obtained using other
histological techniques.'”

In summary, 84.6% of patients with clinical PMA dis-
played UMN and LMN degeneration, which is consistent
with the pathological profiles of ALS. In 15.4% of the
patients with clinical PMA, degeneration in the UMN
system was undetectable. The large axon density in the
CST varied from low values to a normal range. In con-
trast, all of the clinical patients with ALS displayed a
combination of UMN and LMN system degeneration
and significantly reduced large axon density in the CST.

Acknowledgements The authors specially thank Dr M Hasegawa, Department
of Neuropathology and Cell Biology, Tokyo Metropolitan Institute of Medical
Science, for performing the genetic analysis of the fused-in-sarcoma (FUS)
genes.

Contributers YR and NA contributed to the conception and design of the
study. All of the authors participated in the acquisition, analysis and
interpretation of the data. MY and GS drafted the manuscript. MI and HW
assisted in writing and editing the manuscript.

Funding This work was supported by Grants-in-Aid from the Research
Committee of CNS Degenerative Diseases of the Ministry of Health, Labor,
and Welfare of Japan.

8 Riku Y, Atsuta N, Yoshida M, et al. BMJ Open 2014;4:¢005213. doi:10.1136/bmjopen-2014-005213

- 128 -



Downloaded from http://bmjopen.bmj.com/ on February 16, 2015 - Published by group.bmj.com

‘Open Access

Competing interests None.

Ethics approval This study was approved by the ethics committees of
Nagoya University and Aichi Medical University.

Provenance and peer review Not commissioned; externally peer reviewed.
Data sharing statement No additional data are available.

Open Access This is an Open Access article distributed in accordance with
the Creative Commons Attribution Non Commercial (CC BY-NC 3.0) license,
which permits others to distribute, remix, adapt, build upon this work non-
commercially, and license their derivative works on different terms, provided
the original work is properly cited and the use is non-commercial. See: http:/
creativecommons.org/licenses/by-nc/3.0/

REFERENCES

1. Neumann M, Sampathu DM, Kwong LK, et al. Ubiquitinated TDP-43
in frontotemporal lobar degeneration and amyotrophic lateral
sclerosis. Science 2006;314:130-3.

2. de Carvalho M, Scotto M, Swash M, et al. Clinical patterns in
progressive muscular atrophy (PMA): a prospective study.
Amyotroph Lateral Scler 2007;8:296-9.

3. Norris FH. Adult progressive muscular atrophy and hereditary spinal
muscular atrophies. In: Vinken PJ, Bruyn GW, Klawans HL, De
Jong JMBV, eds. Handbook of clinical neurology: diseases of the
motor system. Vol 59. Amsterdam: North-Holland Publishing
Company, 1991:13-34.

4. Visser J, van den Berg-Vos RM, Franssen H, et al. Disease course
and prognostic factors of progressive muscular atrophy. Arch Neuro!
2007;64:522-8.

5. Ince PG, Evans J, Knopp M, et al. Corticospinal tract degeneration
in the progressive muscular atrophy variant of ALS. Neurology
2003;60:1252-8.

6. Brownell B, Oppenheimer DR, Hughes JT. The central nervous
system in motor neurone disease. J Neurol Neurosurg Psychiatry
1970;33:338-57.

7. Geser F, Stein B, Partain M, et al. Motor neuron disease clinically
limited to the lower motor neuron is a diffuse TDP-43 proteinopathy.
Acta Neuropathol 2011;121:509-17.

10.

11.

13.

14.

15.

20.

Nishihira Y, Tan CF, Hoshi Y, et al. Sporadic amyotrophic lateral
sclerosis of long duration is associated with relatively mild TDP-43
pathology. Acta Neuropathol 2009;117:45-53.

Kim WK, Liu X, Sandner J, et al. Study of 962 patients indicates
progressive muscular atrophy is a form of ALS. Neurology
2009;73:1686-92.

Van den Berg-Vos RM, Visser M, Kalmijn S, et al. A long-term
prospective study of the natural course of sporadic adult-onset
lower motor neuron syndromes. Arch Neurol 2009;66:

751-7.

Koike H, Hirayama M, Yamamoto M, et al. Age associated axonal
features in HNPP with 17p11.2 deletion in Japan. J Neurol
Neurosurg Psychiatry 2005;76:1109-14.

Brooks BR, Miller RG, Swash M, et al. El Escorial revisited: revised
criteria for the diagnosis of amyotrophic lateral sclerosis. Amyotroph
Lateral Scler Other Motor Neuron Disord 2000;1:293-9.

Sobue G, Hashizume Y, Mitsuma T, et al. Size-dependent
myelinated fiber loss in the corticospinal tract in Shy-Drager
syndrome and amyotrophic lateral sclerosis. Neurology
1987,37:529-32.

Mitsumoto H, Ulug AM, Pullman SL, et al. Quantitative objective
markers for upper and lower motor neuron dysfunction in ALS.
Neurology 2007;68:1402-10.

Brettschneider J, Del Tredici K, Toledo JB, et al. Stages of pTDP-43
pathology in amyotrophic lateral sclerosis. Ann Neurol
2013;74:20-38.

Swash M. Why are upper motor neuron signs difficult to elicit in
amyotrophic lateral sclerosis? J Neurol Neurosurg Psychiatry
2012;83:659-62.

Sach M, Winkler G, Glauche V, et al. Diffusion tensor MRI of early
upper motor neuron involvement in amyotrophic lateral sclerosis.
Brain 2004;127:340-50.

Vucic 8, Ziemann U, Eisen A, et al. Transcranial magnetic
stimulation and amyotrophic lateral sclerosis: pathophysiological
insights. J Neurol Neurosurg Psychiatry 2013;84:1161-70.
Graham JM, Papadakis N, Evans J, et al. Diffusion tensor imaging
for the assessment of upper motor neuron integrity in ALS.
Neurology 2004;63:2111-19.

Prudlo J, BiBbort C, Glass A, ef al. White matter pathology in ALS
and lower motor neuron ALS variants: a diffusion tensor imaging
study using tract-based spatial statistics. J Neuro/
2012;259:1848-59.

Riku Y, Atsuta N, Yoshida M, et al. BMJ Open 2014;4:e005213. doi:10.1136/bmjopen-2014-005213

- 129 -



¢ CrossMark

& click for updates

Disease causing mutants of TDP-43 nucleic acid binding
domains are resistant to aggregation and have
increased stability and half-life

James A. Austin®', Gareth S. A. Wright®", Seiji Watanabe®, J. Glinter Grossmann?, Svetlana V. Antonyuk?,

Koji Yamanaka®, and S. Samar Hasnain®2

®Molecular Biophysics Group, Institute of Integrative Biology, Faculty of Health and Life Sciences, University of Liverpool, Liverpool L69 7ZB, United Kingdom;
and "Department of Neuroscience and Pathobiology, Research Institute of Environmental Medicine, Nagoya University, Nagoya, Aichi 464-8601, Japan

Edited by Gregory A. Petsko, Weill Cornell Medical College, New York, NY, and approved February 6, 2014 (received for review September 14, 2013)

Over the last two decades many secrets of the age-related human
neural proteinopathies have been revealed. A common feature of
these diseases is abnormal, and possibly pathogenic, aggregation of
specific proteins in the effected tissue often resulting from inherent
or decreased structural stability. An archetype example of this is
superoxide dismutase-1, the first genetic factor to be linked with
amyotrophic lateral sclerosis (ALS). Mutant or posttranslationally
modified TAR DNA binding protein-32 (TDP-43) is also strongly asso-
ciated with ALS and an increasingly large number of other neurode-
generative diseases, including frontotemporal lobar degeneration
(FTLD). Cytoplasmic mislocalization and elevated half-life is a charac-
teristic of mutant TDP-43. Furthermore, patient age at the onset of
disease symptoms shows a good inverse correlation with mutant
TDP-43 half-life. Here we show that ALS and FTLD-associated TDP-
43 mutations in the central nucleic acid binding domains lead to
elevated half-life and this is commensurate with increased thermal
stability and inhibition of aggregation. It is achieved without impact
on secondary, tertiary, or quaternary structure. We propose that
tighter structural cohesion contributes to reduced protein turnover,
increasingly abnormal proteostasis and, ultimately, faster onset of
disease symptoms. These results contrast our perception of neuro-
degenerative diseases as misfolded proteinopathies and delineate
a novel path from the molecular characteristics of mutant TDP-43 to
aberrant cellular effects and patient phenotype.

motor neuron disease | oligemisation | SAXS | protein degradation

he fatal course of age-related neurological disorders is often

presaged and accompanied by protein destabilization leading
to abnormal aggregation (1). A classic example is the protein
superoxide dismutase-1 (SOD1); loss of structural stability (2) and
increased aggregation propensity (3) are determinants of the dis-
ease course for people with amyotrophic lateral sclerosis (ALS) with
mutations in the SOD1 gene (4). TAR DNA binding protein 43
(TDP-43) is associated with ALS (5, 6) but is also implicated in an
increasingly large number of other neurological diseases, including
frontotemporal lobar degeneration with ubiquitin-associated inclu-
sions (FTLD-U) (7), Alzheimer’s disease (8), and Guam-Parkin-
sonism dementia (9). This justifies TDP-43’s position as a high value
target but its involvement in familial and sporadic forms of disease
doubly underscores this.

TDP-43 was first shown to bind and inhibit transcription of TAR
DNA (10) but has since been linked with several other nucleic-acid—
binding functions, such as transport (11), stress granule formation
(12), and translation (13). Most importantly, TDP-43 is known to
bind, stabilize, and regulate the splicing of a huge number of
mRNAs, including its own (14-17). It is understandable therefore
that targeted TDP-43 knockout or overexpression leads to motor
neuron disease-like symptoms in mice (18, 19). These facts indicate
that strict control of available TDP-43 is critical; however, ALS
mutant TDP-43 proteins have been shown to have increased
half-life in cell models (20, 21). Additionally, there is a good
relationship between increased half-life and rapid disease onset,

www.pnas.org/cgi/doi/10.1073/pnas. 1317317111

which links in vivo TDP-43 behavior with observable patient
phenotypes (20).

Like FUS, TDP-43’s function is reliant on its ability to bind
DNA/RNA targets (17, 22, 23). This is accomplished by two cen-
trally located RNA recognition motif (RRM) domains (24), which
are also important for normal localization of TDP-43 to nuclear
Gems (25). Furthermore, whole RRM domains, or sections thereof,
are important modifiers of TDP-43 toxicity and are involved in the
formation of aggregated cytoplasmic C-terminal fragments (26-29).
Two disease-associated mutations are found within TDP-43’s RRM
domains: D169G and K263E. The D169G ALS mutant (6) has
previously been used to assess mutant stress granule formation (30).
This process requires functional nucleic acid binding and is un-
affected by the D169G mutation (30, 31). It is situated in loop 5 of
RRM1 between o-helix 2 and p-strand 4. The FTLD-U-associated
K263E mutant (32) is found immediately after RRM2 and is part of
the nucleic acid binding site (33).

In this study, we show that disease-related RRM domain mutants
exhibit a significant increase in thermal stability in vitro, with
D169G being the most stable. This correlates with increased re-
sistance to in vitro aggregation and protraction of their half-life in
a TDP-43 disease cell model. We also show that these mutants do
not cause oligomerization, significant conformational changes, aber-
rant domain interactions, or unfolding, as is the case for the majority
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of neurodegenerative-disease—causing proteins (34). Our results add
countenance to the notion that disease-related TDP-43 mutations
increase the protein’s half-life regardless of location and pose the
question, “Could increased TDP-43 half-life result from tighter
structural cohesion and the resistance to degradation that it would
confer?”

Results

TDP-43 RRM Mutant Proteins Have Abnormally Elevated Half-Life. In
a previous study, we revealed that increased stability of TDP-43
causes toxicity through abnormal proteostasis and RNA dysregula-
tion (20). Several TDP-43 mutants have now been found to confer
increased half-life in cell models (20, 21). However, to date, only
mutants in the C-terminal glycine-rich tail have been analyzed. To
examine whether RRM disease mutants are likely to affect TDP-43
stability in vivo, a pulse-chase labeling of D169G and K263E full-
length human TDP-43 mutants was performed using the methionine
analog 1-azidohomoalanine in a cell culture model. The half-lives of
these RRM disease mutants [Ty, = 43.7 + 7.0 h (D169G), 29.6 +
6.2 h (K263E)] were distinctly longer than that of wild type (T =
14.7 + 1.5 h) (Fig. 1). These results indicate that increased half-life is
a common property of disease-causing TDP-43 mutations regardless
of the location in the primary structure and suggest a common
mechanism for their toxicity.

Disease-Causing TDP-43 RRM Mutants Resist Thermal Unfolding. In
vitro study of TDP-43 RRM domains is now well established (24,
26, 35) and presents the opportunity to investigate potential rea-
sons for the observed increase in cellular half-life at the macro-
molecular level using a variety of biophysical techniques. Mouse
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Fig. 1. Increased half-lives of ALS/FTLD-linked RRM mutant full-length TDP-
43 proteins in cultured cells. (A) Transfected Neuro2a cells were metaboli-
cally labeled with i-azidohomoalanine (AHA). AHA-labeled TDP-43 was
immunoprecipitated and visualized as described in Materials and Methods.
(B) The averages of three independent experiments are plotted. Error bars
represent SE of mean (SEM). Half-lives of the proteins were calculated by
curve fitting (A, Right) and expressed as means + SEM from three in-
dependent experiments. The data were analyzed by one-way ANOVA fol-
lowed by Tukey-Kramer post hoc tests. *P < 0.05, **P < 0.01.

4310 | www.pnas.org/cgi/doi/10.1073/pnas.1317317111

TDP-43 shares 93% sequence identity with human TDP-43 between
residues 101 and 265 (TDP-43S) (Fig. S1). The majority of dif-
ferences occur within the RRM2 domain (residues 192-265) and
both Asp169 and Lys263 are conserved between species. Due to
the high degree of sequence identity, structural changes are likely to
strongly correlate between homologs and the mouse protein can be
used as a representative model system.

Susceptibility to thermal and chemical unfolding is a common
characteristic of proteins involved in neurodegeneration (36-39).
This is exemplified by ALS SOD1 mutations, which are det-
rimental to protein stability, cause unfolding resulting in the
exposure of hydrophobic regions, and increase the protein’s ag-
gregation potential (37, 40). The unfolding temperature (Ty,) of
mTDP-43S has previously been determined by circular dichroism
(CD) as 49.7 °C (24). To compare the thermal stability of wild-
type mTDP-43S with the two point mutations described, differ-
ential scanning fluorimetry (DSF) and aromatic fluorescence
were used to monitor their unfolding (41, 42).

The changes in Sypro-orange fluorescence resulting from
quenching and dequenching as the protein unfolds were mea-
sured for wild type, K263E, and D169G TDP-43S (Fig. 24). Wild-
type TDP-43S shows a melting transition (Ty,) at 49.15 + 0.16 °C,
which is similar to the value obtained by CD spectroscopy (24).
The melting transition was elevated by the K263E mutation to 50.2 +
0.24 °C. However, an increase of 3.5 °C to a Ty, of 52.64 + 0.11 °C
was observed for the D169G variant. In each case, a decline in the
fluorescent signal at high temperature can be explained by aggrega-
tion of the protein (41). The increase in structural stability conferred
by D169G and K263E mutations was confirmed using aromatic
fluorescence over a temperature range of 37-65 °C (Fig. 2B). These
data show two features, an increase in aromatic quenching up to
42 °C and subsequent dequenching to above the initial value. A
Boltzmann fit was applied to the normalized unfolding values (Fig.
2C) giving melting transitions of 52.5 + 0.9, 55.8 + 0.8, and 58.7 =+
2.8 °C for wild type, K263E, and D169G, respectively.

A central aspect of TDP-43 functionality is its ability to bind
nucleic acid and it is known to have a strong preference for UG-rich
mRNA (17). Fig. 24, Top shows how the addition of increasing
length TG repeat DNA affects the unfolding transition of wild-type
TDP-43. The initial melting temperature of the apo protein rises to
50.65 + 1.17, 57.74 + 1.02, and 62.35 + 0.32 °C when complexed
with stoichiometric amounts of TG4, TGS, and TG16 DNA, re-
spectively. Complex formation with DNA also consistently increased
the stability of the D169G mutant with melting temperatures of
54.18 x 1.15, 59.65 + 0.42, and 65.35 £ 0.39 °C (Fig. 24, Middle).
The K263E-TG4 complex is found to be 2.4 °C more stable than the
wild-type complex; however, the stability of this mutant does not
increase in the same manner observed for wild type and D169G,
with the addition of longer repeat DNA; the K263E-TG8 and
-TG16 complexes have melting temperatures of 57.78 + 0.83 and
61.60 + 0.23 °C, respectively (Fig. 24, Bottom). This indicates
that the K263E mutant may have reduced affinity for long chain
nucleic acids. In support of this, Lys263 has recently been shown
to intercalate between bound RNA bases, and mutation to ala-
nine reduces binding affinity (33).

RRM Mutant TDP-43S Is Resistant to Heat-Induced Aggregation.
Small angle X-ray solution scattering (SAXS) is a powerful
technique to probe the overall conformation and aggregation state
of macromolecules in solution (43). Here, SAXS was used to as-
sess differences in aggregation potential between mutant and wild-
type TDP-43 at two temperatures: 20 °C and 40 °C. Guinier
approximations yielded radii of gyration (Rg) values of 25.8 + 5.3,
23.3 £5.2, and 25.0 + 3.9 A, respectively, for wild type, K263E,
and D169G at 20 °C. At 40 °C, these were found to be 40.1 + 1.9,
25.7 + 5.5, and 24.5 + 5.1 A (Fig. 3). The Rg of the wild-type
TDP-43S shows a large increase at 40 °C, suggestive of extensive
aggregation, as opposed to essentially unchanged values for the
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Fig. 2. Resistance of TDP-43 RRM mutants to heat-induced unfolding. (A) TDP-43S unfolding monitored by differential scanning fluorimetry. Sypro-orange
fluorescence was monitored as a function of temperature in the absence and presence of TG repeat single-strand DNA for each TDP-43S variant. Error bars
indicate SE calculated from eight replicates. Melting transitions for the apo protein, TG4-, TG8-, and TG16-bound complexes were calculated to be 49.15 +
0.16, 50.65 + 1.17, 57.74 + 1.02, and 62.35 + 0.32 °C for wild type; 52.64 & 0.11, 54.18 = 1.15, 59.65 + 0.42, and 65.35 °C for D169G; and 50.20 «+ 0.24, 53.05 +
0.3,57.78 + 0.83, and 61.6 + 0.23 for K263E °C. (B) Thermal unfolding of TDP-43S variants monitored by aromatic fluorescence. Two features are prominent:
aromatic quenching beginning at 42 °C followed by dequenching at 48 °C. (C) Normalized unfolding curves. The melting temperature (T,,) of wild type,

K263E, and D169G is 52.5 + 0.9, 55.8 + 0.8, and 58.7 + 2.8 °C, respectively.

mutants. Therefore, both mutants appear resistant to heat-medi-
ated aggregation. An explanation can be found in our observation
that wild-type TDP-43S unfolding occurs at a lower temperature
and this leads to an increased aggregation propensity.

RRM Mutations Do Not Engender Aberrant Oligomerization or Large
Structural Changes. SAXS has previously been used to detect
significant structural changes that occur due to disease-causing
mutations in SOD1 (2, 44). Using SAXS, size exclusion chro-
matography (SEC), and CD, here we demonstrate that the sec-
ondary, tertiary, and quaternary structure of wild-type mTDP-43S
is conserved when mutated. Mutant and wild-type TDP-43S elute
concomitantly from a size exclusion chromatography column as
single symmetrical peaks between myoglobin (17 kDa) and the
SOD1 dimer (32 kDa) (Fig. 44 and Figs. S2 and S3). Binding of
TG4 or TGS repeat DNA causes an increase in hydrodynamic

0.000 0.005 0.010
o (A%

5l
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Fig. 3. Inhibition of TDP-43S aggregation by RRM ALS/FTLD-U mutations.
(A) Guinier plots of TDP-43S variants at 20 °C. Radii of gyration are 25.8 +
5.3, 23.3 + 5.2, and 25.0 + 3.9 A for wild type, K263E, and D169G, re-

spectively. (B) Guinier plots of TDP-43S variants at 40 °C. The Rg of each
variant increases to 40.1 + 1.9, 25.7 + 5.5, and 24.5 + 5 A. respectively.
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radius but the oligomeric state is maintained for each mutant
(Fig. 44). Fig. 4B shows the 1D scattering curves of TDP-43S
variants obtained by SEC-SAXS. Radii of gyration of 21.9, 22.4,
and 22.6 + 0.5 A for wild type, K263E, and D169G, respectively
are slightly lower than those collected by static SAXS measure-
ments and reflect the ability of SEC-coupled SAXS to isolate
scattering from the species of interest (45). Molecular weight
estimations from experimental SAXS data (46) predict a protein
mass of 22 kDa, close to its theoretical monomer mass of 19 kDa.
These data are consistent with TDP-43S being monomeric and
that TDP-43 RRM mutations do not promote aberrant oligomer-
ization. This correlates well with observations of human TDP-43
RRM truncation proteins (26) and as such no symmetry constraints
were applied during subsequent 3D modeling.

The distance distribution function (p(r)) for mTDP-43S gives
insight into the maximum dimension (Dy,.x) and the average
electron distribution for both mutant and wild type (Fig. S4). The
Dpax for wild-type mTDP-43S was calculated at 85.5 + 5 A
which, when modeled, revealed two density-rich regions char-
acteristic of tandem domains (Fig. 4D). Scattering curves and
p(r) functions for each mutant are identical to those of the wild-
type form, indicating conservation of protein structure. Similarly,
when complexed with TG8 DNA the scattering curves for each
TDP-43S variant can be superimposed on each other and closely
resemble the computed scattering by human TDP43S with RNA
bound (Fig. 4C and Fig. S5) (33). The radii of aration for these
protein-DNA complexes was found to be ~21 A and Dpqy 70 A
(Fig. S6). These size parameters indicate that the DNA bound
form is more compact than the apo protein and confirms
observations by NMR that nucleic acid binding promotes in-
teraction between the two RRM domains (33). To assess the
arrangement of the individual RRM domains in solution in the
absence of nucleic acid, a pseudoatomic model was built by rigid
body refinement constrained by our experimental SAXS data
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Fig. 4. Determination of the oligomeric state and conformation of TDP-43S
variants. (A) Size exclusion chromatograms of TDP-43 variants in the absence
or presence of TG4 or TG8 DNA. A total of 12.5 nmol of TDP-43 was loaded
with or without a 1:1 molar ratio of DNA. TG4 and TG8 repeat single-strand
DNA elute from the Superdex 75 10/300 column at 16 and 14.5 mL, re-
spectively (purple and green). Standard elution is as follows: BSA 10.3 mL,
SOD1 12.1 mL, and myoglobin 13.5. (B) SAXS curves for wild-type and mu-
tant TDP-43$ giving radii of gyration 21.9, 22.4, and 22.6 + 0.5 A for wild
type, K263E, and D169G, respectively. (C) TG8-bound TDP-43S giving radii of
gyration 21.3, 21.0, and 21.3 + 0.5 A, respectively. (D) Bead and rigid body
models for TDP-43S variants. Models were generated with GASBOR (1.7 <
¥? < 8.2) and BUNCH (x® = 2.9, 5.1 and 2.3 respectively) without impo-
sition of symmetry constraints.

(Fig. 4D). TDP-43 RRM domains have previously been sug-
gested to behave as separate entities (35) and this appears to be
the case for both disease mutants and wild type.

To substantiate our conclusion that the integrity and confor-
mation of TDP-43S is maintained by mutation, the optical ac-
tivity of each protein was determined at 20 °C by synchrotron
radiation CD spectroscopy. Fig. 5 shows the CD spectra, which
have good agreement with previously published work (24) but
due to the higher intensity of synchrotron light, we are able to
reliably show features in the vacuum UV range. The absorption
spectra show little difference and the proportions of structural
motifs for each variant indicates their secondary structure to be
identical within the limits of error. Our results suggest these
point mutations do not cause large structural changes and that
differences in thermal stability, inhibition of aggregation, and
protein turnover are more likely to occur through subtle struc-
tural changes at the atomic level.

Discussion

In recent years TDP-43 has been discovered to be the cause of
several common neurodegenerative diseases (47). The number of
conditions that are linked to TDP-43 malfunction increases on
a seemingly monthly basis and this underscores the notion that
neurological diseases often cannot be classified into discrete sub-
categories but manifest with a spectrum of symptoms. Whereas
this seems daunting to those involved in biomedical research it
may actually be a boon. Rather than addressing every disease state
individually we may be able to effect changes in a single protein

4312 | www.pnas.org/cgi/doi/10.1073/pnas. 1317317111

that are therapeutic across a whole disease spectrum. As such,
finding unifying pathological themes is a worthy goal.

The results presented here indicate that ALS and FTLD-U
mutations within the TDP-43 RRM domains do not affect the
monomeric state or induce deleterious RRM interdomain inter-
actions, global conformational changes, or unfolding. This is true
in the apo or nucleic-acid-bound state. They do however confer
resistance to temperature-induced unfolding, aggregation, and
degradation. A correlation between increased in vitro thermal
stability and increased cellular half-life has been observed for a
wide range of proteins (48, 49) including point mutations in
nucleic acid binding proteins (50). This indicates there may be a
mechanistic link between the observed characteristics of TDP-43
mutants. The ALS-associated mutant, D169G, displayed the larg-
est resistance to thermal unfolding, aggregation, and a half-life
almost three times that of the control. In the presence of DNA,
this mutant was consistently more stable than the wild type, in-
dicating that its affinity for nucleic acid is unchanged. It is worth
noting given its longer half-life, that this mutation caused a faster
disease progression compared with other ALS mutations in the
same study (6). Asp169 is located on loop 6 of the RRM1 struc-
ture, separating o-helix 2 and p-strand 4 with potential hydrogen
bond interactions with the side chains of Lys114 and Thr115. The
substitution of acidic aspartate for nonpolar glycine at this position
would abrogate these bonds but may facilitate a tighter association
of loop 6 with the hydrophobic inner core orchestrating the in-
crease in stability. The K263E mutant was also shown to increase
thermal stability by up to 3 °C in the apo state, which was un-
expected due to its location outside of the RRM2 structure.
This residue is part of the nucleic-acid-binding region (33)
and the polarity change from negative to positive may aid in
forming electrostatic interactions to local positive residues
within the nucleic-acid-binding interface conferring a small
change in stability. Like wild-type and D169G TDP-43S, K263E
stability rises as the length of bound DNA increases. However,
after 16 base pairs (TG8), the stability of the protein complex is
less than that of the wild-type protein, indicating a reduced af-
finity for long nucleic acids.

Pathological posttranslational modifications such as phos-
phorylation (51) and cleavage (52) are currently the best expla-
nation for those TDP-43 proteinopathy cases that occur without

— Wild-type
~— D169G
— K263E

Elipticity (Mdeg)
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180 190 200 210 220 230 240 250 260
Wavelength (nm)

Fig. 5. Circular dichroism spectra of wild-type, D169G, and K263E TDP-43S
variants. Superimposition of the spectra indicates conserved secondary. This
is confirmed by secondary structure content prediction using the Dichroweb
server, which gives 6, 6, and 5% o-helix for wild type, K263E, and D169G,
respectively. All three variants were found to have 40% p-sheet. Normalized
rmsd is 0.092, 0.101, and 0.089, respectively.
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primary sequence mutation. These modifications predominate in
the cytoplasmic inclusions found in affected cells and as a result
were thought to initiate the aggregation cascade and lead to cell
death (53). However, TDP-43 aggregation and nuclear depletion
are not necessary for toxicity (54, 55). Phosphorylation of C-
terminal fragments was found to increase their half-life from 14.2
to 22.1 h, indicating there may be a common toxic pathway for
seemingly sporadic and familial disease forms (56). Interestingly
the toxicity of some C-terminal mutations was shown to depend
upon the presence and function of the RRM1 domain. When
RRM1 was removed, an increase in Drosophila survival was ob-
served (29), possibly by allowing more efficient degradation.

Protein unfolding and accumulation is now a well-character-
ized feature of neurodegenerative disease (57). A typical exam-
ple of this is SOD1-related ALS where toxic SOD1 protein
aggregation is thought to arise through mutation-induced protein
instability and the exposure of hydrophobic regions buried within
the structure (37, 40). The hypothesis that arises from the work
presented here offers an interesting comparison; mutant TDP-43
becomes more stable, resists degradation, and its increased
longevity changes the delicate balance of protein expression
regulation, eventually leading to faster disease presentation.
What remains to be established is whether other mutations
throughout the TDP-43 primary structure elicit the same effect
and if the posttranslational modifications thought to cause the
largest subset of TDP-43 proteinopathies follow a similar route
to toxicity. The finding that TDP-43 mutations promote com-
plex formation with FUS (21) means we should not limit our
search to stabilization of individual domains or even the TDP-
43 monomer. The structural integrity of the dimer and com-
plexes with RNA or other ribonucleoproteins, especially given
the clustering of disease mutations in the C terminus, may all
play important roles.

Materials and Methods

Pulse-Chase Assay by Chemical Labeling of Newly Synth d Proteins. Full-
length human TDP-43 ¢cDNA was cloned into a pF5K CMV-neo Flexi mammalian
expression vector as described previously (20) and RRM mutations were in-
corporated by site-directed mutagenesis. Neuro2a cells were grown in Dul-
becco's modified Eagle's medium (DMEM) supplemented with 10% (vol/vol)
FBS, 100 units/mL penicillin, 100 pg/mL streptomycin, and 2 mM glutamine in
a humidified atmosphere containing 5% (volivol) CO, at 37 °C. Pulse-chase
assay was performed as described previously (20) with slight modifications.
Briefly, Neuro2a cells seeded at 2.0 x 10° /mL in poly-p-lysine~coated six-well
plates were transiently transfected with pF5K-TDP-43 expression vectors by
Lipofectamine 2000. After 6 h of incubation, the culture medium was replaced
with methionine- and leucine-free DMEM supplemented with 2% (volivol)
dialyzed FBS, 0.8 mM t-leucine, 2 mM glutamine, and 2 mM N®,2'-O-dibutyr-
ylguanosine 3,5"-cyclic monophosphate sodium salt. The cells were further
incubated overnight to eliminate intracellular methionine. Newly synthesized
TDP-43 proteins were labeled with AHA and reacted with PEG4 carboxamide-
propargy! biotin in the presence of Tris-(2-Carboxyethyl)phosphine, Tris[(1-
benzyl-1H-1, 2, 3-triazol-4-yl)methyllamine, and CuSO, at room temperature
for 1 h. AHA-labeled TDP-43 proteins were immunoprecipitated and visu-
alized as described elsewhere (20).

TDP-43S Protein Production. Mouse TDP-43 DNA was used to PCR base pairs
corresponding to residues 101-265 and cloned into the pGEX3x expression
vector. D169G and K263E mutations were generated from the wild-type
mTDP-435 pGEX3x plasmid using site-directed mutagenesis. The mTDP-43S
fusion protein, which contained a cleavable N-terminal GST protein tag was
expressed in Escherichia coli BL21 (DE3) by induction with 1.0 mM Isopropy!
8-D-1-thiogalactopyranoside and cultured at 30 °C for 5 h. The GST-mTDP-
43S protein was purified on a glutathione Sepharose column equilibrated
with 50 mM Tris-HCl pH 7.4, 150 mM Nacl, 2 mM CaCl,. A 500-mM NacCl wash
in the same buffer was performed on-column to remove any DNA or RNA
bound to GST-TDP-43S. GST was cleaved on-column with addition of Factor
Xa and incubation overnight at 4 °C. Factor Xa was removed by elution
through a benzamidine column. Size exclusion chromatography was per-
formed on a Superdex 200 16/600 or Superdex 75 10/300. DNA binding was
achieved by addition of equimolar amounts of TG repeat oligonucleotides.

Austin et al.

TDP-43S Unfolding Experiments. The temperature dependence of Sypro-
orange (10x) fluorescence in the presence of TDP-43S variants (25 pM)
was measured over a temperature range of 14-95 °C, increasing at a rate
of 1.2 °C/min. Fluorescence was measured at ~470 nm and ~610 nm for
excitation and emission, respectively. A total of 8 melt curves for wild-type,
K263E, and D169G constructs with 4x, 8%, and 16x TG repeat DNA were
obtained and averaged and their first derivatives calculated to obtain the
melting temperatures.

Aromatic fluorescence of the samples was tested at a concentration of 0.45
mg/mL using excitation and emission wavelengths of 280 nm and 340 nm,
respectively. A total of six repeats for each variant and buffer were per-
formed. Samples and buffer were preheated for 5 min over 2 °C increments
from 37 to 65 °C. The samples were buffer subtracted and averaged to
produce the data points and SD. Boltzmann curve fitting was calculated
using Origin 8.6 (OriginLab).

SAXS Data Collection, Processing, and Interpretation. SAXS data collection for
modeling purposes was performed at beamline SWING (58) at Synchrotron
Soleil, which is suited to the characterization of aggregation prone proteins
(45). Concentrated TDP-43S (40 pL, 5-10 mg/mL) was separated from high
molecular weight aggregates on a Shodex KW402.5-4F SEC column with 300
ul/min flow. A total of 250 exposures spanning the protein elution were
collected on an Aviex 170 x 170 charged coupled detector, over an angular
momentum transfer range (q) of 0.01-0.57, where q = 4xsin6A™" (. is the
wavelength of the incident radiation and 8 is half the angle between the
incident and scattered radiation). Data averaging, reduction, and pre-
liminary Rg and I(0) calculations were performed using FoxTrot software,
developed in-house at Soleil, but scrutinized in more detail with PRIMUS
(59). Distance distribution functions P(r) were calculated with Gnom (60).
Ten-bead models, generated with GASBOR (61), were averaged using
DAMAVER to yield an average electron density model. Rigid body re-
finement using human RRM1 [Protein Data Bank (PDB): 2CQG, residues 106-
1771 and mouse RRM2 (PDB: 3D2W, residues 193-259) was performed
against experimental SAXS data using BUNCH (62). Residues including
N-terminal Gly, ille and Leu (remaining after factor Xa cleavage) and 101~
105, 178-192 and 260-265 were modelled from the Ca trace and recon-
stituted using SABBAC (63). Rigid-body and bead models were visualized
and aligned with PyMOL (www.pymol.org). All curve fittings and 1D profile
estimations mentioned were performed using CRYSOL (64). Molecular
weight estimations were determined using SAXS MoW (46).

Radii of gyration at 20 °C and 40 °C were calculated by the Guinier ap-
proximation using data collected at the Barkla X-ray Laboratory of Bio-
physics at the University of Liverpool (65). TDP-43S samples were concentrated
to 3 mg/mL in the buffer previously described but with the addition of
20 mM DTT. Scattering was coliected on a MAR300 image plate at a dis-
tance of 1.25 m from the sample. Protein and buffer scattering was
recorded over three separate 20-min exposures, which were then averaged.
Data integration and analysis was performed using Fit2D and PRIMUS. The
bounds of the Guinier region (qRg) all lay below 1.3 for each construct
except the wild type at 40 °C, which, due to extensive aggregation, was 2.0.

Circular Dichroism. The optical activity of TDP-43S variants was determined at
beamline DISCO also at Synchrotron Soleil. Following dialysis against 50 mM
phosphate buffer pH 7.2, 50 mM NaF and concentration to 0.8 mg/ml,
measurements were taken using a 0.02-cm quartz cell and 9-s acquisition time
in range 180-260 nm. Data acquisition was repeated three times for each
construct before buffer subtraction, averaging, and smoothing by averaging
two consecutive points. CDSSTR secondary structure prediction was per-
formed using the DichroWeb on-line server, using the SP175 reference set.
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