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Abstract

Oxidative stress is recognised as central in aeaofy neurological diseases including
Amyotrophic lateral sclerosis (ALS), a disease ahtrised by fast progressing death of
motor neurons in the brain and spinal cord. Cellglathology includes cytosolic protein
aggregates in motor neurons and glia of which piatiéy cytotoxic hyper-phosphorylated
fragments of the Transactive response DNA Bindingtéin 43 kDa (TDP-43) constitute a
major component. This is closely associated withadditional loss of nuclear TDP-43
expression indicating a “loss of function” mechamjsccelerating motor neuron (MN) loss.
Furthermore, mutations in TDP-43 cause familial ABBd ALS-like disease in animal
models. In this study, we investigated the rolglotathione (GSH) in modulating oxidative
stress responses in TDP-43 pathology in motor meit8C-34 cells. Results demonstrate
that depletion of GSH produces pathology similarthat of mutant TDP-43, including
occurrence of cytosolic aggregates, TDP-43 phogtdicon and nuclear clearing of
endogenous TDP-43. We also demonstrate that inttimoiuof mutant TDP-43"" and
silencing of endogenous TDP-43, but not overexpoassf wild-type TDP-43, result in
similar pathology, including depletion of intraecdfir GSH, possibly resulting from a
decreased expression of a regulatory subunij-giutamylcysteine ligase (GCLM), a rate
limiting enzyme in GSH synthesis. Importantly, treant of mutant cells with GSH
monoethyl ester (GSHe) that directly increasesaggilular GSH and bypasses the need for
GSH synthesis, protected against mutant-induced-ZBPathology, including reducing
aggregate formation, nuclear clearance, reactiygeanx species (ROS) production and cell
death. Our data strongly suggest that oxidativesstrs central to TDP-43 pathology and may
result from a loss of function affecting GSH syrsilseand that treatments directly aimed at
restoring cellular GSH content may be beneficialpreventing cell death in TDP-43-

mediated ALS.
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1. Introduction

Cytoplasmic accumulation of TDP-43 is a hallmarkatéee of many neurodegenerative
disorders including Amyotrophic lateral scleros#d.§), a fatal neurodegenerative condition
characterised by a progressive death of upperamerimotor neurons (MNSs) rapidly leading
to muscle paralysis and death within a few yeardiagnosis (Turner et al., 2013; Kwong et
al., 2007). There is no cure or effective treatmavdilable. ALS is either familial, with a
predominantly autosomal dominant inheritance patteor sporadic (constituting
approximately 90% of all cases), with no identife@agenetic cause (Robberecht and Philips,
2013). Cellular pathology include protein aggremgatimitochondrial dysfunction, increased
content of reactive oxygen species (ROS) and glatesmediated excitotoxicity (Rothstein

2009).

Histopathologically, a vast majority of ALS casespthy cytoplasmic protein inclusions
containing the protein Transactive response DNAdBIg Protein 43 kDa (TDP-43), a DNA-
and RNA-binding protein encoded by the TAR DNA BirglProtein (TARDBP) gene. TDP-
43 is predominately localised to the nucleus whieparticipates in regulating transcription
(Boseet al., 2008), but is also found in the cytosol mehiehas a regulatory role in translation
and post-transcriptional modifications of pre-mRNBuratti and Baralle, 2008). Impaired
protein processing leading to cytosolic aggregatbmbiquitinated and phosphorylated C-
terminally truncated fragments of TDP-43 are callulcharacteristics of TDP-43
proteinopathies (Kwongt al., 2007; Geseet al., 2008; Neumanst al., 2006). TPD-43

pathology is present in 95% of all ALS cases andabout >60% of patients with

frontotemporal dementia (Neumaanal., 2007; Mackenzie, 2007).

Mutations in the TARDBP gene cause familial fornisAbS in humans and an ALS-like

phenotype in transgenic animals (Gitaktoal., 2008; Kabastat al., 2008; Rutherfordt al.,



2008; Sreedharaet al., 2008; Stribét al., 2014; Wegorzewska and Baloh, 2011). Inresht
over expression of human wild-type TDP-43 has régdreen demonstrated not to result in

an ALS phenotype in rodents (Mitchetlal. 2015).

Even in the absence of genomic mutations, TDP-4®usd in cytosolic aggregates in
neurons and astrocytes, and the pathology of tb@ses is identical to those with a genetic
background, strongly suggesting that exogenousrfaénhduce pathogenic modifications of
TDP-43. Cytosolic aggregation of TDP-43 is assediawith disruption of normal cellular
processes including protein degradation, respowseoxidative stress and changes in
mitochondrial bioenergetics (Stribl et al., 2014shiroet al.,, 2012; Walkeet al., 2013).
Moreover, TDP-43 pathology is also associated itloss of nuclear TDP-43, raising the
possibility that TDP-43 pathology is mediated thglwa “loss of function” mechanism (Arai
et al., 2006; Neumanet al., 2006). This concept is supported not only fritv@ findings in
this study but also from previous studies wherensiing of TDP-43 result in cellular changes

similar to those mediated by the introduction ofPFB3 mutants (Kabashki al. 2010).

Oxidative damage plays a central role in cell demis a range of neurodegenerative
conditions including ALS (Muyderman and Chen, 20X2¢lls with a high energy demand,
such as motor neurons, constantly produce theaksliperoxide as a by-product of oxidative
metabolism and depend heavily on cellular proceasesiediated by superoxide dismutase
(SOD), catalase and glutathione (GSH)-dependertegses to minimize oxidative damage.
SOD mediates the conversion of superoxide to hy&rogeroxide, which is then further
detoxified by cytosolic catalase or GSH. In thiswtext GSH directly detoxifies ROS in
addition to its role as a substrate for severaloyidases (Dringen, 2000; Sims and
Muyderman, 2010;Simst al., 2004). We have previously demonstratedirtiortance of
GSH in maintaining viability in several neural cé&fpes, including those carrying ALS-

related mutations (Muydermagt al., 2009). We have also shown that depletiorthef
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antioxidant directly results in mitochondrial dys@tion, ROS accumulation and cell death

(Simset al., 2004; Muydermaet al., 2007; Muydermaet al., 2004).

In ALS, experimentally decreased GSH levels enhatisease progression in transgenic
SODT**** mice (Vargaset al., 2011) and loss of total GSH content has beeported in
neuronal cell lines carrying the same mutation ZRidiniet al., 2003). Moreover, decreased
levels of oxidised GSH are seen in cerebrospinad firom ALS patients (Tohget al., 1999)
and it was recently shown that this patient popahaglso have reduced GSH content in
motor cortex (Weiduschag¢t al., 2014). In addition, redox homeostasis igpdired in
transgenic TDP-43 mice (Caccamed al.,, 2013) and pharmacological depletion of GSH

promotes cytosolic translocation of TDP-43 in cellture models (Iguchet al., 2013).

In the present study, we demonstrate that expmessionutant TDP-43, and the loss of
endogenous TDP-43, produce disturbed productiddSH resulting in increased ROS levels
and cell death which, more importantly, could bevented by treatments that directly

increases cellular GSH without the needdenovo synthesis.

2. Materialsand Methods

2.1 Regents

All chemicals were of analytical grade and obtairfiexn Sigma (St. Louis, MO) unless
stated otherwise. Glutathione monoethyl ester (QS&ted ethacrynic acid (EA) were
purchased from Chemodex (St Gallen, Switzerland§sue culture reagents, propidium
iodide and calcein-AM were obtained from Invitrog@&an Diego, CA). NSC-34 cells were
provided by Professor Neil Cashman (University otigh Columbia, Vancouver, Canada).

Cell culture media and antibiotics and trypsin-EDWAre supplied by SIGMA. Fetal Bovine



Serum, N2 supplement were purchased from GIBCQCe(Léchnologies, San Diego), while
plastic and glass culture ware was obtained froner®r (cellstar/Bio-One) purchased
through SIGMA. 12mm Glass coverslips (12mm) werngpded by Thermo Fisher Scientific

Inc. (Waltham, MA).

2.2 Cell cultures

Mouse NSC-34 motor neuron-like cell were grown mlli2cco's Modified Eagle's Medium
(DMEM), supplemented with 10% FBS, 1% L-glutamatel 4% mix of streptomycin and
penicillin, until 80-90% confluent in a humidifie@tmosphere of 37°C in 5% GOMedia
was changed every third day and cells were passalged confluent. Cells were subcultured
every 3-4 days and not used beyond passage 2éldcted experiments, differentiation was
induced by the removal of serum from the culturedion® and the addition of 1% N2
supplement media (DMEM, 1% FBS, 1% P/S, 1% L-gluteamand 1% N2 supplement.

Differentiation was defined as the acquirement ofaior neuron-like morphology.

2.3 Transfection of NSC-34 cells

NSC-34 cells were transfected using nucleofectioliowing the instructions from the
manufacturer with minor modifications. In shortjmseonfluent cultures were trypsinized
(0.05% (w/v) trypsin, 0.02 % EDTA in PBS pH 7.4 f8rmin at 37°C), pelleted by
centrifugation at 90 g for 10 min, re-suspendedHenk’s HEPES-buffered salt solution
(HBSS; in mM: 137 NaCl, 5.4 KCI, 0.41 MgS0O4, 0.49®12, 1.26 CaCl2, 0.64 KH2PO4,
3.0 NaHCO3, 5.5 glucose, and 20 HEPES, pH 7.4)candted in a haemocytometer. Cells
(2.5 x 16) were mixed with 10Qul of Nucleofector solution (Nucleofector Kit V, Laa,
Cologne, Germany) and transferred to the nucleoiecuvette. Plasmid DNA was added to

the mixture in a concentration of 1 g pef &6lls and the cell suspension was nucleofected



using program U-029mmediately after nucleofection, the cells weresuspended in full
culture medium, re-counted and plated onto poly$iHe and collagen coated coverslips or
in poly-L-lysine coated culture plates. Culture moed was replaced 4 hours after

nucleofection and every second day thereatfter.

2.4 Plasmid construction

Plasmids encoding for the TDPZ£#%8™ mutation, human wild-type TDP-43 and the reporter
gene mCherry only were prepared as previously destr(Pereraet al., 2014). Down-
regulation of TDP-43 expression was performed laydfection of NSC-34 cells with a
custom made miRNA generating plasmid directed a3 expression at a concentration of
2 ng/16 cells (BLOCK-iT™ Pol Il miR RNAi Expression Vectarith EmGFP under a
human CMV promoter). Four constructs were madevatidated by Western blot and semi-
guantified against GAPDH expression. Polymeraseinchaaction was used to ensure
insertion of the mIRNA sequence, primers used vil@n&FP forward (5’ GGCATGGACGA
GCTGTACAA 3) and miRNA reverse (5’ACAAAGTGGGTTGATCAGAG 3). All
plasmids were then sequenced and analysed undéor\Mé€I® software (Invitrogen, San
Diego, USA). The construct producing the highesgfrde of knock-down (74 = 6%; n=5) was
used in subsequent studies. The miRNA cassettéhi®rconstruct contained the following
sequence: 5TTCAGCATTGGATATATGCACGTTTTGGCCACTGACTE@STGCATA
TCCAATAZ'. Control plasmid contained the reporteng only or a non-targeting miRNA

(miRNAControl, Invitrogen).

2.5 Immunocytochemistry
Immunocytochemistry was performed using antibodigected at the full length TDP-43

(polyclonal, 1:100, Santa Cruz, CA, USA) and thenmally anti-phosphorylated TDP-43-



serine 409/410 residues (pTDP-43; 1:500, Cosmos B&A). Hoechst 33258 was used to
visualize nuclei (1:5000, Invitrogen). In shortllsevere washed in PBS and fixed for 20 min
at 4°C in 4% paraformaldehyde, washed in PBS aackbd for 30 min in PBS-BSA (1%)-
Triton X-100 (0.2%). Cells were then incubated withimary antibodies overnight at 4°C
followed by washes in blocking buffer and 45 minpesure to secondary antibodies.
Confocal images were captured using a Leica SPEt@bpeConfocal Microscope (Leica
Microsystems, Wetzlar, Germany) and processed usiageJ. Numbers of cells processed

for image analysis were 250-350 per experiment.

2.6 Cellular fractionation

Nuclear and cytosolic fractions were produced usiregQproteome Cell Compartment Kit,
(Cat#37502, QIAGEN Pty, Ltd., Hilden, Germany) ¢oling the manufacturer’s
instructions. Histone H3 and GAPDH were used askerarfor nuclear and cytosolic
fractions respectively: while nuclear fractions t@oned no GAPDH, cytosolic fractions

contained no Histone H3 as evaluated using We&tetting (see Fig. 5b).

2.7 Western blot

Western blot was conducted using Nupage® Novex®@%-Bis-Tris gel with 1.0 mm x 10
wells by Invitrogen ™ mounted on X-cell Surelock ekectrophoresis cell apparatus, and
nitrocellulose membranes with 0.45mm pore size twitiogen, following protocols as
prescribed by manufacturer. Briefly, cells wereshed in PBS, lysed in sodium dodecyl
sulphate(SDS) and then heated at 70°C for 10 min beforegbeubjected to a 4% SDS-
PAGE and transferred to a PDVF membrane. Membravesg incubated with primary
antibodies against TDP-43 (1:250 Santa Cruz Biateldyies, CA, USA), pTDP-43, (1:800,
Cosmo Bio Co., LTD, Japan) and (GAPDH 1:2000, AgplBiosystems, Victoria, Australia)

followed by biotinylated secondary antibody (1:3pU@ctor Laboratories). Membranes were
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imaged for HRP chemiluminescence using a FujifillSKM000 Imager. Densitometry was
performed using FujiFilm Global Multigauge (R) swdire. Total protein was calculated
using Carestream image analysis from the totaleprdtansferred to the blotting paper and

imaged with Bio-Rad EZ Doc Gel Imager and usechfimalisation.

2.8 RNA isolation and gPCR

High-quality RNA was isolated using a phenol/chformm based method to separate RNA
(Trizol) and further purification using column bdsesolation (RNeasy Mini Lit, Qiagen,
Heiden, Germany). In short, cells were disintegrated lysed using 1ml Trizol and a tissue
lyser (Qiagen, Heiden, Germany, 3 min, 30 Hz). @flarm (200 pl) was added to the
solution, mixed for 30 s and after 3 min at roomperature centrifuged (5 min, 4°C, 12,000
rpm). The aqueous supernatant was used to isol@ieRNA using a column based method
including on-column DNAse digestion (RNeasy MinitKQiagen). Quantity and quality of
the RNA were determined using a spectrophotomeiangdDrop, Thermo Scientific,
Australia) and a lab-on-chip system (Bioanalyzegilént Technologies, Australia). Only
RNA samples with RNA integrity numbers of highemanh7 were used for subsequent
analysis. cDNA was synthesized using 1 pg of tB8IA (iScript Reverse Transcriptase,
BioRad, Australia) and used for subsequent qPCRgu3iagMan and SybrGreen based
gPCR. TagMan primer assays were TDP43/Tardbp, (M5030) and the reference gene
Hprt (MmM01545399 m1), both Life Technologies. Fgb&reen gPCR we used mCherry,
forward primer: CACTACGACGCTGAGGTCAA, reverse prime
TAGTCCTCGTTGTGGGAGGT; and the reference gene, fodwa primer:
AGACGGCCGCATCTTCTTGTGC, reverse primer: GCCACTGCAREGCAGCCC.
gPCR was performed using Power SYBR Green PCR maske(Applied Biosystems) or
TagMan Gene Expression master mix (Applied Biosysleand a StepOnePlus cycler.

Relative expression levels were normalized to Hprt.
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2.9 Assessing cell viability

Cell survival was assessed immediately after ndetdion using trypan blue exclusion.
Cells were resuspended in HBSS, containing 0.2%atr\blue (Sigma), incubated for 5 min
and counted in a haemocytometer. Blue cells wensidered non-viable whereas unstained
cells were considered viable. Cell viability wasalassessed at 24, 48 and 72 h after
nucleofection using calcein-AM or propidium iodi¢f®) staining. Briefly, cells were washed
in serum free culture media and incubated for 16 ati 37°C with 5% C@with calcein
green-AM (1 uM) or PI (25 pM). Hoechst 33258 (1:@PpWas used to visualize chromatin
condensation and apoptotic bodies if present. Tapgstion of Pl positive or calcein green-
AM positive cells as well as cells with apoptotikel features (chromatin condensation,
neuritic blebbing and presence of apoptotic bodie@re assessed using standard

fluorescence microscopy after Hoechst 33258 stginin

2.10 Ethacrynic Acid and GSH monoethyl ester tresim

EA (70uM) or ethanol vehicle control (Eth, 1%) warepared and diluted in culture media
(final ethanol concentration <0.25%). Cells wemated in flasks or on coverslips for 5 h.
GSHe was diluted directly in full culture medium #&concentration of 5 mM. Control

experiments were performed with vehicle only.

2.11 Quantifying cellular GSH content

A cellular GSH assay kit supplied by Abcam (abl1338%as used to determine total,
reduced and oxidised GSH. Frozen cell pellet was thawed and suspended in Tris-EDTA
lysis buffer. Following suspension in lysis buffegells were sonicated for 2 min in a 10 sec

on/off sonication protocol. After sonication, cellere then centrifuged at 14,000 x g for 20
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min and the supernatant was collected. Using aapliate reader, total, reduced and oxidized

GSH measurements were calculated according to raetomér’'s protocol.

2.12 Detection of Reactive Oxygen Species

To determine presence of reactive oxygen speciesluped by cells, a commercially
available assay to detect ROS was used (Abcam13&51). To determine cellular ROS, 5 x
10" of transfected cells were plated per well in a8} plate and allowed to proliferate for 3
days. The assay was carried out according to metwé’s instructions 3 days post-

transfection.

2.13 Protein determination
Protein concentration assays were conducted usen®C BioRad protein assay kit (BioRad
Laboratories, Hercules CA) following protocols assdibed by the manufacturer and

absorbance read at 750 nm using a Perkin EImeoM&tX4 Multilabel Plate Reader.

2.13 Statistical analyses

Results are presented as mean + SD. Each expeahwartdition was tested on cultures
obtained from at least 3 independent passagedlsf bwlividual values were determined as
the average of results obtained from at least thttestically treated culture plates from the
same experimental day and compared to controlelesister cultures. Statistical analyses
were performed on raw data by Studetdst or by one-way ANOVA followed by Student-

Newman-Keuls test. P values <0.05 were considegadfisant.

3. Reaults

3.1 EA causes depletion of GSH in NSC-34 cells
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NSC-34 cells had an average total GSH concentraifoBO + 6 nmol/mg protein with a
reduced (GSH) to oxidised glutathione (GSSG) rafi@d6 (n=5: Figure 1A). Exposure to
EA (70uM, 5 h) significantly reduced total GSH camitto 7.3 = 2.8 nmol/mg which was
associated with a decrease in GSH:GSSG ratio frémo49 (Fig. 1A). Vehicle treatment
(Eth; 1%, 5 hrs) alone did not significantly al@8H content or the GSH: GSSG ratio (Fig.
1A). Consistent with these results, EA treatment redulh a significant increase in cellular
ROS content (Fig. 1B), but did not result in impdircell viability at this time point (5 hr:

p>0.05 data not shown).

3.2 EA-mediated depletion of GSH results in retstion of endogenous nuclear TDP-43

and in the expression of pTDP-43.

While non-treated NSC-34 cells showed primarily leac localization of TDP-43 and low

levels of pTDP-43 (Fig. 2A), the majority of EAetited cells displayed a cytoplasmic
distribution of TDP-43 associated with nuclear chege of the protein (Fig. 2B) together
with a significant increase in extra nuclear pTO&P#hmunoreactivity (Fig. 2C). To verify

that EA had no direct effect on TDP-43 distributmels were co-incubated with EA together
with the cell permeable GSHe (5 mM), which counttsd EA-mediated GSH depletion
(Fig. 1A), prevented increased ROS production (EB). and cytoplasmic re-distribution and
nuclear clearance of TDP-43 in these cells. GSHg also assessed for cytotoxicity using
calcein/Pl as described under Methods; data demadedtthat exposure of normal NSC-34
cells to concentrations not exceeding 7.5 mM ditdresult in decreased cell viability (data

not shown). Thus, 5 mM GSHe was used throughoutetmaining study.

3.3 Transfection of NSC-34 cells
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To test the impact of ALS-linked mutant TDP-43 oSHb expression, NSC-34 cells were
transfected with the mCherry-tagged human TDf*43 mutation, the human wild-type
TDP-43 or with a control plasmid encoding for theparter gene mCherry using
nucleofection. This procedure resulted in transgerpression within 24 h reaching a
maximum transfection efficiency of 56 + 9%, 67 + ¥d and 69 + 7 % at 72 hr post-
transfection, respectively (n=3). Cell death, assésbased on the ability of these cells to
retain calcein fluorescence, nuclear incorporatdrpropidium iodide or the presence of
apoptotic-like morphology changes (as describetiegqprat 24, 48 or 72 h after transfection
was not significantly different in cultures nucleofed with either wild-type TDP-43 or with
the control plasmid compared with non-nucleofeatatiures (n=5: p>0.05), but higher in
cells expressing the TDP-43 mutant (Fig. 3). gP®@Bw&d no significant differences in
expression levels of mutant versus wild-type TDP@33; ANOVA; p>0.05).3.4 Cytosolic

redistribution of TDP-43 in cells expressing thelA mutant

Transfection of NSC-34 cells with TDP“#3°" resulted in cytosolic redistribution of TDP-
43 in 21 £ 5 % of the cells, while cells expressihg reporter gene only showed exclusive
nuclear localization of TDP-43 (Fig. 4A andB; n=®uclear TDP-43 levels were also
quantified using Western Blot after cellular fraction. In cells expressing TDP 4%,
there was a significant decrease in nuclear TDRxBession compared to control (Fig. 5A).
Control experiments verified the purity of thesactions using Histone 3 and GAPDH as
markers for nuclear and cytosolic fractions redgelt (figure 5b). In these cells the
cytosolic fraction contained 6 £+ 2 % of total TDB-4ontent while the nuclear fraction
contained 94 + 5% compared to a > 65% decreasediear TDP-43 content in cells carrying

the mutant (Fig. 5A and B).

3.5 GSH is depleted in cells expressing the TDF*23mutation.

15



TDP-43""T expressing cells had a total GSH concentratioh #f1 nmol/mg protein (n=5)
representing a >80% decrease compared to thetiisfected with vector alone where then
level was 24 + 4 nmol/mg protein. Values for cetkpressing wild-type TDP-43 were 28 = 6
nmol/mg protein relative to non-transfected celis3a + 3 nmol/mg protein (n=3). GSSG
accounted for 15% of total GSH concentration in BBlransfected cells compared to less
than 3% in non-transfected cells and in cells fiested with the control plasmidgig. 1A).
The GSH: GSSG ratio in A315T transfected cells wW&b compared to that of control
transfected cells of 55. As for EA-treated celi® introduction of the TDP-43"T mutation,
but not wild-type TDP-43, resulted in significanthcreased ROS levels as assessed 3 days
post transfection compared to that of control oglg. 1B). Depletion of GSH and increased
levels of ROS content were closely associated witdecrease in cell viability in cells
carrying mutant TDP-43 (Fig. 3). Furthermore, based inconsistencies in GAPDH

expression used as a loading control, we also sssésTDP-4331°7

affected the expression
of this key enzyme in glycolysis. Results show thate was a five-fold decrease in GAPDH
expression in cells carrying the TDP?38™ mutant compared to control (Fig. 6). Hence,
throughout this study, Western Blot results weremradised relative to total protein in the

sample after using stain-free gels processed bgsfraam image analysis and Bio-Rad EZ

Doc Gel Imager.

3.6 Restoring cellular GSH content prevents TDRpétBiology

Next, we addressed whether increasing availabitify GSH in mutant TDP-43'°T
transfected cells reduced TDP-43 pathology. NS@& transfected with TDP-43°" or
with the control vector were treated with 5 mM GSstarting 3 h post transfection. The
results demonstrated that early restoration of G8htent prevented nuclear loss of TDP-43
(Fig. 4 and 5), reducing both ROS content (Fig. aBJ cell death (Fig. 3). Moreover, GSHe

treatment also normalised GAPDH content in celtsyoag the A315T mutation (Fig. 6).
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Next, we investigated plausible mechanisms behii®&H Glepletion in cells carrying the

A315T mutation by determining the expression of G8ldted proteins using Western blot.
While there were no significant changes in GSH ctake or GSH peroxidase (data not
shown), the results showed a several-fold decneatbee expression of the regulatory subunit

of GCLM (Fig. 7) indicative of a severely impairadility to synthesise GSH.

3.7 GSH depletion in TDP-43 pathology is medidatedugh a loss of function mechanism.
To establish if a loss of TDP-43 expression woudduit in similar disturbances to GSH
homeostasis we silenced endogenous TDP-43 expnassimtreated NSC-34 cells (Fig. 8).
Down-regulation of TDP-43 expression was performgdransfection of NSC-34 cells with
1 ug/16 cells of four custom-made plasmids generating oniRNA (miRNA: 508-511)
directed against TDP-43 mRNA (BLOCK-iT™ Pol Il miRNAiI Expression Vector with
EmGFP under a human CMV promoter). Controls wezatéd with a plasmid generating a
non-targeting miRNA (miRNAControl, Invitrogen) amthanges in TDP-43 expression were
determined by immunoblotting. Silencing of TDP-4&ression using the miRNA construct
with most pronounced effect resulted in an oves@% decrease in protein expression in
transfected cultures as assessed using westerrThlstdecrease corresponded to a near total
loss of TDP-43 in individual cells expressing thenstruct (Fig. 8). Silencing of TDP-43
resulted in a significant decrease of GSH conté&ing. (9), several-fold increase in ROS
production, and substantially increased cell d€gth. 1B and 2) However, in contrast to
cells expressing the TDP-43°T mutation, cell death were not preserved in thedis after
treatment with GSHe (Fig. 3), suggesting that altdépletion of TDP-43 is lethal in NSC-34
cells involving additional mechanisms in additi@mROS accumulation. Still, these data are

consistent with the concept that a loss of funcodmDP-43 directly results in diminished
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GSH production, increased ROS production potegtlahding to the aggravation of TDP-43

pathology.

4. Discussion

The present study has identified conditions undeickv GSH in neuronal cells expressing
TDP-43%T mutant is essentially depleted, resulting in iasedl ROS production, TDP-43
nuclear-to-cytosolic redistribution and cell deakhis study provides the first direct evidence
for a critical role of cellular GSH in preservinguronal viability in TDP-43 pathology. Loss
of GSH as a result of the presence of this mutatanin response to the depletion of
endogenous TDP-43, resulted in increased intrdaelRIOS levels, cell death and cytosolic
redistribution of TDP-43 whereas protection agamsitant TDP-43-mediated cytotoxicity
was provided by restoration of intracellular GSHngsGSHe. Overexpression of human
wild-type TDP-43 did not result in any changes i@Hcontent or in ROS production. This is
consistent with a recent study demonstrating tkelusive overexpression of wild-type TDP-

43 in transgenic mice does not result in an AL®-pkenotype (Mitchekbt al., 2015).

Our results also indicated that dysregulation oPHB may result from impaired expression
of theGCLM, responsible for GSH synthesis, subsefjG&SH depletion and increase in ROS
levels. Although this evidence does not rule olmeotmolecular mechanisms, a loss of
glutamylcysteine ligase activity may explain theagipointing results in previous attempts
aimed at enhancing antioxidant defence processegrdwiding GSH precursors in ALS
(Andreasseret al., 2000). Other plausible explanations incladeduction in the activity of
the sodium-dependent excitatory amino acid trariepat that is responsible for GSH
precursor uptake into these cells. This issue wasddressed in the current study but is the
subject of ongoing investigations. In theory, ialso possible that cellular GSH content can

be affected by release of oxidized GSH into thetucal medium. This is a protective
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mechanism preventing accumulation of this potdgtiaxidising agent (Dringen and

Hirrlinger, 2003). However this was not supportgdhe results in the current study.

Oxidative stress, like protein aggregation, constgt a key pathogenic mechanism of cell
death in ALS. In support of this standpoint, postrlem analyses consistently demonstrate
oxidative damage and markers of oxidative damagerareased in plasma, urine and CSF
of ALS patients (Muyderman and Chen, 2014; D'Amieb al., 2013).In addition,

experimentally increased oxidative stress load lacates disease progress in animal models

of ALS (D'Amicoet al., 2013).

A majority of ALS cases (>95%) are associated wittosolic inclusions containing TDP-43
and the relocation of this protein from the nuttethe cytoplasm, changes that are likely to
make a significant contribution to cellular dysftion and subsequent pathology. In addition
to changes in protein folding and degradation, sytio accumulation of TDP-43 causes
oxidative stress and mitochondrial dysfunctierdé supra). Given that GSH plays a critical
role in cellular defence against oxidative stresgarious neurodegenerative conditions, it is
surprising that its role in ALS remains poorly ursteod. Especially considering that redox-
mediated signalling previously has been linkechregulation of TDP-43 and that oxidative
stress promotes TDP-43 cross-linking via cysteixidadion and disulphide bond formation

leading to decreased TDP-43 solubility (Cole¢l., 2012).

In this study we reproduced the finding of a pregictudy demonstrating that depletion of
GSH results in increased cytosolic aggregation@P#3 (Iguchi et al., 2013) and expanded
on these studies to demonstrate that the conte@iSef in cells carrying mutant TDP-43 is

not optimal and that restoring this antioxidant lpasing a treatment that does not require

GSH synthesis, prevented pathology.
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Treatment with GSHe rapidly restored intracellu@&H levels and prevented TDP-43
pathology in NSC-34 cells carrying TPD4%". In contrast to GSH, which is poorly
transported into cells and do not pass the bloathlyarrier, GSHe is cell-permeable, readily
de-esterified by intracellular esterases and rgpidcreases intracellular GSH content
(Wadey et al., 2009; Muydermaret al., 2007) We have previously demonstrated the
beneficial effects of GSHe of increasing glutatieiorontent in bothn vitro andin vivo
models (Muydermart al., 2007; Muyderman et al., 2004). We have alsown that such
treatment significantly improves cellular resistanggainst oxidative stress and that the
depletion of this antioxidant directly correlatesthwincreased susceptibility to oxidative
damage. Moreover, pre-symptomatic administratio®G8He has recently proven somewhat
beneficial in increasing lifespan in the SOB®", albeit demonstrating a very modest effect
of approximately 10% (Winkleet al., 2014). However, in this study, GSHe wasgias a
daily intraperitoneal injection and GSH levels piral cord or brain were not determined
making it highly plausible that the major increasecellular GSH was contained to the
abdominal cavity. Nevertheless it highlights thedéor anti-oxidant treatment in ALS and
indicates the central role of GSH in this proceBsus, the characterization of TDP-43-
mediated GSH depletion in our present study compigsthese data and has generated
several unique insights into the properties of Kaig antioxidant in TDP-43 pathology. Most
notably that mutant TDP-43 as well as silencing esfdogenous TDP-43, depletes
intracellular GSH and that its replacement proviokesrall cellular protection. In this context,
a few previous studies also suggest that TDP-43opzgies are associated with an imbalance
in antioxidant redox buffering systems, with mitoodrial dysfunction most likely
responsible for the increase in ROS production se€hSH depleted cells (Caccarabal.,
2013; Iguchi et al.,, 2012). In addition, alteragonf cellular redox state may lead to

decreased protein clearance (Niforou et al., 20ilicating that modifications of cellular
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functions by oxidative stress may result in pro@ggregation as seen in TDP-43 pathology.
This evidence is in line with our current result®wing that restoring cellular GSH content
prevents cytosolic redistribution and nuclear @deae of TDP-43. In support of this concept,
ALS cases show proteasomal impairment associatéldl an increase in oxidative stress
markers (llieveet al., 2007; Kimet al., 2009; Neutzneat al., 2012; Tashiret al., 2012) and
increased ROS production is intimately associatedimpairment of the removal of
ubiquitinated proteins (Cohest al. 2012). Moreover, experimentally decreased GSH
accelerates disease progression in the S&Htransgenic (Vargast al., 2011) and loss of
total GSH content in motor neurons has been regariecell lines carrying the same
mutation (Rizzardiniet al., 2003).Additionally, reduced levels of GSB&e been reported
in cerebrospinal fluid from ALS patients (Tohgji al., 1999) and we have recently shown a
reduction in mitochondrial GSH in mSOB®* expressing NSC-34 cells (Muydermeainal.,

2009).

In addressing the mechanisms underlying the remluatn cellular GSH, we observed a
several-fold decrease in the regulatory subunithef rate limiting enzyme responsible for
GSH synthesis in cells expressing mutant TDP*#3 This result is most likely the major
reason for the observed depletion of cellular G&Hi iacrease in ROS content in these cells
and is supported from previous studies in whichegiendeletion of GCLM resulted in
decreased GSH content and increased susceptitalibxidative stress (Bottat al., 2008;

Moharet al., 2009).

Finally we demonstrated that silencing of endogenbDP-43 produced similar changes to
those produced by the introduction of mutant TDRrAgard to GSH depletion and cellular
ROS content. This finding implies additionally thBDP-43 pathology, at least to some
extent, is mediated through a “loss of action” natbm consistent with previous studies

showing that transgenic mice with a partial lossT&iP-43 function show progressive
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neurodegeneration with a phenotype similar to thadsanimal models of ALS (Yangt al.,
2014). In contrast to cells expressing mutant TBP@SHe treatment did not salvage cells
depleted of TDP-43. This is not surprising as altlutss of TDP-43 function would result in
severe cellular dysfunction in which GSH depletasmd ROS accumulation would constitute
minor effects. However, the results highlight tbkerof TDP-43 in redox regulation and GSH

synthesis.

In summary, this study demonstrates that normal -IBHunction may be regulated via
redox mechanisms and that oxidative stress is aetatrTDP-43 proteinopathy, most likely
dependent on impaired synthesis of GSH. We protiadea loss of TDP-43 function leads to
the depletion of GSH and thereby further aggravgbashological cytosolic protein
aggregation and impairment of cell function. Togethour data strongly indicate that
treatments directly aimed at restoring intracel@&sH will attenuate formation of cytosolic
TDP-43 aggregates and reduce MN death in TDP-43ateetl ALS. Thus, intra-CSF
administration of such restorative agents wouldstitute a feasible approach to increase MN

viability and slow disease progression if tranglate human subjects.
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Figure legends

Fig. 1. Analyses of GSH (A) and oxidative stress (B) intonmeuronal NSC-34 cells. Values
are mean = S.D. (full details in Materials and noelg). (A) Total, reduced and oxidized
(GSSG) GSH expression in NSC-34 cells after treatméth; from left to right 70 uM EA
for 5 hours, EA-treated cells treated with 5 mM @SH% ethanol (Eth vehicle) cells
overexpressing the human wild-type TDP-43 (Wt)]scelansfected with the TDP-23°"
mutation, cells transfected with the TDP*#3"™ mutation and treated with 5 mM GSHe for
72 h, cells transfected with a control plasmid elneg for the reporter gene mCherry only
and non-treated cells (NT). *** p<0.001 ANOVA witBNK, n=5.(B) Cellular content of
reactive oxygen species (ROS) in cells identicalyated as in (A) with the addition of cells
depleted of TDP-43 (miRNA) and the correspondingRNA scrambled control 72 h post-

transfection. *** p< 0.001, ANOVA with SNK, n=5.

Fig. 2. Confocal micrographs showing extra nuclear loedicn of TDP-43 and pTDP-43
after 5 hours of EA treatment (70 uM EA) causingHz&pletion. Left: TDP-43 and pTDP-
43 immunoreactivity (green); Middle: Nuclear stalDAPI (blue); and Right: the
superimposed pictureAj Full length TDP-43 and pTDP-43 immunoreactivityggn) in
untreated NSC-34 cellsB) Full length TDP-43 expression in cells deplete&H after EA
treatment (arrows indicate extra nuclear TDP-43aliaation). C) Expression of pTDP-43 in
NSC-34 cells depleted of GSH after GSH depletiooal& bars 25 um. One out of 5

representative experiments.

Fig. 3. Cell viability in NSC-34 cells expressing TDP#4%" the mCherry control plasmid,
miRNA or the miRNA scrambled control 24, 48 and frafter transfection and with or
without GSHe treatment. GSHe treatment (5 mM) wdtgated 3h post-transfection and this

concentration was maintained throughout the expmrimValues are mean + S.D. (full



details in Materials and methods). GSHe treatmagmtifcantly reduced cell death in cells
expressing the A315T mutation (***p<0.001) but motcells depleted of TDP-43 compared
to the mCherry control and mutant cells treatedhwBSHe (### p<0.00lcompared to

MiRNA negative control). ANOVA with SNK, n=5.

Fig. 4. Confocal micrographs showing the redistribution TP-43 (green) in motor
neuronal NSC-34 cells expressing the A315T mutsntlei were stained with DAPI and
appear blue. Arrows indicate extra nuclear TDP-d8alization (n=5). A). Cytosolic
redistribution of TDP-43 (green) in cells transtettwith TDP-43°°T (mCherry; red). B)
Cells expressing the reporter gene only (mChereg).r C) Normalization of TDP-43
immunoreactivity (green) in cells transfected wiitle A315T mutation (red) and treated with

5 mM GSHe (72h). Scale bars 25 pum.

Fig. 5. Quantitative analyses of nuclear expression of -ABRcompared to total nuclear
protein as measured after cellular fractionatiod gumantitative Western immunoblotting
(using Carestream image analysis from the totaleprdransferred to the blotting paper and
imaged with Bio-Rad EZ Doc Gel Imager and used rformalisation, thus no reference
protein needed). Values are mean + S.B) NSC-34 cells transfected with the TDP*#3"
mutation, cells expressing TDP“4%¥" and treated with GSHe, and cells transfected thigh
reporter gene only (Cherry) or non-transfectedsc@T). Insert: Corresponding gel image.
p19-22 refers to passage number of the NSC-34. celisp<0.001, ANOVA with SNK
posthoc test, n=6B( Typical Western blot demonstrating the purity otlear and cytosolic
fractions using Histone 3 (H3) and GAPDH, respatyivas markers in untreated cells (left)

and in cells expressing the TDP243 " mutant.

Fig. 6. Effect of the TDP-43">T mutation on key glycolytic enzyme GAPDH. Values ar

mean = S.D. (full details in Materials and method®\PDH expression per mg total protein



in cells transfected with the TDP-43 mutation A318€&lls expressing mutant TDP-43 and
treated with GSHe, cells transfected with the repogene only (Cherry) and in non-
transfected cells (NT). Insert: Corresponding gehge. pl9-22 refers to passage number of

the NSC-34 cells®** p<0.001, ANOVA with SNK posthoc test, n=6.

Fig. 7. Changes in expression of GCLM. Western immunoibigtof GCLM expression in
cells transfected with the TDP‘#3°T mutation compared to cells transfected with the
control plasmid only. Values are mean = S.D. (flgtails in Materials and methods). Insert:
corresponding gel image. pl19-22 refers to passageber of the NSC-34 cells. ***

p<0.0001, Studerttest, n=6.

Fig. 8. TDP-expression after silencing using miRNA constisu508-511). Values are mean
+ S.D. (full details in Materials and methods). T@® expression relative to protein content,
*** n<0.001, ANOVA with SNK posthoc test, n=5. Ingecorresponding gel image. Results

are typical for one out of five experiments.

Fig. 9. GSH content and endogenous TDP-43 expressionl datalar GSH content after
miRNA-mediated silencing of TDP-43 expression. \éslare mean = S.D. (full details in

Materials and methods).*** p<0.001, ANOVA with SN¥osthoc test, n=3
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Highlights

e MND causing mutations in the TDP-43 gene result in non-functioning glutathione producing
enzymes

e TDP-43/MND-causing mutations cause glutathione depletion

e Preventing, or restoring, glutathione content prevent cell death in motor neuronal NSC-34
cells expressing TDP-43 mutations causing motor neuron disease





