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Increased TRPC5 glutathionylation contributes
to striatal neuron loss in Huntington’s disease

Chansik Hong,"* Hyemyung Seo,”* Misun Kwak,' Jeha Jeon,? Jihoon jang,2 Eui Man jeong,3
Jongyun Myeong,I Yu Jin Hwang,4 Kotdaji Ha,' Min Jueng Kang,5 Kyu Pil Lee,6 Eugene C. Yi,®
In-Gyu Kim,? Ju-Hong Jeon,' Hoon Ryu*’# and Insuk So'*#

*#These authors contributed equally to this work.

Aberrant glutathione or Ca?* homeostasis due to oxidative stress is associated with the pathogenesis of neurodegenerative dis-
orders. The Ca”?*-permeable transient receptor potential cation (TRPC) channel is predominantly expressed in the brain, which is
sensitive to oxidative stress. However, the role of the TRPC channel in neurodegeneration is not known. Here, we report a
mechanism of TRPCS5 activation by oxidants and the effect of glutathionylated TRPC5 on striatal neurons in Huntington’s disease.
Intracellular oxidized glutathione leads to TRPC5 activation via TRPCS S-glutathionylation at Cys176/Cys178 residues. The
oxidized glutathione-activated TRPC5-like current results in a sustained increase in cytosolic Ca®*, activated calmodulin-dependent
protein kinase and the calpain-caspase pathway, ultimately inducing striatal neuronal cell death. We observed an abnormal
glutathione pool indicative of an oxidized state in the striatum of Huntington’s disease transgenic (YAC128) mice. Increased
levels of endogenous TRPC5 S-glutathionylation were observed in the striatum in both transgenic mice and patients with
Huntington’s disease. Both knockdown and inhibition of TRPCS significantly attenuated oxidation-induced striatal neuronal
cell death. Moreover, a TRPC5 blocker improved rearing behaviour in Huntington’s disease transgenic mice and motor behav-
ioural symptoms in littermate control mice by increasing striatal neuron survival. Notably, low levels of TRPC1 increased the
formation of TRPC5 homotetramer, a highly Ca®*-permeable channel, and stimulated Ca**-dependent apoptosis in Huntington’s
disease cells (STHdHC11/111) Taken together, these novel findings indicate that increased TRPC5 S-glutathionylation by oxidative
stress and decreased TRPC1 expression contribute to neuronal damage in the striatum and may underlie neurodegeneration in
Huntington’s disease.
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Introduction

Age-related  neurodegenerative  diseases,  including
Alzheimer’s disease, Parkinson’s disease and Huntington’s
disease, are characterized by progressive loss of neurons
due to neuronal cell death associated with oxidative stress
(Bredesen et al., 2006). Although oxidation reactions are
critical for life, they can also be highly toxic, and thus cells
rapidly detoxify oxidants using multiple enzymatic and
non-enzymatic antioxidative systems.

Among the various antioxidants, reduced glutathione
(GSH) is a ubiquitous, non-protein, thiol-containing mol-
ecule found at millimolar concentrations in eukaryotic cells.
GSH is a tripeptide composed of cysteine, glutamate, and
glycine; the cysteine (-SH) residue provides the reducing
power. During oxidative stress, GSH is converted to oxi-
dized glutathione (GSSG), which is restored to GSH by
GSSG reductase. The ratio of GSH/GSSG determines the
cellular redox potential and, consequently, redox homeo-
stasis (Meister and Anderson, 1983). Oxidative stress leads
to a decreased GSH/GSSG ratio and a reduction of
redox-sensitive cysteine residues within proteins (Hurd
et al., 2005; Cooper et al., 2011). Reactive cysteines
can be modified at the sulphydryl group, resulting in
S-glutathionylation, which is involved in gene expression,
cell death or survival (Dalle-Donne ef al., 2011). Signalling
proteins and ion channels mediate cellular sensing of and
response to oxidative stress (Kashio et al, 2012).
Whether this sensing and response mediate S-glutathionyla-
tion in TRPC (canonical or classical transient receptor po-
tential) channels is not known but may be of particular
significance because of the Ca®* permeability of these
channels.

The brain is particularly vulnerable to oxidative stress
due to high energy demands, the paucity of antioxidants,
and high lipid content (Floyd, 1999). The neurodegenera-
tive disorder Huntington’s disease is best known for its
effect on motor control. Mood disturbances (Leroi and
Michalon, 1998) such as depression, anxiety, and irritabil-
ity also have a high prevalence in patients with
Huntington’s disease and often begin before the onset of
motor symptoms. The disease is caused by an abnormal

expansion of glutamine in the N-terminal region of the
350-kDa huntingtin protein (encoded by HTT). Mutant
HTT in striatal neurons can cause mitochondrial defects
including the reduction of Ca?* buffering capacity, loss
of membrane potential, or decreased expression of oxida-
tive phosphorylation enzymes. In particular, mitochondrial
dysfunction facilitates impaired Ca®* homeostasis linked to
the glutamate receptor-mediated excitotoxicity (Damiano
et al., 2010). However, the source or mediator of elevated
Ca”* remains unclear.

Transient receptor potential channel, subfamily C,
member 5 (TRPCS) is predominantly expressed in the
brain where it can form heterotetrameric complexes with
TRPC1 and TRPC4 channel subunits. TRPCS channels ex-
hibit constitutive activity and voltage dependence and are
also stimulated by oxidation and a range of factors, includ-
ing G protein-coupled receptors, lysophospholipids and
TRPCS is stimulated by nitric
(NO) through a mechanism that requires oxidation (S-
nitrosylation) at extracellular cysteines (Yoshida et al.,
2006). However, we have demonstrated that intracellular
oxidation rather than extracellular reaction regulates
TRPCS activation depending on the cytosolic redox state
(extracellular GSH versus GSSG). TRPCS knockout mice
exhibit diminished innate fear levels in response to innately
aversive stimuli. Moreover, mutant mice exhibit significant
reductions in responses mediated by synaptic activation of
G protein coupled receptors in neurons of the amygdala
(Riccio et al., 2009).

In this study, we report that TRPCS5 channels are
novel components of the pathological mechanism that
controls damage in Huntington’s disease.
The activity of recombinant and endogenous TRPCS is regu-
lated by the cellular redox state. Extensive analysis revealed
that TRPCS (Cys176 and Cys178) is specifically glutathio-
nylated in response to GSSG, resulting in channel activa-
tion and sustained Ca®* influx. TRPCS S-glutathionylation
is constitutive, occurs at higher levels in striatal cells of
a Huntington’s disease mouse model, and leads to-
neurodegeneration. These findings reveal the mechanism of
cellular redox sensing through TRPCS and its potential roles
in Huntington’s disease and neurodegeneration.

acidification. oxide
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Materials and methods

Cell culture, transient transfection,
plasmids and chemicals

Human embryonic kidney (HEK)-293 cells were purchased
from American Type Culture Collection (ATCC). Clonal stri-
atal cells from wild-type (STHdhS””) or mutant Hzt knock-in
(STHdhP!1 /1y mice were obtained from Dr H. Ryu (Jeon
et al., 2012a). The cells were maintained according to the sup-
plier’s recommendations. Plasmids containing human TRPCS
or mouse TRPCS were kindly donated by Dr S. Kaneko and
Dr Y. Mori (Yoshida et al., 2006), respectively. Multiple cyst-
eine mutants were changed using QuikChange® site-directed
mutagenesis (Agilent Technologies). For transient transfection,
we used FuGENE® 6 (Roche Molecular Biochemicals) or
Lipofectamine® 2000 (Invitrogen) according to the manufac-
turer’s protocol. All experiments were performed 20-30 h after
transfection.

All chemicals were purchased from Sigma Aldrich except
tris(2-carboxyethyl)phosphine (TCEP), which was purchased
from Thermo Scientific.

Electrophysiology

For current recording of TRPCS, transfected cells in 12-well
plates were trypsinized and transferred into a recording cham-
ber equipped to treat the cells with various solutions. Whole-
cell currents were recorded using an Axopatch 200B amplifier
(Axon Instruments). Currents were filtered at SkHz (—3 dB,
4-pole Bessel), digitized using a Digidata 1440A Interface
(Axon Instruments), and analysed using a personal computer
equipped with pClamp 10.2 software (Axon Instruments) and
Origin software (Microcal origin v.8.0). The solutions for cur-
rent recording were exactly as detailed in Hong et al. (2014)
and the Supplementary material. All current traces were drawn
from the selected values at —60 or +80mV of the ramp
pulses. For all bar graphs, inward current amplitudes at
—60mV are summarized.

Ca’"* measurement by Cameleon
YCé.1 FRET and Fura-2

Foerster (fluorescence) resonance energy transfer (FRET)
images of CFP, YFP, and raw FRET were obtained with a
pE-1 Main Unit equipped with three FRET cubes and recorded
at a resolution of 1.5 s/FRET image. The FRET images were
used to calculate the FRET efficiency according to (Erickson,
2001). Further details of FRET and Fura-2 recording to deter-
mine [Ca”*]; are provided in the Supplementary material.

Western blot analysis

Cells were plated in 6-well dishes. Lysates were prepared in
lysis buffer (0.5% Triton™ X-100, 50 mM Tris-Cl, 150 mM
NaCl, 1mM EDTA, pH 7.5) by passage 7-10 times through a
26-gauge needle after sonication. Lysates were centrifuged at
13300g for 10 min at 4°C, and the protein concentration in
the supernatants was determined. The proteins extracted in
sample buffer were loaded onto 6 or 8% Tris-glycine sodium
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dodecyl sulphate polyacrylamide gel electrophoresis (SDS-
PAGE) gels unless otherwise stated under non-reducing condi-
tions; the lanes were marked with dotted lines. The proteins
were transferred onto polyvinyl difluoride membranes, and the
membranes were probed with TRPCS and TRPC1 (NeuroMab
and Alomone labs), caspase-3 and cleaved caspase-3
(Cell Signaling), and calpainl (Santa Cruz) antibodies. GFP
antibody (Invitrogen) was used to detect GFP-tagged TRPCS5
protein as indicated. Co-immunoprecipitation and surface bio-
tinylation were performed according to standard methods and
are described in the Supplemental material.

MTT cell death assay

Q7 or Q111 cells were grown in 12-well plates. The MTT
assay was used to assess cell viability according to the manu-
facturer’s instructions (Sigma-Aldrich). The assay was quanti-
fied by measuring the absorbance at 570nm using a micro
plate reader (Biochrom).

Flow cytometry analysis

After treatment, the cells were harvested and incubated in
fluorescence-activated cell sorter (FACS) buffer (phosphate-
buffered saline with 0.1% bovine calf serum, 0.05% sodium
azide) at 4°C for 30 min. After washing with FACS buffer, the
cells were analysed using a FACSCalibur flow cytometer
equipped with Cell Quest software (BD Pharmingen).

RT-PCR, siRNA silencing and cellular
glutathione assay

Reverse transcriptase-PCR, siTNA silencing, and cellular gluta-
thione assays were performed according to standard methods
and are described in the Supplementary material.

Biochemical or behavioural experi-
ments using the Huntington’s disease
transgenic YACI|28 mouse model

YAC128 mutant Huntington’s disease transgenic mice
were  purchased from  Jackson  Laboratory  [FVB-
Tg(YAC128)53Hay/]]. The animal experiments were

conducted using standard methods. GSH/GSSG assay, immu-
nohistochemistry, and behaviour assessments (rotarod test,
open-field test, etc.) are described in the Supplementary
material.

Statistics

Results are presented as the mean =+ standard error of the
mean (SEM). The results were compared using Student’s
t-test for two groups or by ANOVA followed by post hoc
test for three groups or more. P < 0.05 was considered statis-
tically significant. The number of cell electrical recordings is
given by # in bar graphs.
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Results

TRPCS5 activation by intracellular

GSSG is reversed by GSH and
dithiothreitol

Two contradictory studies have reported oxidation
(Yoshida et al., 2006) or reduction (Xu et al., 2008) of
TRPCS homomer (also as a heteromer with TRPC1) cur-
rents. We first sought to determine whether oxidation/
reduction of TRPCS regulates TRPCS activity and through
what mechanism. Supplementary Fig. 1A shows that the
membrane-permeable oxidant pyridyl disulphide (PDS)
2,2¢-dithiobis  S-nitropyridine (DTNP) activated the
TRPCS current (DTNP, 120 +26 pA/pF) in HEK293
cells expressing TRPCS5. Other membrane-permeable react-
ive pyridyl disulphides also activated TRPCS5 such as
2,2¢-dithiodipyridine (2-PDS, 122 + 58 pA/pF,
Supplementary Fig. 1B). Significantly, the membrane-
impermeable PDS  5,5‘-dithiobis(2-nitrobenzoic  acid)
(DTNB) had no effect when applied externally
(Supplementary Fig. 1D) but markedly activated TRPCS
when applied intracellularly (Supplementary Fig. 1C).

Among cellular antioxidants, GSH plays an essential role
in protecting against reactive oxygen species. Thus, the
presence of GSH is important for preventing oxidative
damage. Next, we investigated whether the TRPC5 channel
is activated and induces Ca®* influx according to changes
in glutathione redox states (Dalle-Donne et al., 2011).
When infused with a 3mM GSH pipette solution, TRPC35
activation by DTNP was markedly attenuated from
108 £19 pA/pF to 16 £9 pA/pF (Fig. 1A). Elevated
GSSG can modulate cellular oxidation by forming disul-
phide bonds with protein thiols (PS-SG) (Morgan et al.,
2012). GSSG equally activated TRPCS in a dose-dependent
manner but only when applied intracellularly (Fig. 1B). The
current increased shortly after patch rupture; infusion of 5
or 8mM GSSG activated TRPCS current by 74 + 13 or
132 £+ 19 pA/pF, respectively.

The activating effect of intracellular GSSG was unex-
pected considering previous reports that oxidation acts on
extracellular cysteine to activate (Yoshida et al., 2006) or
inhibit (Xu et al., 2008) the TRPCS channel. Therefore, we
further examined the sidedness of the effect of the reduc-
tants. The cell-permeable molecule dithiothreitol prevented
TRPCS activation by GSSG, while the cell-impermeable
strong reductant TCEP had no effect (Fig. 1C). Similarly,
dithiothreitol but not TCEP reversed the activation of
TRPCS by DTNP (Supplementary Fig. 1E and F). We fur-
ther assessed the specificity of the oxidants and reductants
by evaluating their effects on the redox-sensitive TRPM?2
channel, which is activated by hydrogen peroxide (H,O,)
(Kaneko, 2006). TRPM2 was activated by its ligand, cyclic
adenosine diphosphate ribose (cADPR), but was completely
resistant to GSSG and DTNP, which glutathionylates
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proteins (Supplementary Fig. 2A). Notably, TRPM2 oxida-
tion occurs via oxidation of Met214 and not a cysteine
residue.

These results suggest that intracellular GSSG is a novel
activator of TRPCS. Such activation is likely to be highly
toxic if it results in a sustained elevation of Ca®*. To test
the effect of a cytoplasmic Ca?* by oxidant, we investi-
gated whether H,O, and DTNP activate TRPCS and
cause an increase in Ca®*. H,O, increased the TRPCS cur-
rent to 47 £ 19 pA/pF (Fig. 1D). As shown in Fig. 1E,
1mM H,0, or 30 uM DTNP induced a sustained increase
in cytoplasmic Ca®* in cells expressing TRPCS that was
highly toxic.

TRPCS5 S-glutathionylation by GSSG
at Cysl76 and Cysl78

GSSG can post-translationally modify proteins by
S-glutathionylation in the presence of an appropriate
GSH/GSSG ratio (Meister and Anderson, 1983). Among
the TRPCs, TRPC1, C4, and C5 have high sequence hom-
ology and highly conserved cysteines (Supplementary Table
1). The locations of the conserved cysteines in TRPCS are
indicated in Fig. 2A. We used systematic deletions and
mutations to determine whether GSSG covalently modifies
the sulphydryl (-SH) groups of the cysteines in TRPCS.
Mutation of all cytoplasmic and all N-terminal cysteines
eliminated current activation by GSSG (Fig. 2B, 1.2 +0.3
pA/pF and 0.7 + 0.2 pA/pF, respectively). However, muta-
tion of all C-terminus cysteines had no effect on TRPCS
activation by GSSG (Fig. 2B, 109 26 pA/pF). Similarly,
deletion of the portion of the TRPCS C-terminus that in-
cludes eight cysteines at positions 804, 809, 877, 895, 920,
924, 930, and 935 did not prevent activation by GSSG. By
contrast, single mutations of Cys176S, Cys178S and
Cys181S almost eliminated the activation of TRPCS by
GSSG. The Cys181S mutation inhibited the channel even
when activated by GTPyS and thus was not considered
further (Supplementary Fig. 3A). Additional analysis re-
vealed that the Cys176S-Cys178S double mutant was also
not activated by GSSG (3.8 + 1.0 pA/pF) (Fig. 2C) or by
DTNP (Supplementary Fig. 3B). The double mutation
Cys176S-Cys178S also inhibited TRPCS-mediated Ca**
influx activated by H,O, (Supplementary Fig. 3E).

To determine whether TRPCS is directly glutathionylated
by GSSG and the effect of the double mutant (Cys176S-
Cys178S) on S-glutathionylation, we assayed the inter-
action of TRPCS with glutathione by co-immunoprecipita-
tion. Cells were treated with carmustine [1,3-bis(2-
chloroethyl)-N-nitrosourea, BCNU], which shifts the intra-
cellular GSH/GSSG redox balance towards oxidized GSSG.
Elevation of cellular GSSG induced S-glutathionylation of
TRPCS (wild-type) but not TRPCS (Cys176S-Cys178S)
(Fig. 2D). Importantly, Fig. 2E shows that endogenous
glutathione was bound to TRPCS (wild-type) but not to
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TRPCS (Cys176S-Cys178S), and this binding was increased
by treating the transfected cell lysates with GSSG.

To determine whether the oxidized cysteines play a role in
other modes of TRPCS activation, we tested the effects of the
mutants on TRPCS activation by lanthanides (Jung et al.,
2003) and GTPyS (Kanki et al., 2001). Figure 2C and
Supplementary Fig. 3D show that TRPCS (wild-type) and
TRPCS (Cys176S-Cys178S) were similarly activated by
La’*. By contrast, GTPyS fully activated the Cys176S
mutant and partially activated the Cys178S and Cys176S-
Cys178S mutants, suggesting that S-glutathionylation of
Cys178 may contribute to Ga-induced TRPCS activation by
GTPyS (Jeon et al., 2012b). Importantly, the Cys176 and
Cys178 mutations had no effect on TRPCS surface expres-
sion (Supplementary Fig. 3C).

These results imply that TRPCS5 is directly S-
glutathionylated by GSSG to activate the channel and
that the gating is mediated by the S-glutathionylation of
Cys176 and Cys178, which are located near the ankyrin
repeat domain in the N-terminus of TRPCS.

Induction of Ca?*-dependent
Huntington’s disease striatal cell
toxicity by reduced redox potential
and increased GSSG

Reduced antioxidant activity induces the apoptosis of neur-
onal cells in neurodegenerative diseases (Rao and
Balachandran, 2002). TRPCS and TRPC1 are densely
expressed in the hippocampus, prefrontal cortex and lateral
septum (Greka et al., 2003; Fowler et al., 2007). Thus,
S-glutathionylation of TRPCS may be involved in the
pathogenesis of Huntington’s disease. In neurons, TRPC1
forms TRPC1/CS heteromultimers in which TRPC1
decreases Ca”* permeation of TRPCS (Strubing et al.,
2001; Storch et al., 2012). Thus, TRPC1 may prevent
excessive Ca®* influx via S-glutathionylated TRPCS.

To study Huntington’s disease, striatal cell lines obtained
from wild-type (STHdh?””, Q7) and mutant HTT knock-
in (STHdhCM11 Q111) mice are commonly used (Jeon
et al., 2012a; Ribeiro et al., 2012, 2013; Lee et al., 2013).
In these cell lines, we analysed native TRPCS or TRPC1
expression by western blot analysis using monoclonal
TRPCS and TRPC1 antibodies (Fig. 3A and B). To verify
the specificity of the TRPCS antibody, we performed a
peptide competition assay in which the blot was incubated
with TRPCS peptides, which confirmed that the TRPCS
antibody detects the TRPCS-specific band (Supplementary
Fig. 4A). Endogenous TRPCS5 mRNA was also detected by
reverse transcriptase-PCR (Fig. 3A). Interestingly, western
blot and mRNA analysis revealed the expression of
endogenous TRPC1 in Q7 cells and, at much lower
levels, in Q111 cells (Fig. 3B and C).

To investigate glutathione-dependent cell viability in
Huntington’s disease, we used several protocols to manipu-
late cellular GSSG, as illustrated in Fig. 3D. We used the
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membrane-permeable y-GCS inhibitor L-buthionine (S,R)
sulphoximine (BSO) to deplete glutathione and the GSSG
reductase inhibitor BCNU to elevate cellular GSSG
(Harkan et al., 1984; Park et al., 2009) in Q7 and Q111
cells. As expected, BSO completely depleted total glutathione
(GSH and GSSG) (Fig. 3E). BCNU significantly decreased
GSH and increased GSSG levels by inhibiting the reversion
of GSSG to GSH (Fig. 3F). By applying the two drugs (BSO
and BCNU) to wild-type (Q7) and mutant (Q111)
Huntington’s disease cell lines, we compared the effects of
reduced redox potential or increased GSSG on cell viability.
A 6-h exposure to 100uM BCNU or 48-h exposure to
100 uM BSO decreased the viability of the Q7 and Q111
cells, as determined by the MTT assay, although the de-
crease was greater for Q111 cells (Fig. 3G). Similar results
were obtained for BCNU when cell viability was assayed
with Trypan blue staining (Fig. 3K), whereas no difference
was observed in the viability of Q7 and Q111 cells treated
with BSO (Fig. 3H). We next examined whether reducing
the redox potential via GSH depletion increases the vulner-
ability of cells to oxidative stress by H,O, under conditions
of GSH depletion by BSO. Both Q7 and Q111 cells treated
with 20 uM H, 0, for 24 h after preincubation with 100 pM
BSO for 24h to deplete intracellular glutathione exhibited
reduced viability, and this reduction was greater in Q111
cells (Fig. 3I). To calculate the inhibitory concentration
50% (ICsq), we pretreated cells with a series of concentra-
tion of H,O,. In Q111 cells, the ICsy value for H,O,
decreased from 216 uM in the absence of BSO to 35uM
in the presence of BSO (Fig. 3]). Significantly, the effect of
BCNU and BSO was prevented by the glutathione precursor
N-acetyl-L-cysteine (NAC), which increases intracellular
GSH levels (Fig. 3L and M). Moreover, treatment with
BCNU increased Q111 apoptotic cell death as determined
by flow cytometry of cells stained with propidium iodide and
annexin V. Figure 4A and B show that BCNU had no effect
on Q7 cells but increased the apoptosis of Q111 cells from
594+12% to 12.7 £ 1.5%.

Huntington’s disease is associated with Ca”*-dependent
cleavage of mutant huntingtin (Goffredo, 2002). The meas-
urement of Ca?* with the FRET-based cytoplasmic Ca”*
sensor Yellow Cameleon 6.1 (YC 6.1) indicated differences
in basal Ca?* changes between BCNU and BSO. Basal
Ca®* levels did not differ significantly in Q7 and Q111
cells preincubated with BSO (Fig. 4C and D). However,
BCNU caused a sustained increase in basal Ca®* levels
that was faster and larger in Q111 (39.0 £3.1% in
83 min) than in Q7 cells (33.3 +3.7% in 181 min) (Fig.
4E-H). Significantly, maintaining the cells in Ca®*-free
solution eliminated the difference in cytoplasmic Ca”*
levels between the two cell lines treated with BCNU (Fig.
4E), indicating that the sustained Ca®* increase is mediated
by Ca®* influx. Accordingly, incubating the cells in Ca®*-
containing medium with 1.5mM EGTA, a Ca** chelator,
prevented BCNU-induced cell death (Fig. 4I). The cells in
Ca”*-free medium without the Ca”?* chelator were com-
pletely resistant to BCNU-induced cell death (Fig. 4]).
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Ca”*-dependent neurotoxicity involves activation of pro-
teolytic pathways and apoptosis. Indeed, treating the cells
with 300 pM BCNU decreased the level of pro-calpain 1 to
increase proteolytic potential and increased the level of the
active cleaved caspase 3, particularly in Q111 cells (Fig.
4K). The role of activated caspase 3 in BCNU toxicity
was confirmed by ability of 10 uM z-VAD-fmk, a broad-
spectrum caspase inhibitor, to inhibit BCNU-induced cell
death. BCNU-induced apoptosis was blocked in Q7 cells
(79.9 £ 3.4% — 94.5 £3.4%) and attenuated in Q111
cells (69.6 + 5.8% —> 86.8 + 3.6%, Fig. 4L). In addition,
Q7 and Q111 cell toxicity induced by BCNU was partially
rescued by 10uM KN93, a Ca”*/calmodulin-dependent
protein kinase (CaMK) inhibitor (Fig. 4M).

The results in Figs 3 and 4 suggest that Huntington’s
disease Q111 cells are more susceptible than wild-type
Q7 cells to oxidative damage due to reduced redox poten-
tial. This involves a sustained increase in cytoplasmic Ca®*
and activation of proteolytic activity to induce caspase
activation and apoptosis.

Increased TRPCS5 S-glutathionylation
in huntingtin striatal cell

The activation of TRPCS5 by S-glutathionylation raises the
possibility that cytosolic GSSG directly activates TRPCS to
cause a sustained increase in Ca®* and associated neuronal
damage in Huntington’s disease. We attempted to record
TRPCS current in striatal cells of Huntington’s disease by
activation with internal GSSG. The whole-cell currents
recorded immediately following pipette break-in with a pip-
ette containing S mM GSSG are presented in Fig. SA-C for
Q7 and 5D-F for Q111 cells. While the GSSG-induced
current in Q7 cells was predominantly outward rectifying,
similar to the TRPC1/C5 heteromeric current, GSSG acti-
vated a small current that tended to be more TRPCS5-like,
double-rectifying current in Q111.

We used several protocols to identify the current as
mediated by TRPCS under our recording conditions.
TRPCS is activated by a constitutively active form of
Ga;z protein (Gayz Q204L) (Jeon et al., 2012b). First,
Ga;3 Q204L expression augmented the current in Q7 and
Q111 cells (Supplementary Fig. 4B and C). Second, the
selective and potent antagonist of TRPC5, MIL204
[4-methyl-2-(piperidin-1-yl)quinolone; Miller ez al., 2011],
blocked the endogenous current activated by GSSG (Fig. 5B
and E) as well as the current activation by DTNP and
GSSG in cells transfected with TRPCS5 (Fig. 5G and
Supplementary Fig. 4D). Third, the current was eliminated
by treating the cells with siTRPCS (Fig. 5C and F). Western
blotting  (Fig. SI) and transcriptase-PCR
(Supplementary Fig. 4E) assays demonstrated the efficiency
of TRPC5 knockdown in the Q7 and Q111 cells.

Notably, inhibiting TRPCS with 10 uM ML204 was suf-
ficient to prevent BCNU-induced cell death in Q7 and
Q111 cells (Fig. SH). Moreover, knockdown of TRPCS

reverse
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nearly eliminated the apoptosis induced by treating Q111
cells with 100 uM BCNU (Fig. 5] and K). The activation of
endogenous TRPCS5 by BCNU is likely the result of glu-
tathionylation of TRPCS due to the increase in GSSG
induced by BCNU. We evaluated S-glutathionylation of
TRPCS in Q7 and Q111 cells upon BCNU induction or
GSSG  reaction. We transiently expressed GFP-tagged
TRPCS due to its low abundance and observed increased
toxicity of BCNU treatment in Q7 and Q111 cells. Treating
the cells with BCNU induced partial degradation of TRPCS
(Fig. SL), particularly in Q111 cells, consistent with
increased proteolytic activity (Fig. 4). Nevertheless, immu-
noprecipitation blotting demonstrated that treatment with
BCNU resulted in a high level of glutathionylation of
TRPCS only in Q111 cells. To evaluate stable native
TRPCS, we induced S-glutathionylation in Q111 cell lys-
ates using SmM GSSG and detected glutathionylated
TRPCS monoclonal antibody (Fig. 5M).
Immunoprecipitation blotting demonstrated that the GSSG
application induced S-glutathionylation of native TRPCS in
Q111 cells. The immunoblotting with the GSH antibody
confirmed that GSSG treatment properly induced protein
S-glutathionylation via increased glutathionylation of
endogenous B-actin  under non-reducing conditions
(Johansson and Lundberg, 2007).

The results in Fig. 5 imply that outwardly (in Q7) or
doubly (in Q111) rectifying TRPCS current is dependent
on the TRPC1 expression level. Dominantly homomeric
TRPCS and oxidative conditions in Q111 cells
facilitate Ca”* influx. Thus, the activation of TRPCS by
glutathionylation mediates the sustained Ca®* increase in
oxidatively stressed striatal cells, leading to apoptotic cell

death.

using a

Protection of TRPCI against

excessive TRPC5-mediated Ca%*
influx

In Q111 striatal cells, increased cell toxicity by GSSG may
be caused by attenuated TRPC1 activity due to decreased
TRPC1 expression levels. Therefore, we further examined
TRPC1 function in Q111 Huntington’s disease striatal
cells. We first determined whether the TRPC1/C5 hetero-
meric channel is activated by DTNP or GSSG in HEK293
cells transfected with TRPC1 and TRPCS. DTNP (Fig. 6A)
or GSSG (Fig. 6B) activated outwardly rectifying TRPC1/
CS current. Treatment with 200 uM La®* as a control
resulted in a typical outwardly rectifying current (Fig.
6A). To determine the protective role of TRPC1, the
effect of TRPC1 knockdown on survival of Q7 and
Q111 cells was determined. The identity of TRPC1 was
verified by its marked reduction in cells treated with
siTRPC1 (Fig. 6C). Knockdown of TRPC1 was sufficient
to increase cell death in the two cell types (Fig. 6D and E).
However, knockdown of TRPCI1 increased cell death due
to BCNU treatment in Q7 cells but less so in Q111 cells,
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Figure 5 Increased TRPCS5 S-glutathionylation in huntingtin striatal cells. (A-C) Outwardly rectifying current of Q7 cells activated by
internal 5 mM GSSG (A) that was inhibited by 10 tM ML204, TRPCS inhibitor (B), and by TRPC5 knockdown (C). (D-F) A doubly rectifying
current of QI 11 cells activated by internal 5 mM GSSG (D), inhibition by ML204 (E) and by TRPC5 knockdown (F). (G) ML204 (10 ptM) inhibits
30 UM DTNP-activated TRPCS5 current. (H) Inhibition of TRPC5 by 24-h pretreatment with ML204 blocks death of Q7 and QI | | cells caused by
100 uM BCNU (6 h), as evaluated by MTT assay (Q7, n =5; QI 11, n=5). (I) Efficiency of knockdown of TRPC5 mRNA by siRNA as assayed by
western blot. (J) TRPC5 knockdown eliminates QI | | apoptotic cell death by 100 uM BCNU (6 h) (n = 4). (K) Representative FACS analysis
scatter grams of annexin V- and propidium iodide-stained QI | | cells treated with siGFP or siTRPC5 (48 h). (L) Transfected GFP-tagged mouse
TRPCS is S-glutathionylated in Q7 and QI 1| cells treated with BCNU. (M) Native TRPCS5 is S-glutathionylated in QI 11 cell lysates reacted with
5mM GSSG (30 min). The input blot with the dotted line using anti-GSH was performed under non-reducing conditions. IB = immunoblot;

IP = immunoprecipitation.
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Figure 6 Protection of TRPCI against excessive TRPC5-mediated Ca®* influx. (A and B) In heteromeric hTRPCla/mTRPC5

channels, 30 tM DTNP (A) or 5 mM GSSG (B) activates a small constitutive current but strongly attenuates the current. La®

*_activated current

(green) was used as a control. (C) Analysis of knockdown of TRPCI by siRNA treatment for 48 h in Q7 and QI 11 cells by western blotting.
Treatment with siGFP was used as a control. (D-G) TRPCI knockdown exacerbates apoptotic cell death caused by treatment with 100 uM

BCNU for 6 h, as assayed by MTT (D: Q7, n=6; E: QI 11; n=9) or by FACS (F and G: n = 3) using annexin V. IB

IP = immunoprecipitation.

which already express low levels of TRPC1. Knockdown of
TRPC1 was sufficient to increase the number of apoptotic
cells among Q111 cells. BCNU treatment further increased
apoptosis in Q111 cells (Fig. 6F and G).

The results in Fig. 6 suggest that Q111 cells are less
protected by TRPC1, consistent with the low TRPC1
level in these cells. Thus, although the residual TRPC1
can restrict apoptosis in Q111 cells, it is not sufficient to
protect against oxidative cell damage and death.

= immunoblot;

The TRPCS5 blocker ML204 improves
striatal cell survival and rearing
behaviour in Huntington’s disease
mice

The YAC128 mouse model has been widely used to study

the mechanism of Huntington’s disease. YAC128 mice that
contain the entire mutant human H#t gene with 128 CAG
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Figure 7 The TRPCS5 blocker ML204 improves striatal cell survival and rearing behaviour in Huntington’s disease mice. All
experiments were performed with littermate control (wild-type) and YACI28 Huntington’s disease mice (YACI28). *P < 0.05 and n.s. = not
significant. (A) mRNA levels of Trpcl or Trpc5 in the mouse Huntington’s disease model (YAC|28) (wild-type, n = 6; YAC, n = 6). (B)
Representative immunohistochemistry image of anti-TRPCI (top) or anti-TRPC5 (bottom) in the striatum of wild-type and YACI28 Huntington’s
disease mice. Scale bar = 50 um. (C) Native TRPC5 is S-glutathionylated in the striatum tissue of YACI28 mice and a human patient with
Huntington’s disease. The input blots with the dotted line using anti-GSH were performed under non-reducing conditions. (D) Outline of the
behaviour study using transgenic Huntington’s disease mice responding to ML204 administration. (E) The effect of ML204 administration on the
GSH/GSSG ratio in the striatum of YACI28 mice. (F and G) Representative immunohistochemistry image for anti-DARPP32 on the neuronal cell
population in the striatum (F) of YAC|28 mice after ML204 administration. Scale bar = 100 um. Medium-sized spiny neurons in the striatum (G)
decreased in YAC128 mice compared to wild-type. The number of these neuronal cells increased in YAC|28 mice upon ML204 administration.
(H-1) The effects of ML204 on the motor or non-motor behaviour of YAC128 mice: rotarod test (H), open-field test (I): (H) ML204 treatment
improved the motor behaviour of wild-type mice on the rotarod test (wild-type; n = 10, YAC; n = 10). (I) ML204 significantly improved the rearing
behaviour of wild-type and YACI28 mice in the open-field test (wild-type; n = 10, YAC; n = 10). (J and K) Representative immunohistochemistry
image of anti-TPH2 on the neuronal cell population in the dorsal raphe nuclei (J) of YACI28 mice after treatment with a combination of ML204
and nifedipine (NFDP). Scale bar = 100 um. Serotonergic neurons in the dorsal raphe nuclei (K) decreased in YAC|28 mice compared to wild-
type. The number of these neuronal cells increased in YAC|28 mice upon the combination administration. WT = wild-type; IB = immunoblot;
IP = immunoprecipitation.
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Figure 8 Schematic model of a pathological mechanism of TRPC5 and TRPCI/C5 S-glutathionylation and activation in

Huntington’s disease. (A) Under normal conditions, TRPC5, a Ca®*-permeable cationic channel, can form homomeric channels or assemble
with TRPCI and TRPC4 to form heteromers that provide selective properties in the regulation of physiological levels of cytosolic Ca®™.

(B) Under pathological conditions, such as in Huntington’s disease, suppression of TRPCI| expression and increased oxidative stress due to the
deregulation of antioxidant scavenging systems lead to the elevation of TRPC5 S-glutathionylation at Cys|76/Cys|78 and the formation of TRPC5
homomeric channels. GSSG-activated TRPC5 current results in a sustained increase in cytosolic Ca®*. (C) The abnormal increase in a sustained
cytosolic Ca®* due to TRPC5 activation causes neuronal damage via the CaM kinase and calpain-caspase-dependent pathways in Huntington's

disease.

repeats develop motor abnormalities and age-dependent
brain atrophy, including cortical and striatal atrophy asso-
ciated with striatal neuronal loss (Slow et al., 2003). These
behaviour changes are associated with biphasic alterations
in excitatory synaptic transmission to striatal medium-sized
spiny neurons of the direct (expressing dopamine D1 recep-
tors) and indirect (expressing dopamine D2 receptors) stri-
atal output pathways (Andre et al., 2011). To determine
the role of TRPCS channel in the behavioural symptoms
and biochemical changes of Huntington’s disease, we
treated YAC128 mice with ML204 at 12-15 months of
age. First, we identified endogenous TRPC1 and TRPCS5
expression in the striatum of the YAC128 mice based
on regional patterns of TRPC expression in the brain deter-
mined in previous studies (Greka et al., 2003; Fowler et al.,
2007).

TRPC1 and TRPCS transcript levels were quantified
using quantitative reverse transcription-PCR in the striatum
of YAC128 mice and wild-type mice (Fig. 7A). Using
monoclonal TRPC1/CS antibodies, we performed immuno-
histochemistry and detected TRPC1-positive and TRPCS-
positive cells in the striatum of littermate control mice
(wild-type) or YAC128 mice (Fig. 7B). To evaluate the
presence of TRPCS in YAC128 mice (Supplementary Fig.
5A) and human patients (Supplementary Fig. 6B), we per-
formed a western blotting analysis that included a positive

or a negative control. The immunoprecipitation blots in Fig
7C and Supplementary Fig. 6D show that the level of
S-glutathionylation of endogenous TRPCS was increased
in the striatum of YAC128 mice and human patients
with Huntington’s disease compared to each control. In
addition, immunoblotting with the GSH antibody under
non-reducing condition revealed increased glutathionyla-
tion of endogenous B-actin, indicating that oxidative
stress may be responsible for overall glutathionylation
under the neurodegenerative condition of Huntington’s dis-
ease (YAC128 mice and human patient).

ML204 inhibits the TRPCS-mediated intracellular Ca**
rise and TRPCS currents (Miller et al., 2011). ML204-
treated paraventricular neuron exhibit suppression of the
thyrotropin-releasing hormone-induced inward current
(Zhang et al., 2013). To examine the role of the
TRPCS channel in the effect of ML204 in an animal
model of Huntington’s disease, we administered 0.5 mg/kg
of ML204 (i.p.) to Huntington’s disease transgenic
(YAC128) and wild-type mice for 8 days and determined
the behavioural symptoms and biochemical changes (Fig.
7D).

To determine if the intracellular redox imbalance was
altered towards oxidative status in the striatum of
YAC128 mice, we detected GSH and GSSG levels by fluor-

escence assay. Similar to the increased S-glutathionylation
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of TRPCS5 or B-actin in Huntington’s disease mice and
patients, the level of GSH was decreased in the striatum
of YAC128 mice, while the level of GSSG and the ratio of
GSSG/GSH were elevated compared to the vehicle group
(Fig. 7E).

Next, we evaluated changes in neuronal cell population
in several brain regions of YAC128 mice after ML204
injection. We detected specific neurons in several selected
brain regions: DARPP32-positive GABAergic medium-sized
spiny neurons in the striatum (ST), choline acetyltransferase
(ChAT)-positive cholinergic neurons in the basolateral
amygdala, TPH2-positive serotonergic neurons in the
dorsal raphe nuclei, and TH-positive dopaminergic neurons
in the substantia nigra pars compacta (SNpc). YAC128
mice exhibited decreased levels of ChAT-positive cells in
basolateral amygdala and DARPP32-positive cells in stri-
atum compared to wild-type mice. Administration of
ML204 increased ChAT-positive cells in the basolateral
amygdala (Supplementary Fig. 5B and C) and DARPP32-
positive cells in the striatum (Fig. 7F and G) of YAC128
mice. The number of TPH2-positive cells in the dorsal
raphe nuclei (Supplementary Fig. 5D and E) and TH-
positive cells in the SNpc (Supplementary Fig. SF and G)
were not significantly altered by ML204 treatment in wild-
type or YAC128 mice.

To assess the motor behaviour, we performed a rotarod
test and an open-field test. The YAC128 mice exhibited
significantly decreased latency to fall in the rotarod test
compared to the wild-type mice. ML204 administration
did not significantly alter the latency to fall in
the YAC128 mice compared to the vehicle-treated group
(Fig. 7H). In the open-field test, the YAC128 mice
exhibited significantly decreased rearing counts compared
to the wild-type mice. ML204 administration significantly
increased rearing counts in YAC128 mice (Fig. 7I), but did
not significantly alter crossing and grooming in any experi-
mental group (Fig. 7I and Supplementary Fig. SH).
ML204-treated wild-type and YAC128 mice did not
exhibit significant changes in olfactory function in the
olfactory avoidance test or depression tendency in the tail
suspension test (Supplementary Fig. ST and J).

To rule out the effects of voltage-gated Ca®* channels on
neuronal survival in the YAC128 mice, we investigated the
changes in the neuronal cell population in response to com-
bination treatment of ML204 and nifedipine (NFDP, 1 mg/
kg), an L-type calcium channel blocker (intraperitoneal). The
combination treatment did not significantly alter the popula-
tion of DARPP32-positive cells compared to treatment with
ML204 alone (data not shown). Interestingly, the number of
TPH2-positive serotonergic cells in the dorsal raphe nuclei
exhibits an increased tendency by the combination treatment
with nifedipine and ML204 (Fig. 7] and K).

The results in Fig. 7 suggest that the striatum of YAC128
mice is likely vulnerable to oxidative reactions, consistent
with the increase in TRPCS S-glutathionylation. As a result,
downregulation of TRPCS activity may improve the sur-
vival of striatal neurons and motor behavioural symptoms.

C. Hong et al.

Discussion

GSH is the most abundant antioxidant in mammalian cells.
GSSG glutathionylates cysteines in target proteins as a form
of redox sensing and response. S-glutathionylation also
plays a role in a variety of pathophysiological conditions
that affect cell survival (Dalle-Donne ef al., 2009). In the
present study, we discovered a central role for TRPCS glu-
tathionylation in Huntington’s disease and determined its
molecular mechanism. We demonstrated that glutathiony-
lation potently activates TRPCS in model systems and
in vivo, resulting in a sustained [Ca®*]; increase and con-
sequent cell toxicity and neurodegeneration.

Several studies have reported that TRPCS is regulated by
redox potential, although with contradictory results: cyst-
eine S-nitrosylation (Yoshida et al., 2006) or breakage of a
disulphide bridge (Xu et al., 2008) at Cys553/Cys558. We
determined that Cys553 and Cys558 in TRPCS are not
S-glutathionylated, and mutation of these residues elimin-
ates channel activity without affecting TRPCS5 expression.
Disulphide bond formation in extracellular Cys553 plays
an important role in TRPCS dimerization and membrane
trafficking for functional activity (Hong et al., 2014).
TRPCS5 oxidation is reversibly modified by intracellular
free cysteine (Fig. 1 and Supplementary Fig. 1). Moreover,
Cys553 and Cys558 are located extracellularly and are not
accessible to the intracellular redox environment.
Collectively, our findings indicate that Cys176 and Cys178
of TRPCS, rather than Cys553 or CysS558, play prominent
roles in the response of TRPCS to cellular oxidative poten-
tial. Cytosolic oxidation by GSSG, NO, and H,0, activate
TRPC5 by glutathionylation, nitrosylation, and hydroxyl-
ation, respectively, most likely at Cys176 and Cys178 be-
cause mutation of these residues abrogated activation by all
oxidants. This suggests that various oxidative insults may
mediate their toxic effects through TRPCS activation.

Due to its high energy demand and oxygen consumption,
the brain is particularly vulnerable to oxidative stress as a
normal by-product of cellular metabolism. Consequently,
abnormal GSH homeostasis in neurons and GSSG accumu-
lation are associated with several neurodegenerative condi-
tions. Huntington’s disease is associated with proteolytic
processing of mutant HTT and abnormal Ca®* signalling,
which is associated with disease progression and pathogen-
esis (Zeron et al., 2001). Several components of the Ca**
signalling pathway have been implicated in abnormal Ca**
signalling in Huntington’s disease, including decreased
calbindin-D28K expression (Seto-Ohshima et al., 1988),
sensitization of mGluR 1/5 (encoded by GRM1/5, respect-
ively) to enhance Ca®>* influx (Sun et al, 2001), and
enhanced activation of IP3R1 (encoded by ITPRI) by
mGluR 1/5 (Tang et al., 2003). Mutant HTT function is
unable to properly regulate calcium in the mitochondria,
significantly decreasing the calcium threshold necessary to
trigger mitochondrial permeability transition (MPT) pore
opening (Pias and Aw, 2002; Choo et al., 2004; Lin and
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Beal, 2006). Furthermore, glutamate toxicity is a major
contributor to pathological neuron cell death and is
mediated by reactive oxygen species and GSH loss (Coyle
and Puttfarcken, 1993; Herrera et al., 2007). The present
study demonstrates that TRPCS glutathionylation is
involved in the molecular mechanism that mediates the
toxic Ca®* response to oxidative stress in Huntington’s
disease. This oxidative damage aggravates mitochondrial
dysfunction due to impaired Ca?* homeostasis linked to
TRPCS S-glutathionylation.

Our search for the mechanism underlying the response to
GSH-dependent oxidative stress was prompted by the
reported depletion of cellular GSH in glutamate neurotox-
icity. To further examine the in vivo effect of ML204, we
used an animal model (YAC128) of Huntington’s disease.
Importantly, ML204 administration ameliorated motor
behaviours in wild-type control mice but not YAC128
mice (Fig. 7H). In particular, M1.204 significantly improved
rearing behaviour, a measure of general physical locomo-
tive ability and, in part, anxiety. The protective effect of
ML204 induces survival of neurons in the overall brain,
indicating that TRPCS5 downregulation increases coopera-
tive neuronal networks.

Huntington’s disease usually begins at a later age. As an
additional damaging mechanism, the expression of TRPC1
is suppressed in Huntington’s disease models (Q111 and
YAC128). TRPC1 interacts with TRPCS to reduce its
activity and Ca®* influx. The suppressed TRPC1 expres-
sion in Huntington’s disease further enhances TRPCS-
dependent toxicity. Perturbation of GSH homeostasis and
decreased TRPC1 expression may progress with ageing to
cause Ca”* signalling failure in age-related neurodegenera-
tion. In the present study, we observed that transcript levels
of TRPC1 and TRPCS were not significantly changed com-
pared to the control group in patients with Huntington’s
disease (Supplementary Fig. 6A and B). Although the pat-
tern of TRPC1 gene expression was differentially regulated
between mice and humans with Huntington’s disease, the
elevation of S-glutathionylation of TRPCS5 (Fig. 7C and
Supplementary Fig. 6C and D), a post-translational modi-
fication due to oxidation, was commonly correlated with
neuronal damage in the mouse and human striatum in
Huntington’s disease. Wu et al. (2011) determined that
the store-operated calcium entry (SOC) activity is enhanced
in neuronal cells expressing mutant HTT. Downregulation
of the TRPCl-mediated SOC pathway protects
Huntington’s disease neurons from toxicity. Further studies
are needed to determine whether a severity of GSH redox
state-dependent neuronal damage is correlated with the rate
of clinical progression in Huntington’s disease.

Elevated Ca?* levels can induce Ca”*-dependent prote-
olysis. Proteolytic cleavage of HTT is a key event in the
pathogenesis of Huntington’s disease (Miller et al., 2010).
The proteolytic pathways that have been implicated in
HTT proteolysis in vivo include the caspases (Wellington
et al., 2000; Ribeiro et al., 2012), calpains (Gafni et al.,
2004), calcium/calmodulin-dependent  protein  kinase
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(McGinnis et al., 1998), and an unknown aspartic endo-
peptidase (Lunkes et al., 2002). Our findings demonstrate
that activation of TRPCS in Q111 cells is associated with
activation of the caspases pathway. A recent study in
TRPCS null mice demonstrated that calpain cleaves and
potentiates TRPCS5 channel activity, resulting in changes
in neuronal growth cone collapse (Kaczmarek et al.,
2012). Thus, increased excitotoxicity of TRPCS5 expressed
in neurons leads to cell damage and cell death (e.g. ischae-
mia, developmental disorder).

Taken together, our data clarify the role of TRPCS in
Huntington’s disease by demonstrating that neuronal
damage is caused by an abnormal sustained increase in
cytosolic Ca?* through the activation of TRPCS by
oxidative stress. Notably, this process involves in S-
glutathionylation of TRPCS at Cys176 and Cys178 and
suppression of TRPC1 expression. Figure 8 depicts a
model for the potential role of TRPC1 and TRPCS in
Huntington’s disease emerging from the present work.
Because neuronal oxidative damage due to the deregulation
of antioxidant scavenging systems is commonly observed in
the pathogenesis of neurodegeneration, the pathological
mechanism of oxidative stress-dependent TRPCS activation
may broadly contribute to neuronal damage in other neu-
rodegenerative diseases.
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