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Abstract Accumulation of abnormal proteins and endo-

plasmic reticulum stress accompany neurodegenerative

diseases including Huntington’s disease. We show that the

expression of mutant huntingtin proteins with extended

polyglutamine repeats differentially affected endoplasmic

reticulum signaling cascades linked to the inositol-

requiring enzyme-1 (IRE1) pathway. Thus, the p38 and

c-Jun N-terminal kinase pathways were activated, while the

levels of the nuclear factor-jB-p65 (NF-jB-p65) protein

decreased. Downregulation of NF-jB signaling was linked

to decreased antioxidant levels, increased oxidative stress,

and enhanced cell death. Concomitantly, calpain was

activated, and treatment with calpain inhibitors restored

NF-jB-p65 levels and increased cell viability. The calpain

regulator, calpastatin, was low in cells expressing mutant

huntingtin, and overexpression of calpastatin counteracted

the deleterious effects caused by N-terminal mutant hun-

tingtin proteins. These results show that calpastatin and an

altered NF-jB-p65 signaling are crucial factors involved in

oxidative stress and cell death mediated by mutant hun-

tingtin proteins.

Keywords Nuclear factor jappa B � Oxidative stress �
Calpastatin � Endoplasmic reticulum stress � Cell death

Introduction

Huntington’s disease (HD) is an autosomal dominant

neurodegenerative disease that causes severe motor and

cognitive impairment and marked brain atrophy with loss

of neurons, especially in caudate-putamen and the frontal

lobes [1]. HD is caused by an expansion of CAG-repeats in

the first exon of the IT15 gene [2]. Wild-type IT15 encodes

for a large 350-kDa huntingtin protein that is expressed in

most tissues, including the nervous system. In neurons,

huntingtin expression is localized to neuronal cell bodies,

axons, and dendrites [3, 4]. The biological functions of HD

are not fully understood but both loss-of-function and gain-

of-function following mutant huntingtin expression have

been described [3]. Alterations in mitochondria and in

other organelles with increased oxidative stress are linked

to disease progress in HD [5, 6].

Mitochondria are the major source of reactive oxygen

species (ROS) that in large amounts damage cell mem-

branes and interfere with various cellular functions [7].

Increased levels of ROS are counteracted by antioxidant

systems including the antioxidants superoxide dismutase

(SOD) and thioredoxins (Trx) [7, 8]. Apart from mito-

chondria, the endoplasmic reticulum (ER) produces ROS

during normal cell metabolism and protein folding [7, 8].

ER dysfunctions trigger the unfolded protein response

(UPR) that is mediated by three proximal ER sensors:

PRK-like ER protein kinase/pancreatic eIF2a kinase
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(PERK/PEK), the activating transcription factor-6 (ATF6),

and the inositol-requiring enzyme-1 (IRE1) [9–12]. UPR is

a cellular adaptation mechanism, but prolonged or severe

UPR can also activate signaling pathways leading to cell

death [13, 14], and the final outcome of the UPR activation

is cell context-dependent.

We have recently shown that the expression of full-

length and N-terminal huntingtin proteins with extended

polyglutamine (polyQ) repeats cause ER stress [15]. Here

we have analyzed the ER stress signaling further and

studied the IRE1a pathway that is linked to the regulation

of various protein kinases. We observed that the NF-jB-

65-kDa protein, p65 (also called RelA) [16], is selectively

downregulated in cells expressing N-terminal mutants and

the disease-inducing variant of full-length huntingtin, while

the p38-mitogen-activated protein kinase (MAPK) and

c-jun-N-terminal kinase (JNK) are activated. NF-jB is an

important transcription factor for cell survival and protec-

tion against cell stress [16]. We observed a decrease in

antioxidant proteins with an increase in ROS production in

cells having reduced NF-jB-p65 caused by mutant hun-

tingtin proteins.

Materials and methods

Cell culture

PC6.3 neuronal cells were cultured in RPMI-1600 (Bio-

chrom) medium supplemented with 5% fetal calf serum

and 10% horse serum. Cells were transfected with

expression vectors encoding different polyQ repeats of

huntingtin exon-1 fused to enhanced green fluorescent

protein (EGFP), or using full-length huntingtin constructs

with 17Q and 75Q repeats (a kind gift from Dr. Saudou)

using the Transfectin reagent (BioRad) as described before

[15]. Controls cells were similarly transfected with EGFP

plasmid (Clontech). In some experiments, the full-length

huntingtin constructs were co-transfected with this plasmid

(4:1). Expression plasmid for human calpastatin was from

Toyobo Company, Japan; 1 lM MG132 (Calbiochem),

50 lM Boc-Asp-(Ome)-fluoromethylketone (BAF, Cal-

biochem), brefeldin A (Sigma), 1 mM dithiothreitol (DTT;

Sigma), 5 mM N-acetyl cysteine (NAC; Calbiochem),

20 lM N-acetyl-Leu-Leu-Nle-CHO (ALLN; Calbiochem),

20 lM Z-L-Abu-CONH(CH2)3-morpholine (referred as

CX295, Calbiochem) were added 2 h after transfection. ER

stress was also induced by treating cells with 1 lg/ml

tunicamycin (Sigma) or 2 lM thapsigargin (Sigma) for

different times (4–16 h). Staurosporine was used in a

concentration of 1 lM for 20 h.

Hoescht 33342 (Sigma) was employed to stain dying

cells showing condensed and fragmented DNA [15]. More

than 300 fluorescent cells in each well were analyzed and

experiments were repeated five times. Statistical analyses

were done using Student’s t-test.

Immunocytochemistry

PC6.3 cells plated on polylysine/laminine-coated cover-

slips were fixed for 20 min using 4% paraformaldehyde.

Cells were incubated for 1 h in phosphate-buffered saline

(PBS) containing 0.1% Triton-X-100 and 5% bovine

serum albumin (Sigma), followed by incubation overnight

with primary NF-jB-p65 (1:200, Santa Cruz Biotechnol-

ogy) and nitrotyrosine antibodies (1:500, Upstate

Biotechnology) as instructed by the vendor. Cells were

washed using PBS, incubated for 1 h using Alexa594-

conjugated secondary antibodies (1:500, Molecular

Probes), counterstained for 1 min using Hoechst 33342

Blue (4 lg/ml; Sigma), and mounted in gel-mounting

medium (Sigma). Controls without primary antibodies

showed no staining.

Immunoblots

Cells were lysed in RIPA buffer (150 mM NaCl, 1%

Triton-X-100, 0.5% sodium deoxycholate, 50 mM Tris–

HCl and 0.1% SDS pH 8.0) and supplemented with

protease inhibitors (Roche). Protein concentrations were

determined (BioRad BC assay), and equal amounts

(40 lg) were separated using SDS-PAGE, and blotted

onto nitrocellulose filters (Amersham). Filters were

blocked for 1 h in 5% milk-TBS followed by an over-

night incubation at ?4�C using primary antibodies. These

included antibodies against p-JNK (diluted 1:250, Cell

Signaling), p–c-jun (1:1,000, Cell Signaling), c-jun

(1:2,000, Santa Cruz), p38 MAPK (1:1,000, Cell Sig-

naling), p-p38 MAPK (1:2,000, Promega), extracellular

signal-regulated kinase (ERK) 1:1,000, Cell Signaling),

p-ERK (1:1,000, Cell Signaling), NF-jB-p65 (1:250,

Santa Cruz), p100/p52 (1:1,000, Cell Signaling), IjB-a
(1:1,000, Cell Signaling), Sod1 (1:1,000, Calbiochem),

Sod2 (1:15,000, LabFrontier), Trx2 (1:1,000, LabFrontier),

catalase (1:500, Abcam), a-spectrin (1:1,000, Chemicon),

calpastatin (1:1,000, Santa Cruz), anti-human calpastatin

(1:1,000, Sigma), huntingtin (1:1,000, Millipore), p-eIF2a
(1:1,000, Cell Signaling), GFP (1:5,000, Roche), active

caspase-3 p17 (1:1,000, Cell Signaling) and b-actin

(1:1,000, Sigma). After washing, the filters were incu-

bated with horseradish peroxidase-conjugated secondary

antibodies (1:2,500, Pierce), followed by detection using

the enhanced chemiluminescent method (Pierce). Filters

were stripped for 30 min at 60�C (62.5 mM Tris–HCl,

pH 6.8, 100 mM ß-mercaptoethanol, 2% SDS) and

reprobed with antibodies for b-actin (1:2,000; Sigma).
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Poly-ADP-ribose polymerase (PARP) Western blotting

was done as previously described [15].

Polymerase chain reaction

RNA was prepared using the mammalian RNA purification

kit (Sigma), and cDNA made by reverse transcription using

50 U SuperScript II reverse transcriptase as described

earlier. PCR were started with a 5-min denaturation step at

95�C followed by 30 cycles carried out at 95�C for 60 s,

52� (Trx2)/58� (Calpastatin)/60� (Sod2, Sod1) for 60 s and

72�C for 90 s. The following primers were used:

Sod2: 50-GCCTGCACTGAAGTTCAATG-30 (forward

primer)

50-ATCTGTAAGCGACCTTGCTC-30 (reverse primer)

Sod1: 50-CAAGCGGTGAACCAGTTGTG-30 (forward

primer)

50-TGAGGTCCTGCAGTGGTAC-30 (reverse primer)

Calpastatin: 50-GCCCCAAACTCTTCCTAAGC-30

(forward primer)

50-AGCATGGTCGATTCCCATAG-30 (reverse primer)

ß-actin: 50-CTTCAACACCCCAGCCATG-30 (forward

primer);

50-GTGGTACGACCAGAGGCATAC-30 (reverse primer)

ROS measurements

The ROS levels were measured by loading cells for 15 min

with 10 lM dihydroethidium (DHE; Molecular Probes)

followed by examination of cells using the fluorescence-

activated cell sorter FACSAria (BD Biosciences) as

described earlier [17]. The number of DHE-positive cells

was measured by gating GFP-expressing cells using exci-

tation at 488 nm and emission at 502 nm for GFP and

595 nm for DHE.

NF-jB reporter assay

PC6.3 cells in six-well plates were transfected with

0.5 lg of full-length huntingtin expression plasmids in

conjunction with 0.5 lg of the NF-jB reporter plasmid,

containing multiple NF-jB sites linked to firefly lucifer-

ase gene [17]; 0.02 lg Renilla luciferase pRL-TK was

used as a control for transfection efficiency. Cells were

harvested after 48 h using Passive Lysis Buffer, and the

renilla and firefly luciferase activities were measured

using the dual luciferase substrate and a luminometer

(GloMax� 20/20, Promega, Biofellows, Helsinki, Fin-

land) [17]. Results are shown as fold increase in firefly

luciferase activity normalized to the Renilla luciferase

activity.

Calcium measurements

Cells plated on polyornithine-laminin-coated glass cover-

slips were loaded with 4 lM Fura-2 for 20 min at 37�C in

TBM (137 mM NaCl, 5 mM KCl, 1 mM CaCl2, 1.2 mM

MgCl2, 0.44 mM KH2PO4, 4.2 mM NaHCO3, 10 mM

glucose, 1 mM probenecid ([p-(dipropylsulfamoyl)benzoic

acid]) buffered with 20 mM Hepes, pH 7.4, rinsed once,

and used immediately. Ca2? measurements were per-

formed at 35�C using Nikon TE2000 fluorescence

microscope (209/0.75 air objective) and Andor iXon 885

EM-CCD camera under the control of Nikon NIS Elements

software with 4D extension. For Ca2? imaging, the cells

were excited with alternating 340- and 380-nm light and

the emitted light collected through a 400-nm dichroic

mirror and a 450-nm long-pass filter. Transfected cells

were selected based upon GFP-fluorescence. For Mn2?

quench, weighted sum of fluorescence at 340 and 380 nm

was used as described [18]. Additions were made by con-

stant perfusion.

Quantifications and statistics

Immunoblots and nitrotyrosine stainings were quantified

using the ImageJ software. Results are expressed as per-

centage of controls (mean ± SD, n = 3–5). Statistical

analyses were done using Student’s t-test with Bonferroni

for multiple comparisons. p \ 0.05 was considered as

significant.

Results

Expression of mutant huntingtin proteins selectively

downregulates NF-jB-p65

ER stress is known to activate distinct signaling pathways

in the cell [9–12]. In this study, we focused on the IRE1a
pathway that is involved in cell death and adaptation to cell

stress (Fig. 1a). Data showed that expression of mutant

N-terminal huntingtin fragment proteins activated the

p38-MAPK and the c-jun-N-terminal kinase (JNK) path-

ways, as shown by increased protein phosphorylation

(Fig. 1b, c). In contrast, at the same time the level of the

NF-jB-p65 protein was decreased in the PC6.3 cells

(Fig. 2a). The reduction in p65 levels was correlated with

the length of the polyQ repeat in the huntingtin fragment

proteins, and became evident after 16 h (Fig. 2a, b). To

substantiate findings obtained with the N-terminal hun-

tingtin fragment proteins, we expressed full-length

huntingtin containing either a 17Q- or 75Q- repeat. Data

showed that the disease-causing 75Q-repeat huntingtin

reduced NF-jB-p65 levels, while the control protein did
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not (Fig. 2c). Immunostaining revealed that NF-jB-p65

immunoreactivity was preferentially reduced in cells

overexpressing the full-length mutant huntingtin (Fig. 2d).

Experiments using a NF-jB-luciferase reporter further

showed a decrease in NF-jB activity in cells expressing

this full-length mutant huntingtin, whereas the control

protein had no effect (Fig. 2e). These data show that NF-jB

signaling is affected in cells expressing mutant huntingtin

proteins.

NF-jB is a signaling factor that can be activated in cells

either via the classical inhibitor of jB-p65- (IjB-) depen-

dent pathway or by the non-classical NF-jB2 pathway,

involving cleavage of the 100-kDa protein (p100) [16]. IjB

levels were not altered by the mutant huntingtin protein

(Fig. 2f) nor was the NF-jB2 pathway affected, as shown

by unchanged levels of p100 and p52 (Fig. 2g). This

demonstrates that the p65 protein is selectively decreased

in cells expressing mutant huntingtin proteins leading to a

reduced NF-jB activity.

We then studied the link between ER stress and NF-jB-

p65 protein using salubrinal that is an inhibitor of ER stress

[19]. Salubrinal was shown to counteract cell degeneration

produced by N-terminal mutant huntingtin proteins [15].

We observed that salubrinal also inhibited the decrease in

NF-jB-p65 induced by mutant huntingtin fragment pro-

teins (Fig. 2h), indicating an involvement of ER stress in

this process. Treatment of cells with either tunicamycin or

thapsigargin to chemically induce ER stress did not

downregulate NF-jB-p65 (Fig. 2i). This shows that the

decline in NF-jB-p65 protein was specifically caused by

ER stress induced by the expression of the mutant hun-

tingtin proteins.

Lack of NF-jB-p65 sensitizes cells to mutant

huntingtin-induced cell death

To study the involvement of NF-jB-p65 in mutant hun-

tingtin-mediated cell death further, we analyzed p65-

deficient mouse embryonic fibroblasts (MEFs) [17, 20].

Expression of N-terminal mutant huntingtin proteins

induced cell death in wild-type MEFs, which increased

with the length of the polyQ repeat (Fig. 3a). However, cell

death was significantly enhanced in p65-deficient MEFs

and the largest increase was observed with the 120Q-

huntingtin fragment protein. Quantification showed that in

this case cell death occurred in about 20 ± 2% of the p65-

deficient cells compared to 11 ± 2% in controls (p \ 0.05;

Fig. 3a). In the p65-deficient fibroblasts, the levels of the

antioxidants Trx2 and Sod2 were lower compared with

control cells (Fig. 3b).

Downregulation of NF-jB-p65 results in decreased

levels of antioxidants and in increased oxidative stress

NF-jB is an important transcription factor that regulates

different genes in protection against cell stress [16]. We

have previously shown that particularly the mitochondrial

antioxidants, Sod2 and Trx2, are regulated by NF-jB

activation in the PC6.3 cells [17]. We therefore studied

whether the antioxidant protein levels are altered sub-

sequent to decrease in NF-jB-p65 induced by mutant

huntingtin proteins. Data showed that Sod2 and Trx2 as

well as the cytosolic antioxidants Sod1 and catalase were

all significantly downregulated by the N-terminal mutant

huntingtin proteins (Fig. 4a, b). Particularly, in cells

expressing the 120Q-containing huntingtin fragment pro-

tein the levels of Sod2 and Trx2 were dramatically

decreased (Fig. 4a, b). In addition, the mRNA levels

Fig. 1 Analysis of the IRE1 pathway. Neuronal PC6.3 cells were

transfected with expression constructs encoding different N-terminal

huntingtin fragment proteins, and the activation of different

kinases was analyzed after 24 h by immunoblotting as described in

‘‘Materials and methods’’. a Schema of the IRE1-signaling pathways.

b–c Immunoblots. Phosphorylation of c-jun and of p38 is increased in

cells expressing the mutant huntingtin fragment proteins. ß-actin was

used as control
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Fig. 2 NF-jB pathway is downregulated by mutant huntingtin

proteins. a Cells were treated as above followed by immunoblotting.

NF-jB-p65 levels decreased after 16 h in cells expressing the mutant

N-terminal huntingtin proteins. C = EGFP-transfected cells. Lower-
most panel shows expression levels for GFP-huntingtin constructs.

b Quantification was done as described in ‘‘Materials and methods’’.

**p \ 0.01 for proteins containing 39Q, 53Q and 120Q versus 18Q

repeats, n = 4. ß-actin was used as control. c Cells were transfected

for 48 h with full-length huntingtin constructs having either 17 (17Q)

or 75 polyglutamine (75Q) repeats. NF-jB-p65 levels decreased in

cells expressing the disease-causing 75Q-huntingtin. Left immuno-

blotting. Right quantification. **p \ 0.01 for 75Q versus 17Q, n = 3.

d Immunostaining. Cells were co-transfected with full-length hun-

tingtin constructs and EGFP (green fluorescence) followed by

immunostaining. NF-jB-p65 immunoreactivity (red) decreased in

cells expressing the 75Q-huntingtin but not in those expressing the

17Q-huntingtin. Scale bar 10 lm. e The NF-jB reporter assay was

performed as described in ‘‘Materials and methods’’. Data show

relative luciferase activity (firefly normalized to Renilla). Quantifica-

tion showed a decrease in NF-jB gene activity upon expression

of 75Q-huntingtin. **p \ 0.001 for 75Q versus 17Q, n = 3.

f–g Immunoblot. No changes in IjB levels or in the p100/p52

NF-jB pathway upon expression of N-terminal huntingtin proteins.

h Immunoblot. Salubrinal increases NF-jB-p65 levels reduced by the

120Q-huntingtin fragment protein. **p \ 0.01 for salubrinal ? 120Q

versus 120Q, n = 3. GFP-N-terminal huntingtin expression levels are

shown with GFP Western blotting. i Immunoblot. Neither tunicamy-

cin nor thapsigargin affects NF-jB-p65 levels. ER stress is induced as

shown by increases in phosphorylation of eIF2alfa
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decreased after expression of the disease-causing 75Q-

huntingtin, as studied here for Sod1 and Sod2 (Fig. 4c).

This shows that both mRNA and protein levels of impor-

tant cellular antioxidants are decreased by mutant

huntingtin proteins concomitant with the reduction in NF-

jB-p65 levels.

The decreased levels of antioxidants were further asso-

ciated with an increased production of ROS in cells

expressing the 53Q- and 120Q-huntingtin fragment pro-

teins as shown using the compound dihydroethidium

(DHE) in living cells (Fig. 5a), and using anti-nitrotyrosine

antibodies for immunostaining (Fig. 5b). Increased pro-

duction of ROS caused cell degeneration, and antioxidants,

including DTT (Fig. 5c) and NAC (data not shown), sig-

nificantly decreased cell death induced by the 120Q-

huntingtin fragment protein.

Role of calpain activity in NF-jB-p65 downregulation

To study the mechanisms underlying the observed decrease

in NF-jB-p65, we analyzed the effects of different

compounds. The protease calpain is activated during ER

stress [21] and could potentially influence NF-jB-p65.

Immunoblotting showed the presence of the 145-kDa

fragment of a-spectrin that is cleaved by calpain in cells

expressing the 53Q- and 120Q- huntingtin fragment pro-

teins (Fig. 6a). Treatment of cells with the calpain

inhibitors, ALLN and CX295 [22], counteracted this

decrease in NF-jB-p65 (Fig. 6b). The levels of the anti-

oxidants Sod1, Sod2 and catalase also increased in cells

treated with CX295 (Fig. 6c). As shown using anti-

nitrotyrosine antibodies, CX295 reduced oxidative stress

induced by the 120Q-containing huntingtin fragment pro-

tein (Fig. 6d). CX295 also counteracted the cleavage of

pro-caspase-12 to the 36-kDa fragment, which occurs dur-

ing ER stress (Fig. 6e), and increased cell survival (Fig. 6f).

These results suggest that increased calpain activity is

involved in the regulation of NF-jB-p65 and in subsequent

oxidative stress produced by mutant huntingtin proteins.

Calpastatin downregulation and the role of calcium

in mutant huntingtin protein-expressing cells

We then studied whether the endogenous calpain inhibitor

calpastatin plays a role in the effect of the mutant hun-

tingtin on calpain activity. Data showed that the levels of

calpastatin decreased in cells expressing the 120Q-

huntingtin fragment protein at 24 h, and at 48 h also in

cells expressing 53Q (Fig. 7a).

Apart from calpastatin, calpain can be regulated by

increased intracellular calcium [22–24]. Particularly

l-calpain is sensitive to increased Ca2?, whereas activation

of m-calpain is also mediated by ERK activation [23, 24]. We

observed a transient ERK phosphorylation after expression

of mutant huntingtin proteins (data not shown). In contrast,

there was no significant difference between control and

mutant huntingtin fragment protein-expressing cells with

regard to intracellular Ca2 (Fig. 7b). However, intracellular

Ca2? levels are tightly regulated by various extrusion and

sequestration mechanisms, and local changes can be hard to

detect. The Mn2? quench technique is useful to detect subtle

Ca2? influxes, as Mn2? is not removed from the cytosol by

means of Ca2? pumps [25]. In our experiments, essentially

all cells showed a basal Mn2? influx with no difference

between control and 120Q-huntingtin fragment protein-

expressing cells (Fig. 7c). These data indicate that under the

present conditions, mutant huntingtin fragment proteins do

not significantly elevate cytosolic Ca2? nor do they influence

the Ca2? influx. In line with this, the compound BAPTA-AM

that chelates intracellular Ca2 did not restore the calpastatin

level reduced by the 120Q-huntingtin fragment protein

(Fig. 7d). In studying the underlying mechanisms, we

observed that calpastatin mRNA did not change (data not

shown), indicating an effect on the degradation of the pro-

tein. However, the pan-caspase inhibitor BAF was able to

restore the levels of calpastatin in cells expressing the mutant

huntingtin protein (Fig. 7e), which suggests that cellular

Fig. 3 Lack of NF-jB-p65 sensitizes cells to mutant huntingtin

protein-induced cell death. a Cell death was assessed by counting the

number of apoptotic nuclei in control (C) and p65-deficient (p65-/-)

fibroblasts as described in ‘‘Materials and methods’’. Cell death

increased in p65-/- cells transfected with the 53Q- and 120Q-

huntingtin fragment proteins. **p \ 0.01 for p65-/- versus c,

n = 5. Insert shows immunoblots for NF-jB-p65. b Immunoblot.

Note that the antioxidants Trx2, and Sod2 are decreased in p65-/-

cells. Immunoblotting was repeated three times and typical experi-

ment is shown
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caspases are involved in the regulation of calpastatin under

these conditions.

Calpastatin counteracts effects produced by N-terminal

mutant huntingtin proteins

To study whether calpastatin may protect against the

adverse effects of the mutant huntingtin fragment proteins,

we transfected cells with the cDNA encoding calpastatin

(Fig. 8a). Overexpression of calpastatin increased NF-jB-p65

and the antioxidants levels reduced by the 120Q-containing

huntingtin fragment protein (Fig. 8b, c). Calpastatin also

increased cell viability compromised by the mutant hun-

tingtin fragment protein (Fig. 8d). Activation of different

caspases including caspase-3 has been linked to cell death

caused by mutant huntingtin proteins [26]. The presence of

the cleaved caspase-3 p17 band was significantly reduced

in calpastatin-expressing cells (Fig. 8d–e). Furthermore,

we analyzed the caspase-3 substrate PARP using Western

blotting as an indication of active caspase-3. Figure 8f and

g show that the caspase-3-mediated PARP-processing

(89-kDa band) is significantly reduced in calpastatin-

expressing cells.

Discussion

The results in this paper show that there is a selective

downregulation of NF-jB-p65 signaling in neuronal PC6.3

cells expressing mutant N-terminal fragment and full-

length mutant huntingtin proteins. The reduced levels of

NF-jB-p65 were linked to a decreased NF-jB activity,

shown by the NF-jB-luciferase reporter, and a decreased

NF-jB-p65 signaling with reduced levels of antioxidants in

cells expressing mutant huntingtin proteins (Fig. 9). The

antioxidants decreased in these cells by mutant huntingtin

included the mitochondrial proteins, Sod2 and Trx2, as

well as the cytosolic ones, Sod1 and catalase. These anti-

oxidants play an important role in protecting cells against

the damage caused by increased levels of ROS. Decreased

levels of antioxidants may therefore render cells more

vulnerable to oxidative stress-induced damage and

increased cell death. We observed increased oxidative

damage and cell death and an increased production of ROS

in cells expressing the mutant huntingtin proteins. Toge-

ther, these results indicate that the reduced NF-jB-p65

signaling contributes to the increase in oxidative stress and

Fig. 4 Decreased cellular antioxidants after expression of mutant

huntingtin proteins. a Immunoblots. The antioxidants Sod2, Sod1,

Trx2, and catalase decreased in cells expressing mutant N-terminal

fragment huntingtin proteins. ß-actin was used as control. GFP-N-

terminal huntingtin expression is shown in the lowermost panel.

b Quantification. Expression levels are normalized to that in

cells expressing the 18Q-huntingtin fragment protein. Values are

mean ± SD. p \ 0.05 for 18Q- versus 120Q-protein-expressing cells,

n = 3. c Cells were transfected with full-length huntingtin constructs

(FL) for 24 h, and mRNA levels were analyzed by using semiquan-

titative RT-PCR as described in ‘‘Materials and methods’’. Note a

decrease in Sod2 and Sod1 mRNA levels by the disease-inducing

75Q-huntingtin. Immunoblotting was repeated three times and the

typical experiment is shown

b
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cell degeneration observed in mutant huntingtin protein-

expressing cells.

Previous studies on HD patients and in animal models of

the disease have indicated a role for oxidative stress in HD.

Thus, postmortem HD brain specimens show increased

levels of lipofuscin, lipid peroxidation, and an accumula-

tion of the oxidated DNA metabolite, 8-hydroxydeoxygu-

anosine, as well as increased heme oxygenase and

3-nitrotyrosine levels that represent markers for oxidative

stress [26, 27]. Biochemical analyses have further revealed

changes in complex I–IV and aconitase activities in the

mitochondria, along with increases in lactate and decreased

ATP generation, indicative of mitochondrial dysfunctions

in HD [28, 29]. Moreover, in the R6/1 and R6/2 mice,

which represent animal models for HD, the expression of

nitric oxide synthase was shown to change with age while

the levels of Sod2 decreased [30, 31]. Expression of mutant

huntingtin also decreases the levels of the transcriptional

coactivator, peroxisome proliferator-activated receptor-

gamma coactivator-1 alpha (PGC-1a) that is involved in

the regulation of cellular antioxidants [32, 33]. PGC-1a
gene-deficient mice show an increased neurodegeneration

mainly in the striatum, whereas the overexpression of

PGC-1a in the R6/2 mice is neuroprotective [33]. In this

work, we show that an unperturbed NF-jB-p65 signaling is

crucial in regulating antioxidants levels and oxidative

stress in the neuronal PC6.3 cells with lower levels pro-

ducing oxidative stress and an increased vulnerability of

cells to undergo cell death. PGC-1a and NF-jB-p65 sig-

naling are both known to increase antioxidants and enhance

cellular defense reactions against oxidative stress [16, 33].

It is therefore likely that different cell-signaling systems

are affected in HD, which leads to changes in gene

expression with increased cell degeneration. The network

of genes affected in HD may include different antioxidants,

anti-apoptotic proteins, as well as various growth factors

and their signaling molecules.

Fig. 5 Increased ROS production in cells expressing mutant

huntingtin proteins. a Cells were transfected for 24 h and levels

of ROS were measured using FACS as described in ‘‘Materials and

methods’’. *p \ 0.05 for 53Q and 120Q-huntingtin fragment

protein versus 18Q-protein, n = 3. b Immunostaining. Nitrotyrosine

immunoreactivity (red) increased in cells expressing 120Q-hun-

tingtin protein (green) compared with non-transfected control cells

or those expressing 18Q N-terminal huntingtin or GFP protein.

Scale bar 10 lm. c Treatment of cells with the antioxidant DTT

increased cell survival. p \ 0.01 for DTT ? 120Q versus 120Q

alone, n = 5

b
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To study the mechanisms for the reduced NF-jB-p65

in mutant huntingtin-expressing cells we focused on the

calpain/calpastatin system. Previously, an increased cal-

pain activity was observed in brain in HD [34]. In a

recent study with the YAC transgenic HD model, the

increased calpain activity in striatum was linked to

alterations in activity and toxicity of NMDA receptors in

neurons [35]. Calpain has also been shown to cleave

mutant huntingtin following calcium-induced neuronal

damage [34, 36]. Recently, calpain was shown to also

cleave the p35 protein that is involved in the phos-

phorylation of the cyclin-dependent kinase-5 and which

may influence HD pathology, as shown in other neuro-

degenerative diseases [37]. In the present study, we

identified the NF-jB-p65 protein as a target for the

increased calpain activity induced by mutant huntingtin

proteins. The calpain inhibitors ALLN and CX295

inhibited the degradation of NF-jB-p65 and decreased

cell degeneration induced by the expression of the

mutant huntingtin fragment proteins. In line with our

cellular data, previous biochemical analyses have shown

that calpains are able to cleave the NF-jB-p65 in vitro

[38].

In cells, calpastatin is the major regulator of calpain

activity [21], which, however, can be regulated by high

intracellular calcium levels. We observed reduced calpast-

atin levels in cells expressing mutant huntingtin proteins.

This decrease in calpastatin was restored using the

pan-caspase inhibitor BAF (Fig. 7b), indicating a role for

cellular caspases in the control of calpastatin under these

conditions. Previous studies have shown that mutant hun-

tingtin can activate different cellular caspases with increased

cell death [15, 39]. However, other proteases also probably

become activated in the mutant huntingtin-expressing cells

Fig. 6 Increased calpain activity regulates NF-jB-p65 levels and

oxidative stress in cells expressing mutant huntingtin proteins.

a Immunoblot for a-spectrin. Note the appearance of the calpain-

specific 145-kDa cleavage product of a-spectrin in cells expressing

53Q- and 120Q-huntingtin fragment proteins. b Immunoblot. The

calpain inhibitors, ALLN and CX295, restored NF-jB-p65 levels.

ß-actin was used as control. p \ 0.01 for 120Q ? ALLN and for

120Q ? CX295 versus 120Q, n = 3. Expression of GFP-N-terminal

huntingtin is shown in the lowermost panel. c Immunoblots. CX295

prevented restored antioxidant levels. p \ 0.05 for 120Q ? CX295

versus 120Q for Sod1, Sod2 and catalase, n = 3. d Immunostaining.

Nitrotyrosine immunoreactivity (red) is decreased by CX295 in cells

expressing the 120Q-containing huntingtin protein (green). Scale bar
10 lm. e Immunoblots. Cleavage of caspase-12 (36-kDa) caused by

the 120Q-huntingtin fragment protein is reduced using CX295. f Cell

death induced by the 120Q-huntingtin fragment protein was decreased

using CX295. p \ 0.01 for 120Q ? CX295 versus 120Q, n = 5
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and may contribute to the degradation of calpastatin

observed in this study. The identity of such proteases regu-

lating the calpastatin/calpain system remains to be studied

further.

The importance of calpastatin for the regulation of

NF-jB-p65 and antioxidants level was studied using

overexpression of calpastatin in conjunction with N-

terminal mutant huntingtin proteins. Results showed that

overexpression of calpastatin counteracted the decrease in

NF-jB-p65 and Sod2 levels caused by the mutant proteins.

Calpastatin also enhanced cell viability and reduced cas-

pase-3 cleavage in cells expressing the 120-Q huntingtin

fragment protein. These results identify calpastatin as an

important upstream regulator in the NF-jB-p65 pathway

and oxidative stress induced by mutant huntingtin proteins.

Increased ER stress is observed in many human disor-

ders including neurodegenerative diseases [14]. In line with

this work, recent studies on HD and other polyQ diseases

have provided evidence for the involvement of ER stress in

disease pathogenesis [40–43]. There are also indications

that ER stress and oxidative damage are linked through the

close communication between the ER and mitochondria.

Significant levels of ROS are produced in ER during pro-

tein folding and in oxidation reactions [9]. In this study, we

showed that inhibition of ER stress by salubrinal restored

NF-jB-p65 levels that were decreased in cells expressing

the mutant huntingtin proteins (Fig. 2i). In addition, recent

data indicate that the ER-signaling pathway may be acti-

vated differently during ER stress [44]. We observed that

within the IRE1-signaling pathway, the JNK and p38

kinases were activated, whereas NF-jB-p65 was down-

regulated in cells expressing the mutant huntingtin

proteins. This shows that a careful analysis of signaling

systems linked to ER stress is necessary in order to

understand their roles in the pathogenesis of different

diseases.

It has recently been shown that the NF-jB-signaling

pathway is involved in cell toxicity mediated by huntingtin

[45, 46]. Thus it was shown that DNA damage can trigger

Fig. 7 Calpastatin levels decreased in cells expressing mutant

huntingtin proteins. a Immunoblot. The levels of calpastatin

decreased in cells expressing 120Q-huntingtin fragment protein at

24 h. Decrease in calpastatin levels was also detected in 53Q-

expressing cells at 48 h. ß-actin was used as the control. Immuno-

blotting was repeated three times and a typical experiment is shown.

Expression of GFP-N-terminal huntingtin is shown in the lowermost

panel. b Ca2? measurements in transfected cells were done as

described in ‘‘Materials and methods’’. Basal Ca2? levels are given as

the ratio of the fura-2 fluorescence at the excitation wavelengths 340

and 380 nm (‘‘ratio 340/380’’). c Mn2? influx measurements were

done as described in ‘‘Materials and methods’’. The data are given as

weighted sum of fluorescence at 340 and 380 nm. Mn2? significantly

quenched the fluorescence but there was no difference in the

quenching rate or degree between control and 120Q- huntingtin

fragment protein-expressing cells. d Immunoblot. Treatment with

BAPTA-AM to reduce calcium levels does not inhibit the reduction in

calpastatin levels. e Cells were treated with 50 lM BAF to inhibit

cellular caspases. BAF restored calpastatin levels reduced by the

120Q-containing huntingtin protein. **p \ 0.01 for 120Q ? BAF

versus 120Q, n = 3

b
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proteolysis of huntingtin in a caspase-dependent manner,

which was promoted by the activation of I kappa B kinase

beta (IKKb) and inhibited by I kappa B kinase alpha

(IKKa) [46]. The IKKs act by phosphorylating the IjB

protein as well as other proteins leading to activation of

different c-Rel proteins and the NF-jB pathway. We show

here that mutant huntingtin proteins reduce the levels of

p65 and the NF-jB pathway associated with ER stress and

the activation of calpain. These results together with those

by Khoshnan et al. [45, 46] show that NF-jB signaling is

modulated by mutant huntingtin contributing to increased

cell degeneration.

Taken together, the present study shows that the N-

terminal mutant huntingtin proteins as well as the disease-

inducing 75Q-containing huntingtin decreased NF-jB

Fig. 8 Calpastatin

overexpression counteracts the

downregulation of NF-jB-p65

and of antioxidants and

increases cell viability.

a Immunoblots. Human

calpastatin was overexpressed

for 24 h together with the 120Q-

huntingtin fragment protein

followed by immunoblotting.

The level of exogenous

calpastatin was a shown using a

human-specific antibody (lanes
4, 5). Calpastatin increased NF-

jB-p65 and Sod2 levels. ß-actin

was used as control. Expression

of GFP-N-terminal huntingtin is

shown in the lowermost panel.

b Quantification. **p \ 0.01 for

calpastatin ? 120Q versus

120Q, n = 3. c Calpastatin-

reduced cell death induced by

the mutant huntingtin protein.

**p \ 0.01 for

calpastatin ? 120Q versus

120Q, n = 4. d Immunoblot.

Calpastatin reduces caspase-3

activation as evident from levels

of cleaved caspase-3 (17-kDa

band). e Quantification of the

17-kDa band. **p \ 0.01 for

120Q versus

calpastatin ? 120Q, n = 3.

f Immunoblots of PARP

cleavage. Calpastatin reduces

the caspase-3 mediated cleavage

of PARP (89-kDa band).

Staurosporine (STS) was used

as a positive control.

g Quantification of the 89-kDa

band. p \ 0.01 for 120Q versus

120Q ? calpastatin

Fig. 9 Summary of the results. Expression of mutant huntingtin

induces a calpain-mediated NF-jB-p65 degradation that is followed

by decreased antioxidant levels and increased oxidative stress

Mutant huntingtin decreases NF-jB signaling 1939



signaling in PC6.3 neuronal cells leading to increases in

oxidative stress and cell death. The underlying mechanism

for this involved a decrease in calpastatin, which activated

calpain and decreased the NF-jB-p65 level. These results

may be useful in defining novel targets for cell protection

and for counteracting some of the adverse cellular changes

observed in HD.
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