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Abstract

The neuropathological hallmarks of Alzheimer’s disease (AD) include senile plaques made
of AP peptide, neurofibrillary tangles containing hyperphosphorylated tau protein and neu-
ronal loss. The pro-apoptotic kinase PKR can be activated by AP and can phosphorylate tau
protein via GSK3p kinase activation. The activated form of PKR (pPKR) accumulates in
affected neurons and could participate in neuronal degeneration in AD. The mechanism of
abnormal PKR activation in AD is not elucidated but could be linked to the PKR activator
PACT. PACT stainings, and levels were assessed in the brains of AD patients and in APP/
PS1 knock-in transgenic mice and in cell cultures exposed to stresses. We showed that PACT
and pPKR colocalizations are enhanced in AD brains. Their levels are increased and corre-
lated in AD and APP/PS1 knock-in mice brains. In human neuroblastoma cells exposed to
AB, tunicamycin or H202, PACT and pPKR concentrations are increased. PACT then PKR
inhibitions indicate that PACT is upstream of PKR activation. Our findings demonstrate that
PACT levels are enhanced in AD brains and could partly be caused by the action of AB. In
addition, PACT participates in PKR activation. The PACT-PKR pathway represents a poten-

knock-in mice were provided by
Sanofi-Aventis. Dr Laurent Pradier is staff of
Sanofi-Aventis. No other conflict of interest

doi:10.1111/1.1750-3639.2011.00520.x

INTRODUCTION

Senile plaques, neurofibrillary tangles, synaptic and neuronal loss
are salient neuropathological features of Alzheimer’s disease (AD)
(11). The cause of the accumulation of AP is not completely eluci-
dated, although a possible increase of AP peptide production has
been proposed (28). According to the amyloid cascade hypothesis,
the accumulation of A peptide or its oligomers could be the initial
event responsible for the neurotoxic consequences leading to neu-
rodegeneration (14). However, the mechanisms of this neurotoxic-
ity are unclear and are probably multiple. One of the abnormal
pathways detected in AD brains is associated with increased activa-
tion of the double-stranded RNA-dependant protein kinase (PKR).
PKR is an ubiquitous serine-threonine kinase present at low consti-
tutive levels in cells. It can be activated by dsRNA (virus), IFNy,
TNFa., heparin, PDGF and IL1 (13, 27, 33), leading to the activa-
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tial link between AP accumulation, PKR activation and tau phosphorylation.

tion of different signaling pathways controlling several cellular
functions, such as growth regulation, apoptosis and differentiation.
The functional kinase domain of PKR contains two important
phosphorylation sites, on threonine 446 (pPKRx46) and threonine
451 (pPKR4s1). Autophosphorylation of PKR on these sites after
homodimerization is essential for its activation. Once activated,
PKR causes phosphorylation of eukaryotic initiation factor 2 alpha
(elF20), leading to global inhibition of protein synthesis (13, 25).
In the absence of virus, PKR can be activated by several stresses
such as oxidative stress, intracellular calcium or endoplasmic
reticulum (ER) stress (10) via a direct protein activator called the
PKR associated protein activator (PACT) in humans (23, 25) or via
its murine homologue RAX (16). It has been shown that the activa-
tion of PKR by PACT under cell stress conditions, can be associ-
ated with the phosphorylation of PACT on serine 18 (2), or serine
246 and 287 (24), while Daher ef al showed a protein-protein
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interaction between PACT and TAR RNA-binding protein (TRBP),
a potent PKR modulator (9). Nevertheless, all studies showed that
PACT needs to bind strongly to PKR in order to mediate its activa-
tion in vivo. The overexpression of PACT in HeLa cells induces
PKR-mediated apoptosis (22), and the ER-stress inducer thapsigar-
gin enhances PACT expression and PKR activation (16), suggest-
ing that high cellular levels of PACT can mediate cell degeneration
through PKR activation. A recent study showed that tunicamycin
exposure can also produce cell apoptosis through the activation of
the PACT/PKR pathway (30). At the opposite, PACT can possess a
different effect facilitating cell proliferation (18, 26).

In AD brains, activated PKR has been identified in neuronal
cytoplasm and in granulo-vacuolar degeneration, as well as in neu-
ronal nuclei and around senile plaques (5). In cell cultures, PKR
can be activated by the AP peptide and pharmacological or genetic
inhibitions of PKR attenuate AP neurotoxicity (21). PKR is also
involved in the mechanism of tau phosphorylation and could repre-
sent a link between AP and tau (3). So far, little is known about
mechanisms leading to PKR activation in AD brains. The aim of
the present study was to explore the role of PACT in AD using
human AD and APP/PSIKi transgenic mice brains and and
SH-SYS5Y neuroblastoma cell line. Our results revealed that PACT
could play a major role in PKR activation related to AD.

MATERIALS AND METHODS
Patients and materials

Human brains

We obtained post-mortem brains for neuropathological analysis
from 14 patients (9 paraffin sections, 5 frozen samples) and 15
controls (8 paraffin sections, 7 frozen samples). For all human
brains, consents were obtained for using post-mortem tissues. The
post-mortem intervals never exceeded 24 h. Assessment of pathol-
ogy associated with dementia was performed by examining histo-
logical sections of frontal, temporal, parietal and occipital lobes,
corpus striatum, thalamus, midbrain, pons, medulla and cerebellum.
Selected sections were immunostained for A, tau and o-synuclein.
All these patients had an history of progressive dementia and
satisfied National Institute of Neurological and Communicative
Disorders and Stroke—Alzheimer’s Disease and Related Disorders
(NINCDS-ADRDA) criteria for probable AD (19) and satisfied
neuropathologic criteria for AD according the consortium to estab-
lish a registry for Alzheimer’s disease protocol (Tables 1 and 2).

For immunohistochemistry, 4 um sections of hippocampus and
temporal cortex from paraffined human brains were provided by
the Department of Pathology of Lariboisiére Hospital. We exam-
ined the brains from 9 AD patients and 8 age-matched controls
(Table 2).

For immunoblotting, frozen brain samples (temporal) from five
AD patients and seven age-matched controls were provided by
the Neuropsychiatry Department, University of Geneva, Geneva,
Switzerland (Table 1).

Mice brains

All animal experiments were performed in accordance to the
guidelines of the French Agriculture and Forestry Ministry for
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Table 1. Table shows epidemiological and neuropathological character-
istics of Alzheimer’s disease (AD) patients and controls brains for immu-
nohistochemistry. The number of the patients, sex, age, post-mortem
interval (PMI) and Braak stages are mentioned.

Patients Age Sex PMI Braak
AD1 79 F 3 6
AD2 85 F 5 5
AD3 95 M 8 5
AD4 92 F 17 5
ADb 87 M 7 5
Control 1 80 F 10 1
Control 2 84 F 7 2
Control 3 97 F 8 2
Control 4 93 F 6 2
Control 5 82 M 5 2
Control 6 78 M 12 1
Control 7 69 M 1 1

handling animals (decree 87 849, license A75-05-22). All trans-
genic mice and wild-type were provided by Sanofi-Aventis. This
APP/PS1 knock-in (APP/PS1 KI) transgenic mouse model carries
homozygote M233T/L235P knocked-in mutations in mouse
presenilin-1 and overexpresses mutated human A} amyloid precur-
sor protein (APPsp). ABy.4» is the major form of AP species present
in this model with progressive development of a complex pattern of
N-truncated variants and dimers, similar to those observed in AD
brains. Furthermore, at 10 months of age, they display an extensive
neuronal loss (>50%), which is already detectable at 6 months of
age (4).

For mice study, we used PS1KI (ho)xAPPsl (he) and wild-type
mice. Brains homogenates of 9-month-old transgenic mice APP/
PS1 KI (n=06) and 4 age-matched wild-type were provided by
Sanofi-Aventis and were established as described in a previous
report (4).

Table 2. Table shows epidemiological and neuropathological character-
istics of Alzheimer's disease (AD) patients and controls brains used for
immunoblotting. The number of the patients, sex, age, post-mortem
interval (PMI) and Braak stages are mentioned.

Patients Age Sex PMI Braak
AD1 87 M 15 6
AD2 58 M 8 6
AD3 82 M 6 5
AD4 96 F 10 5
AD5 72 M 9 6
AD6 81 F 11 5
AD7 73 F 5 6
AD8 83 F 15 5
AD9 88 F 6 5
Control 1 55 M 10 1
Control 2 75 M 8 1
Control 3 87 F 5 1
Control 4 80 F 9 2
Control 5 79 F 6 2
Control 6 80 F 9 1
Control 7 63 M 5 2
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Figure 1. Panels show representative
sections of pPKRius1, PACT-stained
post-mortem brains of patient with Alzheimer’s
disease (AD) and control brain (control).
Immunohistochemical studies in the
hippocampus of AD brains showed that
PPKRs1 (on the left) and PACT (on the right)
expression were localized in the cytoplasm of
neurons. Horizontal bars: A. 10 uM—(B,C)
Confocal analysis and quantification showed

a colocalization of pPKRinus1 and PACT in
granulovacuolar degeneration in the neurons of
entorhinal cortex. Horizontal bars: B. 40 um.
There is a significant difference between the
mean numbers of neurons with colocalization
in AD compare to control (C).

PPKR 451

Merge

Cell cultures

SH-SYS5Y human neuroblastoma cell lines were grown at 37°C and
5% CO2 in complete medium composed of 45% MEM (Eagle’s
minimum essential medium) (Invitrogen, Carlsbad, CA, USA) con-
taining 2 mM L-glutamine and 45% F12 (Hams F12 medium,
Invitrogen) enriched with 0.1 mM nonessential amino acid (Invit-
rogen), 1 mM sodium pyruvate (Invitrogen) and 10% fetal bovine
serum (FBS) (Invitrogen) and 5% penicillin streptomycin.

Antibodies and reagents

Primary antibodies

PKR: Rabbit anti-pPKRthrus (Santa Cruz, Danvers, MA, USA),
rabbit anti-pPKRys1 (Cell Signaling, Beverly, MA, USA), rabbit
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anti-PKR (Cell Signaling), PACT: goat anti-PACT (N20) (Santa
Cruz), Rabbit anti-Actin (Sigma, St. Louis, MO, USA), mouse
anti-otubulin (Cell Signaling).

Secondary antibody

For immunohistochemistry, biotinylated antigoat (Abcam, Cam-
bridge, MA, USA) and antirabbit (Vectastain®, Vector Laborato-
ries, Burlingame, CA,USA).

For immunofluorescence, donkey antigoat Alexa Fluor® 488
(Invitrogen Laboratory) or donkey antirabbit Cy3 (Jackson Labo-
ratory, Bar Harbor, Maine, USA) secondary antibodies.

For Western blot, IR Dye® 700DX conjugated antimouse
IgG, IR Dye 800CW conjugated antigoat IgG and IR Dye 800CW
conjugated antirabbit IgG (Rockland Immunochemical Inc.,
Gilbertsville, PA, USA).
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Figure 2. Expression of pPKRu4s, full PKR and PACT in post-mortem
brains of patients with Alzheimer’s disease (AD) and control brains
(contr). A. Western blotting studies in temporal cortex of AD brains
showed that pPKRi46 and PACT expression were increased compare

Reagents

Inhibitor of PKR: The PRI (NeoMPS Polypeptide Laboratories,
Strasbourg, France) can bind to the double-stranded RNA binding
site of PKR and prevent its activation (20). PRI peptide was
dissolved in DMSO (dimethylsulfoxide).

Stress inducer: Tunicamycin (Tm) (Sigma) is an endoplasmic
reticulum stress (ER stress) inducer that inhibits N-linked glycosy-
lation of lipids and tyrosine incorporation, which ultimately inhibit
protein synthesis. Tunicamycin was dissolved in DMSO. We also
used AP (1-42) peptide, which is a well-known inducer of endoplas-
mic reticulum stress and oxidative stress. We also used AP (42-1)
(Tocris, St. Louis, MO, USA) as control peptide. AR peptide was
dissolved in water and incubated at 37°C for 24 to 48 h to form
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with expression in the same regions of control brains. B. and C.
Diagrams show that pPKRw4e/PKR ratio is increased about 28.3% and
42.5% for PACT. D. pPKRwas/PKR ratio is significantly correlated to
PACT (Spearman P=0.001).

aggregates prior to use. Finally, to induce oxidative stress, cells were
treated with hydrogen peroxide (H,O,) (Calbiochem, Darmstadt,
Germany).

Others reagents: To block protein transcription, we used actino-
mycin D (1 pg/mL) (Calbiochem) that was dissolved in water. We
blocked the proteasome using lactacystin (10 pM) (Sigma) that
was dissolved in water

METHODS

Immunohistochemistry for humans brains

All human tissue sections (4 um) were deparaffinized by incubat-
ing the sections in xylene for 10 minutes twice, followed by
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Figure 3. Expression of pPKRsa4s, full PKR and PACT in post-mortem APP/PS1 KI mice and littermates (WWt). A. Western blotting studies of mice brains
showed that pPKRuwuss and PACT expression were increased compare to expression in the wild type brains. B. and C. Diagrams show that
pPKRina46/PKR ratio is increased 41.7% and 31.2% for PACT. D. pPKR46/PKR ratio is significantly correlated to PACT (Spearman, P=0.007).

rehydration with descending concentrations of ethanol (100%,
95%, and 70% for 3 minutes each). Subsequently, the sections
were heated in EDTA buffer at 96°C for 40 minutes to retrieve the
epitopes, then treated with 3% hydrogen peroxide in distilled water.
The brain sections were washed with Ventana reaction buffer then
incubated with either pPKRus; antibody (dilution 1:200 in DAKO
real agent, Dako France, Trappes, France) or PACT N20 (dilution
1:200 in DAKO real agent) overnight at 4°C. Sections were then
incubated with either the antirabbit secondary antibody (dilution
1:100 in DAKO real agent) or the antigoat secondary antibody
(dilution 1:100 in DAKO real agent) for 30 minutes at room tem-
perature. Slides were then washed twice with Ventana reaction
buffer (Ventana, Tucson, AZ, USA) and further incubated with
streptavidin peroxidase. The stain was visualized using diami-
nobenzidine for 5 minutes. Sections were counterstained with
hematoxylin for 1 minute mounted with Mowiol® (Invitrogen).

For double confocal immunohistochemistry, sections were incu-
bated with secondary antibodies mentioned above, washed in PBS,
mounted with Vectashield mounting medium with DAPI (Vector
Laboratories, Burlingame, CA, USA).
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Confocal imaging of humans brains sections

Confocal microscopy was performed using an Olympus
Fluoview® FV10i confocal microscope. The MetaMorph® soft-
ware (Roper Scientific, Ottobrun, Germany) was used for image
acquisition.

Cells treatment

To induce stress, the cells were treated with tunicamycin 5 pg/mL
from 1 h to 8 h or ABi.4.» peptide (20 uM) from 4 to 8 h or with
0.5 mM of hydrogen peroxide (H,O,) for 2 h or AP for 4 h.
When necessary, to inhibit the activation of PKR, cells were pre-
treated one hour (before tunicamycin or AR exposure) with the
PKR inhibitor PRI peptide (50 uM). Treatments with this inhibitor
were repeated every hour. When necessary, control cells were
treated with DMSO.

To block transcription, cells were pretreated with actinomycin D
for two hours before tunicamycin.

223



PACT Induces PKR in Alzheimer’s Disease

A

Tm - 1H 2H 4H 8H
PPKRra46 I . e
Total PKR —— p—

PACT ' . e - .
a-tubulin

T — S— P

2 -
*
_ 2H H,0,
(0.5mM) 15 -
pact [ |
o 1 4
a-tubulin 'ﬁ '
h ) 0.5 A
0 J
H,0, = 2H
(0.5mM)

Figure 4. (A) Immunoblot analysis of tunicamycin (tm) treatment in
SH-SY5Y cells showed that, after Tm exposure, PACT and pPKRina6
begin to increase at 1 h, and this augmentation becomes significant
at 2 h, then progressively increased over time with peaks after 4 h

To selectively inhibit the proteasome, cells were pretreated with
lactacystin (10 uM). When necessary, control cells were treated
with DMSO.

Transfection: cell shRNA PACT

SH-SY5Y were transfected either with shRNA PACT (5'-
GAACCAGCUUAAUCCUAUU-3") or with scramble PACT (5’-
CUACACGCCAGUUUAUUAA-3) for 48 h using lipofectamine
before the treatment of cells with tunicamycin.

Immunoblotting for human and mice brains and
cell cultures

Mice brains were homogenized as previously described (4). Tem-
poral cortices of human brains were homogenized with a Potter
in Laemmli sample buffer 1:10 (wt/vol) containing 5% sodium
dodecyl sulfate (SDS), protease and phosphatase inhibitors
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(B,C), while full PKR and tubulin are unchanged. Results were obtained
from at least three independent experiments. (¥*P< 0.05; **P < 0.001;
***P < 0.0001). (D) Immunoblot analysis of H,O, treatment in SH-SY5Y
cells showed that PACT and pPKR are increased after H,O, exposure.

cocktail. The lysate was sonicated and then centrifuged at 15 000 g
for 15 minutes at 4°C.

To prepare cell lysates for immunoblotting, cells were washed
in PBS and then lysed in RIPA buffer containing 25 mM
B-glycerophosphate, 50 mM sodium fluoride, 2 mM sodium
pyrophosphate, 1 mM sodium orthovanadate, protease inhibitors
(Roche, Penzberg, Germany) and 0.1 mM calyculin (Sigma) as
phosphatase inhibitors. They were sonicated and centrifuged at
20 000 G for 10 minutes.

The protein concentration in the supernatant was determined
with Micro BCA™ Protein Assay kit (Thermo Scientific, Cergy-
Pontoise, France) using the manufacturer’s protocol. The protein
samples (20-30 pg for brains, 40—50 pug for cell samples) were
used for Western blot analysis. The membranes were blocked in 5%
milk in PBS then incubated with primary antibody (anti-PKR
1/500 or anti-PACT 1/200), then secondary antibody antirabbit or
antigoat (1/5000). Bound proteins were visualized with the Odys-
sey® Imaging System (LI-COR Biosciences, Lincoln, NE, USA),
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Figure 5. A, B and C immunoblot analysis of AR exposure and PRI
peptide in SH-SYBY cells. PACT and pPKRuwss progressively increased
over time after A, treatment with peaks after 8 h. PKR activation is
decreased with PRI treatment, but not PACT expression, while full PKR

and quantified with MultiGauge software (Fuji France, Bois
d’Arcy, France). Statistical analysis was performed using Graph
Pad Prism version 5 (Graphpad Software Inc. La Jolla, CA, USA).
Results were considered significant when P < 0.05 using a non-
parametric Mann—Whitney test.

RESULTS

PACT protein expression is increased and
colocalizes with activated PKR in AD brains

Using immunohistochemical methods, we showed that in the hip-
pocampus of an AD patient, the neuronal immunostaining of PACT
and pPKRyyr451 were comparable and consisted in vesicular labelings
scattered in the cytoplasm (Figure 1A). Confocal imaging analysis
revealed a colocalization of PACT and pPKRyp4s1 in the cytoplasm of
hippocampal neurons (Figure 1B). Merged analysis of dual immu-
noreactions confirmed diffuse vesicular stainings of the two proteins
in neurons of AD, but far less in control brains (Figure 1B). Further-
more, in AD and control brains, we quantified and compared the
percentage of neurons with pPKR 51 and PACT colocalization, and
showed a significant difference between both results (Figure 1C).
To support and quantify these findings, we analyzed the expres-
sion levels of these proteins in the temporal cortex of AD and
control brains using Western blot procedures. PACT expression
was enhanced in AD brains compared with control brains with
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and tubulin are stable. Results were obtained from five independent
experiments (*P < 0.05; **P<0.001; ***P < 0.0001). D, E and F PACT
and pPKRuwuse levels are stable after nontoxic ABs,.i treatment that sup-
ports specific role of ABi4, in enhanced PACT/PKR interaction.

nearly no overlapping results (Figure 2A,C). The increase of the
PACT mean levels in AD brains was +42.5%, and was statistically
significant. Comparable results were found for pPKRuss levels
(Figure 2A,B) as for pPKR,4s1 (data not shown). The statistically
significant augmentation reached +28.3% with no overlapping
results. A linear regression analysis showed a significant correla-
tion between PACT and pPKR 46 levels (Figure 2D).

In summary, we found the same results with two different tech-
niques, with brain samples provided by two different brain banks.

PACT expression is increased in transgenic
mice brains

Comparable findings were obtained in the APP/PS1 KI mice
previously characterized by widespread neuronal degeneration and
pPKR accumulation (21). Molecular evaluation of the brains in
these transgenic mice and control littermates revealed increased
PPKRass levels (+42.7%) (Figure 3A,B) and PACT levels
(+31.2%) in APP/PS1 KI mice compared with control mice
(Figure 3A,C). In addition, the levels of PACT and pPKRyju46 in
mice brains were correlated (Figure 3D).

PACT expression is increased and upstream of
PKR in stressed human neuroblastoma

To determine whether ER stress, APi4, or oxidative stress could
induce PACT protein expression and PKR activation, we exposed
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Figure 6. Immunoblot analysis of tunicamycin exposure in SH-SY5Y cells controls, or with scramble or with shRNA PACT. PACT and pPKRinu4s levels
dramatically decreased when cells were transfected with shRNA PACT. Results were obtained from three independent experiments (*P < 0.05;

**P<0.001; ***P<0.0001).

human neuroblastoma cells SH-SYS5Y to tunicamycin, H,O, or to
APi.4. These exposures triggered increased PACT and pPKRya46
protein expression in human neuroblastoma cells (Figures 4A-D
and 5A-C). To determine if PACT is upstream of downstream
of PKR, SH-SYS5Y cells were exposed to 20 umol of AP, for 4
and 8 h with or without PRI pretreatment (Figure SA—C). Results
revealed that AP;.4, treatment triggered both increase of PACT
expression and PKR phosphorylation. Importantly, PRI reduced
significantly PKR phosphorylation, but not PACT expression, sug-
gesting that AP, triggers a PACT/PKR pathway, in which PACT
acts upstream of PKR. To support a specific role for AP in
driving enhanced PACT/PKR interaction, we performed a control
with A4 that did not modify PACT and pPKR/PKR levels
(Figure SD-F).

To confirm that PACT is upstream of PKR, we silenced PACT
expression with PACT short hairpin (sh) RNA or used the PKR
inhibitor PRI to block PKR activation. Transfection of SH-SY5Y
cells with the PACT shRNA significantly attenuated PACT protein
expression, as expected, and resulted in a dramatic inhibition of
PKR phosphorylation. This inhibition was already present in the
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control cells and was more pronounced in cells treated with tunica-
mycin (Figure 6A—C), confirming that PACT controls PKR phos-
phorylation in cells exposed to ER stress.

Increased PACT protein expression is due to
increased synthesis of PACT

We determined whether the increased PACT level was the result
of increased PACT protein synthesis or decreased PACT protein
degradation. Cell cultures were exposed to actinomycin D to
inhibit PACT synthesis or lactacystin to inhibit proteasome. We
showed that without tunicamycin, pretreatment with actinomycin
D or lactacystin, at the dose used, did not modify PACT levels.
When cells were treated with tunycamicin, actinomycin D, but
not lactacystin, reduced PACT protein levels. These results
suggest that the augmentation of PACT level is due to an induc-
tion of PACT synthesis. Tunicamycin and ER stress increased the
production of PACT, but did not alter the proteasome activity
(Figure 7A-C).

Brain Pathology 22 (2012) 219-229
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Figure 7. Effect of actinomycin D (ActD) and lactacystin (Lact) on PACT
protein expression after tunicamycin exposure. (A,B) After tunicamycin
treatment, cctinomycin D decreases the PACT protein levels, while
there is no modiciation observed with lactacystin treatment or in
absence of ER stress. Results were obtained from three independent
experiments (¥*P< 0.05; **P < 0.00; P< 0.0001).
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DISCUSSION

Our study showed that the PKR activator PACT was overexpressed
in the brains of AD patients and colocalizes with phosphorylated
PKR in hippocampal neurons. PACT and phosphorylated PKR
levels were statistically correlated in AD brains. Comparable
results were found in the brains of APP/PS1 KI transgenic mice
characterized by a widespread neuronal degeneration. In neuro-
blastoma cell cultures, AB;.4 or tunicamycin or H,O, induced an
increased PACT expression that was associated with PKR activa-
tion. PACT protein depletion (using PACT shRNA) dramatically
decreased PKR activation. At the opposite, PKR inhibition did not
show any effect on PACT expression. These effects allow the con-
clusion that PACT acts upstream of PKR. Thus, PACT expression
levels represent a critical point in AD, since its enhanced expres-
sion could lead to PKR activation and neuronal degeneration.

In AD brains, the colocalization PACT-pPKR suggests that
PACT may be part of the PKR activation process detected in these
neurons. These results are consistent with several previous studies
showing that PACT domain 3 interacts with the kinase domain
of PKR to lead to PKR homodimerization and autophosphoryla-
tion, resulting in translation blockade and apoptosis (9, 13, 25).
Although the exact mechanism of this interaction is not yet com-
pletely known (phosphorylation, protein-protein interaction or
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both), it is now well admitted that PACT and PKR are strongly
linked. Our findings highlight the colocalization of PACT and PKR
in AD. Previous studies on the mechanism of PKR activation by
PACT have suggested a role in the cellular stress that could induce
an increase in the PACT protein levels (17) or lead to PACT phos-
phorylation on serine 246 and 287 (24). Both mechanisms are
not mutually exclusive. Further studies using specific antibodies
toward the phosphorylation motifs of PACT will illuminate the
mode of activation of PKR by PACT.

Previous reports have shown that PACT expression can be
enhanced in vitro by ER stress induced by tunicamycin (16, 22, 24),
and that PKR/RAX interaction is enhanced by oxidative stress (32).
In addition, it is well admitted that AR neurotoxicity may be associ-
ated with ER and oxidative stresses (31). Our biochemical results
in SH-SY5Y showed that AB,.4, tunicamycin and H,O, treatment
lead to an increased PACT and pPKR protein levels, and that PACT
is upstream of PKR. Furthermore, we confirmed the increase of
PACT/pPKR augmentations in animal models and in human AD
brains. All these results are consistent with previous in vitro studies
(16, 22, 24, 32) and suggest that in AD, cellular stresses lead to
increased PACT expression level and to PKR phosphorylation.

To determine whether increased PACT levels take place at the
transcriptional or posttranslational level, we used pharmacological
inhibitors to block these different steps. We demonstrated that the
increase in PACT expression is not a consequence of proteasome
impairment but might be due the activation of PACT gene expres-
sion in our cell lines.

A previous report has studied thaspigargin-induced ER stress in
HEK293A and HeLa cells, and has revealed that PACT mRNA
expression was enhanced by cell stress (17). We have explored this
possibility in our cell culture system. Induction of PACT expres-
sion upon Tunicamycin treatment was inhibited by actinomycin D,
thus confirming that ER stress increases PACT expression at the
mRNA level. The exact mechanisms triggering PACT gene expres-
sion remains to be determined, but it is already known that the
expression of PACT is regulated by the SP1 transcription factor
(12), and that ER stress pathways induced by tunicamycin or
thaspigargin can activate SP transcription factors, including SP1
protein (1). It is not yet clear whether SP1 mRNA and protein levels
are increased or not in AD brains (7, 29). If this was the case, spl
may participate in the PACT/PKR triggering pathway. Regarding
these results, we can hypothesize that in AD, A neurotoxiticity and
others stresses lead to the augmentation of PACT expression, which
in turn activates PKR leading to neuronal death.

The PACT/PKR interaction has been shown to be controlled
by another cellular protein, TRBP (TAR RNA-binding protein).
TRBP inhibits the activity of PKR and binds to PACT through
their respective double-stranded RNA binding domains, which
may influence their activity on PKR. Stresses dissociated the
TRBP-PACT interaction and increased PACT-induced PKR activa-
tion, demonstrating the relevance of this control in a physiological
context. Daher et al showed that in cells, TRBP controls PACT
activation of PKR, an activity that is reversed by stress. These
results suggest that an increase in the expression levels of PACT in
response to stress may not be sufficient to trigger cell death because
TRBP can modulate PACT/PKR interaction. Such a mechanism
could occur in our models and AD brains. Further studies are
needed to assess the fate of TRBP metabolism in AB-exposed cell
cultures, as well as in AD brains or in the brains of transgenic mice.
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Stresses AB, ER, ROS

An earlier report has shown that activated PKR was also
increased in the brains of AD transgenic APP/PS1 KI mice (21).
Using Western blot, we demonstrated increased levels of PACT
and phosphorylated PKR and a statistically significant correlation
between the levels of these proteins in these mice brains. These
mice are characterized by a widespread neuronal degeneration, eg,
located in the hippocampus (4), and enhanced levels of PACT
and phosphorylated PKR could participate in the detrimental
cellular process leading to neuronal loss.

It is interesting to notice that PKR activation can be associated
with tau phosphorylation. An earlier report has linked PKR,
GSK3p activation and tau phosphorylation, and PKR inhibition
could reduce tau phosphorylation induced by AP exposure in cell
cultures (3). In this report, showing that Af is able to trigger PACT
protein expression and PKR activation, we can proposed that the
cell stress induced by AP could be at the origin of a cascade of
signaling events initiating PACT accumulation and leading to tau
phosphorylation.

Taken together our results allow drawing several conclusions
(Figure 8). 1-PACT levels are increased in AD brains and APP/PS1
KI mice brains, and PACT colocalize with neuronal activated PKR.
This augmented PACT expression could be at the origin of activated
PKR pathway detected in AD brains. 2-Enhanced PACT protein
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Figure 8. Hypothesis about PACT/PKR involvement in AD brain. Cellular stresses (Stress AB, ER stress or oxidative stress) increase PACT expression.
According to previous studies, there is a protein—protein interaction with another molecule of PACT (9), leading to phosphorylation of PKR then
activation of several pathways as eiF20. or GSK3B then tau.

levels can be induced in cells by A exposure, ER stress or oxidative
stress, all toxic events present in AD brains. 3-Disturbed PACT gene
expression could be responsible for neuronal PACT protein accumu-
lation and could be a consequence of transcription factor activation,
suchas SP1, linked to cell stress. Knowing the possible role of PACT,
modulation of PACT activity could be a new molecular target to
attenuate PKR activation and neurodegeneration in AD.

To our knowledge, no previous study has reported that PACT
protein levels were increased in the brain of AD patients compared
with controls. The mechanism leading to this increase is not
known, but this modified expression could explain the concurrent
enhanced PKR phosphorylation. Whether or not this PKR activa-
tion could explain neuronal degeneration is difficult to assess in AD
patients. We used cell culture models to explore the mechanism
that could lead to increased PACT protein levels. Based on cell
models, we designed a diagram representing the possible abnor-
malities of this pathway in AD (Figure 8).
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