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For 10 years, research has focused on signaling pathways con-
trolling translation to explain neuronal death in Alzheimer Dis-
ease (AD). Previous studies demonstrated in different cellular
and animal models and AD patients that translation is down-
regulated by the activation of double-stranded RNA-dependent
protein kinase (PKR). Among downstream factors of PKR, the
Fas-associated protein with a death domain (FADD) and subse-
quent activated caspase-8 are responsible for PKR-induced apo-
ptosis in recombinant virus-infected cells. However, no studies
have reported the role of PKR in death receptor signaling inAD.
The aim of this project is to determine physical and functional
interactions of PKRwith FADD in amyloid-� peptide (A�) neu-
rotoxicity and in APPSLPS1 KI transgenic mice. In SH-SY5Y
cells, results showed thatA�42 induced a large increase in phos-
phorylated PKR and FADD levels and a physical interaction
between PKR and FADD in the nucleus, also observed in the
cortex of APPSLPS1 KI mice. However, PKR gene silencing or
treatment with a specific PKR inhibitor significantly prevented
the increase in pT451-PKR and pS194-FADD levels in SH-SY5Y
nuclei and completely inhibited activities of caspase-3 and -8.
The contribution of PKR in neurodegeneration through the
death receptor signaling pathwaymay support the development
of therapeutics targeting PKR to limit neuronal death in AD.

Alzheimer Disease (AD)2 is the leading cause of dementia in
the elderly, affecting 25 million people in the world with about
5% of genetic origin. The biological features of AD are neuronal
loss, senile plaques predominantly composed of amyloid� pep-
tide (A�), and the presence of neurofibrillary tangles, leading to
a progressive deterioration of cognitive function with loss of
memory. Unfortunately, no definitive therapy for AD exists.

The involvement of A� is clearly established, but mechanisms
that underlie neuronal death are currently under investigation.
For 10 years, research has focused on pathways controlling
translation (1–5). They revealed that activated double-stranded
RNA-dependent protein kinase (PKR), which phosphorylates
the �-subunit of eIF2, was associated with degenerating neu-
rons in AD brains (6–8). Furthermore, the levels of phosphor-
ylated forms of PKR and eIF2� were significantly increased in
AD cellular models exposed to A�42 (2, 5) in the brain of AD
transgenic mice (1, 9) and in lymphocytes of AD patients (10).
These modifications were negatively correlated with cognitive
and memory test scores performed in AD patients (3, 10, 11).
Besides its important role as a translational regulator, PKR is a
keymediator in different signaling pathways. Indeed, among its
downstream targets, the Fas-associated protein with a death
domain (FADD) and subsequent caspase-8 are responsible for
PKR-induced apoptosis in virus-infected cells (12). Further-
more, the overexpression of a dominant-negative FADD con-
struct rescued SH-SY5Y cells from either tumor necrosis factor
(TNF)-related apoptosis-inducing ligand (TRAIL) or A�-in-
duced neurotoxicity (13). FADD could be involved in apoptosis
through its nuclear localization by interacting with the methyl-
CpG binding domain protein 4 (MDB4), a protein known to be
implicated in DNA repair, but that could promote apoptosis
when associated with FADD (14). Furthermore, many post-
mortem studies have reported the role of the FADD-linked
death receptor signaling pathway in the pathobiology of AD
(15–17).
However, control of FADD under the PKR activation in AD

remains unknown. The present study performed a detailed
analysis of PKR and FADD interaction in A�-treated cells and
in APPSLPS1 KI transgenicmice. The purpose is to determine if
inhibition of PKR could reduce apoptosis through the decrease
in this death adaptor activation. Here, we showed a physi-
cal interaction between PKR and FADD in nuclei of A�42-
treated SH-SY5Y and in APPSLPS1 KI mice. Furthermore, PKR
inhibitory treatments prevented not only the nuclear translo-
cation of FADD but also significantly decreased caspase-3 and
-8 activities induced by A� neurotoxicity.

EXPERIMENTAL PROCEDURES

Materials—All-trans retinoic acid (RA), sterile-filtered di-
methyl sulfoxide Hybri-Max� (DMSO), paraformaldehyde
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(PFA), glutaraldehyde, sodium citrate, Triton X-100, bovine
serum albumin, sodium fluoride (NaF), phenylmethylsulfonyl
fluoride (PMSF), protease and phosphatase inhibitors, dithio-
threitol, 4�,6-diamidino-2-phenylindole dihydrochloride (DAPI),
and acrylamide were obtained from Sigma. Human �-amy-
loid peptide [A� 1–42], positive C16 compound [(�)C16],
and negative C16 compound [(�)C16] were purchased from
Merck Chemicals, all reagent-grade chemicals for buffers
from VWR International (Strasbourg, France), and those for
cell culture from Invitrogen (Cergy Pontoise, France). All
primary antibodies and the secondary anti-rabbit IgG anti-
body conjugated with horseradish peroxidase were pur-
chased from Cell Signaling (Ozyme distributor, St. Quentin
Yvelines, France) except for anti-Fas L and anti-amyloid
peptide (clone 4G8) from Chemicon (Millipore distributor,
St-Quentin-en-Yvelines, France), anti-�-tubulin and anti-
actin from Sigma, peroxidase-conjugated anti-mouse IgG
fromAmershamBiosciences, GEHealthcare (Orsay, France). For
immunocytochemistry, anti-pS194-FADD was obtained
from Santa Cruz Biotechnology (Tebu-Bio Distributor, Le
Perray en Yvelines, France). For immunoprecipitation, the
antibodies against total PKR and those anti-total FADD

came from Cell Signaling and from Affinity BioReagents
(Ozyme Distributor).
SH-SY5Y Culture—The SH-SY5Y neuroblastoma cell line

obtained from ATTC were propagated in minimum essential
medium (MEM) mixed with F12 (1:1, v/v), and supplemented
with 10% heat-inactivated fetal bovine serum (FBS) and 1%
penicillin-streptomycin (PS). The cells were cultured in 6-well
plates and maintained in a humidified 5% CO2 atmosphere at
37 °C. Cells (600,000 cells per well) were differentiated into
neural cells by incubating with 10 �M RA for 7 days as previ-
ously described (2).
InVitro siRNATransfection Protocol—PKR siRNAandLit28i

siRNA as a negative control were generated by Biolabs (Ozyme
distributor, St. Quentin Yvelines, France). The best percentage
of transfected cells obtained was 78 � 4% (n � 4 in duplicate)
using 5 nM fluorescein-siRNA, 8 �l of the InterferinTM trans-
fection reagent, and 48 h of incubation. The InterferinTM-
siRNAmixwas directly added to cells seeded at 60% confluency
in 2 ml of fresh medium, and 6-well plates were incubated at
37 °C for 48 h before A�42 treatment. These experimental con-
ditions showed a decrease in PKR protein levels of 34.01 �
5.13% (n � 6 independent experiments).

FIGURE 1. Immunoreactivities of PKR and FADD in nuclear extracts of SH-SY5Y cells. Representative blots showed the immunoreactivity of pT451-PKR and
pS194-FADD (A), total PKR and total FADD (B) and corresponding actin in nuclear extracts of A�42-treated SH-SY5Y cells. Data are reported to those of the
corresponding actin. The results are expressed as arbitrary units and are normalized compared with the respective time control. Results are mean � S.E. from
five independent experiments in duplicate. *, p � 0.05; **, p � 0.01; and ***, p � 0.001 compared with the respective control by one-way ANOVA followed by
Newman-Keuls’ test for multiple comparisons.
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Chemical Treatments—Cells were exposed to 20�MA�42 in
serum-free medium and incubated for 30 min to 8 h. At this
concentration, previous reports showed a significant activation
of PKR in RA-differentiated SH-SY5Y cells (2, 5). In the same
time, control cells were exposed to serum-free medium. The
A�42 was diluted in sterile ultra-high-quality water (H2OUHQ).
Then, prior to the treatment of SH-SY5Y cells, A�42 was incu-
bated 48 h at 37 °C for aggregation as recommended by the
Merck Chemical supplier (18). After treatment, medium was
conserved to analyzeA�42monomers and oligomers by immu-
noblot and fibrillar form of A�42 by scanning electron micros-
copy under our experimental conditions (see supplemental Fig.
S1). Results showed the presence of a mixture composed of
monomers, oligomers (8, 12, and 16 kDa), and fibrils. Because
the specific toxicity of these different states of A� was not
clearly demonstrated, we decided to incubate SH-SY5Y cells
with the whole mixture.

The (�)C16 compound was a
specific PKR inhibitor (19). Cells
were exposed to 2 �M C16 dis-
solved in 2% DMSO and added in
serum-free medium for 1 h before
A�42 treatment. Then, a set of
SH-SY5Y cells was exposed to 2
�M of negative PKR inhibitor
[(�)C16] and another set to 2%
DMSO (vehicle of the C16 com-
pound) under the same experi-
mental conditions.
Preparation of Cell Lysates and

Both Nuclear and Cytoplasmic Ex-
tracts—After treatments, cells were
washed with phosphate-buffered
saline (PBS: 154 mM NaCl, 1.54 mM

KH2PO4, 2.7 mM Na2HPO4�7H2O,
pH 7.2) and lysed in ice-cold lysis
buffer (50 mM Tris-HCl, 50 mM

NaCl pH 6.8, 1% (v/v) Triton X-100,
1 mM PMSF, 50 mM NaF, 1% (v/v)
protease inhibitor mixture, and 1%
(v/v) phosphatase inhibitor mix-
ture). Lysates were centrifuged at
15,000 � g for 15 min at 4 °C.
For nuclear extracts, the proce-

dure was based on the protocol
described previously (20) with some
modifications. Cells were centri-
fuged at 5,500� g for 10min at 4 °C.
The pellet was lysed in cytoplasmic
lysis buffer (10 mM Hepes, pH 7.9,
10 mM KCl, 0.1 mM EDTA, 0.1 mM

EGTA, 1 mM dithiothreitol, 0.5 mM

PMSF, and 10% Igepal) andwas cen-
trifuged at 11,000 � g for 10 min at
4 °C. The cytoplasmic fraction was
isolated, and the nuclear pellet was
lysed in nuclear lysis buffer (20 mM

Hepes pH 7.9, 400 mM NaCl, 1 mM

EDTA, 1mMEGTA, 1mMdithiothreitol, and 0.5mMPMSF) for
2 h at 4 °C. Then, vials were centrifuged at 1,600� g for 5min at
4 °C, and the supernatantwas isolated. In each lysis buffer, 1%of
protease and 1% phosphatase inhibitor cocktails were extem-
poraneously added. The quantity of total protein wasmeasured
with the Bio-Rad protein assay kit.
Transgenic Mice—The generation of APPSLPS1 KI mice has

been described previously (21). In brief, these transgenic mice
were generated by breeding homozygous PS1 KImice (carrying
M233T and L235P mutations known in familial early-onset
forms of AD at 29 and 35 years of age, respectively) with hemi-
zygous APPSL mice expressing human mutant APPSL (APP751
carrying the Swedish K670N/M671L and London V717I muta-
tions, Thy1 promoter). A robust gender effect with femalemice
displayingmore severe pathology with earlier neuronal loss at 6
months of age than male littermates has been observed (21). In
total, female APPSLPS1 KI mice at 3 months (n � 6) as well as

FIGURE 2. Physical interaction between PKR and FADD in SH-SY5Y cells. Confocal staining of pT451-PKR and
pS194-FADD in A�42-treated SH-SY5Y for 4 h (A). A clear nuclear co-localization of pT451-PKR and pS194-FADD
was depicted in A�42-treated cells. Photographs are representative of five experiments in duplicate. Bars: 20
�m. B and C, co-IP of FADD and PKR using the ExactaCruzTM kit. Nuclear extracts from A�42-treated SH-SY5Y
(lane 4) were subjected to IP with the anti-FADD antibody-IP matrix complex, and the blot shows the band of
PKR as in the positive control corresponding to nuclear extracts not immunoprecipitated (lane 1, B). Nuclear
extracts of A�42-treated cells were incubated with the anti-total PKR antibody-IP matrix complex, and the blot
shows the band of FADD as in the positive control (C). Co-IP of control cells show weak signals (lane 2, B and C).
In lane 3, a negative control corresponded to nuclear extracts of A�42-treated SH-SY5Y cells immunoprecipi-
tated with mouse (B) or rabbit (C) ChromPure IgG antibody. For each co-IP, we included a blot of FADD (B) and
PKR (C) input to evaluate the efficiency of the pull-down assay and the proportion of proteins that are bound to
the IP matrix.
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age-matched wild-type controls (n � 6) were used (generous
gift from Sanofi-Aventis, Vitry sur Seine, France). All animal
experiments were performed in compliance and following
approval of the Sanofi-Aventis Animal Care and Use Commit-
tee in accordance with standards of the guide for the care and
use of laboratory animals (CNRS ILAR) and with respect to
French and European Community rules. Brain tissue prepara-
tion was performed as previously described (9).
Immunoblot—Protein samples (20 �g per lane) were applied

on 12% Tris-glycine polyacrylamide gels, and proteins were
transferred to polyvinylidene difluoride membranes (Fisher).
Blots were blocked for 2 h in Tris-buffered saline Tween-20
(TBST, 20 mM Tris-HCl, 150 mM NaCl, pH 7.5, 0.05% Tween
20) containing 5% nonfat milk and 0.21% NaF. Membranes
were incubatedwith primary antibody in blocking buffer at 4 °C
overnight. The primary antibodies used were rabbit anti-pS194-
FADD for human and anti-pS191-FADD for mouse (1:500),
rabbit anti-FADD (1:500), rabbit anti-pT451-PKR (1:500),
rabbit anti-PKR (1:1000), rabbit anti-FasL (1:250), mouse
anti-actin or anti-�-tubulin (1:100000 and 1:10000, respec-
tively). After washes, membranes were incubated with horserad-
ish peroxidase secondary antibody either anti-rabbit (1:1000)
or anti-mouse (1:1000) for 1 h at room temperature. After
washes,membraneswere exposed to ECLplus (AmershamBio-
sciences). Chemiluminescence was captured by the G:Box real-
time imaging system (Syngene). Automatic image analysis soft-
ware is supplied with Gene Tools (Syngene). Data for each
protein were compared to data of the corresponding actin or
�-tubulin. Then, the ratio of phosphorylated protein/total pro-
tein was calculated to determine the level of the protein activa-
tion in mouse brain homogenates.
Immunoprecipitation (IP)—IP from SH-SY5Y nuclear ex-

tracts (100 �g of protein) or mouse cortex homogenates (200
�g of protein) was performed using 2.5 �g of IP antibody (anti-
PKR or anti-FADD) according to the manufacturer’s protocol
with ExactaCruzTM kit (TebuBio). The positive control corre-

sponded to nuclear extracts of A�42-treated SH-SY5Y cells or
APPSLPS1 KI cortex homogenates not immunoprecipitated
and the negative control to nuclear extracts of A�42-treated
SH-SY5Y cells or APPSLPS1 KI cortex homogenates immuno-
precipitated with rabbit (negative control for PKR) or mouse
(negative control for FADD)ChromPure IgG antibody (Jackson
ImmunoResearch).
Caspase Activities—Activities of caspase-3 and -8 were per-

formed using two independent Caspase-Glo� assays purchased
from Promega. A SH-SY5Y cell number of 5,000 and 10,000
cells/well was cultured in a 96-well plate for caspase-3 and -8,
respectively. The protocol followed was similar for both kits
according to the supplier. The cleavage of the luminogenic sub-
strate containing the DEVD sequence or the LETD sequence
selective for caspase-3 and -8, respectively, generated a “glow-
type” luminescent signal recorded at 3 h for caspase-3 and 1 h
for caspase-8 using the Packard lumiCount microplate lumi-
nometer (PerkinElmer).
Immunofluorescence—For FasL staining, cells were fixed

with 4% PFA for 10 min and permeabilized with TBS (Tris 50
mM, NaCl 150 mM, pH 7.6)/0.3% Triton X-100 for 5 min at
room temperature. Nonspecific sites were blocked with TBS,
5%BSA for 1 h at room temperature. Coverslipswere incubated
with rabbit anti-FasL antibody (1:50) in TBS, 1% BSA overnight
at 4 °C. Then, cells were incubated with secondary biotinylated
anti-rabbit antibody and with streptavidin-FITC (1:50) for 1 h
at room temperature (Dakocytomation). Microscopic visual-
ization was performed using an Olympus DP70 digital camera
and Olympus DP-soft (Olympus S.A., Rungis, France).
For confocal staining of pT451-PKR and pS194-FADD, cells

were fixed with 100% methanol 15 min at �20 °C. After
unmasking antigens with 10mM citric acid (pH 6) at 70 °C, cells
were permeabilized and blocked in PBS (137 mM NaCl, 2.7 mM

KCl, 10 mM Na2HPO4, 1.7 mM KH2PO4, pH 7.4) containing
0.3% Triton X-100 and 5% donkey serum albumin (DSA) (Jack-
son Immunoresearch). Cells were incubated in antibodies rab-

FIGURE 3. Immunoreactivity of FasL in SH-SY5Y cells. Representative blots show the immunoreactivity of FasL and actin in lysates of A�42-treated SH-SY5Y.
Results are mean � S.E. from five independent experiments. *, p � 0.05 compared with the respective control and †, p � 0.05 for control 2 h versus control 8 h,
by one-way ANOVA followed by Newman-Keuls’ test for multiple comparisons (A). Immunofluorescent staining of FasL in A�42-treated SH-SY5Y increased
with the time incubation compared with the weak signal in the control. Photographs are representative of five experiments in duplicate. Bars: 20 �m (B).
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bit anti- pT451-PKR and goat anti-pS194-FADD (both at dilu-
tion 1:50) in PBS/1%DSA/0,3% Triton X-100 overnight at 4 °C.
Then, cells were incubated with anti-rabbit-TRITC and biotin-
ylated anti-goat (1:50) for 1 h at room temperature. FITC-
streptavidin (1:50) was added for 1 h at room temperature.

The immunofluorescence protocol for mouse brain sections
was performed as previously described (22). 4-�m sagittal sec-
tions were first incubated 2 h at room temperature with the
monoclonal mouse primary antibody to �-amyloid (4G8) at

1:100. After two washes in PBS, the A� signal was detected
using secondary Alexa-647-conjugated anti-mouse antibody at
a final dilution 1:50 (Invitrogen). After two washes in PBS, a
DAPI staining (1 �g/ml, 15 min) was performed before incuba-
tion of sections in the rabbit anti-FasL antibody (1:50) over-
night at 4 °C. The amplification of FasL signal has been per-
formed as described above for SH-SY5Y cells.
The labeled samples were examined with a spectral confocal

FV-1000 station installed on an inverted microscope IX-81

FIGURE 4. Immunoreactivity of FasL in APPSLPS1 KI mice. Panel A shows the FasL levels in 3-month-old APPSLPS1 KI mice compared with age-matched
wild-type mice. Results are the mean � S.E. of three mice in each group and expressed as arbitrary units. *, p � 0.05 compared with the wild-type group by a
Mann Whitney test. B, in sagittal brain sections of APPSLPS1 KI and wild-type mice, a triple confocal staining show that FasL was found not only around amyloid
deposits as punctate spherical clusters but also co-localized with intracellular A� in cortex compared with wild-type mouse without signal. The nuclei were
dyed blue by DAPI. These photographs are representative of three mice in both groups. Bars: 40 �m.
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(Olympus, Tokyo, Japan) with an Olympus UplanSapo �60
water, 1.2 NA, objective lens. Fluorescence signal collection,
image construction, and scaling were performed through the
control software (Fluoview FV-AS10, Olympus). Multiple fluo-
rescence signals were acquired sequentially to avoid cross-talk
between image channels. Fluorophores were excited with 405
nm line of a diode (for DAPI), 488 nm line of an argon laser (for
FITC), 543 nm line of an HeNe laser (for TRITC), and the 633
nm line of an HeNe laser (for Alexa-647). The emitted fluores-
cence were detected through spectral detection channels
between 425 and 475 nm, 500 and 530 nm, and 555 and 625 nm,
for blue, green, and red fluorescence respectively and through a
650-nm long pass filter for far red fluorescence. Images were
then merged as an RGB image.
Statistical Analysis—Results are expressed as mean � S.E.

Data for multiple variable comparisons were analyzed by a
one-way ANOVA followed by a Newman-Keuls’ test as a
post hoc test according to the statistical program GraphPad
Instat (GraphPad Software, San Diego, CA). For two groups,
a Mann Whitney test was performed. The level of signifi-
cance was p � 0.05.

RESULTS

Physical Interaction between PKR and FADD in A�42-
treated SH-SY5Y Cells—Previous studies demonstrated that
the Thr451 phosphorylated site in the PKR activation loop was
required in vivo and in vitro for high-level kinase activity (23). It
has also been reported that the phosphorylation of the Ser194

site of FADD protein is involved in activation (24) and the
nuclear localization of FADD (25). pT451-PKRandpS194-FADD
were analyzed in nuclear extracts of cells treated with 20 �M

A�42 by immunoblot. The levels of pT451-PKR were signifi-
cantly increased at 30 min, 2 h, and 4 h (157, 149, and 126%,
respectively) (Fig. 1A). Increases in pS194-FADD levels were
also detected after 30 min, 2 h, and 4 h of A�42 treatment (186,
234, and 299%, respectively) (Fig. 1A). At the same time, the
cytoplasmic levels of pT451-PKR (76, 71, and 82%, respectively)
and pS194-FADD (55, 72, and 72%, respectively) significantly
decreased as those of their total forms (see supplemental Fig.
S2), supporting the redistribution of pT451-PKR and pS194-
FADD by A�42 treatment. In these two cellular compart-
ments, total PKR and total FADD have the same profile as
their phosphorylated form due to the translocation of pT451-
PKR and pS194-FADD into the nucleus under this amyloid
stress (Fig. 1B).
A confocal staining showed an intense expression of pT451-

PKR (red channel) and pS194-FADD (green channel) in the
nuclei of A�42-treated SH-SY5Y cells (Fig. 2A). In contrast,
staining of pT451-PKR and pS194-FADD was weak and mainly
co-localized in the cytoplasmof control cells. The ability of PKR
to interact physically with FADDwas tested by co-immunopre-
cipitation (IP) assays. After 4 h of exposure of SH-SY5Y cells to
20-�M A�42, nuclear extracts were subjected to IP with the
anti-FADD antibody and immunoblot revealed a band of PKR
as in the positive control non-immunoprecipitated (Fig. 2B).
Conversely, IP with the anti-PKR antibody showed the pres-
ence of FADD (Fig. 2C). Co-IP assays of control nuclear extracts

revealed very weak signals (Fig. 2, lane 2 in B and C). No band
was observed in the negative control (Fig. 2, lane 3 in B and C).
FasL Expression in SH-SY5Y Cells Treated with A�42—FasL

expression was analyzed in lysates of SH-SY5Y cells after A�42
treatment for 2, 4, and 8 h by immunoblot. A significant
increase in FasL amount was visualized after A�42 treatment
(45, 80, and 73%, respectively) comparedwith control cells (Fig.
3A). A time-dependent increase of FasL expression was
observed in control conditions probably because of incubation
in serum-free medium, but this increase was statistically signif-
icant only for 2 h versus 8 h. Immunostaining depicted an
intense FasL cytoplasmic signal in A�42-treated cells for 2 and
4 h (Fig. 3B) compared with respective controls incubated in
serum-free medium.
FasL Levels and Physical Interaction between PKR and FADD

in APPSLPS1 KI Mice—These mice displayed a massive neuro-
nal loss as early as 6 months of age with an intense neuronal
apoptosis (9, 21). This neuronal loss distribution closely paral-
lels the strong intraneuronal A� immunostaining and intracel-
lular thioflavin-S-positive material but does not correlate with
extracellular deposits (26). Therefore, we worked only with
3-month-old mice to examine abnormalities of death receptor

FIGURE 5. Immunoreactivity of FADD and physical interaction with PKR in
cortex of APPSLPS1 KI mice. In A, blots of pS191-FADD and FADD are shown,
and the ratios of pS191-FADD/FADD are represented in the histogram. Results
are the mean � S.E. of three mice in each group and expressed as arbitrary
units. *, p � 0.05 compared with the wild-type group by a Mann Whitney test.
The blot B shows the signal of PKR after co-IP of FADD and blot C the signal of
FADD after co-IP of PKR. Similar to Fig. 2, lane 1 corresponds to the positive
control, lane 2 to the cortex of wild-type mice co-immunoprecipitated, lane 3
to the negative control with mouse (B) or rabbit (C) ChromPure IgG antibody,
and lane 4 to the cortex of APPSLPS1 KI mice co-immunoprecipitated.
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signaling before neuronal loss. Experiments were performed
with the cortex, where we showed a strong intraneuronal A�
accumulation and diffuse amyloid deposits at this age (27) and
because the cortex offers sufficientmaterial for all assays. In Fig.
4A, a large increase in FasL levels (305%) was observed in the
cortex of APPSLPS1 KI compared with wild-type mice. Immu-
nostaining revealed FasL-positive clusters of spherical-appear-
ing structures around amyloid deposits and intracellular co-
localization of FasL and A� in the cortex compared with the
wild-type cortex (Fig. 4B). Furthermore, the ratio pS191-FADD/
FADD was significantly increased (85%) as was that of pT451-
PKR (previously published, Ref. 27) (Fig. 5A). Moreover, co-IP
assays showed that PKR and FADD physically interacted in the

cortex of APPSLPS1 KI mice (Fig. 5, B and C) compared with
co-immunoprecipitated wild-type cortex where signals were
weak for PKR (Fig. 5, line 2, panel B) and absent for FADD (Fig.
5, line 2, panel C).
Effect of PKR Gene Silencing Treatment in A�42-treated

SH-SY5YCells—Under our experimental conditions, a signif-
icant inhibition of pT451-PKR levels (about 60%) was
observed in nuclear extracts of PKR siRNA-transfected cells
compared with those of cells transfected with Lit28i siRNA and
to interferinTM-transfected cells (Fig. 6A). Furthermore, the
PKR gene silencing also led to a significant and similar reduction
in pS194-FADDcomparedwith cells transfectedwith interferinTM
or negative Lit28i siRNA and treated with A�42 for 2 h (Fig.

FIGURE 6. Effects of PKR siRNA in A�42-treated cells. Representative blots show the immunoreactivity of pT451-PKR (A), pS194-FADD (B) and actin in nuclear
extracts from SH-SY5Y cells transfected either with InterferinTM or 5 nM Lit28i siRNA or 5 nM PKR siRNA for 48 h and then exposed to A�42 for 2 h. Results are
expressed as arbitrary units and are normalized compared with InterferinTM control. Results are mean � S.E. of five independent experiments. *, p � 0.05; **,
p � 0.01 compared with InterferinTM control without A�42 treatment, ‡, p � 0.05; ‡‡, p � 0.01 compared with Lit28i siRNA without A�42 treatment; †, p � 0.05
compared with Lit28i siRNA � A�42 treatment; and #, p � 0.05; ##, p � 0.01 compared with InterferinTM � A�42 treatment by one-way ANOVA followed by
Newman-Keuls’ test for multiple comparisons. In panel C, a representative confocal staining of pT451-PKR and pS194-FADD in A�42-treated SH-SY5Y for 2 h show
a robust signal in the nuclei, whereas transfection of PKR siRNA prevented pT451-PKR and pS194-FADD signals in the nuclei. Bars: 20 �m. In panel D, represen-
tative blots are shown of total PKR and total FADD and corresponding actin in cytoplasmic extracts from SH-SY5Y cells transfected either with InterferinTM or
5-nM Lit28i siRNA or 5 nM PKR siRNA for 48 h and then exposed to A�42 for 2 h.
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6B). Total forms of PKR and FADD in cytoplasmic extracts
from SH-SY5Y cells transfected with 5 nM PKR siRNA for 48 h
and exposed to A�42 for 2 h were comparable to those of cells
not treated with A�42. When SH-SY5Y cells were transfected
either with InterferinTM or 5-nM Lit28i siRNA and treated with
A�42, the total forms of PKR and FADD decreased compared
with corresponding cells not treated with A�42 (Fig. 6D).
A confocal staining showed that PKR gene silencing induced

a consistent reduction in both pT451-PKR and pS194-FADD sig-
nals in the nuclei of A�42-treated SH-SY5Y cells compared
with Lit28i siRNA-transfected cells. Few dots of pS194-
FADD were sparingly and mainly distributed in the cyto-
plasm of PKR siRNA-transfected SH-SY5Y cells and exposed
to A�42 (Fig. 6C).
The death receptor signaling pathway was related to the

cleavage of pro-caspase-8 given the active form of caspase-8
able to cleave the procaspase-3 is caspase-3. In Fig. 7, activities
of caspase-8 (A) and -3 (B) increased about 50–60% in

A�-treated cells compared with untreated cells transfected
with InterferinTM reagent alone or with Lit28i siRNA. How-
ever, PKR gene silencing significantly prevented the increase in
both caspase-3 and -8 activities.
Effect of the C16 Compound in A�-treated SH-SY5Y Cells—

The C16 compound is a specific inhibitor of the active form of
PKR (19). Our previous studies reported under the same exper-
imental conditions that 2 �M (10-fold of IC50) C16 clearly
inhibited the pT451-PKR levels in A�42-treated SH-SY5Y cells
(9). pT451-PKR and pS194-FADD were analyzed in nuclear
extracts of SH-SY5Y cells pretreated with 2 �M C16 1 h before
20-�M A�42 treatment for 4 h by immunoblot. Under these
experimental conditions, pT451-PKR expression was decreased
by 63% compared with cells preincubated with the vehicle and
treated with A�42 (Fig. 8A). In the same time, pS194-FADD
expression was reduced by 65% (Fig. 8B). Total forms of PKR
and FADD in cytoplasmic extracts of SH-SY5Y cells pretreated
with C16 and treated with A�42 were comparable to those of
corresponding cells not treated with A�42 (Fig. 8D).
A confocal staining confirmed that the C16 pretreatment

prevented the staining of pT451-PKR and pS194-FADD induced
byA�42 (Fig. 8C) comparedwith cells pretreatedwith the vehi-
cle where pT451-PKR and pS194-FADD were intensively trans-
located in nuclei. Signals of pT451-PKR and pS194-FADD were
weak and mainly cytoplasmic in control cells pretreated with
vehicle and an extinction of the pT451-PKR signal was observed
in control cells pretreated with C16. Furthermore, this specific
treatment completely prevented the activities of caspase-3 and
-8 induced by A�42 treatment, whereas the negative C16 treat-
ment showed an increase of about 50–55% as it was observed in
vehicle control (Fig. 9, A and B).

DISCUSSION

The PKR signaling pathway is largely described in AD (1, 2,
5–9). PKR is a serine-threonine kinase that phosphorylates the
eIF2� factor, in response to various stress signals such as virus
infection, pro-inflammatory stimuli, growth factors, and oxida-
tive stress. Besides the down-regulation of translation, PKR can
also induce apoptosis by affecting several signaling pathways
(28). Indeed, many studies performed in virus-infected cells
reported that PKR regulates p53 (29), nuclear factor-�B (NF-
�B) (30), mitogen-activated protein kinases (MAPK) (31),
FADD/caspase-8 (12, 32), signal transducers and activators of
transcription (STAT) (33), and activating transcription factor 3
(ATF-3) (34). Interestingly, amyloid peptide excessively pro-
duced in AD, also induced activation of apoptotic signal trans-
ducers such as FADD/caspase-8 (35). Furthermore, many post-
mortem studies showed the FADD-linked death receptor
signaling pathway in the physiopathology of AD (15–17). How-
ever, the mechanism of control of the FADD/caspase-8 path-
way by PKR is unknown in AD.
Here, we showed an intense nuclear translocation of pT451-

PKR in A�42-treated SH-SY5Y cells as described in APPSLPS1
KImouse brains and inADpatients (6, 9), whichwas associated
with a clear nuclear translocation of pS194-FADD. PKR con-
tains nuclear localization signals (NLS), (36, 37). However, the
role of PKR in the nucleus is not clearly understood. FADD is a
well-known adaptor of two death receptors, Fas and tumor

FIGURE 7. Prevention of caspase-8 and -3 activities by PKR siRNA in A�42-
treated SH-SY5Y cells. Histograms show activities of caspase-8 (A) and -3 (B)
after transfection of SH-SY5Y cells with either InterferinTM or Lit28i siRNA or
PKR siRNA and A�42 treatment for 2 h. The addition of the specific lumino-
genic substrate of caspase-3 and -8 generated a luminescent signal reading
by the luminometer. Under each condition and each experiment, the activity
of caspase-8 and -3 obtained in the presence of A� was compared with that
obtained without A�. Results represent the mean � S.E. of five independent
experiments in triplicate. Statistical analysis using a one-way ANOVA fol-
lowed by the Newman-Keuls’ test revealed significant results. *, p � 0.05; **,
p � 0.01; and †, p � 0.05; ††, p � 0.01 compared with InterferinTM- and Lit28i
siRNA-transfected SH-SY5Y cells, respectively.
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necrosis factor receptor-1 (TNFR-1), able to recruit and acti-
vate caspase-8 through its death-effector domain (DED). Fur-
thermore, the authors showed NLS and nuclear export signals
(NES) in the DED of the protein, suggesting the shuttle of
FADD between nucleus and cytoplasm (38). Our results
showed that PKR and FADD physically interacted in the nuclei
of SH-SY5Y cells exposed to A�42, which was in three confor-
mational states (monomers, oligomers, and fibrils) under our
experimental conditions (see supplemental Fig. S1). It is diffi-
cult to say which A�42 state is more responsible for this PKR-
FADD interaction, but after 4 h of exposure to A�42 there were
more oligomers and a higher density of A�42 fibrils than after a
30-min incubation. Parallel to this interaction, there was a sig-
nificant time-dependent increase in FasL levels in A�42-
treated SH-SY5Y cells. FasL exhibits strong cytotoxic activity

against Fas-expressing cells and is a potent activator of Fas-
mediated cell death (39). The up-regulation of FasL induced by
A�42 was in accordance with other A� neurotoxicity models
(15). Further, the authors showed that FasL expression was
remarkably elevated in senile plaques and neurofilament-posi-
tive dystrophic neurites and in associationwith active caspase-8
in the AD brain (15, 17). Our in vitro results were confirmed in
the cortex of APPSLPS1 KI transgenic mice where FasL expres-
sion and FADD activation were 4-fold and 2-fold higher than
those in wild-type mice, respectively. The strong FasL labeling
was in clustered spherical structures and in a distribution con-
sistent with amyloid deposits as it was shown in AD brains (15).
This increase of FasL was observed at 3 months of age before
the massive neuronal loss described in APPSLPS1 KI mice.
Thus, both the early FasL production and its localization

FIGURE 8. Effects of a specific inhibitor of PKR in A�42-treated cells. Representative blots show the immunoreactivity of pT451-PKR (A), pS194-FADD (B), and
actin in nuclear extracts from SH-SY5Y cells pretreated with 2 �M C16 and exposed to A�42 for 4 h. The results are expressed as arbitrary units and are
normalized compared with the DMSO control. Results are the mean � S.E. of five independent experiments in duplicate. *, p � 0.05; **, p � 0.01 compared with
control; and †, p � 0.05; ††, p � 0.01 compared with cells incubated with DMSO � A�42 by one-way ANOVA followed by Newman-Keuls’ test for multiple
comparisons. In panel C, a representative confocal staining in A�42-treated SH-SY5Y show that 2 �M C16 prevented nuclear pT451-PKR and pS194-FADD signals.
Bars: 20 �m. In panel D, representative blots of total PKR and total FADD and corresponding actin in cytoplasmic extracts from SH-SY5Y cells pretreated with
2 �M of C16 and exposed to A�42 for 4 h are shown.
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around diffuse amyloid deposits support the hypothesis that
neuronal degeneration may be initiated in dystrophic neurons,
possibly contributing to the loss of synapse-associated proteins
in AD and/or retrogradely inducing the soma to degenerate.
Previously, we also showed the activation of PKR in the cor-

tex of APPSLPS1KI associatedwith apoptotic neurons (9). As in
A�42-treated SH-SY5Y cells, PKR and FADD physically inter-
acted in cortex of APPSLPS1 KI, strengthening the involvement
of PKR/FADD signaling in the initiation of the neuronal death
in AD. Indeed, this interaction was depicted at 3months of age,
where no neuronal loss was observed in these transgenic mice.
However, APPSLPS1 KI mice displayed a strong intraneuronal
A� immunostaining with diffuse amyloid deposits (21, 27, 40),
suggesting the role of the intraneuronalA� in the stimulation of
the PKR/FADD signaling pathway.
By interacting with FADD, PKR could phosphorylate it to

induce apoptosis. Both PKR gene silencing and a specific phar-
macological inhibitory treatment significantly reduced not only

the nuclear translocation of phosphorylated forms of PKR and
FADD but also rescued SH-SY5Y cells from the active forms of
caspase-3 and -8 induced by theA�42 treatment. Other reports
demonstrated that primary cultured neurons from PKR knock-
out mice were less sensitive to A�42 neurotoxicity than those
from wild-type mice (2) and that SH-SY5Y cells overexpressed
a dominant-negative FADDconstruct (13) or neuronal cultures
from mice carrying mutations in Fas or in FasL (15) exhibited
protection from A�42 neurotoxicity. This study demonstrates
for the first time the role of PKR in the death receptor signaling
inAD as it was described in the host defense against virus infec-
tion (12, 32). The inhibition of PKR can trigger two neuropro-
tective benefits: first, the blockade of the extrinsic apoptotic
pathway involving the FADD/caspase-8 pathway and second,
its own activation by the inhibition of caspase-3, whichwas also
activated by the mitochondrial dysfunction in AD (41). The
caspase-3 inhibition could prevent the cleavage of PKR by
caspase-3 and thus reduce active PKRN-terminal andC-termi-
nal fragments playing a role in the activation of intact PKR (2, 5,
42). Both treatments investigated in our study are consistent
with this last hypothesis, because the PKR siRNA transfection
reduced by only one-third total PKR expression leading to a
60% inhibition of the nuclear A�42-induced pT451-PKR levels
and to a total inhibition of caspase-3 activity. The C16 treat-
ment blocking the kinase domain of PKR also decreased to the
same order the levels of pT451-PKR and completely prevented
caspase-3 activity. The maintenance of the PKR activation by
the PKR fragments generated by caspase-3 would be highly
attenuated. Besides, PKR can be activated by PKR-associated
activator (PACT) in human or RAX in mouse (43, 44). How-
ever, no data were reported about the link between these PKR
activators andmembrane signal transduction. It is of interest to
better understand factors involved betweenA� production and
the PKRactivation. In addition to the prevention of cytoplasmic
apoptotic factors, the PKR inhibition could knockdown not
only nuclear PKR-induced apoptotic signal transducers (p53,
NF-�B, MAPK) but also the apoptotic role of FADD in the
nucleus. Indeed, the nuclear localization of pS194-FADD could
be away to induce apoptosis through its interactionwithMBD4
(14) or with DED containing DNA-binding protein shutting off
some nucleolar functions as the RNA polymerase I and II tran-
scription (45, 46). Nevertheless, further studies are needed to
determine themechanistic basis of the presence of FADD in the
nucleus in the physiopathology of AD.
In conclusion, these experiments demonstrate that PKR can

control not only the FADD/caspase-8 signaling pathway but
also the nuclear apoptotic role of phosphorylated FADD in A�
neurotoxicity. Furthermore, this study underlines the neuro-
protective effects of PKR inhibitory treatment in the A�-in-
duced apoptosis. Other studies showed that the down-regula-
tion of PKR also prevented other apoptotic targets such as p53
(29), NF-�B (30), MAPK (31), STAT (33), and ATF-3 (34).
Some of these targets were also induced by the amyloid peptide
that is excessively produced in AD (35, 47–51). Thus, it is nec-
essary to start chronic treatment blocking active PKR in AD
transgenic mice, because PKR controls many apoptotic signal
transduction pathways described in AD, a serious problem in
public health.

FIGURE 9. Prevention of caspase-8 and -3 activities by C16 in A�42-
treated SH-SY5Y cells. Histograms show activities of caspase- 8 (A) and -3 (B)
after pretreatment of SH-SY5Y cells either with vehicle (2% DMSO) or 2 �M

positive PKR inhibitor [(�)C16] or 2 �M negative PKR inhibitor [(�)C16] and
treatment of cells with A�42 for 4 h. n, each condition and each experiment,
the activity of caspase-8 and -3 obtained in the presence of A� was compared
with that obtained without A�. Results represent the mean � S.E. of five
independent experiments in triplicate. Statistical analysis using a one-way
ANOVA followed by the Newman-Keuls test revealed significative results; **,
p � 0.01; ***, p � 0.001; and ††, p � 0.01; †††, p � 0.001 compared with
vehicle and (�)C16 SH-SY5Y cells, respectively.
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