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Transmissible spongiform encephalopathies are fatal neurodegen-
erative diseases caused by the conversion of prion protein (PrPC)
into an infectious isoform (PrPSc). How this event leads to pathol-
ogy is not fully understood. Here we demonstrate that protein
synthesis in neurons is enhanced via PrPC interaction with stress-
inducible protein 1 (STI1). We also show that neuroprotection and
neuritogenesis mediated by PrPC–STI1 engagement are dependent
upon the increased protein synthesis mediated by PI3K-mTOR sig-
naling. Strikingly, the translational stimulation mediated by PrPC–
STI1 binding is corrupted in neuronal cell lines persistently infected
with PrPSc, as well as in primary cultured hippocampal neurons
acutely exposed to PrPSc. Consistent with this, high levels of eukary-
otic translation initiation factor 2α (eIF2α) phosphorylation were
found in PrPSc-infected cells and in neurons acutely exposed to PrPSc.
These data indicate that modulation of protein synthesis is critical
for PrPC–STI1 neurotrophic functions, and point to the impairment
of this process during PrPSc infection as a possible contributor to
neurodegeneration.

prion scrapie | neuritogenesis | neuroprotection | translation initiation |
neurotrophic factors

Prion protein (PrPC) is a major component in the physiopa-
thology of transmissible spongiform encephalopathies. PrPC

can be converted to an infectious isoform (PrPSc), the accumu-
lation of which eventually leads to neurodegeneration (1). Cur-
rent debate has focused on whether the toxic PrPSc aggregates
themselves are the cause of neuronal cell death, or whether
modifications in PrPC structure lead to the loss of its functions
explaining the pathogenesis of these diseases (1, 2).
PrPC has been shown to mediate neuroprotection against cel-

lular and systemic insults, neuritogenesis, neuronal plasticity and
excitability, and memory formation and consolidation (2). Al-
though posttranslational modifications can modulate short-term
neuronal plasticity, long-term plastic changes and memory con-
solidation require de novo protein synthesis. Control of protein
synthesis by neurotrophic factors is involved both in neuronal
development, for example in growth cone guidance, and in ner-
vous system function, as part of processes such as long-lasting
synaptic plasticity (3, 4). Despite their mutual involvement in
multiple neuronal processes, the link between PrPC and protein
synthesis has not been addressed.
The rate of translation is primarily regulated at the initiation

phase, which involves the association of the small ribosomal subunit
with the mRNA and the scanning of the message for the initiator
AUG codon. Among the targets of translational control is the as-
sembly, on the mRNA 5′ cap structure, of the eIF4F complex,
comprising the cap-binding protein eIF4E, the helicase eIF4A and
the scaffold protein eIF4G (5). The latter then mediates the re-
cruitment of the 43S preinitiation complex, composed of the 40S
subunit, the ternary complex eIF2–GTP-initiator tRNA, and other
initiation factors. eIF4E-binding proteins (4E-BPs) act as negative
regulators of translation by sequestering eIF4E thus hampering

the formation of eIF4F. Phosphorylation of 4E-BPs leads to their
dissociation from eIF4E, thus increasing the rate of translation (5,
6). 4E-BPs are directly phosphorylated by the mammalian target of
rapamycin complex 1 (mTORC1), which is activated in response to
extracellular stimuli through, for example, the phosphoinositide 3-
kinase (PI3K)–Akt signaling pathway (6). mTORC1 also targets
the p70S6 kinase (p70S6K), which activates the ribosomal pro-
tein S6 (7) and initiation factors either directly, such as eIF4B
(8), or indirectly, such as eIF4A (9), correlating with increased
protein synthesis in neurons (10, 11). Another regulatory step of
translation initiation involves the phosphorylation of the alpha
subunit of eukaryotic translation initiation factor 2 (eIF2α),
resulting in translation inhibition by blocking the activity of the
guanine nucleotide exchange factor eIF2B (5). These regulatory
pathways have previously been implicated in nervous system de-
velopment and brain functions (6). For example, animals devoid of
4E-BP2 or the eIF2α kinase GCN2 exhibit a lower threshold for
late long-term potentiation induction and impaired hippocampus-
dependent memory (12, 13).
Many of the neurotrophic functions of PrPC have been attrib-

uted to its ability to bind and/or modulate the activity of several
ligands (14). In particular, PrPC binding to the astrocyte-secreted
stress-inducible protein 1 (STI1) (15) induces neuronal survival,
neuritogenesis, and memory formation and consolidation (16, 17).
Here we show that STI1 increases PrPC-dependent neuronal pro-
tein synthesis via the PI3K–Akt–mTOR and ERK1/2 pathways,
and that this process is essential to the neurotrophic activities of
PrPC. Finally, we demonstrate that protein synthesis is partially
impaired in PrPSc-infected cells, correlating with increased eIF2α
phosphorylation. Our results suggest that the PrPC–STI1 inter-
action modulates the pool of cellular proteins needed for proper
neuronal function, and that prion infectionmay corrupt PrPC–STI1
functions dependent on new protein synthesis, as well as cellular
responses to other neurotrophic factors.

Results
PrPC Interaction with STI1 Up-Regulates Neuronal Protein Synthesis.
To address whether PrPC association with STI1 directly regulates
protein synthesis, hippocampal neurons were metabolically la-
beled with [35S]-methionine. WT neurons (Prnp+/+) exhibited
a dose-dependent increase in protein synthesis upon STI1 treat-
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ment. PrPC-null neurons (Prnp0/0, Fig. 1A) did not present any
response to STI1, whereas protein synthesis induced by BDNF
was equivalent in both cell types, indicating that STI1 signaling is
dependent on PrPC and that PrPC-null cells can respond with
increased protein synthesis to other neurotrophic stimuli (Fig.
1A). The effect of PrPC

–STI1 on translation initiation levels was
then evaluated by polysome profile analysis (Fig. 1B). Untreated
neurons show a polysomes/monosome ratio of 1.4, whereas neu-
rons treated with STI1 showed a polysomes/monosome ratio of
2.9, reflecting a reduction in the amount of free ribosomes and
a concomitant increase in the number of actively translating
ribosomes. The requirement of STI1-PrPC interaction for protein
synthesis was further confirmed by the positive effect of treatment
with the STI1 peptide that comprises the PrPC-binding site (Pep
STI1230–245), whereas an STI1 peptide from a different region
(PepSTI161–76), used as a control, had no effect (Fig. 1C). In
addition, no alteration in protein synthesis was observed in the
presence of an STI1 deletion mutant lacking the PrPC-binding site
(Δ, Fig. 1C). These results suggest that PrPC

–STI1 interaction
stimulates translation initiation increasing protein synthesis.
The STI1-induced increase in protein synthesis was also ob-

served in synaptosomes, suggesting that STI1 may also affect local
translation at synapses, and indicates that STI1 increases the trans-
lation of preformed mRNAs (Fig. 1D).

PI3K–mTOR and ERK1/2 Pathways Mediate Protein Synthesis Stimulation by
PrPC–STI1 Binding. To study the signaling pathways activated by the
PrPC

–STI1 interaction leading to increased protein synthesis,
hippocampal neurons were pretreated with a set of specific
inhibitors and labeled with [35S]-methionine in the presence of
STI1 (Fig. 1E). LY294002, rapamycin, and PD98059, which are
inhibitors of PI3K, mTORC1, and ERK1/2, respectively, abol-
ished STI1-induced protein synthesis. On the other hand, addition

of actinomycin D did not alter the increase in [35S]-methionine
incorporation mediated by PrPC

–STI1, demonstrating that this
effect was independent of transcription (Fig. 1E).
We next evaluated the phosphorylation of the immediate down-

stream targets in the PI3K–Akt–mTOR pathway in response to
PrPC–STI1. STI1 treatment promoted rapid phosphorylation of
Akt, peaking at 1 min in WT cells, whereas no effect was observed
in PrPC-null cells (Fig. 2A). Consistent with mTOR activation,
a peak of p70S6K phosphorylation was observed in WT neu-
rons after 10–15 min of STI1 treatment. However, no increase in
p70S6K phosphorylation was observed in PrPC-null cells or in WT
neurons treated with the STI1 deletion mutant (Δ, Fig. 2B). Con-
firming these results, preincubation with LY294002 or rapamycin
abolished p70S6K phosphorylation stimulated by PrPC–STI1 in-
teraction (Fig. 2B). PrPC-null neurons responded with p70S6K
phosphorylation upon BDNF stimulation, demonstrating that this
pathway is not compromised in these cells (Fig. S1A). Other tar-
gets of mTORC1 are the three members of the 4E-BPs family
(4E-BP1, 4E-BP2, and 4E-BP3) (5). Hippocampal neurons express
low levels of 4E-BP1 compared with astrocytes, whereas 4E-BP2
was highly expressed in neurons (12) (Fig. S1B). To detect neuronal
4E-BP2 phosphorylation, we used an antibody directed against
4E-BP1 phosphorylated at T37/46, which cross-reacts with 4E-BP2
when phosphorylated at the equivalent sites. 4E-BP1 and 4E-BP2
can be distinguished based on their different migration when sub-
jected to 12% SDS/PAGE. Stimulation with STI1 for 30 min did
not affect 4E-BP2 expression (Fig. S1C). However, STI1 treatment
resulted in an increase in 4E-BP2 phosphorylation in WT neurons,
but not in PrPC-null neurons (Fig. 2C).
We have previously determined that the PrPC

–STI1 interac-
tion triggers ERK1/2 activation (17). The translation initiation
factor eIF4E is directly phosphorylated at S209 by the MAPK
interacting kinases (Mnk1 and Mnk2) (18). Hippocampal neu-

Fig. 1. STI1–PrPC interaction enhances protein synthesis in a PI3K-mTOR and ERK1/2 dependent manner. (A) Prnp+/+ (open bars) or Prnp0/0 (filled bars)
neurons were incubated with [35S]-methionine, followed by stimulation with STI1 or 100 ng/mL BDNF for 30 min. Graph shows percentage of increase of [35S]-
methionine incorporation relative to control cells. (B) Polysome profiles from neurons without treatment (control, Left) or treated with 2.4 μM STI1 for 30 min
(Right). (C) Neurons were incubated with 2.4 μM STI1, 80 μM PepSTI1230–245, 80μM PepSTI161–76, or 2.4 μM STI1Δ(Δ). Graph shows percentage change of [35S]-
methionine incorporation relative to control cells. (D) Synaptosomes were treated with 2.4 μM STI1 for 30 min. Graph shows percentage of increase of [35S]-
methionine incorporation relative to control. (E) Neurons were preincubated with Ly294002 (5 μM, Ly), rapamycin (20 nM, Rapa), PD98059 (50 μM, PD), or
Actinomycin D (1.5 μM, ActD) for 15 min before addition of 2.4 μM STI1. Graph shows percentage of increase of [35S]-methionine incorporation relative to
untreated cells. (A, C, and E) *P < 0.05, ANOVA followed by Tukey post hoc test. (D) *P < 0.05, Student t test.
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rons from WT mice showed a peak of eIF4E phosphorylation
after 10–15 min of STI1 treatment, whereas no effect was ob-
served in PrPC-null neurons (Fig. 2D).
These data, taken together, indicate that PrPC–STI1 interaction

promotes protein synthesis and mTORC1 activity, correlating with
increased Akt, p70S6K, and 4E-BP2 phosphorylation.

Neuritogenesis and Neuroprotection Induced by PrPC–STI1 Are Mediated
by the PI3K–mTOR Pathway. The PI3K–mTOR pathway is impor-
tant for neuronal processes such as those elicited by neurotrophic
factors (19). In WT hippocampal neurons, PrPC–STI1 binding
modulates neuritogenesis by increasing the number of cells with
neurites, as well as the number of cells with neurites longer than
30 μm (Fig. 3 A–D and Fig. S2), whereas the neurite length and
the number of neurites per cell remained unchanged (Fig. S3A–
D). Pretreatment of neurons with LY294002 (Fig. 3 A and B
and Fig. S2) or rapamycin (Fig. 3 C and D and Fig. S2) abrogated
PrPC–STI1–dependent neuritogenic effects, demonstrating the
involvement of the PI3K–mTOR pathway in these phenotypes.
Neither STI1 nor the inhibitors had any effect on PrPC-null neu-
rons (Fig. S3 E–H).
PrPC–STI1 interaction also results in neuroprotection against

cell death induced by staurosporine (17). Here we show that
neuroprotection was also impaired when neuronal cultures were
exposed to LY294002 or rapamycin before STI1 treatment (Fig.
3E). Only conditions in which the treatments with inhibitors alone
did not increase cell death were used. These results suggest that
both neuritogenesis and neuroprotection induced by PrPC–STI1
binding use the PI3K-mTOR pathway, and that protein synthesis
is a key step for PrPC–STI1–induced neurotrophic effects.

Protein Synthesis Is Corrupted in PrPSc-Infected Cells. The N2a and
SN-56 neuronal cell lines persistently infected with the 22L PrPSc

strain were used to determine whether PrPSc infection alters
protein synthesis. Before use in the experiments, all N2a and SN-

56 cells were checked for the presence of proteinase K (PK)–
resistant PrPSc. Persistently infected N2a cells were [35S]-methi-
onine labeled in the presence or absence of recombinant STI1.
Protein synthesis in unstimulated 22L-infected cells was reduced
by 36.0 ± 0.7% when compared with mock-infected cells (Fig.
4A), indicating that PrPSc infection reduced levels of translation.
Mock-infected cells responded with an increase in protein syn-
thesis upon STI1 (36.4 ± 2.0%) or insulin (36.9 ± 8.7%) treat-
ment. In 22L-infected cells, we observed a small response to STI1
and insulin, which was not statistically significantly different from
untreated 22L-infected cells (Fig. 4A). The same response was
observed in persistently 22L-infected SN-56 cells, in which there
is a reduction to 51.2 ± 2.0% in comparison with mock-infected
cells. The 22L-infected cells also did not demonstrate significant
induction in protein synthesis by STI1 or insulin (Fig. 4B).
To understand how primary cultures respond to PrPSc expo-

sure, we incubated hippocampal neurons with mock-infected
or 22L-infected brain extracts. Three days after exposure, we
observed neurons that exhibited guanidinium-resistant PrPSc

deposits (Fig. S4A). These 22L-exposed neurons were also pos-
itive for PK-resistant PrPSc molecules (Fig. S4B). 22L-exposed
neurons showed a 30 ± 2% reduction in protein synthesis com-
pared with unstimulated mock-infected neurons (Fig. 4C). Similar
to what has been observed for N2a-infected cells, primary cultures
exposed to 22L brain extract presented a small and nonstatistically
significant response to STI1 and insulin when comparedwithmock-
infected cells (Fig. 4C). Taken together, these data indicate that
PrPSc infection leads to a reduction of protein synthesis and to an
impaired response to the factors tested here.

PrPSc Infection Increases the Phosphorylation of eIF2α. PrPSc infection
has previously been associated with ER stress (20). The hallmark
of ER stress is the activation of PKR-like endoplasmic reticulum
kinase (PERK), resulting in eIF2α phosphorylation, which in turn
inhibits global protein synthesis. Another eIF2α kinase, double-

Fig. 2. STI1–PrPC interaction induces phosphorylation of Akt, p70S6K, 4E-BP2, and eIF4E. Prnp+/+ (open bars) or Prnp0/0 (filled bars) neurons were treated with
2.4 μM STI1 or STI1Δ(Δ) for the indicated times. Western blots were performed for (A) phospho-Akt and total-Akt, (B) phospho-p70S6K and actin, (C)
phospho-4E-BP1 and actin, and (D) phospho-eIF4E and actin. All values are expressed relative to control. Where indicated, cells were preincubated for 1 h with
Ly294002 (5 μM, Ly) or rapamycin (20 nM, Rapa). *P < 0.05, ANOVA followed by Tukey post hoc test.

Roffé et al. PNAS | July 20, 2010 | vol. 107 | no. 29 | 13149

N
EU

RO
SC

IE
N
CE

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1000784107/-/DCSupplemental/pnas.201000784SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1000784107/-/DCSupplemental/pnas.201000784SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1000784107/-/DCSupplemental/pnas.201000784SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1000784107/-/DCSupplemental/pnas.201000784SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1000784107/-/DCSupplemental/pnas.201000784SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1000784107/-/DCSupplemental/pnas.201000784SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1000784107/-/DCSupplemental/pnas.201000784SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1000784107/-/DCSupplemental/pnas.201000784SI.pdf?targetid=nameddest=SF4


stranded RNA-activated protein kinase (PKR), typically activated
by dsRNA, can also be activated by Rax/PACT in response to
several cellular stresses (21). In N2a cells infected with PrPSc,
eIF2α phosphorylation levels were 2.5 ± 0.4 times higher than in
mock-infected cells (Fig. 5A). This phosphorylation remained high
even after STI1 treatment (Fig. 5A). Tunicamycin, an ER stress
inducer, increased the levels of eIF2α phosphorylation in mock-
infected cells, but not in PrPSc-infected cells (Fig. 5A), consistent
with a prior establishment of ER stress. We also observed in-
creased levels of phosphorylated PKR, indicative of PKR activa-

tion (Fig. 5B). 22L-infected SN-56 cells also displayed increased
eIF2α phosphorylation (Fig. 5C). Because PrPC ligands such as
the 37-kDa laminin receptor have been demonstrated to in-
fluence PrPSc conversion (22), we checked whether STI1 could
alter PrPSc amounts. Levels of PK-resistant PrPSc were not af-
fected by STI1 or PepSTI1230–245 treatment (Fig. S5).
In primary neurons acutely exposed to PrPSc-infected brain

extract, we also observed increased levels of eIF2α phosphoryla-
tion (Fig. 5D). Together, these results indicate that the elevated
levels of eIF2α phosphorylation in PrPSc-infected cells could be
a major contributor for the reduced rates of protein synthesis in
these cells and their failure to respond to STI1 and insulin.

Discussion
This work is unique in describing the involvement of prion protein
in the control of protein synthesis in both physiological and path-
ological conditions. Our results show that the PrPC–STI1 in-
teraction activates protein synthesis through the PI3K–Akt–mTOR
and ERK1/2 pathways.
The mTOR pathway is essential for the response to neurotro-

phic factors, protection against cell death, neuronal plasticity,

Fig. 3. PrPC–STI1–induced neuritogenesis and neuroprotection is dependent
on PI3K and mTOR signaling. Neurons were cultured with 0.6 μM STI1 and
Ly294002 (A and B) or STI1 and rapamycin (C and D) for 24 h. Morphometric
quantification of the following parameters was performed: percentage of
cells with neurites (A and C), percentage of cells with neurites longer than
30 μm (B and D). (E) Neurons were cultured with 1.2 μM STI1 and Ly294002 or
rapamycin for 1 h, followed by addition of 25 nM staurosporine. After 24 h,
cells were fixed and stained with propidium iodide. Graph shows the per-
centage of pyknotic cells. *P < 0.05, ANOVA followed by Tukey post hoc test.

Fig. 4. Protein synthesis is partially impaired in PrPSc-infected cells. Mock
(open bars) or 22L persistently infected (filled bars) N2a (A) or SN-56 (B)
cells were preincubated with [35S]-methionine, followed by 2.4 μM STI1 or
5 μg/mL insulin stimulation for 30 min. Graph shows the percentage of [35S]-
methionine incorporation relative to mock-infected cells. (C) Primary neu-
rons exposed to mock (open bars) or 22L-infected (filled bars) brain extracts
were preincubated with [35S]-methionine, followed by 2.4 μM STI1 or 5 μg/mL
insulin for 30 min. Graph shows percentage of [35S]-methionine incorporation
relative to untreated, mock-infected cells. *P < 0.05, ANOVA followed by
Tukey post hoc test.

Fig. 5. PrPSc infection leads to eIF2α phosphorylation. Mock-infected (open
bars) or 22L-infected N2a (filled bars) were treated with 2.4 μM STI1 or
2.5 μg/mL tunicamycin (Tu) for 1 h. Western blots were performed for anti-
phosphorylated and total eIF2α (A), phospho-PKR and actin (B). Graphs show
levels of phospho-eIF2α (A) or phospho-PKR (B) relative to control. (C) Mock-
infected (open bars) or 22L–persistently infected SN-56 cells (filled bars) were
subjected to Western blot with antiphosphorylated or total eIF2α. Graph
shows levels of phospho-eIF2α relative to control. (D) Hippocampal neurons
were exposed to mock (open bars) or 22L-infected brain extract (filled bars)
and subjected to Western blot with antiphosphorylated or total eIF2α. Graph
shows levels of phospho-eIF2α relative to control. (A) *P < 0.05, ANOVA
followed by Tukey post hoc test. (B–D) *P < 0.05, Student t test.
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and memory consolidation (19). 4E-BPs, when phosphorylated
by mTORC1, release eIF4E, allowing its association with eIF4G,
thus directly de-repressing translation initiation (5). Importantly,
4E-BPs have been implicated in memory consolidation (12)
and growth cone guidance (23). Phosphorylation of another
mTORC1 target, p70S6K, has been correlated with increased
translation in a variety of experimental models (7). Even though
the mechanism of action is still under discussion, it is known that
p70S6K has multiple targets among the translational machinery,
such as the ribosomal protein S6, eIF4B, and eEF2 kinase (6)
(Fig. S6). Consistent with the increased translation rates induced
by STI1 observed by methionine incorporation and polysome
profiles, we found that these two direct targets of mTOR, 4E-BP2
and p70S6K, were phosphorylated in response to PrPC

–STI1
binding. We also show that eIF4E phosphorylation is stimulated
by PrPC

–STI1 engagement, possibly as a result of the activation
of the ERK1/2 pathway and its downstream effectors Mnk1 and
Mnk2 (18) (Fig. S6). Even though a direct effect of p70S6K and
eIF4E on general protein synthesis is not clear, their phosphor-
ylation is intimately associated with neuronal stimuli that increase
protein synthesis, and it is possible that these events may favor the
translation of a specific subset of mRNAs related to neuronal
survival and differentiation. In fact, recent work has demonstrated
that p70S6K up-regulates the translation of collapsing response
mediator protein 2 and Tau in axons, inducing the formation of
multiple axons (24), and that eIF4E phosphorylation increases
mRNA translation of the antiapoptotic protein MCL-1 (25).
It is interesting that PI3K-mTOR and ERK1/2 pathways cross-

talk. ERK1/2 was shown to activate translation through 90 kDa
ribosomal S6 kinase 1 (RSK1). RSK1 phosphorylates and inac-
tivates tuberous sclerosis 2, thereby promoting mTOR signaling
and translation (26). Furthermore, RSK1 directly phosphorylates
eIF4B to promote cap-dependent translation (27). By binding to
PrPC, STI1 stimulates both ERK1/2 and PI3K and induces
protein synthesis. Because the inhibitors of both pathways almost
completely blocked protein synthesis induced by STI1, we be-
lieve that the most important STI1 effects arise from the cross-
talk between PI3K and ERK1/2 pathways (Fig. S6).
Our data also suggest that an increase in protein synthesis is a

key step in PrPC–STI1–dependent neuronal differentiation. PrPC

is located in lipid rafts (2), and activated Akt targeted to these
structures mediates axonal branching via mTOR (28), implying
that the STI1–PrPC induction of mTOR activation may occur in
lipid rafts. The present data also point to a dependence on PI3K-
mTOR activation by PrPC–STI1 for neuroprotection. Neuropro-
tection may involve the translation of a different subset of proteins
in a PI3K and mTOR-dependent manner, such as Engrailed (a
transcription factor essential to dopaminergic neuron survival) (29)
or the antiapoptotic protein B-cell CLL/lymphoma 2 (Bcl-2) (30).
Protein kinase A (PKA) is essential to the neuroprotective func-
tions of PrPC–STI1 (17). PKA and mTOR pathways can also co-
operate to promote survival. For example, the transcription factor
CREB, which is directly activated by PKA, promotes Bcl-2 tran-
scription, mediating the antiapoptotic effects of cAMP (31). In-
terestingly, the p85 subunit of PI3K is phosphorylated by PKA
both in vitro and in vivo, which increases PI3K activity (32).
There is increasing evidence supporting the notion that fine

tuningof neuronal translation, such as that elicited by neurotrophic
factors in synapses, underlies many neuronal processes (33, 34).
Major components of the protein synthesis machinery are found in
axons, dendrites, and dendritic spines, and localized regulation of
translation has been implicated in long-termpotentiation and long-
term depression (35). It has been demonstrated that β-actin (23)
and even CREB (36) mRNAs, are specifically translated at the
growth cones. The fact that STI1 stimulates protein synthesis in
synaptosomes suggests that PrPC–STI1modulates local translation,
consistent with roles in memory consolidation and synaptic plas-
ticity. Interestingly, PrPC KO animals have been demonstrated to

have higher sensitivity to different agents that cause neuronal in-
jury (2, 14), including hypoxia (37), and an important part of the
hypoxia response is mediated through the mTOR pathway (38).
The present data demonstrate that protein synthesis is partially

inhibited inPrPSc-infected neurons. eIF2α phosphorylation is known
to repress translation at the initiation stage (5). Consistent with this,
we found higher levels of phosphorylated eIF2α in PrPSc-infected
cells and in neurons acutely exposed to brain extracts from PrPSc-
infected mice, used here to mimic the microenvironment that a
neuron would be exposed during infection. This would indicate that
eIF2α phosphorylation is one of the first cellular signs of the disease.
The fact that the response to insulin, as well as to STI1, was com-
promised in these cells suggests that by blocking protein synthesis,
PrPSc infection may impair the general and/or local mRNA trans-
lation activated by neurotrophic signals. We could not exclude a
failure in PI3K-mTOR and ERK1/2 pathway activation due to the
conversion of PrPC into PrPSc, which could contribute to the im-
pairment in protein synthesis.
Weobserved that oneof the eIF2kinases, PKR, is phosphorylated

and thusactive, in infectedcells.Expressionof cytosolicPrPChasalso
been shown to activate PKR (39), and neuronal immunostaining for
activated PKR has been found in cases of Creuztfeldt-Jakob disease
(40). Interestingly, phosphorylated PKR is also a marker for cogni-
tive decline in individuals with Alzheimer’s disease (41) and, in cul-
tured neurons, PKR activation and eIF2α phosphorylation play
a role in the induction of apoptosis by β-amyloid peptides (42).
In conclusion, we have demonstrated an important function for

PrPC in regulating protein synthesis in neurons upon binding to the
neurotrophic-like factor STI1. We showed that protein synthesis
stimulation by STI1 and other neurotrophic factors is impaired
in PrPSc-infected cells. The impaired response of PrPSc-infected
neurons, because of alterations either on normal PrPC or on the
downstream cellular signaling, may lead to compromised neuronal
functions found in transmissible spongiform encephalopathies.Our
results suggest that therapeutic strategies directed to relieve the
inhibition of protein synthesis promoted by eIF2α phosphorylation
and/or to stimulate mTOR/ERK1/2 pathways would be a valuable
approach for prion and other neurodegenerative diseases.

Methods
Proteins, Peptides, Inhibitors, and Antibodies.Murine His6-STI1 (STI1) and His6-
STI1(Δ) with the PrPC binding site deleted (amino acids 230–245), were pu-
rified as described (17). Peptides corresponding to the murine STI1 amino
acid sequence were as follows: 230-ELGNDAYKKKDFDKAL-245 (PepSTI230–245)
and 61-GCKTVDLKPDWGKGYS-76 (PepSTI61–76) (Neosystem and Genescript).
Inhibitors were as follows: PD98059, LY294002, staurosporine (all from Cal-
biochem), and rapamycin (Sigma). Antibodies were the following: rabbit
anti–phospho-T421/S424-p70S6K, rabbit anti–phospho-S209-eIF4E, rabbit anti–
phospho-T308-Akt, rabbit anti–phospho-T37/46–4E-BP1, and rabbit anti–4E-
BP2 (all from Cell Signaling Technology), mouse anti-actin (Sigma), rabbit
anti–phospho-S51-eIF2α, and mouse anti–eIF2α (both from BioSource), anti–
phospho-T446-PKR (Abcam), and anti-PrPC (4H11) (43), peroxidase anti-mouse,
and anti-rabbit IgG (Amersham Biosciences).

Neuronal Cell Culture. Hippocampal neurons were obtained from embryonic
day 17 (E17) mice as described elsewhere (17). N2a and SN-56 cells were
cultured in DMEM containing 10% FCS.

Synaptosome Preparation. Procedural details can be found in SI Text. Briefly,
dissected cortex from adult mice was homogenized in isotonic buffer. The
homogenatewas sequentiallyfiltered through 100-μmand 5-μmmembranes.
The final filtrate was centrifuged, and the pellet was used immediately.

Metabolic Labeling with [35S]-Methionine. Procedures are detailed in SI Text.
[35S]-Met was added to cells 15 min before treatment, and cells were treated
with STI1, STI1Δ, PepSTI1230–245, or PepSTI161–76 for 30 min. When inhibitors
were used, they were incubated along with [35S]-Met for 15 min, followed
by STI1 for 30 min. Synaptosomes were prewarmed at 37 °C for 10 min in the
presence of [35S]-Met, followed by STI1 treatment for 30 min. Cells or syn-
aptosomes were lysed and spotted onto filter paper. Nonincorporated
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amino acids were removed by trichloroacetic acid washing. Radioactivity was
measured by scintillation counting.

Polysome Profiles. Detailed procedures can be found in SI Text. Briefly, neurons
were treated with STI1 for 30 min. Cell extracts were subjected to a linear
7–47% sucrose gradient. Absorbance at 254 nm was detected in a continuous
flow. Quantification was performed by measuring the area under the peak of
80S and the polysomes and calculating the polysomes/monosome ratio.

Immunoblotting. Cells (106)were treatedwith STI1orΔ, or preincubated for 1h
with Ly294002 or rapamycin before STI1 addition. Western blots were per-
formed against phospho-Akt, phospho-p70S6K, phospho-eIF4E, phospho-
eIF2α, phospho-T37/46–4E-BP1, or phospho-PKR. Membranes were reprobed
with antibodies against Akt, eIF2α, or actin. Densitometric scanning and
analysis were performed using Scion Image software. Values represent the
ratio between levels of phospho-Akt/Akt, phospho-p70S6K/actin, phospho-
4E-BP1/actin, phospho-eIF4E/actin, or phospho-eIF2α/eIF2α. Untreated cell
values were set as 1.0, and all other values shown are relative to this value.

Neuritogenesis Assay. Cells were pretreated with signaling inhibitors followed
by treatment with 0.6 μM STI1 for 16 h. Morphometric analyses were per-
formed as previously reported (17).

Neuroprotection Assay.Hippocampal neurons were preincubated with 1.2 μM
STI1 for 1 h, followed by the addition of 25 nM staurosporine for 16 h.
Signaling inhibitors were incubated 1 h before the addition of STI1. Cell
death was estimated as the percentage of cells showing pyknotic nuclei (17).

Prion Infection. The N2a mouse neuroblastoma clone 5 cell line and SN56 cells
were infected with 1% brain homogenate from a terminally sick 22L prion
strain–infected C57BL/6 mouse or with brain homogenate from a non-
infected mouse (44). Mock and 22L-infected cells were equally passaged and
maintained to avoid any clonal effect. For the exposure of primary neurons
to scrapie-infected brain, neuronal cultures from E17 mice were prepared
and exposed to 0.1% 22L prion-infected brain homogenate or to brain ho-
mogenate from an uninfected mouse. At 24 h postexposure, the medium
was filtered to remove debris. Cells were assayed for PrPC and PrPSc content
as previously described (44).
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