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PDK1 decreases TACE-mediated o-secretase activity
and promotes disease progression in prion and

Alzheimer’s diseases

Mathéa Pietril:2, Caroline Dakowskil:2, Samia Hannaoui®~>, Aurélie Alleaume-Butaux!2,
Julia Hernandez-Rapp'-2%, Audrey Ragagnin’, Sophie Mouillet-Richard!2, Stéphane Haik3->, Yannick Bailly?,
Jean-Michel Peyrin8, Jean-Marie Launay®19, Odile Kellermann!? & Benoit Schneider!-2

a-secretase-mediated cleavage of amyloid precursor protein (APP) precludes formation of neurotoxic amyloid-p (AB)
peptides, and a-cleavage of cellular prion protein (PrPC) prevents its conversion into misfolded, pathogenic prions (PrPS¢).
The mechanisms leading to decreased «-secretase activity in Alzheimer’s and prion disease remain unclear. Here, we find
that tumor necrosis factor-a—converting enzyme (TACE)-mediated «-secretase activity is impaired at the surface of neurons
infected with PrPSc or isolated from APP-transgenic mice with amyloid pathology. 3-phosphoinositide-dependent kinase-1
(PDK1) activity is increased in neurons infected with prions or affected by A deposition and in the brains of individuals with
Alzheimer’s disease. PDK1 induces phosphorylation and caveolin-1-mediated internalization of TACE. This dysregulation of
TACE increases PrPSc¢ and Ap accumulation and reduces shedding of TNF-« receptor type 1 (TNFR1). Inhibition of PDK1
promotes localization of TACE to the plasma membrane, restores TACE-dependent «-secretase activity and cleavage of APP,
PrPC and TNFR1, and attenuates PrPSc- and AB-induced neurotoxicity. In mice, inhibition or siRNA-mediated silencing of
PDK1 extends survival and reduces motor impairment following PrPS¢ infection and in APP-transgenic mice reduces Alzheimer’s

disease-like pathology and memory impairment.

Prion and Alzheimer’s disease are neurodegenerative disorders char-
acterized by the accumulation of plaques containing misfolded PrPS¢
and A, respectively!:2. Neurotoxic and aggregation-prone Af pep-
tides (AP4o and AB,,) are generated by cleavage of APP by - and
v-secretase3, In contrast, the o-secretase-mediated cleavage of APP
between residues 687 and 688 within its A domain releases the solu-
ble neuroprotective fragment sAPPo. and precludes formation and
deposition of A4y and Ay, (refs. 4,5). Regarding prions, conver-
sion of glycosylphosphatidylinositol (GPI)-anchored PrPC into PrPS¢
causes prion disease. 0.-secretase-mediated cleavage of PrPC between
residues 111 and 112 generates an N-terminally truncated form of
PrPC that cannot be converted into PrPS¢ and exerts a dominant-
negative effect on PrPS¢ replication®.

o-secretases belong to the a disintegrin and metalloproteinase
(ADAM) family involved in ectodomain shedding of growth
factors, cytokines, receptors and adhesion molecules’. Tumor necrosis
factor-o. (TNF-a)-converting enzyme (TACE, or ADAM17), which
is primarily known for its role in mediating the shedding of cell
surface-bound TNF-or and TNF-o. receptors®, contributes to constitutive

and/or stimulated o.-secretase-mediated cleavage of both PrPC and
APP3%10 In individuals with Alzheimer’s disease, low amounts of
sAPPoin the cerebrospinal fluid (CSF) suggest that TACE-dependent
o.-secretase activity is reduced!!. In prion diseases, reduced TACE-
mediated o-secretase cleavage of PrPC is thought to occur during
the course of the illness, as shown by the progressive decrease in
N-terminally truncated PrPC in the brain of infected mice®!2.

The sheddase activity of TACE depends on its localization at the
plasma membrane”-8, but the precise mechanisms governing TACE
trafficking and activity remain poorly understood. Interaction of
TACE with rhomboids!3 or post-translational modifications of TACE
by glycosylation, phosphorylation or both® promote its localization
to lipid rafts at the plasma membrane!4. Reactive oxygen species have
also been shown to stimulate TACE activity!>16. However, the direct
mechanisms underlying reduced TACE-mediated o.-secretase activity
in prion and Alzheimer’s disease remain unclear.

Here we show in both PrPS¢-infected and Alzheimer’s disease neu-
rons that activation of 3-phosphoinositide-dependent kinase-1 (PDK1)
reduces cell surface TACE-mediated o.-secretase activity by triggering
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internalization of TACE. We also provide evidence that PDK1 inhibi-
tion attenuates prion and Alzheimer’s disease progression.

RESULTS

Prion infection impairs TACE-dependent TNFR1 shedding

To investigate whether prion infection modulates TACE activity, we
used 1C11 mouse neuroectodermal stem cells, serotonergic 1C1 15-HT
neural cells, primary cultures of mouse cerebellar granule neurons
(CGNs) and brain samples from C57BL/6] mice infected with mouse-
adapted prions derived from a human familial prion disease (Fukuoka-1,
Fk), scrapie (22L) or bovine spongiform encephalopathy (6PB1)17-19
(Supplementary Fig. 1). Using TNFR1 shedding as a readout of TACE
activity’, we found that prion infection triggered an approximately
three- to four-fold increase in the amount of trimeric TNFR1 (ref. 20)
at the cell surface (Fig. 1a). This increase in cell surface TNFRI stain-
ing was associated with a 90% reduction in the concentration of soluble
monomeric TNFR1 (sTNFR1) in the culture medium of infected cells
as compared to uninfected cells (Fig. 1b). This increase in TNFR1
at the cell surface rendered prion-infected cells highly vulnerable to
soluble TNF-o. (sTNF-o)-associated toxicity. The doses of sSTNF-o
inducing 50% cell death (LD5(*TNF-%) of infected 1C11 and 1C115-HT
neural cells or causing 50% early neuronal dysfunction, that is, den-
dritic fragmentation, in infected CGNs were reduced by approximately
50-97% as compared to the doses achieving similar effects in their
uninfected counterparts (Fig. 1¢c and Supplementary Table 1). The
increased sensitivity of infected cells to sSTNF-o was associated with
increased sTNF-o-mediated caspase-3 activation (Supplementary
Fig. 2), a downstream effector of TNFR1 signaling.

TNFR1 staining was increased in the cerebellar cortex and
deep cerebellar nuclei of prion-infected mice killed just before the
symptomatic phase as compared to mock-inoculated (sham) mice
(Supplementary Fig. 3). The concentration of sSTNFR1 in the CSF
of 22L-infected mice (11.9 £ 2.4 pg ml~!, n = 10) was reduced by
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approximately 60% (P < 0.005) as compared to uninfected mice
(27.5%5.1 pgml1, n = 10). Taken together, these results suggest that
prion infection reduces TACE-mediated shedding of TNFR1.

Prion infection promotes TACE internalization

Whereas TACE was normally present at the cell surface of uninfected
cells, it was almost undetectable at the plasma membrane of prion-
infected cells and found intracellularly (Supplementary Fig. 4a,e).
We next analyzed TACE localization by detergent-free sucrose gra-
dient membrane fractionation of cell extracts followed by western
blotting or TACE immunoprecipitation of biotinylated plasma mem-
brane proteins. We showed that TACE co-distributed with focal adhe-
sion kinase (FAK) at the plasma membrane of uninfected 1C115-HT
cells (Supplementary Fig. 4a—c,e), whereas it co-distributed with
caveolin-1 (Cav-1) in Fk-infected 1C115-HT cells (Supplementary
Fig. 4b). Duolink proximity ligation analysis, which detects two
proteins located within a radius of <40 nm of each other, sug-
gests that internalized TACE colocalizes with Cav-1 in Fk-infected
1C115HT cells (Fig. 2a). Immunogold labeling revealed that TACE
was associated with Cav-1-enriched microvesicles in infected neu-
rons (Fig. 2b). Thus, prion infection promotes internalization of
TACE through mechanisms that probably involve Cav-1-enriched
microvesicles. Accordingly, bombardment of Fk-infected 1C115-HT
cells with tungsten microprojectiles coated with Cav-1-specific
antibodies?! increased TACE trafficking to the plasma membrane
(Supplementary Fig. 4b).

Phosphorylation of the C-terminal cytoplasmic tail of TACE alters
TACE trafficking and internalization”$22, The TACE C-terminal
domain contains at least four putative phosphorylation sites, includ-
ing the single known phosphorylatable residue, Thr735 (refs. 7,8).
Using two-dimensional gel electrophoresis (Supplementary
Fig. 4d) and immunoprecipitation (Fig. 2c), we found that phos-
phorylation of TACE at Thr735 was increased in Fk-infected

IC11 and 1C11°°HT cells as compared to
uninfected cells.
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Figure 2 Activation of PDK1 in prion-infected cells
promotes TACE phosphorylation and internalization.
(a) Duolink proximity ligation analysis to assess TACE
colocalization with caveolin-1 (Cav-1) in internal
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blue is nuclear staining with DAPI. Scale bar, 5 um. (b) Transmission PD98059

electron micrographs to assess TACE (8-nm gold particles, white arrows)

association with Cav-1-enriched vesicles (labeled by 5-nm gold particles)

in uninfected 1C115HT cells (top), Fk-infected 1C115HT cells (middle)

and Fk-infected 1C115-HT cells exposed to BX912 (1 uM, 1 h) (bottom). Scale bars, 100 nm. (¢) Immunoprecipitation of TACE and immunoblotting
for phosphorylation level on threonine residues (pThr) using a pan—pThr antibody in Fk-infected 1C11 and 1C115HT cells treated or not with BX912
(1 uM, 1 h) or PD98059 (5 uM, 1 h) versus uninfected cells (Ctrl). IP, immunoprecipitation; WB, western blot. (d) PDK1 activity in 22L- and Fk-
infected and uninfected (Ctrl) 1C115HT neural cells. (e) Immunofluorescent labeling of TACE at the surface of Fk-infected 1C11 cells and 22L-infected
CGNs treated or not with inhibitors of Src kinases (PP2, 1 uM), PI3K (wortmannin, 1 uM), PDK1 (BX912, 1 uM) or ERK1/2 (PD98059, 5 uM) for 1 h
versus uninfected cells. Scale bars, 50 um. All experiments were performed three times in triplicate. Values are the mean + s.e.m. #P < 0.005 versus
uninfected cells (Ctrl); ##P < 0.005 versus untreated infected cells.
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the TACE inhibitor TAPI-2 (100 uM) for 1 h as compared to uninfected cells. Scale bars, 50 um.

(b) Concentration of STNFR1 in the culture medium of Fk- and 22L-infected 1C11 and 1C115-HT

cells treated or not with BX912 (1 uM) or a combination of BX912 (1 uM) and TAPI-2 (100 uM) as compared to uninfected cells (Ctrl). (c) Amount of
PrPSc in Fk-infected 1C115HT cells treated or not with BX912 (1 uM) or a combination of BX912 (1 uM) and TAPI-2 (100 uM) for 6 h, as assessed
by ELISA. (d) Western blot analysis (top) of the C1 fragment of PrP (C1) and full-length PrP (native) in Fk-infected 1C115-HT cells treated or not with
BX912 (1 uM) or a combination of BX912 (1 uM) and TAPI-2 (100 uM) for 6 h versus uninfected cells (Ctrl) and the ratio (bottom) of Cl/native
full-length PrP. All experiments were performed three times in triplicate. Values are the mean + s.e.m. #P < 0.005 versus uninfected cells (Ctrl);
##P < 0.005 versus untreated Fk- or 22L-infected cells. ###P < 0.005 versus BX912-treated Fk- or 22L-infected cells.
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130 d after infection (5 mg per kg body weight

per day; 0.25 ul h=1). (b) Static rod test to assess
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infused or not with BX912. (c) Static rod test at

160 d after infection in 22L-infected mice treated
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layer of the cerebellum of sham mice (top), 22L-infected mice at 179 d after infection (middle) and 22L-infected mice at 201 d after infection infused
with BX912 starting at 130 d (bottom). Scale bar, 300 um. (e) Left, cerebellar immunoperoxidase staining to visualize PrPS¢ deposition in brains of
22L-infected mice infused or not with BX912. Scale bar, 100 um. Right, postmortem quantification of proteinase K-resistant PrPSc in brains of 22L-
infected mice treated with BX912 or following siRNA-mediated PDK1 silencing (siPDK1). SiScr was used as control. (f) Concentration of STNFR1 in
the CSF of 22L-infected mice infused with BX912 or treated with siPDK1 versus control mice (sham and siScr-treated 22L mice). Values are the mean
+s.e.m. #P < 0.005 versus sham mice; ##P < 0.01 versus 22L-infected mice; *P < 0.005 versus 22L-infected mice. n = 10 mice per group.

1C11 and 1C11°°HT cells reversed prion-induced TACE phosphoryla-
tion (Fig. 2c and Supplementary Fig. 4d). Moreover, inhibition of
Src kinases (PP2), PI3K (wortmannin) or PDK1 (BX912) promoted
translocation of TACE back to the surface of infected cells (Fig. 2e
and Supplementary Fig. 4e). The intensity of TACE immunoreac-
tivity at the surface of inhibitor-treated infected cells was similar to
that in uninfected cells (Fig. 2e). Cell surface biotinylation experi-
ments at 4 °C further showed that BX912 treatment of Fk-infected
1C11°HT neural cells failed to promote trafficking of TACE to the
plasma membrane (Supplementary Fig. 4c), whereas BX912 treat-
ment at 37 °C induced displacement of TACE from Cav-1-enriched
microvesicles (Fig. 2a,b) to FAK-positive membrane fractions
(Supplementary Fig. 4b,c).

We recently reported that prion infection enhances ERK1/2 phospho-
rylation?3. Here, we observed that ERK1/2 activation increased TACE
phosphorylation at Thr735 in Fk-infected 1C11 and 1C115HT cells
(Fig. 2¢). However, inhibition of ERK1/2 activity with PD98059 in these
infected cells did not promote trafficking of TACE to the plasma mem-
brane (Fig. 2e and Supplementary Fig. 4e). To assess whether phospho-
rylation of TACE at residue Thr735 is sufficient to promote trafficking of
TACE between the plasma membrane and Cav-1-enriched microvesi-
cles, we transfected uninfected 1C115-HT cells with a TACE mutant that
mimics a constitutive phosphorylation (T735D) or dephosphorylation
(T735A) state. Both mutated TACEs stayed at the plasma membrane of
uninfected cells, suggesting phosphorylation at Thr735 may not be suf-
ficient to promote TACE internalization (data not shown).

Exposure of Fk-infected 1C11 cells and 22L-infected CGNs to PP2,
wortmannin or BX912 reduced the amount of TNFR1 at the plasma
membrane as compared to untreated infected cells (Fig. 3a), which
suggested that TACE activity at the cell surface had been recovered.
In Fk- and 22L-infected 1C11 and 1C115-HT cells, PDK1 inhibition
increased the concentration of STNFRI1 in the cell medium by 60%
as compared to untreated infected cells (Fig. 3b). Bombardment of
infected 1C11%HT cells with tungsten microprojectiles coated with
Cav-1-specific antibodies also increased TNFR1 shedding as com-
pared to untreated infected cells (Supplementary Fig. 5a). Recovery
of TNFR1 shedding by BX912 depended on TACE, as inhibition
of TACE by incubation of cells with TNF-o. processing inhibitor-2
(TAPI-2) abrogated the effects of BX912 on shedding of TNFRI
from the cell surface (Fig. 3a) into the culture medium (Fig. 3b).
The increase in TNFRI shedding upon PDKI inhibition also
decreased sTNF-a-induced activation of caspase-3 in infected cells
(Supplementary Fig. 2).

TACE-mediated o.-secretase cleavage of PrPC between residues
111 and 112 generates an N-terminally truncated (that is, membrane
C1) fragment that cannot be converted into PrP5¢ (refs. 6,9). PDK1
inhibition with BX912 in Fk-infected 1C11°HT cells decreased the
amount of PrPS¢, which was reversed by inhibition of TACE with
TAPI-2 (Fig. 3c). Bombardment of infected 1C11°HT cells with
tungsten microprojectiles coated with Cav-1-specific antibod-
ies also reduced the amount of PrPS¢ (Supplementary Fig. 5b).
In Fk-infected 1C115HT cells, the ratio between PrP C1 fragment
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Figure 5 Increased PDK1 activity in hippocampal neurons from mice with
Alzheimer’s disease-like pathology impairs TACE activity. (a) PDK1 activity
in primary hippocampal neurons derived from 275-day-old Tg2576

mice with AB plaque deposits (TgABP°S, n = 4) and without AP deposits
(TgApnes, n=5) as well as in TgABP°S and TgAB"e8 neurons in which

PrPC expression was silenced with a siRNA against PrP (siPrP, n = 4).

(b) Concentration of sAPPa., SAPPB, AB4o and ABg4» in the culture
medium of TgABP°S neurons as compared to those of TgAB"e8 neurons,
TgABPos neurons silenced for PrPC (siPrP) or PDK1 (siPDK1) expression,
and TgABPOs neurons treated with BX912 (1 uM) combined or not with
TAPI-2 (100 uM) for 1 h (n = 4 for each group). (c) Immunoprecipitation
experiments to assess TACE threonine phosphorylation in TgABPS and
TgAB"e& neurons. Impact of PDK1 inhibition with BX912 (1 uM, 1 h) or
silencing of PrP (siPrP) on TACE threonine phosphorylation in TgApP°s
neurons (n = 3 in triplicate) is also shown. Values are the mean £ s.e.m.
#P < 0.05 versus TgAB"8 neurons; *P < 0.05 versus untreated TgABPos
neurons; **P < 0.05 versus TgABP°S neurons treated with BX912.

to full-length PrP (native) was reduced by approximately 85% as
compared to that in uninfected cells (Fig. 3d). The Cl/native ratio
was increased by approximately 300% in BX912-treated Fk-1C11°>-HT
cells compared to untreated infected cells (Fig. 3d). This increase in
o.-secretase cleavage of PrPC by BX912 depends on TACE, as inhibi-
tion of TACE with TAPI-2 counteracted the effects of BX912 on the
Cl/native PrP ratio (Fig. 3d).

PDK1 inhibition improves prion disease in mice

To examine whether increasing TACE-mediated o-secretase activity
would attenuate prion disease in prion-infected mice, we chronically
injected BX912 intraperitoneally (i.p.) starting 130 d after infection
and before the onset of clinical signs (140 d). Inhibition of PDK1
with BX912 delayed mortality in 22L-infected mice as compared to
untreated infected mice (193.8 + 2.1 d versus 166.0 + 1.8 d, n = 10,
P <0.0001, Fig. 4a). In control experiments, because of BX912’s tox-
icity?*, mock-inoculated (sham) mice treated with BX912 died from
229 to 248 d (Fig. 4a). This mortality probably leads to an underesti-
mation of the beneficial effect of PDK1 inhibition in infected mice.
PDKI1 inhibition also reduced prion infection-induced impairments
in motor function (Fig. 4b). In 22L-infected mice, the mean static
rod score dropped to 10 by 145 d, whereas in BX912-treated infected
mice the mean static score did not drop below 10 until 160 d. In
sham mice, motor coordination was unchanged by BX912 treatment
(Fig. 4b). PDK1 siRNA-mediated silencing of PDK1 in the brain of
22L-infected mice also prevented prion-induced motor impairment
(Fig. 4c). PDK1 inhibition with BX912 also attenuated prion-induced
neuronal loss in the internal granular layer of the cerebellum, as
assessed by staining of viable neurons (Fig. 4d). BX912 treatment
or siRNA-mediated PDK1 silencing reduced the amount of PrPS¢
deposited in the brains of 22L-infected mice (Fig. 4e). Finally, BX912
treatment or PDK1 silencing partly, but significantly, increased
TACE-mediated shedding of TNFR1, as indicated by an increased
concentration of sSTNFR1 in the CSF of infected mice (Fig. 4f).

AB accumulation in Alzheimer’s neurons overactivates PDK1

In Alzheimer’s disease, decreased TACE-mediated o.-secretase
cleavage of APP is believed to contribute to the accumulation of AR
peptides and to the progression of the disease! 2. Recent data suggest
that PrP€ is involved in AB peptide neurotoxicity?®?7. Our identifi-
cation of a PDK1-dependent mechanism controlling the trafficking
and o-secretase activity of TACE in prion-infected cells prompted us
to examine whether the accumulation of AP peptide would increase
PDKI1 activity and whether this occurs through a PrP¢-dependent
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mechanism. Increased PDKI1 activity would, in turn, affect TACE-
dependent cleavage of TNFR1 and APP.

The Tg2576 APP (Swedish mutation K670N/M671L) mouse model
of Alzheimer’s disease?® develops amyloid pathology and AP plaque
deposition in the brain as early as 8 months of age?®. Tg2576 mice with
(TgAPBP©s) or without (TgAB"¢¢) amyloid plaque deposits were identi-
fied by positron emission tomography (PET) imaging after Pittsburgh
compound B injection30. PDK1 activity was increased by approximately
150% in primary cultures of hippocampal neurons derived from 275-
day-old TgABPS mice as compared to TgA "8 mice (Fig. 5a). siRNA-
mediated silencing of PrPC (siPrP) in TgABPS cultured hippocampal
neurons reversed the increase in PDK1 activity (Fig. 5a), suggesting
AP peptide-induced increases in PDK1 activity depend on PrPC. In
TgABPos cultured hippocampal neurons, the amount of TNFR1 at the
cell surface was increased by approximately twofold (Supplementary
Fig. 6a), and the concentration of sSTNFRI1 in the culture medium
was decreased by approximately 50% (Supplementary Fig. 6b), as
compared to TgAB"®8 neurons. In the culture medium of TgApPos
neurons, the concentration of sSAPPo. was reduced by 50%, whereas
the concentrations of sAPPf3, AR, and AP, were increased by 50—
100%, as compared to TgA "¢ neurons (Fig. 5b). As in prion-infected
neurons, in TgABPS neurons TACE was enriched in Cav-1-positive
vesicles, whereas in TgAB"®8 neurons it was enriched in the plasma
membrane (that is, FAK-positive fractions) (Supplementary Fig. 6¢).
Phosphorylation of TACE at residue Thr735 was increased by 2.5-
fold in TgABPS neurons as compared to TgAB"®8 neurons (Fig. 5¢).
In TgAPBP® neurons, inhibition of PDK1 with BX912 decreased
TACE phosphorylation (Fig. 5¢) and promoted its trafficking to the
plasma membrane (Supplementary Fig. 6¢). PDK1 inhibition with
BX912 or silencing with PDK1-directed siRNA in TgABP°S neurons
increased the concentrations of sSTNFRI and sAPPo and decreased
the concentrations of sAPPB, AP, and Ay, in the culture medium
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gered effects similar to those obtained upon

inhibition or silencing of PDK1, which sug-

gests PrPC may have a dominant role in reducing TACE activity
(Fig. 5b,¢). Inhibition of ERK1/2 activity with PD98059 in TgABPos
neurons did not induce trafficking of TACE to the plasma membrane
(Supplementary Fig. 6¢).

PDK1 inhibition attenuates Alzheimer’s disease—like pathology

We next investigated whether inhibition of PDK1 would increase
TACE-mediated o.-secretase processing of APP in Tg2576 mice and
improve memory and cognitive impairments following the experi-
mental schedule described in Figure 6a. Injection of BX912 i.p.
into 200-day-old Tg2576 mice reduced the number of mice with
amyloid plaque deposits at 275 d (BX912-treated TgABP°S mice) to 8
of 100, as compared to 17 of 100 untreated TgABP* mice. The eight
BX912-treated TgA PP mice had reduced numbers of amyloid plaques
and reduced total surface area occupied by plaques in both the hippoc-
ampus and cortex as compared to untreated TgABP°S mice (Fig. 6b).
The concentrations of SAPP, AR, and APy, decreased in the CSF
of BX912-treated TgAPP® mice and were associated with increased
concentration of sSAPPa. in the CSF as compared to untreated TgA[Pos

mice (Fig. 6¢). The effects on amyloid pathology after BX912 treat-
ment persisted until 330 d, after which BX912-treated TgABP°S mice
were killed (Supplementary Fig. 7), indicating that PDK1 inhibi-
tion in Tg2576 mice stably increases TACE-mediated o-secretase
processing of APP and reduces AP production. Furthermore, PDK1
inhibition increased TNFR1 shedding, as we measured an approxi-
mately 200% increase in the concentration of sTNFR1 in the CSF of
BX912-treated TgABPS mice as compared to untreated TgABP°S mice
(Fig. 6d). Nevertheless, BX912-treated Tg2576 mice started dying at
350 d because of BX912 toxicity?4, thus limiting the beneficial effect
of PDK1 inhibition in transgenic Alzheimer’s disease mice.

Finally, BX912 treatment reduced memory and cognitive impair-
ment in Tg2576 mice. PDK1 inhibition with BX912 improved per-
formance in a contextual fear conditioning task, as the percentage of
time frozen recorded in BX912-treated 275-day-old TgABP°s mice
was 50% longer as compared to that of untreated 275-day-old TgApPos
mice (Fig. 6e). siRNA-mediated silencing of PDK1 in 275-day-old
TgAPPOS mice for 7 d also improved performance in the contextual
fear conditioning task (Supplementary Fig. 8). BX912 treatment
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improved performance in the Morris water maze test, as the time
spent in the northwest quadrant by BX912-treated TgABP°S mice was
50% longer as compared to that of untreated 275-day-old TgABP°s
mice (Fig. 6f and Supplementary Fig. 9). Nest construction, an
affiliative social behavior that is progressively impaired in Tg2576
mice3!, was also partially, but significantly, increased in BX912-
treated TgAPPS mice (Fig. 6g). Notably, the beneficial effects on APP
processing and memory impairment afforded by PDKI1 inhibition
with BX912 in Tg2576 mice were also seen in two other mouse mod-
els of Alzheimer’s disease, 3xTg-AD (ref. 32) and 5xTg-AD (ref. 33)
mice (Supplementary Figs. 10 and 11). The therapeutic relevance of
targeting PDK1 in Alzheimer’s disease is substantiated by an approxi-
mately 200% increase in PDK1 activity in human Alzheimer’s disease
whole brains and a 90% decrease in the concentration of sSTNFR1 in
the CSF of those individuals as compared to age-matched subjects
without Alzheimer’s disease (Fig. 6h).

DISCUSSION

Our findings suggest that PDK1 activity is increased in neurons infected
with prions or affected by A deposition. PDK1 inhibition lengthens
the survival of PrPS¢-infected mice and mitigates brain pathology and
memory impairment in mouse models of Alzheimer’s disease.

Our data suggest that PDK1 activation is under the control of PrP¢
signaling. PrPC positively controls Src kinase and PI3K activities?!-34.
Interestingly, Src kinase-PI3K signaling increases PDK1 activity?2.
PrPS¢ may be neurotoxic by stimulating PrPC-associated signaling
molecules®>3%, including Src kinases?>37. Inhibition of Src kinases,
PI3K or PDKI1 restores TACE-mediated a-secretase activity at the
plasma membrane of infected cells. Thus, chronic recruitment of
PrPC-coupled Src kinases and PI3K by PrPS¢ may promote increased
PDKI activity in infected neurons.

In Alzheimer’s disease, AP peptides appear to bind PrPC
(refs. 26,27) and upon binding would increase PDKI1 activity by
promoting recruitment of PrPC-coupled Src kinases and PI3K33:3,
In agreement with this, PDK1 activity in neurons with amyloid
pathology returns to basal levels upon PrPC silencing.

Increased PDKI1 activity decreases TACE-mediated o.-secretase
processing of three major substrates involved in prion or Alzheimer
neuropathogeneses, that is, PrPC (ref. 40), APP2 and TNFRI1
(refs. 41,42) (Supplementary Fig. 12). This results in the accumula-
tion of PrPS¢ in prion disease, increased production of neurotoxic Af
peptides in Alzheimer’s disease, and the enrichment of the plasma
membrane with TNFR1 in both pathologies. PDK1 activation in
prion-infected or Alzheimer’s disease neurons promotes phosphor-
ylation and Cav-1-mediated internalization of TACE, which in turn
reduces TACE sheddase activity at the cell surface. PDK1 inhibition is
sufficient to rescue TACE-mediated o.-secretase activity and to exert
beneficial effects in prion and Alzheimer’s diseases (Supplementary
Fig. 12). Indeed, at the plasma membrane of BX912-treated prion-
infected cells, TACE catalyzes the o.-secretase cleavage of PrPC (ref. 9)
into an N-terminally truncated PrP€ fragment that cannot convert
into PrPS¢ and exerts a dominant-negative effect toward prion repli-
cation®. This mechanism may account for the decreased amount of
brain PrPS¢, the increased survival and the improved motor function
in 22L-infected mice upon PDK1 inhibition.

In hippocampal neurons from mice with amyloid pathology,
PDKI1 inhibition increases TACE-mediated o-secretase processing
of APP and release of the neuroprotective sAPPo. fragment®>. This
results in decreased production of AR,y and ABy,, reduced plaque
load in transgenic mice and improved performance in cognitive and

memory tasks. Increased amount of TNFR1 in the plasma membrane of
prion-infected or Alzheimer’s disease neurons is consistent with prior
reports describing high expression of TNFR1 (observed by immunola-
beling) in the brains of subjects with Alzheimer’s disease*! and prion-
infected mice (Supplementary Fig. 3). Increased cleavage of TNFR1
and release of soluble TNFR1 upon PDK1 inhibition may reduce prion
and Alzheimer’s disease neurons from TNF-oi-associated inflammatory
damage arising from activated microglia>#4, systemic inflammation*>4¢
or aging?” in prion and Alzheimer’s disease. Thus, PDK1 may be
targeted in prion and Alzheimer’s disease to rescue o.-secretase—
mediated processing of PrP¢ and APP.

METHODS
Methods and any associated references are available in the online
version of the paper.

Note: Any Supplementary Information and Source Data files are available in the
online version of the paper.
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Antibodies. The mouse monoclonal antibodies SAF32 (A03202), SAF61
(A03205) and SAF83 (A03207) (SPI-Bio, Montigny-le-Bretonneux, France)
were used to detect PrP. The rabbit polyclonal antibody to TNFR1 (JM-3125)
was from MBL International (Woburn, MA, USA). Rabbit polyclonal anti-
bodies to TACE (1131) and active caspase-3 (3015) were purchased from
QED Bioscience (San Diego, CA, USA) and Biovision (Mountain View, CA,
USA), respectively. The rabbit polyclonal antibody to MAP2 (AB5622) was
from EMD Millipore (Darmstadt, Germany). The mouse monoclonal anti-
body to actin (NB600-535) was from Novus Biologicals (Littleton, CO, USA).
Rabbit polyclonal antibodies to caveolin-1 (Cav-1) (610059) and focal adhe-
sion kinase (FAK) (sc-932) were obtained from Transduction Laboratories
(Lexington, KY, USA) and Santa Cruz Biotechnology (SantaCruz, CA, USA),
respectively. Specific rabbit antibody to phosphothreonine (71-8200) was from
Zymed Laboratories (San Francisco, CA, USA). Mouse monoclonal antibody
to B-amyloid (4G8) (SIG-39220) was from Covance (Princeton, NJ, USA).
When nonspecified, primary antibodies were used at 0.5 Lg ml~! for western
blot experiments and at 5 g ml~! for immunofluorescence experiments.

Human Alzheimer’s disease samples. CSF and frozen post-mortem temporal
cortex samples were obtained from six patients and six age- and sex-matched
controls (Supplementary Table 2) enrolled in a research project approved by
the Ethics Committee of Bichat University Hospital (Paris, France). All patients
or caregivers gave their written informed consent for CSF assessment and for
using post-mortem tissues. The post-mortem intervals (PMIs) never exceeded
24 h. All these patients had an history of progressive dementia. Diagnoses were
established by a multidisciplinary team of neurologists and neuropsycholo-
gists specialized in cognitive disorders. Diagnosis of Alzheimer’s disease was
made according to the National Institute of Neurological and Communicative
Disorders and Stroke-Alzheimer’s Disease and Related Disorders Association
(NINCDS-ADRDA) criteria*®. Age-matched controls had no history of progres-
sive dementia. They were dyspneic, gave informed consent and were recruited
from the emergency and internal medicine departments of Lariboisiére hospital
(Paris, France).

Mice. Adult C57Bl/6] mice were bred and underwent experiments in level-3
biological risk containment, respecting European guidelines for the care and
ethical use of laboratory animals (Directive 2010/63/EU of the European
Parliament and of the Council of 22 September 2010 on the protection of ani-
mals used for scientific purposes). Mice were inoculated with the mouse-adapted
6PB1 bovine spongiform encephalopathy strain or with the cerebellotropic
22L scrapie strain?® (CNRS Strasbourg, France). 200 Tg2576 (ref. 28) or 3xTg-
AD?2 or 5xTg-AD?3? mice of both sexes (all from Hoffmann LaRoche, Basel,
Switzerland) were used as models of Alzheimer’s disease. CSF was collected from
the cisterna magna under anesthesia with 3% isoflurane. All animal procedures
were approved by the Comité Régional d’Ethique en Matiere d’Expérimentation
Animale de Strasbourg (France) and the Animal Care and Use Committee at
Basel University (Switzerland).

Chronic intraperitoneal injection of BX912 into mice. Mice were fasted over-
night but allowed water ad libitum before the experiment. They were then anes-
thetized with isoflurane inhalation, and a midline incision was performed to
insert into the peritoneum the polyethylene catheter of an osmotic pump (Alzet,
Cupertino, CA, USA). BX912 or vehicle (1% DMSO in sterile normal saline buffer)
was administered at a flow rate of 0.25 UL per h, which corresponded to 100 pg per
mouse per day (5 mg kg~! per day). Pumps were replaced every 4 weeks.

In vivo siRNA-mediated silencing. To decrease PDK1 expression in vivo, 2 ig
of siRNA directed against PDK1 (1 g ul~!) was injected into the third ventricle
three times at 36-h intervals®® 7 d before behavioral and biochemical analyses.
We considered that PDK1 was efficiently silenced when PDKI activity mea-
sured in brain extracts of siRNA-injected mice was reduced by more than 60%
as compared to that of siScr-injected mice.

Behavioral testing. Motor function in 22L-infected mice was assessed by
the static rod test’l. For Alzheimer’s disease mouse models, contextual

fear conditioning®?, Morris water maze task®? and nest building?®! tests were
performed as previously reported.

Cell culture and prion infection. 1C11 cells chronically infected or not by the
mouse-adapted 22L or Fukuoka (Fk) strains!'® were grown and induced to dif-
ferentiate along the serotonergic (1C115-HT) pathway!”. Primary CGNs were
isolated from dissociated cerebella of 4- to 5-day-old C57Bl/6] mice and infected
by the 22L/Fk strains!®.

Isolation and culture of Alzheimer’s disease neurons. Cultures of adult hippo-
campal AD neurons were established from Tg2576 mice as previously reported?>.

Cell viability assays. The viability of ~1 x 10° infected or uninfected 1C11 or
1C11°-HT cells exposed to recombinant mouse sTNF-a (Biosource International,
Camarillo, CA, USA) was evaluated by the cellular reduction of 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Invitrogen,
Carlsbad, CA, USA)36. Neuronal dysfunction in 22L-infected and uninfected
CGNs was evaluated by sTNF-o-induced dendritic fragmentation. CGNs
seeded (5.10° cells per well) in 12-well plates coated with poly-D-lysine (Sigma-
Aldrich, St. Louis, MO, USA) were exposed to sTNF-o. Cells were then fixed
and stained with an anti-MAP2 antibody. After imaging with a fluorescence
microscope (Zeiss Leica), cells showing fragmented versus nonfragmented
dendrites were counted using Image]J software. Investigators were blinded to
treatment conditions.

Immunofluorescent labeling. Inmunofluorescent labeling of PrP®, TNFRI,
TACE and MAP2 was performed using standard protocols as reported in refs. 19
and 54. Immunolabeling was analyzed using a Leica DMI6000 B microscope
(Wetzlar, Germany) and subjected to image analysis with AQUA software>.

Cell extract preparation, PNGase assay and western blot analyses. Cells
were washed in PBS/Ca?*/Mg?* and incubated for 30 min at 4 °C in lysis
buffer (50 mM Tris-HCIl pH 7.4, 150 mM NaCl, 5 mM EDTA, 1% Triton
X-100, 1 mM Na3;VO, and protease inhibitors (Roche)). After centrifuga-
tion of the lysate (14,000g, 15 min), the protein concentration in the super-
natant was measured with the bicinchoninic acid method (Pierce, Rockford,
IL, USA). For the PNGase assay, protein extracts were incubated with 500 U
N-glycosidase F (PNGase, New England Biolabs, Ipswich, MA, USA) for
1 h at room temperature. Solubilized proteins (20 pg) were resolved by 10%
SDS-PAGE. After transfer, blocked membranes were incubated with 0.5 jtg ml~!
SAF61 primary antibody. Bound antibodies were revealed by enhanced
chemiluminescence detection (ECL, Amersham Pharmacia Biotech, Piscataway,
NJ, USA). To standardize the results, membranes were rehybridized with an
anti-actin antibody. The ratio between the truncated form of PrP (C1 fragment)
and full-length PrP (Native)® was evaluated by densitometric analyses using
Image] software.

Soluble TNF-« receptor type 1 quantification. The amount of sSTNFR1 was
measured in cell culture medium or CSF by ELISA using the Mouse/Rat TNF
RI/TNFRSF1A Quantikine ELISA Kit (MRT10) according to the manufacturer’s
instructions (R&D System, Minneapolis, MN, USA).

TNFR1 expression and PrPS¢ deposition in the brains of prion-infected mice.
Prion-infected (n = 3 6PB1-inoculated and n = 3 22L-inoculated) and control
uninfected (n = 6) mice were killed at 90 (6PB1) and 130 (22L) d after infection
by cervical dislocation. Brains were removed and immersed for 24 h in Carnoy’s
fixative before being dehydrated and embedded in paraffin. Transverse sections
(7 um thick) were cut, and immunoperoxidase staining protocols were used for
the detection of PrPS¢ and TNFR1 using SAF32 (1 pg ml~!) and anti-TNFRI1
(2 ug ml!) antibodies, respectively*57:58, The specificity of PrPS¢ immuno-
detection was achieved by denaturing the PrPC by incubation of the sections
in proteinase K (10 ug ml~!) for 10 min at 37 °C and subsequently in 3.4 M
guanidine thiocyanate for 15 min. The PrP- and TNFR1-bound antibodies were
visualized using HRP-conjugated anti-mouse or anti-rabbit immunoglobulins
(SouthernBiotech, Birmingham, AL, USA), respectively, and the Vectastain ABC
kit (Vector Labs, Burlingame, CA, USA).
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PrPC or PDK1 silencing and enzyme inhibition. Cells were trans-
fected with siRNA against PrPC (refs. 16,36) or PDKI (target sequence:
AACUGGCCACUUCCAGAGAAU) using Lipofectamine 2000 reagent accord-
ing to the manufacturer’s instructions (Invitrogen, Carlsbad, CA, USA).

TACE activity was inhibited with TNF-o processing inhibitor-2 (TAPI-2;
Peptides International, Louisville, KY, USA). Src kinase, PI3K, PDK1 and MEK-
ERK1/2 kinase activity were inhibited with 4-amino-5-(4-chlorophenyl)-7-
(t-butyl)pyrazolo[3,4-d] pyrimidine (PP2) (Calbiochem, San Diego, CA, USA),
wortmannin (Calbiochem, San Diego, CA, USA), BX912 (Axon Medchem BV,
Groningen, The Netherlands) and PD98059 (Calbiochem, San Diego, CA, USA),
respectively.

TACE immunoprecipitation. TACE immunoprecipitation was performed
according to standard protocols by using protein A-Sepharose beads (Amersham
Pharmacia Biotech, Piscataway, NJ, USA) coupled to anti-TACE antibody and
100 g of proteins of cell extracts. Immunoprecipitates were analyzed by west-
ern blotting using anti-TACE and specific anti-pan phosphothreonine (p-Thr)
antibodies as described in ref. 54.

Sucrose gradient fractionation of cell membranes. TACE was detected by
western blot analysis after sucrose gradient membrane fractionation of cell
extracts performed under detergent-free conditions to isolate low buoyant frac-
tions enriched in caveolin-1 proteins®. The cell surface biotinylation assay was
performed with EZ-link sulfo-NHS-SS-biotin according to the manufacturer’s
instructions (Pierce Chemical Co, Rockford, IL, USA). After sucrose gradient
fractionation, biotinylated TACE was immunoprecipitated and detected by HRP-
conjugated streptavidin. To detect PDK1-dependent TACE translocation back to
plasma membrane, infected cells were treated for 1 h with BX912 (1 uM) at 37 °C.
Temperature block was performed at 4 °C. TACE was mutated at Thr735 into
aspartic acid or alanine and these constructs were transfected using Lipofectamine
2000 (Invitrogen, Carlsbad, CA, USA) into uninfected 1C11°HT neural cells®.

Duolink proximity ligation assay. Cells were fixed with 4% paraformal-
dehyde for 30 min and then washed with PBS. After permeabilization with
0.05% saponin, coverslips were blocked with PBS/3% ovalbumin for 30 min.
Immunostaining was performed by simultaneous incubation of anti-TACE and
anti-caveolin-1 antibodies. The Duolink proximity ligation assay was subse-
quently performed by J.M.L. (who was blinded to the treatment conditions) as
instructed by the manufacturer (Olink Bioscience, Uppsala, Sweden).

Immunoelectron microscopy. Cells, grown to ~80% confluency, were rinsed
twice with PBS, collected in PBS and 10 mM EDTA, and rinsed twice with
PBS. The cell pellet was fixed with 0.2% phosphate-buffered glutaraldehyde for
20-120 s and blocked with bovine albumin. Processing of cells for ultrathin cryo-
sectioning and immunolabeling was performed indirectly®!, with 5- or 8-nm
gold particles conjugated with affinity-purified goat anti-mouse or anti-rabbit
IgG (Invitrogen, Carlsbad, CA, USA)%2. The labeled specimens were negatively
stained with sodium silicotungstate, and images were captured with a JEOL
CX100 transmission electron microscope.

Caveolin-1 immunosequestration. Caveolin-1 immunosequestration was
performed by cell bombardment with tungsten microprojectiles coated with
antibody to Cav-1 (ref. 21).

Two dimensional gel electrophoresis. Two dimensional gel electrophoresis of
TACE was performed according to the manufacturer’s instructions (Bio-Rad,
Hercules, CA, USA) with ~1 x 106 cells.

Measurement of PDK1 activity. PDK1 activity was measured in cell extracts
using a fluorescently labeled PDK1 substrate (SFAM-ARKRERTYSFGHHA-
COOH, Caliper Life Sciences, Hanover, MD, USA) as reported in ref. 63. The
relative amounts of substrate peptide and product phospho-peptide were deter-
mined using a Caliper EZ-reader (Caliper Life Sciences, Hanover, MD, USA).

PrPres quantification. The amount of proteinase K-resistant PrP (PrP™) in
infected cell extracts or brain extracts of 22L-infected mice treated or not with

BX912 were determined using a PrP-specific sandwich ELISA® after proteinase
K digestion (10 pg ml~!) for 1 hat 37 °C.

Internal granular layer staining. Brains were frozen in dry ice. Parasagittal
tissue sections (12 um) were mounted on slides previously coated with 2% 3-
aminopropyl-tri-ethoxysilane in acetone (EGA, Steinheim, Germany) and fixed
with 4% paraformaldehyde in PBS, pH 7.4 for 20 min, followed by three 5-min
washing steps in PBS. Sections were air dried and stored at —20 °C until use.
The sections were immunostained for PCNA®, and evaluation of viable cells
performed with the 13!I-labeled staphylococcal protein A (SpA) binding test¢®.
Nissl-counterstained sections were examined with bright-field and dark-field
optics using a Zeiss Axiophot. The films were used as negatives to produce
reverse images, that is, white areas revealing high levels of hybridization signal
on a dark background.

In vivo amyloid plaque detection. Amyloid plaques in Tg2576, 3xTg-AD
and 5xTg-AD mouse models were detected by PET imaging as reported in
ref. 30 using a microPET FOCUS F120 scanner (Siemens Medical Solutions,
Bern, Switzerland). The Pittsburgh B compound was from Scintomics
(Fuerstenfeldbruck, Germany) and used at a concentration of 1.5 nmol 11

AP plaque staining and quantification. Tg2576 mice were killed by cervical
dislocation at 275 d. Detection of AP plaques in the cortex and the hippoc-
ampus was performed by using 4G8 antibody (1 ug ml™!) overnight at 4 °C.
Tissue sections were next incubated with biotinylated anti-mouse secondary
antibody (1 ug ml~!) and incubated for 30 min at room temperature. Then,
samples were rinsed and incubated with the Vectastain ABC reagent (Vector
Labs, Burlingame, CA, USA) for 30 min. Preparations were then covered with
diaminobenzidine at room temperature, gently washed with water, covered with
Mayer’s hematoxylin, dehydrated with ethanol and xylene and mounted with
Super Mount (Innogenex, San Ramon, CA, USA). Samples were analyzed using
a Leica DMI6000 B microscope (Wetzlar, Germany) and subjected to image
analysis with AQUA software. The number of AP plaques was estimated by
counting the number of 4G8-positive deposits per slice (expressed as number
of AB deposits per mm?). The load of amyloid was estimated by the area stained
by 4G8 antibody in relation with the total area analyzed. The investigator was
blinded to the treatment conditions.

sAPPa, sSAPPB, AP, and AP, quantification. The analysis of the differ-
ent APP cleavage products (sAPPo., sAPPB, AB,, and AB,;) was performed
using one- and two-dimensional gel electrophoresis, immunoblotting and mass
spectrometry®’. Quantifications were achieved by a stable-isotope dilution
methodology in combination with LC-MS/MS%8.

Data analysis. An analysis of variance of the cell/animal response group was
performed using Kaleidagraph software (Synergy Software, Reading, PA, USA).
Values are given as means + s.e.m. Significant responses (P < 0.05) are marked by
symbols (#,%) and their corresponding P values are provided in figure legends.
Survival times were analyzed by Kaplan-Meier survival analysis using a log-rank
test for curve comparisons.
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