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The Akt kinase has been widely assumed for years as a key dowtream effector of
the PI3K signaling pathway in promoting neuronal survivallhis notion was however
challenged by the nding that neuronal survival responses ere still preserved in mice
with reduced Akt activity. Moreover, here we show that the Aksignaling is elevated
in the aged brain of two different mice models of Alzheimer Beéase. We manipulate
the rate of Akt stimulation by employing knock-in mice exprssing a mutant form of
PDK1 (phosphoinositide-dependent protein kinase 1) witheduced, but not abolished,
ability to activate Akt. We found increased membrane locaation and activity of the
TACE/ADAM17 a-secretase in the brain of the PDK1 mutant mice with concomént
TNFR1 processing, which provided neurons with resistance gainst TNFa-induced
neurotoxicity. Opposite to the Alzheimer Disease transgen mice, the PDK1 knock-in
mice exhibited an age-dependent attenuation of the unfoldig protein response, which
protected the mutant neurons against endoplasmic reticulmn stressors. Moreover, these
two mechanisms cooperatively provide the mutant neurons uh resistance against
amyloid-beta oligomers, and might singularly also contrilite to protect these mice
against amyloid-beta pathology.
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The PI3K (phosphoinositide 3-kinase) signaling pathway rats cell and organism homeostasis
by controlling fundamental cellular responses that includevisal, di erentiation, proliferation,
growth, and metabolismEngelman et al., 2006Dysregulation of this signaling pathway leads
invariably to pathological manifestation§¥gnhaesebroeck et al., 2)1E&or example, increased
PI3K activation is commonly found in tumor cell$\(ong et al., 201)) whereas the inhibition of

Frontiers in Aging Neuroscience | www.frontiersin.org 1 January 2018 | Volume 9 | Article 435


https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/journals/aging-neuroscience#editorial-board
https://www.frontiersin.org/journals/aging-neuroscience#editorial-board
https://www.frontiersin.org/journals/aging-neuroscience#editorial-board
https://www.frontiersin.org/journals/aging-neuroscience#editorial-board
https://doi.org/10.3389/fnagi.2017.00435
http://crossmark.crossref.org/dialog/?doi=10.3389/fnagi.2017.00435&domain=pdf&date_stamp=2018-01-08
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles
https://creativecommons.org/licenses/by/4.0/
mailto:joseramon.bayascas@uab.cat
https://doi.org/10.3389/fnagi.2017.00435
https://www.frontiersin.org/articles/10.3389/fnagi.2017.00435/full
http://loop.frontiersin.org/people/495423/overview
http://loop.frontiersin.org/people/3105/overview
http://loop.frontiersin.org/people/94500/overview
http://loop.frontiersin.org/people/494898/overview
http://loop.frontiersin.org/people/463534/overview

Yang et al. PDK1/Akt Axis in Alzheimer Disease

this signaling pathway compromise embryonic development antlydrophobic motif, thereby creating a docking site for PDK1
promotes diabetes in the adult lifé&s(i n et al., 2005; Foukas binding, phosphorylation and activatior(ondi et al., 200R
and Withers, 201)) Also, the activation of PI3K by insulin and Mice expressing the mutant form of PDK1 K465E within
IGF-1 is markedly disturbed in Alzheimer Disease (AD) brain the PH-domain incapable of PtdIns(3,4,5)Binding showed
leading to sustained activation of AkE¢€iet al., 2003; Rickle et al., a defect in Akt activation Bayascas et al., 2Q00&hereas in
2009, which in turns causes neurons to become increasingly anchice expressing the mutant form of PDK1 L155E within the
ultimately totally resistant to both agonistsi¢loney et al., 2010; pocket that recognizes the phosphorylated substrate docking
O'Neill et al., 2012; Talbot et al., 2Q1This leads to ine cient site, PDK1 failed to activate most substrates with the exaept
GSKd inhibition and Tau hyperphosphorylationRyder et al., of Akt (Bayascas et al., 2006The PDKK465EK465E mjce
2009 promoting its self-aggregatiof.{ppens et al., 2007; Cowan were smaller but otherwise fertile and healthy, protectexfr
etal., 201 diabetesBayascas et al., 2Q0as well as protected from PTEN-
Recently, a number of studies have evidenced that the moddstiuced tumorigenesis/{ullschleger et al., 20).1By contrast,
attenuation of the PI3K signaling pathway might underliethe PDK3155EL155E mice were embryonically lethalCollins
physiological bene ts in terms of cancer, metabolism retiata et al., 200§ whilst the restricted expression of the PDK1 L155E
and aging Bartke, 2008 For instance, mice overexpressingmutant protein to neuronal tissues resulted in microcephalg a
PTEN, the gene coding the phosphatase that antagonizes thbnormal cortical patterning, leading to cognitive de césid
pathway, were shown to be protected from cancer and agindisruptive behaviorCordon-Barris et al., 20)6
(Ortega-Molina et al., 20)2 whereas the increased lifespan Pietri and co-workers showed that the PDK1 kinase, the
and decrease age-related pathology associated to somgylife scentral switch in the PI3K signal transduction pathway, was
strategies, such as dietary and caloric restriction, might on  hyperactivated in the brains of Alzheimer Disease (AD) patgent
the limited activation of PI3K by insulin and/or IGFFpntana and that inhibition of PDK1 restored the cognitive defectela
et al., 201)) The activation of PI3K by BDNF plays a major role ameliorated the AD-like pathology in transgenic mice models
in the brain: BDNF mRNA and protein levels are decreased inf this diseaseRietri et al., 2013 The authors demonstrated
samples of hippocampal and cortical tissues from AD patientthat the inhibition of PDK1 resulted in the translocation tfe
compared with age-matched control subjecthi(lips et al., Tumor necrosis factoe (TNF-a)-converting enzyme (TACE) to
199). By contrast, increased serum levels of BDNF were alghe plasma membrane, which promoted TNFR1 and amyloid
reported in both AD and Mild Cognitive Impairment (MCI) precursor protein (APP) shedding, thereby precluding BNF
patients @Angelucci et al., 2009These changes in the levels oftoxicity and amyloidb (Ab) production. Although encouraging
BDNF may be well related to the di erent stages of AD pathologyand promising, complete PDK21 inhibition had deleterious
In fact, many extracellular molecules including growthitas,  consequences, since mice started dying following 5 months o
hormones and neurotransmitters signal through their speci treatment Qietri et al., 201)3 Given the phenotypes of the PDK1
receptors by activating PI3K, which in turn phosphorylatesknock-in models, we postulate that inhibition of Akt entails
the membrane phospholipid phosphatydilinositol-(4,5)- bene cial consequences in terms of aging and thereby might
bisphosphate (Ptdins(4,5)P at the carbon 3 within the have protected mice against amyloid-related pathology, edeer
intracellular inositol ring, to produce the phosphatydilintzd-  inhibition of the docking-site dependent PDK1 substrateghti
(3,4,5)-trisphosphate  (PtdIns(3,4,3)P second messenger be responsible for the toxicity of the treatment.
(Vanhaesebroeck et al., 200IThe signal is terminated by To de ne the contribution of Akt to PDK1 actions along
PTEN, the phosphatase that breaks down the PtdIns(3,4,5)Rging and in AD, a longitudinal study was conducted in
to Ptdins(4,5)B (Leslie and Downes, 20R4Increases in the which we genetically manipulated the levels of Akt activity by
levels of Ptdins(3,4,5)Ppromote the activation of a number employing the PDK14658K465E knock-in mice with reduced
of e ector serine-threonine protein kinases, all belongirg t Akt activation but otherwise intact PDK1 signaling. We nd
the AGC family. These include Akt, S6K, SGK, RSK, and PKB6oth the TACE protein levels and the TACE-secretase
isoforms (Mora et al., 200y PDK1 is the common master catalytic activity increased in the membrane of the PDK1
upstream kinase contributing to the activation of all theseupp  mutant neurons and brain aged tissues, leading to increased
of PI3K-stimulated AGC family members by phosphorylatingTNFR1 shedding and reduced sensitivity to TaNfxicity. We
their activation T-loopsBayascas, 20).0 also provide evidence that, oppositely to the 3xTg-AD mice,
In the last decade, structural and genetical analysis atlowehe PERK/elF@ axis within the unfolding protein response
the rational design of knock-in mutation strategies to dissthe  (UPR) is attenuated in the PDK$85EK465E neyrons and
regulatory mechanisms of the PI3K/PDK1 downstream sigigali brain samples in an age-dependent manner, which confers
pathway Bayascas, 2008Both Akt and PDK1 possess PH cellular resistance against endoplasmic reticulum (ER) siress
domains that bind to Ptdins(3,4,53Rind mediate in this manner such as tunicamycin. Moreover, the PDR$5EK465E neyrons
the shuttling and co-localization of the two kinases at theare markedly protected againstAnduced neurotoxicity, and
plasma membrane, allowing PDK1 to activate Aktgssi et al., pharmacological inhibition of Akt protected wild type cells
1997. PtdIns(3,4,5)B promotes also the mTOR complexes-against A-treatment. We propose a synergistic role of Akt
mediated phosphorylation of the di erent PI3K-stimulated AGC for both the inhibition of TACE-mediated shedding of TNFR1
family members at a second activating site, the C-terminahnd the activation of the UPR in mediatingb&oxicity, which
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highlights the potential of Akt rather than PDK1 inhibitorsif ~ Generation of Protein Extracts and

AD treatment. Western Blot Analysis

Tissue extracts were prepared by homogenizing the frozen

tissue in a 10-fold excess volume of ice-cold lysis buer
MATERIALS AND METHODS (50 mM Tris-HCI pH 7.5, 1mM EGTA, 1mM EDTA,
Mice 1 mM sodium orthovanadate, 50 mM sodium uoride, 5 mM

. ) ) sodium pyrophosphate, 10 mM sodium-glycerophosphate, 0.27

The generation of the PD’@%E:K%ETE knock-in mice and  \ sycrose, 1% wiv Triton X-100, 0.1% viv 2-mercaptoethanol,
the genotyping procedures were previously descriligty/@scas 4nq 4 1:100 dilution of protease inhibitor cocktail, (Sigierck
et al., 2008 The 3xTg-AD mice colony was established by Gaa Darmstadt, Germany) using the Polytron homogenizer:
Dr. Gimeénez-Llort from progenitors kindly provided by Prof. ¢\syred cortical neurons were scrapped from wells in the
Frank M. LaFerla@ddo et al., 2008 whereas the brain samples ¢3me ice-cold lysis buer. Lysates were centrifuged o 4
from mice overexpressing APP (K§70N2M671L) together vyitl}or 15min at 15,000 g and supernatants aliquoted and
PS1 (M146L), termed APP/PS1 mice, line 6.2, were providegleseryed at 20 C. Protein concentrations were determined
by Dr. Arancio at Columbia University Holcomb et al., py the Bradford method using bovine serum albumin as
1999. Transgenic male and female mice and matched nongiangard. The activation state of the dierent pathways was
transgenic wild type littermates were used in all the expenitsie  ;55055ed by loading & of protein extracts onto 6-10%
Mice were housed in pathogen-free facilities, 5-6 per caggp|yacrylamide, 0.25M Tris-HCI pH 8.5, 0.1% (w/v) SDS gels
maintained on a 12-h light/dark cycle (lights on at 07:00)Wi ¢agted in 10-well/2 mm-thick mini-PAGE (polyacrylamide gel
ad libitum access to food and watgr. All animal proced”fe%lectrophoresis) system (Bio-Rad, Hercules, Californiad)Us
were performed in accordance with 2010/63/UE regardinghep, electrophoresed on 25 mM Tris-HCI pH 8.5, 192 mM
the care and use of animals for experimental procedure@ycine, 0.1% (w/v) SDS running bu er at 160 V for 60 min,
following the recommendations of the Universitat Autonoma g, nally transferred to nitrocellulose membranes (Whatm
de Barcelona Ethical Committee for Human and AnimalMaidstone' UK) on a 25 mM Tris-HCI pH 85, 192 mM
Experimentation. The protocols were approved by the Ethic%lycine, 20% methanol transfer bu er wet system at 100 V
Committee for Human and Animal Experimentation, Universitat for 90min. Samples were blocked with 10% skimmed milk,
Autonoma de Barcelona, and performed under a GeneralitaixTBS’ 0.2% (w/v) Tween 20 for 1 h at room temperature,
de Catalunya Eroject License. The study c_omplies with thg,en immunoblotted over night at £ with 1mg/ml of the
ARRIVE guidelines developed by the NC3RSIenny et al., jngicated primary antibodies diluted in either 5% skimmed
2019. milk, 1xTBS, 0.2% (w/v) Tween 20 (total protein antibodies) o
0.5% BSA, 1xTBS, 0.2% (w/v) Tween 20 (phospho-antibodies),
. . which were detected with a 1:5,000 dilution of the appropriate
Primary Cultures of Embryonlc Neurons horseradish peroxidase-conjugated secondary antibodligzd
and Cell Assays in 5% skimmed milk, 1XTBS, 0.2% (w/v) Tween 20. Membranes
Neuronal primary cultures were established from embryoniGyere incubated with the enhanced chemiluminescence (ECL)
day 15,5 (E15,5) embryos as previously describedaShvili  reagent, then either exposed to Super RX Fuiji Im and developed,
et al., 201p Cortical cells were seeded at a density of %y getected using a ChemiDoc MP Imaging System (Bio-Rad,

10* cells/cnt onto 50mg/ml of poly-D-Lysine-coated 24- Hercules, California, USA), and quanti ed using the ImageJ
well plates for cell viability studies, or 6-well plates forgofyware.

western blot analysis, and grown for 6 days vitro in a

5% CQ incubator. The hippocampal cells were plated at a

density of 2 10* cells/cn? on 24-well plates containing Membrane and Cytosol Preparation

12-mm glass coverslips coated with D&ml of poly-D- Cortex tissues were homogenized in 10 volumes of cold
Lysine for 4 daysin vitro in a 5% CQ incubator. Stock homogenization bu er (50 mM Tris-HCI pH 7.4, 0.27 M sucrose,
solutions of tunicamycin and Akti-1/2 dissolved in dimethy 1 mM NagVO,4, 1mM EDTA, 1 mM EGTA, 50 mM NaF, 5
sulfoxide, or TN and Ab dissolved in PBS, were added mM sodium pyrophosphate, 10 mM sodium-glycerophosphate,
to cultures as indicated. Cell survival was determined by thand a 1:100 dilution of protease inhibitor cocktail (Sigma,
MTT reduction assay as described previoudyr@shvili et al., Merck KGaA, Darmstadt, Germany) 50 strokes using a glass
2013. For the quanti cation of apoptosis, cells were xed in potter homogenizer. Homogenates were centrifuged at 1,090
2% paraformaldehyde, stained withmj/ml of the DNA dye for 15 min at 4C to remove cellular debris. The cleared
Hoechst 33342, and then visualized under the uorescenceomogenates were centrifuged at 20,000g for 1h at 4C
microscope. Apoptosis was quanti ed at each condition pointand the resultant supernatant collected as the cytosolatifna;

by scoring the percentage of cells exhibiting fragmented athe pellet was resuspended and washed in the same volume
condensed nuclei. At least 300 cells per well from 6 systeaigti of homogenization buer at 20,000 g for 1 h at 4C.
collected elds starting from a random position were manyall The supernatant was discarded and the pellet containing the
counted by two participants, with blinding to the treatment membrane fraction resuspended in 1% SDS homogenization
conditions. bu er.
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Preparation of Amyloid-Beta Oligomers Mouse Cytokine/Chemokine Assays
Ab oligomers were prepared as shown previousiaiijterola Mouse  Cytokine/Chemokine  Magnetic Bead  Panel
etal., 2018 One mg of synthetic amyloit-peptides (1-42) from (MCYTOMAG-70K-PMX, Millipore, Burlington,

amino acid 672-713 in the human amyloid precursor proteinMassachusetts, USA) was employed according to manufasturer
sequence (catalog number H-1368.1000, Bachem, Torrandgestructions to assess the serum concentration of 24 di éren
USA) was monomerized in hexa uor-2-propanol and thencytokines and chemokines. The data was obtained with
evaporated peptides resuspended inmn2®f fresh anhydrous the Xponent software and the cytokine/chemokine factor
DMSO, vortexed 20 s, incubated 5 min at room temperature, andoncentrations calculated based on the corresponding stahd
diluted with 424ml of PBS to a nal concentration of 508M.  curves. All samples were analyzed in duplicate.

The solution was again vortexed, incubated aC4for 24 h,

and then centrifuged at 14,000 g 4 C for 10 min to remove Brain Immunohistochemistry

|nsoluble.pellets. The supernatant cont{?unlng a.mlxture tilsie Three 21-months old PDKIC and PDK K465EK465E matched
Abs 42 oligomers was collected and biochemically analyzed by, oo sacri ced by cervical dislocation and brains were
Bicine/Tris/Urea SDS-PAGEF(ggre 9A). 1.6M T”S'.HCI pH immediately collected, frozen in isopentane cooled down
8.1, 8M urea, 0.4M b5Qy resolving and 0.8M BisTris pH 6.7, .

. : ."to 80C and stored at 80 C. Brains were embedded
0.2M H,SQ, stacking gels were casted in 10-well/Lmm-thick = ~ Compound (Sakura Finetek, Tokyo, Japan) and
mini PAGE system (B'O'R‘f’m.l’ Hercules, California, USA), thenliced into 10mm thick sagittal sectio,ns. Fro,zen sections
electrophoresed on 0.2M Blt_:lne pH8.2,0.1M NaOH, 0.25% (w/vi,ere xed in 4% paraformaldehyde for 40 min at@ For
SDS cathode and 0.2M Tris-HCI pH8.1, 0.05MS@; anode antigen retrieval, sections were boiled 10 min in 10mM

running bu ers at 100 V for 100 min, nally transferred to PVDF odium citrate pH 6, cooled down for 30min on ice and
membranes (Whatman, Maidstone, UK) on a 10mM CAPS pihen washed three times with Tris-bu ered saline (TBS;

0,
rlnlm lgn/; {Eg;hi?:rﬂutrﬁgféigsl;s;gférfgjéem at 200 mA for 9 5mM Tris pH 7.5, 150 mM NaCl). Samples were blocked
’ ' with buer containing 5% goat serum and 0.02% Triton

Tace Immunoprecipitation and Tace in TBS for 30 min and incubated overnight at @ with
Activity primary antibodies diluted 1:100 in the same blocking

. . ) . bu er. Sections were washed three times with TBS buer,
1mg of anti-TACE antibody was conjugated with D of

. h ith hi llinoi incubated with the corresponding Alexa488 conjugated
Protein G Sepharose (GE Healthcare, Chicago, Illinois, USAy:onqary antibodies diluted 1:400 in blocking bu er for 1.5

and incubated with 0_.2mg of pre-cleared tissue lysates dytern h at room temperature, and counterstained withma/ml
at 4C on a shaking platform. The beads were WaShegloechst 33342 before mounting in Fluorsave reagent (Sonthe

thr(e)e timesc\llvith 1 ml (;)fdlysis bu'er suppllerlnerclit.ed k‘)"’ith Biotec, Birmingham, USA). Immunostained sections were
150 mM NaCl, resuspended In protein sample loading uer'photographed with a Nikon Eclipse 90i epiuorescence

electrophoresed and then immunoblotted with the indicatedmicroscope the captured images were processed and the
antibodies. TACE activity was determin.ed using the Sert!aoLyStaining intensity was measured automatically along a kel
520 TACE &-Secretase) Activity Assay K|t(#AS-72085,AnaSpeBy using ImageJ 1.42q (Wayne Rasband, National Institutes

Inc., Fremont, USA) following the manufacturers instrasts. Health, USA) and Fiji (https://imagej.net/Fiji) softwarés

Reaction was started by adding 40 mM of the uorophoric5 selected cortex or hippocampus sections per mouse using
QXL520/5FAM FRET substrate and was allowed to proceed foJ sum projection of ve Z-sections (tm/section), whereas

60 min. 30mg of cortex and h|ppocampus, _orﬁ@ of cell 'Ysate_ Hoechst staining was used to determine the nuclear area for
proteins were used. Fluorescence intensity was quanti ed in normalization.

uorescence microplate reader (FLx800, BIO-TEK Instrunsgnt

Winooski, USA) at an excitation of 490 nm and emission of 520 )

nm. Results are expressed as the percentage of fold-changd lAMunNocytochemistry

uorescence intensity compared to control samples. Dissociated cortical and hippocampal cells were xed with 4%
_ _ paraformaldehyde in PBS for 20 min at room temperature,
Quanti cation of BDNF and STNFR1 washed three times with PBS for 5 min with slow agitation,

Cortex and hippocampus BDNF levels were measured witpermeabilized with 0.02% saponin in PBS for 7 min at room
the BDNF Quantikine ELISA Kit (#DBD00, R&D Systems Inc.temperature, incubated 15 min in 0.01% saponin, 10 mM glycine
Minneapolis, MN, USA) according to the manufacturerin PBS, and then blocked in 0.01% saponin, 5% BSA, 10 mM
instructions. The levels of the cleaved soluble TNFRglycine in PBS for 1 h. Primary antibodies were diluted 1:100
fragment were measured on either cortex and hippocampuim PBS supplemented with 0.01% saponin-1% normal goat
protein extracts or cell culture medium by using the mouseserum and incubated overnight at@. Cells were then washed
sTNFR1 Quantikine ELISA Kit (#MRT10, R&D Systems, Inc.four times, corresponding secondary antibodies conjugdted
Minneapolis, USA) according to the manufacturer's instrungo  Alexa488 uorescent dye were used at a concentration of 1:400
Optical density of each well was measured using an automatethd nuclei were stained with rig/ml Hoechst 33342 for 90
microplate reader (GloMax-Multi Microplate Reader, Promegamin at room temperature. Cover slips were then mounted
Madison, Wisconsin, USA). with FluoroSave Reagent on microscope slides to measure the
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intensity of the immunostaining signals as described in thdRESULTS

Immunohistochemistry section. Hyperactivation of the PDK1/Akt Signaling

Axis in AD Transgenic Mice Models

AntlbOdleS . . . . . AD is an age-related neurodegenerative disorder disturbing
The following antibodies were raised in sheep and anity o fynction of particular brain regions such as cortex and
puried on the appropriate antigen. The Akt total antibody pocampus Kluang and Mucke, 2092 To investigate the

was raised against the sequence RPHFPQFSYSASGYfn, tance of the PDK1/Akt signaling in AD, we took advantage
corresponding to residues 466-480 of rat Akt; the total ihe ppKKA6SEKIEEE mice. in which we showed that BDNF-

TSC2 antibody was raised against a sequence encompassifgyiated activation of Akt was impaired in a time and

residues 1719-1814 of mouse TSC2; the total PRAS40 antibodjtyse-dependent manneZ(rashvili et al., 2013 As expected
was raised against the peptide DLPRPRLNTSDFQKLKRKY, tation of the PDK1 phosphoinositide binding site in the
corresponding to residues 238-256 of human PRAS40; totaly 1K465EK465E mice caused a reduction in the levels of Akt

TrkB (catalog number 4603), total ERK (catalog number 9102), ity along the whole adulthood both in the cortdsigure 1A)

phospho-Akt Thr308 (catalog number 9275), phospho-Aktyq the hippocampus Figure 1B). This is denoted by the

Ser473 (catalog number 9271), phospho-G8K3Ser21/9 qacrease in the levels of phosphorylation of the Akt substrates
(catalog number 9331), phospho-FOXO1 Ser256 (catalgSrasao at the Thr246 and TSC2 at the Thri462 speci ¢ Akt
number 9461), total FOXO1 (catalog number 2880), phospnQgjies which originated from the decreased phosphorylation of
TSC2 Thrl462 (catalog number 3611), phospho-PRAS4R ot the Thr308 residue within the activation loop by PDKI,
Thr246 (catalog number 2997), phospho-PDK1 Ser241 (catalggy; not the Ser473 within the hydrophobic motif domain that
number 3061), total PDK1 (catalog number 3062), phosphoy hhosphorylated by mTORC2. Of note, the de cits in Akt
Threonine (catalog number 9381), phospho-PERK Thrgsgignaling tend to be attenuated in the aged 16-21 months-old
(catalog number 3179), total PERK (catalog number 5683)ice hrain, which correlated with elevated levels of BDNhlio

phospho-elF2 Ser51 (catalog number 3597), BiP (CataIOQhecortex(:igure 10) and the hippocampusFigure 1D) mutant
number 3177), IREA (catalog number 3294), CHOP (catalog tisqe extracts.

number 2895) and PDI (catalog number 3501) antibodies \ye next monitored the degree of activation of this signaling

were purchased from Cell Signaling Technology, Danvergy,inyway in brain tissues derived from 3xTg-AD and APP/PS1
Massachusetts, USA. Total GSi3 (catalog number sc-7291) yansgenic mice and their corresponding matched control

antibody was purchased from Santa Cruz Biotechnologyiiermates at dierent ages of life. Strikingly, the levess

Dallas, Texas, USA. TACE antibody was purchased from QEL ysyhosphorylation of PDK1 at the Ser241 activation loop

Bioscience, San Diego, California, USA (catalog number QERje “ang those of Akt at both Thr308 and Ser473 activating
1131). TNFR1 antibody was obtained from MBL International,.ociques were 50% higher both in the corteligure 2A)

Woburn, Mfa\ssachusetts, USA (catalog number IM-3125)n4 the hippocampusFigure 2B) of the 3xTg-AD transgenic
GAPDH antibody was from Abcam, Cambridge, UK (catalogmice which was accompanied by similar increase in the
number ab8245). B (6E10) monoclonal antibody was obtain ,n,gphorylation of the Akt substrate PRASA40 at Thr246 and,

from Biolegend, San Diego, California, USA (catalog numbef, 5 jesser extent, of GSKat Ser9 and FOXO1 at Ser256,
Sig-39345-200). APP antibody was purchased from Sigmgeir speci ¢ Akt sites. This biochemical alteration wasealdy
Merc_k KGaA, Darmstac_lt, Gefma”)’ (catalog number _871_7)detectable in the 3xTg-AD transgenic mice at pre-patholdgica
For immunoblot analysis, appropriate secondary antibodiegi,ges of the disease (6 months of age) and became accentuate
coupled to horseradish peroxidase were pbtalned from Thermqjy 12 months of age when the symptoms are overdo et al.,
Waltham, Massachusetts, USA. For immunohistochemistry oo gy contrast, the PDK1/Akt signaling was found slightly
and immunocytochemistry analysis, the Alexa Fluor 488uanyated in the cortex of the APP/PS1 mice at 6 months of

conjugated goat anti-rabbit secondary antibody was olin 546 (Supplementary Figure 1A), and up to 2-fold increased by 12
from Invitrogen, Waltham, Massachusetts, USA (catalog nemb ., ine o age (Supplementary Figure 1B).

A11008).

Statistical Analysis Increased Tace Activity and Elevated

Data was analyzed using GraphPad software (GraphPad Softwa$g |Ub|Ke 4;3r5NE/I}:<|§6]éELeve|S In_ the _AQEd

Inc., La Jolla, CA, USA). Statistical signi cance of the dimte PDK1 Knock-in Mice Cortex and

between two groups was determined by using the unpaired, twbiippocampus

tailed Studentd-test analysis. Multiple groups were assessedging is the most prominent non-genetic risk factor for AD and

by One-way analysis of variance (ANOVA), and the statisticais characterized by a progressive deterioration in the hestasis

signi cance of the di erences between categories analyzed lyf the neuro-immuno-endocrine systems. In particular, the

Post-hoausing Tukey test. Results are presented as the meamcrease in the secretion of in ammatory cytokines may play
standard error of the mearP-values of<0.05 and<0.005 a vital role in the occurrence and development of AVgng

between categories were considered signi cant and areatdd et al., 201p We therefore proled the serum levels of a

in the gures. number of cytokines in the PDK65EKA65E mice compared
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FIGURE 1 | Reduced Akt activity in the PDKX465E=K465E mice brain. Cortical(A) and hippocampal (B) tissues from PDKI®=C wild type (WT, black bars) and
PDK1K465E=K465E mytant (K465E, white bars) mice of the depicted age in monthsvere subjected to immunoblot analysis with the indicated pbspho- and total
antibodies. Each lane corresponds to a sample derived from different mouse. Band densitometry quanti cation of the raib between phosphorylated and total
protein levels is shown at the bottom of each panel, where vaks are represented as percentage of 4-months old wild type antrols. The concentration of BDNF was
measured in the cortex(C) and hippocampus (D) from the same PDK=C wild type (WT) and PDK K465E=K465E mytant (K465E) mice at the indicated age in
months. The data are represented as the mean SEM for at least three different mice per genotype.p*< 0.05 (Student's t-test) between mutants and controls.
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FIGURE 2 | Hyperactivation of the Akt signaling in the 3xTg-AD mice bia. Cortex (A) and hippocampus (B) protein extracts obtained from wild type (WT) and triple
transgenic AD mice model (3xTg-AD) at 6 and 12 months of age we subjected to immunoblot analysis with the indicated phogho and total antibodies. Each lane
corresponds to a sample derived from a different mouse. Bandlensitometry quanti cation of the ratio between phosphorydted and total protein levels represented as
percentage of 6-months old wild type controls is shown belowthe panels. The data are represented as the mean SEM for at least three different mice per genotype.
*p < 0.05 and **p < 0.005 compared to controls as obtained by the Studentst-test.  p < 0.05 and ** p < 0.005 (Tukey test) compared to 6 months of age.

to PDKI°C control littermate mice at di erent ages of life. the shedding of TNFa and the two TNFa receptors TNFR1
Interestingly, the levels of IL-2, IL-9, and T Fthree cytokines and TNFR2 (Gooz, 201)) as well as the-secretase-mediated
commonly elevated in AD, were also 10-, 4- and 2-fold inceelas cleavage of APPBUxbaum et al., 1998We rst analyzed by
respectively in the PDKEC control aged mice, but not in the western blot the levels of expression of TACE, TNFR1 and APP in
PDK 1K465EK465E mtant mice (Supplementary Figure 2). cortical (Figure 3A) and hippocampal Figure 3B) total protein

We focused our attention on TNE an in ammatory cytokine  extracts derived from PDKY65EK465E mytant and PDKE™
acting through two speci ¢ transmembrane receptors, termedontrol littermate mice at dierent ages of life, and found
TNFR1 and 2, which have been reportedly shown to contribut&o di erences between genotypes along the entire adulthood.
to AD-related brain in ammation and to modulate neuronal Likewise, unaltered TACE and TNFR1 protein levels were also
viability (Yang et al., 2002; Li et al., 200aTACE mediates observed in the cortex and the hippocampus of 3xTg-AD
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FIGURE 3 | Increased TACEa-secretase activity and soluble TNFR1 levels in the aged POIK465E=KA465E mice cortex. Cortical(A) and hippocampal (B) tissue
extracts from PDK1°=C wild type (WT, black bars) and PDKK465EK465E mytant (K465E, white bars) mice of the indicated age in monthwere subjected to
immunoblot analysis with the described antibodies. Each ke corresponds to a sample derived from a different mouse. Bad densitometry quanti cation normalized
to GAPDH levels is shown at the bottom and expressed as a peragage of the 4 months-old wild type controls. The TACEa-secretase activity(C,E) and
concentration of soluble TNFRI(D,F) were measured on cortical and hippocampal protein extractsrom the same PDKL=C wild type (WT) and PDK 465E=K465E
mutant (K465E) mice at the indicated age in months. The datare represented as the mean SEM for at least three different mice per genotype p*< 0.05 compared
with wild types as obtained by the Student'st-test. # p < 0.05 compared to 4 months of age as obtained by the Tukey test.
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(Figure 2) and in the cortex of the APP/PS1 (Supplementaryold and at 12- and 16-month in the hippocampus of the aged
Figure 1) transgenic mice at either 6 or 12 months of age.

levels in cortical and hippocampal protein extracts, which werén agreement with that, the soluble TNFR1 levels were
around 20% higher in the cortex of the 16- and 21-monthaccordingly increased both in the cortex and the hippocampus

PDK1K465EK465E mjce compared to the young mutant mice
We next determined the TACB-secretase catalytic activity samples or the PDKET control littermate mice Figures 3C,B.
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of the PDKK465EK465Eknock-in mice compared to the controls (Gozzelino et al., 2008Treatment of the cells with TN&in the

(Figures 3D,B. presence of the broad RNA synthesis inhibitor Actinomycin-D
drastically reduced the cell viability of the wild type cuktg, as

Increased Levels of Tace with Decreased denoted by a 70% decrease in the MTT assay values, but to a

TNFR1 Levels in the Plasma Membrane of lesser extent in the mutant cells, which exhibited a signitca0Po

the PDK1 K465E/K465E Knock-in Mice decrease instead.

Neurons Age-Dependent Attenuation of the

The a-secretase activity of TACE is mainly regulated by . oy .
controlling its localization to the plasma membraned(vards PERK/EIF2A Axis within the linfEL%ISnE%]K%SE

et al, 200R Phosphorylation of TACE at the C-terminus Protein Response in the PDK
cytosolic domain by di erent upstream kinases modulate TACEMice

tra cking ( Gooz, 2010 Among them, PDK1 has been proposedThe accumulation of misfolded proteins is a common
to promote TACE phosphorylation and internalizatio?ietri  characteristic of neurodegenerative syndromes such as AD,
et al., 2013 Given the increased cortical TAC&-secretase and alterations in the ability of the endoplasmic reticulunR)E
activity observed in the PDK{O5EKA65E mytant samples in  to counteract this stress through the unfolding protein resge
which the Akt kinase activity is reduced, we sought to defeen (UPR) could represent a molecular connection among these
the consequences of this signaling lesion for TACE suldeellu neurodegenerative diseasé&(cado et al., 20)3This adaptive
localization. TACE protein levels were three times moraesponse consists on a complex signaling network restoring
abundant in the membrane fractions of the PDK$>EK465E21_  homeostasis or triggering apoptotic cell dead depending on the
months old mice brain when compared to their correspondingintensity of the insult. We monitored the UPR by western blot
controls, which was accompanied by a nearly absence of TNFRbalysis with speci ¢ antibodies against di erent elements on
protein in those subcellular fractiongFigure 4A). This was this signaling cascade. Among them, we consistently founaup t
corroborated by immunohistochemical analysis, which résea 5-fold decreased levels of phosphorylation of the PERK kinase at
a 40% increase in TACE surface staining and a 20% decreasdutt980 within the activation segment, which was accompanied
detection of TNFR1 in the 21-months old PDK¥5K465Emice by a 2-fold reduction in the levels of phosphorylation of the
brain cortical and hippocampal sections compared to the costrolelF2a substrate at the speci ¢ Ser51 PERK site, in the cortex of
(Figure 40). Of note, the levels of phosphorylation of TACE, asthe PDK1465EK465Eaged mice compared to either the wild type
detected with antibodies raised against phosphorylated tiireo  or the young mice Figure 6A). In sharp contrast, the levels of
residues, were nearly 2-fold reduced in the PBfEPEK465E  phosphorylation of both PERK at Thr980 and eat Ser51
TACE immunoprecipitates compared to the controls, therebywere increased by 2-fold in the cortex of the 12-months old
raising the possibility of Akt being a major upstream kinase3xTg-AD mice Figure 6B), whereas the protein levels of other
downstream of PDK1 governing the phosphorylation andcomponents of the UPR analyzed such as BIP, PDI, éR&1l

shuttling of TACE Figure 4B). CHOP remained unchanged between genotypes.
Reduced Vulnerability of the Attenuated UPR Signaling in the
PDK1K465E/K465E primary Cortical Neurons PDK1 K465E/K465E primary Cortical Neurons
to TNFa—Induced Toxicity Confers Resistance to ER Stress

TNFa is synthesized as a membrane-bound pro-protein whiciThe hyperactivation of the PERK/el&Xignaling observed in

is processed by TACE to generate the mature cytokine. Sintiee 3xTg-AD mice cortex is most likely caused by the exposure
TNFa can elicit pro-apoptotic signals acting through TNFR1,of the neurons to elevated levels ob Aeptides, which could
we next aimed to determine whether the increased TNFRtontribute to the neuronal loss observed in this model of dése
shedding observed in the PDK1 mutant mice brain could bdn order to clarify whether the attenuated levels of PERKZalF
instrumental in protecting primary cultures of cortical nems  phosphorylation observed in the aged PD®EEK465E mice
against TNR toxicity. Immunocytochemical analysis of cortical cortex could have physiological consequences, primary @stur
neurons exposed to 100 ng/ml TIdFor 24 h revealed a marked of cortical neurons derived from PDK#65EK465Eqnq pDK£C

40% decrease in the levels of TACE and a clear 40% increasanite were treated with tunicamycin, a compound blocking
the levels of membrane-bound TNFR1 in the wild type sampleghe initial step of glycoprotein biosynthesis that causes the
but not in the mutant culturesKigure 5A). Accordingly, similar accumulation of unfolded glycoproteins, therefore leading to
reduction both in thea-secretase activity of TACE as well asER stress. Tunicamycin treatment caused a dramatic up to
in the concentration of soluble TNFR1 released to the cultur®0% dose-dependent reduction of cell viability, as assayéd wi
media was observed in the wild type cells, which was signtlgan the MTT method, which was followed by a vast up to 5-fold
attenuated in the mutant neurond=igures 5B,3. In spite of increase in the percentage of cells exhibiting apoptotic nuclea
these data, TN& failed to compromise cell viability both in morphology in the control cells. Interestingly, cell viability
the wild type and the mutant cultures~igure 5D). Neurons was two times higher, and the percentage of apoptotic cells
can overcome the pro-apoptotic signals dictated by &NF 20% reduced, in the PDK#65EK465E neyrons compared to
by expressing the anti-apoptotic Bcl-2 family member Bcl-XLlthe controls Figure 7A). These di erences can be attributed
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FIGURE 4 | Increased TACE and decreased TNFR1 protein levels at the plas membrane in the PDKK485EK465E |nock-in mice brain. (A) Brain cytosolic (CYT)
and membrane (MEM) subcellular fractions obtained from PDIE=C wild type (WT, black bars) and PDK{465E=K465E mytant (K465E, white bars) 21-months old
mice were immunoblotted with the indicated antibodies, whee ERK1/2 and TrkB are employed as cytosolic and membrane magks, respectively.(B) TACE was
immunoprecipitated (IP TACE) with speci ¢ antibodies from t@l brain protein extracts from PDKE=C wild type (WT) and PDKX465E=K465E mytant (K465E)
21-months old mice and immunoblotted both with TACE and panpThr antibodies, as depicted. The levels of TACE in the totakllular lysates and the immunoglobulin
controls (IgG) are also shown(A,B) Representative Western blots of three independent experients are shown, and the band densitometry quanti cation expessed
as a percentage of the wild type controls is plotted at the bdbm. (C) Representative epi uorescence micrographs of cortical andCA3 middle hippocampal sections
obtained from PDK1=C wild type (WT) and PDK465EK465E mytant (K465E) 21-months old mice brain stained with TACE,NFR1, and the nuclear Hoechst dye;
arrows indicate the speci ¢ surface staining; the intensityf the signals were quanti ed and expressed as a percentage ofhe wild type controls. The data are
represented as the mean SEM for at least three different mice per genotype.pr< 0.05 and **p < 0.005 compared with wild types as obtained by the Student's
t-test.

to the attenuated tunicamycin-induction of the UPR observedReduced Activation of Akt Protected the
in the PDKH465EK465E mutant samples, as denoted by thePDK1K465E/K465E Neyrons against
decreased levels of phospho-PERK Thr890 and phosphexly |nduced Cell Death

elF2 Ser-51, but not the BIP, PDI or IRBlprotein levels the accumulation of plaques containing misfoldet peptides

(Figure 7B). is a characteristic neuroanatomical hallmark of AD and at th
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FIGURE 5 | Reduced TNFa—induced cell death in the PDKX465EK465E neyrons. Primary cultures of cortical neurons obtained fra PDK1S=C wild type (WT, black
bars) and PDKH465EK465E mtant (K465E, white bars) E15,5 embryos were grown for 6 dayin vitroand then treated or not with 100 ng/ml of recombinant TN&
and/orl nM Actinomycin D for 24 h, as indicated.(A) Representative epi uorescence images stained with TACE orNFR1 and merged with the nuclear Hoechst dye,
as indicated; bars, 50 and 30mm for TACE and TNFR1, respectively; quanti cation of the cefiurface signals is shown below as the mean SEM for 200 neurons
from four different embryos per condition, and expressed as percentage of the wild type controls. The TACE-secretase activity(B) and the levels of soluble TNFR1
in the culture medium(C) were also determined and expressed as the mean SEM from four different embryos per condition(D) Cell viability was determined by the
MTT reduction assay and represented as the mean SEM for at least ve independent embryos per genotype from twaseparate experiments, with each sample
assayed in triplicate. p < 0.05 and **p < 0.005 compared with wild types as obtained by the Student'st-test. # p < 0.05 and * p < 0.005 between controls and
treatments analyzed by the Tukey test.

same time a central contributing factor to neurotoxicityn&  of cell viability as well as the increase in the percentage of
the reduced activation of Akt in the PDK455EK465E neyrons  apoptotic cells are clearly attenuated in the PHfEPEKA65E
protected cells against TMFand ER stress, two proposed keyneurons, in which a 20% decrease in cell viability and a 30%
mediators of A-induced pathology, and the PDK1/Akt sighaling of apoptotic cells are observed at the highest concentration
pathway is hyperactivated in AD transgenic mice models, wef Ab oligomers Figure 8A). Of note, A treatment did not
reasoned that the PDK465EK465E mytant neurons should be change the levels of activation of Akt, as judged by the $evel
also protected from B-induced neurotoxicity. As expected, the of phosphorylation of Akt at the Thr308, PDK1 activation site,
exposure of primary cultures of wild type cortical neurons toas well as the levels of phosphorylation of the Akt substrates
Ab oligomers elicited a dramatic dose-dependent reduction oPRAS40 at Thr246 and TSC2 at Thr1462, which were as expected
up to 50% in cell viability, which is accompanied by a massiveonsistently reduced in the PDK465EK465E protein extracts
increase in the percentage of apoptotic cells reaching 50%salicompared to the controls along the whole treatmdriglure 8B).

at the highest doses ofbAtested. Remarkably, both the lossBy contrast, the exposure of the neurons to#ligomers induced
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FIGURE 6 | Opposite changes of the PERK/elFa axis within the UPR in the PDK465E=K465E mice and the 3xTg-AD mice. Cortical brain extracts from PDKG=C
wild type (WT, black bars) and PDKK465EK465E mytant (K465E, white bars) mice of the different agegA), or 12-months old wild type (WT) and triple transgenic AD
mice (3xTg-AD) model(B), were subjected to immunoblot analysis with the indicated atibodies. Each lane corresponds to a sample derived from aifferent mouse.
Band densitometry quanti cation of the ratio between the inicated markers and control levels is shown at the botton{A) or at the right (B) expressed as a
percentage of the 4-months old wild type controls. p < 0.05 or **p < 0.005 compared with wild types as obtained by the Studentst-test. # p < 0.05 and

## < 0.005 compared to 4 months of age as obtained by the Tukey test

the phosphorylation of PERK at Thr980 and of e#F&t Ser51 (Figures 8D,B. In agreement with that, the TACE-secretase
more potently in the PDK$™ control neurons than in the catalytic activity Figure 89 as well as the levels of soluble
PDK1K465EK465E mytant ones; BIP protein was only induced TNFR1 released to the mediunfigure 8G) were further 10%
upon 24 h of treatment and to the same level in the two genotypeeduced in the PDK4™ wild type cells when compared to the
analyzed, whereas PDI and IRElevels remained unchanged PDKIK465EK465Emtant cultures.

(Figure 8Q). Of note, A treatment also induced a 20% decrease In order to assess the contribution of the Akt signaling to
in the levels of TACE accompanied by a 2.5-fold increase ithe Ab-toxicity protection exhibited by the PDK{65EK465E
the levels of membrane-bound TNFR1 in the control cellsmutant cells, we pre-treated wild type cultures with incragsi
which were less pronounced in the PDREK465Emytant cells  doses of the Aktl and Akt2 isoform-speci ¢ allosteric inhiit
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FIGURE 7 | Attenuated UPR signaling protects PDK{465EK465E neyrons against tunicamycin-induced ER stress. Primary dtures of cortical neurons obtained from
PDK1C=C wild type (WT, black bars) and PDK{465E=K465E mytant (K465E, white bars) E15,5 embryos were grown for 6 dayin vitroand then treated with the
indicated doses of tunicamycin (TM) for 24 K{A), or with 3 mg/ml of tunicamycin for the indicated time points(B). (A) left panel, representative micrographs of
Hoechst-stained cortical cultures, where arrowheads indiate apoptotic nuclei, scale bar 10mm; right upper panel, the cell viability was determined witthe MTT
reduction assay and is expressed as a percentage of the unteged cells; right bottom panel, the percentage of apoptoticcells was obtained by scoring the number of
nuclei exhibiting chromatin fragmentation divided by theotal. Data represents the mean SEM for at least ve independent embryos per genotype from two
separate experiments, with each sample assayed in triplita. **p < 0.005 compared with the corresponding wild types for each cadition as obtained by the
Studentss t-test. ## p < 0.005 (Tukey test) statistically signi cant differences b@veen controls and treatments.(B) Protein extracts were obtained from the indicated
cortical cells and then immunoblotted with the depicted anbodies, where total Akt was employed as a loading control.

Akti-1/2 prior to the exposure to Aoligomers. Pharmacological the PDK1-PtdIns(3,4,5interaction regarding Akt activation,
inhibition of Akt activity to levels equivalentto those fodinthe  and were meant to be a unique genetic tool to speci cally
PDK 1K465EK465E mytant cells protected wild type cortical cells ablate Akt functions Bayascas, 208Mutation of the PDK1
against A-induced toxicity, thereby mimicking the impact of the PH-domain caused a signi cant reduction in the rate of Akt

PDK1 K465E mutation in impeding Akt activatiofrigure 9). activation, which was surprisingly still able to be partially
phosphorylated and activated by PDK1 through the docking
DISCUSSION site-dependent mechanisnNgjafov et al., 2012; Zhou et al.,

2014. We know report that these de cits in Akt signaling
In the present study, we employed the PD®REEX465Eknock-  tend to be attenuated in an age-dependent manner both in the
mice with reduced Akt activity but otherwise intact PI3K/RD  cortex and the hippocampus, which correlated with elevated
signaling to interrogate the relevance of this pathway to ADconcentration of BDNF in both brain areas in the PDK1 mutant
These mice were rst generated to explore the importance afice.
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FIGURE 8 | Protection of the PDKI465E7K465E neyrons against A—toxicity. Primary cultures of cortical neurons obtaineddm PDK1C=C wild type (WT, black bars)
and PDK1K465E=K465E mtant (K465E, white bars) E15,5 embryos were grown for 6 dayin vitroand then treated the indicated concentration of amyloids peptides
(Ab) for 48 h (A), with 5mM of Ab for the indicated time points in hours(B,C), or with 5mM of Ab for 24 h (D-G). (A) Upper panel, the cell viability was determined on
the indicated cortical cultures with the MTT reduction asspand is expressed as a percentage of the untreated cells; baam panel, the percentage of apoptotic cells
was obtained by scoring the number of nuclei exhibiting chnmatin fragmentation divided by the total. Data representsite mean SEM for at least ve independent

embryos per genotype from two separate experiments, with eeh sample assayed in triplicate(B,C) Protein extracts from matched PDK1 wild-type (WT) and PDK1
(Continued)
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FIGURE 8 | mutant knock-in (KI) mice were obtained from the indicated adical cell samples and then immunoblotted with the depictd antibodies.

(D) Representative immuno uorescent labeling of TACE or TNFR1ounterstained with the Hoechst nuclear dye, as indicated; ars, 40 and 30mm for TACE and
TNFR1, respectively(E) Quanti cation of the cell surface signals is expressed as thenean SEM for 200 neurons from four different embryos per conditio, and
expressed as a percentage of the wild type controls. The TACE-secretase activity(F) and the levels of soluble TNFR1 in the culture mediufG) were also
determined and expressed as the mean SEM from four different embryos per condition.py < 0.05 or **p < 0.005 compared with the corresponding wild types for
each condition as obtained by the Student'st-test. # p < 0.05 and i p < 0.005 (Tukey test) statistically signi cant differences bieveen controls an treatments.

The resultant Akt hypomorphic mice exhibited growth defectsAkt-mediated phosphorylation of PRAS40 in 3xTg-AD mice
and were smaller but otherwise viable, fertile and healingugh  (Caccamo et al., 20).1Indeed, we show increased PRAS40
the adulthood. Moreover, in spite of the essentiality of Aktlie  Thr246 phosphorylation both in APP/PS1 and 3xTg-AD old
control of neuronal viability during developmenDgtta et al., mice.

1999, the neuronal survival responses were still preserved in The PI3K/Akt signaling pathway is also antagonized by JNK-
the PDKI465EK465E knock-in mice, which exhibited a normal mediated phosphorylation of IRS1 in response to in ammatory
pattern of cortical layering and connectivity and no signd@din - factors such as TN&(Tanti and Jager, 2009In AD, microglia
age-related pathology (irashvili et al., 2013 activation and pro-in ammatory cytokines production leads t

What is more, PDK1 activity was found increased in the brairtau hyperphosphorylation and Aaccumulation, which in turn
samples of individuals with AD, whereas inhibition of PDK1increases the release of these cytokingar(g et al., 2005 We
reduced AD pathology in mice but at the same time resulted irffound the production of three pro-in ammatory cytokines, 12;
long term toxicity @ietri et al., 2013 Since the PDK1 L155E IL-9 and TNR, attenuated in the aged PDKABSEK65E mytant
mutation abrogating PDK1 signaling with intact Akt actii@@ ~ mice. Higher serum TN& concentrations have been reported
caused profound alterations in mic€¢rdon-Barris etal., 20)6 in AD and dementia Qlvarez et al., 1996; Bruunsgaard et al.,
we postulated that inhibition of Akt might have protected mice 1999. Opposite to the PDKH{465EK465E gged mice, IL-9 levels
against AD, whereas inhibition of the docking-site depertdenare signi cantly augmented in AD patientDardalhon et al.,
PDKZ1 substrates might have been responsible for the toxidity 2009, whereas the implication of IL-2 in AD has not been
the treatment. documented.

In agreement with that notion, we consistently observed in The TACE secretase, which is primarily known for its role
the cortex and the hippocampus of two di erent AD transgenicin promoting the shedding of cell surface-bound T&lland
mice models an age-dependent increase in the levels of PDK& receptors Gooz, 201)) mediates also tha-cleavage of the
activity, as judged by the elevated levels of auto-phospatioyl  amyloid precursor protein thereby precludingbAproduction
at the Ser241 within the PDK1 activation loop as well as théBuxbaum et al., 1998In AD patients, the concentration of the
elevated phosphorylation of the downstream Akt substratesoluble forms of APR and TNFRL1 in the cerebrospinal uid
Hyperactive PI3K/Akt signaling has been widely documentecre decreased due to reduced brain TA@Eecretase activity
in AD mice models §tein and Johnson, 2002; Sah et al., Y011Sennvik et al., 2000; Yao et al., 2)18oreover, inhibition
and patients (ramutola et al., 2005 However, in advances of PDK1 restored TACEa-secretase activity and cleavage of
stages of the disease, sustainddndediated activation of Akt APP and TNFRL1 in neurons aected bybAdeposition by
caused desensitization of the PI3K pathway to extracellulgreventing the phosphorylation and internalization of TACE
signals {loloney et al.,, 2010; O'Neill et al., 2012; Talbot(Pietri et al., 2018 In accordance with these observations,
et al., 201 Indeed, aberrant activation of components of thewe found that while the TACEa-secretase activity and the
insulin signaling pathway, as well as decreased responswentvels of STNFR1 were decreased with aging in brain extracts
to insulin, are commonly found in post-mortem brain samplesfrom the PDKE= control mice, they were signi cantly higher
from patients with AD, which were classi ed as cerebral iiisul at 16 and 21 months of age in the PDK{ESEK465E mice
resistance e Felice et al., 2014; Yarchoan and Arnold, 2014prain when compared to age-matched controls. This was
Biessels and Reagan, 201Phosphorylation of the Insulin accompanied by increased TACE with decreased unshedded
Receptor Substrate-1 (IRS1) by the Akt/mTORC1/S6K negativeNFR1 accumulation at the plasma membrane of the aged
feedback axis plays a primary role in uncoupling PI3K to aPDKIK465EK465E mjce brain, which correlated with reduced
number of tyrosine kinase receptorSi{ah et al., 2004; O'Neill, phosphorylation of TACE at Thr sites in the mutant samples.
2013. Increased phosphorylation of Akt at Ser473 was alstysing TNFR1 shedding as a readout of TACE activity, we
observed in the aged AD transgenic mice mutant samples whidiound that the membrane-associated TA@Eecretase activity
paralleled that of Akt Thr308, the PDK1 site. In contrast, theand the concentration of STNFR1 were signi cantly higher,
de cient activation of Akt observed in the PDK465EK465Emice  whilst the levels of TNFR1 at the cell surface lower, in the
arise from ine cient PDK1-mediated phosphorylation of Akt PDKIK465EK465E neyronal cells treated with B\ or TNFa
at Thr308 with intact Akt phosphorylation at Ser473, mTORC2compared with the PDK3™ wild type cells, thereby pointing out
site. Therefore, a role for mTORC2 hyperactivity in medigtin to a prominent role of Akt downstream of PDK1 in mediating
Ab-mediated pathology can be envisaged. In this regard, ATACE downregulation induced by \and other in ammatory
was previously shown to induce mTORC1 hyperactivity througtfactors.
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FIGURE 9 | Reducing the levels of Akt activation protected wild type cdical
neurons against amyloid-beta induced-toxicity(A) Western blot analysis of the
oligomeric stage of the synthetic A peptides preparation (Syn A42), upon
addition to the primary neurons (A oligomer), and in the discarded insoluble
pellet (brillar A). Arrows indicate positions of monomers (1-mer), trimers
(3-mer), tetramers (4-mer) and other higher molecular weig forms (n-mer).
(B) Wild type primary cortical cells were cultured in complete @dium for 6
days and then treated in the absence or presence of M of oligomeric
amyloid-b (0Ab) and the indicated concentrations of the Akti-1/2 inhibitor
Upper panel, the cell viability was determined with the MTTeduction assay
and is expressed as a percentage of the untreated cells; Midé panel, Protein
extracts were obtained from the indicated PDK1 wild-type (W) and PDK1
mutant knock-in (KI) mice cortical cell samples and then immuoblotted with
indicated phospho and total antibodies; band densitometryquanti cation of
the ratio between Akt308 phosphorylation and total proteirevels is shown at
the bottom, where values are represented as percentage of autrol. Data
represents the mean SEM for at least ve independent embryos per
genotype from two separate experiments, with each sample asayed in
triplicate. *p < 0.05 and **p < 0.005 (Student's t-test) compared with the
untreated controls;# p < 0.05 and * p < 0.005 (Tukey test) between oA
plus the inhibitor and oA alone;$p < 0.05 and $$p < 0.005 (Tukey test)
between oAb plus the different concentration inhibitor and the untread PDK1
mutant samples.

PDKI wild type cultures in the presence of the RNA
synthesis inhibitor Actinomycin-D, and to a lesser extemthe
PDK1K465EK465E mytant cultures. Some studies indicate that
TNFa is a prosurvival factor for neuronsCheng et al., 1994;
Courtney et al., 1997that NF-kappaB is not activated by TiHF

in neurons Jarosinski et al., 2001; Mao et al., 2006; Listwak et al.,
2019, and that the TNFR2 may as well be responsible for aNF
induced toxicity Gary et al., 1998 TNFR1 signaling cascade
is required for A-induced neuronal cell death_{ et al., 200%
conversely, TNFR1 is required fobAeneration e et al., 200/

In contrast to TNR, the neurotoxicity elicited by B peptides
was found dramatically attenuated in the PD#§5EKA465E
neurons compared to the PDIETC controls. That prompted us

to browse for more downstream cellular mechanisms that could
explain the di erential sensitivity of the PDKFE5EKA65Em ytant
cells to A-related toxicity.

Among them, the UPR is a protective cellular response
induced during periods ER stress, which reduces the unfolded
protein load and returns the protein-folding homeostasis
(Halliday and Mallucci, 2005 In AD, the aberrant proteostasis
of Ab and Tau induces the UPR and contributes to exacerbate
the neuronal cell lossHetz and Mollereau, 20)4For example,
phosphorylation of elF2 is elevated in the brain of AD patients
and AD mice models, and inhibition of the upstream kinase
PERK prevent de cits in protein synthesis, synaptic plasticity an
spatial memory in APP/PS1 mic®l@ et al., 2018 In agreement
with that notion, we found the levels of phosphorylation of both
PERK at Thr980 and ell2at Ser51 markedly increased in the
cortex of the 12-months old 3xTg-AD mice, whereas the protein
levels of other components of the UPR analyzed such as BIP,
PDI, IREX or CHOP remained unchanged. In sharp contrast,
phosphorylation of PERK at Thr980 and el-at Ser51 were
reduced in the old PDKK*65EK465E mytant mice or in mutant
cortical cultures treated with tunicamycin or bAcompared
with the PDKT wild type mice and cells. Attenuated Akt
signaling allows the FOXO-mediated transcription of genes
counteracting age-related proteotoxicity in AD mic€dhen
et al., 2009; Douglas and Dillin, 2Q1Moreover, we found
diminished number of apoptotic cells induced by tunicamycin,
which were more robustly attenuated uporbAreatment in the
PDK1K465EK465E heyrons compared with the PDETC wild
type controls, especially when they were used at highest doses.
Therefore, the ine cient binding of PDK1 to PtdIns(3,4,5)f
the PDKK465EK465Emice leading to reduced phosphorylation of
Akt at Thr308 and hypoactivation of the downstream signaling
pathway seems to play an important role in attenuating the
UPR in an age-dependent manner. These observations point to
an Akt-dependent activation of the PERK/el-pathway with
aging, which was however previously shown to phosphorylate
and inhibit PERK in cells exposed to ER stress or oxidative
stress [lounir et al., 201). All the above ndings raise the
possibility of the existence of a positive feedback e ect of Akt
on the PERK-elF2 axis activation under an unbalance of the
ER stress, which might be attenuated in the PI#PEK465E

Decreased TNFR1 levels at the cell surface should rendetice, leading to a reduction in the neuronal cell death respons

the PDK1 mutant cells less vulnerable to soluble @N&xicity.

In this regard, the ER stress is proposed to contribute to the

Nevertheless, TN& only compromised cell viability in the development of brain insulin resistancey et al., 201R PKR,
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