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Presenilin-dependent regulation of neuronal D
tau pathology via the autophagy
and proteasome pathways
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Abstract

Mutations in the presenilin (PS/PSEN) genes cause early-onset familial Alzheimer’s disease (AD) by enhancing
cerebral accumulation of amyloid-f (AB) peptides and microtubule-associated protein tau (MAPT). How PS
mutations affect AR generation is well characterized, but the precise cellular mechanisms by which PS dysfunction
drives neuronal tau pathology are not fully understood. Here, we investigated the mechanisms linking PS/y-
secretase-dependent tau pathology and autophagy/proteasome by employing pathological, imaging and
molecular approaches in human brains, fibroblasts and induced pluripotent stem cells (iPSC)-derived neurons
from PSEN1-linked familial AD carriers, and in a novel neuronal PS-deficient tauopathy transgenic mouse. We found
enhanced levels and colocalization of pathological phosphorylated tau (pTau) and ubiquitin factor p62 in the
hippocampus of dementia patients with familial AD-linked PSENT mutations, corticobasal degeneration and Pick’s
disease, suggesting disrupted proteasomal degradation in tauopathies. Human primary fibroblasts from PSENT
G206D and/or L286P carriers showed elevated LC3-1 and autolysosomes indicating autophagy flux alterations.
Human iPSC-derived neurons harboring the familial-AD linked PSENT G206D mutation showed increased
aggregated tau and reduced secreted tau, whereas pharmacological proteasome inhibition reduced significantly
total and pTau (Ser396/404) while increasing its release. Consistently, proteasomal inhibition decreased intracellular
tau and pTau and promoted tau release in human tau-expressing neurons through a mechanism that partially
depends on PS. In the hippocampus of neuronal PS-deficient mice, Akt activation and GSK3 inhibition were
associated with elevated levels of phosphorylated and aggregated tau and the ubiquitin-binding protein p62.

In conclusion, PS function is required for autophagy/proteasome-mediated tau elimination in neurons, whereas
that FAD-linked PSENT mutations cause progressive tau pathology by disrupting the proteasome and autophagy/
lysosomal pathways.
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Background

Alzheimer’s disease (AD), the most prevalent memory
disorder in the elderly, is characterized by cerebral accu-
mulation of amyloid plaques, containing amyloid-f (Ap)
peptides, and neurofibrillary tangles (NFTs) of aggre-
gated  hyperphosphorylated = microtubule-associated
protein tau (MAPT) [1, 2]. Tau pathology progresses in
a stereotypical manner between interconnected brain
regions, appearing in the transentorhinal/entorhinal cor-
tex and hippocampal region, then spread to limbic and
finally association neocortex , which correlates with the
progression and severity of the disease [3, 4]. Elevated
levels of phosphorylated tau (pTau) species in brain and
plasma are associated with cognitive decline and conver-
sion to dementia, making them potentially useful bio-
markers for clinical diagnosis [5-8].

The majority of familial AD (FAD) cases are caused
by autosomal dominant mutations in the presenilin (PS/
PSEN) genes (presenilin-1/2: PSENI1, PSEN2), encoding
the catalytic components of y-secretase [9]. These patho-
genic mutations increase the accumulation of toxic Ap
peptides and hyperphosphorylated tau, causing acceler-
ated disease progression [10-13]. Although AP and tau
act synergistically in AD [14-16], tau also causes neuro-
degeneration independently of AP [17], as evidenced in
primary tauopathies, such as corticobasal degeneration
(CBD), Pick’s disease (PiD) and progressive supranuclear
palsy (PSP) [18]. In rare cases of familial frontotempo-
ral dementia, atypical dementia with parkinsonism and
dementia with Lewy bodies, PSENI mutations enhance
tau accumulation independently of Ap [19-22]. FAD-
linked PSEN mutations also increase tau phosphory-
lation, amyloid deposition, synaptic dysfunction and
neurodegeneration in mice [23-25]. These mutations
interfere with y/e-secretase-dependent and -indepen-
dent PS biological functions revealing a possible loss of
function mechanism [26]. Consistently, PS deficiency in
neurons results in age-dependent synaptic dysfunction
and neurodegeneration accompanied by tau phosphory-
lation in PS conditional knockout (cKO) mice [27-29].
Although loss of PS/y-secretase recapitulates key features
of tauopathies, the PS-dependent mechanisms leading to
tau pathology in neurons during neurodegeneration are
still unknown.

Macroautophagy, hereafter referred as autophagy,
is a catabolic cellular process that targets proteins and
organelles to autophagosomes for degradation, and plays
a central role in neurodegenerative diseases, including
tauopathies [30]. The accumulation of autophagic vesicles
is associated with neurofibrillary pathology in AD, CBD
and PSP cases, which suggests disruption of autoph-
agy-lysosomal degradation in tauopathies [31-33].
Pathological tau disrupts both autophagy and chaperone-
mediated autophagy (CMA), contributing to proteostasis
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imbalance and neurotoxicity in AD [34-36]. Conversely,
autophagy activation potentiates the clearance of toxic
protein aggregates containing tau and AP [36—43]. Syn-
aptic activity also decreases pathological tau by promot-
ing its degradation via the autophagy/lysosomal pathway
and increasing its extracellular release [44—46]. Alongside
the autophagy-lysosomal pathway, the ubiquitin-prote-
asome system (UPS) plays a major role in the clearance
of intracellular tau, although the predominant degrada-
tion mechanism may depend on the tau protein species
[47]. PS1 promotes autophagy-mediated proteolysis by
facilitating autophagosome-lysosome fusion, autophagy-
related genes and lysosome acidification [48—56]. Besides
the critical role of PS in autophagy (see [57] for a review),
whether PS regulates autophagy- and/or proteasome-
mediated tau clearance during neurodegeneration is still
unclear. Here, we investigated the cellular mechanisms
of PS-dependent tau pathology by examining the link
between tau and autophagy and proteasome degrada-
tion in human brains, iPSC-derived neurons and primary
fibroblasts from FAD-linked PSENI carriers, as well as
in novel mouse models of tauopathy lacking neuronal PS
genes.

Materials and methods

Human brain samples

Human post-mortem hippocampus from controls (n =
14), FAD-linked PSEN1 (n = 6) and PSEN2 (n = 1) car-
riers, CBD (n# = 8) and PiD (n = 7) were obtained from
the Neurological Tissue Bank, Biobanc Hospital Clinic-
FRCB/IDIBAPS, and Banc de Teixits de Bellvitge (Barce-
lona, Spain). Control brain samples were obtained from
patients who died from non-neurological diseases; diag-
nostic neuropathology and retrospective chart reviews
were carried out for all subjects (Table 1). Neuropa-
thology was classified according to the ABC score that
includes the distribution of AP deposits according to
Thal phases (A), Braak staging for neurofibrillary pathol-
ogy (B) and the frequency of cortical neuritic plaques
according to CERAD criteria (C) [58]. All procedures
were approved by the Human Ethical Committee of Hos-
pital Clinic. All patients’ data and samples were coded
and handled according to national guidelines to protect
patients’ identities.

Transgenic mice

PS ¢KO mice (C57BL/6/129 background) lacking PSI
and PS2 specifically in forebrain glutamatergic neurons
were previously described [27]. Littermate control (PS1
f/f; PS2*'* or PSI f/f; PS2*'; f: floxed), PS1 cKO (PS1 f/f;
CaMKIIa-Cre) and PS cKO (PS1 f/f; PS27/-; CaMKlla-
Cre) mice were obtained by crossing floxed PS1/PS27/~
(PS1 f/f; PS27'7) or PS2*/~ (PS1 f/f; PS2*) males to
heterozygous PS1 cKO; PS2*/~ females (PS1 f/f; PS2*/~;
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CaMKIIa-Cre). Novel non-transgenic control (PSI f/f;
Tau-) and human tau (PS1 f/f; Tau+), PS1 cKO; Tau (PSI
f/f; CaMKlla-Cre; Tau+) and PS cKO; Tau (PSI f/£;PS27~
; CaMKIIa-Cre; Tau+) mice were obtained by crossing
PS1 cKO or PS cKO with Tau P301S tg (PS19) mice (JAX
#008169; B6C3). Tau P301S mice express the tau gene
with one N-terminal insert and four microtubule bind-
ing repeats (IN4R) harboring the FTDP-17-linked P301S
mutation under the neuron-specific prion protein pro-
moter (PrP) leading to pTau and neurofibrillary tangles
and behavior alterations [59]. Animal procedures were
conducted in accordance with the reduction principle of
the 3Rs following protocols approved by the Animal and
Human Ethical Committee of the Universitat Autobnoma
de Barcelona and Generalitat de Catalunya (CEEAH
2895/ DMAH 10571) based on European Union guide-
lines and regulations (2010/63, 2016/679).

Primary mouse neurons and human fibroblast cultures
Cortical neurons from Tau (PSI f/f;PS2*/*;Tau+) or PS1
cKO; Tau ((PS1 f/f;PS2**;Tau) and PS cKO; Tau (PSI
f/fPS27/~;Tau+) embryos (E15.5) were cultured in poly-
D-lysine coated dishes containing neurobasal medium
supplemented with B27 and glutamine (Life Technolo-
gies). Neurons (4 DIV) were transduced with lentivirus
containing Cre-recombinase and ACre-recombinase
(control) as reported [60], and then lysed (12 DIV) with
cold RIPA-DOC buffer (50 mM Tris HCIl, pH 7.4, 150
mM sodium chloride, 0.1% SDS, 1% NP-40, 0.5% sodium
deoxycholate, 2.5 mM EDTA, 1 mM NazVO,, 25 mM
NaF). Primary human fibroblasts from skin biopsies of
healthy and FAD PSENI subjects [61] were transiently
transfected (48 h) with the pPCDH-EFla-mCherry-EGFP-
LC3B plasmid (Addgene) using Lipofectamine 2000
reagent (Thermo Fisher Scientific). Cells were fixed with
phosphate-buffered paraformaldehyde (PFA, 4%) and
imaged with a Zeiss Axio Examiner LSM700 laser scan-
ning microscope. ImarisColoc tool from Imaris 8.3.4
(Bitplane) software was used to discriminate between
autophagosomes (mCherry- and EGFP-positive) and
autolysosomes (mCherry-positive). For pharmacologi-
cal treatments, cells were incubated with vehicle, chlo-
roquine (10 uM, 24 h; Sigma-Aldrich) and/or MG132 (1
uM, 24 h; Tocris). Cell viability was assessed using the
non-toxic PrestoBlue™ assay (ThermoFisher Scientific,
A13262).

Quantification of extracellular human tau

Total human tau in the medium of cultured cortical
neurons was quantified using a solid phase ELISA kit
(KHB0041, Invitrogen). Briefly, the medium was har-
vested, centrifuged and the supernatant incubated
with the capture antibody. Then, samples were incu-
bated with human tau biotin conjugate antibody and
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streptavidin-HRP solution. After the addition of the
chromogen solution, absorbance at 450 nm was mea-
sured on a Varioskan™ Lux reader (Thermo Scientific).

Differentiation of human iPSCs into hippocampal neurons

Human iPSCs were obtained by reprogramming dermal
fibroblasts isolated from skin biopsies of FAD patient
carrying the G206D mutation in the PSENI gene and
healthy subjects [61, 62]. The human iPSCs were grown
on vitronectin and treated with small molecules LDN
193, 189 and A83-01 (Miltenyi Biotec) to induce a neural
cell fate as well as with cyclopamine (Stem cell) to inhibit
the sonic hedgehog signalling pathway and promote a
telencephalic dorsal phenotype. Neural progenitor cells
(NPCs) were expanded by adding FGF-2 (Peprotech)
and then were seeded at 300,000 cells/cm? in polyorni-
thine (Sigma) and laminin-treated plates (ThermoFisher).
Wnt3a, BDNF, NT-3 (Peprotech) and cAMP (Sigma)
were added to promote the generation and differentiation
of hippocampal neurons, which were cultured for 60 DIV.

Brain fractionation and purification of autophagic fractions
For purification of soluble and insoluble cell fractions,
frozen human hippocampi were homogenized in cold
detergent-free RIPA-DOC buffer (0.01 g tissue/100 pl)
using a Dounce homogenizer (40 strokes), briefly soni-
cated and centrifuged at 14,000 rpm for 15 min to obtain
soluble (supernatant) and insoluble (pellet) fractions, the
latter resuspended in RIPA-DOC buffer. Purification of
autophagic fractions from brain samples was performed
using a self-established modified protocol originally
described for liver [63]. Briefly, human hippocampal tis-
sue (0.1 g) was homogenized in ice-cold 0.25 M sucrose
with a Teflon-glass homogenizer and centrifuged 5 min
at 2000 x g. The supernatant was centrifuged 12 min at
17,000 x g and the resulting pellet, which contains the
enriched autophagic fractions, was resuspended in 0.25
M sucrose and 51% Nycodenz (ProteoGenix). A 26%,
24%, 20% and 15% discontinuous Nycodenz gradient was
loaded on top of the sample layer, and centrifuged 3 h at
104,300 x g. The autophagosome, autolysosome and lyso-
some fractions were collected from the 15%-20%, 20%-
24% and 24%-26% Nycodenz interphases, respectively.
Each fraction was diluted with ice-cold 0.25 M sucrose
and centrifuged 1 h at 30,000 x g. The pellets with the
enriched vesicle fractions were resuspended in RIPA-
DOC bufter for characterization by biochemical analysis
(Supl Fig. 1C).

Biochemical analysis

For biochemical analysis, hippocampal tissue was lysed
in cold-lysis buffer (62.5 mM Tris hydrochloride, pH
6.8, 10% glycerol, 5% B-mercaptoethanol, 2.3% sodium
dodecyl sulfate [SDS], 5 mM NaF, 100 uM Na;VO,, 1 mM
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Fig. 1 Increased p62 levels are associated with accumulation of total and phosphorylated tau in the hippocampus of tauopathy patients. A,B, Western
blot and quantification of phosphorylated (p) Ser 396/404 (PHF-1), Thr 217, Ser 202 (CP13) and Thr 181 (AT270) and total (TG5 and D1M9X) tau in hippo-
campal lysates from controls (CTRL) and patients with FAD, CBD and PiD. Arrowheads indicate ~64, 68 and 72 kDa tau bands. Protein levels were normal-
ized to B-tubulin, GAPDH or total tau (D1M9X antibody). C, Scheme of macroautophagy and proteasomal degradation pathways. Misfolded ubiquitinated
proteins are recognized by the adaptor protein p62 and can then be either recruited to forming phagophores for lysosomal degradation or directed to
the proteasome for degradation. The table shows the expected molecular markers that accumulate when autophagy or proteasome degradation are
blocked. D, E, Biochemical analysis of autophagic/lysosomal markers LAMP2A, p62 and LC3 in hippocampal lysates from controls (CTRL) and patients with
FAD, CBD and PiD. F, p62 levels in soluble and insoluble hippocampal fractions of controls (CTRL) and FAD-linked PSEN1 patients. Naphtol blue was used
as a loading control. Representative hippocampal cases (Table 1) in A-B, D-E: CTRL 5, FAD 7, CBD 6 and PiD 3, and in F: CRTL2 and FAD6. Data represent
mean + SEM of multiple individuals (n=6-8) per group. One-way (B,E) or two-way (F) ANOVA followed by Dunnett’s post hoc test was used as statistical
test. *P<0.05, **P<0.01, ***P<0.001. CTRL: control; FAD: familial Alzheimer’s disease; CBD: corticobasal degeneration; PiD: Pick's disease; Ub: ubiquitin;
CTSD: cathepsin D
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Fig. 2 Phosphorylated tau accumulates in autophagic vesicles of hippocampus of tauopathy patients. A,B, Immunofluorescence images of pSer202 Tau
(CP13, green) and p62(red), using Fab anti-mouse blocking, in human hippocampal sections of CTRL 10, FAD 1, CBD 4 and PID 6 cases (A), and quantitative
analyses of total intensity per area and colocalization of pSer202 Tau and p62 (B). Data represent mean + SEM of multiple individuals (n=4-7) per group.
Scale bar: 20 um. One-way ANOVA followed by Dunnett’s post hoc test. C, Western blot images and quantification analyses of pTau (Thr 217 and Ser 202)
and total tau (D1MO9X) in lysates and purified enriched autophagosomal (Aph), autolysosomal (AL) and/or lysosomal (Lys) fractions from hippocampus
of human CTRL and FAD patients. Representative images corresponding to CTRL 13, CTRL 14, FAD 2 and FAD 7. Welch’s t test or Mann-Whitney test were
used as statistical test. *P < 0.05, **P < 0.01, ***P < 0.001. CTRL: control; FAD: familial Alzheimer’s disease; CBD: corticobasal degeneration; PiD: Pick's disease;
PC: Pearson’s correlation coefficient; M1/M2: Mander's overlap coefficient 1 and 2

EDTA, 1mM ethylene glycol tetraacetic acid) containing
protease and phosphatase inhibitors and boiled at 100 °C.
The protein content in lysates and purified enriched frac-
tions was quantified with the Coomassie (Bradford) assay
kit (Thermo Fisher Scientific), and same amount of pro-
tein per sample was resolved on SDS-polyacrylamide gel
electrophoresis and detected by Western blotting with
the following antibodies: rabbit anti-tau (D1M9X; 1:1000,
Cell Signaling), mouse anti-tau (TG5; 1:500), mouse pThr
181 (AT270; 1:200, Thermo Fisher Scientific), pSer202
(CP13; 1:250) and pSer 396/404 (PHEF-1; 1:250) tau, rab-
bit pThr 217 tau (1:1000, Thermo Fisher Scientific), rabbit
anti-LC3B (1:1000, Abcam), mouse anti-p62/SQSTM1
(1:1000, Abcam) and ubiquitin (1:1000; P4D1 Santa
Cruz Biotechnology), rabbit anti-LAMP2A (1:1000,
Abcam), rabbit anti-Cathepsin D (1:1000, Abcam), rab-
bit anti-PS1 NTF (1:10000, Calbiochem), mouse anti-f3-
tubulin (1:20000, Sigma), mouse anti-GAPDH (1:100000;
Ambion), mouse anti-GSK3p (1:2500; BD Biosciences),
rabbit pGSK3p (Ser 9, 1:1000; Cell Signaling), goat anti-
Akt (1:1000; Santa Cruz Biotechnology), and rabbit
pAkt (Thr 308 and Ser 473), total and pThr 172 AMPK,
total and pSer 2448 mTOR, pPRAS40 Thr 246, total and
pThr 389 p70 S6K, total and pSer 235/236 S6 ribosomal
protein and pULK1 Ser 757 (all 1:1000, Cell Signaling).
Bands detected with secondary antibodies coupled to
peroxidase and enhanced chemiluminescent reagent
were captured in a ChemiDoc MP System and quanti-
fied in a linear range using the ImageLab 5.2.1 software
(Bio-Rad).

Immunohistochemistry and Gallyas staining

Mice were perfused transcardially with PBS and fixed
in 4% phosphate-buffered PFA before paraffin embed-
ding. Sagittal brain section (5 pm) were deparaffinized in
xylene, rehydrated and microwave heated in citrate buffer
(10 mM, pH 6.0). Sections were incubated overnight at 4
°C with pSer202 tau antibody (CP13, 1:50). Sections were
then incubated with a biotin-conjugated anti-mouse sec-
ondary antibody (1:200) and revealed with the DAB per-
oxidase substrate kit (Vector laboratories) before imaging
(Nikon Eclipse 80i microscope). For immunofluorescence
staining of human hippocampus, frozen human samples
(10 um) were fixed in 4% PFA and heated in citrate buf-
fer. Sections were incubated overnight at 4 °C with mouse
anti-phosphorylated tau (CP13, 1:50), mouse anti-p62

(1:200) or rabbit anti-LC3 (1:200) antibodies followed
by anti-mouse AlexaFluor488 (1:300), biotin-conjugated
Fab anti-mouse or rabbit antibodies (1:300), Streptavi-
din Cy3 (1:1000) and Hoechst (1:10,000). Sections were
incubated with Sudan Black B and mounted before con-
focal images (63x) were obtained Confocal images (63x;)
were obtained with a Zeiss Axio Examiner LSM700 laser.
For Gallyas staining, deparaffinized brain sections were
treated with 0.3% KMnO, (10 min), 1% oxalic acid (1 min)
and washed with H,0, to stain NFTs [64]. After alkaline
silver iodide treatment (1 min), sections were washed (x
3) with 0.5% acetic acid and developed (6—7 min) with
solution A (0.2% silver nitrate, 0.2% ammonium nitrate,
1% g tungstosilicic acid and 0.2% formaldehyde) and
solution B (5% anhydrous sodium carbonate). Sections
were washed (x3) in 1% acetic acid and stained with 0.5%
gold chloride. All immunohistochemistry images were
analyzed using Image]J software (NIH). For pTau (Ser 202)
and p62 colocalization analysis, Just Another Colocaliza-
tion plugin (JACoP) was used.

Statistical analysis

Statistical analysis with Prism software (GraphPad, La
Jolla, CA) was performed using one- or two-way ANOVA
followed by Dunnett’s, Tukey’s or Bonferroni’s post hoc
test as indicated in the figure legend. For data that did
not follow a normal distribution, Kruskal-Wallis followed
by Dunn’s post hoc test was used. P values less than 0.05
were considered significant. The significance level is indi-
cated as follows: * P<0.05, ** P<0.01 and *** P<0.001.

Results

Pathological tau accumulates in autophagic vesicles in the

hippocampus of FAD subjects

To investigate the link between tau accumulation and
protein degradation dysfunction in tauopathies, we first
analyzed biochemically total and phosphorylated (Thr
181, Ser 202, Thr 217, Ser 396/404) tau in the hippocam-
pus of 28 individuals clinically diagnosed with PSEN-
linked FAD (FAD; n = 7, mean age: 53.1 + 5.7), CBD (n
= 8, mean age: 70.5 + 6.7), PiD (1 = 6, mean age: 68.6 +
12.5) and age and sex-matched controls (# = 7, mean age:
51.4 + 7.6) (Table 1; Fig. 1A, B). Biochemical analysis of
tau revealed protein bands of ~60-64, 68 and 72 kDa in
FAD samples, whereas 64—68 and 60-64 kDa tau spe-
cies were predominant in CBD and PiD, respectively (Fig.
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Fig. 3 FAD-linked PSENT G206D and L286P mutations impair autolysosomes clearance in primary human fibroblasts A, Representative bright field im-
ages of primary human fibroblasts treated with vehicle or CQ. B, C, Western blotting (B) and quantitative analysis (C) of p62, LC3-l and LC3-Il protein levels
in lysates of cultured human fibroblasts treated with vehicle or CQ for 24 h. Protein levels were normalized to GAPDH or LC3-l, as indicated. Data are mean
+ SEM of independent cultures (n = 4). Two-way ANOVA followed by Tukey’s post hoc test was used as a statistical test. *P < 0.05, **P < 0.01, ***P < 0.001.
D, Scheme of the autophagy tandem sensor mCherry-EGFP-LC3B. Autophagosomes are labelled in yellow due to mCherry/EGFP co-staining, and after
fusing with lysosomes EGFP is quenched by the acidic pH and autolysosomes are labelled in red (mCherry+). E, F, Confocal microscopy (first and third
rows) and Imaris software (second and fourth rows) images (E) and quantitative analysis (F) of autophagosomes (yellow puncta) and autolysosomes (red
puncta) per cell in primary human fibroblasts expressing mCherry-EGFP-LC3B and treated with vehicle (top) or CQ (bottom) for 24 h. Scale bar: 20 um.
Data are mean = SEM of multiple cells per condition (n = 7-29) from 6 independent cultures. Two-way ANOVA followed by Tukey’s post hoc test was used

as a statistical test. * P < 0.05, ** P < 0.01. #P =0.18

1A). This biochemical profile of tau bands among tauop-
athies is due to the accumulation of 3R/4R-tau in FAD,
4R-tau in CBD and 3R tau in PiD [65-68]. Tau pathol-
ogy was specially exacerbated in patients harboring FAD-
linked PSEN mutations compared to other tauopathies
(FAD vs. control, Tau: P < 0.01; Ser 396/404: P < 0.001;
Thr 217, P < 0.01; Ser 202: P < 0.01; Thr 181, P < 0.01; Fig.
1A, B). When normalized to total tau, phosphorylated
Ser 396/404 and Ser 202 tau species were significantly
elevated in FAD and PiD, and in all tauopathies, respec-
tively (Fig. 1B).

To examine whether accumulated tau is associated with
autophagic flux failure or impaired proteasomal degra-
dation, we examined key markers of the autophagoly-
sosomal pathway, including the microtubule-associated
autophagosome protein light chain 3 (LC3), sequesto-
some 1 (SQSTM1/p62), which mediates the degradation
of ubiquitinated cargos, and lysosomal-associated mem-
brane protein 2A (LAMP2A) [69] (Fig. 1C). The number
of autophagosomes was assessed by measuring LC3-I
conversion to LC3-II, whereas LC3-1I and p62 levels were
quantified to evaluate autolysosomes degradative effi-
ciency [70]. Levels of LC3-I, LC3-1I, LC3-II/I ratio and
LAMP2A were unchanged in tauopathies, and only LC3
precursor (proLC3) was significantly increased in FAD
(P < 0.05), indicating the possibility of altered autophagy
flux initiation in these patients (Fig. 1D, E). By contrast,
p62 was increased in FAD (P < 0.05), CBD (P < 0.05) and
PiD (P < 0.001) cases compared to control subjects (Fig.
1D, E). Subcellular fractionation revealed that p62 was
significantly increased in both soluble and insoluble hip-
pocampal fractions of PSENI carriers (fraction effect: P
< 0.0001; group effect: P < 0.001; Fig. 1F). GAPDH was
predominantly detected in the soluble fraction, indicat-
ing effective fractionation. This increase in p62, accom-
panied by unchanged LC3-II/I ratio, suggests a blockage
of proteasomal degradation that can contribute to tau
accumulation in PSENI patients (Fig. 1C). In agreement,
immunohistochemical analyses revealed a significant
increase of pTau (Ser 202; P < 0.05) and p62 levels and
its colocalization in FAD, CBD and PiD hippocampus (P
< 0.05; Fig. 2A, B). Moreover, although LC3 levels were
unchanged the percentage of pTau/LC3-positive cells
was increased in the hippocampus of FAD patients (P <

0.001, Suppl Fig. 1A, B). Biochemical analysis of enriched
fractions of autophagic vesicles revealed a significant
accumulation of tau and pTau species in autophago-
somes, autolysosomes and/or lysosomes in hippocampus
of mutant PSENI patients compared with controls (P <
0.05; Fig. 2C, Suppl Fig. 1C). These results suggest that
although total and phosphorylated tau are degraded via
autophagy, as indicated by their presence in autophagic
fractions (Fig. 2C), impaired proteasomal degradation, as
revealed by increased p62 and unchanged LC3-II/I ratio,
may also contribute to abnormal tau accumulation in
mutant PSEN1 patients (Figs. 1D and E and 2A and B).

FAD-linked PSENT mutations block autophagic flux in
human primary fibroblasts

Considering the above findings in hippocampal tis-
sue, cell-specific effects of autophagic versus protea-
somal dysregulation may potentially mask the effects of
PSENI mutation in tau levels. For this reason, we next
examined the impact of FAD-linked PSENI mutations
on autophagy using a cellular model lacking measurable
levels of endogenous tau. Primary human skin fibroblast
from healthy controls (CTRL 1 and 2) and from patients
harboring PSENI G206D (exon 7) and L286P (exon
8) missense mutations [61, 62] were treated with the
autophagosome-lysosome fusion inhibitor chloroquine
(CQ) [71]. As expected, CQ treatment increased autoph-
agic vacuoles visualized under a bright-field microscope,
and elevated p62 (P < 0.001), LC3-II (P < 0.001) and LC3-
II/LC3-I ratio (P < 0.001; Fig. 3A—C). Fibroblasts express-
ing the PSENI G206D and L286P mutations showed
similar p62 levels in basal or CQ conditions compared
to controls (P > 0.05, Fig. 3B, C). Interestingly, LC3-I
was significantly elevated in human fibroblasts express-
ing FAD-linked PSENI mutations in basal conditions
(G206D, P < 0.01; L286P, P < 0.05) but not after CQ treat-
ment (Fig. 3B, C). The increase of LC3-I suggests that
PSENI mutations potentiate autophagosomes formation
and/or block autolysosomes clearance. We then evalu-
ated autophagy flux in primary fibroblasts transiently
expressing a mCherry-EGFP-LC3B reporter that allows
monitoring of biogenesis of autophagosomes (mCherry+/
EGFP+, yellow) and autolysosomes (mCherry+/EGFP-,
red) (Fig. 3D) [72]. In basal conditions, autophagosome
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Fig. 4 Proteasome inhibition ameliorates pathological tau in human PSENT G206D iPSC-derived neurons

A-C Western blotimages (A, B) and quantification of p62, LC3-I, LC3-II, and LC3-II/I ratio (A), and total (D1M9X) and phosphorylated (p) Ser 396/404 (PHF-
1) tau (C) in lysates of iPSC-derived neurons treated with vehicle (Veh) or 25 uM CQ for 24 h. D-F, Biochemical analysis of p62, LC3, and total (D1M9X) and
phosphorylated (p) Ser 396/404 Tau (PHF-1) in PSENT G206D neurons treated with vehicle, 100 mM trehalose (tre) or 1 uM MG132 (MG) for 24 h. Protein
levels were normalized to GAPDH, LC3-l, or ~ 64-68 kDa tau, as indicated. Data represent mean + SEM of three biological replicates per condition. G, Total
tau in the conditioned medium of PSENT G206D neurons treated with vehicle, 100 mM trehalose (Tre) or 1 um MG132 (MG) for 24 h. Data represent
mean + SEM of three biological replicates. One- or two-way ANOVA followed by Tukey’s post hoc test was used as a statistical test. * P<0.05, ** P<0.01,

*** p<0.001, ns: not significant

number (yellow puncta) were unchanged (P > 0.05) and
autolysosomes (red puncta) were increased in fibroblasts
expressing PSEN1 G206D (54.9 + 7.0; P < 0.05) and L286P
(68.1 + 12.3; P < 0.001) (Fig. 3E, F). CQ induced a global
increase of autophagosomes in control fibroblasts (treat-
ment effect: P < 0.01), which was significantly elevated in
PSEN1 G206D fibroblasts vs. Ctrl 2 (P < 0.05), and mim-
icked the effect of PSENI mutations on autolysosome
accumulation (P > 0.05, Fig. 3E, F). The basal elevation
of LC3 and autolysosomes, together with the absence of
additional effects following CQ treatment, suggest that
PSENI mutations disrupt autophagy flux in human fibro-
blasts likely due to reduced lysosomal activity.

FAD-linked PSENT mutations do not affect autophagy flux
but enhance pathological aggregated tau in human iPSC-
derived neurons

The above results promoted us to examine the levels of
tau and autophagy markers in human iPSC-derived hip-
pocampal neurons (60 DIV) from a healthy control and a
patient harboring the heterozygous PSENI G206D muta-
tion [61, 62]. As expected, autophagy inhibition with CQ
induced an overall increase of p62, LC3-II, and LC3-11/
LC3-I ratio indicating blockade of autophagosome clear-
ance (Treatment effect: P < 0.001, Fig. 4A). The absence
of differences in autophagy markers between control
and PSEN1 G206D cells indicated that PSENI mutation
does not globally affect autophagy flux in human iPSCs-
derived neurons (Fig. 4A). As shown in Fig. 4B, we found
bands of ~64-68 kDa monomeric tau; and ~120-150
kDa bands of high molecular weight tau (HMW-Tau),
likely corresponding to tau aggregates/oligomers [73, 74].
Surprisingly, in basal conditions, monomeric (~64—68
kDa) total and phosphorylated (Ser 396/404) tau levels
were decreased in PSEN1 G206D iPSC-derived neurons
compared to control (Patient effect: P < 0.01), an effect
that was exacerbated with CQ (Fig. 4B, C). This decrease
in intracellular monomeric tau was likely due to the
increase of intracellular HMW-Tau species, as suggested
by higher HMW-Tau/tau ratio (Patient effect: P < 0.01,
Fig. 4B, C). Then, we evaluated whether trehalose, which
induces autophagy flux, could promote pathological tau
clearance in PSENI G206D iPSC-derived neurons. Tre-
halose induced autophagy, as indicated by increased LC3-
II/1 ratio (P < 0.001) without p62 changes (4), but did not
affect monomeric or HMW-Tau levels (Fig. 4D-G), By

contrast, proteasome inhibition with MG132 increased
p62, reduced significantly intracellular total and phos-
phorylated monomeric tau levels (P < 0.05), without
affecting HMW-Tau species, and induced tau release
into the conditioned medium (Fig. 4D-G). Altogether, the
FAD-linked PSENI G206D mutant does not seem to play
a direct role in autophagy in iPSC-derived neurons, but
it may affect directly or indirectly proteasomal-mediated
tau degradation and/or release.

Loss of neuronal PS enhances phosphorylated and

aggregated tau in the hippocampus of Tau transgenic mice
To investigate further the role of neuronal PS/y-secretase
on human tau pathology in vivo, we next analyzed novel
PS1 cKO; Tau and PS cKO; Tau mice expressing the FTD-
linked P301S tau and lacking PS1 or both PS, respectively,
in excitatory neurons of the postnatal forebrain [28]. Bio-
chemical analyses showed similar total human tau levels
(~4-fold change) in all Tau transgenic groups, whereas
pTau at Thr 217, Ser 202 and Thr 181 were enhanced (~3-
20-fold) in the hippocampus of 6 month-old PS1 cKO;
Tau and/or PS cKO; Tau mice compared to WT mice
(Thr 217: P < 0.001; Ser 202: P < 0.01; Thr 181: P < 0.01;
Fig. 5A). Particularly, pTau at Ser 202 and Thr 217 were
slightly increased in PS ¢KO; Tau mice compared to Tau
and/or PS1 cKO; Tau mice (P < 0.05; Fig. 5A). Immu-
nostaining confirmed increased staining of pSer 202
tau-positive neuronal somatic and projections in the hip-
pocampus (genotype effect: CA3, P < 0.05; DG, P < 0.01),
retrosplenial cortex (P < 0.01) and amygdala (P < 0.01) of
PS1 ¢KO; Tau and PS cKO; Tau mice compared to control
and/or Tau mice (Fig. 5B). Interestingly, Gallyas staining
revealed abnormal conformational aggregated tau in the
hippocampus and entorhinal cortex (EC) of PS cKO; Tau
mice compared with control and Tau mice at 6 months
(CA3: P < 0.05; EC: P < 0.05; Fig. 5C). These results indi-
cate that total loss of PS function in neurons increases
human tau phosphorylation and aggregation, which
leads to hippocampal-dependent learning and memory
deficits [28]. To understand the mechanisms leading to
tau aggregation and accumulation in PS cKO; Tau mice,
we analyzed markers of protein homeostasis in the hip-
pocampus of 6 month-old mice. In agreement with our
findings in human hippocampus (Figs. 1D and E and 2A
and B), we found elevated levels of p62 (P < 0.001), the
lysosomal protease CTSD (P < 0.01) and its precursor
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Fig. 5 Loss of neuronal PS enhances cerebral phosphorylated and aggregated human tau. A, Western blot analysis of pSer 202 (CP13), pThr 217, pThr
181 (AT270) and total (D1M9X) tau in the hippocampus of 6 month-old wild-type (WT) and tau transgenic mice (Tau) lacking neuronal PS1 (PS1 cKO;
Tau) or both PS (PS cKO; Tau). Protein levels were normalized to GAPDH or total tau, as indicated. Values represent mean +SEM (n=7-8 mice/group). B,
C, Representative immunohistochemical images and quantification of pSer202 tau (CP13) (B) and Gallyas-stained neurons (C) in coronal sections of CA3
hippocampus (Hip), dentate gyrus (DG), retrosplenial cortex RSC), entorhinal cortex (EC), and amygdala of 6 month-old non- (WT) and tau transgenic
mice (Tau) lacking neuronal PS1 (PS1 cKO; Tau) or both PS (PS cKO; Tau). Scale bar: 100 um. Values represent mean of pSer202 Tau or Gallyas-positive cells/
section+SEM (n=3 slices per mice, 4 mice/group). Statistical analysis was determined by one-way ANOVA followed by Tukey’s (A, C) or Bonferroni's (B)

post hoc tests. *P<0.05, **P<0.01, ***P<0.001

proCTSD (P < 0.001) but unaltered LC3-II/I ratio in hip-
pocampal lysates of PS cKO; Tau mice at 6 months (Fig.
6A, B). This suggests blockade of proteasomal degrada-
tion and potentially a compensatory mechanism to clear
aggregated tau via lysosomal degradation. Biochemi-
cal analyses showed significant increases of active pAkt
(Ser 473,Thr 308) and its downstream phosphorylated
substrates GSK3p (Ser 9; P < 0.05) and proline-rich Akt
substrate (PRAS40, Thr 246; P < 0.001) in hippocampal
lysates of PS cKO; Tau mice (Fig. 6A—D). Analysis of the
mTOR signaling pathway — a key regulator of autophagy
initiation — corroborated our hypothesis of unaltered
autophagy flux in PS cKO; Tau mice, as no significant
changes compared to control group were observed in
phosphorylated mTOR (Ser 2448) or its downstream
effectors ULK1 (Ser 757), p70S6K (Thr 389) and S6 (Ser
235/236) (Fig. 6C-E). Together, these findings suggest
that complete loss of PS function affects key proteasomal
and lysosomal molecules essential for tau degradation in
neurons.

PS regulates proteasome-dependent tau secretion in
human tau-expressing neurons

To further investigate the link between PS-dependent
tau pathology and proteasome/autophagy pathways, we
analyzed primary neurons obtained from human tau
(Tau+) transgenic embryos harboring floxed PSI;PS2*'*
or PSI;PS27'~ alleles. Neurons were transduced with
lentiviral vectors containing inactive (no recombina-
tion) or active Cre-recombinase for efficient conditional
silencing of PS1 (PS1 cKO; Tau) or both PS (PS cKO;
Tau) (P<0.001, Fig. 7A). Primary cortical neurons were
treated with CQ, MG132 (MG), or the combination CQ/
MG132 to inhibit autophagy and/or proteasomal degra-
dation, as indicated by increased p62 and LC3-1I/LC3-1
ratio, or by accumulation of p62 and ubiquitinated pro-
teins, respectively (treatment effect: P<0.01-0.0001;
Fig. 7A, C). 24 h-treatment with CQ or MG was not cyto-
toxic (~90-100% cell viability), whereas their combina-
tion reduced slightly neuron viability (~78% cell viability;
P<0.001).

Consistently with our previous results in iPSC-derived
PSENI G206D neurons (Fig. 4), blocking proteasome
(MG) alone or together with autophagy (CQ+MGQG)
reduced intracellular phosphorylated (Ser202 and
Ser396/404) and/or total tau levels (treatment effect:

P<0.001; Fig. 7A, B). Furthermore, MG and CQ/MG
increased levels of extracellular human tau in Tau and
PS1 cKO; Tau neurons (P<0.001), an effect significantly
reduced in PS cKO; Tau neurons (P<0.05; Fig. 7D). Cor-
relation analysis of intracellular versus released extra-
cellular human tau showed that MG-treated samples
clustered together but separately from vehicle and CQ
samples (Fig. 7E). Notably, intraneuronal tau was nega-
tively correlated with extracellular tau independently of
the genotype, and this correlation was less pronounced
in PS cKO; Tau neurons (Fig. 7E). These findings suggest
that proteasomal inhibition reduces intracellular tau lev-
els by promoting its extracellular release through a mech-
anism that depends partially on PS.

Discussion
The accumulation of hyperphosphorylated tau aggre-
gates is a common pathological hallmark of tauopathies,
including those caused by autosomal dominant PSENI
mutations, irrespective of whether such mutations
enhance or not cerebral AB. The precise mechanisms by
which PSENI mutations lead to tau accumulation, aggre-
gation, and secretion remain incompletely understood.
The present investigation elucidated key aspects of these
pathways while providing insights for the identification
of novel biomarkers and therapeutic targets for demen-
tia. Our study revealed increased pathological pTau asso-
ciated with elevated ubiquitin-binding factor p62 in the
hippocampus of patients with FAD-linked PSENI muta-
tions and neuronal PS-deficient tau mice, which suggests
that loss of PS function disrupts tau proteasomal degra-
dation. Notably, pharmacological proteasome inhibition
reduced intracellular total and pTau levels while increas-
ing extracellular tau release in human mutant PSENI
iPSC- and PS deficient tau-derived neurons. These results
demonstrate that PS regulates proteasome-mediated
tau elimination in neurons, and that FAD-linked PSENI
mutations cause tau pathology by disrupting the protea-
some and autophagy/lysosomal pathways (Fig. 7F).
Accumulation of autophagic vesicles and autolyso-
somes in dystrophic neurites with neurofibrillary pathol-
ogy are detected in sporadic and APP-linked FAD, CBD,
and PSP [31-33], suggesting disruption of autophagy-
mediated tau clearance. In agreement, we found that
phosphorylated aggregated tau was present in autopha-
gic vesicles from the hippocampus of FAD patients,
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Fig. 6 Loss of neuronal PS enhances p62 and Akt phosphorylation. A, B Biochemical analysis and quantification of phosphorylated and/or total LAMP2A,
p62, Akt, GSK3, CTSD, and in hippocampal lysates of 6 month-old WT, Tau, PS1 cKO; Tau, PS cKO; Tau transgenic mice. Proteins were normalized to GAPDH
and phosphorylated proteins to their corresponding total proteins. C, D, Biochemical analysis and quantification of phosphorylated and/or total mTOR,
ULK1, p70S6K, AMPK, PRAS40 and Sé in hippocampal lysates of 6 month-old WT, Tau, PS1 cKO; Tau, PS cKO; Tau transgenic mice. Phosphorylated proteins
were normalized to their corresponding total proteins (except for pULK1 and pPRAS40), and total proteins were normalized to GAPDH except for pPRAS40
that was normalized to B-tubulin. E, Scheme showing the presenilin-dependent molecular pathways regulating Akt/GSK3 and mTORC pathways in
neurons. Data represent mean +SEM (n=3-9 mice/group). Statistical analysis was determined by one-way ANOVA followed by Tukey's post hoc tests.

*P<0.05,**P<0.01,**P<0.001

indicating that tau aggregates are degraded via autoph-
agy. In human fibroblasts harbouring PSENI mutations
there was a deficient clearance of autolysosomes, resem-
bling the effect of CQ treatment. These observations are
consistent with previous results showing that mutations
in PSEN1 impair autophagy flux through defective lyso-
somal acidification, fusion, or enzymatic activity [49—
76]. Phosphorylated mTOR accumulates in AD brains
and is associated with tau hyperphosphorylation [77].
In PS-deficient fibroblasts and AD iPSC-derived neu-
rons, active mTOR remains tethered to the lysosomal
membrane, impairing autophagy by inhibiting TFEB-
dependent transcription of autophagy and lysosomal
genes [49, 56]. By contrast, reduced phosphorylated
mTOR is associated with enhanced autophagy initiation
but impaired autophagosomes clearance in PS-deficient
fibroblasts [55]. We did not find any effect of neuronal
PS deficiency on mTOR signalling and phosphorylation
of its downstream effector ULK1 at Ser 757, responsible
for autophagy initiation, although ULK1 phosphorylation
at Ser 405/415 by GSK3p can also promote autophagy
initiation [78]. Interestingly, Akt-induced GSK3f inacti-
vation could contribute to altered autophagy in PS cKO;
Tau mice, but further analysis of GSK3B/ULK1 signal-
ing is required to confirm its involvement in autophagy-
mediated tau degradation.

The minimal changes in autophagy markers along
with unchanged LC3-II/I ratio detected in hippocam-
pus of patients harboring PSENI mutations and in our
mouse models, prompted us to investigate alternative tau
clearance pathways. A common feature identified in the
hippocampus of PSEN1 carriers and PS c¢KO; Tau mice
was both the accumulation of pathological tau and p62,
which is as a key adaptor protein that delivers ubiquiti-
nated cargo to autophagy and functionally links the UPS
and autophagy pathways [69]. Our results suggested that
PS dysfunction caused by autosomal FAD-linked muta-
tions or genetic loss alters proteasomal tau degradation, a
result consistent with the established role of the autoph-
agy/lysosome and proteasome pathways on tau degrada-
tion [47]. Indeed, significant efforts have been focused
towards the development of therapeutic strategies aimed
at enhancing tau degradation via the proteasome [47].
Considering that the molecular mechanisms linking
PS and proteasome degradation are largely unknown,
our finding that Akt is activated in the hippocampus of

PS cKO; Tau mice is highly relevant. Besides being an
upstream regulator of mTOR, Akt inhibits autophagy-
mediated AP clearance [43] and mediates the activation
of USP14 [79], a deubiquitinating enzyme that inhibits
the UPS and blocks protein degradation. Interestingly,
tau deubiquitination by USP10 increases tau phosphory-
lation, aggregation and accumulation, whereas inhibi-
tion of USP14 potentiates proteasomal tau clearance,
supporting the importance of UPS in tau degradation
[80, 81]. Together, we propose that PS loss of function in
neurons leads to increased Akt activity, UPS inhibition
and tau accumulation (Fig. 7F). Surprisingly, proteasome
inhibition in cultured neurons reduced intraneuronal tau
and enhanced its secretion, a process partially depen-
dent on PS. Whether tau is released via extracellular
vesicles (EVs) or freely into the extracellular medium in
these conditions merits further investigation. Interest-
ingly, EVs isolated from PSENI iPSC-neurons induce tau
hyperphosphorylation in vivo [82], an effect explained by
the alteration of the EV proteome [83]. Altogether, these
findings highlight the critical role of PS and UPS in the
degradation and secretion of tau in neurons, a mecha-
nism critical for its cell-to-cell propagation.

In summary, the crosstalk between autophagy and the
proteasome may influence the progression of tau pathol-
ogy in dementias. Autophagy and proteasomal degrada-
tion are highly interconnected proteostatic pathways,
wherein dysregulation of one system can elicit compensa-
tory upregulation of the other [69]. The elevated proLC3
and LC3 levels in the hippocampus and/or fibroblasts of
FAD patients suggest an enhancement of autophagy ini-
tiation, potentially as a compensatory response for defec-
tive proteasomal degradation. The increase of proCTSD
and CTSD in the hippocampus of PS cKO; Tau mice may
reflect a compensatory mechanism to enhance lysosomal
degradative activity to restore neuronal proteostasis.
CTSD is implicated in the processing of APP and tau, and
in the clearance of AP aggregates [84, 85], but increased
CTSD levels can also lead to cell death [86]. In addition,
several genetic risk factors associated with AD, including
APOE4, BINI1, PICALM, PSEN, and SORL1, are known to
regulate the endosomal-lysosomal pathway. This conver-
gence suggests that the effects of inherited PSENI muta-
tions on neuronal autophagy and lysosomal function
may be modulated by these AD risk genes. Consistent
with this notion, recent single-nucleus transcriptomics
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Fig. 7 PS regulates tau release induced by proteasome inhibition in primary cortical neurons. A-C, Western blot images and quantitative analyses of
phosphorylated (p) tau Ser 396/404 (PHF-1) and Ser 202 (CP13), total tau (D1M9X), PST NTF, and autophagy and ubiquitin markers in protein lysates of
primary cortical neurons (12 DIV) treated with vehicle (Veh), chloroquine (CQ) and/or MG132 (MG) for 24 h. Protein levels were normalized to GAPDH,
and values represent mean + SEM (n = 4-5 embryos/group of 3 independent cultures). D, Secreted human (h) tau levels in the cell medium of primary
cortical neurons (12 DIV) treated with Veh, CQ and/or MG132 for 24 h measured by ELISA. Values represent mean + SEM (n = 3 embryos/group in 2
inde—pendent cultures). In A-D, statistical analysis was determined by two-way ANOVA followed by Tukey's post hoc tests. *P < 0.05, **P < 0.01, ***P <
0.001 vs. Vehicle. E, Correlation analyses of intracellular and released hTau levels in primary cortical neurons overexpressing human tau and lacking PS1
(PS1 cKO; Tau) or both PS (PS cKO; Tau), and treated with Veh, CQ and/or MG132 for 24 h. Data was analyzed using two-tailed Pearson’s (r) correlation coef-
ficient. F, Hypothetical model of Presenilin-dependent molecular pathways regulating proteasome-mediated tau degradation in neurons. Loss of PSEN1
function activates Akt (pAkt Thr308/Ser473) leading to UPS inhibition, as evidenced by elevated p62, and potentially activates USP14 (dashed lines), which
could lead to tau deubiquitination and accumulation. Blockade of tau degradation via proteasome contributes to tau secretion and disease progression.
As a compensatory response to UPS dysfunction, proLC3 and proCTSD and CTSD are increased, indicating enhanced autophagy initiation and lysosomal

activity, respectively. USP14: ubiquitin-specific protease 14; Ub: ubiquitin; proCTSD: pro-cathepsin D; CTSD: cathepsin D

has demonstrated significant enrichment of autophagy-
and chaperone-related genes in astrocytes and neurons
from the frontal cortex of PSENI E280A AD patients
[87].Future investigations should elucidate the molecular
mechanisms by which presenilin orchestrates proteosta-
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