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Abstract

Background: The mammalian target of rapamycin (mTOR) plays a critical role in controlling cellular homeostasis, and
its dysregulation has been implicated in Alzheimer's disease (AD). Presenilin-1 (PS1) mutations account for the most
common causes of familial Alzheimer's disease (FAD); however, whether PST mutation causes mTOR dysregulation in
human neurons remains a key unresolved issue.

Methods: We generated heterozygotes and homozygotes of PS1 F105C knock-in mutation in human induced
pluripotent stem cells (iPSCs) via CRISPR/Cas9/piggyback-based gene editing and differentiated them into human
neurons. Secreted AP and tau accumulation were determined by ELISA assay, immunofluorescence staining, and
western blotting analysis. mTOR signaling was evaluated by western blotting analysis, immunofluorescence staining,
and co-immunoprecipitation. Autophagy/lysosome activities were determined by LC3-based assay, LysoTracker Red
staining, and DQ-Red BSA staining.

Results: Through comparison among these isogenic neurons, PS1 F105C mutant neurons exhibited elevated AR and
tau accumulation. In addition, we found that the response of mTORC1 to starvation decreases in PS1 F105C mutant
neurons. The Akt/mTORC1/p70S6K signaling pathway remained active upon EBSS starvation, leading to the co-local-
ization of the vast majority of mTOR with lysosomes. Consistently, PS1 F105C neurons displayed a significant decline
in starvation-induced autophagy. Notably, Torin1, a mTOR inhibitor, could efficiently reduce prominent tau pathology
that occurred in PS1 F105C neurons.

Conclusion: We demonstrate that Chinese PS1 F105C mutation causes dysregulation of mTORC1 signaling, con-
tributing to tau accumulation in human neurons. This study on inherited FAD PST mutation provides unprecedented
insights into our understanding of the molecular mechanisms of AD. It supports that pharmaceutical blocking of
mTOR is a promising therapeutic strategy for the treatment of AD.
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Introduction
Alzheimer’s disease (AD) is the most common neurode-
generative disorder characterized by progressive memory
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to the manifestation of AD-associated clinical and patho-
logical features such as amyloid-p (Ap) plaques, tau neu-
rofibrillary tangles, synaptic abnormalities, and neuronal
loss [2-7]. Despite extensive studies on the pathogenesis
of PS1 mutations, the exact mechanisms are still being
highly debated. Many investigations using overexpres-
sion of PS1 mutants or fibroblasts from FAD PS1 mutant
patients have shown that y-secretase-mediated alteration
of amyloid precursor protein (APP) processing may be
accompanied or even preceded by y-secretase independ-
ent impairments such as the dysfunctions in the endolys-
osomal and the autophagic system [8-12]. Human
neurons with the PS1F® mutation exhibited defective
endolysosomal trafficking and decreased transcyto-
sis from soma to axon [13]. The pathogenic PS1 muta-
tions Y115H, L166P, C410Y, or L435F, were reported
to exert loss-of-function on the activity of AP produc-
tion, whereas the pathogenic PS1 S365A mutation was
reported to increase AP production [14]. Collectively,
these studies on inherited FAD PS1 mutation provide
unprecedented insights into our understanding of the
molecular mechanisms of AD.

The mechanistic target of rapamycin (mTOR) is a ser-
ine/threonine protein kinase, known to control cellu-
lar homeostasis [15]. In mammals, mTOR is the core
subunit of mTOR complex 1 (mTORC1) and mTORC2.
These complexes regulate their downstream substrates
via mTOR kinase activity. Tau pathology is caused by the
aggregation of abnormally hyperphosphorylated tau pro-
tein in the soma and partial neurite of neurons [16—20].
In the AD brain, neurons do not appear to remove this
kind of tau aggregation. In general, intracellular homeo-
stasis systems such as autophagy can clear insoluble
tau [21-24]. Given a critical role in regulating protein
homeostasis in response to various stresses, insensitive
mTORC1 may be implicated in the pathological protein
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accumulations of AD. Although increasing pieces of evi-
dence support that PS1 mutations lead to tau pathology
and autophagy dysfunction in human neurons [25-28],
whether PS1 mutation causes mTORC1 dysregulation in
human neurons remains a key unresolved issue.

Human induced pluripotent stem cells (iPSCs) hold
considerable promise for modeling human disease devel-
opment because they possess the genetic predisposi-
tions of diseases of interest. Human iPSC avoids species
differences and more precisely recapitulates human AD
development. Various AD phenotypes can be observed
in human iPSCs-derived neurons with FAD PS1 muta-
tions [29-31]. However, individual genomic diversity
restricts the application of this model in investigating
the pathogenic mechanisms of PS1 mutations. Targeted
genome editing to introduce precise mutations into
human iPSCs is a rigorous and encouraging strategy for
generating human disease models with the same genetic
background. Although the ability of iPSC-based models
to mimic AD has a limitation, in part due to the loss of
age-dependent cellular phenotypes, it has been proved
to be useful for exploring the exact mechanisms of PS1
mutants and providing reasonable evidence to link to
human AD neuronal characteristics [13, 32].

The F105 residue is located between the transmem-
brane domains 1 and 2 of PS1 (Fig. 1A), which is highly
conserved in various species (Fig. 1B). PS1 F105C, F105I,
F105L, and F105V mutations were reported to cause
FAD, suggesting that the mutations in the F105 resi-
due have a high risk of being pathogenic. F105C muta-
tion is a missense mutation which is first identified in
the early-onset FAD Chinese patients [33]. However, the
pathogenic mechanisms of PS1 F105C mutation lead to
neurodegeneration maintains unknown. In this study, we,
for the first time, generated heterozygous and homozy-
gous PS1 F105C mutant iPSCs using CRISPR/Cas9 and

(See figure on next page.)

Fig.1 Seamless introduction of heterozygous and homozygous PS1 F105C knock-in mutation into healthy human iPSCs using a combination
of CRISPR/Cas9 system and piggyBac transposon. A Schematic representation of the PS1 F105C protein. Asterisk represents the mutation site in

the transmembrane domain 1 of PS1. Cross represents the endoproteolysis cleavage site of PS1. B Sequence alignment and conservation of F105
residue in PS1 of different species. C Strategy for seamless introduction of the heterozygous F105C mutation a-d and the homozygous F105C
mutation (a—h). a Location of F105 in the exon 4 of PSENT allele 1; b DSB in the exon 4 of allele 1 after Cas9 cleavage; ¢ Targeting construct of the
piggyBac transposon carrying the selectable markers puro-TK, flanked by 500 bp of PS1 wild-type genomic sequences; d Insertion of the piggyBac
transposons through HDR; e Location of F105 in the exon 4 of PSENT allele 2; f DSB in the exon 4 of allele 2 after Cas9 cleavage; g The targeting
construct of the piggyBac transposon carrying the selectable markers HygR-TK, flanked by 500 bp of PS1 wild-type genomic sequences. d Insertion
of the other piggyBac transposons through HDR. After a-d, the cells were selected and amplified in a medium containing puromycin to generate
the heterozygous PST F105C mutant. Puromycin-resistant clones with heterozygous PS1 F105C were transfected with transposase expression
plasmids and treated with FIAU to remove the piggyBac-containing clones. Second gene editing was performed in the puromycin-resistant clones
with desired heterozygous PS1 F105C and piggyBac to generate the homozygous PST F105C mutant. After e-h, the cells were selected and
amplified in a medium containing hygromycin. Hygromycin-resistant clones with the desired homozygous PS1 F105C were then transfected with
transposase expression plasmids and treated with FIAU to remove piggyBac-containing clones for both alleles. CAG CAG promoter, /TR inverted
terminal repeats. D PSENT sequencing alignment showing Cas9 cleavage site and intended mutation site for modifying F105C. E The percentage of
accurate HDR using this combined strategy. F Sanger sequencing was used to identify PS1 with F105C mutation. G Oct4 immunostaining of iPSC
lines
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Fig. 1 (See legend on previous page.)

PiggyBac transposon. This model is used for investigat-
ing the impacts of PS1 F105C mutation with and without
wild-type PS1 interference on mTOR signaling in human

neurons. Our results demonstrate that the PS1 F105C
mutation causes dysregulation of Akt/mTORCI signal-
ing, contributing to tau accumulation in human neurons.
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Materials and methods

Human UC-H2-iPSC generation and characterization

We reprogrammed urine cells according to a previously
reported procedure [34]. In brief, urine cells were col-
lected from a 28-year-old healthy female Chinese donor
with informed consent. We explained the purpose and
process for collecting urine cells and generating iPSCs to
the donor in great detail. To collect the exfoliated cells,
~500 ml of a mid-stream urine sample was obtained
from the donor and centrifuged. The primary urine
cells were cultured in a urine cell medium comprising
DMEM/F12 medium (Gibco, Grand Island, NY, USA)
supplemented with 10% fetal bovine serum, 1 mM Glu-
taMAX (Life Technologies, Carlsbad, CA, USA), 0.1 mM
non-essential amino acids, 0.1 mM B-mercaptoethanol,
and a SingleQuot Kit (CC-4127 REGM; Lonza, Ports-
mouth, NH, USA). After amplifying the urine cells, a
pCEP4 episomal vector containing the SOX2, OCT4,
KLF4, and SV40LT genes [35] and the other pCEP4
vector carrying a miR302-367 precursor [36], were co-
transfected into urine cells by nucleofection (Amaxa
Basic Nucleofector Kit for primary mammalian epithelial
cells, T-013 program; Lonza). The transfected urine cells
were plated on Matrigel (BD Biosciences, San Diego, CA,
USA)-coated six-well plates (1-3 x 10° cells per well) in
a urine cell culture medium for the first two days. Then
the media was changed to mTeSR1 (STEMCELL Tech-
nologies, Cambridge, MA, USA). The medium was
exchanged every two days until 15 days after transfection,
and then colonies were collected and transferred onto a
new Matrigel plate using mTeSR1. The cells were dissoci-
ated into small clusters or single cells for further expan-
sion. Compared to the H9 human embryonic stem cell
line, we analyzed the expression of pluripotency genes by
quantitative reverse transcription PCR (qQRT-PCR) analy-
sis. The expression of the pluripotent marker Nanog was
confirmed by immunofluorescence. We performed kary-
otype analysis to identify whether UC-H2-iPSC cells had
a normal karyotype. We used the teratomas formation
assay to evaluate the pluripotency.

Karyotype analysis

When iPSCs covered 80% of 6-cm plates, we added
demecolcine up to a concentration of 0.2 pg/ml for 2 h.
The cells were then trypsinized, collected by centrifuga-
tion, re-suspended in 7 ml of 0.075 M KClI solution, and
incubated at 37 °C for 25 min. A fixative solution (7 ml)
composed of 75% methanol and 25% acetic acid was
added to the solution, mixed gently, and incubated for
5 min at 37 °C. The supernatant was then removed after
centrifugation, and then a fixative solution (7 ml) was
added to the cell pellets and gently mixed. The cells were
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then dropped on a cold slide and incubated at 75 °C for
3 h. The metaphase spreads prepared from cells treated
with trypsin and Giemsa staining were analyzed using an
Olympus BX51 microscope.

Construction of the piggybac-based donor plasmid

To knock in the F105C mutation in the exon of the PS1
gene, we modified the homologous arms of the piggyBac
plasmid (pTK-puroDTK-Neo, a gift from Dr. Yuet Wai
Kan) to construct the piggyBac donor plasmids according
to a previously described protocol [37]. We used a PCR
method to connect the 5 homologous and 3’ homolo-
gous arms to the piggyBac cassette. The homologous
arms were then amplified using UC-H2-iPSC as the tem-
plate. Finally, the Neo resistance gene was replaced with
either the Puro or HygR gene to generate two types of
piggyBac-based donors.

Gene targeting and removal of the piggyBac transposon
cassette

For gene targeting, approximately 3 x 10° iPSCs were
transferred to a Matrigel-coated culture dish and grown
in mTeSR1™" containing 10 uM of Y27632 (Calbiochem,
USA). On the second day, the cells were transfected with
a mixture of Cas9, gRNA, and the donor plasmid con-
taining Puro (30 pg) using lipofectamine under the guid-
ance of the Lipofectamine” 3000 reagent protocol. On
the third day, the cells were cultured in mTeSR1™ con-
taining 10 pM Y27632 for the entire day. The puromycin
selection (2 mg/mL) started on day 3 after transfection
and continued for five days. The resistant colonies were
identified and expanded for PCR screening. All primers
are listed in Additional file 1: Tables S1 and S2.

To remove the piggyBac cassette, 3 x 10® iPSCs were
transfected with 90 pg hyperactive transposase vector
and hyperPBase (a gift from Dr. Yuet Wai Kan and Dr. Lin
Ye) via lipofection, followed by selection with FIAU (0.25
mM) for six days. To detect the excision of the piggyBac
cassette, we used P1, P2, puro-seq-F, puro-seq-R, HygR-
F, and HygR-R to detect the removal of the PB transpo-
son cassette from the genome. All primers are listed in
Additional file 1: Tables S1 and S2.

Single-cell derived iPSC clonal analysis

The cells were plated on Matrigel-coated 96-well culture
plates at a density of 0.5 cells/well in 96-well plates to
ensure that the cell clone was derived from a single cell
and grown in mTeSR1"™ containing 10 uM Y27632 for
eight days after the cell expansion culture.

DNA extraction and mutation analysis
We used an animal tissue direct PCR lit (Foregene) to
extract and amplify the target genomic DNA of cell
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clones from 96-well plates. To identify the mutation site
sequence in the genome, we used a pair of primers (P1
and P2) to amplify the sequence, including the exon 4
of the PS1 gene. To identify piggyBac integration via
homologous recombination, the primers devoted to junc-
tion PCR were designed as follows. P3 was selected to
lie on the homologous region of the 3’ arm, and P4 was
designed within the piggyBac cassette. These two prim-
ers were used to amplify the 750 bp product. The P5
and P6 primers were used to amplify the 805 bp product
between the homologous 5’ arm and the piggyBac cas-
sette. Only the target sites in the cells integrated with the
piggyBac cassette could be amplified.

Detection of off-target

Both heterozygote and homozygote F105C mutants were
grown in six-well plates to prepare the genomic DNA
(gDNA), which was isolated using the Wizard® Genomic
DNA Purification Kit (Promega, Madison, WI, USA) for
off-target detection. Each gRNA was searched using the
COSMID tool [38] (http://crispr.bme.gatech.edu) to eval-
uate the potential for off-target gRNA. We confirmed all
the sites amplified by PCR by sequencing. The primers
and off-target analytical results are shown in Additional
file 1: Tables S3 and S4, respectively. To detect the resid-
ual piggyBac cassettes, we amplified the key elements
Puro and HygR after selection with FIAU. These two key
elements could be amplified only when the cells were
integrated with piggyBac cassettes.

NSCs induction and culture

We generated NSCs from iPSCs as described previously
[39]. In brief, iPSCs were split as cell clumps and plated
on six-well tissue culture plates coated with Matrigel in
PSC Neural Induction Medium (Life Technologies) with
10 uM Y27632 at a density of 2.5-3.0 x 10* cells/cm?.
The Neural Induction Medium (NIM) was changed every
other day from day 1 to day 5. After day 5, the NIM was
changed every day until day 7. The cells were then disso-
ciated on day 7 using accutase, re-suspended in the NIM
containing 10 uM Y27632, and plated on Matrigel-coated
dishes at 1.2 x 10° cells/cm® The NIM was changed every
other day until the NSCs were 90% confluent. The NSCs
were cryopreserved in NIM containing 10% dimethyl sul-
foxide (DMSO) (Sigma-Aldrich, St. Louis, MO, USA).

Neuron differentiation

NSCs at passage 6 were digested with accutase to single
cells. Then the cells were seeded on poly-L-ornithine/
laminin-coated plates at a density ranging from 5 x 10*
to 10 x 10* cells/cm? for 20 days of culturing in N2B27
medium (DMEM-F12/Neurobasal medium 1:1 with 2%
B27, 1% N2, 1% non-essential amino acids, and 2 mM
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Glutamax) (all Life Technologies) supplemented with
GDNF (PeproTech, 20 ng/mL), BDNF (PeproTech, 20 ng/
mL), NT3 (PeproTech, 10 ng/mL), ascorbic acid (Sigma
Aldrich, 200 uM), and cAMP (Sigma Aldrich, 10 uM).

Quantitative reverse transcription PCR analysis

Total RNA was isolated using the RNA-Solv Rea-
gent (OMEGA). We performed reverse transcription
with RNA (2 pg) using ReverTra Ace (TOYOBO) and
Oligo(dT)18 (TaKaRa). qRT-PCR was performed on a
SYBR® Premix Ex Taq (TaKaRa) using ViiA™ 7 Real-
Time PCR System (Thermo Fisher Scientific). The reac-
tion procedures are as follows: an initial step at 95 °C for
5 min, 40 cycles of 94 °C for 15 s, and 60 °C for 34 s. All
gene primers are listed in Additional file 1: Table S5.

Immunofluorescence staining

The cells for immunostaining were fixed in 4% para-
formaldehyde at room temperature for 20 min, blocked
with 5% donkey serum in 0.3% Triton "~ X-100 for 1 h,
and then incubated with primary antibodies overnight
at 4 °C. After washing three times with Dulbecco’s phos-
phate-buffered saline (DPBS), the cells were incubated at
room temperature for 1 h with fluorophore-conjugated
secondary antibodies (Life Technologies). After immu-
nostaining, the cells were briefly stained with DAPI to
reveal the cell nuclei. After washing with DPBS, fluores-
cence was visualized and photographed using an In Cell
Analyzer 2000 (GE, Healthcare, Parsippany, NJ, USA) or
a Leica confocal microscope. All antibodies are listed in
Additional file 1: Table S6.

Western blotting analysis

Cells in the culture plates were rinsed once with ice-cold
DPBS and lysed in the RIPA buffer containing 1% PMSFE
and 1% protease/phosphatase inhibitor cocktail (Thermo
Fisher Scientific, Waltham, MA, USA) for 30 min at 4 °C,
followed by centrifugation at 12,500 g for 20 min at 4 °C.
Lysates in a 1x sample buffer were boiled for 5 min at
95 °C for denaturation and separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis. The target
proteins were detected by Western blotting with their
respective specific antibodies, and a-Tubulin was used
as an internal control. The blot was visualized using an
ECL kit (GE Healthcare), according to the manufacturer’s
instructions. We quantified the intensity of the bands
using Image Lab 5.0 software. All antibodies are listed in
Additional file 1: Table S6.

Extracellular AB measurement

We measured AP40 and AP42 using cell supernatants con-
ditioned for four days. We performed three biological repli-
cates. Supernatants were collected at different time points,
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and frozen at — 80 °C. Secreted AP40 and APB42 were meas-
ured using Human/Rat f Amyloid (40) ELISA Kit (Wako)
and Human/Rat f Amyloid (42) ELISA Kit (Wako, Japan),
according to the manufacturer’s instructions.

Immunoprecipitation

Immunoprecipitation of Rpl26 was performed as described
previously [40]. In brief, cells were lysed in lysis buffer plus
protease inhibitor and phosphatase inhibitor cocktails
(Thermo Fisher Scientific, Waltham, MA, USA). Follow-
ing centrifugation at 17,000 x g, supernatants (4 mg/ml
protein) were treated with Protein A/G magnetic beads
(Thermo Fisher Scientific, Waltham, MA, USA) for 2 h.
Beads were removed, and supernatants were incubated
with primary antibody overnight at 4 °C and then treated
with magnetic beads for 2 h. After washing with lysis buffer,
proteins in beads were eluted in 2 x sample buffer, and ana-
lyzed using Western blotting.

LysoTracker red staining

Cells were stained with 100 nM LysoTracker Red DND-
99 (Invitrogen) for 15 min. After washed with probe-free
medium, the cells were imaged using an IncuCyte® S3
Live-Cell Analysis System. The fluorescence intensity was
measured by Image J. The values were normalized to the
control group.

DQ-Red BSA staining

Lysosomal-dependent proteolysis was determined by DQ-
Red BSA (Molecular Probes/Invitrogen, D-12,051). The
cells were incubated with DQ-Red BSA at a concentration
of 10 pg/ml for 1 h (37 °C, 5% CO2) and then were washed
3 times with DPBS. After 10 h, the cells were observed
using a confocal microscopy (Zeiss, LSM710, Germany).
The fluorescence intensity was measured by Image J. The
values were normalized to the control group.

Statistical analysis

The statistical analysis was performed using GraphPad
Prism 5.0 statistical software (GraphPad Software, Inc., San
Diego, CA, USA). All experiments were performed in trip-
licate at least and data were expressed as mean + standard
error of the mean (SEM). Statistical analysis was carried
out using one-way analysis of variance, followed by Tukey’s
multiple comparison or two-sided Mann—Whitney U-test
for two groups. A P value <0.05 was considered significant.

Results

Generating human iPSCs with heterozygous

and homozygous PS1 knock-in F105C by combining
CRISPR/Cas9 and piggyBac

We established human iPSCs by reprogramming urine
cells derived from a 28-year-old healthy female Chinese

Page 6 of 15

donor following our previously reported protocol [34].
The healthy female urine cell-derived iPSCs (UC-H2-iP-
SCs) displayed normal karyotypes and expressed
pluripotency markers, which were confirmed by immu-
nofluorescence staining, qRT-PCR analysis (SOX2,
NANOG, ZFP42, OCT4, LIN28, and TERT), and the
ability to form teratomas containing the tissues of all
three germ cell layers (Additional file 1: Fig. S1). In addi-
tion, according to Using a well-defined neuronal differ-
entiation protocol, UC-H2-iPSCs displayed the ability to
efficiently differentiate into NSCs and neurons as com-
pared with control (Additional file 1: Fig. S2).

A precise and seamless knock-in mutation is one of the
biggest challenges in gene editing. The combination of
CRISPR/Cas9 and piggyBac systems has been reported
to successfully introduce seamless knock-in mutations
in one of the bi-alleles in iPSCs [37]. However, some
previous studies have suggested that it would be almost
impossible to generate homozygous mutants in human
iPSCs [41-43]. To knock in heterozygous and homozy-
gous PS1 F105C mutations in UC-H2-iPSCs, we devel-
oped a modified genome editing method by combining
the CRISPR/Cas9 system with two piggyBac transposons
containing PuroR and HygR genes for double resistance
selections (Fig. 1C). To construct a piggyBac-based donor
plasmid with the PS1 F105C sequence, we synthesized an
upstream genomic sequence and a downstream sequence
with the PS1 F105C mutation from the TTAA site in the
exon 4 of the PS1 gene. We then integrated them into the
left- and right-inverted terminal repeats of the piggyBac
transposon. UC-H2-iPSCs were then transfected with
the donor plasmid, gRNA, and Cas9 vectors via liposome
transfection. After CRISPR/Cas9-mediated targeted dou-
ble-stranded breaks in the exon 4, the piggyBac transpo-
son construct carrying the bi-functional puroR-TK gene
for positive and negative selections integrated into the
cleaved site via homology direct repair (HDR). Cells car-
rying the puroR-TK gene became resistant to puromycin
and sensitive to FIAU cytotoxicity. After the selection
of puromycin, we efficiently obtained heterozygous PS1
F105C mutants with an accurate HDR in 29 of the total
153 single-cell clones (18.9%) (Fig. 1D, E). However, no
homozygous mutation was found in these clones.

To generate homozygous PS1 F105C mutation, we
used the puromycin-selected cells with heterozygous PS1
F105C mutation for the second transfection with Cas9
vector, gRNA, and piggyBac transposon carrying the
selectable markers HygR and TK. The cells were selected
with hygromycin and removed piggyBac transposon
sequence using the same approach. Finally, we identi-
fied seven clones with PS1 F105C homozygous mutation
from 51 single-iPSC clones (13.7%) (Fig. 1E). To obtain
the heterozygous and homozygous PS1 mutant without



Chong et al. Cell & Bioscience (2022) 12:131

the piggyBac sequence, the colonies carrying piggyBac
were transiently transfected with a transposase-express-
ing plasmid to remove any remnants of the piggyBac.
They then were treated with FIAU to kill the rest of cells
using piggyBac. To avoid single-cell clones with transpo-
son residues, we used a series of PCRs to ensure no inte-
gration of exogenous transposon sequences (Additional
file 1: Fig. S3). We used Sanger sequencing to ensure the
desired mutation in the PS1 gene (Fig. 1F).

For detecting the possible off-target caused by Cas9-
induced cleavage, we predicted gRNA off-targets using
the COSMID tool (http://crispr.bme.gatech.edu)[38],
and then amplified and sequenced the top six off-tar-
get sites for each gRNA in the corresponding clones
(Additional file 1: Tables S3 and S4). Using the standard
human genome as a reference sequence, we found no
changes in the off-target sequence compared to the iso-
genic control cell. Moreover, these PS1 F105C knock-in
iPSC lines retained normal karyotypes (Additional file 1:
Fig. S3) and the pluripotency biomarker Oct4 (Fig. 1G).
Using this seamless knock-in approach, we obtained the
heterozygous PS1 mutant (PS17/F1%€) and homozygous
PS1 mutant (PS1F10°C/F105C) ipSCs with the same female
genetic background as UC-H2-iPSCs (PS17/H).

Human PS1 F105C neurons tend to generate more
AB

Using a well-defined neuronal differentiation protocol
[39], we efficiently differentiated these isogenic iPSC
into NSCs for 7 days (Fig. 2A). All iPSC lines efficiently
generated SOX2 and Nestin-positive cells with the
same capacity (Fig. 2B). After six passages and differen-
tiation for another 20 days, these isogenic NSCs differ-
entiate into neurons. The immunostaining showed that
these isogenic NSCs had a similar ability to differentiate
into TUJ1-positive neurons (Fig. 2C). The Western blot
analysis showed that the levels of endoproteolytically
cleaved N-terminal and C-terminal fragments of PS1
(PS1-NTF and PS1-CTF) in PS17/F1%C and PS1F105¢/
F105€ remained unchanged, compared with the PS1*/*
neurons (Fig. 2D), suggesting that the PS1 F105C muta-
tion did not affect the endo-cleavage of PS1. In addition,
we found that the level of full-length APP increased in
mutant copy-dependent manner (Fig. 2D). ELISA assay
showed that culture medium from PS1 mutant neurons
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had a significant increase in Ap40, AB42, and AB42/AB40
ratio (Fig. 2E and G). Hence, cultured PS1 F105C mutant
neurons tend to generate more A similar to those in AD
animal models and patients.

mTORC1 in human PS1 F105C neurons is insensitive

to starvation

mTOR activity is sensitive to energy deprivation. There-
fore, we measured the Akt/mTORC1/p70S6K pathway
in these neurons under starvation (by culturing neu-
rons in Earle’s Balanced Salt Solution (EBSS)). Western
blotting analysis showed that these isogenic neurons
had no difference at phosphorylated levels of mTOR
(Ser2448), p70S6k (T389), and Akt (S473) in the fed
condition (Fig. 3A-D) (Additional file 1: Fig. S4). Under
EBSS starvation, there was a dramatic decrease in phos-
phorylated mTOR in isogenic control neurons, whereas
phosphorylated mTOR levels still maintained higher
in PS1 mutant neurons (Fig. 3A, B). PS1 F105C mutant
neurons also had higher phosphorylated p70S6K lev-
els and phosphorylated Akt levels than isogenic control
neurons (Fig. 3A-D). Hence, PS1 F105C mutant neu-
rons keep higher mTORC1 activity under starvation as
determined by phosphorylated p70S6K. To verify the
changes of mTORC1 activity in PS1 F105C neurons,
we checked the co-localization of mTOR and lysosome
marker LAMP1 (Fig. 3E, F). In isogenic control neurons,
mTOR co-localized to LAMPI1 positive vesicles in nutri-
ent fed condition, whereas it diffused into the cytoplasm
under EBSS starvation condition. In PS1 F105C mutant
neurons, LAMP1-positive vesicles were more dispersed
throughout the cytoplasm and more extensive as com-
pared with isogenic control neurons. Under starvation,
the vast majority of mTOR remained co-localization with
lysosomes in PS1 mutant neurons. These results revealed
that the response of mTORCI1 to starvation decreases in
PS1 F105C mutant neurons.

Autophagy dysfunction in human PS1 F105C mutant
neurons

Since mTORCI is a critical autophagy regulator, thus we
further investigate the effects of PS1 F105C mutation
on different stages of autophagy, including autophago-
some formation, autophagosome-lysosome fusion, and
lysosomal digestion. For autophagosome formation,

(See figure on next page.)

Fig.2 PS1 F105C mutation enhanced extracellular AR levels in human neurons. A The workflow for the neuronal differentiation of iPSCs. B Nestin
and SOX2 immunostaining of NSCs from iPSCs and the percentage of Nestin and SOX2 positive cells (n=3). CTUJ1 immunostaining of neurons
from iPSCs and the percentage of TUJ1 positive cells (n=3). D Representative western blotting of PS1-CTF, PS1-NTF, full-length APP, and a-Tubulin
in PS1H+, PS17/F195C and pS1P105¢/F105C nayrons. Mutation dependent changes in APP in PST F105C neurons (n=3). Data are represented as
mean = SEM. **P <0.01 and ***P < 0.005 were considered significantly different. ELISA quantification of AB40 E and AB42 F secreted from neurons
(n=4). Data are represented as mean £ SEM. **P <0.01 and ***P <0.005 were considered significantly different. G Mutation dependent changes in
AB42:40 ratios in PST F105C neurons. Data are represented as mean 4= SEM. *P < 0.05, **P < 0.01, ***P <0.005 were considered significantly different
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Fig.3 PS1 F105C mutation caused insensitive mTORC]1 to starvation in human neurons. A Representative western blotting of p-mTOR, T-mTOR,
P-p70S6k, T-p70S6k, P-Akt, T-Akt, and a-Tubulin in PS17/F, pS1+/F105C and pS1F105C/FI05C neyrons after EBSS starvation for 4 h. B p-mTOR/T-mTOR, C
P-p70S6k/T-p70S6k, and D P-Akt/T-Akt were quantified by western blotting analysis (n = 3). Data are represented as mean £ SEM. ***P < 0.005 was
considered significantly different. E, F Immunofluorescence staining and image J analysis for localization of mTOR and LAMP1 after EBSS starvation
in PS1H/+, PS1+/F105C and pS1F19CFI0C hayrons. Co-localized dots were counted (n > 30). Data are represented as mean = SEM. ***P < 0.005 was
considered significantly different

we performed the western blotting analysis to test autophagosomes and lysosomes. We used chloroquine
the changes of classical autophagosome marker LC3  (CQ) to inhibit LC3-II degradation and then monitor
upon induction of autophagy by EBSS-induced star- autophagic flux (Fig. 4B). Western blotting showed that
vation (Fig. 4A). Chloroquine (CQ) is an autophagy- LC3-II levels in PS17/*, PS1F105C/+ pg1F105C/HIO05C hoyrons
related inhibitor for blocking the fusion between increased after EBSS starvation for 4 h, revealing that

(See figure on next page.)

Fig.4 PS1 F105C mutation led to autophagy dysfunction in human neurons. A Representative western blotting of LC3 and a-Tubulin in PS1
PS1HFI05C and pS1FI0YFI0C nayrons after 30 uM CQ treatment or EBSS starvation or both for 4 h. B Diagram of the autophagic flux assay.
Autophagic flux was calculated by comparing LC3-II levels following CQ treatment. C LC3-Il levels, D Basal autophagic flux, and E EBSS-induced
autophagic flux were determined by western blotting analysis (n = 3). Data are represented as mean £ SEM. *P <0.05 and ***P <0.005 were
considered significantly different. Data are represented as mean & SEM. ***P <0.005. F Immunofluorescence staining for localization of LC3 and
LAMP1 after EBSS starvation in PS1H/+, pS1+/F105C and ps1F105¢/F05C hayrons. G LC3 dots and H co-localized dots were counted (n > 30). Data

are represented as mean == SEM. ***P <0005 was considered significantly different. I After EBSS starvation in PS1+/+, PS1+/F195C and ps1F105C/FI05C
neurons, the lysosome was visualized and quantified by LysoTracker Red staining (n =4). Data are represented as mean = SEM. J The levels of p62
and a-Tubulin were detected and quantified by western blotting using specific antibodies (n = 3). Data are represented as mean = SEM. ***P < 0.005
was considered significantly different

+/+
.
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starvation could enhance autophagosome formation in
all neurons (Fig. 4C). However, we noted that LC3-II had
a significant increase in PS1 mutant neurons compared
with isogenic control neurons under EBSS starvation.
After 30 uM CQ treatment for 4 h, we found that basal
autophagic flux decreased in PS1 F105C mutant neu-
rons compared with isogenic control neurons (Fig. 4D).
Under starvation, autophagic flux in PS1 mutant neurons
still was lower than in isogenic control neurons (Fig. 4E).
Through immunofluorescence staining, EBSS could
increase LC3 dots in isogenic control neurons (Fig. 4F,
G), indicating a strengthened formation of autophago-
somes under starvation conditions. However, the PS1
F105C mutant neurons had more LC3 dots than control
neurons, which was consistent with western blotting.

For autophagosome-lysosome fusion, we used immu-
nofluorescence staining to observe the distribution of
LC3 and LAMP1 in these neurons under starvation
(Fig. 4F, H). We found that LAMP1 co-localized to LC3
positive vesicles in PS1™/* control neurons. unlike iso-
genic control neurons, most LC3 and LAMP1 did not
have co-localization in PS1F105C mutant neurons under
starvation.

For lysosomal degradation, we used bioassays to
determine the lysosomal function. LysoTracker stain-
ing has been commonly used for testing EBSS-induced
autophagy and the increased fluorescence intensity
indicates the lower pH in the lysosome [44]. Through
LysoTracker staining, we found that PS1 mutant and con-
trol neurons had identical fluorescence intensity under
fed condition (Fig. 4I). In addition, an identical increase
of LysoTracker staining was observed in mutant and con-
trol neurons under EBSS starvation. To test lysosomal
degradation function, we used a fluorogenic substrate
DQ Red BSA for monitoring lysosomal protease activity.
We found that the lysosomal degradation of DQ Red BSA
was identical in all isogenic neurons (Additional file 1:
Fig. S5), revealing that PS1 F105C mutant neurons have
the normal lysosomal degradative function. We further
tested the degradation of autophagy substrates p62 under
starvation. As shown in Fig. 4], under starvation, the
remaining p62 levels in PS1 mutant neurons were higher
than isogenic control neurons. These results reveal that
autophagosomes do not move to the lysosome well in
PS1 mutant neurons, thereby leading to a decrease in the
degradation of the autophagic substrate.

The treatment with mTOR inhibitor Torin1 could
clear tau accumulation in human PS1 F105C
mutant neurons

Tau pathology results from abnormally hyperphosphoryl-
ated tau protein aggregation, which positively correlates
with neuronal loss and cognitive decline in AD [45-47].
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Western blotting revealed that the PS1 F105C mutant
neurons had a higher tau level, particularly phosphoryl-
ated tau recognized by the At8 antibody compared to iso-
genic control neurons (Fig. 5 A, B). Hence, the ratio of
phosphorylated tau over tau was significantly increased
in the PS1 F105C mutant neurons (Fig. 5A, C). Through
immunofluorescence staining, we found that tau mainly
distributed in the neurite of control neurons, whereas
higher tau immunoreactive intensity was observed in the
soma of PS1 F105C mutant neurons (Fig. 5D). As the PS1
F105C mutant copy number increased, more tau accu-
mulated in the soma of neurons (Fig. 5D). Furthermore,
the obvious fluorescence intensity of AT8 was observed
in PS1 F105C neurons (Additional file 1: Fig. S6). It
is unknown whether mTOR inhibition can enhance
autophagy in PS1 F105C neurons, thus we test the effect
of mTOR inhibitor Torin 1 on autophagic degradation
of p62 in the PS1FI05C/FI05C noyrons under EBSS starva-
tion (Additional file 1: Fig. S7). We found that Torin 1
significantly enhanced autophagic degradation of p62
in human PS1 F105C mutant neurons, suggesting that
Torin 1 treatment improves the sensitivity of mTORC1
to starvation and enhances autophagic degradation in
PS1 F105C mutant neurons (Additional file 1: Fig. S7). To
test whether mTOR inhibition can remove tau accumula-
tion in PS1 F105C neurons, PS1F19°¢/F105C heyrons were
exposed to Torin 1 for 2 days. Immunofluorescence stain-
ing showed the effects of Torin 1 on clearing tau accu-
mulation in PS1F19°¢/F105C neyrons (Fig. 5E). As shown in
Fig. 5F-1, the western blotting analysis further confirmed
that the Torin 1 treatment markedly decreased the lev-
els of phosphorylated p70S6K, phosphorylated Akt, and
tau in PS1F195C/F105C neyrons. Notably, Torin 1 also could
reduce the hyperphosphorylation of tau (Fig. 5J). These
results reveal that blocking mTOR activity efficiently
cleans tau accumulation in PS1 F105C mutant neurons.

Discussion

Due to the difficulty to obtain cells from rare FAD PS1
mutant patients, gene editing tools are commonly used
for generating human iPSC with FAD PS1 mutations.
A previous study reported the successful generation of
isogenic iPSCs carrying the PS1/\E9 mutation using
TALEN-mediated gene editing [48]. However, the study
did not report the efficiency for generating isogenic iPSCs
carrying the PS1/AE9 mutation. Recent studies demon-
strated that heterozygous and homozygous PS1 knock-in
mutations in human iPSCs, could be efficiently obtained
by designing CRISPR/Cas9 [32, 49]. However, to screen
out the desired mutations, an extremely large number of
single-cell clones may be required, which is impractical
for most laboratories. In this study, we first combined
CRISPR/Cas9 with the piggyBac system to incorporate
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the mutation and resistance genes. Using double resist-
ance screening and excision of the piggyBac sequence,
we obtained iPSCs with heterozygous and homozygous
PS1 mutations step by step (Fig. 1). These isogenic PS1
F105C knock-in iPSC lines retained normal karyotypes
and the pluripotency biomarkers, as well as the capa-
bility to differentiate into NSCs and neurons. This sug-
gests that the double selection system of CRISPR/Cas9/
piggyBac is an effective approach to introduce het-
erozygous and homozygous mutations in human iPSCs.
In addition, through comparison with these isogenic

iPSCs-derived neurons, we demonstrated that cultured
PS1 F105C mutant neurons displayed AD-related cellu-
lar characteristics such as tau hyperphosphorylation and
accumulation as well as more Ap. Notably, PS1F105C/F105C
neurons displayed more serious AD phenotypes than
PS1+/F195C neurons. Due to the interferences of wild-type
PS1 in the heterozygote, the phenotype changes in PS1*+/
F105C heurons are weaker than in PS1F195¢/F105C peyrons,
Therefore, homozygous PS1 mutant is quite important
to explore the impacts of pure PS1 F105C mutation on
known AD-related issues.
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Deregulation of mTORCI signaling has been observed
in AD animal models and patients [50-53]. In this study,
we found that mTORC1 downstream protein p70S6K
(T389) exhibited higher phosphorylation in mutant neu-
rons than in isogenic control neurons under starvation.
Besides, it is known that the lysosomal localization of
mTORCI is crucial for its activity [54]. Active mTORC1
tethers to the lysosome surface, whereas autophagy
induction conditions such as nutrient or growth fac-
tor deprivation can inhibit mTORC1 activity and cause
the release of mTORC1 from the lysosome. We found
that starvation could trigger the release of mTORC1
from lysosome membranes in control neurons, whereas
mTORCI1 could not release from the lysosome in starved
PS1 mutant neurons (Fig. 3). We also found that mTOR
phosphorylation (Ser2448) by Akt in PS1 F105C neu-
rons was higher than in isogenic control neurons under
starvation. In addition, mTORC1 upstream kinase Akt
kept the activation in PS1 F105C mutant neurons under
EBSS starvation. PS1 F105C mutant neurons exhibit
autophagy dysfunction, such as slower autophagy flux
and autophagosome accumulation. Consistently, since
mTORC1 plays a critical role in negatively regulating
autophagy [55], thus autophagy dysfunction in PS1F105C
mutant neurons becomes more serious under starva-
tion. In addition, it is known that mMTORC2 and ribosome
interaction is a conserved mechanism of mTORC2 acti-
vation [40]. The result of co-immunoprecipitation did
not show any enhancement in the interaction between
mTOR and ribosome protein Rpl26 under EBSS starva-
tion (Additional file 1: Fig. S8); thus, we excluded the
involvement of mTORC2. Although we provide solid
evidence to support that dysregulation of Akt/mTORC1
signaling occurs in human FAD PS1 F105C neurons,
it is not unclear how PS1 F105C mutation reduces the
response of Akt/mTORCI signaling to starvation.

Previous studies demonstrated that soluble tau is
cleared by endosomal microautophagy and chaperon-
mediated autophagy, while intracellular insoluble tau
is degraded by macroautophagy [21-24]. However,
hyperphosphorylated tau still accumulates in PS1
F105C neurons, revealing that autophagy system is
insensitive to tau accumulation in PS1 F105C neurons.
PS1 F105C mutation leads to dysregulation of Akt/
mTORCI signaling in human neurons, which maybe a
critical cause for protein dyshomeostasis. Pharmaceuti-
cal blocking mTOR may bring the benefits to reducing
abnormal protein accumulation. Our evidence supports
this view that catalytic mTOR inhibitor Torin 1 dramat-
ically reduced Akt phosphorylation, p70S6K phospho-
rylation, and tau accumulation in PS1 F105C neurons.
On the other hand, abnormal mTOR activity has been
considered as one of the leading events contributing

Page 13 of 15

to the onset and progression of AD hallmarks [56]. In
the pyramidal neurons of AD patients, Akt-mediated
phosphorylated mTOR has co-localization with tau
accumulation in the soma [53]. The genetic modifica-
tion of mTOR protein is known to affect tau synthesis
and phosphorylation [53]. Our data showed that mTOR
inhibition could decrease the hyperphosphorylation of
tau in PS1 F105C neurons, suggesting that dysregulated
Akt/mTORCI1 is a critical upstream event involved in
tau hyperphosphorylation and accumulation.

Conclusion

Our study demonstrates that PS1 F105C mutation leads
to dysregulated mTORCI1 signaling in human neurons,
associated with tau accumulation (Fig. 6). It provides
a unique perspective on the role of mTORC1 in AD-
related characteristics. Given a central role in main-
taining protein homeostasis, pharmaceutical blocking
of mTOR may be a promising therapeutic strategy for
the treatment of AD.
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Fig.6 A proposed mechanism regarding how PS1 F105C mutation
leads to insensitive mTORC1 signaling, contributing to human
neuronal tau pathology




Chong et al. Cell & Bioscience (2022) 12:131

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513578-022-00874-8.

[ Additional file 1. Additional tables and figures. }

Acknowledgements
We are grateful to Dr. Yuet Wai Kan and Dr. Lin Ye for providing the piggyBac
plasmid (pTK-puroDTK-Neo), hyperactive transposase vector, and hyperPBase.

Author contributions

DQ, HS, and CC designed the study; CC, YT, JT, ZH, MK, KZ, LY, XC, JL, and GC
performed the experiments; CC, YT, HS, and DQ analyzed the results; CC, YT,
HS, and DQ wrote the manuscript. All authors read and approved the final
manuscript.

Funding

This work was supported by the grants from The Science and Technol-

ogy Development Fund, Macau S.AR (FDCT) (SKL-QRCM (UM)-2020-2022
and File no. 0020/2018/A), the Research Fund of University of Macau (File no.
MYRG2020-00004-ICMS), and China Postdoctoral Science Foundation (File no.
2019M662858).

Availability of data and materials

The author declared that all and the other data supporting the findings of this
study are available within the paper. The raw data that support the findings

of this study are available from the corresponding author upon reasonable
request.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'State Key Laboratory of Quality Research in Chinese Medicine, Institute

of Chinese Medical Sciences, University of Macau, Macao, China. Key Labora-
tory of Biological Targeting Diagnosis, Therapy and Rehabilitation of Guang-
dong Higher Education Institutes, The Fifth Affiliated Hospital of Guangzhou
Medical University, Guangzhou, China. 3|nstitute of Geriatric Immunology,
School of Medicine, Jinan University, 510623 Guangzhou, People’s Republic
of China.

Received: 5 May 2022 Accepted: 7 August 2022
Published online: 14 August 2022

References

1. Kelleher RJ, Shen J. Presenilin-1 mutations and Alzheimer’s disease. Proc
Natl Acad Sci U S A. 2017;114(4):629-31.

2. Deng B, LianY,Wang X, Zeng F, Jiao B, Wang YR, Liang CR, Liu YH, Bu XL,
Yao XQ, et al. Identification of a novel mutation in the presenilin 1 gene in
a Chinese Alzheimer's disease family. Neurotox Res. 2014;26(3):211-5.

3. Steiner H, Revesz T, Neumann M, Romig H, Grim MG, Pesold B, Kretzsch-
mar HA, Hardy J, Holton JL, Baumeister R, et al. A pathogenic presenilin-1
deletion causes abberrant Abeta 42 production in the absence of congo-
philic amyloid plaques. J Biol Chem. 2001;276(10):7233-9.

4. Houlden H, Baker M, McGowan E, Lewis P, Hutton M, Crook R, Wood NW,
Kumar-Singh S, Geddes J, Swash M, et al. Variant Alzheimer’s disease with
spastic paraparesis and cotton wool plaques is caused by PS-1 mutations

20.

21

22.

23.

24,

Page 14 of 15

that lead to exceptionally high amyloid-beta concentrations. Ann Neurol.
2000;48(5):806-8.

Caughey B, Lansbury PT. Protofibrils, pores, fibrils, and neurodegenera-
tion: separating the responsible protein aggregates from the innocent
bystanders. Annu Rev Neurosci. 2003;26:267-98.

Bergmans BA, De Strooper B. gamma-secretases: from cell biology to
therapeutic strategies. Lancet Neurol. 2010;9(2):215-26.

Nasica-Labouze J, Nguyen PH, Sterpone F, Berthoumieu O, Buchete NV,
Cote S, De Simone A, Doig AJ, Faller P, Garcia A, et al. Amyloid beta pro-
tein and Alzheimer’s Disease: when computer simulations complement
experimental studies. Chem Rev. 2015;115(9):3518-63.

Colacurcio DJ, Pensalfini A, Jiang Y, Nixon RA. Dysfunction of autophagy
and endosomal-lysosomal pathways: roles in pathogenesis of Down
syndrome and Alzheimer’s Disease. Free Radic Biol Med. 2018;114:40-51.
Cataldo AM, Peterhoff CM, Schmidt SD, Terio NB, Duff K, Beard M,
Mathews PM, Nixon RA. Presenilin mutations in familial Alzheimer disease
and transgenic mouse models accelerate neuronal lysosomal pathology.
J Neuropathol Exp Neurol. 2004;63(8):821-30.

Nixon RA, Yang DS, Lee JH. Neurodegenerative lysosomal disorders: a
continuum from development to late age. Autophagy. 2008;4(5):590-9.

. Nixon RA, Yang DS. Autophagy failure in Alzheimer’s disease-locating the

primary defect. Neurobiol Dis. 2011;43(1):38-45.

Nixon RA. Autophagy, amyloidogenesis and Alzheimer disease. J Cell Sci.
2007;120(Pt 23):4081-91.

Woodruff G, Reyna SM, Dunlap M, Van Der Kant R, Callender JA, Young JE,
Roberts EA, Goldstein LS. Defective transcytosis of APP and lipoproteins
in human iPSC-derived neurons with familial Alzheimer’s disease muta-
tions. Cell Rep. 2016;17(3):759-73.

Sun'L, Zhou R, Yang G, Shi Y. Analysis of 138 pathogenic mutations in
presenilin-1 on the in vitro production of Abeta42 and Abeta40 peptides
by gamma-secretase. Proc Natl Acad Sci U S A. 2017;114(4):E476-85.

Liu GY, Sabatini DM. mTOR at the nexus of nutrition, growth, ageing and
disease. Nat Rev Mol Cell Biol. 2020;21(4):183-203.

Grundke-Igbal I, Igbal K, Quinlan M, Tung YC, Zaidi MS, Wisniewski HM.
Microtubule-associated protein tau. A component of Alzheimer paired
helical filaments. J Biol Chem. 1986;261(13):6084-9.

Igbal K, Grundke-Igbal |, Zaidi T, Merz PA, Wen GY, Shaikh SS, Wisniewski
HM, Alafuzoff I, Winblad B. Defective brain microtubule assembly in
Alzheimer's disease. Lancet. 1986;2(8504):421-6.

Lee VM, Balin BJ, Otvos L Jr, Trojanowski JQ. A68: a major subunit of
paired helical filaments and derivatized forms of normal Tau. Science.
1991,251(4994):675-8.

Kril JJ, Patel S, Harding AJ, Halliday GM. Neuron loss from the hippocam-
pus of Alzheimer's disease exceeds extracellular neurofibrillary tangle
formation. Acta Neuropathol. 2002;103(4):370-6.

Kopach O, Esteras N, Wray S, Abramov AY, Rusakov DA. Genetically engi-
neered MAPT 10 4+ 16 mutation causes pathophysiological excitability of
human iPSC-derived neurons related to 4R tau-induced dementia. Cell
Death Dis. 2021;12(8):716.

Zhao J, Zhai B, Gygi SP, Goldberg AL. mTOR inhibition activates overall
protein degradation by the ubiquitin proteasome system as well as by
autophagy. Proc Natl Acad Sci U S A. 2015;112(52):15790-7.

Jiang S, Bhaskar K. Degradation and transmission of tau by autophagic-
endolysosomal networks and potential therapeutic targets for tauopathy.
Front Mol Neurosci. 2020;13:586731.

Lee MJ, Lee JH, Rubinsztein DC. Tau degradation: the ubiquitin-protea-
some system versus the autophagy-lysosome system. Prog Neurobiol.
2013;105:49-59.

Hamano T, Enomoto S, Shirafuji N, lkawa M, Yamamura O, Yen SH, Naka-
moto Y. Autophagy and tau protein. Int J Mol Sci. 2021,22(14):7475.
Reddy K, Cusack CL, Nnah IC, Khayati K, Sagcena C, Huynh TB, Noggle SA,
Ballabio A, Dobrowolski R. Dysregulation of Nutrient Sensing and CLEAR-
ance in Presenilin Deficiency. Cell Rep. 2016;14(9):2166-79.

Chong CM, Ke M, Tan Y, Huang Z, Zhang K, Ai N, Ge W, Qin D, Lu JH, Su H.
Presenilin 1 deficiency suppresses autophagy in human neural stem cells
through reducing gamma-secretase-independent ERK/CREB signaling.
Cell Death Dis. 2018;9(9):879.

Bustos V, Pulina MV, Bispo A, Lam A, Flajolet M, Gorelick FS, Green-

gard P. Phosphorylated Presenilin 1 decreases beta-amyloid by
facilitating autophagosome-lysosome fusion. Proc Natl Acad Sci U S A.
2017;114(27):7148-53.


https://doi.org/10.1186/s13578-022-00874-8
https://doi.org/10.1186/s13578-022-00874-8

Chong et al. Cell & Bioscience (2022) 12:131

28.

29.

30.

31.

32.

33.

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

Lee JH, Yu WH, Kumar A, Lee S, Mohan PS, Peterhoff CM, Wolfe DM,
Martinez-Vicente M, Massey AC, Sovak G, et al. Lysosomal proteolysis and
autophagy require presenilin 1 and are disrupted by Alzheimer-related
PS1 mutations. Cell. 2010;141(7):1146-58.

YagiT, Ito D, Okada Y, Akamatsu W, Nihei Y, Yoshizaki T, Yamanaka S, Okano
H, Suzuki N. Modeling familial Alzheimer’s disease with induced pluripo-
tent stem cells. Hum Mol Genet. 2011;20(23):4530-9.

LiL, Roh JH, Chang EH, Lee Y, Lee S, Kim M, Koh W, Chang JW, Kim HJ,
Nakanishi M, et al. iPSC modeling of presenilin1 mutation in Alzheimer’s
disease with cerebellar ataxia. Exp Neurobiol. 2018;27(5):350-64.
Ochalek A, Mihalik B, Avci HX, Chandrasekaran A, Teglasi A, Bock I, Giudice
ML, Tancos Z, Molnar K, Laszlo L, et al. Neurons derived from sporadic
Alzheimer’s disease iPSCs reveal elevated TAU hyperphosphorylation,
increased amyloid levels, and GSK3B activation. Alzheimers Res Ther.
2017;9(1):90.

Kwart D, Gregg A, Scheckel C, Murphy EA, Paquet D, Duffield M, Fak

J, Olsen O, Darnell RB, Tessier-Lavigne M. A Large Panel of Isogenic

APP and PSENT Mutant Human iPSC Neurons Reveals Shared Endo-
somal Abnormalities Mediated by APP beta-CTFs, Not Abeta. Neuron.
2019;104(5):1022.

Jiao B, Tang B, Liu X, Xu J,Wang Y, Zhou L, Zhang F, Yan X, Zhou Y, Shen L.
Mutational analysis in early-onset familial Alzheimer’s disease in Mainland
China. Neurobiol aging. 2014;35(8):1957.

Wang L, Wang L, Huang W, Su H, Xue Y, Su Z, Liao B, Wang H, Bao X, Qin D,
et al. Generation of integration-free neural progenitor cells from cells in
human urine. Nat Methods. 2013;10(1):84-9.

Yu J, Hu K, Smuga-Otto K, Tian S, Stewart R, Slukvin Il, Thomson JA.
Human induced pluripotent stem cells free of vector and transgene
sequences. Science. 2009;324(5928):797-801.

Liao B, Bao X, Liu L, Feng S, Zovoilis A, Liu W, Xue Y, Cai J, Guo X, Qin B,

et al. MicroRNA cluster 302-367 enhances somatic cell reprogramming
by accelerating a mesenchymal-to-epithelial transition. J Biol Chem.
2011,286(19):17359-64.

Xie F, Ye L, Chang JC, Beyer Al, Wang J, Muench MO, Kan YW. Seamless
gene correction of beta-thalassemia mutations in patient-specific iPSCs
using CRISPR/Cas9 and piggyBac. Genome Res. 2014;24(9):1526-33.
Cradick TJ, Qiu P, Lee CM, Fine EJ, Bao G. COSMID: A Web-based Tool

for Identifying and Validating CRISPR/Cas Off-target Sites. Mol therapy
Nucleic acids. 2014;3:e214.

YanY, Shin' S, Jha BS, Liu Q, Sheng J, Li F, Zhan M, Davis J, Bharti K, Zeng

X, et al. Efficient and rapid derivation of primitive neural stem cells and
generation of brain subtype neurons from human pluripotent stem cells.
Stem cells translational medicine. 2013;2(11):862-70.

ZinzallaV, Stracka D, Oppliger W, Hall MN. Activation of mTORC2 by
association with the ribosome. Cell. 2011;144(5):757-68.

Hockemeyer D, Soldner F, Beard C, Gao Q, Mitalipova M, DeKelver RC,
Katibah GE, Amora R, Boydston EA, Zeitler B, et al. Efficient targeting of
expressed and silent genes in human ESCs and iPSCs using zinc-finger
nucleases. Nat Biotechnol. 2009;27(9):851-7.

Hockemeyer D, Wang H, Kiani S, Lai CS, Gao Q, Cassady JP, Cost GJ, Zhang
L, Santiago Y, Miller JC, et al. Genetic engineering of human pluripotent
cells using TALE nucleases. Nat Biotechnol. 2011;29(8):731-4.

Yu G, LiuY,MaT,LiuK, XuS, Zhang Y, Liu H, La Russa M, Xie M, Ding S,

et al. Small molecules enhance CRISPR genome editing in pluripotent
stem cells. Cell Stem Cell. 2015;16(2):142-7.

Zhou J, Tan SH, Nicolas V, Bauvy C, Yang ND, Zhang J, Xue Y, Codogno P,
Shen HM. Activation of lysosomal function in the course of autophagy
via mTORC1 suppression and autophagosome-lysosome fusion. Cell Res.
2013;23(4):508-23.

Arriagada PV, Growdon JH, Hedley-Whyte ET, Hyman BT. Neurofibrillary
tangles but not senile plaques parallel duration and severity of Alzhei-
mer’s disease. Neurology. 1992;42(3 Pt 1):631-9.

Nelson PT, Alafuzoff |, Bigio EH, Bouras C, Braak H, Cairns NJ, Castellani

RJ, Crain BJ, Davies P, Del Tredici K, et al. Correlation of Alzheimer disease
neuropathologic changes with cognitive status: a review of the literature.
J Neuropathol Exp Neurol. 2012;71(5):362-81.

Brier MR, Gordon B, Friedrichsen K, McCarthy J, Stern A, Christensen
J,Owen C, Aldea P, Su'Y, Hassenstab J, et al. Tau and Abeta imaging,

CSF measures, and cognition in Alzheimer’s disease. Sci Transl Med.
2016;8(338):338ra366.

Page 15 of 15

48. Woodruff G, Young JE, Martinez FJ, Buen F, Gore A, Kinaga J, Li Z, Yuan
SH, Zhang K, Goldstein LS. The presenilin-1 DeltaE9 mutation results in
reduced gamma-secretase activity, but not total loss of PS1 function, in
isogenic human stem cells. Cell Rep. 2013;5(4):974-85.

49. Paquet D, Kwart D, Chen A, Sproul A, Jacob S, Teo S, Olsen KM, Gregg
A, Noggle S, Tessier-Lavigne M. Efficient introduction of specific
homozygous and heterozygous mutations using CRISPR/Cas9. Nature.
2016;533(7601):125-9.

50. Laplante M, Sabatini DM. mTOR signaling in growth control and disease.
Cell. 2012;149(2):274-93.

51. Caccamo A, De Pinto V, Messina A, Branca C, Oddo S. Genetic reduction
of mammalian target of rapamycin ameliorates Alzheimer’s disease-like
cognitive and pathological deficits by restoring hippocampal gene
expression signature. J Neurosci. 2014,34(23):7988-98.

52. LiX, Alafuzoff I, Soininen H, Winblad B, Pei JJ. Levels of mTOR and its
downstream targets 4E-BP1, eEF2, and eEF2 kinase in relationships with
tau in Alzheimer's disease brain. FEBS J. 2005;272(16):4211-20.

53. Tang Z, Bereczki E, Zhang H, Wang S, Li C, Ji X, Branca RM, Lehtio J, Guan
Z, Filipcik P, et al. Mammalian target of rapamycin (mTor) mediates tau
protein dyshomeostasis: implication for Alzheimer disease. J Biol Chem.
2013;288(22):15556-70.

54. MuY,Yan X, Li D, Zhao D, Wang L, Wang X, Gao D, Yang J, Zhang H, Li
Y, et al. NUPR1 maintains autolysosomal efflux by activating SNAP25
transcription in cancer cells. Autophagy. 2018;14(4):654-70.

55. Kim YC, Guan KL. mTOR: a pharmacologic target for autophagy regula-
tion. J Clin Invest. 2015;125(1):25-32.

56. Tramutola A, Lanzillotta C, Barone E, Arena A, Zuliani |, Mosca L, Blarzino
C, Butterfield DA, Perluigi M, Di Domenico F. Intranasal rapamycin
ameliorates Alzheimer-like cognitive decline in a mouse model of Down
syndrome. Trans| Neurodegener. 2018;7:28.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Presenilin-1 F105C mutation leads to tau accumulation in human neurons via the AktmTORC1 signaling pathway
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Introduction
	Materials and methods
	Human UC-H2-iPSC generation and characterization
	Karyotype analysis
	Construction of the piggybac-based donor plasmid
	Gene targeting and removal of the piggyBac transposon cassette
	Single-cell derived iPSC clonal analysis
	DNA extraction and mutation analysis
	Detection of off-target
	NSCs induction and culture
	Neuron differentiation
	Quantitative reverse transcription PCR analysis
	Immunofluorescence staining
	Western blotting analysis
	Extracellular Aβ measurement
	Immunoprecipitation
	LysoTracker red staining
	DQ-Red BSA staining
	Statistical analysis

	Results
	Generating human iPSCs with heterozygous and homozygous PS1 knock-in F105C by combining CRISPRCas9 and piggyBac

	Human PS1 F105C neurons tend to generate more Aβ
	mTORC1 in human PS1 F105C neurons is insensitive to starvation
	Autophagy dysfunction in human PS1 F105C mutant neurons

	The treatment with mTOR inhibitor Torin1 could clear tau accumulation in human PS1 F105C mutant neurons
	Discussion
	Conclusion
	Acknowledgements
	References




