
The American Journal of Pathology, Vol. 180, No. 6, June 2012

Copyright © 2012 American Society for Investigative Pathology.

Published by Elsevier Inc. All rights reserved.

http://dx.doi.org/10.1016/j.ajpath.2012.02.012
Stem Cells, Tissue Engineering, and Hematopoietic Elements

Presenilin-1 L166P Mutant Human Pluripotent
Stem Cell–Derived Neurons Exhibit Partial
Loss of �-Secretase Activity in Endogenous

Amyloid-� Generation
Philipp Koch,*† Irfan Y. Tamboli,‡

Jerome Mertens,* Patrick Wunderlich,‡

Julia Ladewig,* Kathrin Stüber,*†

Hermann Esselmann,§ Jens Wiltfang,§

Oliver Brüstle,*† and Jochen Walter‡

From the Institute of Reconstructive Neurobiology,* LIFE & BRAIN

Center, University of Bonn and Hertie Foundation; LIFE & BRAIN

GmbH†; and the Department of Neurology,‡ University of Bonn,

Bonn; and the Laboratory for Molecular Neurobiology,§

Department of Psychiatry and Psychotherapy, University of

Duisburg-Essen, Essen, Germany

Alzheimer’s disease (AD) is the most frequent cause of
dementia. There is compelling evidence that the pro-
teolytic processing of the amyloid precursor protein
(APP) and accumulation of amyloid-� (A�) peptides
play critical roles in AD pathogenesis. Due to limited
access to human neural tissue, pathogenetic studies
have, so far, mostly focused on the heterologous over-
expression of mutant human APP in non-human
cells. In this study, we show that key steps in proteo-
lytic APP processing are recapitulated in neurons gen-
erated from human embryonic and induced pluripo-
tent stem cell–derived neural stem cells (NSC). These
human NSC-derived neurons express the neuron-spe-
cific APP695 splice variant, BACE1, and all members of
the �-secretase complex. The human NSC-derived neu-
rons also exhibit a differentiation-dependent increase
in A� secretion and respond to the pharmacotherapeu-
tic modulation by anti-amyloidogenic compounds, such
as �-secretase inhibitors and nonsteroidal anti-inflam-
matory drugs. Being highly amenable to genetic modi-
fication, human NSCs enable the study of mechanisms
caused by disease-associated mutations in human
neurons. Interestingly, the AD-associated PS1L166P

variant revealed a partial loss of �-secretase function,
resulting in the decreased production of endogenous
A�40 and an increased A�42/40 ratio. The PS1L166P
mutant is also resistant to �-secretase modulation by
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nonsteroidal anti-inflammatory drugs. Pluripotent
stem cell–derived neurons thus provide experimental
access to key steps in AD pathogenesis and can be used to
screen pharmaceutical compounds directly in a human
neuronal system. (Am J Pathol 2012, 180:2404–2416; http://

dx.doi.org/10.1016/j.ajpath.2012.02.012)

Alzheimer’s disease (AD) is characterized by progressive
neuronal loss and the accumulation of amyloid �-pep-
tides (A�) in the form of extracellular plaques.1 A� is
produced from the larger amyloid precursor protein
(APP) by a sequential proteolytic processing cascade.2

Due to alternative splicing, several mRNA variants of APP
are described. While the 751 and 770 amino acid–long
splice variants of APP are found in most tissues, a
shorter, 695 amino acid–long splice variant is selectively
expressed in human neurons.

The generation of A� includes the initial cleavage of APP
by the �-secretase BACE1, an aspartic protease highly
expressed in neuronal cells, but also at lower levels in non-
neuronal cells and tissues.3 Accordingly, neurons produce
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higher amounts of A� as compared to other cell types. The
cleavage of APP by BACE1 occurs at the N-terminus of the
A� domain and results in the secretion of the soluble APP
ectodomain (sAPP-�) and a membrane-tethered C-terminal
fragment (APP-CTF) containing the A� sequence. APP-
CTFs generated by BACE1 can be further cleaved by
�-secretase, a high molecular weight complex consisting of
presenilins (PS) as the catalytic moieties and at least three
additional components called Nicastrin, anterior pharynx-
defective 1 (Aph-1), and presenilin enhancer 2 (Pen-2).4

The cleavage of APP-CTFs by �-secretase is heteroge-
neous, resulting in the production of different A� length
variants including A�42, A�40, and A�38.5,6 The prevailing
view of AD pathogenesis is that accumulation and aggre-
gation of A� peptides, particularly of A�42, is a critical event
in the pathogenesis of AD.7–9

Mutations found in the genes for APP and the prese-
nilins are major causes of familial early-onset AD (FAD)
and commonly induce an increased ratio of A�42/
40.10–12 However, it is currently debatable whether this
phenomenon results from a toxic gain of function by
overproduction of A�42, or rather a partial loss-of-func-
tion mechanism leading to decreased generation of
A�40.13,14 Because of the limited availability of human
neuronal tissue, most in vitro studies on APP processing
have focused on heterologous overexpression systems
involving mutant human APP695 and PS1.4,5

Here, we set out to study APP processing in human
neurons generated in vitro from human embryonic stem
cell (hESC)-derived and induced pluripotent stem cell
(iPSC)-derived neural stem cells.15 Neurons generated
from these cells endogenously express APP695 as well as
�- and �-secretases. They show efficient processing of
endogenous APP and secretion of A�. Importantly, the
production of A� can be modulated using pharmacolog-
ically active compounds. We further demonstrate that the
FAD-associated PS1L166P mutation results in elevated
A�42/40 ratio caused by a selective decrease in A�40
production, supporting a partial loss of function in
�-secretase activity in this AD variant.

Materials and Methods

Cell Culture

The derivation of long-term self-renewing neuroepithelial-
like stem cells (lt-NES cells) from human pluripotent stem
cells has been performed as described previously.15,16

The human ES cell line I3 was provided by Joseph Itsko-
vitz-Eldor and Michal Amit (Technion, Israel Institute of
Technology, Haifa, Israel). The cells (derived from hESC
lines I3 as well as iPSC line PKa) were cultured on plastic
dishes coated with polyornithin/laminin (both from Sigma-
Aldrich, St. Louis, MO) in Dulbecco’s modified Eagle’s/
F12 medium supplemented with N2 (high transferrin,
T1129, 2005) (PAA Laboratories, Pasching, Austria) and
containing 10 ng/mL basic fibroblast growth factor 2
(FGF2), 10 ng/mL epidermal growth factor (EGF) (both
from R&D Systems, Minneapolis, MN), and 1:1000 B-27

Supplement (Invitrogen, Carlsbad, CA). Cells were pas-
saged every 3 to 4 days at a 1:2 to 1:3 ratio using
trypsin/EDTA. Replating densities were 30% to 40%. Dif-
ferentiation was initiated by plating the cells on plastic
dishes coated with Matrigel (BD Biosciences, San Jose,
CA) and omission of growth factors. Differentiation me-
dium was composed of Dulbecco’s modified Eagle’s/F12
medium supplemented with N2 (PAA Laboratories) and
neurobasal medium supplemented with B-27 (Life Tech-
nologies, Grand Island, NY) mixed at a 1:1 ratio. Nones-
sential amino acids, 0.8 mg/L glucose, and 300 ng/mL
cAMP were added.

Vector Design and Lentiviral Transgenesis

The coding DNA sequences for PS1wt, PS1D385N, and
PS1L166P were amplified by PCR and cloned into a lenti-
viral backbone between an elongation factor 1-� (EF1�)
promoter and an internal ribosome entry site (IRES)–en-
hanced green fluorescent protein (EGFP) sequence. A
vector expressing EGF only under control of the EF1�
promoter was used as a control vector. Production of
lentiviral particles was performed as described previ-
ously.17 Briefly, HEK-293FT cells were cotransfected with
the packaging plasmid psPAX2, the envelope plasmid
pMD2.G, and the respective lentiviral vector plasmid (kind
gift of Didier Trono). Viral particles were enriched by cen-
trifugation, and lt-NES cells (originally derived from hESC
line I3) were transduced, expanded for four to six passages
and purified by fluorescence activated cell sorting (FACS)
to yield homogenously EGFP-positive populations.

Immunofluorescence Analysis

For immunofluorescence analysis, cells were fixed in 4%
paraformaldehyde, washed in PBS, and then blocked
with 10% fetal calf serum in the presence of 0.1% Triton
X-100 in PBS. Primary antibodies were applied overnight
at 4°C. Secondary antibodies (Cy3-linked goat anti-
mouse and fluorescein isothiocyanate–linked goat anti-
rabbit; 1:250; Jackson ImmunoResearch/Dianova, Ham-
burg, Germany) were applied for 2 hours at room
temperature, and cell nuclei were counterstained with
DAPI (Sigma-Aldrich). Antibodies used for immunofluo-
rescence analysis are listed in Table 1.18–21

Treatment of Neuronal Cultures with
�-Secretase Modulators

Cells were cultured in the presence of either 250 �mol/L
ibuprofen (Alexis Biochemicals, San Diego, CA), 100
�mol/L indomethacin (Cayman Chemical Company, Ann
Arbor, MI), or ethanol (0.1%) as a solvent control for 24
hours. Cell pellets were used to determine total protein
levels, and supernatants were subjected to enzyme-
linked immunosorbent assay (ELISA) measurements.

A� Measurements by ELISA

Secreted A� peptides in conditioned medium were quan-

tified by a sandwich immunoassay using the Meso Scale
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Discovery Sector Imager 2400 (Meso Scale Discovery
Sector, Gaithersburg, MD) as described previously.4

Briefly, streptavidin-coated 96-well multiarray plates were
incubated with biotinylated 2D8 capture antibody. This
was followed by addition of media samples and A� pep-
tide standards (Bachem, Bubendorf, Switzerland). Ruthe-
nylated C-terminal–specific anti-A�40 or anti-A�42 anti-
bodies were used as detection antibodies. For detection,
Meso Scale Discovery Read buffer was added, and the
light emission at 620 nm after electrochemical stimulation
was measured using the Meso Scale Discovery Sector
Imager 2400 reader. The corresponding concentrations
of A� peptides were calculated using the Meso Scale
Discovery Workbench software and normalized to total
cellular protein levels of the corresponding cell pellets.

Protein Sample Preparation and Western Blot
Analysis

Cellular proteins were detected by Western blot analysis
either in isolated membrane extracts or total cell lysates.
For isolating cellular membranes, cells were scraped
from the dishes and incubated in hypotonic buffer [10
mmol/L Tris (pH 7.3), 10 mmol/L MgCl2, 1 mmol/L EDTA,
1 mmol/L EGTA] for 10 minutes on ice. Cells were then
homogenized by using a 21-gauge needle and centri-
fuged for 10 minutes at 300 � g to pellet nuclei. The
resulting supernatant was centrifuged for 30 minutes at
16,100 � g to obtain the membrane fraction as a pellet.
Total cell lysates were obtained by lysis of cells in STEN
buffer [50 mmol/L Tris (pH 7.6), 150 mmol/L NaCl, 2 mmol/L
EDTA] supplemented with 1% NP-40, 1% Triton X-100, 2%
bovine serum albumin on ice for 10 minutes. Lysates were
clarified by centrifugation for 20 minutes at 16,100 � g.
Membrane and whole lysate proteins were separated by
SDS-PAGE and subsequently transferred to a nitrocellulose

Table 1. Primary Antibodies

Antibody Source Dilution

Immunocytochemical
analysis

APP Chemicon/4G8 1:1000
Nestin R&D Systems/MAB1259 1:800
MAP2ab Chemicon/MAB378 1:500
GABA Sigma-Aldrich/A2052 1:500
GFAP DAKO/ZO334 1:1000
Presenilin-1 GeneTex/APS18 1:300
GFP Abcam/ab296 1:3000
Beta III-tubulin Covance/Tuj1 1:3000
Beta III-tubulin BAbCo/MM5435P 1:1500
Sox2 R&D Systems 1:300

Western
Presenilin-1 Raised/310918 1:500
Full-length APP Raised/14019 1:500
APP-CTF Raised/14019 1:500
Soluble APP Raised/531320 1:1000
BACE1 Raised/752021 1:1000
Actin Sigma-Aldrich 1:2000
Nicastrin Sigma-Aldrich 1:2000
Abeta Signet/6E10 1:1000
Beta-III tubulin Covance/TuJ1 1:1000
membrane (Schleicher & Schuell BioScience, Keene, NH).
Respective proteins were detected by immunoblotting us-
ing appropriate antibodies and enhanced chemilumines-
cence reagent ECL (Amersham Pharmacia Biotech, Little
Chalfont, UK). Antibodies used for Western blot are listed in
Table 1. For detection of A� by Western blotting A� was
immunoprecipitated from conditioned medium for 12 hours
at 4°C using polyclonal antibody 296419 and protein A-
sepharose (PAS) beads.

Immunoprecipitation and Immunoblot Analysis
of A� Length Variants

For the separation of A� length variants, A� peptides
were immunoprecipitated from conditioned medium
mixed with a fivefold concentrated immunoprecipitation
detergent buffer yielding final concentrations of 50
mmol/L HEPES, 150 mmol/L NaCl, 0.5% Nonidet P-40 v/v,
0.25% sodium deoxycholate w/v, 0.05% SDS w/v, and 25
�L of activated magnetic beads (antibody 1E8, 40 �g/
mL, 15 hours at 4°C; Nanotools, Teningen, Germany).
Beads were washed 3� (PBS/0.1% bovine serum albumin
w/v) and 1� [10 mmol/L Tris-HCl (pH 7.5)], eluted by boiling
in sample buffer (0.36 mol/L bis-Tris, 0.16 mol/L Bicine, 1%
SDS w/v, 15% sucrose w/v, and 0.0075% bromphenol blue
w/v), and then loaded on a urea-containing Bicine/bis-Tris/
Tris/sulfate SDS-PAGE gel.22 Separated A� peptides were
transferred onto Immobilon-P polyvinylidene difluoride
membranes (Millipore, Billerica, MA), detected with the 1E8
antibody (Nanotools) and visualized using a biotinylated
anti-mouse IgG secondary antibody (Vector Laboratories,
Linaris, Germany), a streptavidin–horseradish peroxidase
complex (GE Healthcare, Little Chalfont, UK) and the ECL-
plus substrate (GE Healthcare).

Semiquantitative and Quantitative RT-PCR
Analysis

RNA from cells was purified using RNeasy kit (Qiagen,
Valencia, CA) and subsequent DNaseI digestion (Life
Technologies). cDNAs were generated using the iScript
cDNA synthesis kit (Bio-Rad, Hercules, CA). Semiquan-
titative RT-PCR was performed using TaqDNA Polymer-
ase (Invitrogen), with omission of cDNA serving as a
negative control. cDNA from RNA extracts of human fetal
or adult brains (Stratagene, Agilent Technologies, Santa
Clara, CA) was used as positive controls. Quantitative
real-time RT-PCR (RT-qPCR) analyses were performed in
triplicates on a Bio-Rad iCycler using the SYBR Green
detection method. PCR products were assessed by dis-
sociation curve analysis. Data were normalized to
GAPDH mRNA levels and analyzed using the ��Ct cal-
culation method. Primers used are listed in Table 2.

Fluorescence Activated Cell Sorting

Lentivirally transduced lt-NES cells were trypsinized, re-
suspended in Cytocoon Buffer II (Evotec, Hamburg, Ger-
many) containing 0.1% DNase (Invitrogen) (3 � 106 cells/
mL), and then filtered through a 40-�m nylon mesh (Pall

GmbH, Dreieich, Germany). FACS was performed under
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sterile conditions using a FACS DiVa sorter (BD Biosci-
ences) equipped with an argon-ion laser (Coherent,
Santa Clara, CA) operating at 488 nm. The desired cell
populations were selected using the FACSDiva software
(BD Biosciences) according to forward scatter, side scat-
ter, and EGFP fluorescence.

BrdU Assay

Lt-NES cells (I3) were incubated with 5-bromo-2=-de-
oxyuridine (BrdU) (10 �mol/L final concentration; Sigma-
Aldrich) for 3.5 hours at 37°C and subsequently fixed in
4% paraformaldehyde in PBS, washed in PBS, and per-
meabilized with 0.5% Triton X-100 for 30 minutes at room
temperature. Cells were washed in PBS, treated with 2 N
HCl for 10 minutes at room temperature for DNA denatur-
ation and subsequently with 0.1 mol/L borate buffer for 10
minutes at room temperature. After three washes in PBS,
cells were incubated for 30 minutes at room temperature
with blocking solution (5% fetal calf serum, 0.1% Triton
X-100 in PBS). Antibody staining and detection were per-
formed as described for immunofluorescence analysis.

TUNEL Assay

Terminal deoxynucleotidyl transferase dUTP nick-end la-
beling (TUNEL) was performed to quantify apoptotic cells
according to the manufacturer’s instructions (Promega,
Madison, WI).

Statistical Analyses

Quantitative data were generated in triplicate. Means and
standard deviations were computed. All results pre-
sented as bar graphs show mean � SD. Student’s t-test
was performed to determine whether a significant differ-

Table 2. Primer Sequences for RT-PCR Analysis

Name Forward

Semiquantitative RT-PCR
APPtotal 5=-TGGCCCTGGAGAACTACA
APP exon15� 5=-TTGAGCCTGTTGATGCCC
APP exon 7/8� 5=-GAGGTGGTTCGAGTTCCT
APP695 5=-GAGGTGGTTCGAGTTCCT
BACE1 5=-AGGCCATTCCCTGTAGGA
BACE2 5=-TGTAGCCAGCAACTGTGT
Presenilin-1 5=-TGGTTGGTGAATATGGCA
Presenilin-2 5=-CATCTGAGGGACATGGTG
Nicastrin 5=-GGGACATTAAAGCCTGAC
Aph1a 5=-GCATTTTTCTGGCTGGTC
Pen2 5=-CACCTCCTGGATCACCAT
APLP1 5=-GAGTAGAGGGGGCTGAGG
ApoE 5=-GGTCGCTTTTGGGATTAC
GAPDH 5=-CTGCTTTTAACTCTGGTA

Quantitative RT-PCR
GAPDH 5=-CTGCTTTTAACTCTGGTA
HES5 5=-GCACATTTGCCTTTTGTG
ence exists between groups (*P � 0.05).
Results

Maturation-Dependent Expression of
AD-Related Proteins and Amyloidogenic
APP Processing in Human Embryonic
Stem Cell–Derived Neurons

To investigate the proteolytic processing of APP in human
neurons, we took advantage of our previously estab-
lished population of lt-NES cells.15,16 These cells can be
propagated as a homogeneous population in the pres-
ence of the growth factors FGF2 and EGF while maintain-
ing a strong and stable neurogenic differentiation poten-
tial. On growth factor withdrawal, lt-NES cells slowly
differentiate into a major fraction of neurons and a minor
fraction of glia (Figure 1A). Seven days after initiation of
differentiation, the majority of the cells (94.0% � 1.9%)
still expressed the neural precursor marker nestin,
whereas less than 6% of the cells acquired a neuronal
morphology and expressed the neuronal marker �-III tu-
bulin. By 14 days of differentiation, the number of neurons
had increased to 9.2% � 2.7% at the expense of the
nestin-positive precursors. By 28 days, the cultures con-
sisted of 78.0% � 0.8% �-III tubulin–positive neurons and
only 21.0% � 0.7% nestin-positive cells (Figure 1A). At
this point, about 30% of these nestin-positive cells coex-
pressed the astrocytic marker glial fibrillary acidic protein
(GFAP) (data not shown). From 4 weeks onwards, the
cultures remained largely stable as demonstrated by
phase-contrast pictures and immunocytochemical anal-
yses of neuronal and glial marker expression at 1 and 3
months after initiation of differentiation (see Supplemental
Figure S1 at http://ajp.amjpathol.org). In parallel to the
acquisition of a neuronal fate, expression of APP was
detected in cells with neuronal morphology and in-
creased with the number of �-III tubulin–positive cells
(Figure 1A). By 4 weeks of differentiation, the vast major-
ity of the �-III tubulin–positive neurons was strongly pos-

Reverse

5=-AATCACACGGAGGTGTGTCA-3=
5=-CCACCACACCATGATGAATGGATG-3=

AGC-3= 5=-GGCTGCTTCCTGTTCCAAAGATTCCAC-3=
AGC-3= 5=-AGGGCGGGCATCAACAGGCTCAA-3=

5=-TTCCTGTCCTGGGAAAAATG-3=
5=-ATTTCCAGCGATGTCTGACC-3=
5=-GCGAGGATACTGCTGGAAAG-3=
5=-AAACCTGCTGTGCTTCCTGT-3=
5=-CGAGCTGCCAATGTAGTCAA-3=
5=-AACCCCTCATCTGCCTTCTT-3=
5=-GGTCCTTTATTGGGGGATGT-3=
5=-CCAGGCATGCCAAAGTAAAT-3=
5=-TGTTCCTCCAGTTCCGATTT-3=

3= 5=-GCGCCAGCATCGCCCCA-3=

3= 5=-GCGCCAGCATCGCCCA-3=
5=-CACACTCAGGAGCCTTTTGG-3=
TC-3=
GC-3=
ACAAC
ACAAC
GT-3=
CC-3=
GA-3=
TG-3=
GA-3=
TC-3=
CT-3=
AC-3=
CT-3=
AAGT-

AAGT-
itive for APP (antibody 4G8), whereas the remaining stem

http://ajp.amjpathol.org
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and progenitor cells showed only weak staining. This
pattern of APP expression reflects the in vivo situation in
the developing mouse brain, as neural stem cells located
in the ventricular zone show only very weak 4G8 staining,
whereas newborn neurons that leave the ventricular zone
and enter the cortical plate are strongly positive for 4G8
(see Supplemental Figure S2 at http://ajp.amjpathol.org).
With increasing maturation, APP immunoreactivity also
became more accentuated and localized in human lt-
NES cell–derived neurons. In young neurons, APP was
located throughout the perikaryon and neurites (Figure 1A).
More mature neurons (6 weeks of differentiation) ex-
hibited a pronounced axonal immunoreactivity at the
expense of the somatodendritic compartment (Figure
1B). Within axons, the staining appeared dotty, which
could be compatible with vesicular axonal transport
known for APP. No such immunostaining was detected in
cells positive for nestin or GFAP (data not shown). Neu-
rons also showed a dotty cytoplasmic staining for PS1,

Figure 1. Lt-NES cell–derived neurons express AD-associated proteins. A: S
into postmitotic human neurons (top). Immunocytochemical analyses of ne
also shown (bottom). Data are representative of three independent experim
(antibody 4G8), and PS1 (antibody APS18) in 4 weeks differentiated neur
compartment, and the triangle indicates somatodendritic compartment. Data
reconstruction in different axes. C: RT-PCR analysis of APP variants, �-secre
Commercial total RNA samples from fetal and adult human brain served as
and 12 weeks (E) of differentiation. Immature (immat), mature (mat) APP (A
soluble APP (sAPP; antibody 5313) were detected in conditioned media. Matu
the respective secreted forms of APP (sAPP) from conditioned media are c
A�37, A�38, A�39, A�40, and A�42, as well as N-terminally truncated A�
differentiate for 6 weeks. Scale bars: 50 �m (A); 20 �m (B).
which would be in accordance with a location within
cytoplasmic vesicles and the endoplasmic reticulum
(Figure 1B).

RT-PCR revealed mRNA expression of different AD-
related proteins, including APP, BACE1, and the �-secre-
tase components PS1, PS2, Nicastrin, Aph1a, and Pen2
at all time points of differentiation (Figure 1C). In addition,
APLP1 and apolipoprotein E (ApoE) mRNAs were de-
tected. To assess alternative splicing of APP during neu-
ronal differentiation, we performed RT-PCR analyses us-
ing variant-specific primers (Figure 1C). Undifferentiated
lt-NES cells mainly expressed APP variants lacking exon
15, consistent with a preferential expression of these
splice variants in non-neuronal cells.23 On neuronal dif-
ferentiation, the expression of exon 15–containing APP
variants increased, indicating a shift toward neuron-spe-
cific splicing of APP in these cells. Notably, the neuron-
specific APP695 mRNA isoform that lacks exons 7 and 8,
and contains exon 15 increased after 4, 6, and 8 weeks of
differentiation as compared to lt-NES cells, whereas total

c overview showing the protocol for differentiation of pluripotent stem cells
II tubulin, and APP (antibody 4G8) in differentiating lt-NES cell cultures are
r time point. B: Confocal immunocytochemical analysis of �-III tubulin, APP
rows indicate vesicle-like structures in axons, the asterisk marks axonal
resentative of three independent experiments. Lines on the site depict digital

ponents, and other AD-related genes in differentiating cultures over time.
. D and E: Western blot analysis of cells between 0 and 4 weeks (D) and 4
140), and �-III tubulin were detected in cell lysates. A� (antibody 82E1) and
95 comigrates with the immature APP770/751 isoforms of cell lysates, whereas
parated in SDS gels. F: Bicine/bis-Tris/Tris/sulfate SDS-PAGE separation of

munoprecipitated from conditioned media of neural cultures allowed to
chemati
stin, �-I
ents pe
ons. Ar
are rep
tase com
controls
ntibody
re APP6

learly se
APP mRNA levels remained largely constant. (Figure 1C).
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After 12 weeks, APP695 mRNA levels appeared to slightly
decrease. Consistent with a previous report,24 we also
detected decreased levels of APP695 mRNA levels in
adult human brain as compared to fetal human brain
samples (Figure 1C). In line with the known alternative
splicing of APP mRNA during neuronal differentiation,25

we further noticed differentiation-dependent changes in
the protein levels of cellular and secreted APP (sAPP)
variants. We observed multiple bands in cell lysates,
which are compatible with immature (N=-glycosylated)
and mature (N=/O=-glycosylated) variants of the different
APP isoforms. Undifferentiated lt-NES cells mainly ex-
pressed APP variants that represent immature APP770/751

isoforms, as indicated by the comigration with endoge-
nous APP770/751 of HEK293 cells (Figure 1D; see also
Supplemental Figure S3 at http://ajp.amjpathol.org). After
1 week of differentiation, expression of these variants
strongly decreased. Notably, after 3 and 4 weeks differ-
entiation, expression of the neuron-specific APP695 iso-
form increased as indicated by the appearance of a
lower migrating variant in cell lysates and conditioned
media (Figure 1D; see also Supplemental Figure S3 and
S4 at http://ajp.amjpathol.org). The identity of the sAPP695

variant is corroborated by comigration with a transgenic
APP695 isoform expressed in HEK293 cells (see Supple-
mental Figure S3 at http://ajp.amjpathol.org). Together,
these data indicate that neuronal differentiation of lt-NES
cells is associated with the expression of the neuron-
specific APP695 isoform.

The expression of two APP isoforms and their secretion
into conditioned media was also observed on longer dif-
ferentiation periods up to 12 weeks (Figure 1E). Most
importantly, we also detected differentiation-dependent
secretion of A�. A� levels were increased after 3 weeks

Figure 2. Endogenous APP processing and �-secretase modulation in hES
APP-CTFs, and secreted A� of 4 weeks differentiated hESC-derived neurons w
full-length APP and APP-CTFs during prolonged treatment with DAPT (2, 4,
of three independent experiments. C: TUNEL assay at 0, 2, and 4 days of DAP
Quantification is shown below. D: Immunoblot analysis of neurons derived

treatment with DAPT. Blots show biological duplicates and were performed in three i
media of iPSC-derived neurons treated with DAPT. Bar graphs throughout figure sh
of differentiation as compared to earlier time points (Fig-
ure 1, D and E; see also Supplemental Figure S4 at
http://ajp.amjpathol.org). This increase coincided with
the increased expression of the neuron-specific
APP695 isoform. Increased expression of BACE1 as
shown by RT-PCR might also contribute to elevated
production of A� on differentiation (Figure 1C). As re-
vealed by SDS-PAGE separation, several isoforms of
A�, including A�37, A�38, A�39, A�40, and A�42, as
well as N-terminally truncated A�2– 40, were generated
by the neurons (Figure 1F). Together, these data dem-
onstrate that hESC-derived neurons endogenously ex-
press a neuron-specific pattern of APP as well as func-
tional �- and �-secretases, and produce different
variants of A�.

Modulation of APP Processing by �-Secretase
Inhibition

We next explored whether proteolytic processing of APP
can be pharmacologically modulated in hESC-derived
neurons. Treatment of 4-week-differentiated cultures with
the �-secretase inhibitor N-[N-(3,5-difluorophenacetyl)-L-
alanyl]-S-phenylglycine t-butyl ester (DAPT) efficiently in-
hibited the secretion of endogenous A� (10 �mol/L; 2
days; Figure 2A). Consistent with the inhibition of �-secre-
tase, DAPT treatment for 2 to 6 days led to a strong
accumulation of APP C-terminal fragments (CTFs), which
represent the immediate substrates for �-secretase,
whereas levels of full-length APP increased only slightly
over a 6-day treatment time (Figure 2B). TUNEL anal-
ysis showed no significant differences in the number of
TUNEL-positive nuclei of DAPT-treated cells as com-

iPSC-derived neurons. A: Immunoblot analysis of cellular full-length APP,
without treatment with DAPT (10 �mol/L; 48 hours). B: Immunoblot showing
ays). Blots from A and B show biological duplicates and are representative
ent (n � 3 per group). TUNEL-positive nuclei (white) are marked by arrows.
man iPSC-derived lt-NES cells (differentiated for 4 weeks) with and without
C- and
ith and
and 6 d

T treatm
from hu
ndependent experiments. E: ELISA analysis of A�40 and A�42 in conditioned
ow mean � SD of each group. *P � 0.05.
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pared to a vehicle-treated (dimethyl sulfoxide) control
population (4.6% � 1.1% or 3.9% � 0.2% for cells
treated for 2 or 4 days, respectively, versus 3.8% �
1.0% in the control) and had no effect on cell morphol-
ogy (Figure 2C).

Functional APP Processing in Induced
Pluripotent Stem Cell–Derived Neurons

Recently, the derivation of iPSC derived from adult skin
fibroblasts has become possible.26 These cells, which
can also be recruited from patients with familial and spo-
radic forms of AD, might be a valuable tool to study
endogenous processing of APP and PS1 or APP muta-
tions. We thus wondered whether our observations on
APP processing can be recapitulated in neurons gener-
ated from human iPSC generated by retroviral transduc-
tion of adult skin fibroblasts with the reprogramming fac-
tors Oct4, Sox2, Klf4, and c-Myc. IPSC generated from a
healthy donor expressed pluripotency markers, including
alkaline phosphatase, Nanog, Tra1-60, and Tra1-81,
showed sustained silencing of the transduced trans-
genes, and were capable of differentiating into derivates
of all three germ layers (data not shown). Using the same
differentiation protocol used for hESC,15 these cells were
successfully differentiated into iPSC-derived lt-NES cells
homogeneously expressing nestin and Sox2. Western
blot analyses performed after 4 weeks of growth factor
withdrawal–induced differentiation showed that iPSC-de-
rived neurons express full-length APP (Figure 2D). Com-
parable to hESC-derived neurons, strong accumulation
of APP-CTFs was observed on treatment with DAPT (10
�mol/L, 48 h; Figure 2D). Further, as shown by ELISA
measurement of conditioned medium, secretion of both
A�40 and A�42 was strongly reduced by DAPT treatment
(Figure 2E). These data suggest that modeling and mod-
ulation of proteolytic APP processing established in
hESC-derived neuronal cultures can be translated to neu-
rons differentiated from human iPSC.

Modulation of APP Cleavage by NSAIDs

NSAIDs were described to modulate the activity and
cleavage specificity of �-secretase toward lower A�42/40
ratios.27 To evaluate the effect of NSAIDs on hESC-
derived neurons, we treated cultures differentiated for
4 weeks with ibuprofen (250 �mol/L) and indomethacin
(100 �mol/L), and analyzed A� levels in the superna-
tants. Both drugs reduced the secretion of A�42,
whereas the secretion of A�40 was not significantly
changed. This led to a reduction of the A�42/40 ratio
with both drugs (reduction by 19% for indomethacin-
treated and 22% for ibuprofen-treated cells; Figure 3).

Expression of a PS1 FAD Mutant Results in a
Partial Loss of �-Secretase Function

Mutations in the presenilin genes are a major cause of
FAD. Several studies indicate that these mutations alter
the �-secretase–dependent proteolytic processing of
APP-CTFs, thereby increasing the ratios of A�42/40.28

Among the different mutants, the PS1L166P variant is a
very aggressive form, resulting in an onset of symptoms
already during the second decade of life.29 To model the
effects of FAD-mutant PS1 in human neural cells, we
lentivirally transduced proliferating hESC-derived lt-NES
cells to express PS1L166P and, as controls, wild-type PS1
(PS1wt) or a catalytically inactive variant PS1D385N. Ex-
pression was driven by the EF1� promoter and linked to
an EGFP sequence by an internal ribosome entry site
(IRES; Figure 4A). Transduction efficiencies ranged from
39% to 60%. To obtain homogeneous populations of neu-
ral stem cells expressing the individual forms of PS1, the
transduced cells were expanded for four to six passages
and subsequently purified by FACS for EGFP expression.
This resulted in homogeneous populations of cells ex-
pressing nestin and Sox2 in �98% of EGFP-positive cells
(Figure 4B). To exclude detrimental effects of lentiviral
transduction and FACS sorting on lt-NES cells, we trans-
duced lt-NES cells with the same vector carrying EGFP
only and sorted for green fluorescence. Direct compari-
son of non-transduced cells and EGFP-transduced cells
revealed that both populations exhibit comparable
marker expression and proliferation capacity (see Sup-
plemental Figure S5 at http://ajp.amjpathol.org).

Immunostaining for PS1 (antibody APS18) and EGFP
confirmed overexpression of the different PS1 variants
(Figure 4B), which was stable for at least 15 passages

Figure 3. Modulation of �-secretase activity by nonsteroidal
anti-inflammatory drugs (NSAIDs). ELISA measurement of
A�40 and A�42 in conditioned media of neurons differentiated
for 4 weeks with and without treatment with indomethacin
(Indo; 100 �mol/L) or ibuprofen (Ibu; 250 �mol/L). ELISA
measurements were performed as biological and technical
triplicates, and the A�42/40 ratio was calculated (right). Bar
graphs show mean � SD of each group. *P � 0.05.
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(data not shown). We next investigated whether mutated
PS1 had an influence on cell proliferation and survival.
TUNEL staining revealed that 1.7% � 1.3% of the non-
transduced cells, 1.4% � 1.1% of PS1wt, 0.9% � 0.8 of
PS1L166P, and 1.1% � 0.8 of PS1D385N cells were TUNEL-
positive, indicating that overexpression of the different
PS1 isoforms did not induce apoptosis in this experimen-
tal setting (Figure 4C). In neural stem cells, including
lt-NES cells, �-secretase activity has been described as
essential for maintaining Notch signaling, activation of
Notch target genes such as HES5, and cell prolifera-
tion.30 We therefore analyzed the influence of PS1wt and
mutated PS1 overexpression on proliferation of lt-NES
cells. To that end, we quantified BrdU incorporation in the
different lt-NES cell lines in the absence of the mitogen
FGF2 following a 3.5-hour pulse (Figure 4D). In the non-
transduced group, 28.1% � 1.1% of the cells were pos-
itive for BrdU. This number increased by 44% to 40.1% �
4.3% in the PS1wt-transduced cells, indicating a propro-
liferative effect of PS1wt overexpression. Overexpression
of the inactive PS1D385N variant significantly reduced the
number of BrdU-positive lt-NES cells (21.9% � 2.0%)
similar to Notch blockade by DAPT treatment (20.4% �

Figure 4. Stable lentiviral PS1 transgenesis in neural stem cells. A: Schemati
lt-NES cells were infected with lentiviral vectors encoding PS1 (wt, D385N, an
cultured as transgenic lt-NES cells. On withdrawal of growth factors, transg
variants. B: Immunocytochemical analysis of PS1, EGFP, nestin, and Sox2 of
C: TUNEL assay of proliferating lt-NES cell lines overexpressing PS1wt, PS1
transgenic and DAPT-treated lt-NES cells in the absence of the mitogen F
counterstained with DAPI. E: Quantification of BrdU incorporation assay. F
transcript in lt-NES cell lines overexpressing PS1wt, PS1D385N, or PS1L166P

throughout figure show mean � SD of each group. *P � 0.05. Scale bars: 5
2.1%). The reduction in BrdU incorporation in PS1D385N-
overexpressing cells could be explained by dominant-
negative effects of this mutant, because it suppresses the
incorporation of endogenous functional PS1 into the
�-secretase complex. Neural stem cells overexpressing
PS1L166P showed a marked decrease of BrdU-positive
nuclei to 24.0% � 1.8%, indicating that this disease-
associated mutant also exerts a slight dominant-negative
effect on the S3 cleavage of Notch (Figure 4, D and E). In
accordance with increased FGF2-independent prolifera-
tion, RT-qPCR analysis for the immediate Notch target
gene HES5 of lt-NES cells overexpressing PS1wt showed
2.5-fold elevated HES5 levels, whereas the transcript lev-
els in PS1D385N and PS1L166P cells were significantly de-
creased (Figure 4F).

We next studied whether the overexpression of the
different PS1 variants remains stable during neuronal dif-
ferentiation. To that end, the transgenic lt-NES cell lines
were differentiated by growth factor withdrawal for 4
weeks, and the expression of neural markers, as well as
EGFP and PS1, was analyzed by immunocytochemistry.
Cultures transduced with the different lentiviral constructs
showed strong EGFP expression in cells with neuronal
and glial morphology (Figure 5A). At the same time, PS1

ng the lentiviral construct and overview of the experimental design. Human
and EGFP. Green fluorescent cells were purified by FACS sorting and further

es give rise to cultures of human neurons overexpressing the different PS1
t lt-NES cell lines. Data are representative of two independent experiments.
r PS1L166P (n � 3 per group). D: BrdU incorporation assay of proliferating
� 3 per group). BrdU-incorporated nuclei are stained in red. Nuclei are

itative real-time RT-PCR expression analysis of the Notch1 responsive HES5
ments were performed as biological and technical triplicates. Bar graphs

and D).
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differen
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transgenic lines stained intensively positive for PS1,
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whereas non-transduced cells showed only a weak stain-
ing of the endogenously expressed protein (Figure 5A).
Quantification of the �-III tubulin–positive and MAP2ab-
positive cells revealed that all four populations contained
comparable numbers of neurons following 4 weeks of
differentiation (Figure 5B). Only in the case of PS1wt-
overexpressing cells we observed a slight reduction of
the relative numbers of neurons, which was associated
with an increased number of cells still expressing nestin
and could point to a prolonged growth factor–indepen-
dent proliferation, presumably due to a constitutive acti-
vation of the Notch pathway.30 The number of GFAP-
positive cells remained constantly below 10% in all four
populations. Consistent with our previous results, lt-NES
cells mainly gave rise to GABAergic neurons,15 a prop-
erty that was not affected by PS1 overexpression (Figure
5A). RT-PCR analysis revealed strongly increased mRNA
levels of PS1 in transduced cells (Figure 5C). PS2 mRNA
was not changed indicating that mRNA expression of

Figure 5. Characterization of human neurons overexpressing PS1 variants. A
well as �-III tubulin, MAP2ab, APP, GABA, and GFAP. Data are representati
tubulin–positive neurons in differentiated lt-NES cells (n � 3 per group). B
expression of APP, PS1, and other �-secretase genes in 4 weeks differentiate
Immunoblot for PS1 and PS1-CTF of transgenic neurons in comparison to n
PS1-CTFs to full-length PS1 (mean � SD of each group. *P � 0.05). Scale b
PS2 is not affected by overexpression of PS1. APP and
other �-secretase components (Nicastrin, Pen2, and
Aph1a) were also expressed at comparable levels (Fig-
ure 5C). Immunoblotting revealed that both PS1wt and
PS1L166P undergo endoproteolytic processing, resulting
in increased levels of the CTFs. By contrast, cells ex-
pressing the PS1D385N mutant showed strong accumula-
tion of the full-length protein and induced a slight de-
crease in endogenous CTFs as compared to control
cells, which is in agreement with the notion that the
PS1D385N mutant does not undergo endoproteolytic
processing and suppresses the incorporation of en-
dogenous PS1 protein into the �-secretase complex in
a dominant-negative fashion (Figure 5D).31 Together,
these data demonstrate that overexpressed PS1wt and
PS1L166P are endoproteolytically processed, whereas
the PS1D385N variant accumulates as a nonprocessed
full-length protein.

To assess the functional implication of the respective
PS1 variants in the proteolytic processing of APP in hu-

nal cultures differentiated for 4 weeks immunostained for EGFP and PS1, as
o independent experiments. B: Quantitative analysis of the number of �-III
h shows mean � SD of each group. *P � 0.05. C: RT-PCR analysis shows
ns. Results shown are representative for three independent experiments. D:
uced controls. Bar graph shows quantification by densitometric analysis of
m (A).
: Neuro
ve of tw
ar grap
d neuro
man neurons, the secretion of A� isoforms was analyzed
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in 4-week-differentiated cultures by ELISA. Compared to
PS1wt-expressing cells, PS1D385N expression resulted in
strong reduction in the secretion of A�40, and A�42
secretion dropped below the detection limit of the assay
(Figure 6A). Importantly, in comparison to PS1wt-express-
ing control neurons, cells expressing the PS1L166P variant
showed a selective decrease in the secretion of A�40,
whereas secretion of A�42 was similar to that of PS1wt-
expressing cells. As a consequence, the A�42/40 ratio
was strongly elevated, indicating that PS1L166P acts via a
partial loss in A�40 production, which results in strongly
altered A�42/40 ratios (Figure 6A). A similar effect was
observed when in parallel to ELISA measurements, A�
species were analyzed by SDS-PAGE separation (see
Supplemental Figure S6 at http://ajp.amjpathol.org). To
assess whether treatment with NSAIDs affects A� pro-
duction in FAD-mutated neurons, we treated PS1wt- or
PS1L166P-overexpressing cultures with NSAIDs for 36
hours. Notably, neither indomethacin nor ibuprofen had a
significant impact on the secretion of A�42 or A�40 from
endogenous wild-type APP in PS1L166P-overexpressing
cells, whereas A�42 was markedly decreased in PS1wt-
overexpressing cultures (Figure 6B). This is in line with pre-
vious findings, as some FAD-associated PS1 mutations ap-
pear to be insensitive to these �-secretase modulators.4,5

Discussion

In the study of disease-associated mechanisms, cell cul-
ture models can provide useful tools, supplementing
postmortem studies and animal models. This is particu-
larly true for neurodegenerative diseases, as access to
primary tissue is limited, and murine models do not al-
ways reflect the human pathological phenotype at a mo-
lecular level.32,33 The issue of species specificity is also
relevant for Alzheimer’s disease, where processing of
APP has been found to be highly species- and cell type–
specific.25,34 The A� domain of human APP differs from
its murine homologue by three amino acids at positions 5,
10, and 13, which strongly affects its proteolytic process-
ing by �-secretase. As compared to the human variants,
murine APP is processed very inefficiently to A�.35 A

Figure 6. HESC-derived neurons transduced with PS1 mutants show altered
PS1wt, PS1D385N, or PS1L166P transgenic neurons differentiated for 4 weeks.
treated neurons overexpressing PS1wt, PS1D385N, or PS1L166P. All ELISA measu
was calculated (right of each panel). Bar graphs show mean � SD of each
human neuronal cell system should thus provide signifi-
cant advantages for studying the production of A� from
endogenously expressed APP.

Human pluripotent stem cells are supposed to provide
particularly promising prospects for human disease mod-
eling as they can be used to generate cells of all three
germ layers in unlimited quantities, including neu-
rons.15,32 The in vitro generation of bulk numbers of hu-
man neurons largely facilitates biochemical studies,
which, due to limited access, cannot be conducted using
primary tissue. The results of our study show that both
hESC- and iPSC-derived neurons endogenously express
major AD-associated proteins and efficiently process
APP. Moreover, this in vitro system responds to known
pharmacological modulators of �-secretase, including
DAPT and NSAIDs. Using lentiviral overexpression of the
FAD-associated mutation PS1L166P, we further demon-
strate that this cell culture system can be used to address
pathophysiological changes in familial monogenic forms
of the disease.

APP Processing in Human Neuronal Cultures

Many existing cellular AD models are based on the over-
expression of the human neuronal isoform APP695 in non-
neuronal cells. By contrast, hESC-derived neurons en-
dogenously express different splice variants of APP,
including the neuron-specific 695 amino acid–long vari-
ant. In these neurons, APP also undergoes physiological
sorting as immunocytochemical detection revealed po-
larized axonal localization very similar to the in vivo con-
dition. Most importantly, our neuronal culture system ex-
hibits functional amyloidogenic APP processing with
endogenous secretion of different A� length variants into
the cell culture medium. Although mRNA expression of
BACE1 appeared to slightly increase with neuronal mat-
uration, expression of the critical �-secretase component
PS1 was largely unchanged during neuronal differentia-
tion. Moreover, mRNA expression levels of other �-secre-
tase components including Nicastrin, Aph-1, and Pen-2
were also not significantly changed during prolonged in
vitro differentiation of human neurons. Thus, the in-
creased production of A� in “older” hESC-derived neu-

eration. A: ELISA measurement of A�40 and A�42 in conditioned media of
of A�40 and A�42 in conditioned media of indomethacin- and ibuprofen-
were performed as biological and technical triplicates, and the A�42/40 ratio
*P � 0.05.
A� gen
B: ELISA
rons is likely caused by increased protein levels of

http://ajp.amjpathol.org


2414 Koch et al
AJP June 2012, Vol. 180, No. 6
APP695 and probably also of BACE1, rather than in-
creased expression of �-secretase components.

Modulation of APP Processing by Small
Molecules: Proof of Principle for Cellular Assays

The treatment of hESC and iPSC lt-NES cell–derived neu-
rons with the known �-secretase inhibitor DAPT efficiently
led to strongly decreased production of A� from endog-
enous APP and to the simultaneous accumulation of APP-
CTFs, thereby confirming expression of a functional
�-secretase complex. Thus, modulation of disease-asso-
ciated pathways by pharmacological substances can be
monitored in mature lt-NES cell–derived neurons. Epide-
miological data suggest that prolonged use of NSAIDs,
which target cyclooxygenase (COX), a key mediator of
the inflammatory cascade, for conditions like arthritis,
entails a reduced risk and delayed onset of AD.36,37

Initially, the effect of NSAIDs on AD was attributed to a
reduction of inflammation.38 It was also reported that a
subset of NSAIDs selectively reduced A�42 production in
cultured cells and in the mouse brain independent of
COX inhibition, but rather by directly affecting the cleav-
age of APP-CTFs by �-secretase or directly targeting
APP-CTFs.27,39,40 We tested the influence of the NSAIDs
ibuprofen and indomethacin on the proteolytic process-
ing of endogenously expressed APP in hESC-derived
neurons. Both drugs proved to be functional and signifi-
cantly reduced the A�42/40 ratio in these cells, demon-
strating that lt-NES cell–derived neuronal cultures are
suitable for assessing the impact of applied small molec-
ular drugs on endogenous APP processing. Translated to
a multiwell format, the analysis of A�42/40 ratios should
enable cell-based screening for additional small mole-
cules, which impact on the production and processing of
APP in human neurons.

Modeling of FAD-Associated PS1 Mutation in
lt-NES Cells and Derived Neurons Reveals
Partial Loss of �-Secretase Function

The stability of lt-NES cells and their constant neurogenic
potential enabled us to stably overexpress PS1 variants
in lt-NES cells and their neuronal progeny. PS1wt or the
FAD-associated PS1L166P mutant underwent endoproteo-
lytic processing to stable N-terminal and C-terminal frag-
ments that represent components of active �-secretase
complexes, whereas PS1D385N accumulated as an un-
processed full-length protein.

Overexpression of PS1wt stimulated the proliferation of
lt-NES cells, likely via increased Notch signaling.30 On the
contrary, expression of the catalytically inactive PS1D385N

variant, as well as the FAD-associated PS1L166P variant,
reduced proliferation in the absence of FGF2, which goes in
line with reduced levels of HES5 expression in these cells.
Thus, overexpression of PS1L166P, very similar to the cata-
lytically inactive PS1D385N variant, appears to decrease the
capacity to activate the Notch signaling pathway in lt-NES
cells. These data are consistent with previous reports that

this mutation impairs �-secretase–dependent processing of
Notch and nuclear translocation of the Notch intracellular
domain in non-neuronal cells.29,41

In postmitotic neurons, overexpression of PS1wt led to
a significantly increased secretion of A�40 and A�42
variants, thereby demonstrating the activity of transgenic
PS1wt. By contrast, expression of the PS1D385N variant
strongly decreased the secretion of both A� variants,
confirming efficient suppression of endogenous �-secre-
tase activity in a dominant-negative fashion. Importantly,
in comparison to PS1wt, neurons expressing the FAD-
associated PS1L166P mutant showed a strongly reduced
secretion of A�40. By contrast, the secretion of A�42 by
PS1L166P-transgenic neurons was very similar to that of
their PS1wt-transduced counterparts. Thus, the strongly
increased A�42/40 ratio in the PS1L166P mutant appears
to be due to a partial loss of function in A�40 generation
rather than an increased production of the more aggre-
gation-prone A�42 variant. These data support the view
that FAD-linked mutations in PS1 can lead to a partial loss
of its physiological functions, such as A�40 generation or
the S3 cleavage of Notch, whereas other �-secretase
processes are unaffected, as for example, A�42 gener-
ation is not attenuated by the L166P mutation.13,14,42 The
overexpression of different PS1 variants in lt-NES cells
allowed the comparison of their activities in the same
genetic background. However, it will be interesting to
study APP processing and A� generation also in PS1
FAD patient-derived iPSC neurons that express a mutant
and wild-type PS allele at the endogenous levels.

Recent data suggest that A�40 might decrease plaque
formation in vivo.43 Thus, it will be interesting to assess
whether decreased levels of A�40 could promote the
aggregation of A�42 and thereby increase neurotoxicity
of A� species produced by PS1 FAD mutant cells. Taken
together, our data demonstrate that hESC- and iPSC-
derived stem cell–derived lt-NES cells and their neuronal
progeny represent suitable cellular models for studying
the expression and metabolism of AD-associated pro-
teins and for assessing AD-related cytopathological pro-
cesses. Bypassing nonphysiological expression levels
typically associated with transgenic approaches, as well
as cell type and/or species-specificity problems encoun-
tered with heterologic expression systems, pluripotent
stem cell–derived neurons might prove particularly valu-
able as a platform for the development and testing of
novel pharmaceutical compounds.
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