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The amyloid-� precursor protein (A�PP) is a ubiquitously
expressed transmembrane protein whose cleavage product, the
amyloid-� (A�) protein, is deposited in amyloid plaques in neu-
rodegenerative conditions such as Alzheimer disease, Down
syndrome, and head injury. We recently reported that this pro-
tein, normally associated with neurodegenerative conditions, is
expressed by human embryonic stem cells (hESCs). We now
report that the differential processing of A�PP via secretase
enzymes regulates the proliferation and differentiation of
hESCs. hESCs endogenously produce amyloid-�, which when
added exogenously in soluble and fibrillar forms but not oligo-
meric forms markedly increased hESC proliferation. The inhi-
bition of A�PP cleavage by �-secretase inhibitors significantly
suppressed hESCproliferation andpromotednestin expression,
an early marker of neural precursor cell (NPC) formation. The
induction of NPC differentiation via the non-amyloidogenic
pathwaywas confirmed by the addition of secretedA�PP�, which
suppressed hESC proliferation and promoted the formation of
NPCs. Together these data suggest that differential processing of
A�PP is normally required for embryonic neurogenesis.

The amyloid-� precursor protein (A�PP)5 is a ubiquitously
expressed transmembrane protein whose cleavage product, the

amyloid-� (A�) protein, is deposited in amyloid plaques in the
aged brain, following head injury, and in the neurodegenerative
conditions of Alzheimer disease (AD) and Down syndrome
(DS). A�PP has structural similarity to growth factors (1) and
modulates several important neurotrophic functions, including
neuritogenesis, synaptogenesis, and synaptic plasticity (2). The
function of A�PP during early embryogenesis and neurogen-
esis has not been well described.
A�PP is processed by at least two pathways, the non-amyloi-

dogenic and amyloidogenic pathways. Non-amyloidogenic
processing of A�PP yields secreted A�PP� (sA�PP�), the
secreted extracellular domain of A�PP that acts as a growth
factor for many cell types and promotes neuritogenesis (3).
Amyloidogenic processing of A�PP releases sA�PP�, theA�PP
intracellular domain, and A� proteins. The A� protein has both
neurotoxic and neurotrophic properties (4) dependent on the dif-
ferentiation state of theneuron;A� is neurotoxic todifferentiating
neurons via a mechanism involving differentiation-associated
increases in the phosphorylation of the microtubule-associated
protein tau (5) but neurotrophic to undifferentiated embryonic
neurons.Evidencesupportinganeurotrophic function forA�dur-
ing development include its neurogenic activity toward rat neural
stem cells (4–6). Consistent with these data, two studies have
demonstrated increased hippocampal neurogenesis in young
transgenic mice overexpressing human APPSw,Ind (7, 8).
Recently we reported that human embryonic stem cells

(hESCs) express A�PP and that both the stemness of the cells
and the pregnancy-associated hormone human chorionic
gonadotropin alter A�PP expression (9). These results suggest
a functional role for A�PP during early human embryogenesis.
To further investigate the function of A�PP and its cleavage
products during early embryonic neurogenesis, we examined
the expression and processing of this protein and its role in
proliferation and differentiation of hESCs into neural precursor
cells (NPCs).We found that amyloidogenic processing of A�PP
promotes hESC proliferation whereas non-amyloidogenic
processing induces hESC differentiation intoNPCs. These data
reveal an important function for A�PP during early human
embryonic neurogenesis. Our data imply that any dysregula-
tion in A�PP processing that leads to altered sA�PP�/A� pro-
duction could result in aberrant neurogenesis as reported in the
AD and DS brains.

* This is Department of Veterans Affairs Geriatrics Research, Education and
Clinical Center Manuscript 2009-07.

□S The on-line version of this article (available at http://www.jbc.org) contains
supplemental Fig. 1.
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EXPERIMENTAL PROCEDURES

Propagation of Human Embryonic Stem Cells—Pluripotent
H9 hESCs (passage 22–32; XX karyotype; also known asWA09,
a National Institutes of Health registered line) were obtained
from WiCell Research Institute (Madison, WI). Cells were
plated onto irradiated mouse embryonic fibroblast (MEF) cells
(1.875 � 105 cells/well; Biovintage, San Diego, CA) in 6-well
plates (Fisher Scientific) coated with 1 ml of sterile 0.1% gelatin
(Sigma-Aldrich) solution. Prior to addition of hESCs,MEF cells
were grown in Dulbecco’s modified Eagle’s medium (DMEM)
(Invitrogen) supplemented with 10% heat-inactivated fetal
bovine serum (Invitrogen) and 1% non-essential amino acids
(Invitrogen). After 24 h of MEF plating, hESCs were plated on
this MEF feeder layer and grown in the presence of DMEM-
F-12medium (Invitrogen) supplementedwith 1%non-essential
amino acids, 1 mM L-glutamine (Invitrogen), 0.1 mM 2-mercap-
toethanol (Sigma-Aldrich), 4 ng/ml basic fibroblast growth fac-
tor (Invitrogen), and 20% Knock-outTM Serum Replacer
(Invitrogen). Continual propagation of cells required colonies
to be enzymatically lifted with 1 ml of a sterile solution of col-
lagenase type IV (Invitrogen) (1 mg/ml of DMEM-F-12), dis-
sected into multiple small pieces, and transferred onto a fresh
MEF feeder layer every 4–5 days. hESCs also were grown on
MatrigelTM (BD Biosciences), a basement membrane prepara-
tion extracted from a murine Englebreth-Holm-Swarm sar-
coma, in the presence of mTeSR1medium (StemCell Technol-
ogies, Inc., Vancouver, Canada), a defined culture medium
developed by WiCell Research Institute (10). Matrigel (100
�g/ml in DMEM-F-12; 1 ml) was added to each well of a 6-well
plate and left for 1 h at room temperature or at 4 °C overnight.
hESCs were transferred onto these plates, cells were passaged
by enzymatic lifting using a sterile solution of dispase (1 mg/ml
in DMEM-F-12; Invitrogen), and the colonies were dissected
into multiple small pieces, transferred onto new plates coated
with Matrigel, and cultured in mTeSR1 medium. The culture
medium (2.5 ml/well) was replaced every day in all the above
culture conditions.
Differentiation of hESCs into Embryoid Bodies—This proto-

col mimics the formation of the blastocyst during human
embryogenesis (11). Pluripotent hESCs (H9) grown onMEFs in
a 6-well plate were rinsed twice with 1 ml of Dulbecco’s phos-
phate-buffered saline (DPBS; without calcium or magnesium;
Invitrogen)/well. Colonies were then incubated with 1 ml of
dispase (0.5mg/ml inDMEM-F-12) at 37 °C in 5%CO2until the
colonies detached intact while avoiding dispersing the colonies
into single cells. T25 flasks (Fisher Scientific) were incubated
with 5 ml of a 2% poly(2-hydroxyethyl methacrylate) (Sigma-
Aldrich) solution for 5min. The flask was placed in a horizontal
position for 5minwith the cap on. This allowed optimal coating
of the working surface area of the flask. This process was
repeated for each side of the flask. The caps of coated flasks
were opened, and the poly(2-hydroxyethyl methacrylate) solu-
tion was aspirated off. The open flasks were allowed to remain
in the hood for 1 h to dry. After 1 h, the surface was washed
twice with DPBS, and the detached hESC colonies were cul-
tured in 15% characterized fetal bovine serum (Invitrogen) and
85% Iscove’smodifiedDulbecco’smedium (Invitrogen) in these

poly(2-hydroxyethylmethacrylate)-coatedT25 flasks and incu-
bated under standard conditions (37 °C in 5% CO2) on an
orbital shaker (Boekel Orbitron, Feasterville, PA) with constant
gentle rocking for 10–14 days to allow the hESCs to aggregate
into cystic spheroidal structures. The poly(2-hydroxyethyl
methacrylate) coat and the constant gentle rocking prevented
the adherence of these spheroidal structures to the flask.
Differentiation of hESCs into Neural Precursor Cells—The

protocol described below for the differentiation of hESCs into
columnar NPCs mimics in vivo NPC development in terms of
timing and morphology (12). In vitro, hESCs differentiate into
columnar NPCs that organize into neural tubelike rosettes
within 12–14 days. Considering that hESCs are equivalent to a
5–6-day embryo, development of theNPCs in vitro takes about
18–20 days, the time window when the neural tube forms in a
human embryo (13, 14).
Pluripotent hESC (H9) colonies grown on MEFs in 6-well

plateswere rinsed twicewithDPBS (1ml/well) and then treated
with dispase (1ml of 1mg/ml inDMEM-F-12) and incubated at
37 °C in 5%CO2 until the edges of the colonies began to curl up.
The platewas then swirled to detach the colonies intactwithout
dispersing the colonies into individual cells. The hESC colonies
were grown in T25 flasks in a special embryonic stem cell
growth medium (78.5% DMEM-F-12, 20% Knock-out Serum
Replacer, 1% non-essential amino acids, 1 mM L-glutamine, and
0.1mM2-mercaptoethanol) for 4 dayswith daily replacement of
medium to form embryonic stem cell aggregates. Cells were
then adhered to the culture surface where they formed mono-
layer colonies in a chemically defined neural inductionmedium
(32.6% F-12 (Invitrogen), 65.2% DMEM, 1% N2 supplement
(Invitrogen), 1% non-essential amino acids, 0.2% 1 mg/ml hep-
arin (Sigma-Aldrich), and 10 ng/ml basic fibroblast growth fac-
tor). Under this culture condition, columnar NPCs appear in
the center of each colony and organize into neural tubelike
rosettes after a total of 9–10 days of differentiation culture. The
neural induction medium was replaced every other day. The
NPCs in the rosettes were selectively isolated through differen-
tial enzymatic treatment using dispase (0.5 mg/ml in DMEM-
F-12) and incubated for 2 h in neural induction medium to
allow the non-neural cells to differentially attach to the T25
flasks. After this, the floating cells (mostly aggregates of NPCs)
were transferred to newT25 flasks where they rolled up to form
round clusters. Some of these clusters were collected and
probed for nestin to confirm NPC differentiation. The remain-
ing formed clusters were continuously passaged by manually
splitting the clusters using a sterile scalpel.
Immunoblotting—Cells were collected, and immunoblot

analyseswere performed as described previously (9). Because of
the dramatic changes that occur in protein expression during
the dynamic developmental period under consideration, it was
difficult to find an internal control to demonstrate equal pro-
tein loading (see Ref. 9). Given this variability, we chose to load
samples according to total protein as described previously (5).
The following antibodies (with dilution ratio) were used
throughout this study: anti-human nestin monoclonal anti-
body, anti-human amyloid-� precursor protein, amino termi-
nus (22C11) monoclonal antibody, anti-human amyloid-� pre-
cursor protein, carboxyl terminus polyclonal antibody (against
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YKFFEQMQN), anti-human anterior pharynx defective-1
(APH-1) polyclonal antibody, anti-human CD147 monoclonal
antibody, and anti-human neuronal nuclei monoclonal anti-
body (Chemicon International, Temecula, CA); anti-human
amyloid-�, amino acids 1–16 (6E10) monoclonal antibody, and
anti-human amyloid-� amino acids 17–24 (4G8) monoclonal
antibody (Signet Laboratories, Inc., Dedham,MA); anti-human
PHF-1 monoclonal antibody (a kind gift from Dr. Peter Davies,
Albert Einstein College of Medicine, Bronx, NY); anti-human
BACE-1 polyclonal antibody (Abcam, Cambridge, MA); anti-
human presenilin enhancer-2 (PEN-2) polyclonal antibody
(Zymed Laboratories Inc., Inc., South San Francisco, CA); anti-
human ADAM-10 polyclonal antibody (Calbiochem); anti-hu-
man glial fibrillary acidic protein (GFAP) polyclonal antibody
(DakoNorthAmerica, Inc., Carpinteria, CA); anti-human�-fe-
toprotein monoclonal antibody (R&D Systems, Inc., Minneap-
olis, MN); anti-human nicastrin (N-19) polyclonal antibody,
anti-human presenilin 1 (B-6) monoclonal antibody, anti-
human OCT-3/4 monoclonal antibody, anti-human CDK2
monoclonal antibody, anti-human caspase monoclonal anti-
body, glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
goat polyclonal antibody (V-18), anti-human�-actin goat poly-
clonal antibody (C-11), and horseradish peroxidase-linked goat
anti-mouse, goat anti-rabbit, and donkey anti-goat IgG (Santa
Cruz Biotechnology, Inc., Santa Cruz, CA).
Quantitation of Secreted, Cell-soluble, and Cell-insoluble A�

Fractions—hESCandNPCculturemediawere collected forA�
enzyme-linked immunosorbent assay (ELISA). hESCs and
NPCs were then washed twice with ice-cold DPBS and lysed
with 50mMTris-HCl (pH 7.6) containing 1% Triton X-100 and
150 mM NaCl. The cell lysate was centrifuged at 60,000 � g for
20 min to obtain a supernatant and cell pellet. The supernatant
(Triton-soluble fraction) was analyzed for A� by ELISA (see
below). The cell pellet was washed once with 50 mM Tris-HCl
(pH 7.6) containing 1% Triton X-100 and 150 mM NaCl to
remove remaining Triton-soluble proteins. The pellet was son-
icated in 50 mM Tris-HCl (pH 7.6) containing 6 M guanidine
hydrochloride. Following centrifugation at 250,000 � g for 20
min, the supernatant was diluted 1:12 in doubly deionized
water to give a final concentration of guanidine hydrochloride
of 0.5 M (which has been shown not to affect protein-antibody
binding (15)). This was the Triton-insoluble fraction. The sam-
ples were then subjected to a sandwich ELISA using A�-(1–40)
andA�-(1–42) ELISAkits (Signet Laboratories, Inc.) according
to the manufacturer’s instructions. Briefly the plate was coated
with antibody that captures the amino terminus of the A� pep-
tide. Standards containing known amounts of A� peptide and
samples were added to the wells and incubated overnight at
4 °C. The plate was washed to remove unbound peptide, and a
primary antibody was added that binds to the carboxyl termi-
nus of A� peptide. After incubation and washing, a secondary
antibody conjugated to horseradish peroxidase was added. The
plate was washed, o-phenylenediamine substrate was added,
and boundA� peptide was visualized at 492 nm on aMolecular
Devices SpectraMax Plus384 spectrophotometer. The level of
A� was expressed as pg/mg of total cellular protein.
Preparation of A� Peptides—A�-(1–40) or A�-(1–42) pep-

tides were synthesized, purified, and characterized by high

pressure liquid chromatography analysis, amino acid analysis,
andmass spectroscopy by theW.M. Keck Foundation Biotech-
nology Resource Laboratory (YaleUniversity, NewHaven, CT).
A� peptides were reconstituted in sterile doubly deionized
water under sterile conditions. The A� solution was sonicated
indirectly three times for 45 s each (38 MHz) and then centri-
fuged at 10,000 � g for 10 min. The concentration of A� in the
soluble supernatant was determined spectrophotometrically at
214 nm, and the supernatant was filtered (0.22-�m filter; Fisher
Scientific) into a newmicrocentrifuge tube under sterile condi-
tions and incubated for 3 days at 37 °C to form fibrillized A�
(modified from Ref. 16). This A� was then diluted in mTeSR1
medium. Soluble, oligomeric, and fibrillar forms of A� also
were prepared using the protocol described previously (17).
Briefly A� was dissolved to 1 mM in 100% hexafluoroiso-
propanol (Sigma-Aldrich). Hexafluoroisopropanol was then
removed under vacuum, and the peptide was stored at �20 °C.
For the aggregation protocols, the peptide was first resus-
pended in dimethyl sulfoxide (DMSO; Fisher Scientific) to 5
mM. For oligomeric conditions, F-12 culture medium was
added to bring the peptide to a final concentration of 100 �M,
and the peptide was incubated at 4 °C for 24 h. For fibrillar
conditions, 10mMHCl was added to bring the peptide to a final
concentration of 100 �M, and the peptide was incubated for
24 h at 37 °C. For unaggregated conditions, the 5 mM A� in
DMSO was diluted directly into mTeSR1 medium.
Treatment of hESCs and Neural Precursor Cells with A�—

hESCs were evenly plated in 6-well plates coated with Matri-
gel in 2.5 ml of mTeSR1 medium/well. Cells were treated
each day with 0, 1, or 5 �M A� in mTeSR1 medium for a
period of 5 days prior to cell counting using the trypan blue
assay. hESCs differentiated into NPCs were treated with
freshly prepared 0 or 5 �M fibrillar A�-(1–42) (fA�-(1–42))
for 10 days in neural induction medium. The cells were then
collected and stored at �80 °C for immunoanalyses of
A�-induced changes in differentiation.
Treatment of hESCs and Neural Precursor Cells with Secre-

tase Inhibitors and sA�PP�—hESCs were evenly plated in
6-well plates coated with Matrigel in 2.5 ml of mTeSR1 medi-
um/well. After confirmation of even plating using the trypan
blue assay, the cells were either treated with �-secretase inhib-
itor IV (100 nM), �-secretase inhibitor III (5.5 �M), or �-secre-
tase inhibitor IX (300 nM; all from Calbiochem) in mTeSR1
medium. Stock solutions of �-secretase inhibitor IV were pre-
pared in methanol, and the �-secretase inhibitor III and
�-secretase inhibitor IX were prepared in DMSO. Correspond-
ing concentrations of methanol or DMSO were added to con-
trol wells. Similarly hESCs were treated with sA�PP� (amino
acids 19–612; Sigma-Aldrich) at 1 nM in mTeSR1 medium.
After 5 days of treatment, the cells were trypsinized, and cell
proliferationwas assessed using the trypan blue assay. Cells also
were collected in DPBS after 5 days of treatment and stored at
�80 °C for immunoanalyses of the effect of the inhibitors or
sA�PP� on hESC differentiation.

To examine the effect of inhibitor treatment onNPCs, hESCs
cultured on MEFs were treated with �-secretase inhibitor IV
(100 nM) or �-secretase inhibitor IX (300 nM) for 4–5 days and
then cultured as described above for another 14 days to induce
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the formation of NPCs in the presence or absence of the above
inhibitors in their respective media. Corresponding concentra-
tions of methanol or DMSO were added to control wells and
flasks. Fully formed NPC-containing rosettes were collected in
DPBS and stored at �80 °C for immunoblot analyses. Similarly
hESCs differentiated into NPCs were treated with freshly pre-
pared sA�PP� (1 nM) for 10 days in neural induction medium.
These cells were then collected and stored at�80 °C for immu-
noanalyses of sA�PP�-induced changes in differentiation.
Cell Viability and Proliferation Assays—hESCs were washed

withDPBS and stainedusing the live/dead assay (4�Methidium
homodimer and 2 �M calcein acetoxymethyl ester; Invitrogen).
Cells were analyzed under a Zeiss Axiovert 200 fluorescence
inverted microscope connected to a Fluo Arc light source and
an Axio Cam MRC-5 camera. Images were visualized using
Axio Vision 4.0. Calcein fluorescence was visualized using a
fluorescein filter, and EthD-1 fluorescence was visualized using
a rhodamine filter.
hESC proliferation was assessed using the Click-iTTM EdU

Alexa Fluor� Assay according to the instructions of the manu-
facturer (Invitrogen). Briefly, cells plated on coverslips in 6-well
plates were treated with fA�1–42 inmTeSR1medium for 36 h.
Equal volumes of doubly deionizedH2Owere added to the con-
trols. The wells were then incubated with 5-ethynyl-2�-de-
oxyuridine (EdUrd; 10 �M) in mTeSR1 medium for 2 h, the
EdUrd was removed, and the cells were cultured for a further
36 h. Cells were then fixed with 3.7% formaldehyde in PBS and
washed twice with 3% bovine serum albumin in PBS, and the
cells were permeabilized with 0.5%Triton�X-100 in PBS for 20
min at room temperature. The cells were then washed twice
with 3% bovine serum albumin in PBS prior to addition of the
Click-iT reaction mixture for 30 min at room temperature in
the dark. The cells were then washed with 3% bovine serum
albumin in PBS prior to nuclear staining with Hoechst dye.
Fluorescence was detected using a fluorescein isothiocyanate
filter for EdUrd incorporation and a 4�,6-diamidino-2-phenyl-
indole filter for nuclear staining.
Statistical Analysis—Statistical analysis was performed using

the Student’s t test and analyses of variance followed by pair-
wise comparisons with Fisher’s protected least significant dif-
ference procedure to determine significant changes between
treatment groups (Statview 5.0 and SuperAnova 3.0 programs,
SAS Institute, Inc.).

RESULTS

A�PP and Secretase Expression in hESCs, Embryoid Bodies,
and Neural Precursor Cells—To understand the molecular
functions of A�PP during early human embryogenesis, we
examined whether the expression and/or proteolytic process-
ing ofA�PPwas altered during hESCdifferentiation intoNPCs.
Pluripotent hESCs were differentiated into embryoid bodies
(EBs) or into NPC-containing rosettes. EBs resemble early
postimplantation embryos (blastocysts) in that they consist of
endodermal, mesodermal, and ectodermal cells (18). Rosettes
consist of more than 70% columnar NPCs and are the in vitro
equivalent of a rudimentary neural tube (12). To ascertain the
stage of hESC differentiation, we immunoprobed these cell lin-
eages for octamer (OCT)-3/4, a 43-kDa POU transcription fac-

tor that is required to maintain stem cell self-renewal (i.e. plu-
ripotency) and that is a master regulator of pluripotency that
controls lineage commitment (19). This marker was absent in
human M17 neuroblastoma cells and MEFs as expected for
lineage-committed cells, was present in hESCs grownonMatri-
gel in mTeSR1 medium, was decreased in EBs, and was absent
in NPCs (Fig. 1a, top panel). Concurrent with the loss of pluri-
potency was an increase in the expression of the NPC marker
nestin in EBs and NPCs (Fig. 1a,middle panel).

We next probed this immunoblot with a series of antibodies
specific for different regions of A�PP, including an antibody
against amino acids 66–100 of the amino terminus of A�PP
(22C11; Fig. 1a, lower panel), an antibody against the first 16
amino acids of A� (6E10; Fig. 1b), an antibody against the car-
boxyl-terminal 9 amino acids of A�PP (see supplemental Fig.
1a), and an antibody against amino acids 17–24 of A� (4G8; see
supplemental Fig. 1b). Each antibody identified both the
mature and immature forms of full-lengthA�PP thatwere vari-
ably expressed between cell lineages. The amino-terminal anti-
body identified a number of A�PP cleavage products including
72-, 58-, 47-, 42-, 29-, and 20-kDa variants. Antibodies directed
against the A� sequence of A�PP recognized variants of differ-
ent molecular mass compared with the amino-terminal anti-
body, including 47- and 25-kDa (both 6E10 and 4G8) and 78-,
67-, and 53-kDa (4G8) variants (Fig. 1b and supplemental Fig.
1b). A carboxyl-terminal antibody detected A�PP variants of
78, 67, and 41 kDa (supplemental Fig. 1a). The expression of
both the amino- and carboxyl-terminal variants was generally
increased with the differentiation of hESCs into EBs and NPCs.
Antibodies directed against the carboxyl terminus of A�PP also
identified the 99-amino acid carboxyl-terminal (�10-kDa)
fragment, a �-secretase cleavage product of A�PP (20), which
was variably expressed during differentiation.
The presence of A�PP cleavage products in pluripotent

hESCs, EBs, and NPCs suggests the presence of secretase
enzymes in these cell lineages that modulate A�PP processing
toward the amyloidogenic, non-amyloidogenic, and other
pathways. To confirm the presence of secretase enzymes, we
probed the immunoblot described above with antibodies
against ADAM-10 (�-secretase) (21), BACE-1 (�-secretase)
(20), and five known components of the �-secretase complex:
presenilin-1, nicastrin, APH-1, PEN-2, and CD147 (22). Immu-
noreactive bands representing the unprocessed proform of
ADAM-10 (100 kDa) were detected in hESCs and NPCs, but
the mature (active) form of ADAM-10 (60 kDa) was only
detected in NPCs. An additional band (80 kDa) representing a
partially processed form (23) also was apparent in hESCs, EBs,
andNPCs (Fig. 1c). The expression of BACE-1 enzyme (70 kDa)
was detected in hESCs and increased with differentiation
toward NPCs (Fig. 1d). Although the expression of PEN-2 (13
kDa) did not change during hESC differentiation, the expres-
sion of nicastrin (110 kDa) and APH-1 (75 kDa) decreased (Fig.
1e). Expression of full-length PS-1 (47 kDa) increased with dif-
ferentiation of hESCs into NPCs as did the carboxyl-terminal
fragment of PS-1 (14 kDa; Fig. 1e) (24). The expression of the
�-secretase regulatory subunit CD147 decreased with differen-
tiation of hESCs intoNPCs (Fig. 1e). The differential expression
of�-,�-, and �-secretase enzymes andA�PP cleavage products

A�PP Function during Early Embryogenesis

AUGUST 28, 2009 • VOLUME 284 • NUMBER 35 JOURNAL OF BIOLOGICAL CHEMISTRY 23809

 at U
niversity of W

isconsin-M
adison on S

eptem
ber 1, 2009 

w
w

w
.jbc.org

D
ow

nloaded from
 

http://www.jbc.org/cgi/content/full/M109.026328/DC1
http://www.jbc.org/cgi/content/full/M109.026328/DC1
http://www.jbc.org/cgi/content/full/M109.026328/DC1
http://www.jbc.org/cgi/content/full/M109.026328/DC1
http://www.jbc.org/cgi/content/full/M109.026328/DC1
http://www.jbc.org/cgi/content/full/M109.026328/DC1
http://www.jbc.org


observed between hESCs, EBs, and NPCs suggests that secre-
tase enzymes are functionally active in generating amyloido-
genic and non-amyloidogenic A�PP cleavage products during
the differentiation of hESCs into germ line cells and NPCs.
Endogenously Produced A� Modulates hESC Proliferation—

Given these data indicating the expression of secretases (Fig. 1e)
and the A�PP carboxyl-terminal fragment in hESCs (Fig. 1b),
we performed a sandwich ELISA forA�-(1–40) andA�-(1–42)
in the soluble, insoluble, and secreted fractions of cultured

hESCs (Fig. 2).We demonstrated for the first time that bothA�
species are present in hESCs and that A�-(1–40) is the domi-
nant cellular and secreted species in hESCs and NPCs as
reported in other cell systems. The expression of secreted, Tri-
ton-soluble cellular, and Triton-insoluble cellular fractions of
A�-(1–40) and A�-(1–42) decreased 37 and 73%, respectively,
during differentiation of hESCs into NPCs, suggesting a func-
tional role for endogenous A� production prior to NPC
formation.

FIGURE 1. hESCs, EBs, and NPCs express A�PP and �-, �-, and �-secretase. Undifferentiated hESCs, EBs, and NPCs and control M17 neuroblastoma cells and
MEFs were cultured and collected, and the cell lysates were analyzed by immunoblot with monoclonal antibodies against OCT-3/4 (C-10; against amino acids
1–134 of human OCT-4) and nestin (clone 10C2) to confirm the differentiation of hESCs into NPCs. The immunoblot was then probed with 22C11, an A�PP
amino terminus monoclonal antibody (a), and 6E10, a monoclonal antibody directed against amino acids 1–16 of A� (b). hESCs, EBs, and NPCs were analyzed
by immunoblot with antibodies against �-secretase (ADAM-10; against amino acids 732–748 of human ADAM-10) (c), �-secretase (BACE-1; against amino acids
485–501 of human BACE) (d), and components of the �-secretase complex (PEN-2, nicastrin, APH-1, PS-1, and CD147) (e). Molecular mass markers are given on
the left-hand side. A�PPm, mature A�PP; A�PPim, immature A�PP.
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To investigate the function ofA� in hESCs, we treated hESCs
with fA� for 5 days inmTeSR1medium. fA�-(1–40) treatment
significantly increased hESC number by 25 and 28%, respec-
tively, at 1 and 5 �M compared with control (Fig. 3a). Likewise
in a separate experiment, fA�-(1–42) treatment significantly
increased hESC number by 126 and 154%, respectively, at 1 and
5 �M compared with 6-day control (Fig. 3b). hESC death as
determined using the trypan blue staining technique was below
5% in treated cells (data not shown). To exclude the possibility
that changes in hESCnumberwere a result of nonspecific inter-
action with proteins, hESCs were treated with A�-(40–1) and
rat fA�-(1–42) for 5 days in mTeSR1 medium. No significant
change in cell number was observed with treatment with these
control peptides (Fig. 3c) indicating the specificity of the human
A�1–40/42 proteins in mediating hESC proliferation. Incuba-
tion of hESCs with EdUrd, a nucleoside analog of thymidine
that incorporates intoDNAduring cell division, confirmed that
fA�-(1–42) induced cell division (Fig. 3d).

We next tested which A� species were mitogenic by treating
hESCs with soluble A�-(1–40), A�-derived diffusible ligands
(ADDLs), or fA� prepared according to the methods described
previously (17). hESC number was moderately but significantly
increased by soluble A�-(1–40) and fA�-(1–40) at 1 �M (12
and 10%, respectively) but not at 5�M concentration compared
with 6-day control (Fig. 4a). Similarly fA�-(1–42) significantly
increased cell number at 5 �M (50%) compared with 6-day con-
trol (Fig. 4b). Conversely A�-(1–40) ADDLs significantly
decreased cell number by 10 and 13% at 1 and 5 �M, respec-
tively, compared with 6-day control. A�1–42 ADDLs signifi-
cantly decreased cell number 35% at 5 �M compared with 6 d
control. These results indicate differential effects of A� on
hESC number dependent upon aggregation state. These results
confirm the mitogenic effect of fA� prepared in aqueous solu-
tion (Fig. 3, a and b), although the effects were more subtle
possibly because of the presence of DMSO used in the latter

protocol (17) that is a known differentiation agent (25–28).
Treatment of hESCs with fA�-(1–42) for 5 days did not induce
nestin expression (Fig. 4c), indicating that A� peptides do not
promote hESC differentiation into NPCs. To further confirm
that A� peptides induce cell division, soluble, ADDL, and fibril-
lized forms of A�-(1–40) (5 �M) were added to hESCs, and the
expression of a G1/S phase cell cycle marker (CDK2) wasmeas-
ured. All forms of A�-(1–40) induced a marginally significant
increase in the expression of CDK2 (data not shown), sugges-
tive of a role for A�-(1–40) in cell cycle signaling.

To confirm that endogenous A� synthesis and secretion by
hESCs (Fig. 2) act in an autocrine manner to induce cell prolif-
eration, we blocked A� production using inhibitors of �-secre-
tase and �-secretase. There was a significant 26, 23, and 36%
decrease in hESC number with �-secretase inhibitor IV,
�-secretase inhibitor III (data not shown), and �-secretase
inhibitor IX treatment, respectively, compared with 6-day con-
trols (Fig. 5, a and b). Immunoblot analyses with an antibody
against the carboxyl terminus of A�PP confirmed inhibition of
�-secretase (increased full-length immature A�PP) and
�-secretase (increased the 99-amino acid carboxyl-terminal
fragment). Inhibition of both �-secretase plus �-secretase
activity decreased cell number by 14% compared with
untreated cells, a decrease that was reversed by the addition of 5
�M fA�-(1–42) (Fig. 5c), confirming the direct autocrine effect
of A� on hESCs. To exclude the possibility that the decrease in
hESC number with secretase inhibitor treatment was due to a
direct toxic effect of the inhibitors, treated cells were assayed
using the live/dead cytotoxicity assay (Fig. 5d). The number of
dead cells between control and inhibitor treatments showed no
marked difference. Taken together, our results show that
hESCs process A�PP to produceA�, which acts in an autocrine
fashion to induce hESC proliferation but not differentiation.
Non-amyloidogenic Processing of A�PP Regulates hESC Dif-

ferentiation into Neural Precursor Cells—Mature ADAM-10
expression was absent in hESCs but was elevated in NPCs (Fig.
1c), suggesting that non-amyloidogenic processing of A�PP
may be up-regulated during neural differentiation as reported
previously for NPCs (29). To examine non-amyloidogenic
processing of A�PP during differentiation, we treated hESCs
with a �-secretase inhibitor. This resulted in an �3-fold
increase in the expression of the early NPCmarker nestin con-
current with a decrease in the expression of OCT-3/4 (Fig. 6a).
This result suggests that products of the non-amyloidogenic
pathway are important for neural differentiation, promoting
hESC specification and loss of pluripotency. As in hESCs, con-
tinuous treatment of NPCs with �-secretase inhibitor IV
increased nestin expression 2-fold compared with control and
also increased immature A�PP expression 3-fold (Fig. 6a). To
examine whether the non-amyloidogenic product of A�PP
processing, the sA�PP� fragment, was required for hESC dif-
ferentiation, we treated hESCs with sA�PP�. sA�PP� signifi-
cantly decreased hESC proliferation by 55% compared with
untreated cells over 5 days (Fig. 6b), explaining the absence of
ADAM-10 expression in proliferating pluripotent hESCs. No
significant difference in the number of dead cells was detected
after sA�PP� treatment using the live/dead cytotoxicity assay,
excluding the possibility of direct cytotoxicity of sA�PP� on

FIGURE 2. Endogenous production and secretion of A�-(1– 40) and
A�-(1– 42) by hESCs decreases during differentiation into NPCs. hESCs
and NPCs were cultured and collected for measurement of Triton-soluble and
Triton-insoluble A�-(1– 40) and A�-(1– 42) by sandwich enzyme-linked
immunosorbent assay. Medium was collected for measurement of secreted
A�-(1– 40) and A�-(1– 42). Results represent two separate experiments.
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hESCs (Fig. 6e). However, sA�PP�-treated cells showed no
change in the expression of OCT-3/4 (a marker of pluripo-
tency), nestin (a marker of NPCs), GFAP (a marker of astro-
cytes), or�-fetoprotein (an earlymarker of endoderm) (Fig. 6c),
suggesting that although non-amyloidogenic processing of
A�PP is necessary for hESC differentiation (Fig. 6a) sA�PP� is
either not important or not sufficient at this early stage for
neural differentiation. Because we observed the astrocytic
marker GFAP in hESCs but never detected tau or �-tubulin
(data not shown) expression and because tau and �-tubulin are
expressed by astrocytes (e.g.Refs. 30 and 31), it would seem that
hESCs, like adult neural stem cells (32, 33), normally express
GFAP.
In contrast to hESCs, sA�PP� treatment of NPCs induced a

strong up-regulation of the expression of nestin (Fig. 6d) indic-
ative of a role for sA�PP� in NPC formation. Together these

results indicate that non-amyloidogenic products of A�PP reg-
ulate hESC differentiation toward NPCs.
A� Is Toxic to Neural Precursor Cells—Because 1) A� pro-

duction declines dramatically from hESCs to NPCs (Fig. 2), 2)
A� toxicity in primary rat neurons is dependent upon differen-
tiation-associated increases in tau and cyclin-dependent kinase
5 expression (5), and 3) undifferentiated hESCs are not suscep-
tible to A� toxicity (Fig. 3), we examined whether the differen-
tiation of hESCs into NPCs also increases susceptibility to A�
toxicity by treatingNPCswith fA�-(1–42) for 10 days. fA�-(1–
42) induced a dramatic decrease in nestin (70%) and neuronal
nuclei (95%) expression (Fig. 7a), indicating that A� was either
toxic or suppressed nestin/neuronal nuclei expression. Because
accurate counting of cells in rosettes is technically challenging,
we used total protein concentration as amarker of cell number.
fA�-(1–42) treatment decreased protein concentration 37%

FIGURE 3. A�-(1– 40)/A�-(1– 42) induces hESC proliferation. Synthetic A�-(1– 40) and A�-(1– 42) were dissolved in sterile doubly deionized H2O followed by
sonication and centrifugation. The supernatant was incubated at 37 °C for 3 days under sterile conditions to form fA�-(1– 40) and fA�-(1– 42). hESCs were then
treated with 0, 1, and 5 �M fA�-(1– 40) (a) or fA�-(1– 42) (b) in mTeSR1 medium for 5 days prior to cell counting using the trypan blue assay. Results are expressed
as mean � S.E., n � 3 (***, p � 0.001 compared with 6-day control; representative of two experiments). c, A�-(40 –1) (reverse) peptide was dissolved in DMSO
and incubated at 37 °C in 10 mM HCl for 24 h. Synthetic rat A�-(1– 42) was dissolved in sterile doubly deionized H2O followed by sonication and centrifugation.
The supernatant was incubated at 37 °C for 3 days under sterile conditions to form rat fA�-(1– 42). hESCs were then treated with 0 or 1 �M A�-(40 –1) or rat
fA�-(1– 42) in mTeSR1 medium for 5 days prior to cell counting using the trypan blue assay. Results are expressed as mean � S.E., n � 3. d, control and
fA�-(1– 42)-treated hESCs were incubated with EdUrd in mTESR-1 medium for 2 h prior to fluorescence microscopy. Figures on the left show nuclear staining
using a 4�,6-diamidino-2-phenylindole (DAPI) filter; figures on the right show EdUrd staining using a fluorescein isothiocyanate (FITC) filter.
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compared with controls (Fig. 7b). To confirm that fA�-(1–42)
was toxic to NPCs, we measured the expression of caspase-3, a
marker of apoptosis. Caspase-3 expression increased 2.6-fold
(Fig. 7c), indicating that fA�-(1–42) becomes toxic to a popu-
lation of NPCs/neurons present in the rosettes.

DISCUSSION

Our data suggest that the differential processing of A�PP
regulates hESC proliferation and differentiation (Figs. 1–6) of
hESCs into NPCs. The up-regulation of the amyloidogenic
pathway in hESCs was associated with cell proliferation as evi-
denced by the high expression of �-secretase and �-secretase
components but low expression of ADAM-10 in hESCs com-
pared with EBs and NPCs (Fig. 1), the higher production of A�
by hESCs compared with NPCs (Fig. 2), the mitogenic effects
exerted by exogenousA� peptides on hESCs (Figs. 3 and 4), and
the suppression of hESC proliferation upon inhibition of A�
production (Fig. 5). The up-regulation of the non-amyloido-
genic pathway was associated with hESC differentiation into
NPCs as evidenced by an increase in functional ADAM-10
expression in NPCs (Fig. 1), �-secretase inhibitor-induced
increases in nestin expression (Fig. 6a), and sA�PP�-induced
inhibition of hESC proliferation (Fig. 6b) and increased nestin
expression in NPCs (Fig. 6d).

The differential processing of A�PP in hESCs was clearly
evidenced by the expression of different fragments of A�PP
detected using carboxyl-terminal (78-, 67-, 53-, 47-, 41-, 25-,

and 10-kDa) and amino-terminal (72-, 58-, 47-, 42-, 29-, and
20-kDa) antibodies. Although the functional significance of
these A�PP cleavage products is unknown, their change in
expression with differentiation suggests a crucial function dur-
ing lineage specification and functional differentiation. Previ-
ously reported fragments include 22- and 29-kDa A�PP cleav-
age products in human platelets (34, 35) and PDAPP transgenic
mice (36), respectively. Although the proteases involved in the
generation of many of these fragments are unknown, the
expression of �-secretase, �-secretase, and five components of
the �-secretase complex (Fig. 1) explain the presence of amy-
loidogenic and non-amyloidogenic processing of A�PP in
hESCs.
Detection of both A�-(1–40) and A�-(1–42) in hESCs and

NPCs confirms the processing of A�PP in the amyloidogenic
pathway. A�-(1–40) was the predominant A� species gener-
ated by both hESCs andNPCs, accounting for�85–95%of total
A�. Total A�-(1–40) and A�-(1–42) generation decreased 37
and 73%, respectively, between hESCs and NPCs, indicating
that A�-(1–42) may play a more important role in hESC pro-
liferation than in differentiation. The significant increase in the
proliferation of hESCs with addition of soluble and fibrillar
forms of A�-(1–40) and A�-(1–42) (Figs. 3, a and b, and 4, a
and b) was not accompanied by changes in the expression of
NPCmarkers (Fig. 4c), suggesting that A� promotes cell prolif-
eration but not differentiation of hESCs into NPCs. Indeed

FIGURE 4. Differential effects of A�-(1– 40)/A�-(1– 42) protein species on hESC proliferation. Synthetic A�-(1– 40) and A�-(1– 42), respectively, were
dissolved to 1 mM in 100% hexafluoroisopropanol, which was then removed under vacuum, and the peptide was stored at �20 °C. The peptide was next
resuspended in DMSO to 5 mM. For oligomeric A� (ADDL), F-12 culture medium was added to the peptide dissolved in DMSO to form a 100 �M solution and
incubated at 4 °C for 24 h. For fibrillar A�, 10 mM HCl was added to bring the peptide to a final concentration of 100 �M, and the peptide was incubated at 37 °C
for 24 h. For soluble A� (sA�), A�-(1– 40) or A�-(1– 42) (5 mM) in DMSO were diluted directly into mTeSR1 medium. Cells were then treated each day with 0, 1,
or 5 �M of soluble, oligomeric, or fibrillar A�-(1– 40) (a) or A�-(1– 42) (b) in mTeSR1 medium for a period of 5 days prior to cell counting. Results are expressed
as mean � S.E., n � 3 (significant increase: *, p � 0.05; **, p � 0.01; ***, p � 0.001 compared with 6-day control; significant decrease: #, p � 0.05; ##, p � 0.01;
###, p � 0.001 compared with 6-day control). c, hESCs treated with fA�-(1– 42) (1 �M; fibrillized in doubly deionized H2O) for 5 days were collected, and cell
lysates were analyzed by immunoblot with an anti-nestin monoclonal antibody (clone 10C2), a polyclonal antibody against human �-actin, and a polyclonal
antibody against human GAPDH. A control NPC sample expressing nestin is shown in the first lane. Molecular mass markers are shown on the left-hand side. Con,
control.
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�-secretase activity and A� production appear to be necessary
for hESC proliferation and pluripotency (Fig. 5) because
�-secretase inhibition induced hESC differentiation (Fig. 6).
These finding are consistentwith previous studies showing that
A� is trophic toward Neuro-2A neuroblastoma and rodent
neural stem cells (4–6, 17, 37, 38). Dose-dependent changes in
proliferationwere not always observedwith soluble and fibrillar
A� generated using DMSO, suggesting that DMSO might
antagonize A� effects (25–28). However, hESC proliferation
was significantly decreased in the presence of oligomeric A�,
although it is not clear whether this is because of a decrease in
the rate of cell proliferation or to an increase in toxicity as
reported previously for neuroblastoma andneural stemcell cul-
tures (17). Interestingly fA� is toxic to NPCs (Fig. 7), indicating
that although A� is required for pluripotency/proliferation of
hESCs it becomes toxic to cells upon differentiation into a neu-
ronal phenotype. A� toxicity may be mediated via the tau phos-
phorylation pathway (5) or via developmental up-regulation of
apoptotic mediators such as caspase-2 (39) and caspase-3 (Fig. 7).
As hESCs differentiate down the NPC pathway, the non-

amyloidogenic processing of A�PP increases sA�PP� produc-
tion and decreases A� production, both of which are inhibitory
to cell proliferation (Figs. 5 and 6). Inhibition of amyloidogenic

processing of A�PP promotes nestin expression (Fig. 6), which
is consistent with the differentiative effects associated with
sA�PP� reported previously for neural stem cells (Ref. 29; for a
review, see Ref. 40). Retinoic acid-induced neural differentia-
tion of the embryonal carcinoma P19 cells markedly increases
the abundance of A�PP mRNA (41), and sA�PP770 and to a
lesser extent sA�PP695 promote the growth of rat embryonic
day 13/14 neural stem cells (42, 43).
We have recently shown that NPC formation is induced by

progesterone present in the “neural induction medium” (44,
45). Thus, the differentiation of hESCs intoNPCsmay bemedi-
ated by progesterone-induced modulation of A�PP processing
toward the non-amyloidogenic pathway (Figs. 1 and 2). Future
studieswill confirmwhether this early pregnancy hormone reg-
ulates A�PP metabolism for hESC differentiation.
There were a couple of interesting observations in our study

of hESC differentiation. The first was that hESCs, like adult
neural stem cells (32, 33), express GFAP, suggesting a pivotal
function for this protein early in embryogenesis. These results
bring into question its usefulness as an astrocytic marker alone.
The second was that continued culturing of columnar NPC
rosettes beyond 18–20 days led to the expression of a second
nestin variant (�220 kDa), suggesting the generation of a post-

FIGURE 5. Secretase inhibitors decrease hESC proliferation. hESCs were treated with �-secretase inhibitor IV (�-Inh4; 100 nM) (a) or �-secretase inhibitor IX
(�-Inh9; 300 nM) (b) in mTeSR1 medium for 5 days prior to cell counting. Stock solutions of �-secretase inhibitor IV and �-secretase inhibitor IX were prepared
in methanol and DMSO, respectively. Control wells contained corresponding concentrations of methanol or DMSO. Results are expressed as mean � S.E., n �
3 (#, p � 0.05 compared with 6-day control). hESCs treated with �- and �-inhibitors were lysed and analyzed by immunoblot to confirm the inhibitory action
of these secretase inhibitors on A�PP processing using an antibody against the carboxyl terminus of A�PP. A�PPm, mature A�PP; A�PPim, immature A�PP;
CT99, carboxyl-terminal fragment of A�PP. Molecular mass markers are given on the left-hand side. c, hESCs were treated with a combination of �-secretase
inhibitor IV (100 nM) and �-secretase inhibitor IX (300 nM) with or without aggregated A�-(1– 42) (5 �M) in mTeSR1 medium for 5 days prior to cell counting by
trypan blue assay. Results are expressed as mean � S.E., n � 3 (significant increase: ***, p � 0.001; significant decrease: ###, p � 0.001 compared with 6-day
control). d, cytotoxicity of �-secretase inhibitor IV (100 nM) plus �-secretase inhibitor IX (300 nM) was tested using the live/dead assay. The images were captured
using a Zeiss Axiovert 200 inverted fluorescence microscope. Magnification, 100�.

A�PP Function during Early Embryogenesis

23814 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 284 • NUMBER 35 • AUGUST 28, 2009

 at U
niversity of W

isconsin-M
adison on S

eptem
ber 1, 2009 

w
w

w
.jbc.org

D
ow

nloaded from
 

http://www.jbc.org


translationally modified version of nestin as neural precursor
cells differentiate.
Amyloidogenic pathways are normally associated with neu-

rodegenerative diseases such as AD, DS, and frontotemporal
dementia. Our data indicate parallels between neurogenesis
and neurodegeneration, including A�PP and secretase expres-
sion, and processing of A�PP toward the amyloidogenic path-
way (Figs. 1 and 2). The fetal brain has been reported to display
a number of biochemical similarities to the AD brain, namely
the presence of A� and A�PP (46, 47), hyperphosphorylated

tau (48), and presenilin-1 expres-
sion (49). That amyloidogenic path-
ways are involved in neurogenesis
has been reported recently by a
number of workers (5, 6, 37, 38). In
this context, an increase in neuro-
genesis has been reported in young
transgenic mice overexpressing
human mutant APP (7, 8). More-
over the overexpression of wild-
type or familial AD mutant A�PP,
which promotes A� generation
(50), also has been shown to pro-
mote the re-entry of primary neu-
rons into the cell cycle as demon-
strated by the induction of DNA
synthesis and cell cycle markers
(51).
Developmental protein expres-

sion in the AD brain is intriguing in
light of the fact that accumulating
evidence suggests reactivation of
the cell cycle in differentiated neu-
rons of the AD brain (52–54). These
data include 1) the ectopic expres-
sion of cell cycle proteins in those
regions of the brain affected by AD
(e.g. cyclin B1, CDC2, proliferating
cell nuclear antigen, CDK4, Ki-67,
and p16) but not in areas unaffected
by AD pathology or in control
brains, 2) chromosomal replication
(endoreduplication) in differenti-
ated AD neurons demonstrating
completion of the S phase, 3) ele-
vated cytoplasmic mitochondrial
DNA and COX-1 expression sug-
gestive of de novo mitochondrion
synthesis, and 4) up-regulated
growth factor signal transduction
pathways.
Neural stem cells are generated

continually from the subependymal
zone of the lateral ventricles and
from the hippocampal formation.
Thesemigrate and differentiate into
granule cells of the olfactory bulb
and dentate gyrus, respectively (55).

The hippocampus shows constant neurogenesis even during
adult life and is a prominent area affected in AD patients. In
light of our results, the increase in ��PP processing in the AD
brain may induce neural stem cell proliferation and/or differ-
entiation as an attempt to repopulate neurons in and around
the hippocampus. Our results and those of others strongly sup-
port this (4–6, 17, 37, 38). Because brain sA�PP levels are
reduced in individuals with AD (56) and sA�PP� decreases
hESC proliferation and promotes differentiation (Fig. 6), it is
possible that the AD brain is promoting stem cell proliferation

FIGURE 6. �-secretase inhibition and sA�PP� promote neural differentiation. a, hESCs and NPCs were
treated with �-secretase inhibitor IV (�-Inh4; 100 nM) and control (C) as described in Fig. 4 for 5 days prior to
collection of cell lysates for immunoblot analyses for nestin, OCT-3/4, the carboxyl terminus of A�PP, �-actin,
and GAPDH. b, hESCs were treated daily for 5 days with sA�PP� (1 nM) in mTeSR1 medium, and cell number was
then determined using the trypan blue assay. Results are expressed as mean � S.E., n � 3 (###, p � 0.001
compared with 6-day control). c, protein was extracted from collected hESCs and analyzed by immunoblot for
�-fetoprotein (�-FP), OCT-3/4, nestin, GFAP, �-actin, and GAPDH. EBs were used as a positive control for �-fe-
toprotein. d, NPCs were treated with sA�PP� (1 nM) for 10 days, and cell lysates were analyzed by immunoblot
for nestin, �-actin, and GAPDH. Molecular mass markers are given on the left-hand side. e, cytotoxicity of
sA�PP� (1 nM) was tested using the live/dead assay. The images were captured using a Zeiss Axiovert 200
inverted fluorescence microscope. Magnification, 100�. A�PPm, mature A�PP; A�PPim, immature A�PP.
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by suppressing sA�PP� production in favor of A� production.
The reduced sA�PP� productionmight lead to decreased NPC
formation to replace dying neurons. Likewise because brain
sA�PP� levels are lower in individuals with DS compared with
age-matched normal controls (57), stem cells in the DS brain
may be incapable of differentiating correctly during neurogen-
esis to form functional neuronal connectionswith such changes
in A�PP processing also leading to the higher incidence of AD
in DS patients. Future studies are required to test these
possibilities.
In conclusion, our data reveal that the early expression and

differential processing of A�PP are normal processes impor-
tant for neurogenesis during early embryogenesis. Subtle
changes in the processing of A�PP by neuronal cells and/or
resident neural stem cells in the adult during aging may under-
lie the cell cycle changes and apoptotic cell death observed in
AD and DS. Our data indicate hESCs as a useful model for
understanding both neurogenesis and neurodegeneration.
Finally these results have important implications for current
therapeutic strategies aimed at modulating A� production as
well as stem cell replacement therapies for treating neurode-
generative diseases and head trauma.
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