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Amyloid � (A�) peptides originating from amyloid precursor protein (APP) in the endosomal-lysosomal compartments play a
critical role in the development of Alzheimer’s disease (AD), the most common type of senile dementia affecting the elderly.
Since insulin-like growth factor II (IGF-II) receptors facilitate the delivery of nascent lysosomal enzymes from the trans-Golgi
network to endosomes, we evaluated their role in APP metabolism and cell viability using mouse fibroblast MS cells deficient in
the murine IGF-II receptor and corresponding MS9II cells overexpressing the human IGF-II receptors. Our results show that
IGF-II receptor overexpression increases the protein levels of APP. This is accompanied by an increase of �-site APP-cleaving
enzyme 1 levels and an increase of �- and �-secretase enzyme activities, leading to enhanced A� production. At the cellular level,
IGF-II receptor overexpression causes localization of APP in perinuclear tubular structures, an increase of lipid raft compo-
nents, and increased lipid raft partitioning of APP. Finally, MS9II cells are more susceptible to staurosporine-induced cytotoxic-
ity, which can be attenuated by �-secretase inhibitor. Together, these results highlight the potential contribution of IGF-II re-
ceptor to AD pathology not only by regulating expression/processing of APP but also by its role in cellular vulnerability.

Alzheimer’s disease (AD) is a progressive neurodegenerative
disorder characterized by severe memory loss followed by the

deterioration of higher cognitive functions. Although most cases
of AD occur sporadically after the age of 60 years, a small propor-
tion of cases correspond to the early-onset (�60 years) autosomal
dominant form of the disease. To date, mutations in three genes,
the amyloid precursor protein (APP) gene on chromosome 21, the
presenilin 1 (PSEN1) gene on chromosome 14, and the presenilin
2 (PSEN2) gene on chromosome 1, have been identified as the
cause of a large proportion of early-onset familial AD (1–3). Ad-
ditionally, inheritance of the ε4 allele of the apolipoprotein E
(APOE) gene on chromosome 19 increases the risk of late-onset
and sporadic AD. The neuropathological features associated with
AD include the presence of extracellular �-amyloid (A�) peptide-
containing neuritic plaques, intracellular tau-positive neurofibril-
lary tangles, and the loss of synapses and neurons in defined brain
regions. Several lines of in vivo evidence suggest that A� peptides
initiate or contribute to the neuronal loss and development of AD
pathology (2, 4). A� peptides are generated from APP, a type I
transmembrane protein, which can be processed either by
nonamyloidogenic �-secretase or amyloidogenic �-secretase
pathways (5, 6). The �-secretase cleaves APP within the A� do-
main, yielding soluble APP� and a 10-kDa C-terminal fragment
(CTF-�), which then can be processed by �-secretase to generate
A�17– 40/A�17– 42 fragments. The �-secretase, on the other hand,
cleaves APP to generate soluble APP� and an A�-containing C-
terminal fragment (CTF-�), which is further processed via
�-secretase to yield full-length A�1– 40/A�1– 42 peptides. While
�-secretase processing occurs mostly in the secretory pathway, the
endosomal-lysosomal (EL) system plays a critical role in the pro-
duction of A� peptides (5, 6).

The insulin-like growth factor II/cation-independent mannose
6-phosphate (IGF-II/CIM6P or IGF-II) receptor is a 250-kDa
multifunctional glycoprotein that recognizes, via distinct sites,
two different classes of ligands: (i) M6P-containing molecules,

such as lysosomal enzymes, and (ii) IGF-II, a mitogenic polypep-
tide with structural homology to IGF-I and insulin (7–9). A sub-
population of the receptor located on the plasma membrane reg-
ulates internalization of IGF-II and various M6P-containing
ligands for their subsequent clearance or activation. There is also
evidence that the surface IGF-II receptor can mediate intracellular
signaling in response to IGF-II binding (9–11). The majority of
the receptors, however, localize within the EL system and function
in the recognition of newly synthesized lysosomal enzymes in the
trans-Golgi network (TGN) for sorting and delivery to endo-
somes/lysosomes. Several studies have shown that the IGF-II re-
ceptor is expressed in many tissues, including the brain, and its
expression is known to be altered in response to ischemic, electro-
lytic, or chemical brain trauma, suggesting a role for the receptor
in degenerative and/or regenerative processes (12–20). Since the
EL system, the major site of steady-state IGF-II receptor localiza-
tion, is critical in the generation of A� peptides (5, 21, 22), it is
likely that the receptor has a role in AD pathology. This is partly
supported by evidence that (i) the IGF-II receptor is present in a
subset of A�-containing neuritic plaques and tau-positive neuro-
fibrillar tangles in the AD brain (23), and (ii) the receptor levels are
altered in affected regions of the AD brain in individuals with

Received 4 November 2014 Returned for modification 2 December 2014
Accepted 20 April 2015

Accepted manuscript posted online 4 May 2015

Citation Wang Y, Buggia-Prévot V, Zavorka ME, Bleackley RC, MacDonald RG,
Thinakaran G, Kar S. 2015. Overexpression of the insulin-like growth factor II
receptor increases �-amyloid production and affects cell viability. Mol Cell Biol
35:2368 –2384. doi:10.1128/MCB.01338-14.

Address correspondence to S. Kar, skar@ualberta.ca.

Copyright © 2015, American Society for Microbiology. All Rights Reserved.

doi:10.1128/MCB.01338-14

2368 mcb.asm.org July 2015 Volume 35 Number 14Molecular and Cellular Biology

http://dx.doi.org/10.1128/MCB.01338-14
http://dx.doi.org/10.1128/MCB.01338-14
http://mcb.asm.org


PSEN1 mutations or those carrying APOE ε4 alleles (23, 24). Ad-
ditionally, IGF-II receptor levels are markedly increased along
with lysosomal enzymes in a line of mutant APP transgenic mice
overproducing A� peptides (25). However, it remains unclear
whether the receptor can directly influence the generation of A�
peptides and contribute to AD pathogenesis. To address this issue,
we evaluated the role of this receptor in the regulation of APP
levels/processing and its influence on cell viability using well-
characterized mouse L cells deficient in the expression of the mu-
rine IGF-II receptor (MS cells) and corresponding MS9II cells that
overexpress the human IGF-II receptor (26, 27). These cell lines
have been used extensively to characterize the role of the IGF-II
receptor in cell signaling as well as trafficking of lysosomal en-
zymes (28–30). Using a variety of approaches, we show that the
overexpression of the IGF-II receptor enhances APP levels and its
processing, leading to the increased production of A� peptides.
Additionally, our results reveal that an increase in levels of A�-
related peptides can render MS9II cells more vulnerable to stau-
rosporine-induced toxicity, suggesting a role for the IGF-II recep-
tor in cell viability.

MATERIALS AND METHODS
Materials. NuPAGE 4 to 12% Bis-Tris gels, Alexa Fluor 350/488/594-
conjugated secondary antibodies, ProLong Gold antifade reagent, en-
zyme-linked immunosorbent assay (ELISA) kits for detecting mouse
A�1– 40 and A�1– 42, Lipofectamine RNAiMAX transfection reagent, an-
nexin V-Alexa Fluor 594 conjugate, and cholera toxin subunit B (CTXB),
which binds to the ganglioside GM1, were purchased from Life Technol-
ogies, Corp. (Burlington, ON, Canada). Human IGF-II receptor small
interfering RNA (siRNA) and control siRNA were obtained from Dhar-
macon (Ottawa, ON, Canada). The bicinchoninic acid protein assay kit
and enhanced chemiluminescence kit were from ThermoFisher Scientific
Inc. (Nepean, ON, Canada). Vivaspin filtration columns were from GE
Healthcare Ltd. (Mississauga, ON, Canada). Pitstop2, the Pitstop2 nega-
tive control, and the �-secretase enzyme activity assay kit were from

Abcam (Cambridge, MA). Staurosporine, �-secretase inhibitor
L-658,458, and OptiPrep were obtained from Sigma-Aldrich (Oakville,
ON, Canada). �-Secretase inhibitor IV (BIV) was from Calbiochem (Eto-
bicoke, ON, Canada), and Leu27IGF-II was from GroPep (Adelaide, Aus-
tralia). Sources of primary antibodies used in the study are listed in Table
1. All horseradish peroxidase-conjugated secondary antibodies were pur-
chased from Santa Cruz Biotechnology (Paso Robles, CA). All other
chemicals were from Sigma-Aldrich or ThermoFisher Scientific.

Cell culture. IGF-II receptor-deficient mouse fibroblasts (MS) and
corresponding MS cells stably transfected with human IGF-II receptor
cDNA, known as MS9II cells, and the human IGF-II receptor cDNA were
gifts from W. S. Sly (Saint Louis University, St. Louis, MO) (26, 27, 31).
The cells were maintained in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 0.1 g/liter sodium pyruvate, 2.2 g/liter so-
dium bicarbonate, 25 U penicillin-streptomycin, 3.2 mM methotrexate,
and 5% dialyzed fetal bovine serum. All experiments were performed with
MS and MS9II cells between passages 5 and 14. Cells were seeded at 1 �
104 cells/cm2, and the medium was replaced every 3 to 4 days as described
earlier (29). Cultured MS and MS9II cells were harvested at 90% conflu-
ence per the requirement of the specific protocol or stored at �80°C until
further processing. In some experiments, cells were treated with the
IGF-II analogue Leu27IGF-II (10�8 and 10�7 M) for 20 min or 1 h. To
block clathrin-mediated endocytosis, cells were incubated with the endo-
cytosis inhibitor Pitstop2 (10 �M) or the Pitstop2 negative control (32)
for 15 and 30 min. The human neuroblastoma cell line SK-N-AS (CRL
2137) was obtained from the American Type Culture Collection (Manas-
sas, VA). These cells were maintained in DMEM plus 10% fetal bovine
serum.

Western blotting. Western blotting of cultured cell lysates was per-
formed as described earlier (33). In brief, cells were homogenized with
radioimmunoprecipitation lysis buffer containing protease inhibitor
cocktail, and proteins were quantified using a bicinchoninic acid assay kit.
Denatured samples were resolved on 7 to 17% gradient sodium polyacryl-
amide or NuPAGE 4 to 12% Bis-Tris gels, transferred to polyvinylidene
membranes, blocked with 5% milk, and incubated overnight at 4°C with
various primary antibodies at the dilutions listed in Table 1. The following
day, membranes were incubated with horseradish peroxidase-conjugated

TABLE 1 Details of the primary antibodies used in this study

Antibody Type

Dilution fora:

SourceIF WB

ADAM10 Polyclonal NA 1:1,000 EMD Millipore
APP, clone 22C11 Monoclonal 1:2,000 1:2,000 EMD Millipore
APP, clone Y188 Monoclonal NA 1:2,000 Abcam
APLP1 Polyclonal NA 1:2,000 Our laboratory
APH-1 Polyclonal NA 1:500 EMD Millipore
Calnexin Polyclonal 1:200 NA Santa Cruz Biotechnology
Caveolin 1 Monoclonal NA 1:1,000 BD Transduction Laboratories
GFP Monoclonal NA 1:800 Roche
IDE Polyclonal NA 1:1,000 Abcam
IGF-II receptor Polyclonal 1:3,000 1:3,000 Gift from C. Scott
IGF-II receptor Monoclonal NA 1:4,000 Abcam
LAMP1 Polyclonal 1:200 NA Santa Cruz Biotechnology
Neprilysin Polyclonal NA 1:200 Our laboratory
PKC� Polyclonal NA 1:1,000 EMD Millipore
PS1 Monoclonal 1:1,000 1:1,000 EMD Millipore
Rab11 Polyclonal 1:200 NA Abcam
Rab5 Polyclonal 1:200 NA Santa Cruz Biotechnology
Rab7 Polyclonal 1:200 NA Santa Cruz Biotechnology
Transferrin receptor Polyclonal NA 1:1,000 BD Transduction Laboratories
�-Actin Monoclonal NA 1:5,000 Sigma-Aldrich
BACE1 Monoclonal 1:2,000 1:2,000 R&D Systems
a IF, immunofluorescence; WB, Western blotting; NA, not used in that specific application.
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secondary antibodies (1:5,000), and immunoreactive proteins were de-
tected with enhanced chemiluminescence. All blots were reprobed with
anti-�-actin antibody and quantified using an MCID image analysis sys-
tem (Imaging Research, Inc., St. Catharines, ON, Canada). Western blots
for the IGF-II receptor and green fluorescent protein (GFP) were resolved
on 8% or 12% SDS-PAGE gels under nondenaturing conditions, trans-
ferred to Protran nitrocellulose BA85 membranes, blocked with 4% milk
in HEPES-buffered saline, pH 7.6, 0.1% Tween 20, and incubated over-
night at 4°C with primary antibodies. Membranes were washed and incu-
bated with secondary goat anti-mouse horseradish peroxidase-conju-
gated antibodies and detected with enhanced chemiluminescence (34).
Signal intensities were quantified using an Amersham Typhoon FLA 7000
imager (GE Healthcare, Pittsburgh, PA).

Immunocytochemistry. For intracellular localization of IGF-II recep-
tors, we performed double immunofluorescence labeling on MS and
MS9II cells. In brief, seeded cells (1 � 104 cells/cm2) on coverslips were
fixed with 4% paraformaldehyde (PFA), washed with phosphate-buffered
saline (PBS), and then incubated overnight at 4°C with a combination of
anti-IGF-II receptor, anti-APP, anti-�-site APP-cleaving enzyme 1
(anti-BACE1), and anti-presenilin 1 (anti-PS1) with or without an organ-
elle marker, such as anticalnexin, anti-Rab5, anti-Rab7, anti-Rab11, and
anti-lysosome-associated membrane protein 1 (anti-LAMP1) antibodies
at dilutions listed in Table 1. The slides then were exposed to Alexa Fluor
350/488/594-conjugated secondary antibodies (1:1,000) for 2 h, washed,
and mounted with ProLong Gold antifade medium. Immunostained cells
were visualized using a Zeiss Axioskop-2 fluorescence microscope or a
Zeiss LSM 510 confocal microscope, and the images were analyzed with a
ZEN 2010 (Carl Zeiss, Germany). The tubular localization of APP was
evaluated in 895 MS and 850 MS9II cells from three separate cultures
using a Zeiss Axioskop-2 microscope.

�- and �-secretase activity assays. Cultured fibroblasts were homog-
enized with radioimmunoprecipitation buffer, centrifuged at 10,000 � g
for 5 min, and then processed to measure �-secretase activity using the
activity assay kit according to the manufacturer’s instructions. The fluo-
rescence was measured at an excitation wavelength of 355 nm and emis-
sion wavelength of 495 nm. Specific activity was determined by incubating
parallel samples with a �-secretase inhibitor provided with the kit. The
�-secretase activity assay was performed on crude membrane fractions as
described previously (35), with minor changes. Cultured cells were ho-
mogenized in 10 mM Tris-HCl (pH 7.4) containing 1 mM EDTA with
protease inhibitor cocktail and then centrifuged to remove nuclei and cell
debris. The supernatant was further centrifuged at 100,000 � g for 1 h to
separate the membrane fraction, which was solubilized in the homogeni-
zation buffer, and 25 �g protein was used to measure the �-secretase
activity in 50 mM Tris-HCl (pH 6.8), 2 mM EDTA, and 0.25% CHAPSO
{3-[(3-cholamidopropyl)-dimethylammonio]-2-hydroxy-1-propanesul-
fonic acid} with 8 �M fluorogenic �-secretase substrate in a 200-�l reac-
tion volume. The fluorescence was measured at an excitation wavelength
of 355 nm and emission wavelength of 440 nm, and the specific activity
was determined by incubating parallel samples with 100 �M �-secretase
inhibitor L-658,458. All samples were assayed in duplicate, and the data
were obtained from four independent experiments.

ELISA for mouse A�1– 40/A�1– 42. Cellular A� from cultured cells was
solubilized in 5 M guanidine-HCl–50 mM Tris-HCl (pH 8.0) buffer for 4
h, centrifuged at 16,000 � g for 20 min, and then assayed for mouse
A�1– 40 or A�1– 42 using commercial ELISA kits. For secreted A�, condi-
tioned media from cultured cells were concentrated by using Vivaspin-6
filtration columns with a 3,000-molecular-weight cutoff and then ana-
lyzed for mouse A�1– 40 or A�1– 42 levels using the ELISA kits. Standard
curves generated using synthetic peptides were used to convert signal
intensities to picograms per milliliter of mouse A�1– 40 or A�1– 42. All
samples were assayed in duplicate, and results presented were obtained
from four independent experiments.

IGF-II receptor knockdown by RNA interference. To substantiate
the role of IGF-II receptor overexpression on APP levels and metabolism,

we transfected MS9II cells with different concentrations of human IGF-II
receptor siRNA (10 to 200 nM) or scrambled siRNA (200 nM) using
Lipofectamine RNAiMAX transfection reagent. IGF-II receptor knock-
down was analyzed 48 h following transfection using Western blotting.
These cells subsequently were processed to determine the levels of APP
and A�-related peptides.

Adenoviral infection. The adenoviral construct containing the wild-
type IGF-II receptor cDNA was produced using the AdEasy adenoviral
vector system (Agilent Technologies, Santa Clara, CA) by following the
manufacturer’s instructions. Briefly, the cDNA encoding the full-length,
wild-type IGF-II receptor followed by a Myc tag (36) was excised from
pBK-cytomegalovirus (CMV) using XhoI and XbaI and cloned into the
pShuttle-CMV vector. The shuttle vector was linearized with PmeI and
cotransformed into BJ5183 cells with the pAdEasy-1 vector. Recombinant
transformants were selected and produced in recombination-deficient
DH5� cells. The adenoviral DNA was digested with PacI and transfected
into HEK293 cells to produce and package the viral particles. The infec-
tious virus titer using the 50% tissue culture infective dose (TCID50) was
determined to calculate the multiplicity of infection (MOI). The AdEasy
viral construct bearing Aequorea victoria GFP was a gift of Tsuneya Ikezu
(currently at University of Tokyo, Japan). For the adenoviral transduction
expression studies, human neuroblastoma SK-N-AS cells were seeded
into dishes in full-growth medium containing 10% serum supplemented
with 0.1 mM nonessential amino acids and cultured overnight. Cells were
mock infected or transduced with adenovirus containing the wild-type
IGF-II receptor or GFP at a multiplicity of infection of 100 in full-growth
medium for 3 h, and then the medium was replaced with fresh, virus-free
full-growth medium and allowed to acclimate for 48 h. The medium was
replaced with reduced-serum Opti-MEM (Life Technologies, Grand Is-
land, NY), and conditioned medium was collected at 24- and 48-h time
points following the medium switch. Cells were harvested at 90% conflu-
ence at the 48-h time point to prepare lysates.

Isolation of lipid raft and immunoblotting. MS and MS9II cells were
lysed on ice in TNE buffer (50 mM Tris-HCl, 150 mM NaCl, 5 mM EDTA,
pH 7.4) containing protease inhibitors by passing them through a 20-
gauge needle for 10 pulses and a 25-gauge needle for 15 pulses. Cell lysates
then were incubated with 1% Triton X-100 in TNE buffer for 30 min at
4°C. Samples were centrifuged at 10,000 � g for 5 min at 4°C, and super-
natant (250 �l) was adjusted to 40% (wt/vol) OptiPrep with 60%
OptiPrep and then overlaid with a 5 to 30% discontinuous OptiPrep gra-
dient on top. Typically, 0.5 ml of 5% OptiPrep and 3 ml of 30% OptiPrep
were layered over 1.5 ml of 40% of OptiPrep in a 14-ml tube and then
centrifuged at 100,000 � g for 24 h at 4°C. The gradients were fractionated
into 400-�l aliquots each from the top of the tube and then processed for
immunoblotting. Identification of the lipid raft fractions was carried out
using anti-caveolin 1 or horseradish peroxidase-conjugated CTXB, which
binds to GM1 specifically. For immunoblotting, MS and MS9II lipid raft
fractions were subjected to Western blotting with anti-IGF-II receptor,
anti-APP (22C11 and Y188), anti-�-disintegrin and metalloprotease 10
(anti-ADAM10), anti-BACE1, anti-PS1, and anti-anterior pharynx defec-
tive-1 (anti-APH-1) antibodies at dilutions listed in Table 1. Membranes
then were incubated with appropriate horseradish peroxidase-conjugated
secondary antibodies (1:5,000) and visualized with enhanced chemilumi-
nescence. All blots were quantified using an MCID image analysis system
as described earlier (37).

CTXB surface binding and uptake. MS and MS9II cells grown on
coverslips were incubated for 15 min on ice with 4 �g/ml Alexa Fluor
647-conjugated CTXB subunit (AF647-CTXB; Invitrogen) diluted in
Hanks’ balanced salt solution (HBSS) containing 10 mM HEPES, 3 mM
CaCl2, 1.5 mM MgCl2, and 20 mg/ml bovine serum albumin, pH 7.3. For
CTXB uptake, cells were warmed in the culture medium for 30 min at
37°C. After washes with HBSS-HEPES buffer, cells were fixed with 4%
PFA for 20 min, quenched with 50 mM NH4Cl for 10 min, and permeab-
ilized with PBS– 0.2% Triton X-100 for 5 min at room temperature. Cells
were stained for 30 min at room temperature with Hoechst 0.25 �g/ml in
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PBS and 0.1 �g/ml phalloidin-tetramethyl rhodamine isocyanate
(phalloidin-TRITC) (Sigma) diluted in PBS. Coverslips were mounted
with Permafluor, and confocal images were acquired using a Leica SP5 II
STED-CW superresolution laser scanning microscope using a 40� (nu-
meric aperture, 1.25) oil objective. All images of CTXB labeling and up-
take were acquired using identical settings, and the contrast of all images
was adjusted similarly.

Flow cytometry quantification of surface CTXB binding. MS or
MS9II cells were trypsinized, and aliquots of 106 cells were incubated on ice
for 30 min in 250 �l HEPES buffer containing 20 �g/ml AF647-CTXB and 20
mg/ml bovine serum albumin. Between each step, cells were washed by cen-
trifugation for 5 min at 800 rpm and resuspended in ice-cold PBS. Cells were
fixed with 3% PFA in PBS for 20 min, washed, and incubated at room tem-
perature for 30 min with 0.5 �g/ml Hoechst diluted in PBS to label nuclei.
Surface-bound AF647-CTXB and Hoechst fluorescence intensities were ac-
quired from 10,000 cells using a FACSCanto system (Becton Dickinson) and
analyzed using FlowJo software.

Cell viability. MS and MS9II cells were left untreated or were treated
with staurosporine (0.01 to 0.25 �M) for 24 h. In some experiments, MS
and MS9II cells were cotreated with BIV (0.125, 0.25, and 0.5 �M) along
with staurosporine (0.1 �M) for 24 h. The cells then were processed to
measure cell viability using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) assay and annexin V staining. In brief,
cells for MTT assay were incubated for 4 h with MTT (0.5 mg/ml in 0.01 M
PBS) at 37°C with 5% CO2–95% air. The formazan was dissolved in di-
methyl sulfoxide, and absorbance was measured at 570 nm with a micro-
plate reader. As for annexin V staining, control and treated cells were
stained with annexin V-Alexa Fluor 594 conjugate in 10 mM HEPES, 140
mM NaCl, and 2.5 mM CaCl2, pH 7.4, for 15 min at 37°C according to the
manufacturer’s instructions. Cells were washed with PBS, fixed with 4%
PFA, stained with 4=,6-diamidino-2-phenylindole (DAPI), and then visu-
alized using a Zeiss Axioskop-2 fluorescence microscope. Photomicro-
graphs of stained cells were analyzed using ImageJ to calculate the ratios of
annexin V-positive and -negative cells in different treatment groups.

Statistical analysis. All results were expressed as means 	 standard
errors of the means (SEM). Comparisons between different groups were
performed using Student’s t test (two groups) or one-way and two-way
analysis of variance (ANOVA) (three or more groups), followed by Bon-
ferroni’s post hoc analysis, with significance set at P � 0.05.

RESULTS
IGF-II receptor overexpression increases levels of APP and its
processing to A�. Using Western blotting and immunocyto-
chemistry, we validated that MS cells did not express detectable
levels of IGF-II receptor, while the receptor is overexpressed in
MS9II cells (Fig. 1A and B). To determine the influence of recep-
tor overexpression on APP levels and metabolism, we evaluated
protein levels of APP and its secretases in MS and MS9II cells by
immunoblot analysis. We found that the levels of APP holopro-
tein were increased in MS9II cells; this observation is consistent
with our previous study, where we reported an increase in APP
transcript levels (38). However, the levels of the APP homolog
APLP1 were decreased in MS9II compared to MS cells, suggesting
a rather selective effect of the IGF-II receptor on increased APP
levels (Fig. 1C and D).

As for APP secretases, our immunoblot results revealed that
�-secretase ADAM10 levels remained unaltered (Fig. 1E), and
BACE1 levels were increased (Fig. 1F) in MS9II cells compared to
the levels in MS cells. In a previous study, we found that two
subunits of �-secretase complex (PS1 and APH1) were unaffected
by IGF-II receptor overexpression (38). Analysis of APP cleavage
products showed that the levels of APP–CTF-� and APP–CTF-�,
generated by �- and �-secretases, respectively, were markedly in-

creased in MS9II cells compared to the levels in MS cells (Fig. 1G),
but the ratio of APP-CTFs to full-length APP levels was not dif-
ferent between the two cells (data not shown). The increase in CTF
levels was accompanied by elevated levels of soluble APP frag-
ments (sAPP� and sAPP�) in the conditioned media of MS9II
cells (Fig. 1H). The levels of total murine A�1– 40 and A�1– 42, as
detected by ELISA, also were significantly increased in the condi-
tioned media but not in the cell lysates of MS9II cells (Fig. 2A and
B). In addition to the levels of APP derivatives, we also measured
the activities of APP secretases in these cells. Interestingly, both �-
and �-secretase enzyme activities were higher in MS9II cells than
in MS cells (Fig. 2C and D). Finally, to assess whether differences
in enzymatic degradation of A� could contribute to the observed
differences in A� levels, we measured the steady-state levels of
neprilysin and insulin-degrading enzyme (IDE) in both cell lines
by immunoblotting. Our results clearly showed that levels of IDE
but not neprilysin were significantly lower in MS9II cells than in
MS cells (Fig. 2E and F). Thus, IGF-II receptor overexpression
increases A�1– 40/A�1– 42 levels by increasing the levels and en-
hancing the processing of APP and possibly by reducing A� deg-
radation. Evidence suggests that the activation of certain cell sur-
face receptors can alter the levels and/or processing of APP (5, 6).
Although stimulation of the IGF-II receptor in MS9II cells with
Leu27IGF-II enhanced intracellular phosphoprotein kinase C�
(PKC�) levels as expected (39), it did not significantly alter the
levels of APP or its cleaved products, APP–CTF-�/APP–CTF-�
(data not shown). Additionally, the levels of full-length APP and
APP-CTFs remained unaltered following transient blockade of
clathrin-mediated endocytosis by Pitstop2 in MS9II cells (data not
shown).

Significance of IGF-II receptor in regulating APP level/me-
tabolism. To validate the requirement for continued overexpres-
sion of the IGF-II receptor for the observed increase in APP ex-
pression and metabolism, we knocked down receptor expression
in MS9II cells using human IGF-II receptor-specific siRNA and
evaluated levels of APP and its cleaved products, as well as BACE1.
As expected, IGF-II receptor-targeting siRNA dose dependently
(10 to 200 nM) decreased receptor levels 48 h after transfection
compared to those with scrambled siRNA (Fig. 3A and B). Inter-
estingly, the decrease in IGF-II receptor in MS9II cells is accom-
panied by a concomitant decrease in the levels of APP holopro-
tein, BACE1, and APP-CTFs (Fig. 3B to G). Furthermore, the
levels of A�1– 40 and A�1– 42, as measured by ELISA, also were
significantly reduced in the conditioned media of MS9II cells
transfected with human IGF-II receptor siRNA (Fig. 3H). To-
gether, these results suggest that continued overexpression of the
IGF-II receptor is indeed involved in the upregulation of APP and
its metabolism, leading to the increased production of A� pep-
tides.

Localization of the IGF-II receptor, APP, and its processing
enzymes. Earlier studies have shown that APP and its processing
enzymes localize to several secretory and endocytic organelles (5,
6, 21, 22). To determine whether the overexpression of the IGF-II
receptor can alter its subcellular distribution, we used immuno-
fluorescence labeling to assess the localization of APP, BACE1
(Fig. 4 and 5), and PS1 (data not shown), along with markers of
the endoplasmic reticulum (ER), early endosomes, late endo-
somes, and lysosomes. First, we observed that a subset of APP,
BACE1 (Fig. 4 and 5A to D), and PS1 (data not shown) in the
perinuclear region colocalized with the IGF-II receptor in MS9II
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cells. Second, as expected from the increased steady-state levels
observed by immunoblot analysis, MS9II cells had relatively
higher levels of APP and BACE1 immunofluorescence than MS
cells (Fig. 4 and 5A to D). Intriguingly, APP immunoreactivity in
MS9II cells but not in MS cells was apparent in discrete tubular
structures emanating from the perinuclear region. On the other
hand, APP in MS cells was highly concentrated in cellular protru-
sions (Fig. 4). Aside from this striking redistribution of APP, we

did not observe specific differences in the colocalization of APP
with the organelle markers, such as calnexin (ER), Rab5 (early
endosomes), Rab7 (late endosomes), Rab11 (recycling endo-
somes), or LAMP1 (lysosomes), when analyzed by confocal
microscopy (Fig. 4E to X). In MS9II cells, BACE1 was localized
mainly to intracellular vesicles that were positive for endo-
somal markers (Rab5 and Rab7) and, to a lesser extent, in
LAMP1-labeled lysosomes and calnexin-labeled ER. In the ab-

FIG 1 (A and B) Western blotting (A) and immunofluorescence staining (B) validating increased levels and expression of IGF-II receptor in MS9II versus MS
cells. (C to E) Immunoblots and respective histograms showing increased levels of APP holoprotein (C), decreased levels of homologous APLP1 protein (D), and
unaltered levels of ADAM10 (E) in IGF-II receptor-overexpressing MS9II cells. (F to H) Immunoblots and respective histograms showing increased levels of
BACE1 (F), APP-CTFs (CTF-� and CTF-�) (G), and soluble APP fragments (sAPP� and sAPP�) (H) in MS9II cells versus MS cells. All Western blots were
reprobed with �-actin antibody to monitor protein loading, and the values, expressed as means 	 SEM, were from 3 or 4 independent experiments. Data were
analyzed using Student’s t test. *, P � 0.05; **, P � 0.01. Scale bar, 20 �m.
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sence of IGF-II receptor expression, BACE1 immunoreactivity
still appeared to be higher in early and late endosomes than in
other organelles but also was present in cellular protrusions
(Fig. 5E to T). PS1 localization in intracellular organelles did
not appear to differ appreciably between MS and MS9II cells
(data not shown). These results, taken together, suggest that
IGF-II receptor overexpression not only enhanced the levels of
APP and BACE1 but also, to some extent, influenced their dis-
tributions within the cells.

Association of the IGF-II receptor, APP, and its processing
enzymes with lipid rafts. Evidence suggests that the �-secretase

ADAM10 resides mostly in the low-cholesterol-containing non-
raft domains (40), whereas a subset of BACE1 and �-secretase
complex is associated with cholesterol-rich lipid raft microdo-
mains of the plasma membrane and intracellular organelles (41,
42). APP, on the other hand, exists in both the raft and nonraft
microdomains of the cellular membranes (43, 44). These observa-
tions raised the possibility that amyloidogenic versus nonamy-
loidogenic processing of APP occurs in different microdomains of
the membrane, but an alteration in the distribution of APP or its
processing enzymes influences APP processing. To determine
whether the overexpression of the IGF-II receptor can enhance

FIG 2 (A and B) Histograms showing A�1– 40 and A�1– 42 levels in the cell lysates (A) and conditioned media (B) of MS9II and MS cells as detected by ELISA. Note
the increased levels of A�1– 40 and A�1– 42 in the media but not in the cell lysates of MS9II cells compared to that in MS cells. (C and D) Histograms depicting
increased activity of �-secretase (C) and �-secretase (D) complex in MS9II cells compared to that in MS cells. (E and F) Immunoblots and respective histograms
showing decreased levels of insulin-degrading enzyme (IDE) (E) and unaltered levels of neprilysin (F) in IGF-II receptor-overexpressing MS9II cells compared
to those in MS cells. All Western blots were reprobed with �-actin antibody to monitor protein loading, and the values, expressed as means 	 SEM, were from
3 or 4 independent experiments. Data were analyzed using Student’s t test. *, P � 0.05; **, P � 0.01.
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amyloidogenic processing of APP by influencing membrane mi-
crodomain redistribution of APP or its processing enzymes, we
analyzed MS and MS9II cells by lipid raft fractionation. Cells were
lysed with 1% Triton X-100 on ice, followed by discontinuous
OptiPrep gradient centrifugation to separate the detergent-resis-
tant microdomains from the detergent-soluble nonraft domains.
The presence of major constituents of lipid rafts, namely, GM1
and caveolin 1 in fractions 3 to 5, and the nonraft marker trans-
ferrin receptor in fractions 8 to 12 validated our fractionation

protocol (Fig. 6A). Whereas the majority of the IGF-II receptor
was found in nonraft fractions, a small fraction was found in the
raft fractions (Fig. 6A and B). Consistent with published studies
(44), APP and its metabolites, BACE1 and PS1, were found in
Triton X-100-resistant raft fractions in MS9II and MS cells (Fig.
6A). Overall, the relative amounts of BACE1, PS1, and APP-CTFs
(APP–CTF-� and APP–CTF-�) found in lipid raft versus nonraft
fractions were similar between MS9II and MS cells (data not
shown). However, the relative proportion of full-length APP mol-

FIG 3 (A to D) Immunoblots (A) and respective histograms showing levels of IGF-II receptor (B), APP holoprotein (C), and BACE1 (D) in MS9II cells following
48-h treatments with control scramble siRNA at 200 nM and human IGF-II receptor siRNA at 10, 20, 50, 100, and 200 nM. CTL, control. (E to G) Immunoblots
(E) and respective histograms showing levels of APP–CTF-� (F) and APP–CTF-� (G) in MS9II cells following 48-h treatments with control scramble siRNA at
200 nM and human IGF-II receptor siRNA at 10, 20, 50, 100, and 200 nM. Note the dose-dependent effects of human IGF-II receptor siRNA in decreasing not
only the levels of the receptor but also the levels of APP, BACE1, and APP-cleaved products. (H) Histogram showing decreased levels of secretory A�1– 40 and
A�1– 42 in the conditioned media of MS9II cells following 48 h of treatment with 50 nM human IGF-II receptor siRNA compared to that with 50 nM control
scramble siRNA. All Western blots were reprobed with �-actin antibody to monitor protein loading, and the values, expressed as means 	 SEM, were from 3
independent experiments. Data of A� secretion were analyzed using Student’s t test, whereas dose-dependent effects of siRNA treatment were analyzed using
one-way ANOVA followed by Bonferroni’s post hoc analysis. *, P � 0.05; **, P � 0.01.
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ecules recovered in the raft fractions was significantly higher in
MS9II cells than in MS cells (Fig. 6C).

In our fractionation experiments, we noticed that the levels of
the glycosphingolipid GM1 and the caveolar coat protein caveolin
1, but not the levels of transferrin receptor, were significantly
higher in MS9II than in MS cells (Fig. 6A). We confirmed these
observations using quantitative immunoblot analysis of whole-
cell lysates (data not shown). Lipid rafts are heterogeneous and
dynamic membrane microdomains enriched in sphingolipid and
cholesterol. Previous studies revealed that CTXB bound to cell
surface GM1 is internalized by clathrin-dependent as well as by
dynamin-independent raft endocytic pathways (45). Interest-
ingly, overexpression of caveolin 1 is known to attenuate internal-
ization of CTXB to the Golgi apparatus (46). Since MS9II cells
have higher levels of GM1 and caveolin 1, we performed CTXB

surface binding and internalization assays in order to ascertain
raft-mediated endocytosis of GM1. First, we incubated MS and
MS9II cells on ice with Alexa Fluor 647-labeled CTXB to stain cell
surface GM1, followed by Hoechst to stain the nuclei, and ana-
lyzed fluorescence intensities by flow cytometry. The results
showed that the majority of MS9II cells had significantly higher
levels of CTXB binding (Fig. 7A and B). Second, we stained cells
grown on coverslips with CTXB on ice to label surface GM1 and
fixed them prior to staining with phalloidin and Hoechst to visu-
alize F-actin and nuclei, respectively. One set of coverslips was
warmed for up to 30 min at 37°C to allow the internalization of
CTXB prior to fixation. In agreement with the flow cytometry
results, confocal microscopy analysis revealed that the majority of
MS9II cells had markedly high levels of surface CTXB fluorescence
(Fig. 7C). The CTXB fluorescence appears to be on the plasma

FIG 4 (A to D) Representative immunofluorescence images of MS and MS9II cells showing localization of APP with the IGF-II receptor. Note the localization
of a subset of APP with IGF-II receptor in MS9II cells. (E to T) Confocal images of MS and MS9II cells depicting localization of APP (E, G, I, K, M, O, Q, and S)
in calnexin-labeled ER (F and H), Rab5-labeled early endosomes (J and L), Rab7-labeled late endosomes (N and P), Rab11-labeled recycling endosomes (R and
T), and LAMP1-labeled lysosomes (V and X). IGF-II receptor, as expected, was not detected in MS cells. APP immunoreactivity was more evenly distributed in
the ER, endosomes, and lysosomes in MS cells than in MS9II cells.
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membrane when the coverslips were fixed immediately after
CTXB labeling, whereas it appears predominantly in the perinu-
clear area after internalization for 30 min (Fig. 7D). These results
indicate that MS9II cells have high levels of GM1, and that CTXB
internalization is not disrupted in these cells despite higher levels
of caveolin 1 expression. Together with raft fractionation results,
these findings provide a basis to suggest that IGF-II receptor over-
expression influences the processing of APP, leading to enhanced
levels of A� peptides partly by increasing the levels of lipid raft
microdomain components and shifting more full-length APP to
membrane raft microdomains.

Enhanced A� production increases cell vulnerability to tox-
icity. Earlier studies have shown that increased levels of APP–
CTF-� and A� peptides can render cells more susceptible to
toxicity (47, 48). To determine whether IGF-II receptor-overex-
pressing MS9II cells, which generate higher levels of APP–CTF-�
and A� peptides, are more susceptible to toxicity than MS cells, we
exposed both cell lines for 24 h to 0.01 to 0.25 �M staurosporine,
a broad-spectrum protein kinase inhibitor that has been used

widely to induce apoptosis in a variety of cultured cells (49, 50).
Our results revealed that staurosporine induced cytotoxicity in a
dose-dependent manner in both cell lines, but MS9II cells were
significantly more vulnerable to toxicity than MS cells (Fig. 8A).
Importantly, toxicity induced by staurosporine was markedly at-
tenuated when the MS9II cells, but not MS cells, were cotreated
with various concentrations of the �-secretase inhibitor BIV (Fig.
8B to D). This is accompanied by a dose-dependent decrease of A�
secretion from MS9II cells treated with staurosporine and BIV
(Fig. 8E). These results indicate that enhanced sensitivity to stau-
rosporine is due to increased levels and processing of APP via the
amyloidogenic pathway in MS9II cells.

IGF-II receptor overexpression increases levels of APP and
its processing in SK-N-AS neuroblastoma cells. To determine
whether the overexpression of IGF-II receptor in a neuronal cell line
can influence APP levels and its processing, as observed in MS9II
cells, we performed a set of experiments using human SK-N-AS neu-
roblastoma cells, a cellular model widely used to study APP metabo-
lism and neuronal vulnerability. SK-N-AS cells were mock infected or

FIG 5 (A to D) Representative immunofluorescence images of MS and MS9II cells showing localization of BACE1 with IGF-II receptor. Note the localization
of a subset of BACE1 with IGF-II receptor in MS9II cells. (E to T) Confocal images of MS and MS9II cells depicting localization of BACE1 (E, G, I, K, M, O, Q,
and S) in calnexin-labeled ER (F and H), Rab5-labeled early endosomes (J and L), Rab7-labeled late endosomes (N and P), and LAMP1-labeled lysosomes (R and
T). IGF-II receptor, as expected, was not detected in MS cells. BACE1 immunoreactivity was more evenly distributed in the ER, endosomes, and lysosomes in MS
cells than in MS9II cells.
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transduced with adenoviral constructs bearing cDNAs for GFP or the
IGF-II receptor. Using Western blot analysis, we first validated that
the IGF-II receptor-infected SK-N-AS cells overexpress IGF-II recep-
tor 15-fold relative to endogenous levels of the receptor in cells in-
fected with the GFP vector or mock, uninfected cells (Fig. 9A and B).
Our results also revealed that IGF-II receptor overexpression en-
hanced the levels of APP, APP–CTF-�, and APP–CTF-� in SK-N-AS
cells compared to those of cells infected with the GFP vector or unin-
fected control cells (Fig. 9C to E). Additionally, we observed that
levels of secretory A�1–42 also were increased in the conditioned me-

dia of IGF-II receptor-overexpressing cells compared to levels for the
controls, but this increase did not reach statistical significance (Fig.
9F). Collectively, these results suggest that the overexpression of the
IGF-II receptor can upregulate APP and its metabolism in human
SK-N-AS neuroblastoma cells as a representative example of a neu-
ronal cell type.

DISCUSSION

The present study shows that stable IGF-II receptor overexpres-
sion in a well-characterized cell culture model increases the levels

FIG 6 (A) Distribution profiles of IGF-II receptor, APP, BACE1, PS1, and CTFs (CTF-� and CTF-�) on lipid raft and nonraft membrane domains of MS and
MS9II cells. Cultured MS and MS9II cells were solubilized in 1% Triton X-100 and fractionated on a discontinuous OptiPrep gradient. Equal volumes of the
recovered fractions were separated by SDS-PAGE for the immunoblot analysis using antibodies against the aforementioned proteins. GM1 and caveolin 1 were
used as lipid raft markers, whereas transferrin receptor was used as a nonraft marker. Note that IGF-II receptor, APP, BACE1, PS1, CTF-�, and CTF-� are evident
both in raft and nonraft domains of the membranes but are found more predominantly in the raft domain in MS9II cells than in MS cells. (B and C) Quantitative
analysis of raft distribution of IGF-II receptor and APP. Three independent OptiPrep gradient fractionated samples of MS9II and MS cells were analyzed by
immunoblotting and quantified. Data for individual proteins are expressed as percentages of total protein in the blot. Note that the levels of APP were increased
in raft fractions but decreased in nonraft fractions of MS9II cells compared to those of MS cells. All values are expressed as means 	 SEM, and data were analyzed
using Student’s t test. *, P � 0.05.
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of A�1– 40 and A�1– 42 by enhancing the levels and processing of
endogenous APP. MS9II cells, which overexpress IGF-II receptor,
differ from MS cells in four characteristics that contribute to this
outcome. First, the levels of APP and BACE1 proteins are in-
creased in MS9II cells. Second, MS9II cells have increased �- and
�-secretase enzyme activities. Third, intracellular localization of
APP and BACE1 appears to be somewhat altered in MS9II cells.
Fourth, MS9II cells have higher levels of lipid raft components
GM1 and caveolin 1 and increased partitioning of full-length APP

into rafts, as well as increases in the steady-state localization of
APP, BACE1, and PS1 (the catalytic subunit of �-secretase) in the
raft domains. These observations provide a cellular basis for the
increased generation of A� peptides in MS9II cells. This is sup-
ported by our observations in IGF-II receptor-overexpressing SK-
N-AS cells, which exhibited increased levels of APP and its cleaved
products. Finally, we show that MS9II cells are more vulnerable to
staurosporine-induced toxicity, which can be attenuated by a
BACE1 inhibitor. Collectively, these results suggest that IGF-II

FIG 7 (A) Flow cytometry analysis of surface CTX labeling. Representative dot plots showing AF647-CTX and Hoechst fluorescence in MS versus MS9II cells.
(B) The histogram plot shows the frequency distribution of A647-CTX fluorescence intensity of MS (red) and MS9II (blue) cells. (C) MS and MS9II cells were
labeled with CTX at 4°C and fixed immediately (Surface) or following 30 min of incubation at 37°C (30 min uptake). The cells were analyzed by confocal
microscopy, and AF647-CTX fluorescence intensity of representative MS and MS9II cells is depicted as pseudocolor images. Phalloidin-TRITC and Hoechst
overlay images of the same field also are shown. (D) Higher magnification of cells (indicated with boxes in panel C) with brightness and contrast readjusted to
visualize the cell surface (Surface) or intracellular localization of CTX (30 min uptake) in MS and MS9II cells. Note that the MS cells are displayed at five times
the intensity of the MS9II cells. **, P � 0.01.
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receptor overexpression enhances the levels and processing of
APP, leading to increased production of A� peptides, which may
render cells more susceptible to toxicity.

Influence of IGF-II receptor overexpression on APP and its
processing enzymes. Previous studies have shown that IGF-II re-
ceptor levels usually are not altered in AD brains (23, 24) but are
found to be selectively decreased in the hippocampus of AD pa-
tients carrying two copies of the APOE ε4 allele (23) or is increased
in the cortical region of familial cases with a PSEN1 mutation (24).
Notwithstanding the results from AD brains, IGF-II receptor lev-
els are markedly increased in the hippocampus and cortex but not
in the striatum of mutant APP transgenic mice compared to those

of age-matched controls (25). We recently reported that the over-
expression of the IGF-II receptor in MS9II cells increases the
steady-state levels of transcripts corresponding to APP, BACE1,
and PS1, although the mechanism associated with this transcrip-
tional regulation remains unclear at this point (38). In the present
study, we observed that levels of APP and APP-CTFs are increased
in MS9II cells as well as in SK-N-AS human neuroblastoma cells
overexpressing IGF-II receptor, suggesting a role for the receptor
in regulating the levels of APP and its processing. As for secretase,
while BACE1 protein levels are increased, the steady-state levels of
PS1 as well as those of another �-secretase subunit, APH-1, are not
altered in MS9II cells compared to those in MS cells (34). This

FIG 8 (A) Histogram depicting decreased viability of MS9II versus MS cells following 24 h of treatment with staurosporine (0.01 to 0.25 �M) according to the
MTT assay. (B) Histogram showing reduced staurosporine (0.1 �M)-induced toxicity following cotreatment of the cells with different concentrations (0 to 0.5
�M) of �-secretase inhibitor BIV. (C and D) Photomicrographs of annexin V-labeled apoptotic cells (C) and corresponding histogram (D) showing reduced
staurosporine (0.1 �M)-induced toxicity following cotreatment of MS9II cells with different concentrations (0.125 and 0.5 �M) of the �-secretase inhibitor BIV.
(E) Histogram showing reduced levels of A�1– 42 in the conditioned media of MS9II cells following 24 h of treatment with 0.125 and 0.5 �M BIV and 0.1 �M
staurosporine compared to the levels of the untreated control cells. All Western blots were reprobed with �-actin antibody to monitor protein loading. All values
are expressed as means 	 SEM (n 
 4), and data were analyzed using two-way ANOVA followed by Bonferroni’s post hoc analysis. *, P � 0.05; **, P � 0.01. STS,
staurosporine.
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finding is consistent with earlier studies, which showed that
steady-state levels of the four �-secretase complex subunits (PS1/
PS2, nicastrin, APH-1, and PEN2) are tightly regulated by their
stoichiometric interaction and ability to form stable �-secretase
complex (51–53). At the cellular level, in addition to an overall
increase in the levels of APP and BACE1, the overexpression of the
IGF-II receptor promoted APP localization in tubular structures,
whose exact nature and functional significance remain to be de-
fined. Moreover, MS9II cells showed pronounced perinuclear
BACE1 localization compared to that of MS cells. Understanding
how these subtle differences in APP and BACE1 localization in
MS9II cells contribute to enhanced APP processing would require
detailed live-cell imaging studies in the future.

Influence of IGF-II receptor overexpression on the produc-
tion/clearance of A� peptides. The steady-state levels of A� are
regulated by multiple factors that can influence not only the gen-

eration but also the clearance of the peptides (5, 54–56). With
regard to APP processing, our results show that IGF-II receptor
overexpression can significantly increase APP and APP-CTFs in
cell lysates as well as soluble APP in the conditioned media of
cultured MS9II cells. These changes are accompanied by an in-
crease of A�1– 40 and A�1– 42 levels in the conditioned media of
cultured MS9II cells. The intracellular levels of A�1– 40 and A�1– 42,
however, were not markedly different in MS9II cells than in MS
cells, suggesting that IGF-II receptor overexpression leads to en-
hanced production followed by the secretion of A� peptides. This
is supported by the observed increases in activity of both �- and
�-secretases in MS9II cells. Moreover, a recent quantitative pro-
teomics study revealed that the IGF-II receptor is a BACE1 sub-
strate, and BACE1-mediated IGF-II receptor ectodomain shed-
ding can reduce the number of intact receptors involved in
lysosomal transport (57). Since IGF-II receptors mediate intracel-

FIG 9 (A and B) Immunoblots (A) and respective histogram (B) showing levels of IGF-II receptor in human SK-N-AS neuroblastoma cells following infection
with adenoviral constructs for the IGF-II receptor and green fluorescent protein (GFP) versus mock-infected cells. (C to E) Immunoblots (C) and respective
histograms showing increased levels of APP (D) and APP-CTFs (E) in IGF-II receptor overexpressing SK-N-AS neuroblastoma cells compared to levels in
mock-infected and uninfected control cells. (F) Histogram showing levels of secretory A�1– 42 in the conditioned media of human SK-N-AS neuroblastoma cells
transduced with the IGF-II receptor or GFP compared to that of mock-infected cells at 24 and 48 h after infection. All Western blots were reprobed with �-actin
antibody to monitor protein loading, and the values, expressed as means 	 SEM, were from 2 or 3 independent experiments. All data were analyzed using
Student’s t test. *, P � 0.05; **, P � 0.01.
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lular trafficking of lysosomal enzymes, such as cathepsins B and D,
which are involved in regulating A� metabolism (7–9, 22, 58, 59),
it is possible that overexpression of the receptor can influence
amyloidogenic processing of APP by altering the levels and/or
redistribution of the enzymes within the EL compartments. In this
regard, the overexpression of cation-dependent mannose 6-phos-
phate receptor also has been shown to increase the production of
A� peptides in cultured mouse fibroblasts by redistribution of
lysosomal hydrolases (60). However, it is of interest that neither
the activation of the receptor by its agonist Leu27IGF-II nor tran-
sient blockade of the clathrin-dependent endocytosis significantly
affect the levels or processing of the APP in MS9II cells. Thus, it is
likely that the receptor mediates the effects by increasing APP
levels and its redistribution within the cells.

Several classes of proteins are known to regulate intracellular
sorting of IGF-II receptors. A family of Golgi membrane-localized
�-ear-containing ARF binding (GGA) proteins mediates both the
anterograde trafficking of IGF-II receptor from TGN to endo-
somes as well as retrograde trafficking from endosomes to the
TGN (61–63). Retrieval of the IGF-II receptor from endosomes to
the TGN is directed by a complex of adaptor proteins, termed
retromers, which are composed of two subcomplexes: one, con-
sisting of Vps35p, Vps29p, and Vps26p proteins, involves in cargo
selection, and the other is comprised of SNX1/SNX2-SNX5/SNX6
dimers that regulate the formation of membrane tubules. Several
other proteins also have been implicated in the retrieval of the
IGF-II receptor, including clathrin-associated adaptor protein 1
(AP-1), tail-interacting protein of 47 kDa (TIP47), and phospho-
furin acidic cluster-sorting protein 1 (PACS1) (64–66). The
mechanisms underlying the retrieval of the IGF-II receptor over-
lap significantly with those of proteins involved in the intracellular
trafficking of APP and BACE1. More importantly, GGA, PACS1,
and retromer complex have been implicated in the control of APP
processing (63, 67–69).

Newly synthesized APP and BACE1 undergo secretory traffick-
ing to reach the cell surface and then are internalized into endo-
somes, where BACE is thought to cleave APP in an acidic environ-
ment, leading to A� production. APP can be retrieved from
endosomes back to TGN by binding to a sorting-related receptor
with A-type repeats (SORLA) via PACS1, thereby preventing its
processing into A� peptides (6, 68). The loss of PACS1 expression
or deletion of the PACS1 binding site in SORLA results in in-
creased accumulation and processing of APP in the endosomal
compartments (70, 71). Like APP, retrograde transport of BACE1
from endosomes to TGN, as observed for the IGF-II receptor, is
mediated by binding to GGA proteins and the retromer complex.
Dysfunction of the retromer complex not only causes endosomal
accumulation of BACE1 but also increases production of APP–
CTF-� and soluble APP� (62, 72). Thus, cellular trafficking of
both BACE1 and APP are intimately related to the regulation of
A� production. Since the retrieval mechanism of the IGF-II re-
ceptor from endosomes to TGN overlaps with that of APP and
BACE1, it is plausible that changes introduced by overexpression
of the IGF-II receptor, such as an increase of APP in lipid rafts,
facilitates the processing of APP within endosomal compart-
ments, leading to the increased production of A� peptides. Apart
from regulating APP processing, IGF-II receptor overexpression
decreased the levels of the A� degrading enzyme IDE but not those
of neprilysin, which also may contribute to an increase in A� levels
in the conditioned media by prolonging its half-life (71, 73). Al-

though the significance of continued IGF-II receptor overexpres-
sion on APP and BACE1 levels as well as APP processing have been
validated by receptor siRNA treatment of MS9II cells in the pres-
ent study, the functional implications of normal levels of the
IGF-II receptor on A� metabolism remains to be evaluated in
future experiments.

Influence of IGF-II receptor overexpression on lipid raft and
A� production. Lipid rafts are highly dynamic assemblies of cho-
lesterol and sphingolipids on cellular membranes that have been
implicated in a variety of functions, including cellular signaling,
lipid and protein sorting, and regulated proteolysis (74–76). Sev-
eral lines of evidence have implicated lipid raft microdomains in
the amyloidogenic processing of APP, while nonamyloidogenic
processing occurs mainly in the phospholipid-rich regions out-
side the raft microdomains (40, 41, 43, 77, 78). Our data show that
IGF-II receptor overexpression not only elevated the levels of raft-
associated glycosphingolipid GM1 and caveolin 1 but also en-
hanced CTXB binding at the plasma membrane and its endocyto-
sis via a raft-mediated mechanism. Considering that APP, A�, and
secretases that generate A� are associated with lipid raft domains
(79, 80), it is likely that alterations in the levels of raft-associated
lipids and proteins affect raft targeting of APP and/or its process-
ing enzymes, leading to altered levels of A� production. Indeed,
we found increased levels of APP, BACE1, and APP-CTFs in both
lipid rafts and nonraft fractions isolated from MS9II cells com-
pared to levels in MS cells. Additionally, the relative raft distribu-
tion of full-length APP also was markedly higher in MSII cells.
Thus, it is likely that IGF-II receptor overexpression partly en-
hances A� production in MS9II cells by increasing the compo-
nents of lipid rafts and possibly shifting more APP to raft mi-
crodomains of the membranes.

IGF-II receptor, A� peptides, and cell viability. Several earlier
studies have shown that the increased production and accumula-
tion of APP–CTF-� and A� can trigger the loss of neurons/cells or
increase their susceptibility to a variety of toxic agents (47, 48, 81).
The IGF-II receptor, under certain conditions, also has been
shown to regulate cell viability (29, 82–84). However, the func-
tional relationship, if any, between A� peptides and the IGF-II
receptor in regulating cell viability remains unclear. Our results
show that receptor overexpression not only enhances the produc-
tion and levels of APP–CTF-� and A� peptides but also renders
the cells more vulnerable to staurosporine-induced toxicity,
which partly involves oxidative stress (85–87). Since A� can in-
duce the generation of toxic free radicals (88, 89), it is likely that
staurosporine toxicity is mediated, at least in part, by increased
levels of APP–CTF-� and/or A� peptides. This notion is sup-
ported by two distinct lines of evidence: (i) inhibition of �-secre-
tase significantly protected MS9II cells from staurosporine-in-
duced toxicity, along with the decreased secretion of A� peptides
into the conditioned media, and (ii) the finding that the overex-
pression of mutant PSEN2, which triggers A� production and the
development of an early-onset form of AD, increases neuronal
susceptibility to staurosporine-induced toxicity (90). Thus, it
would be of interest to determine whether increased A� produc-
tion in familial AD with PS mutations is associated with enhanced
levels of the IGF-II receptor observed in the cortical region of the
brain (24). Collectively, these results highlight not only the signif-
icance of IGF-II receptor overexpression in regulating A� produc-
tion by increasing the levels/processing of APP but also its impli-
cations in the loss of cells and contribution to AD pathology.
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