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Abstract
Amyloid-β (Aβ) peptides, generated through sequential proteolytic cleavage of amyloid precursor
protein (APP), aggregate to form amyloid plaques in Alzheimer’s disease (AD). Understanding
the regulation of Aβ generation and cellular secretion is critical to our understanding of AD
pathophysiology. In the present study, we examined the role of the insulin/insulin-like growth
factor-1 (IGF-1) signaling pathway in regulating APP trafficking and Aβ secretion. Previous
studies have demonstrated that insulin or IGF-1 stimulation can increase Aβ and APP secretion in
a phosphoinositide 3-kinase (PI3K) dependent manner. To expand upon these studies and better
understand the molecular targets responsible for alterations in APP secretion, we constitutively
activated Akt, a downstream component of the insulin/IGF-1 signaling pathway.
Counterintuitively, constitutively active Akt (myr-Akt) overexpression produced an opposite
effect to insulin/IGF-1 stimulation and inhibited secretion of APP and APP metabolites in multiple
cell lines. Myr-Akt overexpression also resulted in increased APP protein stability. Since the
insulin/IGF-1 signaling pathway is tightly regulated by feedback inhibition pathways, we
hypothesized that myr-Akt overexpression may be inducing feedback inhibition of PI3K, resulting
in impaired APP trafficking. In support of this hypothesis, myr-Akt acted at a known node of
PI3K inhibition and decreased insulin receptor substrate 1 (IRS1) protein levels. Our studies
provide further support for PI3K as a modulator of APP trafficking and demonstrate that
overactivation of the insulin/IGF-1 signaling pathway may result in feedback inhibition of PI3K
through IRS1 and reduce APP trafficking and Aβ secretion.

Amyloid plaques, one of the major pathological hallmarks of Alzheimer’s disease (AD),1
are composed mainly of amyloid-β (Aβ) peptides produced from the sequential proteolytic
cleavage of amyloid precursor protein (APP). APP is a type I transmembrane domain
protein that is secreted through the trans Golgi network (TGN) to the plasma membrane
where it can be reinternalized into endosomes and ultimately degraded by the lysosome (1).
APP cleavage occurs constitutively throughout the secretory pathway. Cleavage of APP by
α-secretase generates secreted N-terminal APPα (sAPPα) ectodomain and C83 C-terminal
fragment (CTF), while β-secretase cleavage of APP generates secreted N-terminal APPβ
(sAPPβ) and C99 CTF. The C99 CTF are then cleaved by γ-secretase at one of several
proteolytic sites, thereby generating Aβ peptides of varying lengths. The most common
peptide produced is Aβ1–40, followed by Aβ1–42 (2–5).
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APP cleavage reactions are dependent on subcellular localization. Cleavage by α-secretase
occurs at the plasma membrane as well as in intracellular vesicles budding from the TGN
(6). β-Secretase cleavage of APP occurs in the TGN as well as in endosomes following
internalization of APP from the plasma membrane (7,8). γ-Secretase cleavage is thought to
occur at any point along the secretory pathway, resulting in the generation of Aβ in
intracellular vesicles (9,10). These vesicles containing sAPPs (i.e., both sAPPα and sAPPβ)
and Aβ can then fuse with the plasma membrane to release their contents into the
extracellular space. While intracellular pools of these secreted products have been detected,
the levels are normally minimal compared to the extracellular pool (11).

The insulin/insulin-like growth factor-1 (IGF-1) signaling pathway has previously been
shown to regulate secretion of APP and Aβ. Stimulation of insulin/IGF-1 receptor by ligand
binding results in activation of downstream signaling cascades including activation of
phosphoinositide 3-kinase (PI3K) (12). When activated, the insulin/IGF-1 receptor induces
dimerization and autophosphorylation, facilitating binding and tyrosine phosphorylation of
adaptor proteins, such as insulin receptor substrate 1 (IRS1). IRS1 binds to the regulatory
subunit of PI3K, allowing for membrane location and activation of downstream proteins.
Activation of PI3K mediates the downstream effects of insulin/IGF-1 signaling such as Akt
activation and subsequent regulation of numerous targets, including glycogen synthase
kinase 3 (GSK3) inhibition and mammalian target of rapamycin (mTOR) (12). PI3K can
also activate Akt-independent pathways such as atypical protein kinase C (aPKC) λζ to
mediate other downstream signaling responses (13,14).

Previous studies have demonstrated that insulin and IGF-1 stimulation can increase APP
secretion in a PI3K-dependent manner (15–17). In addition, inhibition of PI3K activity, even
in the absence of stimulation, decreases APP trafficking and secretion (16,18). To expand on
these previous studies and further understand the mechanism downstream of insulin/IGF-1-
induced stimulation of APP secretion, we overexpressed constitutively active Akt (myr-Akt)
in multiple cell lines. Surprisingly, we found that chronic activation of Akt produced the
opposite result to that seen with insulin/IGF-1 stimulation and reduced trafficking and
secretion of APP and APP metabolites. Given that the insulin signaling pathway is carefully
regulated through multiple points of feedback inhibition, we hypothesized that the effects of
myr-Akt on APP trafficking may be mediated through feedback inhibition of PI3K. Indeed,
levels of IRS1, an adaptor protein required for PI3K activation and a major node for
feedback inhibition, were significantly reduced following myr-Akt overexpression.
Together, these results suggest that overactivation of Akt could negatively regulate APP
trafficking and lead to decreased secretion and intracellular accumulation of Aβ.

EXPERIMENTAL PROCEDURES
Materials

APPwt-pcDNA3.1 and APPsw-pcDNA3.1 constructs have been described previously (19).
Aktwt-pUSE, myr-Akt-pUSE, and pUSE empty vector constructs were obtained from
Morris Birnbaum (University of Pennsylvania, Philadelphia, PA). Cyclohexamide was
purchased from Sigma-Aldriich (St. Louis, MO). γ-Secretase inhibitor X (L-685,458) and
PI3K inhibitor LY-294002 were purchased from EMD Biosciences (Gibbstown, NJ).

Tissue Cell Culture
QBI293 cells (a subclone derived from HEK293 cells), CHO (Chinese hamster ovary) cells,
and mouse neuroblastoma N2a cells were grown in DMEM 4.5 g/L glucose (Invitrogen,
Carlsbad, CA), 10% fetal bovine serum, L-glutamine, and penicillin/streptomycin at 37 °C
and 5% CO2 according to standard protocols. QBI293 cells were transfected at 90%
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confluence using lipofectamine 2000 (Invitrogen, Carlsbad, CA) following the
manufacturer’s protocols. Both CHO and N2a cells were transfected using the AMAXA
nucleofector system (Gaithersburg, MD) according to the manufacturer’s protocol. Where
indicated, cells were treated with 50 μg/mL cyclohexamide, 500 μM chloroquine, 50 mM
NH4Cl, 1 μM γ-secretase inhibitor X, or 50 μM PI3K inhibitor LY-294002. For
measurements of protein stability, QBI293 cells were transfected with indicated constructs
for 24 h, after which cells were treated with cyclohexamide and harvested at indicated time
points.

Harvesting Cell Lysate and Media
Following transfections or cell treatment paradigms, conditioned media were collected and
supplemented with 1 μg/mL protease inhibitor cocktail and 0.5 mM PMSF and centrifuged
at 13000g for 10 min to pellet cell debris. Supernatant was used for Western blot or ELISA
analysis of conditioned media. Cells were washed twice with ice-cold PBS and lysed in
RIPA buffer (0.5% sodium deoxycholate, 0.1% SDS, 1% NP-40, 5 mM EDTA, pH 8.0, 1
μg/mL protease inhibitor cocktail, and 0.5 mM PMSF). Cell lysates were sonicated and spun
at 13000g for 25 min. For DEA-RIPA sequential extraction, 2% diethanolamine (DEA) in
50 mM NaCl buffer was added to the cells. Cells were scraped into sample tubes and
homogenized with a Dounce homogenizer and spun at 100000g. Supernatant was
neutralized with 10% volume of 0.5 M Tris, pH 6.8, and the pellet was sonicated in RIPA
buffer as described above. Protein amount was determined by BCA assay.

ELISA Measurements
Sandwich ELISA measurements of Aβ were performed as described previously (20).
Briefly, conditioned media or RIPA lysate was added to plates coated with Ban50 as the
capture antibody. After overnight incubation at 4 °C, plates were washed and incubated with
HRP-conjugated BA27 (Aβ40 specific) or BC05 (Aβ42 specific) antibodies for 4 h at room
temperature followed by chemiluminescence detection. Values were calculated by
comparison to standard curves of Aβ40 and Aβ42 synthetic peptides (Bachem, Torrance,
CA). For ELISA measurements of sAPPα, a sandwich ELISA was performed using LN27
antibody (21) as the capture and Ban50-HRP conjugate as reporting antibody.

Western Blot Analysis
Equal amounts of protein were loaded and run on a 7.5% SDS–PAGE Tris–glycine gel,
transferred to nitrocellulose membrane, blocked in 5% milk, and probed with indicated
antibodies. Immunoreactive bands were identified by enhanced chemiluminescence (ECL).
For detection of full-length APP, we used either 5685 or a goat polyclonal antibody raised to
the N-terminus of APP (Karen) (22). For N2a cells, human-specific Ban50 antibody
(Takeda) was used to eliminate immunoreactivity from mouse APP. For detection of sAPPα,
conditioned media were collected and supplemented with PMSF and protease inhibitors and
were run directly on 7.5% SDS–PAGE and probed with Ban50 antibody. For secreted
sAPPβsw measurements, conditioned media were immunoprecipitated with a goat anti-APP
antibody (Karen) (22) and protein A/G beads overnight at 4 °C. Immunoprecipitates were
run on 7.5% SDS–PAGE gel and immunoblotted with an antibody specific to the C-
terminus of sAPPβsw (no. 54) (23). For detection of C-terminal fragments, equal protein
amounts were loaded on a 15% Tris–tricine gel and probed with a rabbit polyclonal antibody
raised to the C-terminus of APP (5685) (23). To verify consistent loading on Western blots
of cell lysate, the bottom half of the blot was probed with an anti-α-tubulin antibody (Sigma)
or anti-β actin antibody (Sigma) where indicated. Western blots were quantified using
Fujifilm multigauge software v2.3. Relative pixel density was calculated for each band
following background subtraction.
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Statistical Analysis
Data are expressed as mean ± SD. For statistical analysis, unpaired Student’s t test was
performed using Microsoft Excel. Statistical significance was set to p < 0.05.

RESULTS
Myr-Akt Expression Increases APP Levels and Decreases Secretion of APP Metabolites

To test the effects of activating downstream components of the insulin/IGF-1 receptor
activation on APP metabolism, we overexpressed constitutively active Akt (myr-Akt) in
QBI293 cells, a subclone derived from HEK293 cells. Expression of wild-type APP
(APPwt) with myr-Akt resulted in an increase in full-length APP levels (indicated by upper
arrow) as well as an increase in a lower molecular weight species (indicated by starred
arrow) that is immunoreactive with APP N-terminal antibody (Figure 1A). Expression of
APP with wild-type Akt (wtAkt) did not alter APP levels when compared to empty vector
(vec). To verify the proper activation of myr-Akt following transfection, the phosphorylation
state of Akt was analyzed. As expected, cells overexpressing myr-Akt demonstrated
increased phophorylation as compared to vector alone or wtAkt expression, as assessed by
Western blot (Figure 1A). Further, myr-Akt expression resulted in increased inhibitory
phosphorylation of GSK-3, indicating the construct is functioning as expected to activate
downstream signaling pathways (data not shown). Similar results were found with
coexpression of APP containing the Swedish familial mutation (APPsw) as opposed to
APPwt (data not shown). Since no significant difference between APPwt and APPsw was
found, APPsw was used in many cases as this mutation increases β-secretase cleavage and
results in elevated Aβ generation, allowing for easier detection by ELISA.

To determine the identity of the APP immunoreactive lower molecular weight band, QBI293
cells transfected with APPsw and either myr-Akt or wtAkt were sequentially extracted with
DEA, a buffer that allows for the extraction of soluble sAPPs but not the membrane-
anchored full-length APPsw. As expected, sAPPα, the lower molecular weight bands
indicated by the starred arrow, but not full-length APP, was extracted with DEA buffer and
was recognized by both an N-terminal APP antibody as well as a cleavage site specific
sAPPα antibody (2B3) (Figure 1B). α-Tubulin Western blot is shown as a loading control.
Full-length APP (indicated by upper arrow) and sAPPα (starred arrow) were also detected in
the RIPA fraction and were significantly elevated with myr-Akt expression. Therefore, myr-
Akt expression increased levels of both full-length APP and sAPPα in the cell lysate. wtAkt
expression did not alter APPsw or sAPPα levels compared to vector expression. While we
are specifically measuring sAPPα, sAPPβ levels may also be elevated in the cell lysate.
Since β-cleavage of APP occurs at a much lower frequency than α-cleavage in non-neuronal
cells, the levels in the lysate were difficult to measure with available antibodies.

In addition to the increase in sAPP and APP in the cell lysate, intracellular Aβ levels were
also increased in cells expressing myr-Akt as determined by sandwich ELISA, even when
normalized to APP (Figure 1C). However, extracellular levels of both Aβ40 and Aβ42 levels
were significantly reduced with myr-Akt expression (Figure 1D) as were extracellular levels
of sAPPα as measured by sandwich ELISA (Figure 1E). Therefore, it appears that secretion
of APP metabolites is impaired with myr-Akt expression, causing an abnormal intracellular
accumulation of both Aβ and sAPPs.

To determine if these effects could be demonstrated in other cell types, we overexpressed
APP with either empty vector or myr-Akt (myr) in CHO cells. Consistent with our findings
in QBI293 cells, APPsw levels in the cell lysate were increased with myr-Akt expression,
while levels of sAPPα and sAPPβsw in conditioned media were decreased (Figure 2A).
Further, extracellular Aβ40 and Aβ42 levels in conditioned media from CHO cells were
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decreased with myr-Akt expression (Figure 2B). Similar results were found in N2a cells, a
neuroblastoma cell-line, although these cells were more difficult to transfect and expressed
lower levels of APP. APP levels were increased with myr-Akt expression (Figure 2C).
Extracellular Aβ40 levels were also significantly reduced with myr-Akt expression in N2a
cells (Figure 2D). Aβ42 levels were too low to reliably measure from these cells.

Myr-Akt Expression Does Not Significantly Alter Cleavage of APP
Though constitutive activation of Akt appears to affect secretion of APP metabolites, we
wanted to assess any effect myr-Akt may have on the enzymatic cleavage of APP. Myr-Akt
overexpression increased both the β-cleaved C-terminal fragment of APP (C99) and α-
cleaved fragment (C83) when compared to empty vector (Figure 3A). The increase in CTFs
was proportional, and there was no significant difference in the ratio of C83/C99 between
myr-Akt and vector expression paradigms (Figure 3B), suggesting that neither α- nor β-
secretase cleavage is preferentially modified. In addition, the ratio between C83 and C99
was largely unchanged when myr-Akt was coexpressed with APPsw as well (data not
shown). Therefore, myr-Akt expression does not appear to significantly alter APP α- or β-
cleavage reactions.

To test if the increase in CTFs reflects the increase in the upstream substrate, APP, or an
inhibition of γ-secretase, QBI293 cells were treated with a γ-secretase inhibitor. Chemical
inhibition of γ-secretase did not affect the ability of myr-Akt to increase the levels of CTFs
(Figure 3C). Therefore, our studies support the hypothesis that myr-Akt does not act to alter
CTFs through regulation of γ-secretase cleavage of APP.

Myr-Akt Expression Increases APP Protein Stability through Reduced Lysosomal
Degradation of APP

To determine the mechanism of increased full-length APP levels seen with myr-Akt
expression, APP levels were analyzed at indicated time points following cyclohexamide
treatment. Myr-Akt expression significantly increased APP protein stability, while wt-Akt
was similar to vector control (Figure 4A,B). Since myr-Akt expression reduced trafficking
and secretion of APP metabolites, we hypothesized that the increase in APP protein stability
could be due to decreased trafficking of APP to the lysosome. To test this hypothesis, we
analyzed myr-Akt’s effects on APP levels in the presence of lysosomal inhibitor treatment
(NH4Cl or chloroquine). Myr-Akt normally increases APP levels. Under conditions of
lysosomal inhibition, APP levels were increased at baseline but were not further increased
with myr-Akt expression (Figure 4C). These data suggest that myr-Akt increases APP
through inhibition of the lysosomal degradation pathway. It is tempting to speculate that
myr-Akt increases APP protein stability by decreasing vesicular trafficking of APP to the
lysosome. However, the precise mechanism of myr-Akt’s effect on APP levels is unclear.
Further investigation is warranted to confirm the role of the lysosome in this paradigm and
to better understand the mechanism of myr-Akt action.

Myr-Akt Overexpression May Act through Feedback Inhibition of PI3K To Alter APP
Trafficking

Previous studies have shown that PI3K inhibition reduces APP secretion in a similar manner
to myr-Akt overexpression (18). Faced with these counterintuitive results, we hypothesized
that myr-Akt overexpression may be causing feedback inhibition of PI3K. Feedback
inhibition pathways mediated through Akt are well-known and have been demonstrated
previously (24,25). First, to directly test if PI3K inhibition produces effects similar to myr-
Akt expression in our system, we treated QBI293 cells expressing APP with the PI3K
inhibitor LY-294002 (LY). LY treatment increased APP levels (Figure 5A). In addition,
extracellular Aβ40 and Aβ42 levels were significantly reduced following LY treatment
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(Figure 5B) as were sAPPα levels in conditioned media (Figure 5C), as determined by
ELISA.

Previously described feedback inhibition pathways for the insulin signaling pathway involve
regulation of IRS1 protein levels (25,26). IRS1 is a scaffold protein that binds to the
regulatory subunit of PI3K, allowing for localization and activation of the enzyme. IRS1 can
be phosphorylated and targeted for degradation by feedback inhibition pathways, thereby
inhibiting PI3K. Indeed, we found that IRS1 protein levels were significantly reduced
following myr-Akt expression (Figure 5D). These results were very reproducible, and
quantification of multiple experiments demonstrated a statistically significant reduction in
IRS1 (Figure 5E). These results are consistent with a feedback inhibition hypothesis.

DISCUSSION
In this study, we show that constitutively active Akt overexpression reduced trafficking of
APP, resulting in reduced secretion of APP metabolites and decreased degradation of APP
by the lysosome (Figure 6). While somewhat counterintuitive, these effects can be explained
by feedback inhibition of PI3K, as PI3K inhibition produced similar results. Consistent with
a feedback inhibition hypothesis, myr-Akt expression resulted in a significant decrease in
IRS1 protein levels. No significant changes in the ratio of APP cleavage products were
noted, indicating that APP cleavage reactions were largely unmodified.

Our studies suggest that overactivation of Akt results in feedback inhibition of PI3K through
reduced IRS-1 protein levels. IRS1 can be both positively and negatively regulated by a
number of different pathways (26). While tyrosine phosphorylation is considered activating,
serine phosphorylation inhibits the activity of IRS1, either by targeting IRS1 for degradation
or by disrupting binding and inhibiting activation of PI3K. The feedback inhibition pathway
has been well described, and other studies have shown functional consequences of this
feedback inhibition in vivo. For example, chronic Akt activation has been shown to induce
feedback inhibition of PI3K activity through proteasome-dependent degradation of IRS-1
and through inhibition of transcription of IRS-1 and IRS-2 (24). These effects were rescued
by constitutively active PI3K overexpression. In our studies, however, we do not know how
IRS1 phosphorylation is modified or if the reduction in IRS1 occurs at the protein or mRNA
level or both. Future studies include directly measuring IRS1 phosphorylation using
phospho-specific antibodies and measuring IRS1 mRNA levels following myr-Akt
expression. It would also be important to test if overexpression of constitutively active PI3K
constructs can rescue the impairment in APP trafficking seen with chronic Akt activation
and if PI3K activity in the cell is globally reduced.

The molecular feedback pathway caused by chronic Akt activation is also unclear. The
mammalian target of rapamycin (mTOR) is downstream of Akt and can phosphorylate IRS1
on serine residues, targeting it for degradation (27). Using rapamycin to inhibit mTOR
activity should block this feedback pathway; however, we were unable to consistently block
the effects of myr-Akt expression with rapamycin treatment (data not shown). Therefore, it
appears that other signal transduction pathways are involved that mediate effects of myr-Akt
on IRS1. IRS1 activity could be negatively regulated by a number of different kinases,
including JNK (28), PKCδ (29), IKKB (30), ERK (31), and PKCθ (32). It would be
interesting to test if inhibitors of each of these kinases could block the effects of myr-Akt
expression on APP.

Since there are extensive pathways in place that can inhibit activation of IRS1 and the
insulin receptor signaling pathway, this begs the question as to why these negative feedback
pathways exist. Since this pathway is involved in cell growth, activation must be carefully

Shineman et al. Page 6

Biochemistry. Author manuscript; available in PMC 2011 January 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



controlled to prevent uncontrolled cell growth and cancer. In fact, many components of the
insulin signaling pathway, such as IRS1 (33) and Akt (34), have been demonstrated to be
overactivated in various cancers.

While this study provides further support for PI3K in regulating APP trafficking, the
mechanism of this regulation is currently unknown. Since Akt overactivation does not
produce any stimulatory activity on APP trafficking, we hypothesize the effects of PI3K on
APP trafficking to be Akt independent. In support of this hypothesis, overexpression of
dominant negative Akt constructs did not result in any changes in APP levels or in secretion
of APP metabolites (data not shown). Given what is known about PI3K-dependent
trafficking of GLUT4 to the plasma membrane, it is tempting to speculate that similar
cellular processes may be involved in APP trafficking as well. In addition to Akt-dependent
processes, atypical protein kinase C (aPKC) λζ is also involved in downstream GLUT4
trafficking (13,14). aPKCs can affect GLUT4 translocation to the plasma membrane by
promoting association between the GTPase Rab4, motor proteins and microtubules required
for GLUT4 translocation (35). It is possible that these pathways are involved in modulating
APP trafficking as well.

Our studies and others have shown that inhibition of the insulin signaling pathway through
direct PI3K inhibition or through feedback inhibition of PI3K decreased APP trafficking and
secretion. It is unclear, however, how this inhibition of the insulin signaling pathway will
alter APP trafficking in vivo and, if so, what consequences this will have on AD progression.
Intracellular accumulation of sAPPs, APP, and Aβ may invoke negative consequences.
Secreted sAPPs, in particular sAPPα, have been suggested to be neuroprotective and may
also play a mitogenic role (36–38); therefore, decreased secretion of sAPPs could render
cells more vulnerable to toxic insults associated with AD, if sAPPs are indeed protective. In
addition, some have hypothesized that intracellular accumulation of Aβ could promote
toxicity or disrupt intracellular signaling pathways (39). Other studies suggest the Aβ could
aggregate within the acidic environment of endosomes that when secreted could actually
seed amyloid aggregation reactions and promote plaque formation (40). Therefore, both a
decrease in extracellular sAPPs and an increase in intracellular Aβ could produce pathogenic
consequences.

This study suggests that overactivation of the insulin signaling pathway may initiate a
feedback inhibition pathway that results in reduced IRS1 levels and inhibition of PI3K.
PI3K inhibition negatively regulates APP secretion, resulting in abnormal accumulation of
secreted APPs and Aβ within the cell. Further studies are necessary to determine the
mechanism of how PI3K regulates APP trafficking and to determine what consequences this
negative regulation of APP secretion will produce in vivo in terms of disease progression.
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Figure 1.
Myr-Akt expression increases APP levels and decreases secretion of APP metabolites.
Constitutively active Akt (myr-Akt) or wild-type Akt (wtAkt) was coexpressed with wild-
type APP (APPwt) in QBI293 cells. Coexpression of empty vector (vec) is used as a control.
(A) Western blot analysis for APP shows that myr-Akt increases APP levels (upper arrow)
as well as a lower molecular weight species (starred arrow) that immunoreacts with an APP
N-terminal antibody. Phospho-Akt and Akt Western blots are shown to verify expression
and increased Akt activity with myr-Akt overexpression. (B) QBI293 cells transfected with
Swedish mutant APP (APPsw) and either myr-Akt or wtAkt were sequentially extracted
with DEA, to extract soluble material, followed by RIPA, to extract detergent-soluble
material. Western blot of cell lysate for APP (upper arrow) and sAPPα (starred arrow) is
shown. α-Tubulin is shown as a loading control. (C) Aβ ELISA of RIPA lysate from
transfected cells shows increased intracellular Aβ40 levels with myr-Akt overexpression.
(D) Aβ ELISA of conditioned media shows decreased secreted Aβ40 and Aβ42 with myr-
Akt expression. (E) sAPPα ELISA of conditioned media shows decreased sAPPα levels with
myr-Akt expression. ELISA data shown in (C), (D), and (E) are normalized to full-length
APP quantified from Western blot analysis and represent pooled data from at least three
separate experiments. Data expressed as mean ± SD. * = p < 0.05.
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Figure 2.
Effects of myr-Akt expression on APP occur across multiple cell lines. (A) Western blot
analysis of CHO cells expressing APPsw and either empty vector (vec) or myr-Akt (myr) is
shown. APPsw levels in cell lysate are increased with myr-Akt expression, while levels of
sAPPα and sAPPβsw in conditioned media are decreased. (B) Aβ ELISA on conditioned
media from CHO cells shows decreased secreted Aβ40 and Aβ42. (C) Western blot analysis
of N2a cells expressing APPwt and either vec or myr-Akt is shown. APPwt levels, shown
using human-specific Ban50 antibody, are increased with myr-Akt expression. (D) Aβ
ELISA of conditioned media shows decreased secreted Aβ40 with myr-Akt expression.
ELISA data shown in (B) and (D) are normalized to full-length APP quantified from
Western blot analysis and represent pooled data from at least three separate experiments.
Data expressed as mean ± SD. * = p < 0.05.
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Figure 3.
Myr-Akt expression does not significantly alter cleavage of APP. (A) QBI293 cells were
transfected with APPwt and either empty vector (vec) or myr-Akt (myr). Western blot
analysis of the β-cleaved C-terminal fragment of APP (C99) and α-cleaved fragment (C83)
is shown. (B) Quantitation of the ratio of C83/C99 demonstrates no significant difference
between cells expressing vec and myr-Akt. (C) QBI293 cells were treated overnight with 1
μM γ-secretase inhibitor X. Western blot analysis of C99 and C83 in cells expressing APPwt
and either vec or myr-Akt is shown. Western blots shown in (A) and (C) are representative
experiments.
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Figure 4.
Myr-Akt expression increases APP protein stability through reduced lysosomal degradation.
QBI293 cells were transfected with APPwt and either vec, wt-Akt, or myr-Akt. (A) Western
blot of APP levels at indicated time points following cyclohexamide treatment is shown.
Quantitation from Western blots of three independent experiments is shown in (B). Myr-Akt
expression significantly increases APP protein stability. (C) Western blot analysis of APP
levels with or without myr-Akt expression and/or 18 h lysosomal inhibitor treatment (NH4Cl
or chloroquine). Representative Western blot is shown.
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Figure 5.
Myr-Akt overexpression may act through feedback inhibition of PI3K to alter APP
trafficking. (A) Western blot analysis of APP levels in QBI293 cells following 24 h
treatment with PI3K inhibitor, LY-294002 (LY). Actin Western blot is shown as a loading
control. (B) Aβ ELISA of conditioned media shows decreased Aβ40 and Aβ42 levels
following LY treatment. (C) sAPPα levels in conditioned media following LY treatment
were quantified from Western blot analysis. Data in (B) and (C) are normalized to full-
length APP quantified from Western blot analysis and represent pooled data from at least
three separate experiments. (D) Western blot analysis of IRS1 protein levels shows a
statistically significant reduction with myr-Akt expression. α-Tubulin Western blot is shown
as a loading control. Data are quantified from Western blots and graphed in (E) and
represent pooled data from at least three separate experiments. Data are expressed as mean ±
SD. * = p < 0.05.
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Figure 6.
Model: Effects of myr-Akt on APP trafficking and secretion may be mediated through IRS1-
dependent feedback inhibition of PI3K. We hypothesize that constitutive Akt activation
increases APP levels by impairing lysosomal degradation of APP and decreases secretion of
Aβ and sAPPs. Reduced vesicular trafficking of APP can explain both of these phenomena.
Our studies suggest that chronic Akt activation causes feedback inhibition of insulin/IGF1
signaling by decreasing IRS1 protein levels. This reduction in IRS1 levels inhibits PI3K
activation, resulting in reduced trafficking of APP and APP metabolites.
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