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Abstract
Cleavage of the amyloid precursor protein (APP) by β- and γ-secretases results in the generation
of the amyloid-β protein (Aβ), which is characteristically deposited in the brain of Alzheimer's
disease (AD) patients. Inhibitors of 3-hydroxy-3-methyl-glutaryl (HMG)-CoA reductase (the
statins) reduce the levels of cholesterol and isoprenoids such as geranylgeranyl pyrophosphate
(GGPP). Previous studies have demonstrated that cholesterol increases and statins reduce Aβ
levels, mostly by regulating β-secretase activity. In this study, we focused on the role of
geranylgeranyl isoprenoids GGPP and geranylgeraniol (GGOH), in the regulation of Aβ
production. Our data show that the inhibition of GGPP synthesis by statins plays an important role
in statin-mediated reduction of Aβ secretion. Consistent with this finding, the geranylgeranyl
isoprenoids preferentially increase the yield of Aβ of 42 residues (Aβ42), in a dose-dependent
manner. Our studies further demonstrated that geranylgeranyl isoprenoids increase the yield of
APP-CTFγ (a.k.a. AICD) as well as Aβ by stimulating γ-secretase mediated cleavage of APP-
CTFα and APP-CTFβ in vitro. Furthermore, GGOH increases the levels of the active γ-secretase
complex in the detergent insoluble membrane fraction along with its substrates: APP-CTFα and
APP-CTFβ. Our results indicate that geranylgeranyl isoprenoids may be an important
physiological facilitator of γ-secretase activity that can foster the production of the pathologically
important Aβ42.
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INTRODUCTION
A large body of evidence suggests that APP metabolism is affected by the alteration of the
lipid microenvironment (1). The genetic link between the risk of AD and the ε4 allele of
apolipoprotein E (ApoE ε4), a protein involved in lipid homeostasis, was established more
than a decade ago (2-5). Epidemiological studies suggest that high levels of cholesterol
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associated with ApoE ε4 may contribute to the pathogenesis of AD (6,7). More recently,
epidemiological studies by several groups have shown that statins, a group of cholesterol-
lowering drugs, can markedly reduce the prevalence of AD (8,9). However, prospective
clinical trials of statins for the prevention of AD will be required to confirm these findings.
Multiple studies have also shown that statins modulate APP processing and reduce Aβ
generation both in vitro and in vivo (9-18), suggesting that the reduction of AD prevalence
may be, at least partly, the result of decreased amyloidogenic APP processing by the
treatment with statins.

As discussed in a well-articulated review, a large body of literature has concluded that Aβ42
levels are specifically increased by familial AD (FAD) mutations and the currently favored
hypothesis is that oligomeric forms of Aβ are responsible for neurodegeneration in AD (19).
As previously reviewed by us, Aβ42 is a minor metabolite of the larger precursor protein,
APP, and is generated after cleavage of APP in the ectodomain by β-secretase into sAPPβ
and APP-CTFβ, and within the membrane by γ-secretase to Aβ and APP-CTFγ (a.k.a.
AICD) (20). Most APP is however cleaved inside the Aβ sequence by α-secretase to sAPPα
and APP-CTFα making CTFβ, and therefore Aβ, a minor metabolite of APP. Moreover,
most Aβ ends at residue V40 and only a small fraction of Aβ ends at residue A42. The ratio
of Aβ42/Aβ40 is however increased in cells bearing FAD mutations, suggesting that Aβ42 is
the more pathologically relevant species (21). Treatment of cells with a membrane
cholesterol extracting reagent results in a drastic reduction of Aβ production by inhibition of
β-secretase processing (22). In addition to total cellular cholesterol, cholesterol esters have
also been reported to increase the generation of Aβ (23,24). Studies using animal models of
AD, including rabbits (25,26), transgenic mice (27-29) and guinea pigs (14), further suggest
a complex relationship between plasma cholesterol levels and Aβ generation. In addition,
cholesterol appears to increase CTFγ, a metabolite whose role in AD pathogenesis has been
poorly studied (30).

Although cholesterol homeostasis clearly plays a role in APP metabolism, whether the
cholesterol-lowering effect of statins is the only mechanism by which statins lower Aβ
levels is far from established. In this regard, the protective effect of statins was found to be
independent of their effect on blood cholesterol levels by one of the early reports (8),
suggesting that statins may protect against AD through an alternative mechanism besides
their cholesterol lowering effect. It has also been shown that brain cholesterol levels and Aβ
levels in the brain are not correlated in transgenic AD mouse model treated with atorvastatin
(11) or in mice genetically engineered to have low blood cholesterol levels (31).
Furthermore, γ-secretase activity in the detergent insoluble membranes (DIMs; a.k.a. rafts,
TIMs, DRMs) is not affected by the reduction of cholesterol levels with cholesterol
extracting reagent, suggesting that the γ-secretase activity in DIMs does not depend on
cholesterol level per se (32). Statins inhibit HMG-CoA reductase, and thus reduce the
synthesis of mevalonic acid and several of its important metabolites including cholesterol
and isoprenoids (such as GGPP and farnesyl pyrophosphate; FPP). A recent report shows
that GGPP plays an important role in modulating APP processing and Aβ production by
statins (33). Other reports, including one from us, have also demonstrated that GGPP
preferentially increases the levels of Aβ42 rather than total Aβ, suggesting that GGPP
modulates γ-secretase activity or Aβ42 turnover (34,35). In this study, we have
demonstrated that geranylgeranyl isoprenoids stimulate the processing of APP-CTFα and
APP-CTFβ by modulating γ-secretase. We have also provided evidence indicating that the
active γ-secretase complex is increased in DIMs by treatment with GGOH.
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MATERIALS AND METHODS
Materials

All chemicals were obtained from Sigma (St. Louis, MO, USA) unless otherwise specified.
The rabbit antibody O443 was raised against a maleimide-activated KLH-conjugated
synthetic peptide (CKMQQNGYENPTYKFFEQMQN) which corresponds to the C-terminal
20 residues of APP as described previously (36). Other antibodies used were obtained
commercially as follows: 6E10 (Covance, Denver, PA), anti-PS1 (Calbiochem; San Diego,
CA, USA), and anti-Pen-2 (Signet, Berkeley, CA, USA), anti-nicastrin (cell signaling,
Danvers, MA, USA), anti-flotillin-1 (BD Biosciences, Franklin Lakes, NJ, USA);
peroxidase-conjugated secondary antibodies (Jackson ImmunoResearch, West Grove, PA,
USA). Lovastatin and simvastatin were purchased from Calbiochem (San Diego, CA, USA);
ELISA kits for Aβ40 and Aβ42 detection were purchased from IBL Co. Ltd (Gunma, Japan)
and Innogenetics (Ghent, Belgium), respectively.

Maintenance and treatment of cell culture
HEK 293 cells stably expressing the Swedish mutant form of APPKM670NL (HEK293-
APPswe) and CHO cells stably overexpressing wild-type APP (CHO-APPwt; 2B7 a kind
gift from Dr. Todd Golde) were maintained in DMEM/F12 medium containing 10% fetal
bovine serum (FBS) at 37 °C with 5% CO2. HEK293-APPswe cells were kept in serum-free
DMEM/F12 medium with 1% bovine serum albumin (BSA) when they were treated with
lovastatin or simvastatin for 48 h. When cells were treated with GGPP or geranylgeraniol,
they were kept in DMEM/F12 with 10% FBS for 24 h. After treatment, secreted Aβ and
sAPPα in media, and full-length APP and its C-terminal fragments in lysates, were
quantified as previously described (36,37).

ELISA assay for Aβ quantification
Aβ was measured using ELISA kits purchased from IBL Co. Ltd and Innogenetics
according to manufacturer's protocols or an in house sandwich ELISA protocol as described
previously (34). The in house assay used end-specific monoclonal antibodies 2G3 (15μg /
ml) and 21F12 (5μg /ml) against Aβ40 and Aβ42, respectively for capture of the indicated
analytes. A second end-specific monoclonal antibody raised against Aβ1-5 was biotinylated
and used in combination with horseradish peroxidase-coupled streptavidin for detection
using the chromogenic Tetramethylbenzidine (TMB) substrate.

In vitro γ-secretase assay
The efficiency of γ-secretase cleavage of APP-CTFα and APP-CTFβ after treatment with
GGOH was directly determined by an in vitro γ-secretase assay as previously described
(36). Briefly, cells were homogenized on ice in buffer A (50 mM HEPES, 150 mM NaCl,
and 5 mM EDTA, pH 7.4) with a Dounce homogenizer. All subsequent steps were carried
out at 4°C unless otherwise indicated. Homogenates were sequentially fractionated by
centrifugation at 2,500 × g for 15 min to collect unbroken cells and nuclei, and the post-
nuclear supernatants were spun at 15,000 × g for 30 min. The pellets were washed once in
buffer A and resuspended in buffer B (50 mM HEPES buffer, 150 mM NaCl, pH 7.0, 5 mM
EDTA, 5 mM PNT, and 1 mM thiorphan) and incubated at 37 °C for 1 h. After incubation,
the samples were chilled on ice to stop the reactions, membranes were removed by
centrifugation at 15,000 × g for 30 min and the final supernatants were analyzed by Western
blotting for yield of APP-CTFγ.
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Isolation of detergent insoluble membranes
The DIMs were prepared as described by Wada et al with minor modifications (32). All
steps were carried out at 4 °C. Confluent cells from two culture plates (100 mm) were
washed and scraped into ice-cold PBS and resuspended in 750 μl buffer R (20 mM Tris-
HCl, pH 7.4, 150 mM NaCl, 1mM EDTA) containing 1% CHAPSO and complete protease
inhibitors (Roche, Indianapolis, IN, USA). After 60 min incubation on ice, the cell lysates
are adjusted to 45% sucrose with 90% sucrose and placed in the bottom of a 5 ml Beckman
ultra-clear centrifuge tube, and overlaid with 2 ml of 35% sucrose in buffer R, followed by
1.5 ml 5% sucrose in buffer R. After centrifugation at 100,000 × g for 16 h at 4 °C in a
Beckman SW55 rotor, 10 fractions (500 μl each) were collected from the top of the gradient.

Statistics
The data are presented as Mean ± SD and analyzed by a student's two-tailed t test (p < 0.05
as significant). EC50 was calculated using the PRISM software (Graphpad).

RESULTS
Lovastatin lowers Aβ generation by blocking GGPP synthesis

Statins inhibit HMG-CoA reductase, thereby preventing the synthesis of cholesterol and
non-cholesterol isoprenoids, including GGPP. To determine the metabolite(s) responsible
for the statin-mediated changes in APP processing and Aβ generation, we treated HEK293-
APPswe cells with lovastatin alone or lovastatin supplemented with cholesterol or GGPP in
serum free medium for 48 h. In agreement with previous reports using primary neuronal
cultures as well as a similar HEK293-APPswe system (33), we found that high
concentrations of lovastatin (≥5μM; 48h) caused an accumulation of the immature
endoplasmic reticulum (ER) form of APP as well as both APP-CTFα and APP-CTFβ (Fig.
1A). GGPP reversed the lovastatin-mediated increase in intracellular APP-CTFs (Fig. 1A,
lane 7), but cholesterol did not (Fig. 1A, lane 8). We then determined the effects of
lovastatin, GGPP and cholesterol treatments of the same HEK293-APPswe cell line on
Aβ40 and Aβ42 levels by ELISA analysis of media (Fig. 1B and 1C). Lovastatin caused a
dose-dependent reduction in both Aβ40 and Aβ42. Cholesterol failed to block the lovastatin-
mediated reduction in Aβ levels, although it increased Aβ40 as well as Aβ42 in the absence
of lovastatin. In contrast, GGPP fully reversed the lovastatin-mediated reduction of both
Aβ40 and Aβ42 and also substantially increased the levels of both Aβ40 and Aβ42 over
statin inhibitor-free control cells. In the absence of lovastatin, GGPP increased Aβ42 levels
to a greater extent than Aβ40 levels. However, in lovastatin-treated cells, GGPP increased
both Aβ40 and Aβ42 levels by a similar magnitude, suggesting that the normal cellular
levels of GGPP may be saturating with respect to changes in Aβ40 levels. These results
suggest that the reduction in Aβ levels by lovastatin is mediated by inhibition of GGPP
rather than cholesterol. In addition, although cholesterol and GGPP increase Aβ, the change
is probably mediated by independent mechanisms.

Dependence of Aβ42 generation on GGPP
Like cholesterol, GGPP is a bioactive terminal product generated in an independent branch
of the sterol/isoprenoid synthesis pathway. GGPP can also be generated from GGOH by a
salvage pathway after phosphorylation by GGOH kinase (38). Thus, GGOH has been often
used as a functionally equivalent reagent to restore protein prenylation in many studies
(39-41). Having found that GGPP may play an important role in the statin-mediated
reduction of APP processing to Aβ, we treated CHO cells transfected with wild type APP
(CHO-APPwt) with different concentrations of GGPP or GGOH to determine whether the
phenomenon of isoprenoid-mediated Aβ increase could be extended to wild type APP and
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establish a dose dependence on the levels of isoprenoid. After incubation for 24 h,
conditioned media from control, GGPP and GGOH-treated CHO-APPwt cells were
collected and examined for levels of Aβ40 and Aβ42 by ELISA. Both GGPP and GGOH
preferentially increased Aβ42 levels in a concentration-dependent manner (Fig. 2). The
EC50s of the GGPP (MW 501.53) and GGOH (MW 290.5) mediated increase in Aβ42 were
determined to be 14.5 μg/ml (28.9 μM) and 12.1 μg/ml (41.7 μM), respectively. Because the
pharmacokinetic characteristics of GGPP and GGOH in modulating Aβ metabolism are
similar, we chose to use GGOH for most of the subsequent experiments.

GGOH increases intracellular and secreted Aβ42
To determine if the rise in secreted Aβ levels is due to the increase in the production of Aβ,
or due to the efficiency of its release from cells, we determined the levels of intracellular Aβ
after GGOH treatment. Both Aβ40 and Aβ42 levels in cell lysates were increased by the
treatment with GGOH with the accompanied increase in the ratio of Aβ42 to Aβ40 (Fig. 3).
Since GGPP yields the same increase in intracellular Aβ as culture media, the
geranylgeranyl isoprenoids, GGPP and GGOH, increase Aβ42 production rather than
stimulate its release from cells.

GGPP depletes APP-CTFβ and APP-CTFα
Because Aβ is a product generated by γ-secretase processing of APP-CTFβ, we examined
the effect of GGPP and GGOH on the steady levels of APP-CTFβ fragments in CHO-
APPwt cells. GGPP treatment reduced the cellular levels of both APP-CTFα and APP-CTFβ
(Fig. 4A). This reduction in APP-CTFs was not accompanied by a change in levels of full
length APP and is therefore not caused by retention of APP in early trafficking
compartments or reduced APP synthesis (Fig. 4A). Similarly, a time-course study revealed
that GGOH reduced the levels of APP-CTFβ as early as 6 h after the start of treatment with
no visible changes in the levels of full-length APP (Fig. 4B). In conclusion, both GGPP and
GGOH increased the levels of Aβ42 (Fig. 2) and decreased the steady levels of APP-CTFβ
at the same time, suggesting that the increase in Aβ42 may be due to the stimulation of γ-
secretase activity.

GGOH increases Aβ by stimulating γ-secretase
We observed that GGPP reduced the steady state levels of both APP-CTFα and APP-CTFβ,
and at the same time preferentially increased Aβ42. These data prompted us to hypothesize
that treatment of cells with geranylgeranyl isoprenoids could cause a stimulation of γ-
secretase activity leading to accelerated cleavage of both APP-CTFα and APP-CTFβ and a
simultaneous increase in Aβ42. To test our hypothesis that geranylgeranyl isoprenoids
facilitate γ-secretase cleavage of APP, we treated CHO-APPwt cells with GGOH in the
presence of different concentrations of the γ-secretase inhibitor DAPT. As expected for a γ-
secretase inhibitor, DAPT inhibited Aβ40 (Fig. 5A) as well as Aβ42 (Fig. 5B) and increased
APP-CTFα and APP CTFβ (Fig. 5C) in a dose-dependent manner. At a low concentration
(10 nM), DAPT slightly reduced Aβ40 levels from control cells (open bars), but this
reduction was more substantial in GGOH-treated cells (solid bars), effectively leveling the
yield of Aβ40 in the two groups (Fig. 5A). As previously reported, DAPT preferentially
inhibits Aβ40 more than Aβ42 at low concentration, with 10 nM showing no change in
Aβ42 secreted from control cells (Fig. 5B). Nevertheless, even this low concentration
inhibited Aβ42 from isoprenoid-treated cells by almost 50% to effectively yield the same
level of Aβ42 as control cells (Fig. 5B). In summary, GGPP increases Aβ42 by stimulating
γ-secretase activity and this increase can be reversed by treatment with low doses of a γ-
secretase inhibitor that does not affect control cells.
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GGOH increases APP-CTFγ and γ-secretase activity
To independently confirm the stimulation of γ-secretase by GGOH treatment, we
determined the yield of CTFγ in an in vitro γ-secretase assay established previously in our
laboratory (36). Because treatment with GGOH reduces the intracellular levels of the APP-
CTFα and APP-CTFβ substrates, the comparison of APP-CTFγ generation in vitro is likely
to be compromised by the availability of substrate. We took advantage of the observation
(Fig. 5C) that 50 nM DAPT equalizes CTFs in control and GGOH-treated cells to overcome
this problem. Membrane fractions were prepared from cells treated with either 50 nM DAPT
(control) or GGOH and 50 nM DAPT for 24 h and incubated for 1 h at 37°C as described in
the Materials and Methods section. APP-CTFγ generated during incubation in vitro was
used as an indicator of γ-secretase activity in the membrane preparation. After γ-secretase
cleavage, APP-CTFγ is released from the membrane and can be detected in the supernatant
obtained after removing the membranes by centrifugation for 30 min at 15,000 × g. The
majority of APP-CTF fragments was not processed, but remained membrane bound and
fractionated in the pellet. Following co-treatment with DAPT, the levels of APP-CTF
fragments in the pellets of control and GGOH-treated cells were similar. However, the levels
of APP-CTFγ in the supernatant, an indicator of γ-cleavage of APP-CTFs during in vitro
incubation, were significantly increased in membrane preparations from GGOH-treated cells
(Fig. 6A and 6B). This result shows that the generation of APP-CTFγ from the cleavage of
APP-CTF fragments during in vitro incubation was accelerated by GGOH treatment in
culture, strongly suggesting that GGOH treatment enhances γ-secretase activity.
Measurement of Aβ generated during in vitro incubation also showed a preferential increase
in Aβ42 (Fig. 6C). Taken together, these results indicated that GGOH increases Aβ
generation by altering the γ-cleavage of APP-CTFβ.

GGOH increases active γ-secretase in DIMs
Previous studies have demonstrated that γ-secretase components form an active complex
that is enriched in DIMs where it interacts with the APP-CTFα/β substrate (32,40,42,43).
This active complex contains the mature glycosylated form of nicastrin, Pen-2, Aph1, and
fragments of presenilin. Immature nicastrin stays in the dense detergent-soluble membrane
fractions. To determine whether the GGOH treatment affects the incorporation of active γ-
secretase complex into the DIM fraction, we examined the effect of the distribution of γ-
secretase components and APP-CTF fragments in DIM after the treatment with GGOH.
CHAPSO, a zwitterionic detergent commonly used to examine the association between γ-
secretase components in DIMs (32,40,42,43), was used in this experiment, as the detergents
more commonly used for extraction of DIMs, such as Triton-X100, disrupt the γ-secretase
complex leading to its inactivation. Cell cultures were treated with vehicle control or GGOH
in the presence of 50 nM DAPT for 24 h in culture, homogenized in Tris-buffered saline
containing 1% CHAPSO on ice and then subjected to flotation fractionation as described in
Materials and Methods. As expected, flotillin, a marker of lipid rafts was found in the
interface between 5% and 35% sucrose in the buoyant fractions three and four. Multiple γ-
secretase components were also found in this fraction (Fig. 7). As expected, immature (core
glycosylated) nicastrin, a marker of γ-secretase in early cellular compartments prior to active
γ-secretase complex formation, is almost exclusively seen in the detergent soluble fractions
in 45% sucrose (Fig. 7, fractions 8-10) acting as an internal control for the purity of the DIM
fraction. Treatment with GGOH caused an increase in APP-CTFs in the DIM fractions
compared with controls, although the levels and distribution of full length APP was not
affected (Fig. 7). Because the γ-secretase-mediated processing of APP-CTF fragments was
stopped by DAPT, this result may reflect an increase in γ-secretase-bound APP-CTFs
cotransported into the DIM fractions by the treatment of GGOH. Moreover, mature
nicastrin, pen-2, and presenilin were also increased in the DIM fractions by the treatment
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with GGOH, confirming an increase in levels of the active γ-secretase complex in DIMs
upon treatment with GGOH (Fig. 7).

DISCUSSION
Consistent with a recent report (33), we found that treatment of HEK293-APPswe cells with
lovastatin caused an increase in the levels of intracellular APP-CTFα and APP-CTFβ, along
with a decrease in the levels of Aβ in the media (Fig 1A-C). The increase in intracellular
APP-CTFα and APP-CTFβ could either be due to an increase in APP-CTF production or a
decrease in APP-CTF turnover. Since the levels of both APP-CTFα and APP-CTFβ are
increased, the increased production of the APP-CTFs would imply an increase in both α-
and β-secretase activities. Parson et al have recently shown that lovastatin and simvastatin
actually inhibit the dimerization of BACE and decrease BACE activity making an increase
in activity unlikely (44). We have also measured BACE activity in CHO cells after the
treatment with different concentrations of lovastatin and found no increase in BACE activity
(data not shown), suggesting that increased APP-CTFβ production may not be the cause of
the increase in intracellular APP-CTFβ. Because both APP-CTFα and APP-CTFβ are
cleaved by γ-secretase and Aβ is generated following cleavage of APP-CTFβ, an inhibition
of γ-cleavage by lovastatin might explain all the changes observed following lovastatin
treatment. The recovery of Aβ production as well as reversal of the lovastatin-mediated
accumulation of APP-CTFα and APP-CTFβ by GGPP (Fig. 1A-C) suggests a critical role of
GGPP in mediating the inhibition of Aβ production by statins. Although cholesterol can
increase Aβ yield by unknown mechanisms, it failed to reverse the inhibition of Aβ
production by lovastatin (Fig. 1A). Inhibition of isoprenoid synthesis by lovastatin also
results in the accumulation of APP, which is reversed by GGPP. However, unlike the
reduction of Aβ, the APP accumulation is only seen with the high dose of lovastatin (5 and
10 μM). We thus conclude that this accumulation of APP is a secondary response mediated
by a failure of APP trafficking, which is reversed by GGPP treatment. Taken together, these
data support our hypothesis that inhibition of GGPP synthesis may play a critical role in
statin-mediated changes in APP-processing and Aβ generation, possibly by inhibiting γ-
secretase-mediated processing of APP-CTFβ. A similar result was also obtained with FPP
(data not shown), suggesting that multiple isoprenoids can foster Aβ production.

Consistent with the concept that inhibiting the synthesis of GGPP will inhibit γ-secretase
activity, lovastatin treatment results in an accumulation of intracellular APP-CTFα and APP-
CTFβ. Conversely, we find that addition of GGPP or its precursor GGOH reversed the
increase of intracellular APP-CTFβ and APP-CTFα (Fig. 4), suggesting that inhibition of
isoprenoid synthesis, rather than cholesterol, is responsible for accumulation of CTFα and
CTFβ. The observation that inhibition of α-secretase by DAPT can reverse the drop in APP-
CTFα and APP-CTFβ levels (Fig. 5C) further support the conclusion that the GGPP-
stimulation of Aβ levels is due to increase in γ-secretase activity. Membrane preparations
from cells treated with GGOH generate more APP-CTFγ than controls during in vitro
incubation indicating that preconditioning of cells with GGOH treatment facilitates γ-
secretase cleavage of APP-CTFα and APP-CTFβ (Fig. 6A and 6B). Since GGOH affects
both CTFβ and CTFα proportionately, we expect it to also increase the γ-secretase product
of CTFα – P3, as well. It will be useful to examine the changes in this peptide to analyze the
trafficking and processing of APP by both α- and β-secretase pathways in future studies.
Treatment with GGPP or GGOH causes a preferential increase in Aβ42 production (Fig. 2),
suggesting that GGPP and GGOH favor the production of the longer, potentially pathogenic
Aβ42 fragments, like a number of familial AD mutations. Taken together, our data supports
the hypothesis that geranylgeranyl isoprenoids stimulate γ-cleavage of APP-CTF fragments
and at the same time preferentially increase the cleavage of APP-CTFβ to Aβ42.
Geranylgeranyl isoprenoids may directly modify the γ-secretase complex as previously
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suggested (35). Alternatively, GGPP may regulate the trafficking of APP-CTFβ and/or γ-
secretase components to a specific subcellular site, where APP-CTFβ may not only be
cleaved at a faster rate, but also more favorably cleaved at the site of Aβ42. Since GGOH
treatment increases the levels of APP-CTFα and APP-CTFβ along with γ-secretase
components into the DIM fraction, it is likely that GGPP fosters the formation and/or
stabilization of the γ-secretase complex (Fig. 7). DIMs have been previously shown to be a
major site for γ-cleavage of APP-CTF fragments and Aβ generation (32,40,42,43). The
increased partition of APP-CTF fragments into DIMs by the treatment with GGOH likely
provides more substrate to the sites where active γ-secretase exists, thus facilitating the γ-
cleavage of APP-CTF fragments. In addition, the incorporation of mature nicastrin and other
γ-secretase components into DIMs is also increased by geranylgeraniol, suggesting an
increase in the active γ-secretase complex in DIMs. This is consistent with a recent report
showing that statins reduce the incorporation of γ-secretase components into DIMs at least
partly through the inhibition of GGPP synthesis (40). Thus, the increased availability of
GGOH to cells can both increase the incorporation of active γ-secretase complex in DIMs
and the availability of its substrates. However, the exact mechanism by which GGPP
mediates an increased incorporation of APP-CTF fragments and γ-secretase still needs to be
identified. For example, we are currently unable to distinguish between a direct effect of
GGPP incorporation into membranes and a GGPP-mediated signaling pathway. Regardless
of the mechanism of stimulation, the data showing a higher yield of active γ-secretase in
DIM fractions from GGOH-treated cells suggests that the ultimate result is a direct increase
in levels of active γ-secretase. We have not examined the effects of GGOH on β-secretase in
detail and cannot rule out multiple pleiotropic effects of GGOH, but can confirm that
increase in γ-secretase is one of the affected pathways. Since GGPP treatment mimics
familial AD mutations by increasing levels of Aβ42 and modulating γ-secretase, these
studies may provide novel insights into the mechanisms by which these mutations increase
Aβ42 and also identify potential physiological failures that can phenocopy these mutations
in typical late-onset AD (19).
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Figure 1. Effects of lovastatin on the steady levels of APP-CTFs and the levels of Aβ
HEK293-APPswe cells were treated with different doses of lovastatin alone or in
combination with 200 μM cholesterol or 15 μg/ml GGPP for 48 h. A) APP and APP-CTFα
and APP-CTFβ in cell lysates were detected by Western blotting with the O443 antibody
against the C-terminal 20 residues of APP. In lane 7 and 8, cells were treated with 5 μM
lovastatin supplemented with 15 μg/ml GGPP (GP) or 200 μM cholesterol (Chl). B) Aβ40
and C) Aβ42 in the media were measured by ELISA.
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Figure 2. The concentration-dependent effect of GGPP and GGOH on Aβ generation
CHO-APPwt cells were treated with different concentrations of GGPP or GGOH for 24 h
and Aβ40 and Aβ42 in the media were measured by ELISA.
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Figure 3. The effect of GGOH on the generation of intracellular Aβ
CHO-APPwt cultures were treated with 10 μg/ml GGOH for 24 h. Intracellular Aβ40 and
Aβ42 were measured by ELISA assay of cell lysates.
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Figure 4. The effect of GGPP and GGOH on APP-CTFα and APP-CTFβ
A) CHO-APPwt cells were treated with 15 μg/ml GGPP for 24 h. APP and APP-derived
fragments in cell lysates were determined by Western blotting with O443. B) CHO-APPwt
cells were treated with 10 μg/ml GGOH for different durations as indicated. Cell lysates
were immunoprecipitated with O443 antibody, and then Western blotted with 6E10 to
determine the levels of APP-CTFβ.
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Figure 5. γ-secretase-inhibitors block the GGOH-mediated increase in Aβ
CHO-APPwt cells were treated with 0, or 10 μg/ml GGOH in the presence of different
concentrations of γ-secretase inhibitor DAPT for 24 h. A) Aβ40 in the media was measured
by ELISA; B) Aβ42 in the media was measured by ELISA; C) The steady levels of APP,
APP-CTFα, and APP-CTFβ were determined by Western blot analysis using the O443
antibody.
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Figure 6. The effect of GGOH pretreatment on in vitro γ-secretase activity
CHO-APPwt cells were treated with 0, or 10 μg/ml GGOH in the presence of γ-secretase
inhibitor DAPT for 24 h. A) Levels of APP-CTFγ generated during in vitro incubation and
APP-CTFα in pellet were determined by Western blot using O443 antibody. B) The relative
density of APP-CTFγ was quantified by densitometry. C) Levels of Aβ40 and Aβ42 were
determined by ELISA.
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Figure 7. GGOH-induced distribution of γ-secretase and APP-CTFs in DIMs
CHO-APPwt cells were treated with 0, or 10 μg/ml GGOH in the presence of γ-secretase
inhibitor DAPT for 24 h. After treatment, cells were lysed in 1% CHAPSO, the lysates were
then separated by flotation fractionation. APP, APP-CTF fragments and γ-secretase
components in each fraction were detected by Western blotting.
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