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Moderate Reduction of y-Secretase Attenuates Amyloid
Burden and Limits Mechanism-Based Liabilities
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Although y-secretase is recognized as a therapeutic target for Alzheimer’s disease, side effects associated with strong inhibition of this
aspartyl protease raised serious concerns regarding this therapeutic strategy. However, it is not known whether moderate inhibition of
this enzyme will allow dissociation of beneficial effects in the CNS from mechanism-based toxicities in the periphery. We tested this
possibility by using a series of mice with genetic reduction of y-secretase (levels ranging from 25 to 64% of control mice). Here, we
document that even 30% reduction of y-secretase can effectively ameliorate amyloid burden in the CNS. However, global reduction of this
enzyme below a threshold level increased the risk of developing squamous cell carcinoma as well as abnormal proliferation of granulo-
cytes in a y-secretase dosage-dependent manner. Importantly, we demonstrate that there exists a critical y-secretase level that reduces
the risk of amyloidosis in the CNS and limits tumorigenesis in epithelia. Our findings suggest that moderate inhibition of y-secretase
represents an attractive anti-amyloid therapy for Alzheimer’s disease.
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Introduction
Alzheimer’s disease (AD), the most common cause of dementia
in the elderly, is characterized by the deposition of amyloid
plaque and neurofibrillary tangles in the brain (Wong et al.,
2005). Despite significant advances made toward our under-
standing of the pathogenesis of AD, effective mechanism-based
therapies are lacking because only symptomatic treatments for
this devastating illness are currently available. The “amyloid cas-
cade hypothesis” hasled to intense efforts aimed at decreasing the
generation of B-amyloid (AB) peptides (especially AB,,) or in-
creasing their clearance as potential therapeutic strategies for the
treatment of AD (Hardy and Selkoe, 2002; Tanzi and Bertram,
2005). Because A3 peptides are generated by sequential process-
ing of the B-amyloid precursor protein (APP) by B-secretase and
y-secretase, these two enzymes represent high-priority targets for
drug discoveries in efforts to attenuate AB amyloidosis in AD.
One major concern of targeting y-secretase for AD therapy is
that inhibition of 7y-secretase is associated with untoward
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mechanism-based side effects. y-Secretase, an aspartyl protease
comprising presenilin (PS), nicastrin (Nct), anterior pharynx
defective-1 (Aph-1), and PS enhancer-2 (Pen-2) (De Strooper,
2003), is an unusual enzyme required for the regulated in-
tramembranous proteolysis of a growing list of type I transmem-
brane proteins, such as members of the Notch family, which is
critical for binary cell fate (Artavanis-Tsakonas et al., 1999), in
the differentiation of the intestinal epithelium (Brittan and
Wright, 2002), and in lymphopoiesis at multiple steps (Allman et
al., 2002) in adult animals. Moreover, Notch can serve either as an
oncogene or tumor suppressor in various tumor types depending
on gene dosage and temporal or cellular context (Nicolas et al.,
2003; Weng and Aster, 2004; Proweller et al., 2006).

Although several highly potent y-secretase inhibitors are
available, reports of significant toxicity associated with pharma-
cological inhibition of y-secretase using these compounds (Mi-
lano et al., 2004; Wong et al., 2004; Barten et al., 2005) raised
concerns regarding the value of y-secretase for AD therapy. How-
ever, it is unclear whether toxicities associated with these
y-secretase inhibitors are attributable to mechanism-based side
effects or are related to specific off-target side effects of these
compounds. Moreover, high doses of these compounds were
used in these studies to ensure strong inhibition of y-secretase
activity in vivo. Because complete inhibition of y-secretase is pre-
dicted to be toxic, it is possible that modest inhibition of this
enzyme may be sufficient to achieve the therapeutic benefit for
AD without severe liabilities. However, it is not known whether
there exists such a therapeutic window of modest inhibition of
y-secretase. To test the possibility that modest inhibition of
y-secretase can effectively attenuate A amyloidosis but limit
mechanism-based side effects, we assessed the phenotypic conse-
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quences of genetic reduction of y-secretase activity using mice
lacking one allele of PS1 (Wongetal., 1997), Nct (Liet al., 2003b),
or Aph-la (Ma et al., 2005) to generate a series of mice with
different levels of y-secretase activity. Our results established that
modest reduction of y-secretase allows the dissociation of bene-
ficial effects achieved in the CNS from the mechanism-based
toxicities associated with inhibition of y-secretase.

Materials and Methods

Animals and cell lines. Net™/~, Aph—1a+/_, PS1%/~, and APPswe;PS1IAE9
(line 57) mice were generated as described previously (Wong et al., 1997;
Jankowsky et al., 2003; Li et al., 2003b; Ma et al., 2005). Net™ ™ or Aph-
1a™’~ mice were crossed with APP***;PSIAE9 mice to generate APP™";
PSIAE9;Nct™™, APP™PSIAE;Nct*’~, APP"*PSIAE9;Aph-la*’",
and APP**;PSIAE9;Aph-1a™~ mice. The Net™/~ mice were maintained
in a hybrid background of 129sv and C57BL/6/]. Mice for behavioral
analysis were generated in C57BL/6/] congenic background by back-
crossing B6/129 mice with C57BL/6/] mice for at least 10 generations.
Net™/™ mice were crossed with PS1*/~ mice to generate Nett/~;PS1+/~
mice, which were kept on a hybrid background of 129sv and C57BL/6/].
All procedures involving mice were performed under the guidelines of
the Johns Hopkins Medical Institutions Institutional Animal Care and
Use Committee.

Net™'=, Net™/~, Aph-1a™/~, Aph-1a—/~, PS1*/~, PS1~/~, and wild-
type fibroblasts were generated as described previously (Li et al., 2003b;
Ma et al., 2005). All cell lines were maintained in DMEM supplied with
10% of fetal bovine serum with antibiotic and L-glutamine (Invitrogen,
Carlsbad, CA).

Immunoblot and antibodies. Immediately after the mice were killed,
mouse tissues (brain and skin) were dissected, and proteins were ex-
tracted with T-PER Tissue Protection Extraction Reagent buffer (Pierce,
Rockford, IL) containing complete protease inhibitor cocktail (Roche
Diagnostics, Indianapolis, IN). The protein concentrations in the super-
natants were determined by the BCA method (Pierce), and equal amount
of protein lysates were resolved on 4-20% Tris-glycine SDS-PAGE gels,
transferred to polyvinylidene difluoride (Invitrogen, Carlsbad, CA)
membranes, and probed with the following antibodies: anti-Nicastrin (Li
et al., 2003b) and antisera specific for PS1 (Thinakaran et al., 1996)
(PS1-NTF, 1:5000; PS1-loop, 1:2500) and anti-PEN-2 (1:2000) (Luo et
al,, 2003). APP and APP—C-terminal fragments (CTFs) were detected by
antibody CT-15 (Chemicon, Temecula, CA), and monoclonal antibody
against actin and rabbit anti-tubulin antisera were purchased from Sigma
(St. Louis, MO). Anti-Aph-1aL antibody was purchased from Covance
(Princeton, NJ). Immunoblots were developed using the enhanced
chemiluminescence method (Millipore, Bedford, MA).

In vitro y-secretase activity assay. The y-secretase activity of mouse
brains were performed as described previously (Li et al., 2000). After
mouse brain membranes were extracted in buffer A (in mm: 50 MES, pH
6.0,5MgCl,, 5 CaCl,, and 150 KCl) with 1 X complete protease inhibitor
mixture (Roche Diagnostics), and 8 ug of membrane protein was incu-
bated with APP recombinant substrate (1 um) in the presence of 0.25%
3-[(3-cholamidopropyl)dimethylammonio]-2-hydroxy-1-propane-
sulfonate in buffer B (in mm: 50 PIPES, pH 7.0, 5 MgCl,, 5 CaCl,, and 150
KCl) at 37°C. The reactions were stopped by adding radioimmunopre-
cipitation buffer (150 mm NaCl, 1.0% NP-40, 0.5% sodium deoxy-
cholate, 0.1% SDS, and 50 mm Tris-HCI, pH 8.0) and assayed with G2-10
antibody, which recognizes the C terminus of AB,, by ECL.

Filter trap assay. Cellulose acetate membranes with 0.2 um pore size
(OE66; Whatman, Dassel, Germany) were used to trap the aggregates
containing AB from the brain lysate (Xu et al., 2002). Briefly, mouse
brains were weighed and then homogenized in 10 vol of PBS, pH 7.4,
containing a protease inhibitor cocktail (Roche Diagnostics). Homoge-
nates were centrifuged at 3000 rpm for 5 min at 4°C in a microcentrifuge.
The protein concentrations in the supernatants were determined by the
BCA method (Pierce). Before filtering, the samples were diluted with PBS
(100200 wl) and adjusted to a final concentration of 1% SDS. After
filtering, using a 96-well dot-blot apparatus (Bio-Rad, Hercules, CA), the
membranes were washed twice with 500 ul of PBS, pH 7.4, per well.
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Proteins trapped by the filter were detected by rabbit anti-Af antiserum
(Invitrogen, South San Francisco, CA) following conditions used for
immunoblotting analysis. To quantify the levels of AB aggregations
trapped on the filters, density of each dot on the filter was measured by
NIH Image] software. The dot densities of brain extracts from mutant
mice were compared with that of wild-type control mice.

AP assay. To measure the AB levels in vivo, the brains of APPswe;
PSIAE9;Nct'’~ and APPswe;PSIAE9;Nct ™+ mice were dissected on ice
and homogenized in PBS buffer containing complete protease inhibitor
cocktail. After the lysates were centrifuged at 100,000 X g for 30 min, the
supernatants containing soluble AB peptides were collected for assay,
and the pellets were homogenized in 70% formic acid solution. After
storage on ice for 1 h, the formic acid lysates were centrifuged at
100,000 X gfor 1 h, and the supernatants were collected and neutralized
by 1 m Tris-base solution. The concentrations of A, peptides in PBS-
soluble fractions and formic acid-soluble fraction were measured using a
quantitative sandwich ELISA kit (Biosource International, Camarillo,
CA) that specifically detects human AB,,. The concentrations of total
protein extracts were determined by the BCA method (Pierce).

To assay the APP processing in fibroblasts, fibroblasts were infected
with 5 X 10° plaque-forming units of adenovirus expressing human
APP "¢ as described previously (Cai et al., 2001) for 24—48 h. AB,, levels
from culture supernatants of cells were measured using a quantitative
sandwich ELISA kit (Invitrogen, South San Francisco, CA) that specifi-
cally detects human Ap.

Histology and immunohistochemical analysis. After the animals were
killed, the necropsy was performed as described previously (Brayton et
al., 2001). The soft tissues were collected and fixed in 10% Formalin
solution for 24 h. Heads and bones were fixed and decalcified in 23%
formic acid. Trimmed tissues were embedded in paraffin, sectioned, and
stained with hematoxylin and eosin for histological analyses (Brayton et
al., 2001).

For histological and immunohistochemical analysis of A amyloid-
osis, mice were perfused with 4% paraformaldehyde (PFA) in PBS.
Brains were removed, embedded in paraffin, sectioned, and processed.
Sections were analyzed immunohistochemically by the peroxidase—anti-
peroxidase method using antibodies specific for AB (4G8 and 6E10; Co-
vance) and ubiquitin (Dako North America, Carpinteria, CA).

Measurement of amyloid plaques in mouse brain by stereology. To assess
the AB plaque load, one-half of the sagittally bisected mouse brain was
immersion fixed in 4% of PFA and embedded in paraffin. The brains
were sectioned at 10 wm, and sections were selected at eight-section
intervals for analysis using a light microscope interfaced with a Stereo
Investigator (MicroBrightField, Williston, VT). The quantitative analysis
was based on area fraction of ubiquitin immunoreactivity as described
previously (Vehmas et al., 2001).

Water maze testing. Testing was conducted as described previously
(Savonenko et al., 2005). Before the task, mice were pretrained to climb
and stay on a submerged platform (10 X 10 cm) placed in the center of a
small pool (45 cm diameter). During the pretraining (2 d for five trials),
a mouse was placed into the water (face to the platform) and allowed to
swim, climb on the platform, and stay there for 10 s. Then it was picked
up by the tail, dried with a paper towel, and returned to a warm dry cage
for 7-8 min (an average duration of intertrial interval). Thus, before
starting the classic Morris water maze task, all mice were familiarized
with the procedural aspects of the task. The Morris water maze task was
conducted in a pool (100 cm diameter) filled with opaque water (22 =
2°C) and surrounded by a set of distal and proximal spatial cues. Four
daily sessions included 10 platform trials, in which the platform was
submerged but accessible to the mouse, as well as two probe trials (before
and after the block of platform trials). During the probe trials, the plat-
form was collapsed at the bottom of the tank for variable intervals
(30—40 s). At the end of the probe trial, the collapsed platform was
returned to its raised position, and the mouse was allowed to escape onto
the platform. This probe trial protocol ensured the same response-
reinforcement contingency as in the platform trials and allowed the use
of probe trials repeatedly without the effect of extinction. If the mouse
failed to locate the platform in 60 s, the experimenter directed the mouse
to the platform by hand, and the mouse remained on the platform for
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Figure 1. Reduction of y-secretase activity attenuates A(3 deposition in brains of APPswe/PSTAF9Nct ™~ mice. A, ELISA analysis of
secreted A3,,, peptides in the conditional medium of fibroblasts that have been infected with adenovirus-expressing APP **“ protein. The data
were averages from four parallel experiments ( p = 0.002). B, In vitro ~y-sectetase assay of brain extracts of wild-type, ST+~ Aph1a™~,
Net™”~ andNet ™~ ;PST*+/ mice. The datawereaverages from four parallel experiments ( p = 0.002)., Protein extracts (40 g each) from
brains of APP™“.PSTAF9 (lames 1,2), Nct ™~ ;APP*PSTAF9 lanes 3,4), Nt~ (lanes 7,8), and nontransgenic control (lanes 5,6) mice were
immunoblotted withantiseraspecifictoNct, PS1-NTF, PS1-CTF, oractin. D, Protein extracts (40 g each) from brains of APP™**.PSTAE9 (lane 1),
Net™/~APP™PSTAF9 (lanes 2, 3), Nt ™ (lanes 6,7), and nontransgenic control (fanes 4, 5) mice were immunoblotted with antisera that
recognize full-length APP (APP-FL) and APP—CTFs. The same blot was stripped and reblotted using antiserum specific to actin as loading control.
E, Sagittal brain sections (10 um) of 6-and 12-month-old APP*“PSTAF9Nct ™+ and APP™PSTAEGNct *~ female mice. The A3 plaques
werevisualized by immunostaining with antibodies specific to ubiquitin. Scale bars, 0.5 mm. F, Quantitative analysis of the levels of AB aggrega-
tioninthe brains of APP™*PSTAEG NGt~ and APP™°PSTAE9:Nct ™+ mice at 6 and 12 months of age using the fitter trap assay. G, H, ELISA
of soluble (PBS extraction, G, n = 6;p = 0.05) and insoluble (formic acid extraction, H; n = 6;p = 0.001) A3,, peptides extracted from the
brains of female APP"%PSTAF9Nct ™ and APP%PSTAF9Nct ™~ mice rangingfrom 6 and 12 months of age.

J. Neurosci., October 3, 2007 - 27(40):10849 —10859 + 10851

10 s. Distance (path from the start location to the
platform, in centimeters) and swim speed (aver-
age speed during a trial, centimeters per second)
were measured during the platform trials. In the
probe trials, the measures recorded were swim
speed, percentage of time spent in different quad-
rants, as well as the time spent in the area 40 cm in
diameter around the location of platform (annu-
lus 40).

Plus maze task. A plus maze task described pre-
viously (Andreasson et al., 2001) was used for
testing anxiety in a young cohort of mice. For this
test, the maze was raised 70 cm above the ground,
and testing was performed in low diffuse lighting.
Each subject was placed in the center of the appa-
ratus and allowed to explore freely for 5 min. An
observer scored the number of arm entries made
to the open and closed arms as well as time spent
in each area.

Y-maze task. Testing was performed on a
Y-shaped maze as described previously (Andreas-
son et al., 2001). Mice were placed into the end of
one arm and allowed to explore freely for 5 min.
All arm entries are sequentially scored so that the
total number of arm entries as well as the se-
quence of entries are recorded. The spontaneous
alternation behavior was calculated as the num-
ber of triads containing entries into all three arms
divided by the maximum possible alternations.

Flow cytometry. For flow cytometry analysis,
splenocytes were prepared from spleens of
Net*/~ and Net ™™ littermate controls. After lysis
of red blood cells with ACK lysis buffer (catalog
number P304-100; Biosource International,
Rockville, MD), the cells were washed in
fluorescence-activated cell sorting (FACS) buffer
(PBS and 0.5% bovine serum albumin) and incu-
bated with specific antibody directly conjugated
to fluorescein isothiocyanate or phycoerythrin,
washed, and analyzed using a FACSCalibur and
CELLQuest software (BD, Mountain View, CA).
Monoclonal antibodies used were anti-CD3
(clone 17A2), anti-CD4 (clone GK1.5), anti-CD8
(clone 53-6.7), anti-CD19 (clone 1D3), anti-
NK1.1 (clone PK136), and anti-Ly-6G and Ly-6C
(Gr-1, clone RB6-8C5). All the above monoclonal
antibodies and antibody isotype controls were pur-
chased from BD Biosciences PharMingen (San Di-
ego, CA).

Data analysis. All data were analyzed statisti-
cally by Student’s ¢ test or ANOVA. In all tests, the
level of significance was at p < 0.05.

Results

Mouse models with different levels

of y-secretase

Genetically engineered mice with reduced
levels of y-secretase provide useful animal
models to validate y-secretase as target for
AD therapy. In our previous studies, we
generated mice lacking different compo-
nents of y-secretase (Nct, PS1, and Aph-1a).
y-Secretase activity in fibroblasts derived
from Nct'/~, Aph-1a*’~, and PSI"/~ em-
bryos are reduced to ~50-70% of that of
wild-type cells (Fig. 1 A) (Lietal., 2003b; Ma
et al., 2005). In contrast to our previous
finding (Li et al., 2003b), one study showed
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that secretion of AB peptides in Nct™~ fibroblasts was relatively
higher than that of wild-type cells (Li et al., 2003a). To clarify
whether deleting one allele of Nct lead to reduction of y-secretase
in vivo, we first assess the levels of components of y-secretase in
brains of Net ™+ and Net*/~ mice. Nct and N-terminal fragments
(NTFs) and C-terminal fragments of PS1 in brains of Net™'~
mice were reduced compared with age-matched wild-type con-
trols (Fig. 1C, lanes 5-7). In addition, whereas the level of endog-
enous full-length APP in brain was comparable between Nct*/*
and Nct™~ mice, the levels of APP—CTFs, direct substrates of
y-secretase, were increased in Net ™/~ mice compared with that of
Net™”" mice (Fig. 1D, lanes 4—7). These results indicate that the
vy-secretase activity in brains of Net™~ mice is reduced as com-
pared with that of wild-type mice.

Because different components of y-secretase may have differ-
ent effects on y-secretase, we assess y-secretase activities in brains
of mice lacking one alleles of PSI, Aph-1a, or Nct as well as mice
lacking one allele each of Nct and PS1 using in vitro vy-secretase
activity assay. The y-secretase activity in brain extracts of PS1*/~,
Aphla™~, Net™~,and Net™/7;PSI™'™ mice is reduced ~25, 30,
50, and 64%, respectively, compared with that of wild-type mice
(Fig. 1B). These results are consistent with our y-secretase activ-
ity analysis of PS1"/~, Aphla™~, Nct*/~, and Net™~;PS1*/~
fibroblasts (Fig. 1 A), validating that these mice are useful animal
models to evaluate the effects and consequences of chronic re-
duction of y-secretase activity to different levels.

Reduction of Nct attenuates A3 generation and deposition in
APPswe;PSIAE9 mice

To examine whether A deposition is sensitive to the dosage of
y-secretase in the CNS, we crossbred Nct*/~ mice with APP™%;
PSIAE9 mice, a well established model exhibiting accelerated A
amyloidosis attributable to coexpression of familial AD linked
mutations of APP (APP™) and PS1(PSIAEY9) in CNS of mice
(Jankowsky et al., 2003), to generate APP™;PSIAE%;Nct"’~ and
APP™%PSIAE9;Nct ™" animals. As we observed in Net™~ mice,
levels of Nct, PSTAEY, and endogenous PS1 NTFs and PS1 CTFs
in APP*;PSIAE9;Nctt’™ mice were decreased compared with
that of APP™%PSIAE9;Nct ™" mice (Fig. 1C, lanes 1—-4), indicat-
ing that a decrease in the level of Nct is sufficient to reduce
y-secretase complexes in APP™;PSIAE9 mice.

To assess the impact of genetic reduction of y-secretase on the
AP burden, we used several complementary methods. First, im-
munohistochemical analysis using antibodies against ubiquitin
(or against AB; data not shown) revealed that A deposition in
APP™4PSIAE%;Nct™'~ mice was dramatically reduced com-
pared with that of APP™*;PSTIAE;Nct*/" mice at 6 or 12 months
of age (Fig. 1E). Unbiased stereology analysis showed a 48.8%
(n = 5; p = 0.027) reduction of AB burden in cortex and hip-
pocampus area in APP™*PSIAE9;Nct */~ mice when compared
with that of APP™*;PSIAE9;Nct™’" mice at 12 months of age.
Quantitative analysis in brains of the same set of mice using the
filter trap assay confirmed reduction of AB deposits in APP™
PSIAE%Nct™™ mice (47.1 * 21% of APP™;PSIAE%;Nct™’*
mice, n = 3) (Fig. 1 F). Moreover, the levels of soluble and insol-
uble AR peptides extracted by formic acid from the brains of the
same set of mice was significantly lower in APP*"*;PSIAEY;
Net™'~ compared with APP™*;PSTAE9;Nct*'* mice (Fig. 1G,H).
These results are consistent with the concept that ~50% reduc-
tion of y-secretase activity by deleting one allele of Nct can effi-
ciently reduce the generation of AB peptides and ameliorate A3
amyloidosis in the CNS.
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Reduction of Aph-1a attenuates A generation and
deposition in APPswe;PSIAE9 mice

Having established that A3 deposition is sensitive to the dosage of
y-secretase, we predict that modest inhibition of y-secretase to
<50% should ameliorate AB amyloidosis in the brain. Because
y-secretase activity in brain of Aph-1a™’~ mice showed a ~30%
reduction compared with that of wild-type mice (Fig. 1B), we
elected to test this prediction by crossbreeding these Aph-Ia*’~
mice with APP™%PSIAE9 mice to generate APP™;PSIAE9;Aph-
1a™’~ and APP™*;PSIAE9;Aph-1a™’* animals. Protein levels of
Nct, PSIAE9, and Aph-la in AP We;PS]AE9;Aph-1a+/7 mice
were decreased compared with that of APP™PSIAE9;Aph-
1a™" mice (Fig. 2A). Immunohistochemical analysis using an-
tibodies against ubiquitin revealed that AB deposition in APP™;
PSIAE9;Aph-1a™’~ mice was reduced compared with that of
APP™%PSIAE9;Aph-1a™’" mice at both 6 and 12 months of age
(Fig. 2 B). Unbiased stereology analysis showed a 35% reduction
of AB burden in APP™PSIAE9;Aph-1a*’~ compared with that
of APP™*;PSTIAE9;Aph-1a™™" mice at 12 months of age (n = 5;
p = 0.05). Quantitative analysis using the filter trap assay con-
firmed that there was 35 = 16% (n = 3) reduction of A3 deposits
in APP™*;PSIAE9;Aph-1a™’~ compared with that of APP™;
PSIAE9;Aph-1a™’" mice at 12 months of age (Fig. 2C). As ex-
pected, the levels of both soluble and insoluble AB,, peptide ex-
tracted from the brains of the same set of mice were lower in
APP*"%PSIAE9;Aph-1a™’~ compared with that of APP™
PSIAE9;Aph-1a™’* mice (Fig. 2D). Together, using two inde-
pendent mouse models, we demonstrate that modest decrement
of +y-secretase activity to 30-50% is sufficient to attenuate Af3
burden in the CNS. Moreover, the correlation between the
amounts of AB deposition and the levels of y-secretase suggests
that this enzyme functions stoichiometrically in processing of
APP derivatives in the brain, supporting the notion that
y-secretase is a potential therapeutic target for attenuation of AB
burden.

The risk of developing skin tumors is dependent on the levels
of y-secretase in mice
Because the value of y-secretase as a useful therapeutic target
depends on whether chronic inhibition of -y-secretase is associ-
ated with severe mechanism-based side effects, we assessed the
consequences of chronic reduction of y-secretase to different lev-
els in a series of mice with genetic reduction of various compo-
nents of y-secretase complex. Deletions of one or both alleles of
Nect, PS1, or Aph-1a led to reduction of y-secretase activity to
different levels in mouse brains and in fibroblasts derived from
embryos of these mutant mice (Fig. 14, B). In skin extracts de-
rived from Nct*’~ mice, levels of y-secretase components, NCT,
PS1-NTF, PS1-CTF, and PEN-2, were reduced ~50%, findings
that are consistent with the view that y-secretase is reduced glo-
bally in Net™~ mice (Fig. 3A). In addition, by crossbreeding
PSI*~ mice with Net™~ mice, we generated Net™/ ;PS17/~
mice with additional reduction of y-secretase compared with
Net™'™ mice. As expected, the levels of Nct, PS1 fragments, and
Pen-2 in skin of Nct™/7;PSI*’™ mice were decreased compared
with that of Net™~ mice (Fig. 3B). Therefore, we generated a
series of mice with different levels of y-secretase, allowing us an
opportunity to study the consequences of chronic reduction of
y-secretase ranging from ~25 to 64% of wild-type level.
Previous studies indicated that deficiency in PS1 increased the
risk of tumorigenesis in the skin (Xia etal., 2001). Consistent with
the view that y-secretase can serve as a tumor suppressor in epi-
thelium, we found that Nct™/~ mice start to develop skin lesions
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increased in Nct™/~;PSI1"/~ mice. Skin le-
sions similar to those found in older
Net™~ mice developed as early as 1 month
of age in Nct™/7;PS1™/~ mice and were
observed in >90% of Nct"/~;PS1"/~ mice
older than 12 months of age. The median
age of tumor development in Nct™’~;
PS1™/™ mice (45 weeks; n = 45) is accel-
erated when compared with Nct™~ mice
(60 weeks; n = 89) (Fig. 3C). Moreover,
Net™/;PS1"~ mice died with a median
lifespan of 71 weeks, which was signifi-
cantly shorter than that of Nct "~ mice (94
weeks) or wild-type mice (~135 weeks)
(Fig. 3D). More importantly, histological
analysis revealed that skin lesions in

+[- +[+
100 ug 'r' [ W ] 9 160 ;Aph'fa:f Net™/;PS1"~ mice (Fig. 3H) were simi-
50ug @ e 0 % :g : AR lar to thqse observeq in Nct*/ 7 mice (Fig.
’ 2 3E, F), with early lesions consisting of fol-
25ug @ L N g 100 licular and epidermal inclusion cysts, and
1250 @ © @ & 801 with areafs of dysplasia and ?typicalfbaseg
< 60 - cell proliferation. However, lesions foun

625ug S5 N 2 40 in Net™ 7 ;PSI*/~ mice appeared earlier
313ug + @ e 0 E 20 4 and progressed to invasive squamous cell
1.56 ug ° > B o 0- l carcipoma a+t/ei higher rate coglpared with
that in Nct mice, indicating that the
0.78ug ® . Soluble Insoluble risk of skin tumor in mice is dependent on

the level of y-secretase.
Figure 2. Reduction of y-secretase activity attenuates A/3 deposition in brains of APPswe/PSTAE9:Aph-Ta™/~ mice. A, Nct™~ and Nett/7;PSI*’~ mice also

Protein extracts (40 g each) from brains of APP™<:PSTAE9;Aph-1a™™" " and APP™6:PS1AF9;Aph-1a™™/~ were immunoblotted
with antisera specific to Nct, Aph-1aL, PS1-NTF, and actin. B, Sagittal brain sections (10 wm) of 6- and 12-month-old APP*";
PSTAE9;Aph-1a™/" and APP;PSTAE9;Aph-Ta™*/~ female mice. The AB plaques were visualized by immunostaining with
antibodies specific to ubiquitin. Scale bars, 0.5 mm. C, Filter trap analysis of A3 aggregation in the brains of APP*"¢;PSTAEY;
Net ™/~ and APPY6,PSTAE9Nct ™ mice at 12 months of age. D, ELISA of insoluble (formic acid extraction) and soluble (PBS
extraction) A3, peptides extracted from the brains of female APP™**:PSTAF9;Aph-1a™/* and APP™**:PSTAF9;Aph-1a™"~

mice at 12 months of age (n = 5; p = 0.034).

at approximately 25 weeks of age. The initial skin lesions in
Net™~ mice were usually at the face and around the tail (supple-
mental Fig. 1 A, B, available at www.jneurosci.org as supplemen-
tal material). Most of the Nct™~ mice also develop squamous
metaplasia and proliferative changes in sebaceous glands, includ-
ing Zymbal, Meibomian, preputial, and clitoral gland (supple-
mental Fig. 1C,D, available at www.jneurosci.org as supplemen-
tal material). Lesions progressed to invasive squamous cell
carcinoma (SCC) in ~50% of the Nct*/~ mice (Fig. 3 E, F; Table
1). Most Net*/~ mice developed multiple proliferative skin le-
sions; sometimes multiple invasive tumors formed in older
Net™~ mice. Importantly, in one highly invasive case of head and
neck SCC among the 14 cases examined, metastatic foci were
detected in renal cortex (Fig. 3G), further supporting the malig-
nant character of these tumors. The median age at which tumors
appear in Nct™~ mice (n = 89) is ~60 weeks (vs >125 weeks in
wild-type mice; n > 100) (Fig. 3C). Among Nct*/~ mice that
were at least 100 weeks old (n > 30), >90% developed skin
tumors. Although a small percentage of wild-type control mice
developed various tumors at older age (between 90 and 125
weeks; n > 50), they rarely developed skin lesions even at >2
years of age (Table 1). Moreover, Nct'/~ mice died with a median
lifespan of 94 weeks, which was much shorter than wild-type
mice (~135 weeks) (Fig. 3D). The shorter lifespan of Nett™ mice
was attributed at least in part to their increased tumor burden.
Interestingly, the risk of developing skin tumor is significantly

showed proliferative lesions in other tis-
sues, including forestomach (supplemen-
tal Fig. 1 F, available at www.jneurosci.org
as supplemental material). In forestom-
ach, >70% of Nct*/~ mice (n = 29) devel-
oped squamous mucosal hyperplasia, and
some mice showed atypical basal cell pro-
liferation and other dysplastic changes
(supplemental Fig. 1F, available at www.jneurosci.org as supple-
mental material). Forestomach lesions were relatively rare in
wild-type mice, and the common occurrence of dysplasia at this
site in Net™”~ mice and Net™ ;PSI*/~ mice suggests that
y-secretase is required to suppress proliferation of this type of
epithelia as well. Interestingly, other than SCC, tumor develop-
ment in Net™~ and Net™~;PS1"~ mice was not significantly
different compared with wild-type mice (Table 1), indicating that
y-secretase is a specific tumor suppressor in epithelium.

To further assess the relationship between the level of
y-secretase and the risk of tumorigenesis in mice, we analyze two
lines of mice that maintain higher levels of y-secretase than that
of Net™~ mice. PSI1™~ and Aph-1a™’~ mice harbor 75 and 70%,
respectively, of y-secretase compared with wild-type mice. Inter-
estingly, PS1"/~ and Aph-Ia™’~ mice failed to develop any skin
cancers as observed in Net™/~ mice. Although they developed
various tumors at older age, the tumor type and risk of tumori-
genesis observed in PS1*/~ and Aph-1a™~ mice were similar to
that of wild-type mice (Fig. 3C). The life expectancies of these two
mutant lines were also similar to that of control littermates (Fig.
3D). In addition, squamous cell hyperproliferation is rarely ob-
served in PS1*/~ and Aph-1a™’~ mice, even in some mice that
have developed other types of tumors, such as sarcoma that has
invaded into the skin. These data indicate that a critical
y-secretase level is required to protect epithelia from tumorigen-
esis; whereas inhibition of y-secretase up to 30% in mice does not
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Figure 3.  Mice with reduced -y-secretase activity develop spontaneous tumors. 4, Protein
extracts (40 g each) from skin of Nct ™ and Net ™/~ mice were immunoblotted with anti-
sera specific to Nct, PST-NTF, PS1-CTF, or PEN-2. Immunoblots were striped and reprobed
using antiserum against B-tubulin as loading control. B, Protein extracts (40 g each) from
skins of Nt ™/~ and Net ™/~ ;PST™/~ mice were immunoblotted with antisera specific to Nct,
PS1-NTF, PS1-CTF, or PEN-2. Immunoblots were striped and reprobed using antiserum against
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Table 1. Histological diagnosis of wild-type and Nct ™~ mice

Net ™/~ Net ™+

Sick Healthy

Hyperplasia (squamous, basal) 290f 29 1of6 10f15

Neoplasia (total) 17 0f29 50f6 30f 15

Squamous cell carcinoma 140f29 00f6 00f15

Broncho-alveolar carcinoma 60f29 1of6 30f15

Sarcoma 10f29 30f6 00f15
Hematopoietic (lymphoma,
histiocytic sarcoma, mast

cell tumor) 10f29 20f6 00f15

Analysis was performed on 29 Nct*/~ that have skin lesions, and 21 Nct ™™ mice were used as age-matched
controls. Six of the 21 Nct ™ mice appeared sick, and the other 15 appeared healthy. Most (90%) Nct ™/~ mice
have more than one foci of tumors.

increase the risk of SCC, =50% reduction of y-secretase leads to
a significant increase in the risk of tumorigenesis.

Enlargement of spleen in mice with reduced ‘y-secretase

It has been reported that treatment of mice with y-secretase in-
hibitors lead to mechanism-based toxicity of gastrointestinal ab-
normalities, gradually suppressed CD8 positive T cells, increased
appearance of immature B cells in the blood (Wong et al., 2004),
and lymphoid depletion in the marginal zone of the spleen (Mi-
lano et al., 2004). However, we did not observe any of these
abnormalities in our mice with genetic reduction of y-secretase
activity to different levels. In contrast, Nct ™/~ and Net ™/~ ;PS1+/~
mice developed splenomegaly as observed in PSI"/;PS2™/~
mice (Qyang et al., 2004). The average size of spleens in Nct*/~
and Nect™7;PSI™'~ mice were approximately threefold larger
than that of wild-type control mice (Fig. 4A, D), whereas sizes of
other organs of Nct ™/~ and Nct™/~;PSI™/~ mice were not altered
(Fig. 4A). The spleens of some Net™~ and Net™~;PS1"/~ mice
were in excess of 2 g (Fig. 4C). Histological analysis of enlarged
spleens typically revealed marked expansion of red pulp by my-
elopoiesis (Fig. 4F) compared with that of wild-type mice (Fig.
4E). Newly formed granulocytes were particularly prominent in
the spleen, paralleling with increased granulopoiesis in bone
marrow in Net*’~ mice (Fig. 4 H) compared with that of wild-
type mice (Fig. 4G), and neutrophilic leukocytosis in the periph-
eral blood as documented by both automated and manual cell
counts (Fig. 4 B). Flow cytometric analysis of spleen cell suspen-

<«

actinas loading control. €, Kaplan—Meyer plots of tumor developmentin Net /Nt ¥/~ and

Net*/~;PS1/~ mice. Kaplan—Meyer plots of tumor development in Nct ™" (n = 96) and
Net*/~ (n = 89) mice. Note that Nct ™~ mice developed tumors with median age of ~60
weeks, and >>90% of Nct ™~ mice developed skin tumors by 100 weeks of age; none of
Net*/* mice developed skin tumors by this age. The median age of tumor development in
Net™~;PS1+/~ mice is greatly accelerated when compared with Nct ™~ mice (45 vs 60
weeks), and >90% of Nct ™~ ;PS1+/~ mice developed skin tumors by 60 weeks of age ( p <
0.0001). D, Kaplan—Meyer survival plots for Nct ™+, Net ™/, and Net ™~ ;PST™/~ mice.
Compared with wild-type mice, Nt ™~ mice have a significantly shorter lifespan, with a me-
dian life expectancy of 94 weeks, whereas Net™~:PST"/~ mice have a further shortened
lifespan, with median life expectancy of 71 weeks ( p << 0.0001). Death is defined as the time
when mice became moribund. E, SCC near the tail of Nct*/~ mice (33 weeks of age) shows
moderately well differentiated invasive clusters of squamous type epithelial cells (4<). F,
Higher magnification (20X) of E (boxed area) showing moderately well differentiated invasive
clusters of squamous type epithelial cells with cornification, disorganization, atypia, and mitotic
figures (arrowheads). G, Squamous cell carcinoma (arrows) metastasized to the renal cortex in
an Net ™~ mouse (98 weeks of age) (4X). H, Higher magnification (40<) of skin lesions in
Net™/~;PST™/~ mice (21 weeks of ages) showing clusters of squamous epithelial cells with
disorganization, atypia, and mitotic figures (arrowheads). All sections (10 m) were stained
with hematoxylin and eosin.
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sions from Nct*/~ mice revealed normal
percentages of B and NK cells, decreased
percentages of T cells, and increased per-
centages of granulocytes compared with
that of Nct™" mice (Fig. 4I). Together,
these data indicated that the splenomegaly
observed in Nct™'~ and Net™;PS1™/~
mice is caused by myeloid hyperprolifera-
tion and suppression of T-cell
proliferation.

The risk of developing splenomegaly in
mice appeared to be dependent on the level
of y-secretase, and there is a threshold of
y-secretase level for the development of
this abnormality. Although a small per-
centage of old Aph-1a™’~ mice (60 weeks
or older) also showed enlargement of

<«

Figure 4. Nct™~ mice exhibit abnormalities in spleen. A4,
Comparison of the size of organs between Net™~, Net ™~
PS1+/~, and wild-type mice. The average weight of spleen in
Net*/~ and Net ™~ ;PS1+/~ mice is approximately threefold
larger than wild-type control mice. Wet weight of organs was
determined immediate after necropsy. Samples were collected
from 53 Net ™/~ mice, 35 Nct ™~ ;PS7/~ mice, and 66 age-
matched wild-type controls ( p << 0.0001). B, Cell counts of
peripheral blood; percentage of various cell types from Nt ™/~
(n = 8)and Nct ™ (n = 8) mice are plotted ( p = 0.01).C,
The spleen can weigh 2 g in some Nct ™~ mice. Organs in-
dicated are liver (L), intestine (1), and spleen (S). D, Examples of
spleensfroman Nct ™~ (right) and its littermate Net ™/ mice
(left) at 56 weeks of age. E, F, Section (10 m) of spleen from an
Net™~ mouse (F)andan Net */* littermate (E) at 51 weeks of
age stained with hematoxylin and eosin. Note that subcapsular
red pulp is expanded and filled almost exclusively by granulo-
aytes and granulocyte precursors in Net™~ mouse (F),
whereas in spleen of Nct ™/ mouse, normal subcapsular red
pulp with abundant red blood cells and normal white pulp (top
half of image) are observed (60<). Scale bars, 50 um. G, H,
Section (10 um) of bone marrow from an Nct ™~ mouse (H)
and a wild-type mouse (G) at 51 weeks of age stained with
hematoxylin and eosin; note that bone marrow from Nt ™/~
mouse composed almost exclusively of granulocyte precursors
with irregular segmented nuclear morphology (H). The bone
marrow from wild-type mouse showed ample erythroid precur-
sors with more regularly rounded nuclei (G) (60X). Scale bars,
50 wm. 1, Phenotypic analysis of splenocytes from Nct ™" and
Net™/~ mice. Single splenocyte suspensions were prepared
and stained with antibodies indicated. The cells were then an-
alyzed using FACSCalibur and CELLQuest software. Note that
the percentage of T-cell population is decreased, whereas gran-
ulocytes are increased in spleen of Nct ™~ mice. J, Comparison
of the size of organs between Aph-7a™~ and wild-type mice
at older than 60 weeks of age or younger. Samples were col-
lected from 25 Aph-Ta™*/~ mice and 48 age-matched wild-
type controls. K, Comparison of the size of organs between Aph-
Ta™*/~,PS1*/~, and wild-type mice at older than 60 weeks of
age. Samples were collected from 18 Aph-Ta™/~ mice, 7
PS1*/~ mice, and 18 age-matched wild-type controls. L, Anal-
ysis of splenacytes from young Aph-1a™*/~, Net ™/~ Net ¥/~
PS7%/~, and wild-type mice (n = 4 for each genotype, 3
months of age) compared with aged Aph-Ta™*/~ mice at 15
months of age (n = 4). Note that the percentage of T-cell pop-
ulation is decreased, whereas percentage of granulocytes is in-
creased only in the spleen of aging Aph-7a™~ mice.
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Figure 5.  Sizes of spleens in different lines of mice. The weights of spleen were plotted

against the age of the mice. Spleen in mice with splenomegaly weighed >0.2 g, which is more
than twofold compared with that of wild-type mice. Note that risk of developing splenomegaly
is dramatically increased in Nct ™, Net ™/~ ;PS1+/~ ,and Aph-1a™/~ mice that are >1year
of age (arrow) but not in PS7%/™ mice even at older ages.

spleen, splenomegaly is rarely observed in PSI™/~ mice (Fig.
4],K). Flow cytometric analysis of spleen cell suspensions from
aged Aph-lIa*’~ mice (15 months of age) revealed similar
changes in myeloid and lymphocytes as we observed in Net™~
and Nctt/7;PS1™/~ mice, such as normal percentages of B and
NK cells, decreased percentages of T cells, and increased percent-
ages of granulocytes (Fig. 4L). Interestingly, the risk of develop-
ing splenomegaly are correlated with the levels of y-secretase in
mice and appeared to be age dependent (Fig. 5). Most cases of
enlarged spleen were observed in mice older than 60 weeks of age.
Supporting this view, flow cytometric analysis of splenocytes
from young Aph-la™~, Nct*/~, or Net™;PS1™~ mice at 3
months of age revealed no differences compared with that of
wild-type mice (Fig. 4L). Together, our findings suggest that
y-secretase is critical in regulating myeloid and lymphocyte de-
velopment, and reduction of the +y-secretase to >30% will in-
crease the risk of developing abnormal proliferation of granulo-
cytes in mice.

Nct™'~ mice perform normally in tasks that assess memory
and anxiety

Finally, we also tested the impact of reduction of y-secretase up to
50% on CNS function. A series of behavioral studies performed
on 3-month-old mice revealed that Nct*/~ mice exhibit equiva-
lent learning behavior compared with Nct"/* mice in the Morris
water maze, which assesses spatial reference memory (Fig. 6A).
In addition, compared with Nct*/* mice, Net™~ mice showed
similar latencies and distance to reach the platform in a radial
water maze task and in a serial reversal task (data not shown).
Moreover, no differences in anxiety were observed between wild-
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type and Nct™~ mice as assessed in an open-field task (Fig. 6 B)
and on the elevated plus maze (Fig. 6C).

We also perform behavioral test on older mice (6 months of
age). However, because the Morris water maze test will cause
discomfort to Net™~ mice that developed skin lesions, we used
the Y-maze task as an independent method to assess spatial work-
ing memory in older mice (6 months of age). There was no sig-
nificant difference between the Nct*/~ mice and the wild-type
group with respect to spontaneous alternation and total number
of entries (Fig. 6 D). Together, these data indicate that the reduc-
tion in 'y-secretase activity to 50% does not have an adverse effect
on CNS functions in these animals, including learning and
memory.

Discussion

y-Secretase as a therapeutic target for AD

Pharmacological inhibition of y-secretase has long been consid-
ered as an attractive anti-amyloid therapy for AD. However, ex-
ploring the therapeutic potential of y-secretase inhibitors is hin-
dered by the fact that the efficacy in attenuation of Af
amyloidosis and the mechanism-based toxicity associated with
chronic reduction of y-secretase activity remains undefined.
Here, we evaluated the effect on A amyloidosis of global de-
crease of y-secretase activity genetically during aging and dem-
onstrated that AB amyloidosis is sensitive to the dosage of
y-secretase, supporting the view that y-secretase is an attractive
CNS therapeutic target for amelioration of AB amyloidosis in
AD. Moreover, whereas mice with strong reduction/inhibition of
y-secretase (>50%) genetically (Nct™~ or Nct'/~;PS1"/~ mice)
develop skin abnormalities and SCC, mice with modest reduc-
tion of y-secretase are relatively normal (Aph-1a™’~ or PSI™/~
mice), suggesting that beneficial effects in the CNS can be disso-
ciated from the mechanism-based toxicities associated with re-
duction of +y-secretase. Our findings establish that an optimal
level of inhibition of y-secretase can be achieved (supplemental
Fig. 2, available at www.jneurosci.org as supplemental material),
indicating that modest pharmacological inhibition (<<30%) of
y-secretase is a reasonable therapeutic strategy in efforts to ame-
liorate AB amyloidosis in AD.

Pharmacological inhibition of y-secretase activity in vivo has
been reported to cause untoward side effects (Milano et al., 2004;
Wong et al., 2004), which have been interpreted as mechanism-
based toxicity related to disturbance of the Notch signaling path-
way by <y-secretase inhibitors. However, it is unclear whether
current y-secretase inhibitors are specific, i.e., only inhibiting
y-secretase activity. Moreover, discrepancies appear to exist be-
tween different inhibitors of +y-secretase; one inhibitor, BMS-
2999897, did not show the same side effects (Barten et al., 2005)
as that of LY411575 (Milano et al., 2004; Wong et al., 2004). It is
highly possible that phenotypes observed in mice treated with
these inhibitors are not attributable to mechanism-based toxicity
of inhibition of y-secretase but rather to off-target side effects of
these inhibitors. Our genetic approach to evaluate the efficacy
and consequences of chronic reduction of y-secretase demon-
strate that mice with global genetic reduction of y-secretase
(down to ~36% of that of wild-type mice) did not exhibit any
reported toxicity associated with <y-secretase inhibitors in vivo
(Milano et al., 2004; Wong et al., 2004), suggesting that side ef-
fects caused by some y-secretase inhibitors can be attributed to
off-target activities of these compounds. More importantly, our
results establish a basis for setting a standard for evaluating any
y-secretase inhibitors for off-target and side effects of these
drugs.
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y-secretase. In contrast, our observations
are consistent with the finding that reduc-
tion of Notchl was not correlated to
CD4 ™ verses CD8 " T-cell fate decision
(Wolfer et al., 2001), indicating that the
suppression of CD8 ™ T-cell development
in mice treated with y-secretase inhibitor
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is not attributable to inhibition of
y-secretase activity but rather to off-target
side effects of these y-secretase inhibitors.
These findings further emphasize the im-
portance for establishing a standard for
evaluating any y-secretase inhibitors us-

ing a genetic approach.

Our observation that a decrease in
y-secretase activity leads to an enlarged
spleen by promoting the proliferation of

granulocytes in mice implicate that
y-secretase activity plays a critical role in
modulating the development of myeloid
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Figure 6.  Normal cognition in Nct ™/~ mice. A, Learning in the Morris water maze reference memory task was equivalent in

wild-type and Nct ™~ mice at 3 months of age as determined by the percentage of time spentin annulus 40 on the probe trial (40
cm diameter around the platform position; see inset). B, C, No difference in anxiety was observed between 3-month-old wild-type
and Net ™/~ mice as assessed in an open-field test as determined by the percentage of time spent in each zone (B) and on the
elevated plus maze as determined by the number of entries in closed and opened arm (C). D, Performance in Y-maze memory task
mice at 6 months of age. There was no significant difference in spontaneous
alternation (SA, inner box; p = 0.29) and number across the sessions between two groups ( p = 0.32).

was comparable between wild-type and Nt~

y-Secretase functions as a tumor suppressor

Although it remains unclear as to the consequences of chronic
reduction of y-secretase activity in vivo, outcomes from studies of
conditional deletion of PS in the forebrain were interpreted to
support the view that partial loss of PS function in CNS may
contribute to memory loss and neurodegeneration in PS-linked
familial AD (Saura et al., 2004). To clarify the long-term chronic
effects of reducing y-secretase activity in vivo, we assessed Nct /™
mice for pathological and behavioral abnormalities during devel-
opment and aging. Although neither learning/memory impair-
ment nor neurodegeneration in the CNS is observed in Net ™/~
mice, these mice with 50% reduction of y-secretase activity ex-
hibit increased risk for development of age-associated skin can-
cer. Although these findings do not support the notion that hap-
loinsufficiency in y-secretase activity is associated with memory
impairment or neurodegeneration, they strongly support the
view that y-secretase functions as a tumor suppressor.

v-Secretase play critical roles in hematopoiesis

Other than skin tumors, another side effect of reducing levels of
y-secretase in mice is increased risk for development of spleno-
megaly characterized by hyperproliferation of granulocytes and
reduction of T-cell populations, indicating that y-secretase plays
an important role in hematopoiesis. Consistent with the view that
Notch signaling is required for lymphoid progenitors to initiate a
T-cell fate development (Radtke et al., 1999; Tan et al., 2005), we
found that the T-cell population is reduced in mice with enlarged
spleen. However, unlike reports that mice treated with
vy-secretase inhibitors showed suppressed CD8 ™ T-cell prolifer-
ation, no significant difference in CD4 * to CD8 ™ T-cell ratios is
observed in different lines of mice with genetic reduction of

lineages. However, because inflammation
alters normal leukocyte production by
promoting granulopoiesis over lympho-
poiesis (Ueda et al., 2005), it is also possi-
ble that splenomegaly occurring in Net ™~
mice is caused by hyperinflammatory
changes related to ruptured skin cysts and
invasive tumors. However, we found that
splenomegaly also occurred in Aph-Ia*/~
mice that show no significant risk of devel-
oping skin tumors, indicating that the in-
creased myeloid proliferation is more
likely attributable to mechanism-based toxicity of reducing
y-secretase in mice. Consistent with this view is recent findings
that mice heterozygous for PSI and homozygous for PS2
(PS1*/7;PS27"") develop splenomegaly with increased gran-
ulocyte proliferation in the absence of cutaneous lesions (Qy-
ang et al., 2004). Interestingly, that the risk of developing
splenomegaly is dependent on the threshold level of
v-secretase further supports the view that modest reduction of
y-secretase is relatively safe for mice, as observed in PS1"/~
mice, and provides benefits in the CNS but limits mechanism-
based toxicities in the periphery.

Molecular pathways common to neurodegenerative diseases
and cancer

The chronic reduction of y-secretase activity globally attenuates
AB amyloidosis but increases the risk of developing skin cancer
indicate that y-secretase plays a pivotal role in both AD and can-
cer, two major age-associated diseases of the elderly. Recent epi-
demiological studies suggest that an inverse relationship exists
between AD and cancer (Roe et al., 2005). These findings pro-
voked the notion that common molecular mechanisms may un-
derlie the development of AD and cancer. Our discoveries offer
the possibility that y-secretase is one potential mechanism that
underlies such an inverse relationship between cancer and AD.
Many chronic diseases are the result of alteration of gene dosage
of specific transcription factor or tumor suppressor gene
(Birchler et al., 2005). Consistent with this view that alteration of
specific gene dosage can impact on several different disorders are
recent findings that DJ-1, associated with autosomal recessive
early-onset Parkinson’s disease (Bonifati et al., 2003 ), serves as an
oncogene that regulates the tumor suppressor PTEN (phospha-
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tase and tensin homolog) (Kim et al., 2005), and superoxide dis-
mutase 1, associated with autosomal dominant familial amyotro-
phic lateral sclerosis (Rosen et al., 1993), when deleted in mice
induces liver carcinoma (Elchuri et al., 2004 ). The realization that
common molecular pathways are shared between neurodegen-
erative diseases and cancer emphasizes the importance of under-
standing the physiological roles of these molecular entities and of
developing rational therapeutic strategies that would minimize
the potential mechanism-based toxicities.

Summary

Because no effective mechanism-based therapies are currently
available, pharmacological inhibition of <y-secretase has long
been considered as an attractive anti-amyloid therapy for AD. We
found that beneficial effects in the CNS can outweigh the
mechanism-based toxicities associated with reduction of
y-secretase and establish that an optimal level of reduction in
y-secretase can be achieved (supplemental Fig. 2, available at
www.jneurosci.org as supplemental material), indicating that
modest pharmacological inhibition (<30%) of y-secretase can
serve as an effective therapeutic strategy in efforts to ameliorate
AB amyloidosis in AD. However, although our results support
the view that there is a reasonable therapeutic window for phar-
macological inhibition of y-secretase, future studies should nev-
ertheless be alert to mechanism-based toxicity associated with
y-secretase inhibitors.
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