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Background: y-Secretase activating protein, GSAP, was identified as a novel regulator of y-secretase and amyloid- production.
Results: Reducing GSAP expression in cells decreased amyloid-f generation. However, overexpression of GSAP in cells and
recombinant GSAP in vitro did not modulate amyloid-f generation.

Conclusion: The relationship between GSAP and 7y-secretase is unclear.

Significance: GSAP is not a validated therapeutic target for Alzheimer disease.

y-Secretase is a large enzyme complex comprising presenilin,
nicastrin, presenilin enhancer 2, and anterior pharynx-defective
1 that mediates the intramembrane proteolysis of a large num-
ber of proteins including amyloid precursor protein and Notch.
Recently, a novel y-secretase activating protein (GSAP) was
identified that interacts with y-secretase and the C-terminal
fragment of amyloid precursor protein to selectively increase
amyloid- 8 production. In this study we have further character-
ized the role of endogenous and exogenous GSAP in the regula-
tion of y-secretase activity and amyloid- production in vitro.
Knockdown of GSAP expression in N2a cells decreased amy-
loid- B levels. In contrast, overexpression of GSAP in HEK cells
expressing amyloid precursor protein or in N2a cells had no
overt effect on amyloid- 3 generation. Likewise, purified recom-
binant GSAP had no effect on amyloid-f generation in two dis-
tinct in vitro vy-secretase assays. In subsequent cellular studies
with imatinib, a kinase inhibitor that reportedly prevents the
interaction of GSAP with the C-terminal fragment of amyloid
precursor protein, a concentration-dependent decrease in amy-
loid-f levels was observed. However, no interaction between
GSAP and the C-terminal fragment of amyloid precursor protein
was evident in co-immunoprecipitation studies. In addition, sub-
chronic administration of imatinib to rats had no effect on brain
amyloid-p levels. In summary, these findings suggest the roles of
GSAP and imatinib in the regulation of y-secretase activity and
amyloid-p generation are uncertain.

Alzheimer disease (AD)? is a devastating neurodegenerative
disorder affecting more than 30 million people worldwide (1).
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The disease is characterized pathologically by the presence of
extracellular senile plaques and intracellular neurofibrillary
tangles in the brain (2, 3). The core constituents of senile
plaques are insoluble aggregates of the 4-kDa amyloid-8 (AB)
peptides, AB40 and AB42, which are generated following
sequential proteolytic processing of the amyloid precursor pro-
tein (APP) by B-site APP cleaving enzyme 1 (BACEI) and
y-secretase (4). Although AB40 is the most abundantly pro-
duced A peptide, the slightly longer and less abundant AB42
peptide has been implicated as the key pathogenic species in
AD brain (5).

vy-Secretase is a large protein complex composed of four
components, presenilin (PS), nicastrin, presenilin enhancer 2,
and anterior pharynx-defective 1 (Aph-1) that are required for
y-secretase activity (6). Additional ancillary proteins such as
CD147 and TPM21 that can associate with the y-secretase
complex and regulate A generation have also been identified
(7, 8). y-Secretase cleaves APP at vy-sites within the transmem-
brane domain to generate A peptides of varying length and
also at the e-site near the cytoplasmic membrane border of APP
to generate the APP intracellular domain (AICD) (9). In analogy
to the other membrane proteins that are subject to y-secretase
cleavage, including the Notch receptor (10), it has been pro-
posed that AICD can translocate to the nucleus and regulate
gene transcription (11).

Due to its pivotal role in the generation of Af peptides,
y-secretase is an attractive therapeutic target for AD. Early drug
discovery efforts focused on the development of y-secretase
inhibitors. However, due to the fundamental role y-secretase
plays in the intramembrane proteolysis of a number of other
proteins (10), the development of these compounds was hin-

lular domain; PS, presenilin; CTF, carboxyl-terminal fragment; DMSO,
dimethyl sulfoxide; GSAP, y-secretase activating protein; GSI, y-secretase
inhibitor; NICD, Notch intracellular domain; ANOVA, analysis of variance;
BisTris, 2-[bis(2-hydroxyethyl)amino]-2-(hydroxymethyl)propane-1,3-diol;
CHAPSO, 3-[(3-cholamidopropyl)dimethylammonio]-2-hydroxy-1-propane-
sulfonic acid.
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dered by mechanism-based toxicities associated with inhibition
of Notch signaling (12-14). Consequently, drug discovery
efforts have shifted to the development of y-secretase modula-
tors that selectively lower AB42 production, in the absence of
any effect on Notch processing (15, 16) and therefore, should be
safer and better tolerated than y-secretase inhibitors.

Alternative approaches to regulate y-secretase activity and
A generation are of immense interest for the treatment of AD.
Recently, a novel 16-kDa y-secretase activating protein (GSAP-
16K) was identified that forms a ternary complex with y-secre-
tase and the juxtamembrane region of the APP C-terminal frag-
ment (CTF) and thereby, regulates cleavage at the y- and e-sites
and hence, generation of AB and AICD (17). Decreasing GSAP
expression in cells significantly reduced Af levels but had no
effect on Notch cleavage. In vitro, recombinant GSAP-16K was
shown to elevate +y-secretase activity. In addition, chronic
depletion of GSAP in vivo was found to reduce brain A levels
and A plaque development. Intriguingly, imatinib (also known
as STI571 or Gleevec®), an Abl kinase inhibitor and anti-cancer
drug that was previously shown to selectively inhibit A pro-
duction in cells (18), was shown to mediate its AB lowering
activity by binding GSAP and preventing its interaction with
APP CTF (17). These findings highlighted GSAP as a poten-
tially novel therapeutic target for the treatment of AD. The aim
of this study was to further characterize the role of GSAP and
imatinib in the regulation of y-secretase activity.

EXPERIMENTAL PROCEDURES

Cell Lines—Mouse neuroblastoma Neuro2a (N2a) cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM) with
L-glutamine (Invitrogen) supplemented with 5% heat-inacti-
vated fetal bovine serum (FBS) (Lonza, Basel, Switzerland) and
100 units/ml of penicillin and streptomycin. Human embryonic
kidney cells overexpressing APP Swedish variant">?>N/M>96L
(HEK-APPsw) or APP wild type (HEK-APPwt) were cultured in
DMEM with L-glutamine supplemented with 10% heat-inacti-
vated FBS, 100 units/ml of penicillin and streptomycin, and 100
or 200 ug/ml of hygromycin B (Invitrogen), respectively.
Human T-lymphoma SUP-T1 cells were cultured in Roswell
Park Memorial Institute Medium (RPMI 1640) (Invitrogen)
supplemented with 10% heat-inactivated FBS. Human neuro-
blastoma SH-SY5Y cells overexpressing the y-secretase sub-
strate precursor (SHSY5Y-SPA4CT) were cultured in 1:1 min-
imal essential medium with Earle’s salt and glutamine and F12
medium (Invitrogen), 1X nonessential amino acids, 10% FBS,
100 units/ml of penicillin and streptomycin, and 300 pg/ml of
hygromycin B. All cell lines were cultured at 37 °C in a humid-
ified atmosphere of 5% CO,, 95% air.

siRNA Knockdown Studies—For cellular knockdown stud-
ies, siRNA to GSAP of the following sequence were designed:
sense sequence, 5'-CUUUGCUGGUAGAAAUACATT-3’
and antisense sequence, 5'-UGUAUUUCUACCAGCAAA-
GTT-3' (Microsynth, Balgach, Switzerland). A nontargeting
siRNA pool (Dharmacon Inc., Lafayette, CO) was used as a
negative control. Mouse neuroblastoma N2a cells were reverse
transfected with 50 nm siRNA using DharmFECT?2 transfection
reagent (Thermo Fischer Scientific Inc., Waltham, MA)
according to the manufacturer’s instruction. 24 h post-trans-
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fection, medium was removed and fresh medium was added. In
the inhibitor studies, the fresh medium contained either 0.5%
dimethyl sulfoxide (DMSO) or 10 um imatinib (AK Scientific Inc.,
Union City, CA). 48 h post-transfection, medium was removed for
Ap analysis and cells were lysed for extraction of total RNA.

Quantitative RT-PCR—Total RNA was extracted from cells
using TRIzol (Invitrogen) as described by the manufacturer.
RNA was quantified and then reverse transcribed using the
iScript cDNA Synthesis Kit (Bio-Rad). Quantification of mouse
or human GSAP or GAPDH (housekeeping gene) mRNA tran-
scripts were performed using the quantitative PCR using Fast-
Start Universal SYBR Green Master mix and the LightCycler®
480 Real-Time PCR System (both from Roche Applied Sci-
ence). Primer sequences used for mouse GSAP were 5'-TCCA-
GATCACCAGAGAAG-3' (forward sense) and 5'-ATC-
CCACTGAGCCCAAAC-3' (reverse sense), and for human
GSAP were 5'-AATTCTGGCCATCTCCCAAG-3’" (forward
sense) and 5'-ACTGAGCCCAAACGAAATCC-3" (reverse
sense) (Thermo Fischer Scientific Inc.). A mouse or human
GAPDH primer mixture was used as an internal control (Qia-
gen, Hilden, Germany). Quantitative PCR were run in 12 ul in
triplicate with 3 ul of cDNA solution and 9 ul of PCR target-
specific reaction mixture. Reactions were performed with 1200
nM mouse GSAP primers and 1X FastStart Universal SYBR
Green Master (ROX) reagent (Roche Applied Science). PCR
conditions were as follows: an initial cycle of 95 °C for 5 min
followed by 50 cycles of 95 °C for 10's, 60 °C for 30 s, and a final
melting cycle at 97 °C. Raw C, values were used to calculate %
GSAP expression relative to the housekeeping gene GAPDH.

Transient Overexpression Studies—A plasmid encoding full-
length human GSAP with a C-terminal HA tag, pReceiver-
MO07-GSAP-HA (GeneCopoeia, Rockville, MD) was used for
overexpression of full-length GSAP-HA in cells. The 16-kDa
C-terminal fragment of GSAP, GSAP-16K (amino acids 733—
854 of full-length GSAP) was amplified from pReceiver-M07-
GSAP-HA and subcloned into pRevMO07 vector with a C-termi-
nal HA tag. HEK-APPsw cells, HEK-APPwt, or N2a cells were
transiently transfected with GSAP using FUGENE HD transfec-
tion reagent (Roche Applied Science) according to the manu-
facturer’s instructions. 24 h post-transfection, medium was
removed and fresh medium was added. 48 h post-transfection,
medium was removed for A analysis and cells were lysed in 50
mm Tris-HCI, pH 7.4, 150 mMm NaCl, 1% Nonidet P-40 contain-
ing an EDTA-free protease inhibitor mixture (Roche Applied
Science).

AP Analysis—Medium from cells was assayed for AB40 or
AB42 using a sensitive immunoassay employing a biotinylated
mid-region A antibody, 4G8 (Covance, Princeton, NJ), and a
ruthenylated C-terminal AB40 antibody G2-10 (Millipore, Bil-
lerica, MA) or AP42-specific antibody A387 (licensed from
Torrey Pines Therapeutics). In addition to detecting A3 pep-
tides, this assay also detected the minor p3 species generated via
the nonamyloidogenic/a-secretase pathway. Plates were ana-
lyzed on a SECTOR® Imager 6000 (Meso Scale Discovery,
Gaithersburg, MD).

Rat brain quadrisects were homogenized in 0.2% diethyl-
amine (Thermo Fischer Scientific Inc.) in 50 mm NaCl, pH 10
(10% v/w), and centrifuged for 35 min at 355,000 X g. The
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supernatant was removed and neutralized with 0.5 M Tris-HCl,
pH 6.8 (10% v/v). DEA brain extracts were assayed in triplicate
for AB40 as described above. Plasma and CSF samples were
diluted 2-fold in PBS containing 2% bovine serum albumin
(BSA), 0.2% Tween 20, and a protease inhibitor mixture (Roche
Applied Science) and assayed in triplicate for AB40 as described
above. For quantification of AB, standard curves were con-
structed using human A 40 (Anaspec, Fremont, CA).

SDS-PAGE and Western Blot Analysis—Purified recombi-
nant GSAP-16K (8 ug) was resolved on a 4-12% BisTris
NuPAGE gel (Invitrogen) under reducing or nonreducing con-
ditions as described by the manufacturer and protein bands
were visualized with Coomassie Blue. For Western blot analy-
sis, cell lysates were resolved by SDS-PAGE and transferred to
nitrocellulose (Invitrogen). Membranes were probed with an
anti-HA antibody (Abcam, Cambridge, UK), anti-APP CTF
antibody CT695 (Invitrogen), anti-PS-1 antibody (Calbiochem,
Darmstadt, Germany), anti-cleaved Notch 1 (Val-744) antibody
(Cell Signaling, Boston, MA), or anti-actin antibody (Millipore)
for detection of GSAP-HA, APP CTF, PS-1 CTF, NICD, and
actin, respectively. AB and AICD-FLAG generated in the in
vitro y-secretase assay were detected by Western blot analysis
with AB-specific antibody 6E10 (Covance) and FLAG-specific
M2 antibody (Sigma), respectively.

Co-immunoprecipitation Studies—HEK-APPsw cells were
transiently transfected with GSAP-16K;;,. 24 h post-transfec-
tion, cells were incubated with the y-secretase inhibitor, DAPT
(1 um; Calbiochem). 48 h post-transfection cells were lysed in
50 mm HEPES, 150 mm NaCl, 5 mm MgCl,, 5 mm CaCl,, 1%
CHAPSO containing a protease inhibitor mixture. Prior to
immunoprecipitation, cell lysates were diluted in lysis buffer
lacking CHAPSO to give 0.25% final CHAPSO concentration.
Cell lysates were incubated for 3 h at room temperature with 5
pg of anti-HA antibody or 5 ug of anti-APP C-terminal anti-
body CT695. Dynabeads® M-280 sheep anti-rabbit IgG (50 wl;
Invitrogen) were added and samples were incubated overnight
at 4 °C. A control incubation of cell lysates with Dynabeads
alone was also conducted. Dynabeads were collected and
washed 5 times with lysis buffer containing 0.25% CHAPSO.
Bound proteins were eluted with SDS sample buffer containing
reducing agent and subject to Western blot analysis as
described above.

Expression and Purification of GSAP-16K—Human GSAP-
16K was amplified from pReceiver-M07-GSAP-HA (Gene-
Copoeia) and subcloned into pET30a vector (Novagen, Darm-
stadt, Germany) with a C-terminal His, tag for expression in
BL21DE3 Escherichia coli. The E. coli cell paste was resus-
pended in 5 volumes (ml/g) of 0.1 m Tris-HCI, pH 7.5, 10 mm
MgCl, and homogenized with a Polytron. Benzonase (50
units/g of bacteria) was added and the sample was incubated at
room temperature on a magnetic stirrer for 15 min. The bacte-
ria were disrupted by 2 passages through a French press at 1600
bar and the sample was centrifuged at 25,000 X g for 2 h. The
pellet corresponding to the inclusion bodies was solubilized in
0.1 m Tris-HCI, pH 8.0, 6 M guanidine HCIl, 20 mm DTT,
homogenized as above, and heated for 30 min at 60 °C prior to
centrifugation at 100,000 X g for 1 h. The supernatant was
filtered through a 0.22-um filter and loaded on a 280-ml Source
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30 RPC column (GE Healthcare) equilibrated in 0.1% trifluoro-
acetic acid in water and bound proteins were eluted with a
gradient of elution buffer (0.1% trifluoroacetic acid, 80% aceto-
nitrile in water). Fractions were collected, analyzed by SDS-
PAGE, and the fractions containing the GSAP protein were
pooled and lyophilized. The lyophilized protein was solubilized
in 0.1 M Tris-HCl, pH 8.0, 6 M guanidine HCI, 2 mm DTT and
refolded through an overnight 20-fold dilution with 0.1 m Tris-
HCl, pH 8.5, 0.5 M arginine at 4 °C. The refolded sample was
adjusted to pH 8.5, 0.05% Brij-35 was added and the sample was
filtered before loading on a 20-ml nickel-nitrilotriacetic acid-
agarose column (Qiagen) equilibrated in 50 mm Tris-HCI, pH
8.5,0.05% Brij-35. Bound proteins were eluted with 50 mm Tris-
HCl, pH 8.5, 300 mMm imidazole, 0.05% Brij 35. Fractions con-
taining the GSAP protein were identified by SDS-PAGE,
pooled, and dialyzed against PBS, 0.05% Brij-35.

In Vitro vy-Secretase Assays—Membranes from SHSY5Y-
SPACT cells were prepared according to Beher et al. (19). For in
vitro generation of A peptides, membranes (equivalent to 50
pg of proteins) were incubated for 4 h at 37 °C in the presence of
recombinant GSAP-16K (0.2, 2, and 7 png), BSA (0.2, 2, and 7
pg), 0.05% DMSO, 10 uMm imatinib, or 1 um y-secretase inhib-
itor XIX (Calbiochem). GSAP-16K was pre-treated with 5 mm
DTT for 30 min at 37 °C for assays under reducing conditions.
De novo production of AB40 and A 342 was quantified using the
immunoassay described above.

In vitro y-secretase assays using the recombinant APP-based
C100-FLAG substrate and purified y-secretase were performed
as previously reported (20). y-Secretase and GSAP were solu-
bilized in 0.2% (w/v) CHAPSO, HEPES, pH 7.0, 150 mm NacCl, 5
mM CaCl,, 5 mm MgCl, and preincubated for 30 min with 0.1%
phosphatidylcholine and 0.025% (w/v) phosphatidyethanol-
amine before addition of 1 um APP-based C100-FLAG. Assays
were performed with 0, 2.3, or 23 ug/ml of GSAP, either under
reducing (5 mm DTT) or nonreducing (0 mm DTT) conditions.
Prior to assays performed under reducing conditions, GSAP
was pre-treated for 30 min with 5 mm DTT at 37 °C. Consistent
with previous results, the presence of DTT alone did not affect
y-secretase activity (21). All assay reactions were incubated 4 h
at 37 °C and the resulting products, A3 and AICD-FLAG, were
detected by Western blot analysis as described above or ana-
lyzed by immunoprecipitation and mass spectrometry as previ-
ously described (21).

Compound Treatment—For 16 h treatment with inhibitor,
cells were cultured to 70-90% confluence in 96-well plates.
Imatinib was dissolved in DMSO and added to cells at the
appropriate test concentration, ensuring that the final DMSO
concentration was <0.5%. A DMSO solvent control was
included in each experiment. The effect of compounds on cell
viability was assessed using alamarBlue® (Invitrogen). Medium
was collected for A analysis as described above. To determine
the effect of inhibitors on Notch processing, SUP-T1 cells were
lysed in 50 mwm Tris-HCI, pH 7.4, 150 mm NacCl, 0.5% Nonidet
P-40, 1% Triton X-100, 0.2% SDS containing a mixture of pro-
tease inhibitors (Roche Applied Science) for 30 min at 4 °C.

For the in vivo study, male Sprague-Dawley rats (Janvier Lab-
oratory, La Mayenne, France) weighing between 150 and 200 g
were housed for 4 days on a 12-h light-dark schedule with water
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and food available ad libitum before the initiation of the study.
Animals were dosed by intraperitoneal injection with saline
(NaCl 0.9%, n = 8) or imatinib mesylate (30 mg/kg, n = 8; Enzo
Life Sciences GmbH, Lorrach, Germany) twice daily for 5 days.
A second group of animals (n = 5-7/group) were subject to a
single oral administration of vehicle (0.5% (w/v) methylcellu-
lose, 0.25% (w/v) Tween 20) or the y-secretase inhibitor (GSI),
LY-411575 (10 mg/kg) (12). Two hours post-final dose on day 5
for the imatinib study or 4 h post-dose for the GSI study, rats
were anesthetized under isofluorane (induction box, 3-5%) and
then injected intraperitoneally with a combination of xylasine
(10 mg/kg) and ketamine (75 mg/kg) diluted in saline to main-
tain the animals under deep anesthesia. The top of the head was
sprayed with 70% ethanol and an incision with scissors was
performed in the skin to expose the parietal region of the skull.
Twenty to 30 ul of CSF was collected from the cisterna magna
with a syringe MYJECTOR 29G (Terumo, Tokyo, Japan) and
stored at —80 °C for AB analysis. An intracardiac puncture was
performed to collect 0.6 ml of blood. 500 ul of blood was trans-
ferred into EDTA containing tubes for AB analysis and 100 ul of
blood was transferred into heparinized tubes for determination
of imatinib concentration. Blood samples were centrifuged at
6000 X gfor 10 min at 4 °C and plasma was collected and stored
at —20 or —80 °C for subsequent analysis of imatinib or A,
respectively. Brains were removed and divided into four equal
parts. The right frontal quarter was collected in a precellys tube
(VWR International, Radnor, PA) and stored at —20 °C for sub-
sequent determination of imatinib concentration in the brain.
The parietal quarter was collected in a 1.5-ml Falcon tube and
stored at —80 °C prior to analysis for AS.

Determination of Drug Concentrations—The concentration
of imatinib in plasma and brain was determined using a method
based on protein precipitation followed by HPLC/MS/MS anal-
ysis. Plasma samples (5 ul) were diluted in methanol (150 wl)
and an internal standard (15 ul) was added. All samples were
centrifuged at 12,000 X g for 5 min. Supernatant (50 ul) was
diluted in 400 ul of acetonitrile/H,O (10:90, v/v) and assayed
for imatinib by HPLC using a Chromolith® fast gradient
RP-18e, 50-3 mm column (Agilent Technologies, Santa Clara,
CA). The mobile phase was composed of two eluents: eluent A
consisted of water containing 0.1% formic acid and eluent B
consisted of pure acetonitrile, with a flow rate of 0.8 ml/min and
a run time of 3.5 min. Brains were homogenized in 1 ml of
ethanol and incubated for 30 min prior to centrifugation at
12,000 X g for 5 min. Brain homogenates (10 ul) were diluted in
acetonitrile/H,O (10:90, v/v) and 15 ul of an internal standard
added. Samples were analyzed by HPLC as described above.
Analytes were detected using an API400 Mass Spectrometer
(Applied Biosystems, Carlsbad, CA). The lower limit of quanti-
fication of imatinib was 16 ng/ml (blood) and 165 ng/g (brain).

Statistical Analysis—Statistical analysis was conducted using
an unpaired ¢ test or a one-way ANOVA with post-hoc Dun-
nett’s multiple comparison test in GraphPad PRISM 5.0
(GraphPad Software, Inc., La Jolla, CA).

RESULTS

Effect of GSAP siRNA on AP Generation—To investigate the
level of endogenous GSAP expression in various cell lines and
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rat brain tissue, quantitative RT-PCR studies were first per-
formed. GSAP mRNA expression was detectable in all cell lines,
albeit at very low levels ranging from 0.01 to 0.05% of the house-
keeping gene, GAPDH (Fig. 1a). The level of GSAP mRNA was
slightly higher in rat brain tissue at 0.2% of the housekeeping
gene, GAPDH (Fig. 1a). Next, to determine whether GSAP
expression could modulate A generation, siRNA knockdown
studies were conducted. Mouse neuroblastoma N2a cells were
selected for these studies as both GSAP mRNA expression and
endogenous Af levels were detectable in these cells and also
because this cell line was used by He et al. (17) in their studies
on GSAP. 48 h post-siRNA treatment, GSAP mRNA expression
was reduced by 74% in N2a cells (Fig. 1b). This was associated
with a significant decrease in the levels of AB40 (36%, p <
0.0001) and AB42 (42%, p < 0.0001) in the medium of these
cells (Fig. 1c).

Effect of GSAP Overexpression on A3 Generation—Given that
a knockdown in GSAP expression resulted in a decrease in A3
levels, we hypothesized that increasing GSAP expression in
cells would increase A generation. Full-length human GSAP
with a C-terminal HA tag (GSAP-FL,,,) was overexpressed in
HEK cells stably expressing APP Swedish variant (HEK-
APPsw) or in HEK cells stably expressing APP wild type
(APPwt) and the effect on A levels in the medium was deter-
mined. GSAP-FL,;, migrated on SDS-PAGE as a protein of
~98 kDa (Fig. 2, a and ¢). In HEK-APPsw cells, expression of
GSAP-FL;; resulted in a small yet significant decrease in the
level of AB40 in the medium (21% p < 0.0001) but had no effect
on the level of AB42 (Fig. 2b). In contrast, in HEK-APPwt cells,
expression of GSAP-FL,;, resulted in a small yet significant
increase in the level of AB42 in the medium (18% p < 0.0001)
but had no effect on the level of AB40 (Fig. 2d). These modest
effects on A B levels were observed with transfection efficiencies
in the range of 60-70 and 30-50% for GSAP-FL,;, in HEK-
APPsw and HEK-APPwt cells, respectively. Unfortunately,
attempts to overexpress full-length GSAP in N2a cells, the cell
line used in the studies by He et al. (17), were not successful.

He et al. (17) proposed that the predominant form of GSAP
in N2a cells was not the full-length 98-kDa protein but instead
a 16-kDa C-terminal fragment of human GSAP (GSAP-16K).
Intriguingly, we did not observe any proteolytic processing of
GSAP-FL;;, to GSAP-16K following overexpression in HEK-
APPsw or HEK-APPwt cells. To exclude the possibility that the
lack of a profound effect of GSAP expression on A generation
in these cells was due to the absence of GSAP-16K, we also
expressed GSAP-16K with a C-terminal HA tag (GSAP-16K,;,)
in HEK-APPsw and HEK-APPwt cells and determined its effect
on AP generation. Like GSAP-FL,,,, expression of GSAP-
16K;;4 in HEK-APPsw cells caused a small yet significant
decrease (29%, p < 0.0001) in the level of AB40 in the medium,
but had no effect on the level of AB42 (Fig. 2b). In HEK-APPwt
cells, expression of GSAP-16K;; resulted in a small yet signif-
icant decrease in both AB40 and AB42 levels (17%, p < 0.0001;
Fig. 2d). Furthermore, transient expression of GSAP-16K;;, in
N2a cells was found to have no significant effect on the level of
AP peptides (Fig. 3, a and b). The transfection efficiencies for
GSAP-16K}, , in all three cell lines were high and ranged from
50 to 75%.

VOLUME 288+-NUMBER 4+JANUARY 25,2013



Effect of GSAP and Imatinib on y-Secretase and A3 Generation

a) 0.5,
__ 0.204
F:
xo .
£ 0.15
L)
—
5) 2 0.10-
o
0.05
0.00- x
& & & &
XA S
» >
A @‘l‘ Q‘
&
X
b) 125 C) 425-
g 125 B AB40
5 M Ap42
& 1001 1001 P
5 4 36% 429
5 75 2 75 sl iy
< o
o Q.
£ 501 o, << 501
& ***o °\°
&3 254 254
=8
{ : : 0
CtrisiRNA GSAP siRNA CtrisiRNA GSAP siRNA
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FIGURE 2. Overexpression of GSAP in HEK-APPsw and HEK-APPwt cells. HEK-APPsw cells (a and b) or HEK-APPwt (c and d) were transiently transfected with
empty vector (Ctrl) or cDNA encoding full-length human GSAP (GSAP-FL,,) or the C-terminal fragment GSAP-16Ky,,. 48 h post-transfection, medium was
removed for AB analysis (b and d) and cell lysates were generated for Western blot analysis of GSAP expression with an anti-HA antibody (a and ¢). AB data are
mean * S.E. Statistical analysis was conducted using a one-way ANOVA with Dunnett’s multiple comparison test (***, p < 0.0001).
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FIGURE 3. Overexpression of GSAP in N2a cells and GSAP co-immunoprecipitation studies. N2a cells were transiently transfected with cDNA encoding
GSAP-16Ky, . 48 h post-transfection, medium was removed for AB analysis (b) and cell lysates were generated for Western blot analysis of GSAP expression with
an anti-HA antibody (a). AB data are mean = S.E. Statistical analysis was conducted using a one-way ANOVA with Dunnett’s multiple comparison test (#, not
significant). c, HEK-APPsw cells were transiently transfected with human GSAP-16Ky, ,. 48 h post-transfection, cell lysates were generated. Immunoprecipitation
(IP) of GSAP-16K,5 (HA) or APP CTF (CTF) was performed followed by Western blot analysis to detect the bound proteins. To control for nonspecific binding,

incubation with Dynabeads (beads) alone was conducted.

GSAP and APP CTF Interaction Studies—To determine
whether GSAP could directly interact with the APP CTF to
modulate +y-secretase activity as proposed by He et al. (17),
co-immunoprecipitation studies were conducted. GSAP-
16K, was overexpressed in HEK-APPsw cells and cell lysates
were generated. Immunoprecipitation of GSAP-16K,,, or APP
CTF was subsequently performed followed by Western blot
analysis to detect the bound proteins. GSAP-16K,,, was effi-
ciently captured with the anti-HA antibody (Fig. 3¢, upper
panel). No APP CTF was pulled down with GSAP-16K,,,, sug-
gesting these proteins do not interact with each other (Fig. 3¢,
middle panel). In addition, no interaction of GSAP-16K, , with
the PS-1 CTF was evident (Fig. 3¢, lower panel). To confirm
these observations, the immunoprecipitation was also con-
ducted in the opposite manner. APP CTF was efficiently cap-
tured with the anti-CTF antibody (Fig. 3¢, middle panel). No
interaction with GSAP-16K,;, was observed (Fig. 3¢, upper
panel). However, we could confirm a specific interaction of the
APP CTF with the PS-1 CTF (Fig. 3¢, lower panel).

Effect of Recombinant GSAP on AP Generation in Vitro—To
further investigate whether GSAP could modulate y-secretase
cleavage and A production, the effect of purified GSAP was
explored in two different and well characterized in vitro
y-secretase assays. Recombinant GSAP-16K with a C-termi-
nal Hisg tag (GSAP-16K,y;,,) was expressed in E. coli and
purified as described under “Experimental Procedures.” On
SDS-PAGE under nonreducing conditions, purified GSAP-
16K, ;¢ migrated as a dimer with a predicted molecular mass of
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32 kDa that was dissociated to monomers with a predicted
molecular mass of 16 kDa under reducing conditions (Fig. 4a).
Recombinant GSAP-16K, ;. was subsequently incubated with
membranes from SHSY5Y-SPA4CT cells that contain both
endogenous y-secretase and overexpressed APP CTF substrate
(22) and the effect on AB generation was determined. Consis-
tent with our overexpression studies, no increase in the gener-
ation of AB40 was observed in the presence of various concen-
trations of recombinant GSAP-16K ;. (Fig. 4b). In contrast, a
potent GSI reduced AB generation in this assay (Fig. 4b). To
determine whether the dimeric nature of GSAP may influence
its activity in vitro, studies were also conducted with GSAP-
16K}, that was pre-treated with DTT to generate monomeric
GSAP-16K,;;.¢ prior to its incubation with membranes from
SHSY5Y-SPAACT cells. Neither DTT alone nor monomeric
GSAP-16K,; had any effect y-secretase activity and A gen-
eration in vitro (Fig. 4b).

To extend these findings, the effect of recombinant GSAP-
16K ;¢ on the generation of AB peptides and the AICD was
determined in an alternative assay utilizing purified y-secretase
(20). In this assay, purified y-secretase was incubated with
exogenous APP CTF (C100-FLAG) substrate in the absence or
presence of GSAP-16K,;;, that was either untreated or pre-
treated with DTT. Assays were performed with y-secretase:
GSAP-16K,;,c molar ratios of 1:1 (2.3 ug/ml of GSAP-16K ;)
and 1:10 (23 ug/ml of GSAP-16K,y;.). The presence of GSAP-
16K ;. had no effect on the levels of AB peptides or the AICD
generated in vitro (Fig. 5a). In addition, no evident change in
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FIGURE 4. Effect of recombinant GSAP-16K in a membrane-based y-secretase assay. g, recombinant GSAP-16K with a C-terminal His tag was expressed
in E. coli and purified on a nickel-nitrilotriacetic acid column. The protein was analyzed by SDS-PAGE under nonreducing (lane 1) and reducing (lane 2)
conditions. b, membranes from SHSY5Y-SPA4CT cells were incubated for 4 h at 37 °Cin the presence of BSA, GSAP-16K,,;6, 0.5% DMSO, or 1 um GSland the level
of AB40 generated was quantified by immunoassay. GSAP-16K ;. was either untreated or pre-treated with 5 mm DTT for 30 min at 37 °C prior to the assay. Data
are mean = S.E. Statistical analysis was conducted using a one-way ANOVA with Dunnett’s multiple comparison test (**, p < 0.001).

the AB peptide profile was observed by mass spectrometric
analysis of the peptides generated in this assay (Fig. 5b).

Effect of Imatinib on AB Generation and Notch Processing—
GSAP was identified as the molecular target responsible for the
AB lowering activity of imatinib (17). We therefore, investi-
gated the effect of imatinib on AP generation in N2a cells.
Treatment of N2a cells with imatinib resulted in a concentra-
tion-dependent decrease in A340 and A 342 levels with an IC,,
of ~3—6 uM (Fig. 6a). Imatinib was also profiled in SHSY5Y
cells overexpressing the C-terminal fragment of APP (SHSY5Y-
SPA4CT). As shown in Fig. 6b, a concentration-dependent
decrease in AB40 and AB42 levels was observed in these cells
resulting in ~40% inhibition at 10 um. No detrimental effect on
cell viability was observed in either cell lines. The direct effect of
imatinib on y-secretase activity was also investigated in vitro.
Imatinib was found to have no effect on A 340 generation in our
membrane-based in vitro y-secretase assay, whereas treatment
with GSI markedly reduced AB production (Fig. 6¢).

Imatinib reportedly inhibits y-secretase cleavage of APP
with no effect on Notch processing (18). To confirm these
findings, human T-lymphoma SUP-T1 cells, which constitu-
tively express a truncated Notch receptor (23) were grown in
the presence of 10 um imatinib or 1 um GSI. Treatment of cells
with imatinib had no effect on NICD generation (Fig. 6d). In
contrast, the y-secretase inhibitor abolished Notch cleavage
and NICD generation (Fig. 6d).
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To determine whether the effects of imatinib on A3 genera-
tion in cells were mediated via inhibition of GSAP, the effect of
imatinib in cells treated with GSAP siRNA was investigated.
N2a cells were treated with either control siRNA or GSAP
siRNA in the absence of presence of imatinib (10 um). As
observed previously, knockdown of GSAP expression in cells
(75%, p < 0.0001) resulted in a significant decrease in the levels
of AB40 (31%, p < 0.0001) and AB42 (30%, p < 0.0001) in the
medium (Fig. 7). Interestingly, co-treatment with imatinib
resulted in an additional reduction in A levels to 54 (p <
0.0001) and 46% (p < 0.0001) of control levels for AB40 and
AB42, respectively (Fig. 7b). These reductions were similar to
those observed following imatinib treatment alone (Fig. 7b).

Finally, to determine whether imatinib could modulate A3
levels in vivo, a subchronic study was conducted. Rats were
subject to intraperitoneal administration of saline or imatinib
(30 mg/kg) twice daily for 5 days and the effect on the level of
AB40 in plasma, CSF, and brain was determined. This dosing
paradigm resulted in plasma and brain exposure of imatinib of
13.3 £ 4.9 and 1.56 * 0.72 M, respectively. However, no sig-
nificant decrease in the level of A 340 was observed in plasma or
brain following imatinib treatment (Fig. 8, 2 and b). Imatinib treat-
ment also had no effect on the level of AB40 in CSF (data not
shown). To demonstrate that effective AB lowering could be
achieved in this model, a separate cohort of animals was adminis-
tered a single oral dose of GSI, LY-411575 (10 mg/kg) (12). This
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FIGURE 5. Effect of recombinant GSAP-16K on purified y-secretase. g, recombinant C100-FLAG was incubated with purified y-secretase for 4 h at 37 °Cin
the presence of buffer (Ctrl) or GSAP-16K,;s6 (2.3 or 23 pg/ml). GSAP-16K,,;,c was untreated or pre-treated with 5 mm DTT for 30 min at 37 °C prior to the assay.
The reactions were analyzed by Western blot for C100-FLAG and the cleavage products AB and AICD-FLAG. b, samples from the C100-FLAG assay were also
analyzed for AB peptides by immunoprecipitation and MALDI-TOF mass spectrometry. Representative spectra are shown.
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FIGURE 6. Effect of imatinib on A3 generation and Notch processing in cells. g, N2a cells, or b, SHSY5Y-SPA4CT cells were grown in the absence or presence of
increasing concentrations of imatinib. 24 h later, medium was removed for AB analysis and the cells subject to a cellular viability assay (alamarBlue®). c, membranes
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to Western blot analysis for the Notch-intracellular domain (NICD) or actin. The graph depicts the % change in the level of NICD normalized to the actin control. Data
are mean = S.E. Statistical analysis was conducted using a one-way ANOVA with Dunnett’s multiple comparison test (***, p < 0.0001).

resulted in a significant decrease in the level of AB40 in plasma
(98%, p < 0.0001) and brain (96%, p < 0.0001) (Fig. 8, c and d).

DISCUSSION

The modulation of y-secretase activity to selectively decrease
Aplevels without inhibiting cleavage of other substrates such as
Notch is an attractive therapeutic approach for AD. The iden-
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tification of the novel protein, GSAP as a regulator of y-secre-
tase activity highlighted this protein as a potential new target
for AD. In this study we have further investigated the role of
GSAP in the regulation of y-secretase activity.

In siRNA knockdown studies we demonstrated that a reduc-
tion of endogenous GSAP expression significantly reduced A3
levels in N2a cells. The degree of GSAP mRNA lowering and the
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FIGURE 8. Effect of imatinib in vivo. Rats were administered with saline or
imatinib (30 mg/kg) twice daily for 5 days or vehicle and a GSI (10 mg/kg) for
4 h.Plasma (a and ¢) or brain extracts (b and d) were assayed for AB40 using a
sensitive immunoassay. Statistical analysis was conducted using a one-way
ANOVA with Dunnett’s multiple comparison test (***, p < 0.0001).

decrease in A levels achieved were consistent with published
findings (17) and suggested that endogenous GSAP can modu-
late AP generation. Based on these observations we postulated
that overexpression of GSAP in cells would have the opposite
effect and increase AP levels. However, overexpression of
GSAP in HEK-APPsw or HEK-APPwt cells had no overt effect
on A levels regardless of whether full-length GSAP or the
16-kDa CTF of GSAP (GSAP-16K) was expressed. Similarly,
overexpression of GSAP-16K in N2a cells had no effect on A3
generation. Moreover, the modest decreases in Af levels
observed following overexpression of GSAP in cells were
inconsistent with the siRNA results. Importantly, these find-
ings also contrasted with the published study where transfec-
tion of GSAP in HEK cells overexpressing APP-CTF resulted in
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an increase in A3 production when monitored by pulse-chase
labeling (17). Unfortunately, the level of GSAP expression
required to observe the increase in AP was unclear as the
expression of GSAP achieved in these experiments was not
shown. One plausible explanation for why we failed to see an
effect on AR levels in our cell system could be that the level of
endogenous GSAP in these cells is sufficient to modulate
y-secretase activity and the presence of excess GSAP protein
cannot further enhance y-secretase cleavage of APP. Unfortu-
nately, in the absence of a well validated commercially available
antibody to GSAP we were unable to determine the level of
endogenous GSAP protein in these cell lines. However, at the
mRNA level, the expression of GSAP was very low suggesting
GSAP is not an abundantly expressed protein. He et al. (17) also
proposed that the predominant form of GSAP in N2a cells at
steady state was the C-terminal 16-kDa fragment of GSAP,
GSAP-16K. In our hands, following overexpression of full-
length GSAP in HEK-APPsw or HEK-APPwt cells, no proteo-
lytic processing to generate GSAP-16K was evident.

The contradictory findings of the GSAP knockdown and
overexpression studies raise queries over the potential role of
GSARP in the modulation of y-secretase activity and A gener-
ation. It is conceivable that the decrease in ABlevels observed in
the siRNA knockdown studies is not due to a direct effect of
GSAP on +y-secretase activity but instead due to an indirect
effect on the trafficking or assembly of the y-secretase complex
or other components of the APP processing pathway. In sup-
port of this hypothesis, no specific interaction between GSAP-
16K and APP CTF or PS-1 CTF was observed in co-immuno-
precipitation studies suggesting these proteins do not form a
complex. Once again, these observations were inconsistent
with the findings of He et al. (17).

To further explore the potential role of GSAP in the regulation
of y-secretase activity, we generated recombinant GSAP-16K and
assessed its activity in two distinct and well characterized in vitro
y-secretase assays. Purified recombinant GSAP-16K was pre-
dominantly a dimer that could be converted to monomer in the
presence of the reducing agent, DTT. Both forms of exogenous
GSAP-16K were tested in the in vitro y-secretase assays. First,
we investigated the effect of recombinant GSAP-16K in a mem-
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brane-based 7y-secretase assay that was similar to the one uti-
lized by He et al. (17). Surprisingly and in contrast to published
findings (17), we observed no increase in de novo AB40 gener-
ation in the presence of dimeric or monomeric GSAP-16K. We
therefore investigated the effect of recombinant GSAP-16K in
an alternative assay using purified y-secretase and exogenous
C100-FLAG substrate. One of the advantages of this assay was
that we could regulate the ratio of GSAP and vy-secretase
enzyme. However, again we found that exogenous GSAP-16K
had no effect on the levels of AB or AICD generated in vitro,
even when present in excess. These findings were consistent
with our overexpression studies and suggested GSAP-16K does
not regulate y-secretase activity and A3 generation in vitro. As
no experimental details were provided on the purification of
recombinant GSAP-16K utilized by He et al. (17), we were
unable to compare the nature of our recombinant GSAP-16K to
their GSAP-16K. Hence, we cannot exclude the possibility that
under certain specific conditions an active form of GSAP-16K
can be generated that can form a ternary complex with y-secre-
tase and APP CTF to regulate cleavage at the y- and e-sites.
However, a recent publication on the purification and charac-
terization of human GSAP found that recombinant GSAP did
not associate with imatinib or APP CTF in vitro (24), further
supporting our findings.

To extend these findings, we conducted studies with ima-
tinib, an Abl tyrosine kinase inhibitor that reportedly reduces
A levels by preventing the interaction of GSAP with APP CTF,
by a mechanism that does not involve kinase inhibition (17, 18).
Treatment of N2a cells and SHSY5Y-SPA4CT cells with ima-
tinib resulted in a concentration-dependent decrease in AB3 lev-
els that was consistent with an action on the y-secretase path-
way. Moreover, imatinib had no effect on +y-secretase
processing of Notch and NICD production in SUP-T1 cells
confirming it is a specific modulator of y-secretase activity in
cells. In contrast to the findings in cells, imatinib had no effect
on A generation in our membrane-based y-secretase assay
suggesting it does not target y-secretase directly. These obser-
vations were consistent with previously published results (18,
25) and suggest that imatinib can selectively modulate y-secre-
tase cleavage of APP via an indirect cellular mechanism. This
would be consistent with the notion that imatinib binds an
alternative target such as GSAP to modulate A production in
cells. To investigate this further, we determined whether ima-
tinib had the potential to further reduce A generation in cells
treated with GSAP siRNA. In contrast to He ef al. (17) who
reported that imatinib had little or no additional effect on A
lowering in N2a cells treated with GSAP siRNA, we found that
imatinib could further reduce AP levels in N2a cells with
reduced GSAP expression. We cannot exclude the possibility
that some endogenous GSAP protein may still be present in the
GSAP siRNA-treated N2a cells, which could be inhibited by
imatinib and give rise to this further reduction in Af levels.
However, our findings do give rise to the possibility that ima-
tinib can decrease AB levels by some alternative mechanism
independent of GSAP. For instance, it has been shown that
imatinib can regulate AB and AICD levels in cells by a mecha-
nism involving increased neprilysin expression (26, 27).
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Recently it was reported that subchronic administration of
imatinib in mice can reduce AB levels in plasma and that this
decrease in peripheral A was sufficient to reduce A levels in
the brain (28). Contrary to these findings, we found subchronic
administration of imatinib in rats had no effect on the level of
AB40 in plasma despite achieving a plasma exposure in excess
of the cellular IC;,. Consistent with published findings (29),
administration of imatinib resulted in a low exposure in the
brain that was far below the cellular IC,, to have a pharmaco-
dynamic effect on brain AB. Our findings clearly demonstrate
that imatinib has no effect on A levels in vivo and these find-
ings coupled with its poor brain penetration demonstrate that
imatinib is of limited therapeutic value for the treatment of AD.

In summary, our studies highlight that the relationship
between GSAP, imatinib, and -y-secretase is unclear. A number
of findings initially reported by He et al. (17) were not repro-
ducible in our studies, thereby raising doubts on the potential
validity of GSAP as novel target for the treatment of AD.
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