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Abstract

The y-secretase complex plays a role in Alzheimer’s disease (AD) and cancer progression. The
development of clinical useful inhibitors, however, is complicated by the role of the y-secretase
complex in regulated intramembrane proteolysis of Notch and other essential proteins. Different -
secretase complexes containing different Presenilin or Aph1 protein subunits are present in various
tissues. Here we show that these complexes have heterogeneous biochemical and physiological
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properties. Specific inactivation of the Aph1B y-secretase in a murine Alzheimer’s disease model
led to improvements of Alzheimer’s disease-relevant phenotypic features without any Notch-related
side effects. The Aph1B complex contributes to total y-secretase activity in the human brain, thus
specific targeting of Aph1B-containing y-secretase complexes may be helpful in generating less toxic
therapies for Alzheimer’s disease.

v-Secretase activity is responsible for the final cleavage of the Amyloid Precursor Protein
(APP) releasing the Ap peptide that accumulates in the amyloid plaques characteristic for
Alzheimer’s Disease (1). The same activity cleaves Notch, N-Cadherin and other important
signalling molecules. y-Secretase activity is mediated by a multiprotein complex consisting of
Presenilin (PS), Aphl, Pen2 and Nicastrin (NCT) (2). Two presenilin (PS1&2) genes and two
APH1 (APH1A&B) genes, which are alternatively spliced, contribute to the heterogeneity of
the complexes (3,4). The Aph1A complexes are crucial for Notch signalling during
embryogenesis (5,6), while functional analysis of APH1B (~58% homologous to APH1A) is
complicated because of the rodent-specific duplication of the gene (Aph1C). The combined
inactivation of Aph1B and Aph1C (Aph1BC ) does not result in any overt phenotype, although
disruption of Nrg1 cleavage in the brain of Aph1BC~/~ mice (7) results in behavioural changes
which are very similar to the ones observed in B-secretase-deficient mice (Bacel™") mice

).

To evaluate the specific biochemical properties of the different AphZ1 subunits we rescued triple
deficient Aph1A~"B~~C~/~ (Aph1ABC ") mouse embryonic fibroblasts (MEFs) with a single
Aphl-homologue (AphlA, AphlAs, AphlB, AphlC). They all restored complex formation as
evaluated by Blue Native Polyacrylamide Gel Electrophoresis (fig. S1). Their activity was
measured in vitro using the recombinant substrates APPC99-3flag and NotchAE. All
complexes supported AICD and NICD production (e-cleavage, (9)) in vitro (Fig. 1A), and the
kinetic parameters K, and Vmax for AICD production were similar for the Aph1A; and Aph1B
v-secretase complexes (Fig. 1B). Thus the “physiological” e-cleavage was maintained. The
Aph1B or AphlC y-secretase complexes produced however a greater proportion of longer
AP peptide species (AB1_42, AP1-a5, AB1-46 and AB1_49,) relative to shorter Ap peptides
(APB1-37, AB1-38, AB1-40) (Fig.1C, D and fig. S1). In an additional independent assay, specific
y-secretase pools were prepared from wild-type mouse brain by immunoprecipitation with
AphlA,-,AphlB-, or PS1-specific antibodies or pre-immune serum. The immunoprecipitates
were assessed for y-secretase activity in both the depleted (unbound) and enriched (bound)
fractions (fig. S2). Comparison of the AP spectra generated confirmed that production of longer
AP species was proportionately higher in Aph1B versus AphlA -containing
immunoprecipitates. The opposite trend was observed in the depleted fractions (unbound).
Given that changes in the relative ratio of secreted AB1_42 to AB1_40 is believed to be important
for AD progression (10), we determined the AB1_42/1-4¢ ratio in culture supernatants of
fibroblasts and primary neurons in vitro and in hippocampal and cortical extracts from
Aph1BC ™~ mice in vivo. The AB1_42/1-40 ratio was maintained between the genotypes (table
S1), confirming that Aph1B does not influence this pathological parameter directly (11).
However, we observed a significant reduction in total A peptide production in brain extracts
from Aph1BC~~ mice, demonstrating the important contribution of the Aph1B complex to
total y-secretase activity in the mouse brain.

We then wanted to investigate whether the structural heterogeneity deduced from the in vitro
assays was preserved in intact cells. Fluorescent Lifetime Imaging Microscopy (FLIM) (12)

measures the proximity between fluorophores attached to different domains of a molecule and
can detect conformational alterations in the y-secretase complex (12). The lifetime of the donor
fluorophore at the PS1 N-terminus was shortened by the presence of an acceptor fluorophore
at an internal loop or at the C-terminus, demonstrating that the fluorophores are in fact in close
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vicinity. Importantly, complexes containing only Aph1B consistently demonstrated a
significantly shorter lifetime than Aph1A-containing complexes (Fig. 1E). The shorter life time
indicates a more “closed” conformation of PS1 and is similar (but milder) in effect to long-
form AB-enhancing FAD-associated presenilin mutations (12). Thus the Aph1 component of
the y-secretase complex has a significant effect on the conformation of the PS1 subunit in situ.

To determine whether specifically targeting Aph1B/C complexes alters the phenotype of a
murine AD model overexpressing both mutated APP (APPSWe-KM670/671NL) and PS1
(PS1-L166P) from a single locus (“APPPS1”) (13), we crossed APPPS1 mice with
Aph1BC~~ mice. We analyzed mice that were either homozygous or hemizygous for the
APPPS1 and homozygous for the Aph1BC locus. At 9 months of age,
APPPS1*/0;:Aph1BC** mice displayed a massive amyloid burden, which was significantly
lowered in APPPS1*/0:Aph1BC 7~ mice (Fig. 2A and B). In hippocampal extracts we observed
asignificant decrease in ABy_ag and ABy_s2 accumulation in Aph1BC ™/~ mice (Fig. 2C and D).

We also evaluated the functional consequence of Aph1BC deletion. Homozygous
APPPS1*+:Aph1BC*"* mice were underrepresented in the breeding program, probably due to
a perinatal mortality associated with APPPS1 homozygosity (14-16). Mendelian ratios were
restored in the Aph1BC ™~ background (fig. S3). The animals also displayed abnormal cage
activity (17), which improved with Aph1BC-deficiency (fig. S4). Seven-month-old APPPS1
homozygous mice displayed a profound acquisition deficit in the Morris water maze test for
spatial learning and memory, and were unable to improve any performance measure by training
(Fig. 2F). No overt genotypic effect on swimming velocity was observed, and visual-evoked
potentials, motor coordination, and exploratory and locomotor abilities were normal in all
genotypes. Deletion of Aph1BC prevented the learning deficit in APPPS1*/* mice. Seven-
month-old hemizygous APPPS1*/0 mice that were either Aph1BC*/* or Aph1BC~/~ displayed
acquisition (Fig. 2F) and probe trial performance similar to control mice. Retraining at 11
months of age showed that APPPS1*/0: Aph1BC*/* mice had largely retained their (procedural)
ability to find the hidden platform but performed worse than controls during all retraining days.

APPPS1+/0:Aph1BC ™/~ mice performed slightly better than APPPS1+/0;Aph1BC*/* mice,
throughout the retraining (Fig. 2G). APPPS1*/0;Aph1BC~~ mice still displayed normal spatial
memory, whereas their Aph1BC*/* counterparts failed to show any preference for the target
quadrant (Fig. 2H). Thus Aph1BC deletion significantly improves the AD-like phenotype of
an AD mouse model.

Aph1BC deficiency had little effect on murine health. Extensive behavioral and neurochemical
testing revealed only a mild disturbance in prepulse inhibition which is extremely mild in
comparison to the effect of y-secretase inhibition on Notch-dependent processes (7) (Fig. 3).
Aph1BC deficiency did not affect B- or T-cell maturation in thymus or spleen, nor did it alter
steady-state CD4*/CD8™ ratios (18,19). The intestinal and pancreatic morphology were also
unaffected in Aph1BC '~ mice (18,20). Finally, expression of Notch1 and its target genes
(HES1, HES5, ACSL1) (21,22), which are directly or indirectly dependent on y-secretase
activity, were similar in hippocampi of APPPS1*/0;Aph1BC~/~ and APPPS1+/0;Aph1BC**
mice (fig. S5). We further investigated expression of the Aph1 genes in hippocampi, pancreas,
spleen, gut and thymus (fig. S6). Aph1B mRNA levels are relatively high in the hippocampus
and pancreas. In situ hybridization experiments using brain tissue sections confirmed the
neuronal Aph1B expression in regions relevant for AD (7) (Fig. 3 and fig. S6) while Notchl
mRNA signal is predominantly expressed in non-neuronal and neuronal precursor cells, and
overlapped significantly with Aph1A, but not Aph1B expression (Fig. 3). Therefore, the
complete ablation of a y-secretase subunit can be generated in an adult mouse without any
Notch-related phenotypes (23).
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The extent to which the APH1B y-secretase complex contributes to Ap production in the human
brain is unknown. Specific y-secretase pools were prepared from human brain as described
above using AphlA -, Aph1B-, PS1-specific antibodies or pre-immune serum, and then both
the depleted (unbound) as well as the enriched (bound) fractions were used for in vitro cleavage
assays (Fig. 4 and fig S7). Depletion of APH1B y-secretase from the endogenous pool of human
brain complexes lowered AICD- and AB-production considerably. Conversely, the isolated
APH1B y-secretase complex was active (Fig. 4). APH1B y-secretase complexes (APH1B-
bound) are a major contributor to total y-secretase activity (PS1-bound) in the human brain.
Furthermore, similar changes were observed in the AP peptide spectrum generated in vitro as
seen in the murine system.

Here we provide evidence that the Aphl protein contributes directly to the proteolytic activity
of the y-secretase complex by influencing the conformation of the catalytic PS1 subunit in situ.
Targeting specifically the Aph1B containing complexes results in significant improvements
of multiple severe AD-related phenotypes in a mouse model. The lack of Notch related side
effects should be compared with what was observed in other full and partial knock-outs of y-
secretase subunits (summarized in (23)). A 50% reduction in y-secretase activity in Nct*/~
heterozygous mice is associated with severe Notch side effects (24). In comparison, we have
observed here the complete removal of a y-secretase complex component without Notch-
related problems and with efficient reduction of the amyloid pathology in the mouse brain.
Since the Aph1B vy-secretase complex is present and active in the human brain, the selective
inhibition of this complex has the potential to translate into an approach to lower Ap peptide
production in human AD with relatively few side effects. Our work has also implications for
other fields, as y-secretase is for instance involved in haematopoietic and other cancers. It might
be important to analyse the role of the different complexes in these different diseases as well
(25).
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Aph1A

Aph1B y-secretase complexes are functional and structurally distinct relative to the Aph1A y-
secretase complexes. (A,B) Immunoblot analysis of microsomal fractions of Aph1ABC*/* and
Aph1ABC™~ MEF rescued with the indicated Aph1 isoforms demonstrates that both
complexes perform e-cleavage of APP and Notch substrate. Specificity of the reaction was
validated using a y-secretase inhibitor (y": 10uM L L-685,458). (B) The velocity, or amount
of AICD generated after 3 h, was plotted against C99-3flag concentrations. The Kinetics of
AICD fit a Michaelis-Menten with positive cooperation (h=2) equation. Apparent V5 and
K values for AICD were statistically indistinguishable (mean+SD, N=5). (C, D) Urea-SDS-
PAGE of solubilised Aph1B y-secretase complexes from MEFs results in more long
(AP1>42) and less short (AB1-<40) AP species (Mean+SD, N=3, p<0.05-0.01). (E)
Aph1ABC™~ MEFs reconstituted with Aph1A, or Aph1B were co-transfected with wild-type
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human PS1 cDNA and Alexa488 lifetimes were measured in absence or presence of FRET;
Aph1B y-secretase display a significant shorter life time (mean+SD, number of cells counted
in 3 to 4 independent transfections are indicated between brackets, p<0.01) implying a closer
proximity between the donor and acceptor as schematically represented.
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Fig. 2.

Deletion of Aph1BC abolishes age-dependent rise in AB levels in the brain and rescues learning
and memory deficits. (A, B) Decreased amyloid burden was evident in

APPPS1*0; Aph1BC~ mice at 9 months of age (representative sections shown, measured
using quantitative stereology (N=>5, p<0.01, absolute amyloid load per unit volume, p<0.01).
(C, D) Using ABx_40 and ABy_4o-specific ELISA, AB-levels in the hippocampus were measured
and normalized to total protein content. Accumulation of ABy_s0 and APx_42 Were rescued in
APPPS1*/0 and APPPS1*/* mice (N=5, p<0.05). (E) Purification of the y-secretase complexes
from APPPS1*/0;Aph1BC*/* and APPPS1*/0;Aph1BC~ brains using the same PS1-specific
antibody, followed by an in vitro activity assay for AICD and AP production resulted in a
quantitative decrease in APPPS1*/0;:Aph1BC~~ mouse brain y-secretase activity (56+1%) and
a statistically significant qualitative shift in the pattern of Ap produced (N=4, p<0.01). (F) At
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a'young age (median 6.5 months; range 4.8-7.6), learning, as measured by decreasing path
length, occurred in all genotypes, except APPPS1+/+: Aph1BC*/* (Mean+SEM: genotype effect
p<0.01; genotypextime interaction p<0.01). This deficit was significantly improved in the
APPPS1*/*;Aph1BC 7~ mice (p<0.05). (G) Retraining of the same mice at 11 months of age
(median 10.7 months; range 9.2-12.2 months) showed that APPPS1+/0; Aph1BC*/* mice were
significantly worse than APPPS1*/0; Aph1BC~/~ mice in finding the hidden platform during
all retraining days (2-way RM ANOVA between APPPS1*/0 genotypes: genotype effect
p<0.01). (H) Probe trial results confirm that Aph1BC deletion prevents spatial memory deficits
in hemizygous APPPS1+/0: Aph1BC*/* mice (%Time spent in: target quadrant Tq. adjacent
quadrants Aq;—Ag2 and opposite quadrant Og, p<0.05; vertical comparison bars: t-test with
hypothetical mean 25% or chance level, p<0.001).
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Fig. 3.

Absence of Notch-signalling defects in Aph1BC~~ mice and expression of Aph1B/C in neurons
of the adult mouse brain. (A, B, C) Sensitive T- and B-cell populations in the thymus (A, B)
or in the spleen (C) were not distinguishable using FACS in age-matched Aph1BC** (N=4)
and Aph1BC~/~ mice (N=3). (D) CD4*/CD8" ratios of peripheral T-lymphocytes were identical
in both APPPS1%0 (Aph1BC~/~: N=3; Aph1BC*/*: N=4) and APPPS1*/ mice (Aph1BC /"
N=8; Aph1BC**: N=7). (E) Intestinal mucosal and (F) pancreas morphology, evaluated in a
blind study, was identical in both genotypes (N=3; H&E and PAS; representative sections).
(G, H, J-L). High power dark-field micrographs of hippocampal region (CAL) hybridized
with the indicated antisense probes demonstrate that Aph1B/C expression is restricted to the
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pyramidal cell layer of the CAL region and neuronal cell layers of cerebral cortex (layer VI)
(G). Notch1 is predominantly expressed in non-neuronal layers containing mainly glial cells
(H). Aph1A is widely expressed in both neuronal- and glia-enriched regions (J). Notchl
expression is generally low and partially overlaps with the non-neuronal markers GFAP
(astrocytes) (K) and C1q (microglia, perivascular macrophages) (L). Hippocampal and cortical
layers are identified by bright field photography of section depicted in (I). VI: lamina six of
parietal cortex, cc: corpus callosum, alv: alveus of the hippocampus (astrocytes), Or: Stratum
oriens of the CA1 region, Py: contains typical pyramidal neurons, Rad: Stratum radiatum (glia),
LMol: Stratum lacunosum molecolare (glia).
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Fig. 4.

Aph1B y-secretase contributes to Ap-production in human brain. Different pools of y-secretase
were prepared from microsomal membranes of human brain tissue using immunoprecipitation
with pre-immune serum (Co serum), or PS1-, Aph1B-, or Aph1A -specific antibody. y-
Secretase activity was then measured in vitro. Production of AICD and Ap species was
measured using SDS-PAGE or urea-SDS-PAGE and specific antibodies. Comparison of the
AphlA, and AphlB precipitated pools reveals a statistically significant shift in the pattern of
AP production (mean+SD, N=3, p<0.05-0.01). Notice that Aph1A; immunoprecipitate is less
active and 4x more sample was loaded. y—: 10uM y-secretase inhibitor L-685,458
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