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modulates amyloid-f§ pathology

Xiaosong Liu"", Xiaohui Zhao" ", Xianglu Zeng], Koen Bossers’, Dick F Swaab’, Jian Zhao'?, Gang Pei" !

'State Key Laboratory of Cell Biology, Institute of Biochemistry and Cell Biology, Shanghai Institutes for Biological Sciences, Chi-
nese Academy of Sciences, *Graduate School of the Chinese Academy of Sciences, Shanghai 200031, China; *Netherlands Institute
for Neuroscience, Meibergdreef 47, 1105 BA Amsterdam, The Netherlands; *School of Life Science and Technology, Tongji Univer-
sity, Shanghai 200092, China

Alzheimer’s disease (AD) is a progressive and complex neurodegenerative disease in which the y-secretase-
mediated amyloid-p (AP) pathology plays an important role. We found that a multifunctional protein, p-arrestinl,
facilitated the formation of NCT/APH-1 (anterior pharynx-defective phenotype 1) precomplex and mature
v-secretase complex through its functional interaction with APH-1. Deficiency of B-arrestinl or inhibition of binding
of B-arrestinl with APH-1 by small peptides reduced AP production without affecting Notch processing. Genetic
ablation of B-arrestinl diminished AB pathology and behavioral deficits in transgenic AD mice. Moreover, in brains
of sporadic AD patients and transgenic AD mice, the expression of B-arrestinl was upregulated and correlated well
with neuropathological severity and senile A plaques. Thus, our study identifies a regulatory mechanism underlying
both y-secretase assembly and AD pathogenesis, and indicates that specific reduction of Ap pathology can be achieved
by regulation of the y-secretase assembly.
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Introduction

Alzheimer’s disease (AD) is a progressive neuro-
degenerative disorder and the most common form
of dementia, accounting for 50%-70% percent of
worldwide dementia cases [1]. The major sporadic AD
cases exhibit onset in their 70s or even later, whereas
the minor, mutation linked, familial AD cases exhibit
onset typically during their 50s [2, 3]. Most cases of AD
suffer from neuron loss, synaptic dysfunction, cognitive
impairment and inability to function independently
[1, 4, 5]. Decades of researches have pathologically
characterized AD by two proteinaceous aggregates:
amyloid plaques composed of amyloid-B (AP) peptides
[6] and neurofibrillary tangles consisting of the
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hyperphosphorylated microtubule-associated protein
tau [7]. The AP peptides are products of sequential
processing of amyloid-PB precursor protein (APP) by
BACE (B-amyloid cleaving enzyme) and y-secretase
complex, comprising at least presenilin (PS), nicastrin
(NCT), anterior pharynx-defective phenotype 1 (APH-1)
and presenilin enhancer 2 (PEN-2) [8-10].

Although the etiologies of most sporadic AD cases are
still elusive, considerable researches have demonstrated
that the G protein-coupled receptors (GPCRs) are
involved. In 2004, Blalock et al. [11] reported a gene
expression profile of AD patients’ postmortem brains
by ¢cDNA microarray analysis, showing that the levels
of transcripts from a number of GPCR genes changed,
among which were inflammation-associated GPCRs (e.g.,
leukotriene B4 receptor, histamine receptor H3), hormone
receptors (e.g., angiotensin II receptor, parathyroid
hormone receptor 1), neurotransmitter receptors
(dopamine receptor D2, D4, gamma-aminobutyric
acid B receptor 1), orphan GPCRs (GPR17, GPR22,
GPRS55) and some others (e.g., purinergic receptor P2Y
G-protein-coupled 10, sphingolipid G protein-coupled
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receptor 1). Recent studies have revealed that the
sequential processing of APP by BACE and y-secretase
can be directly regulated by GPCRs, including 6-opioid
receptor (DOR) [12], B,-adrenergic receptor (B,AR)
[13] and the orphan GPR3 [14]. Moreover, the CCR2,
a chemokine GPCR expressed on microglia, has been
demonstrated to play a protective role in the early stages
of AD pathogenesis by promoting Af clearance [15]. All
these investigations suggest a potential role of GPCRs in
the pathological progression of AD.

Bossers et al. [16] have used a large set of well-
characterized PFC samples to identify gene expression
profiles in sporadic AD patients’ brains. They reported
several clusters of genes with concerted alterations
over the consecutive Braak stages and their possible
involvement in AD pathogenesis. Intriguingly, they
found that the most profound changes occur just before
the onset of senile plaque pathology, suggesting that
disturbances in this balance might cause a positive
feedback loop where increasing levels of neuronal
activity are paralleled by a buildup of AP. Interestingly,
a set of proteins involved in signaling pathways have
been shown to be altered in expression in their study.
B-Arrestinl is one of the signaling mediator and
scaffolding protein that has been found to be upregulated.

It is well known that after stimulation by ligand, the
GPCRs undergo desensitization and internalization
mediated by the multifunctional adaptor proteins called
arrestins [17]. Recruitment of arrestins sterically hinders
further G protein coupling to the GPCR, thereby leading
to desensitization of GPCRs and even mediating a
G protein-independent signaling pathway [18]. The
arrestin family includes four members: arrestinl (visual
arrestin), arrestin2 (f-arrestinl), arrestin3 (p-arrestin2)
and arrestin4 (cone arrestin). While the arrestinl/4
are localized only in the retinal rods and cones, the
arrestin2/3 (B-arrestin1/2) are expressed ubiquitously
[19]. The B-arrestinl is expressed especially higher
in CNS (central nervous system) (THE HUMAN
PROTEIN ATLAS, http://www.proteinatlas.org). In
light of the recently identified roles of GPCRs in the
AD pathogenesis as well as the potential correlation of
B-arrestins with AD pathogenesis, this study is aimed to
further elucidate the potential regulatory mechanisms of
B-arrestins in AD progression.

Results

p-Arrestinl modulates Af production and y-secretase
activity

To test whether B-arrestinl plays a role in AD patho-
genesis, we measured the endogenous AP levels in

B-arrestinl-knockout mouse brains. We found that the
endogenous AB40 and AB42 production were reduced in
hippocampus and cortex of B-arrestinl-knockout mouse
brains (Figure 1A). Furthermore, western blot analysis
of the mouse brain samples revealed that B-arrestinl de-
ficiency resulted in the accumulation of both amyloido-
genic (CTEB, C99) and non-amyloidogenic (CTFa, C83)
carboxyl-terminal APP fragments without altering the
levels of full-length APP (Figure 1B). Because both C99
and C83 are immediate substrates of y-secretase, these
results suggest that the elimination of B-arrestinl might
alter y-secretase activity and APP processing, thereby
contributing to the reduced A levels in B-arrestinl-
knockout mice. Thus, we measured the activities of a-,
B- and y-secretase in these mouse brain samples. We
found that the activity of y-secretase but not that of a-
or B-secretase was significantly reduced in B-arrestinl-
knockout mice compared with that in the wild-type mice
(Figure 1C), suggesting a downregulation of y-secretase
activity. Consistent with these results, we found that
suppression of B-arrestinl expression by specific siRNA
reduced AB40 and AP42 production and y-secretase ac-
tivity in both primary neurons (Figure 1D) and Neuro-2a
neuroblastoma cells (Supplementary information, Figure
S1A). Conversely, f-arrestinl overexpression increased
AP40 and AP42 production and y-secretase activity in
both primary neurons (Figure 1E) and Neuro-2a neuro-
blastoma cells (Supplementary information, Figure S1B).
In contrast, altered B-arrestinl level failed to affect either
a- or B-secretase activities (Supplementary information,
Figure S1A and S1C). We found that the activities of
neprilysin and insulin degrading enzyme, which degrade
AP, were not affected by changes in the p-arrestinl level
(data not shown). To directly monitor the y-secretase
activity, the in vitro C99 assay was performed. We puri-
fied C99 peptide from Hi-5 insect cells. Equal amount of
cell microsomal membrane fractions were then incubated
with C99 peptide, and the de novo generated AICDs (APP
intracellular domains) were monitored. As shown in
Figure 1F, significantly more AICD was generated when
microsomal membrane fractions from the cells over-
expressing P-arrestinl were applied, indicating that the
elevation of B-arrestinl expression enhanced y-secretase
activity. Collectively, these data suggest that expression
of B-arrestinl contributes to the enhanced AP production
and y-secretase activity.

p-Arrestinl enhances y-secretase activity via its
interaction with APH-1

By interacting with diverse signaling proteins,
B-arrestinl mediates the formation of signaling protein
complexes and activation of downstream kinase cascades
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Figure 1 B-Arrestin1 modulates AB production and y-secretase activity. (A) p-arrestin1 modulates endogenous AB produc-
tion in non-AD mice. Cortical (Cx) and hippocampal (Hp) levels of AB40 and AB42 in wild-type (WT) and B-arrestin1-knockout
(Barr1™) mice (n = 4-5 for each group) were measured by ELISA. (B) Full-length APP and APP fragments in the hippocampal
extracts from B-arrestin1-knockout mice. Protein extracts were subjected to western blot using antibodies against APP and
actin. (C) Activities of a-, B-, and y-secretase in hippocampal extracts of WT and Barr1™" mice were measured by specific fluo-
rogenic substrate assay (n = 4 for each group). Data are shown as mean + SEM of at least three independent experiments. (D)
Mouse primary neurons were transfected with B-arrestin1 specific siRNA or non-specific control siRNA and were cultured for
7 days (upper panel). Secreted AB levels (middle panel) were measured by ELISA and y-secretase activity (lower panel) was
measured by specific fluorogenic substrate assay. (E) Mouse primary neurons were transfected with vectors carrying HA-
tagged human B-arrestin1 cDNA or control vectors (upper panel). 48 h after transfection, secreted AB levels and y-secretase
activity were measured as (D). Data are shown as mean + SEM of at least three independent experiments. *P < 0.05, **P < 0.01,
***P < 0.001. NS, non-specific oligomer; Ctrl, control. (F) C99 y-secretase assay. Equal amount of microsomal membrane
fractions of HEK293T cells overexpressing fGal or human B-arrestin1 was subjected to in vitro y-secretase assay using puri-
fied C99. y-secretase activity was reflected by production of AICDs. Specificity of the reaction was validated by y-secretase
specific inhibitor L-685,458 (10 uM, Calbiochem).
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[20]. We tested whether B-arrestinl might likewise
modulate y-secretase activity in a protein-protein
interaction-dependent manner. At least four components,
PS, NCT, APH-1 and PEN-2, are required for y-secretase
proteolytic activity [9, 10]. We incubated [*°S]-labeled
B-arrestinl with immobilized PS1-NTF, PS1-CTF, NCT,
APHI1-AL or PEN-2. We found that B-arrestinl bound
to APHI-AL but not other y-secretase components, as
revealed by autoradiography (Figure 2A), indicating a
direct interaction between B-arrestinl and APH1-AL.
Cellular interactions between B-arrestinl and y-secretase
components were examined by co-immunoprecipitation
(Co-IP) assay. HA-B-arrestinl was detected only in
the Flag-tagged APH1-AL immunopurified complex
(Figure 2B). This Co-IP was achieved in Triton X-100
extracts (i.e., under conditions disrupting the associations
among y-secretase components) [21], underscoring the
specificity of the B-arrestinl/APH1-AL interaction.
Confocal microscopy images showed that B-arrestinl
and APH1-AL exhibited punctate distributions with
substantial colocalization within cytoplasm and formed
clusters in the perinuclear organelles (Figure 2C),
suggesting the association of f-arrestinl and APH1-AL
in intact cells. Moreover, we observed the interaction
of B-arrestinl with APH1-B, a homolog of APHI-AL,
but not with APH1-AS, a short alternative splicing
variant of APH1-AL lacking the C-terminal extension
(Figure 2D). We did not detect any interaction between
B-arrestinl and either APP or BACEI, the other two
key proteins involved in AP production (Supplementary
information, Figure S2A). To test whether cellular
signals cause dynamic changes in the B-arrestinl/APH1-
AL interaction, we examined the effect of activation of
B,-AR (Gas coupled GPCR), DOR (Gai coupled GPCR)
and Angiotensin II receptor (Gaq coupled GPCR) on the
association of B-arrestinl and APH1-AL by Co-IP. We
found that activation of B,-AR, DOR and Angiotensin II
receptor with their agonists isoproterenol, DADLE and
Angiotensin II had little effect on the B-arrestinl/APH1-
AL interaction as assayed by Co-IP (Supplementary
information, Figure S2B).

Next, we screened for APH-1 binding-deficient
mutants of B-arrestinl. We applied a series of B-arrestinl
mutants in the Co-IP assay (Supplementary information,
Figure S2C). The y-secretase activities in the presence
of wild-type B-arrestinl or the mutants were measured
in parallel (Supplementary information, Figure S2D).
We found that a B-arrestinl fragment comprised of
residue 241 to 360 bound to APH1-AL and augmented
y-proteolytic activity similarly to wild-type B-arrestinl.
Further screening showed that B-arrestinl 8M, a
B-arrestinl point mutant harboring the R282A, E283A,

K284A and R285A mutations, weakly bound to either
APHI1-AL or APHI-B (Figure 2E and 2F) and had little
effect on the y-secretase activity (Figure 2G). B-Arrestinl
8M still maintained the normal function of B-arrestinl,
as assessed by its binding to GPCRs (Supplementary
information, Figure S2E) and translocation into clusters
upon f,-AR activation (Supplementary information,
Figure S2F). Interestingly, we found that overexpression
of wild-type B-arrestinl or B-arrestinl 8M had little effect
on NotchAE processing (Figure 2H). To further assess the
effect of B-arrestinl on different y-secretase substrates,
a previously reported sensitive and quantitative reporter
gene assay was applied [22]. As shown in Supplementary
information, Figure S2G, overexpression of wild-
type B-arrestinl but not B-arrestinl 8M could enhance
the cleavage of C99, which is the direct substrate of
y-secretase generated by BACE-cleaved APP. On the
other hand, overexpression of wild-type B-arrestinl or
B-arrestinl 8M did not affect the cleavage of NotchAE.
Moreover, another y-secretase substrate E-cadherin was
used to test the B-arrestinl effect on y-secretase activity.
As shown in Supplementary information, Figure S2H,
overexpression of wild-type B-arrestinl or p-arrestinl
8M had little effect on E-cadherin processing by
y-secretase. Collectively, all these results suggest that the
regulation of y-secretase by B-arrestinl may be specific
for APP proteolysis.

Interference of f-arrestinl/APH-1 interaction reduces Af
production

We synthesized peptides corresponding to the cyto-
plasmic loops and C-terminus of APH1-AL and APHI1-B
(Figure 3A, sequences were shown in Supplementary
information, Figure S3A). All peptides were labeled
by FITC and tagged with the 11-residue-TAT-tag that
has been shown to deliver peptides into many types of
living cells [23] (Supplementary information, Figure
S3B). No significant cell toxicity of these peptides was
observed. We treated cells overexpressing B-arrestinl
and APH1-AL (Figure 3B) or APH1-B (Figure 3C) with
the indicated FITC/TAT-tagged peptide, and found that
the interaction between B-arrestinl and APHI-AL was
blocked by the C-terminus of both APH1-AL and APH1-
B (ACT and BCT), but not by those cytoplasmic loops
(Figure 3B). Similar result was obtained in B-arrestinl/
APH1-B interaction (Figure 3C), indicating that binding
of B-arrestinl with APH-1 depends on APH-1 C-termi-
nus, and B-arrestinl might bind to APH1-AL or APH1-B
C-terminus via the same domain in B-arrestinl. These
are consistent with our observation that B-arrestinl does
not bind to the APH1-AS (Figure 2D). We then treated
APPswe HEK293 cells (HEK293 cells stably express-
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Figure 2 B-Arrestin1 enhances y-secretase activity via its interaction with APH-1. (A) B-arrestin1 directly interacts with APH1-
AL. HA-tagged PS1-NTF, PS1-CTF, NCT, APH1-AL and PEN-2 were immunopurified from HEK293T cells with anti-HA resins.
Equal amount of **S-labeled B-arrestin1 protein was incubated with the immobilized proteins (as shown in the lower panel).
The bound B-arrestin1 was detected by autoradiography (upper panel). (B) B-arrestin1 interacts with APH1-AL but not other
y-secretase components. Triton X-100 extracts of HEK293T cells overexpressing Flag-tagged PS1-FL, PS1-NTF, NCT, APH1-
AL or PEN-2 along with HA-tagged B-arrestin1 were subjected to Co-IP assay using anti-Flag resins. (C) Immunofluorescence
analysis showed the B-arrestin1/APH1-AL colocalization. HEK293 cells were stained with FITC-conjugated anti-HA antibody
and Cy3-conjugated anti-Flag antibody to probe overexpressed HA-tagged APH1-AL (green) and Flag-tagged B-arrestin1 (red).
Scale bar represents 20 um. (D) Co-IP shows the interaction between B-arrestin1 and APH-1 isoforms. B-Arrestin1 interacts
with APH1-AL and APH1-B, but not APH1-AS. (E, F) APH1-AL (E) and APH1-B (F) interacts with wild-type (WT) B-arrestin1
but not the B-arrestin1 8M point mutant. Triton X-100 extracts of HEK293T cells overexpressing pGal, HA-tagged B-arrestin1
WT, B-arrestin1 7M (256-261 6Ala) or B-arrestin1 8 M (282-285 4Ala) along with Flag-tagged APH-1 were subjected to Co-
IP. (G) C99 assay. Equal amount of microsomal membrane fractions of HEK293T cells overexpressing fGal, B-arrestint WT
or B-arrestin1 8M point mutant was subjected to in vitro y-secretase assay. y-secretase activity was reflected by production of
AICD. (H) Notch processing is not affected by overexpression of B-arrestin1 or B-arrestin1 8M. Lysates of HEK293 cells over-
expressing pGal, HA-tagged B-arrestin1 WT or HA-tagged B-arrestin1 8M along with Myc-tagged NotchAE were subjected to
SDS-PAGE, immunoblotted by the indicated antibodies. The generation of NICD represented the Notch-specific y-secretase

activity.
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Figure 3 Interference of p-arrestin1/APH-1 interaction reduces AP production. (A) Schematic plot of the TAT-tagged peptides
corresponding to the cytoplasmic loops and C-terminus of APH1-AL and APH1-B. (B, C) ACT or BCT treatment blocked the
interaction between B-arrestin1 and APH1-AL (B), or APH1-B (C). HEK293T cells overexpressing HA-tagged fB-arrestin1 and
Flag-tagged APH1-AL or APH1-B were treated with 10 uM of the indicated TAT-tagged peptides in the media for 36 h. Mock
represented the sample treated by media. Triton X-100 extracts were subjected to Co-IP assay. (D) APPswe HEK293 cells
were treated with 0, 1 or 10 uM of the indicated TAT-tagged peptides in the media for 36 h. Media were then collected and
subjected to ELISA specific for Ap. Error bars represent SEM. (E) Notch processing is not affected by TAT-tagged peptides
treatment. HEK293 cells overexpressing Myc-tagged NotchAE (NAE) were treated with 10 uM of the indicated TAT-tagged
peptides. Cell lysates were then subjected to SDS-PAGE, immunoblotted by the indicated antibodies.

ing APP Swedish mutant) with these peptides. The ACT
or BCT treatment did not affect the expression level of
either APPswe or the y-secretase components in APPswe
HEK293 cells (Supplementary information, Figure S3C).
On the other hand, the AP production and y-secretase (but
not a- or B-secretase) activity were significantly reduced
by treatment with ACT or BCT but not with other cyto-
plasmic loops (Figure 3D; Supplementary information,
S3D). We further tested the Notch processing in cells
treated by these peptides. Cells overexpressing Myc-

tagged NotchAE and treated by any of these eight pep-
tides generated similar amount of NICD compared with
controls (Figure 3E). Taken together, our results indicate
that inhibition of binding of B-arrestinl with APH-1 re-
duces AP production and y-secretase activity.

p-Arrestinl modulates y-secretase complex formation via
its interaction with APH-1

In the B-arrestinl-knockout mice, we found that
B-arrestinl deficiency had no obvious effect on the ex-
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pression level of the y-secretase components (Supple-
mentary information, Figure S4A). Thus, we examined
the potential effect of B-arrestinl on the y-secretase com-
plex assembly. In Blue Native-Polyacrylamide Gel Elec-
trophoresis (BN-PAGE), the ~440 KD band represents
the mature y-secretase complex [14, 24]. The superna-
tants during the membrane preparation (see Supplemen-
tary information, Data S1) were subjected to SDS-PAGE
(western blot) to ensure the equal loading of membrane
protein in each lane (Figure 4A, lower panel). We found
that overexpression of B-arrestinl, but not B-arrestinl
8M, facilitated the mature y-secretase complex formation

A
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(Figure 4A), suggesting a B-arrestinl/APH-1 interaction-
dependent regulation of y-secretase complex assembly.
The prevailing view of y-secretase complex assembly is
that the formation of a dimeric NCT/APH-1 intermediate
precomplex initiates the assembly, followed by the
sequential incorporation of PS and PEN-2 [25-28].
Deficiency of PS abolishes the mature y-secretase complex
formation and its proteolytic activity [29], and induces
accumulation of the NCT/APH-1 precomplex [28]. We
found that B-arrestinl did not incorporate into the mature
y-secretase complex, but co-migrated with the about
200 KD NCT/APH-1 precomplex (Figure 4A, arrowed
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Figure 4 B-Arrestin1 modulates y-secretase complex formation via its interaction with APH-1. (A) HEK293 cells were trans-
fected with BGal, B-arrestin1 WT (WT) or p-arrestin1 8M (8M). During the native extraction of microsomal membrane, after
high speed centrifugation the pellets representing the microsomal membranes were subjected to BN-PAGE (0.2% DDM),
analyzed by immunoblot using the indicated antibodies against y-secretase components, whereas the supernatants were
subjected to SDS-PAGE and immunoblotted by anti-HA and anti-actin antibodies as loading control. (B) Efficient knockdown
of B-arrestin1 in PS1/2 double knockout MEF cells by specific sSiRNA. PS1/2 double knockout MEF cells were transfected
with B-arrestin1 specific SiRNA or non-specific (NS) control siRNA and were cultured for 96 h. Western blot analysis shows
that B-arrestin1 knockdown does not alter the expression level of NCT and APH-1. (C) Microsomal membranes of PS1/2
double knockout MEF cells transfected with B-arrestin1 specific siRNA or non-specific (NS) control siRNA were subjected ot
BN-PAGE (0.5% DDM). The formation of the NCT/APH-1 precomplex was reduced upon B-arrestin1 knockdown. (D) PS1/2
double knockout MEF cells were transfected with pGal, p-arrestint WT (WT) or B-arrestin1 8M (8M). BN-PAGE and SDS-
PAGE were carried out as (A) but with 0.5% DDM. (E) HEK293 cells were treated with 10 uM of the indicated TAT-tagged

peptides in the media for 36 h. Microsomal membranes were

extracted under native conditions and subjected to BN-PAGE

(0.2% DDM), analyzed by immunoblot using the indicated antibodies.
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bands). This led to our hypothesis that B-arrestinl
might modulate the formation of the mature y-secretase
complex via regulation of the NCT/APH-1 precomplex.
In PS 1/2 double knockout mouse embryonic fibroblast
(MEF) cells, we did observe that PS deficiency abolished
mature y-secretase complex formation and led to an
accumulation of the NCT/APH-1 precomplex (~200
KD band) as reported previously. Further, we found
that the NCT/APH-1 precomplex was reduced when
B-arrestinl was knocked down by specific siRNA
(Figure 4B and 4C) in the PS 1/2 double knockout
MEF cells. However, the expression of NCT and
APH-1 were not changed upon B-arrestinl knockdown.
Furthermore, we found that overexpression of B-arrestinl
but not B-arrestinl 8M enhanced the amount of NCT/
APH-1 precomplex (Figure 4D). The overexpressed
B-arrestinl but not B-arrestinl 8M co-migrated with the
NCT/APH-1 precomplex. These results suggest that
B-arrestinl might facilitate the NCT/APH-1 precomplex
assembly and thus mediate y-secretase holo-complex
assembly through its interaction with APH-1. For further
verification, the cells treated by ACT or BCT peptides
were subjected to BN-PAGE. The formation of NCT/
APH-1 precomplex (Supplementary information, Figure
S4B) and mature y-secretase complex (Figure 4E) was
decreased in the presence of ACT or BCT. It has been
reported that y-secretase complex assembly is initiated
in the early compartments of endoplasmic reticulum
(ER) with the formation of the NCT/APH-1 precomplex
[30], thus B-arrestinl is likely to localize to the early
compartments. As shown in Supplementary information,
Figure S4C, colocalizations between endogenous
B-arrestinl and the ER membrane marker Calnexin were
observed. Moreover, as reported previously, suppression
of PEN-2 by specific siRNA resulted in inhibition of
PS endoproteolysis and accumulation of full-length PS
(Supplementary information, Figure S4D) with a trimeric
complex containing PS, NCT and APH-1 (Supplementary
information, Figure S4E) [9, 31]. However, we could
not detect co-migration of B-arrestinl with this trimeric
complex. Taken together, our results suggest that by its
interaction with APH-1, B-arrestinl facilitates the NCT/
APH-1 precomplex formation and thus modulates the
assembly and activity of y-secretase.

Genetic ablation of f-arrestinl ameliorates memory
deficits in AD mice

To test whether B-arrestinl is involved in AD
pathogenesis in vivo, we crossed APP/PS1 mice [32]
with B-arrestinl-knockout mice (Barrl™") [33], and
compared the AD-like pathologies of these mice.
Detailed mouse information (genotype, sex, age) is

shown in Supplementary information, Figure S5A and
Table S1. APP/PS1 mice exhibit an aggressive onset
of age-dependent neuritic A deposition in the cortex
and hippocampus accompanied by memory deficits [14,
34]. We assessed the object exploration and reactivity
to object novelty as the reflex of object recognition
memory. There were no differences among Barrl”" APP/
PS1 mice, parrl”~ APP/PS1 mice, Barrl”~ mice and their
wild-type littermates (Barrl ™) in their object preferrence
because the percentage of time spent on exploring
each of the two identical objects during training was
comparable (Figure 5A). Following a one-hour delay,
one of the familiar objects was replaced by a novel
object, and the percentage of the time spent on exploring
the novel object (recognition index) was measured (Figure
5B). The wild-type mice exhibited a significant increase
in time spent on exploring the novel object, compared
with the familiar one (P < 0.0001). The B-arrestinl-
deficient non-AD mice behaved similarly as the wild-
type mice (Figure 5B). This observation is consistent
with the previous reports that depletion of B-arrestinl
leads to unobvious dysfunction of CNS [33]. In contrast,
the APP/PS1 mice did not spend more time on exploring
the novel object. Interestingly, the parrl”~ APP/PS]1
mice spent more time on exploring the novel object than
the familiar one (P < 0.0001). One-way ANOVA on the
recognition index (Figure 5B) was performed followed
by post hoc tests, P < 0.0001 (Barrl™ vs parrl”"APP/
PS1, P < 0.001; parrl "*APP/PS1 vs parrl "APP/PSI, P
< 0.001), indicating that the response to object novelty
was rescued by ablation of -arrestinl.

We further used Morris water maze (MWM) to assay
the spatial learning and reference memory of these mice.
As shown in Figure 5C, during hidden platform testing,
APP/PS1 mice exhibited significantly slower learning
rates compared with their non-transgenic littermates (P <
0.001), indicating consistent learning and memory defi-
cits in APP/PS1 mice, as reported previously. Interesting-
ly, the spatial learning and memory impairment in APP/
PS1 mice was ameliorated by the knockout of B-arrestinl
(Barr1”~ APP/PS1 vs Parrl ™ APP/PS1 mice, P = 0.0145).
To assess reference memory, we administered a probe
trial on day 11. Compared with Barrl”" APP/PS1 mice,
the Barrl”~ APP/PS1 mice spent more time in the target
quadrant where the platform used to be (P = 0.032, ¢-test;
Figure 5D and 5E). One-way ANOVA on percent time in
the target quadrant was also performed followed by post
hoc tests, P = 0.0151 (Parrl™* mice vs parrl”* APP/PS1
mice, P < 0.05; parrl™ APP/PS1 mice vs Barrl”~ APP/
PS1 mice, P < 0.05). B-Arrestinl knockout did not af-
fect the motor ability or motivation of the mice (Figure
5F). Moreover, knockout of f-arrestinl in non-transgenic
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Figure 5 Genetic ablation of -arrestin1 ameliorates memory deficits in AD mice. (A, B) The B-arrestin1 deficiency rescues
recognition memory deficit in APP/PS1 mice (n = 7-9 for each group). Preference score (A) was the percentage of time that
mice spent on exploring one of the two identical familiar objects in training session; recognition index (B) was the time that
mice spent on exploring a novel versus a familiar object during a 10 min test session. (C) Learning curves during hidden
platform training in MWM. The latency of each mouse to reach the hidden platform was recorded. (D) Time that took mice to
search in the target quadrant in probe trial on day 11 was recorded. (E) Representative tracks of each genotype of mice in
probe trial on day 11 were shown. “T” represents the target quadrant where the platform used to be. (F) The swimming dis-

tance (upper panel) and velocity (lower panel) remain unchanged upon APP/PS1 transgene or B-arrestin1 knockout. *P < 0.05,
***P < 0.001.
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mice (Barrl”” vs Parr]™ mice) leads to undetectable dif-
ference in performance of the mice in MWM (Supple-
mentary information, Figure S5B and S5C). These re-
sults indicate that the ablation of fB-arrestinl ameliorates
the spatial learning and reference memory deficiency of
APP/PS1 transgenic mice. Taken together, the genetic
ablation of B-arrestinl significantly ameliorates the AD-
like memory deficits in APP/PS1 transgenic mice.

p-Arrestinl deficiency reduces Af production and
y-secretase activity in APP/PSI mice

After the above behavioral tests, all the mice were
sacrificed for further assessment of their AD-like pathol-
ogy. The APP/PS1 mice exhibited typically elevated A
levels and detectable immunofluorescence-positive Af
deposits, which were markedly reduced in the Parrl™"
APP/PS1 mice (P < 0.05 vs parr] ™" APP/PS1 mice) (Fig-
ure 6A). ELISA analysis further revealed a consistent
reduction in the hippocampal and cortical levels of AB40
and AB42 induced by depletion of B-arrestinl (Figure
6B). B-Arrestinl deficiency had no effect on the ratios
of soluble or insoluble AB42 to AB40 in either cortex
or hippocampus (Figure 6B, bottom panel). We further
measured o-, B- and y-secretase activities in mouse brain
samples. We found that the activity of y-secretase but not
0- or B- secretase was significantly reduced in the parrl ™
APP/PS1 mouse compared with the Barrl”" APP/PSI
mice (Figure 6C). Western blot analysis of the mice brain
samples revealed that B-arrestinl deficiency resulted in
the accumulation of both amyloidogenic (CTFpB, C99)
and non-amyloidogenic (CTFa, C83) carboxyl-terminal
APP fragments without altering the levels of full-length
APP, a-secretase (ADAMI10), B-secretase (BACE) and
y-secretase components (Figure 6D). We also observed
decreased endoproteolysis of PS1 due to the homo-PS1
transgenes as reported previously [32]. The accumulation
of C99 and C83 along with the reduction of A levels
indicate that the elimination of B-arrestinl expression re-
duced y-secretase activity and amyloid-f pathologies in
APP/PS1 transgenic mice.

It is noteworthy that the levels of NICD, the Notch
intracellular fragment produced by y-secretase [35], were
indistinguishable among the various mouse genotypes
(Figure 6D), suggesting that the expression of B-arrestinl
might specifically regulates APP proteolysis but has little
effect on Notch processing, which is consistent with
the fact that B-arrestinl-knockout mice exhibit no gross
abnormalities [33].

By BN-PAGE, we monitored the y-secretase complex
formation in the brains of B-arrestinl”~ APP/PS1 mice.
We found that B-arrestinl deficiency led to a decrease
of relative amount of mature y-secretase complex in AD

mouse brains (Figure 6E). Interestingly, the formation
of the mature y-secretase complex was reduced but not
totally blocked upon knockout of B-arrestinl, strongly
suggesting that B-arrestinl might bind with a portion
of the NCT/APH-1 precomplex and B-arrestinl could
modulate the y-secretase complex assembly in vivo.

To further confirm our findings that B-arrestinl deple-
tion results in decreased AP levels in AD mice, we intrac-
ranially injected lentiviral vectors expressing [-arrestinl
siRNA into the hippocampus of 6-month-old TgCRNDS
mice to knockdown endogenous B-arrestinl. Lentiviral
vectors encoding siRNA targeting LacZ was applied for
nonspecific viral effects. LacZ and B-arrestinl siRNAs
did not have detectable non-target effects on inducing
interferon expression in hippocampus (Supplementary
information, Figure S6A). Fluorescent images of co-
expressed GFP by lentiviral vectors displayed the dis-
tribution of these lentiviral vectors in TgCRNDS8 mouse
brains. Four weeks after the stereotaxic injections, both
lentiviral vectors were expressed at comparable levels
in the bilateral hippocampi (Supplementary informa-
tion, Figure S6B). The highest expression was observed
throughout the dentate gyrus. Immunohistochemical
analysis showed that injection of B-arrestinl siRNA lenti-
virus remarkably reduced endogenous B-arrestinl levels.
We then probed brain sections with anti-Af 6E10 anti-
body to detect amyloid plaques. We observed a signifi-
cant reduction of 6E10-positive amyloid plaques in the
hippocampus that received B-arrestinl siRNA compared
to that received LacZ siRNA. No significant change was
found in other brain regions such as the cortex, where no
lentiviral vector was delivered. Morphometric analysis
confirmed that knockdown of B-arrestinl significantly
reduced amyloid plaques in the hippocampus, but not
in the cortex (Supplementary information, Figure S6C).
These results suggest that knockdown of B-arrestinl de-
creased AP levels in AD mice.

By using cDNA microarrays, Bossers et al. [16]
reported the gene expression profiles of postmortem
brain samples of AD patients at various Braak stages [5].
Interestingly, Bossers ef al. reported that more senile
amyloid plaques were detected in brains of patients
with higher Braak stages and the senile amyloid burden
correlated well with the Braak stage [16]. Thus we further
explored this cDNA microarray data to identify whether
there could be a coincidence between the expression of
B-arrestinl and AD pathology. Interestingly, we found
a correlation between the Braak stage and the mRNA
level of B-arrestinl (Supplementary information, Figure
S6D), but not B-arrestin2 (Supplementary information,
Figure S6E). Densitometric analysis of western blots
using the same human brain samples provided by
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Bossers et al. also showed that the B-arrestinl protein
level correlated well with the Braak stage (» = 0.725,
P < 0.001; Supplementary information, Figure S6F and
S6G). B-Arrestinl level increased significantly in more
advanced Braak stages (stage IV, P = 0.0078; stage V,
P =0.017; stage VI, P <0.001). B-Arrestin2 protein level
also correlated with the Braak stage but to a less extent
(r=10.508, P <0.001; Supplementary information, Figure
S6H). These suggest a potential correlation between the
expression of B-arrestinl and amyloid loading in patients.
We also measured B-arrestinl protein level in brains of
two AD transgenic models, APP/PS1 and TgCRNDS
mouse [36]. The expression of B-arrestinl significantly
increased in APP/PS1 mouse brains (Figure 6F) and
TgCRNDS8 mice brains (Supplementary information,
Figure S61). Together, these results indicate a correlation
between B-arrestinl and AD pathogenesis, suggesting
that B-arrestin1 plays a role in AD pathological progression
in vivo.

Discussion

Here, we provide evidence that the multifunctional
signaling protein B-arrestinl is involved in AD pathogenesis.
B-Arrestinl enhances y-proteolysis of APP via its
direct interaction with APH-1, thereby modulating AB
production both in vitro and in vivo. The correlation
between B-arrestinl level and the pathological severity
of AD (senile amyloid plaques) in AD patients’ brains
further suggests the regulatory function of f-arrestinl
during AD pathogenesis. Our findings should be
intriguing because elimination or partial reduction of
B-arrestinl expression is well tolerated, and the mice
lacking B-arrestinl are viable and exhibit no gross
abnormalities [33]. Moreover, our study shows that
elimination or partial reduction of B-arrestinl ameliorates
AP pathological features without completely inhibiting
y-secretase activity or affecting Notch processing, which
indicates a preservation of the normal physiological
functions of y-secretase.

We reported here that f-arrestinl facilitates the
formation of the NCT/APHI precomplex and eventually
the mature y-secretase complex. However, in light of
the multifunction of B-arrestinl, this should not be
the only mechanism by which B-arrestinl functions
in AD pathogenesis. Further investigation using
B-arrestinl tissue-specific knockout mice should give
us a more detailed picture on the regulatory roles of
B-arrestinl in AD progression. Of note, our findings
that the mature y-secretase complex modulated by the
B-arrestinl is specific for APP processing but not Notch
or E-cadherin suggest a novel regulatory mechanism

underlying the APP proteolytic activity of y-secretase
and AD pathogenesis. Although the precise mechanism
by which B-arrestinl acts as the specific modulator of
APP processing is not immediately apparent and how
y-secretase maintains its substrate specificity remains
elusive, a generally accepted explanation for the substrate
specificity is the differential subcellular localization of
y-secretase complex which may be the morphological
basis for substrate and cleavage specificity because
protease and its substrates may be secluded in different
subcellular compartments or microdomains [30, 37].
As a scaffolding signaling protein, -arrestinl may help
y-secretase to locate into subcellular microdomains
proper for the APP processing. Using the whole cell-
based C99-GVP and NotchAE-GVP reporter y-secretase
assay, we also observed a B-arrestinl-enhanced
y-secretase activity specific for C99 cleavage but not
NotchAE. Since the “subcellular microdomains” remain
undisrupted in the whole cell assay, these findings may
provide support for the “subcellular microdomains”
speculation. Moreover, our finding that the 241-
360 truncate of B-arrestinl is enough to enhance the
y-secretase activity as wild-type pB-arrestinl may suggest
a completely different mechanism from what we have
known about B-arrestinl functions. Nevertheless, truncate
mutant of B-arrestinl together with the APH-1 ACT
and BCT peptides thus further provide us with essential
tools to unravel the underlying molecular mechanisms
by which B-arrestinl mediates the assembly, activity and
subcellular localization of y-secretase.

According to our findings, B-arrestinl interacts with
APHI1 and acts as a positive regulator for the formation
of NCT/APH1 precomplex and eventually the mature
y-secretase complex. Interestingly, the Rerlp has been
reported to bind with monomeric NCT and compete with
APHI for NCT, thereby negatively regulating the NCT/
APHI1 precomplex formation in the early compartments
[38]. Furthermore, the assembly as well as the activity of
y-secretase can be regulated by GPR3 [14], TMP21 [39].
Therefore, how these y-secretase regulatory proteins,
including B-arrestinl crosstalk, with each other and
function coordinately to mediate the APP processing by
y-secretase should be of great interest and be carefully
investigated.

Since various cellular signaling pathways converge
at B-arrestins, further investigation may reveal how
extracellular stimulus signaling through B-arrestinl
modulate AP production. Furthermore, we have shown
that interference of p-arrestinl/APH-1 interaction by
small peptides could efficiently reduce Af production
without affecting Notch processing, suggesting that
targeting B-arrestinl and/or its interaction with APH-1
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may implicate an appealing avenue for new preventive or
therapeutic strategies against AD.

Materials and Methods

Antibodies

Rabbit anti-HA, anti-Flag, anti-NCT, anti-PEN-2, anti-APP-
CTF, anti-ADAMI10 and anti-Actin antibodies were from Sigma.
Rabbit anti-PS1-NTF, anti-PS1-CTF, anti-BACE antibodies were
from Calbiochem. Rabbit anti-APH1-AL, anti-APH1-B and
anti-Af 6E10 antibodies were from Covance. Rabbit anti-NICD
(cleaved Notchl Val-1744) antibody was from Cell Signaling
Technologies. Rabbit anti-f-arrestin antibodies (A1CT and
A2CT) were provided by Dr Robert J Lefkowitz (Duke University
Medical Center, USA).

SiRNA sequences

The siRNA sequences for mouse f-arrestinl: sense: 5'-
CUGAGAACCUGGAGGAGAATT-3'; anti-sense: 5'-
UUCUCCUCCAGGUUCUCAGTT-3'; the siRNA sequences for
human Pen-2: sense: 5'-GUACUACCUGGGGGGGUUUTT-3";
anti-sense: 5'-AAACCCCCCCAGGUAGUACTT-3".

Generation of littermate controlled mice of interested
genotypes

The Parrl” (C3H/C57BL) and APP/PS1"°(hemizygous) (C3H/
C57BL) mice were crossed to obtain Barrl” APP/PS1"°(C3H/
C57BL) mice. The Barrl”” APP/PS1"(C3H/C57BL) mice were
then crossed with Barrl” (C3H/C57BL) mice to generate all
genotypes of littermate controlled mice used in this study (namely
Barr1™, Barr1™", Barrl"*APP/PS1 and Barrl ~APP/PS1). Genotyp-
ing was performed on genomic DNA by conventional PCR for
APP and PS1 transgene (APP primers: 5-GACTGACCACTCGAC-
CAGGTTCTG-3', 5'-CTTGTAAGTTGGATTCTCATATCCG-3';
PS1 primers: 5-GTGGATAACCCCTCCCCCAGCCTAGACC-3,
5'-AATAGAGAACGGCA GGAGCA-3') and quantitative real-time
PCR for Barrl genotype (primers: 5'-CCTAGTGCTGGGATTA-
CAAG-3', 5'-CATAGCCTGAAGAACGAGAT-3'). All mice used in
this study were fully genotyped.

Behavioral tests

All behavioral tests were performed by experimenters blinded
for mice genotypes. Novelty seeking was performed as previously
described [40] with modifications. MWM was performed as previ-
ously described [41] with modifications. Full methods are avail-
able in Supplementary information, Data S1.

Immunofluorescence microscopy and immunohistochemistry

Cells were fixed with 4% paraformaldehyde and permeabilized
with 0.2% Triton X-100. We acquired images by using a confocal
fluorescent microscope (Leica TCS SP2 AOBS).

Floating coronal ice sections were incubated with antibody
against B-arrestinl (A1CT, 1:1 000) for 12 h at 4 °C. The slides
were then processed using the Vectastain Elite ABC kit (Vector
Laboratories) according to the manufacturer’s instructions. Images
were acquired by using ZEISS OBSERVER Z1 microscope (Carl
Zeiss) with AxioCamMR3 digital camera and AxioVision software
(Carl Zeiss). Amyloid plaques were quantified with Image-Pro
Plus 5.1 software (Media Cybernetic). Full methods are available
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in Supplementary information, Data S1.

ELISA for Ap

Endogenous mouse AB40 and AP42 were extracted as
previously reported [42] and measured with BNT77/BA27 and
BNT77/BCO05 sandwich ELISA Kkits, respectively. Overexpressed
human AB40 and AB42 in TgCRNDS mice and APP/PS1 mice
were extracted as previously reported [43] and were measured
with human AB40 and AB42 ELISA kits (Biosource), respectively;
results were expressed in pg/mg wet mice brain tissue.

Fluorogenic substrate assay

We assayed o-, B- and y-secretase activities by using fluorogenic
o-, B- and y-secretase specific substrates from Calbiochem [44-46].
Cell lysates or brain homogenates were centrifuged at 800x g for
10 min to remove nuclei and cell debris. Microsomal membrane
fractions were pelleted from the postnuclear supernatants by
centrifugation at 25 000x g for 1 h at 4 °C and were resuspended
for reactions. For measuring o-secretase activity, membranes were
resuspended in assay buffer containing 10 mM Tris-HCI (pH 7.5)
and 20 pM o-substrates (565767, Calbiochem) and incubated at
37 °C for 1 h. For measuring -secretase activity, reactions were
performed in assay buffer containing 50 mM sodium acetate (pH
4.5) and 10 pM B-substrates (565781, Calbiochem) and incubated
at 37 °C for 30 min. For measuring y-secretase activity, reactions
were performed in assay buffer containing 50 mM Tris-HCI (pH
6.8), 2 mM EGTA, 150 mM NaCl, 0.25% CHAPSO and 8 uM
y-substrates (565764, Calbiochem) and incubated at 37 °C for 2 h.
Fluorescence was determined with a SpectraMax M35 spectrometer
(Molecular Devices) and the wavelengths were set for a-substrates
(ex = 340 nm; Aem = 490 nm), B-substrates (Aex = 430 nm;
Aem = 520 nm) and y-substrates (Aex = 355 nm; Aem = 440 nm),
respectively.

In vitro cell free y-secretase assay

The in vitro y-secretase activity assay was performed as previ-
ously described [47] with modifications. Full methods are avail-
able in Supplementary information, Data S1.

Mouse primary neuronal cultures

For primary neuronal cultures, cortexes from mouse pups were
isolated on postnatal day 0 or 1. Dissociated cells were electropo-
rated using Amaxa Nucleofector system and maintained in Neu-
robasal A medium (Invitrogen) supplemented with B27 (Invitrogen)
for 7 days.

BN-PAGE

The BN-PAGE was performed as previously described [14, 24,
48]. The microsomal membranes were extracted in the same way
as “Fluorogenic substrate assay”. Full methods are available in
Supplementary information, Data S1.

Sucrose gradient fractionation

The sucrose gradient subcellular fractionation was performed as
previously described [14]. The 45%, 35% and 5% sucrose in MES
buffer were chosen to make a discontinuous sucrose gradient. Full
methods are available in Supplementary information, Data S1.

Statistical analysis
All results were analyzed with the SigmaStat 3.5 program
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(Systat Software). Spearman’s correlation coefficient r was
calculated to determine the correlations between B-arrestinl/2
levels and Braak stages as well as B-arrestinl level and age of
APP/PS1 mice. Comparisons across Braak groups were obtained
using One Way ANOVA analysis with post-hoc Student-Newman-
Keuls test. The results of MWM hidden platform training were
compared using Two Way ANOVA Analysis with post-hoc Holm-
Sidak test. Data are shown as Mean + SEM. Data from other in
vitro and in vivo experiments if not addressed were analyzed by
Student’s #-test for comparison of independent means. The null
hypothesis was rejected at the 0.05 level.
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