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Introduction
Alzheimer’s disease (AD) is the most common neurodegenerative disease leading to dementia (1). Depo-
sition of  amyloid β protein (Aβ) to form neuritic plaques in the brain is a hallmark of  AD neuropathology 
(2). In the amyloidogenic pathway, amyloid precursor protein (APP) is first cleaved by β-secretases at the 
β-site within its luminal/extracellular domain to release a C-terminal fragment, C99 (or CTFβ). C99 is 
then cleaved by γ-secretase at the transmembrane domain to shed the N-terminal fragment Aβ. Mutations 
enhancing β-cleavage of  APP or altering γ-cleavage of  C99 result in early-onset AD (3–5). Recently, a mis-
sense mutation in the APP gene was shown to suppress Aβ production and reduce the risk of  AD (3, 6, 7).

The protease BACE1 is an indispensable β-secretase of  APP in vivo (8–10). Genetic ablation of  BACE1 
in an AD mouse model abolishes Aβ in the brain (11, 12). Inhibition of  BACE1 has been considered a valid 
avenue for AD drug development (13, 14). However, as BACE1 also cleaves other proteins important for 
brain functions, BACE1 inhibition has been shown to induce severe side effects and is therefore not clini-
cally applicable (15). BACE1 cleaves APP at 2 sites: β-cleavage at Asp1 and β′-cleavage at Glu11 within the 
Aβ domain produce C99 and C89, respectively. Cleavage of  C89 by γ-secretase produces truncated Aβ frag-
ments (Figure 1A) (3, 16). Although BACE1 is the most important β-secretase, most in vivo studies used a 
mouse model containing the Swedish APP mutant that biasedly enhances β-cleavage by BACE1 (16), and 
the contribution of  other potential and weaker β-secretases, if  any, is overshadowed.

BACE2, with 45% of  its amino acid residues identical to BACE1, was initially considered as another 
β-secretase (8, 17, 18). The BACE2 gene is located in the Down syndrome (DS) critical region of  chro-
mosome 21 and BACE2 might therefore contribute to neuritic plaque formation and Alzheimer-related 
dementia in DS (19, 20). Early studies suggested that BACE2 cleaved wild-type APP at the β-site, and 2 
APP mutants, i.e., Swedish and Flemish mutants, enhanced this cleavage with unknown reason (18). How-
ever, later studies clearly demonstrated that BACE2 is not a β-secretase (21–24). Instead of  cleaving APP at 
the β-site, BACE2 cleaves APP within the Aβ domain, particularly at the θ-site (Phe20) to produce C80 and 
prevents Aβ generation (21). Overexpression of  BACE2 inhibited Aβ production in neurons and transgenic 
mice (21, 24–27). Moreover, BACE2 expression in the brain is rather weak (28), implying that even if  it 
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does cleave APP at the β-site, its contribution to C99/Aβ could be negligible in comparison with BACE1. 
For these reasons, BACE2 has been less considered an important enzyme for AD pathogenesis or therapy.

In this report, we found that BACE2 could function as a conditional β-secretase. The juxtamembrane 
helix (JH) of  APP is crucial to inhibit the β-secretase activity of  BACE2. Disruption of  the JH by artifi-
cial and AD-associated mutations triggered the β-secretase activity of  BACE2. Suppressing endogenous 
BACE2 in an AD model mouse carrying the Arctic mutation significantly reduced C99 and Aβ generation, 
suggesting a high in vivo activity of  BACE2 in spite of  the low expression. Clusterin, a neuronal chaperone 
protein (29) that is induced by multiple AD risk factors, upregulated during AD and DS (30–33), and a top 
3 sporadic AD risk gene (AlzGene; http://www.alzgene.org/), enabled BACE2-mediated β-cleavage of  
wild-type APP through binding to the JH. Both BACE2 and clusterin showed enhanced expression in the 
brains of  aged wild-type mice. As β-secretase activity, but not BACE1, increases in aged human, monkey, 
and nontransgenic mouse brains (34), BACE2 could be the emerging β-secretase in vivo during aging. 
Moreover, BACE2 displays higher activity in preclinical AD (35). Hence, unlike BACE1 that is constitu-
tively active, BACE2 becomes a β-secretase only conditionally, and may therefore better correlate with AD 
pathogenesis. BACE2-mediated β-cleavage represents what we believe is a novel mechanism underlying 
AD pathogenesis, and an early intervention against BACE2 and clusterin may help AD prevention without 
the anti-BACE1 side effects (15, 36).

Results
BACE2 cleaves the APPF615P mutant at the β-site. An artificial APP mutant (APPF615P), in which phenylalanine 
615 (F615 of  APP695 or F19 of  Aβ) is replaced by a proline, inhibits the nonamyloidogenic α-cleavage of  
APP to generate C83 (Figure 1A) (37). As F615 flanks the θ-site (Figure 1A), we tested BACE2 cleavage of  
this mutant. Surprisingly, the F615P mutation enabled BACE2 to process APP at BACE1 cleavage sites 
to generate C99 and C89, and abolished the θ-cleavage–derived C80 produced by BACE2 (Figure 1B and 
Figure 2, A and B). The C-terminal fragment (CTF) patterns generated by BACE2 and BACE1 cleavage 
of  APPF615P were indistinguishable (Figure 1B). To examine if  this is due to the destruction of  the θ-site by 
F615P, which forced BACE2 to cleave at the β- and β′-sites, recombinant BACE2 substrates with or without 
F615P substitution were generated for in vitro BACE2 cleavage (Supplemental Figure 1A; supplemental 
material available online with this article; https://doi.org/10.1172/jci.insight.123431DS1). These sub-
strates contained only θ-site but no β- or β′-sites. Circular dichroism revealed a reduction of  α-helix feature 
bands at 210 nm and 220 nm in the F615P-containing substrate (Supplemental Figure 1A). When incubat-
ed with recombinant BACE2, the wild-type and mutant substrates decreased at similar rates (Supplemental 
Figure 1A). Moreover, a double mutation abolishing BACE1-catalyzed CTF shedding (3) partially restored 
C80 from APPF615P by BACE2 (Supplemental Figure 1B). These results suggested that rather than destroy-
ing the θ-site, F615P shifted BACE2 cleavage preference to β- and β′-sites.

Perturbation of  the JH domain of  APP by proline causes BACE2-mediated β-cleavages. F615P is within the JH of  
C99 (L17–V24)/APP (L613–V620 in APP695) (38) (Figure 1A). As the substituting residue proline is α-helix break-
ing, structural perturbation may underlie the altered BACE2 cleavage. Proline-scanning mutagenesis of APP 
from V614 to D619 within the JH demonstrated that all these substitutions led to C99 production by BACE2 (Fig-
ure 1C). As this helix interacts with cholesterol and organelle membranes (38), the loss of these 2 bindings upon 
the perturbation of JH might be a more direct cause of BACE2-mediated β-cleavage. Non–cholesterol-binding 
APPG625A and non–membrane-associating APPG625W (39) with the mutation site G625 outside the JH were there-
fore tested for BACE2 cleavage. Only APPG625W was very weakly processed into C99 (Figure 1D), suggesting 
that membrane binding of JH plays an important role in inhibiting β-cleavage by BACE2. However, as C99 
derived from APPG625W by BACE2 was so weak that an enrichment by immunoprecipitation was required for 
clear detection, and C80 remained the predominant product of BACE2, the affected membrane binding by the 
F615P mutation, if  any, is unlikely the major cause of the shifted BACE2 cleavage site preference.

BACE2 cleaves APP Flemish and Arctic mutants at the β-site. To confirm that the JH inhibits β-cleavage by 
BACE2, we coexpressed APP Flemish (A617G, APPFlemish) and Arctic (E618G, APPArctic) mutants with 
BACE2 in HEK293 cells. These 2 APP mutants both have the mutation sites in the JH, with glycine as 
the substituting residue (Figure 1A). Like proline, glycine is α-helix breaking. Both APPFlemish and APPArc-

tic were cleaved by BACE2 into C99 and C89 (Figure 2, A–D). By contrast, endogenous α-secretases did 
not produce C99 from either wild-type or mutant APPs (Figure 2A). Meanwhile, the θ-cleavage product 
C80 from APPFlemish and APPArctic by BACE2 were reduced compared with C80 from APPWT (Figure 2A). 
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Western blot using C99/Aβ(1–x)–specific antibody 82E1 and C20 antibody against the last 20 amino 
acids of  APP/CTFs demonstrated that C99 bands from APP F165P, Flemish, and Arctic mutants by 
BACE2, as detected by C20, contained similar percentages of  bona fide C99 (recognized by 82E1) as the 
C99 from APPWT by BACE1 (Figure 2B), indicating that BACE2 produced little or no non-C99 CTFs with 
the same gel mobility as C99 (e.g., C100, C98, etc.). BACE1 cleavage of  Flemish and Arctic mutants was 
not apparently affected (Figure 2C). Three other AD-associated mutations at the Arctic site, i.e., Dutch 
E618Q, Osaka E618del, and Italian E618K, did not induce detectable C99 through BACE2 (data not 
shown). Usually, Q (glutamine) and K (lysine) are not α-helix disrupting, and the structural effect of  E618 
deletion is unclear. Decreased Aβ production from APPWT and increased Aβ generation from APPF615P, 
Flemish, and Arctic mutants upon BACE2 overexpression (Figure 2D) further corroborated that BACE2 
is nonamyloidogenic for wild-type APP, but becomes amyloidogenic for these APP mutants.

F615P, Flemish, and Arctic mutations of  APP abolish BACE2 cleavage of  the nascent APP. When nascent 
APP was arrested in the endoplasmic reticulum (APPER) to prevent maturation, BACE2 still produced C80 
(Figure 3A) and a secreted APP N-terminal fragment (Figure 3B) from APPER, and decreased APPER in a 
time-dependent manner upon the inhibition of  protein synthesis (Figure 3C). APPER coimmunoprecipitated 
with inactive D110A-mutant BACE2 without the inhibitory propeptide (Figure 3D), but not with wild-type 
BACE2 or inactive mutant BACE2, suggesting that APPER quickly separates from BACE2 after cleavage, 
and does not interact with BACE2 containing the propeptide that must be removed by autocleavage before 
substrate recognition. In contrast, overexpressed BACE1 and endogenous α-secretase did not cleave APPER 
(Figure 3, A–C). Therefore, BACE2 can cleave APP earlier than other secretases do, and may as such reduce 
the supply of  APP as BACE1 substrate. However, retaining nascent APPF615P (Figure 3E), APPFlemish, and 

Figure 1. Perturbation of the JH domain by proline causes BACE2-mediated β-cleavages. (A) Schematic diagram showing the cleavage sites and mutation 
sites in APP. JH, juxtamembrane helix; TM, transmembrane domain. (B) APP695 wild type (APPWT) and APP F615P mutant (numbering as in APP695 form; 
APPF615P) were coexpressed in HEK293 cells with Myc-His–tagged BACE1 or BACE2, and cell lysates were blotted for CTFs, APP, and BACEs. Both BACE1 and 
BACE2 were detected using 9E10 anti-Myc antibody. Ratios of C99 to C89 were plotted. Bars represent mean ± SEM (n = 3). (C) Proline-scanning mutagen-
esis of the APP JH domain. All residues from V614 to D619 of APP695 were individually replaced by proline, and the mutants were coexpressed in HEK293 with 
BACE2. Cell lysates were immunoblotted for CTFs, APP, and BACE2. (D) APPWT and the non–membrane-binding APPG625W were coexpressed with BACE2. 
CTFs were enriched by IP with C20 antibody, and Western blotted with both C20 polyclonal and the C99-specific 82E1 antibody.
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APPArctic (Figure 3F) in the ER abolished the cleavage by BACE2. Thus, these mutants can both trigger 
BACE2-dependent C99/Aβ generation and abolish the protective θ-cleavage of  the nascent APP by BACE2.

BACE2 knockdown reduces C99 and Aβ accumulation in the brains of  APP Arctic mutation–knockin mice. An 
APP Swedish-Arctic-Iberian triple mutation–knockin mouse (3KI) displayed stronger C99 and faster Aβ 
and plaque accumulation than the Swedish-Iberian mutation KI mouse (2KI) (40). Since in both human 
and mouse BACE2 and APP are located in the same chromosome (21 in human and 16 in mouse), and the 
2 genes are very close to each other on the chromosome, obtaining the APP3KI/3KI;BACE2–/– double-mutant 
mice by mouse line crossing is not realistic. We intraventrically injected adeno-associated virus (AAV) 
expressing BACE2 shRNA into the brains of  3KI mice. Although the Swedish mutation greatly increases 
C99 and Aβ generation by enhancing BACE1-mediated β-cleavage at the Asp1 site (3, 16), knockdown of  
BACE2 reduced the C99 level in primary cortical neurons of  3KI to 59.63% ± 2.99% (P < 0.01; Figure 4A 
and Supplemental Figure 2A). In the brains of  11-week-old 3KI mice, BACE2 knockdown significantly 
lowered C99 (100% ± 20.95% vs. 59.88% ± 6.35%; P < 0.01) (Figure 4B) and Aβ levels (38.96 ± 3.81 μg/g 

Figure 2. AD-associated APP mutations perturbed the JH domain and induced β-cleavage by BACE2. (A) APP variants were coexpressed in HEK293 
cells with BACE2 or inactive BACE2 mutant (D110A). Cell lysates were blotted for CTFs, APP, and BACE2. CTF markers expressed in HEK293 cells were 
loaded to indicate the mobility of CTFs. CTFs were blotted with rabbit polyclonal C20 antibody against the last 20 residues of APP, and the same 
membrane was also blotted with C99/Aβ(1–x)–specific mouse monoclonal antibody 82E1. The color panel is the merged images of C20 and 82E1 on 
the same gel. For clear visualization of C99 and C89 from APP mutants, Western blot membranes were exposed for a longer time. For the compar-
ison of C83/C80, membranes were exposed for a shorter time. (B) APP variants were coexpressed with BACE1 or BACE2 in HEK293 cells, and CTFs 
were simultaneously blotted with the rabbit polyclonal C20 antibody and the mouse monoclonal 82E1 antibody. Images of C20 (red) and 82E1 (green) 
bands were merged in the bottom panel. Ratios of 82E1 signals to C20 signals were plotted, and comparison was by paired t tests. (C) APP wild type, 
Flemish, and Arctic mutants were coexpressed with either BACE1-Myc or BACE2-Myc in HEK293 cells. Cell lysates were blotted for APP, CTFs, and 
BACEs. (D) APPWT, Flemish, Arctic, and APPF615P mutants were coexpressed with BACE2-Myc-His in PC12 cells. Cell lysates were immunoblotted for 
indicated proteins and the conditioned media were measured for Aβ1–40. All bars represent mean ± SEM (n = 3). ***P < 0.001 (paired t tests). WT, APP 
wild type; APPFle and Fle, APP Flemish mutant; APPArc and Arc, APP Arctic mutant.
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Figure 3. F615P, Flemish, and Arctic mutations abolished BACE2 cleavage of nascent APP. (A) APPWT and APP with 
the KKXX ER retention signal (APPER) were coexpressed with BACE1 or BACE2 in HEK293 cells. CTFs and APP were 
blotted with C20 and BACE1 and BACE2 were probed with anti-Myc antibody. mBACE1 and imBACE1, mature and 
immature BACE1, respectively. (B) APPER with a FLAG tag inserted into APP after the signal peptide was coexpressed 
with BACE1 or BACE2 in HEK293 cells. Cell lysates were blotted for APP, CTF, and BACEs. Secreted APP (sAPP) in the 
conditioned media was enriched by immunoprecipitation using FLAG-agarose, and Western blotted using anti-FLAG 
antibody. (C) APPER was coexpressed with BACE1 or BACE2 in HEK293 cells, and treated with the translation inhibitor 
cycloheximide (CHX, 100 μM) for the indicated times. Full-length APPER, CTFs, and BACE2 were blotted. Immature 
BACE1 decreased due to ceased protein synthesis and continuous BACE1 maturation. Residual full-length APPER 
relative to time 0 was plotted. Curves represent mean ± SEM. (D) Schematic diagram indicates domains and the 
first active site in BACE2. SP, signal peptide; PP, propeptide; D110, the first active site; TMD, transmembrane domain. 
APPERwas coexpressed with Myc-tagged BACE2, inactive BACE2 mutant (BACE2D110A), or BACE2D110A without the 
propeptide (BACE2D110A-Δpro). BACE2 variants were immunoprecipitated (IP) with anti-Myc 9E10 antibody, and the pre-
cipitates were immunoblotted (IB) using the indicated antibodies. APPF615P (E) and APP Flemish and Arctic mutants 
(F) with the ER retention signal (APPF615P-ER, FlemishER, and ArcticER, respectively) were coexpressed with BACE2 in 
HEK293 cells. CTFs, APP, and BACE2 in lysates were blotted.
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vs. 23.54 ± 3.58 μg/g brain tissue; P < 0.001) (Figure 4C) without apparently affecting BACE1 (Figure 
4B). No apparent C99 change was found for primary neurons of  2KI or brains of  2-week-old 2KI express-
ing BACE2 shRNA (Figure 4, A and D). Furthermore, BACE2 suppression slowed the growth of  neuritic 
plaques in 3KI mouse brains (Supplemental Figure 2B). To determine if  Aβ and plaques derived from 
BACE2-mediated β-cleavage contribute to memory deficits in 3KI mice, BACE2-suppressed 3KI mice were 
subjected to behavioral test at the age of  6 months. At this age, the 3KI mice display cognitive impairment 
only in the Y-maze test, whereas the 2KI mice whose APP is not a β-cleavage substrate of  BACE2 develop 
similar impairment at 18 months (40). Knocking down of  BACE2 significantly improved the performance 
of  3KI mice (Figure 4E). Hence, despite its weak expression, BACE2 exhibited remarkable β-secretase 
activity, and contributed to AD pathogenesis in Arctic mutation–containing brains.

BACE2 isoform 1 and isoform 2 function differently in APP processing. A BACE2 splicing variant with-
out exon-7 (isoform-2; Supplemental Figure 3A) has been reported to be upregulated in AD (35). This 
BACE2 isoform extremely weakly cleaved APPWT into a C99-like CTF. More strikingly, it did not 
cleave nascent APPWT, and its β-cleavage of  APPFlemish was much weaker than that by BACE2 (i.e., 
isoform-1; Supplemental Figure 3B). Thus, deletion of  BACE2 exon-7 and disruption of  the JH of  APP 
showed similar but nonsynergistic/additive effects on APP processing by BACE2, implying a common 
structural or regulatory basis.

Clusterin binds APP with intact and wild-type JH intracellularly. To explore BACE2’s involvement in sporad-
ic AD and DS, we hypothesized that an Aβ-binding protein could also bind APP to the JH (Figure 1A) to 
create a structural change or spatial hindrance, hence initiating β-cleavage of  APPWT by BACE2. Clusterin/
ApoJ is a secreted Aβ-binding chaperone and is upregulated in AD and DS (30–32). It coimmunoprecipitates 
with transgenic APP in the brain (41). We found that endogenous-level APP coimmunoprecipitated with 
endogenous clusterin in mouse brain lysates (Figure 5A). Clusterin coimmunoprecipitated with APP in cells 
coexpressing exogenous clusterin and APP in vitro, but when APP and clusterin were separately expressed 
and the lysates were pooled, there was no binding of  the 2 proteins, suggesting that the intracellular envi-
ronment is required for the binding (Figure 5B). Clusterin coimmunoprecipitated with APP, C99, and C83, 
but not with C80 (Figure 5, C and D). APP, C99, and C83 all contain the intact JH, whereas C80 contains 
only half  of  the JH (Figure 5C). Hence, the N-terminal part of  the JH is crucial for APP/C99 binding with 
clusterin. The binding of  clusterin with C83 is much weaker than that with C99, presumably because C83 
shares the first residue with the JH. Without flanking residues, the helix may become unstable. Furthermore, 
the JH-disrupting F615P and Flemish mutations abolished or significantly reduced the binding of  clusterin 
and C99, respectively, indicating that residues F615 and A617 (Flemish mutation site) are indispensable for 
C99-clusterin interaction (Figure 5E). In full-length APP, however, F615P and Flemish mutations only par-
tially inhibited APP-clusterin interaction (Figure 5F), implying that full-length APP may have multiple clus-
terin-binding domains and the JH is one of  them. As the Arctic mutation in APP did not affect APP-clusterin 
coimmunoprecipitation (Figure 5F), the integrity of  the entire JH is not necessary for the binding.

The binding of  clusterin to the JH facilitates BACE2-mediated β-cleavages. To assess if  clusterin binding to the 
JH may trigger BACE2-mediated β-cleavage of  APP, we coexpressed APPWT and BACE2 with or without 
clusterin in HEK293 cells. It was previously shown that the overexpressed clusterin in COS7 cells forms 
aggregates in the perinuclear region, a pattern closely resembling that in aged rat brains (42). Overexpression 
of  clusterin triggered C99 generation by BACE2 from APPWT (Figure 6A). In 4EB2 cells stably expressing 
both human BACE2 and APPSwe (wild-type JH), BACE2 weakly produced C99, which could be because 
the Swedish mutation makes the β-site more susceptible to potential β-secretases. Overexpression of  clus-
terin but not another Aβ-binding protein, ApoE, increased C99 production in 4EB2 (Figure 6, B and C). In 
HEK293 cells stably expressing the APPSwe mutation (20E2, without endogenous BACE2 expression; see ref. 
43), clusterin did not increase C99 generated by endogenous BACE1. Instead, there was a slight reduction 
in C99 with clusterin overexpression (Supplemental Figure 4), suggesting that clusterin specifically induced 
the β-secretase activity of  BACE2 but not endogenous BACE1 or α-secretases. Meanwhile, clusterin over-
expression also suppressed BACE2 cleavage of  nascent APP (Figure 6C). Both of  the induced β-cleavages 
by BACE2 and the reduced θ-cleavage of  nascent APP upon clusterin overexpression are reminiscent of  the 
effects of  JH-disrupting mutations. Clusterin did not increase BACE2-produced C99 from APPF615P whose 
JH region does not bind clusterin (Figures 5E and 6D). Consistently, clusterin overexpression increased Aβ 
from APPSwe but not from APPSwe-F615P (Figure 6E). Therefore, the binding of  clusterin to the JH facilitates 
BACE2-catalyzed β-cleavage of  APPWT and APPSwe.
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Figure 4. BACE2 suppression reduces C99 and Aβ accumulation in the brains of APP Arctic mutation–knockin mice. (A) Primary neurons from  
E18 APPSwedish-Arctic-Iberian/Swedish-Arctic-Iberian–knockin mice (3KI) or APPSwedish-Iberian/Swedish-Iberian–knockin mice (2KI) were transduced with adeno-associated virus-9 (AAV9) 
carrying scrambled shRNA (scr) or shRNA against mouse BACE2 (sh). Cells were analyzed by Western blot for CTFs (C-terminal fragments of APP), APP, BACE2, 
and BACE1.NA-CTF, nonamyloidogenic C-terminal fragments of APP. (B) Viruses containing scrambled shRNA or BACE2 shRNA were intraventricularly injected 
into the brains of neonatal 3KI mice (all littermates, n = 5 for each). Mice were sacrificed at 11 postnatal weeks. Half brains were Western blotted for the indi-
cated proteins. C99 on the same membrane was also blotted with C99-specific antibody 82E1, and merged with C20 blots. Nonamyloidogenic CTFs (NA-CTFs) 
include C89, C83, and C80. CTRL, control scrambled shRNA. (C) The other brain halves were analyzed by Aβ1–42 ELISA. ELISA readout for Aβ1–40 was no higher 
than background noise (n = 5). (D) AAV9 carrying scrambled shRNA or shBACE2 were intraventricularly injected into the brains of neonatal 3KI (all littermates) or 
2KI (all littermates) mice. Successful injection was indicated by fast dye (blue). Mice were sacrificed 2 weeks after virus injection, and brain homogenates in RIPA 
buffer were Western blotted for the indicated proteins. C99 levels were expressed as percentages of C99 in scramble shRNA–injected 3KI mice.  n = 4 for 3KI 
Ctrl, 3KI shBACE2, and 2KI shBACE2, and n = 3 for 2KI control. (E) Y-maze test for 6-month-old 3KI mice with or without BACE2 suppression. n = 8 for wild-type 
mice (WT), 4 for 3KI, and 8 for 3KI with suppressed BACE2 expression (KD). *P < 0.05; **P < 0.01; ***P < 0.001 by unpaired t test. ns, non-significant. All bars 
represent mean ± SEM.
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Altered expression of  clusterin, BACE1, and BACE2 in aged brains. Aging is the biggest risk factor of  AD. 
Clusterin has been shown to be upregulated in some peripheral tissues or cells during aging, and proposed 
to be a marker for senescence (44, 45). In a DS model mouse, clusterin is also increased in older brains (46). 
Although this study did not observe any change in clusterin in aged wild-type mouse brains, only mice up 
to 200 days (<7 months) were tested.

To assess the possibility that aging may facilitate Aβ production through clusterin and BACE2, we 
compared clusterin, BACE1, and BACE2 protein levels in the brains of  3- and 14-month-old wild-type 
mice. Clusterin increased from 100% ± 15.13% in 3-month-old brains to 185% ± 15.53% in 14-month-old 
brains; BACE2 also displayed a dramatic increase in older mouse brains (100% ± 17.93% at 3 months vs. 
212% ± 55.44% at 14 months). By contrast, brain BACE1 in older mice was slightly decreased (100% ± 
6.20% vs. 83% ± 9.89%) (Figure 7A). Additionally, clusterin in the brains of  13- to 14-month-old 3KI mice 
did not show a significant change as compared with that in age-matched wild-type mice (Figure 7B). As the 
3KI mice only display mild deficit in some cognition tests (40), the real AD pathology inducing clusterin 
upregulation in the human AD brain may not be triggered in the 3KI mouse model. Alternatively, the dif-
ference in clusterin levels in 3KI and wild-type mice is not sufficiently apparent, and given the variations of  
clusterin in 3KI, a larger sample pool would be required to reveal the difference.

Figure 5. Clusterin binds APP with intact and wild-type JH intracellularly. (A) Coimmunoprecipitation (CoIP) of endog-
enous APP and clusterin from brain homogenate. Anti-GAPDH was used as control IP antibody. (B) Clusterin-FLAG and 
APPWT without tag were either coexpressed or separately expressed in HEK293 cells. Cells with both clusterin and APP 
were directly lysed (coexpression), and cells with only clusterin or APP overexpression were lysed and the lysates were 
combined (pooled lysates). After IP with FLAG-agarose, the precipitated proteins were blotted with C20 antibody for 
APP and FLAG antibody for clusterin. (C) Schematic diagram showing the position of the JH in different CTFs. (D) C99, 
C83, and C80 were coexpressed with clusterin-FLAG in HEK293, and the lysates were subjected to anti-FLAG CoIP. C20 
antibody was used to detect CTFs in the precipitates. (E) Clusterin-FLAG was coexpressed with wild-type C99 (C99WT), 
F615P containing C99 (C99F615P), and Flemish mutation containing C99 (C99Fle) in HEK293 cells, and cell lysates were 
immunoprecipitated using anti-FLAG antibody. Precipitates were Western blotted using C20 for C99 variants and anti-
FLAG for clusterin. (F) CoIP of clusterin-FLAG with APP variants in HEK293 cells. IP was by anti-FLAG antibody, and 
APP detection was by C20 antibody.
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Discussion
β-Cleavage of  APP to generate C99 is the first and rate-limiting step for Aβ generation (47, 48). BACE1 is 
the β-secretase catalyzing β-cleavage of  APP, and therefore inhibiting BACE1 has been long believed to be 
a therapeutic strategy for AD (49, 50). However, other indispensable functions of  BACE1 in the brain have 
limited the clinical application of  BACE1 inhibitors. As BACE1 is the β-secretase generating the most, if  
not all, C99, there seem to be no other targets available for β-cleavage suppression, unless a method can be 
developed to inhibit only BACE1 cleavage of  APP without affecting BACE1 cleavage of  other proteins. 
In addition to BACE1 as a constitutive β-secretase, there could be one or more other β-secretases that are 
activated during the initiation or progression of  AD. Due to the high basal C99 production by BACE1, 
however, the contribution by the conditional β-secretase(s) may not be readily discernable, especially in 
animal models where APP mutants preferentially favoring BACE1 cleavage are used. Nevertheless, the 
abnormally induced β-secretases may better correlate with AD than BACE1.

Figure 6. The binding of clusterin to the JH facilitates BACE2-mediated β-cleavages. (A) APPWT (no tag) and BACE2 (Myc-His tagged) were expressed in HEK293 
in the presence or absence (vector) of coexpressed clusterin (Myc-His tagged). CTFs were enriched by immunoprecipitation (IP) with C20 antibody, and blotted 
with 82E1 antibody specific for C99. (B) Clusterin or ApoEs whose binding motif in Aβ resides in the JH region as well were overexpressed in 4EB2 cells, a HEK293 
cell stably expressing human APP Swedish mutant (APPSwe) and BACE2. Total CTFs were blotted with C20 antibody and C99 was also blotted with 82E1. C99s were 
quantified (using C20 polyclonal) and expressed as the ratio to C99 in vector-expressing cells (n = 4 replicates). ***P < 0.001 (1-way ANOVA, Tukey’s post hoc test). 
(C) APPSwe or APPF615P were coexpressed with either pcDNA4 or clusterin-FLAG in 4B25 cells, a HEK293 cell line stably expressing Myc-tagged human BACE2. C99 
levels were expressed as the ratio to C99 in pcDNA4-APP–expressing cells (n = 3 replicates). **P < 0.01 (paired t tests). (D) Nascent APP (APPER) and BACE2 were 
coexpressed with pcDNA4 (vector, clusterin “–”) or clusterin (clusterin “+”) in HEK293 cells. C80 bands were quantified and plotted as the ratio to C80 in vector- 
expressing (clusterin “–”) cells (n = 3 replicates). **P < 0.01 (paired t tests). (E) Clusterin was coexpressed in PC12 cells with APPSwe or the APP Swedish-F615P dou-
ble mutant (APPSwe-F615P). Forty-eight hours after transfection, cell lysates were blotted for the indicated proteins and conditioned media were analyzed by Aβ1–42 
ELISA. The amounts of Aβ1–42 were expressed as the ratio to Aβ1–42 from cells with pcDNA4 transfection (Vec) (n = 3 replicates). **P < 0.01 (paired t tests). All bars 
represent mean ± SEM.
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We found that the artificial F615P mutant of  APP could be cleaved by BACE2 at the β-site, and then 
further identified Flemish and Arctic mutants of  APP from AD patients as β-cleavage substrates of  BACE2. 
The substituting amino acids of  these 3 mutants and the location of  the mutations in the JH of  APP led us 
to the hypothesis that structural perturbation of  the JH enabled β-cleavage by BACE2. This hypothesis was 
further validated by proline scanning of  the JH. Hence, BACE2 is a conditional β-secretase whose β-secre-
tase activity is normally suppressed by the JH during the interaction with APP.

The F615P, Flemish, and Arctic mutations in APP also abolished the θ-cleavage of  nascent APP by 
BACE2 in the ER. It is of  interest that both BACE1 and BACE2 are suggested to be dependent on low pH 
for activity, but the ER is a neutral-pH environment. Hence, although BACEs themselves may require low 
pH for highest activity in vitro when the substrates are peptides with cleavage sites always exposed, the 
interaction with full-length APP could alter BACEs’ mode of  action.

It is also interesting to note that overexpressed BACE1 and endogenous α-secretase only cleave mature 
APP after ER export. Since there is always sufficient APP, both mature and immature, in the brain (see 
full-length APP in Figure 4), it is unlikely that α-secretase, BACE2, and BACE1 have substantial competi-
tion for APP processing under normal conditions. The excessive APP expression (relative to the combined 
activities of  all these secretases) may ensure maximal cleavage by all these enzymes. If  this is the case, any 
enzyme gaining the ability to catalyze β-cleavage could contribute to Aβ, regardless of  other products from 
APP. On the other hand, high-level overexpression of  any of  these secretases to deplete mature APP may 
create competition. For instance, 7-fold overexpression of  BACE1 in the brain greatly diminishes mature 
APP, and further BACE1 overexpression (10- to 20-fold) decreases Aβ production (51). One possible reason 
is that without enough mature APP as substrate, BACE1 may even compete with itself  to decide which 
β- and β′-sites to cut.

We have shown that disruption of  the JH triggered β-cleavage by BACE2. Since this observation high-
lighted a structural factor regulating BACE2 cleavage of  APP, events in neuronal cells resulting in protein 
misfolding or structural perturbation may induce BACE2’s activity as a β-secretase. These events may include 
ER stress, defects in intracellular trafficking and posttranslational modifications, oxidative stress, impaired 
protein degradation, etc. Additionally, although the dissociation of  the JH and organelle/plasma membranes 

Figure 7. Altered expression of clusterin, BACE1, and BACE2 in aged brains. (A) Brains from C57BL/6 mice at the 
age of 3 months and 14 months were homogenized in RIPA buffer and the brain lysates were Western blotted for 
clusterin, BACE1, and BACE2. Protein bands were quantified and plotted. For the quantification of clusterin, the 
intracellular form (clusterin-i) and the secreted form (clusterin-s) were combined. (B) Brain lysates of C57BL/6 
mice at the age of 14 months and 13- to 14-month-old 3KI (APPSwedish-Arctic-Iberian/Swedish-Arctic-Iberian) were blotted for 
clusterin. Both forms of clusterin were quantified and combined for plotting. *P < 0.05; **P < 0.01; ***P < 0.001 
(paired t tests). ns, non-significant. All bars represent mean ± SEM.  
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(as embodied by the G625W substitution) only slightly induced C99 production by BACE2, it might serve as 
a starting point to initiate a cascade at an early stage, or given sufficient time, contribute to C99/Aβ accumula-
tion in the brain. Defective lipid metabolism may affect JH and membrane interaction as well.

We also found that BACE2 isoform 2 without exon-7 functions differently from isoform 1 during APP 
processing. Isoform 2 cleaving APPWT or APPER was on some level similar to isoform 1 cleaving APPF615P, 
Flemish, and Arctic mutants, but isoform 2 and Flemish mutation did not synergistically enhance C99 
production. Therefore, the sequence encoded by exon-7 of  BACE2 may play an important role in regulating 
the interaction between BACE2 and APP. Sequence changes in either of  the BACE2 and APP proteins may 
cause cleavage alterations towards the amyloidogenic direction.

As a θ-secretase with very low abundance in the brain, BACE2 is no longer deemed a key player in the 
amyloidogenic pathway. Nonetheless, our results indicated that BACE2 can be induced into a β-secretase when 
the inhibition by the JH is lifted. Endogenous BACE2 vigorously produced C99 from Arctic mutation–con-
taining APP in the mouse brain, and the C99 production by BACE2 was comparable with that by BACE1. 
Therefore, BACE2 may be a weakly expressed protein in the brain, but its β-secretase activity, at least for the 
APP mutant in the model mouse, was not as low as expected. However, this does not necessarily mean that 
under physiological conditions BACE2 is also an active θ-secretase in vivo. Spatial, temporal, and intracellular 
trafficking factors need to be taken into consideration when cleavage activity is assessed in cells or in vivo.

To identify nongenetic factors that could induce β-cleavage by BACE2, we aimed at potential JH-binding 
proteins, and found clusterin/ApoJ. Clusterin is a known APP- and Aβ-binding protein, and we further showed 
it bound full-length APP in the JH motif. We also tested different ApoE isoforms that are known to bind Aβ in 
the JH region as well. However, these ApoE isoforms appeared to be irrelevant to BACE2 cleavage of APP in 
our experimental settings. Presumably, ApoE does not bind full-length APP and only regulates Aβ metabolism, 
or, its binding to the JH in APP does not cause structural or spatial effects that can affect BACE2 cleavage.

The gene CLU ranks third among sporadic AD risk genes (AlzGene) in GWAS studies, and clusterin 
protein is greatly increased in AD and DS brains. However, its role in AD is elusive. Clusterin facilitates 
Aβ clearance (52), but an AD model mouse with CLU knocked out does not show Aβ change at the age 
of  12 months (53). Presumably, Aβ clearance is mediated by extracellular secreted clusterin. With initial 
Aβ upregulation, clusterin accumulates intraneuronally (54) and promotes Aβ production through mecha-
nisms such as BACE2-mediated β-cleavage. Consistent with this hypothesis, clusterin mutations identified 
in AD patients retain clusterin in the intracellular form (55). Hence, the role of  clusterin in sporadic AD 
may be time/stage dependent.

Aging is the biggest risk factor for AD. Clusterin has been shown to be induced during senescence and 
therefore a marker for senescent cells (44, 45, 56). We found that both clusterin and BACE2 were increased 
in the brains of  aged mice. Such a change in expression highlighted the possibility that clusterin and BACE2 
may collaborate to enhance Aβ production in aging brains. It was previously shown that β-secretase activity 
instead of  BACE1 is remarkably elevated in aged brains of  humans, monkeys, and nontransgenic mice 
(34). The extra β-secretase activity could result from BACE1 being superactivated for unknown reasons, 
or because of  the upregulation of  other β-secretases. It is worth noting that an artificial substrate was used 
for the in vitro cleavage assay in this study, and the substrate does not contain the JH to suppress BACE2’s 
β-secretase activity. Hence, the increased β-secretase activity in aged brains might simply be due to higher 
BACE2 expression. Moreover, as there was no significant difference in clusterin levels between the brains 
of  aged 3KI mice (artificial AD) and age-matched wild-type mice, clusterin upregulation in sporadic AD 
brains is unlikely a necessary consequence of  AD (at least in the 3KI AD model mouse). The correlation 
between sporadic AD and clusterin upregulation may therefore imply a 1-directional causal relationship, 
even though a positive feedback loop could not be excluded. If  such a causal relationship is true, some AD 
risk factors such as injury could impose a risk of  AD by enhancing clusterin expression (57), and AD could 
be a long-term side effect of  acute clusterin-mediated protection. However, owing to the great variations of  
clusterin protein level and the Arctic mutation in Aβ in 3KI mice, whether or not clusterin increase could 
also be a result of  sporadic AD still needs to be demonstrated.

In summary, we discovered that BACE2 transforms from a θ-secretase to a β-secretase of  APP upon 
disruption of  the JH by mutations or upon clusterin binding to the JH. An AD risk factor could trigger AD 
pathogenesis through altering BACE2’s function to an induced β-cleavage.BACE2-mediated β-cleavage may 
account for a subtype of  AD or disease progression at certain stages of  AD and DS. Inhibition of  BACE2 
and clusterin or correcting the JH structure could be an alternative preventive and therapeutic strategy for 
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BACE2-mediated AD cases. Considering that the function of  BACE2 in the central nervous system is not 
well documented, and the BACE2-knockout mice do not show apparent defects, inhibiting BACE2 might 
not cause the side effects of  BACE1 inhibition. Meanwhile, BACE2 suppression also reduces the risk of  
diabetes that is a strong risk factor for AD (43), and therefore BACE2 inhibition could benefit AD patients 
in multiple aspects. We recently reported that BACE2 may cleave a potassium channel and as such counter 
neuronal apoptosis (58), and inhibition of  BACE2 might compromise this protection. In this case, repressing 
the factors that trigger the β-secretase activity of  BACE2 could be a better strategy, and retaining the θ-cleav-
age by BACE2 is desired for Aβ suppression.

Methods
Plasmid constructs. cDNAs coding for APP695, BACE1, BACE2, and clusterin were PCR amplified from human 
brain cDNAs reverse transcribed from total mRNA. Mutations were introduced by PCR-based site-directed 
mutagenesis. PCR products were subcloned into the pcDNA4/myc-HisA expression vector (Invitrogen). An 
ER retention signal was introduced into pcDNA4-APPWT by substituting QMQN in the C-terminal tail of  
APP to KKQN. To generate plasmid pFLAG-APPER expressing N-terminally FLAG-tagged APP protein, 
the coding sequence for the FLAG tag was inserted between the signal peptide and the luminal/extracellular 
domain of  APP695, and the resulting DNA was subcloned into pcDNA4/myc-HisA. The FLAG tag was fused 
to the C-terminus of  clusterin to generate clusterin-FLAG cDNA with an in-frame stop codon immediately 
following the FLAG tag. The cDNA was inserted into pcDNA4/myc-HisA for expression.

Cell culture and transfection. HEK293 cells were cultured in Dulbecco’s modified Eagle’s medium 
(DMEM) containing 10% fetal bovine serum (FBS), 1 mM sodium pyruvate, 2 mM L-glutamine, 50 U/ml 
penicillin G sodium, and 50 μg/ml streptomycin sulfate (Invitrogen). PC12 cells were cultured in DMEM 
supplemented with 15% FBS. Stable cell lines were maintained in media containing zeocin (50 μg/ml) 
and/or G418 (100 μg/ml). All cells were maintained at 37°C in an incubator containing 5% CO2. Plasmid 
transfection was performed using Lipofectamine 2000 Reagent (Invitrogen) according to the manufactur-
er’s instructions. The 4EB2 cells stably expressing human APP Swedish mutant and BACE2 in HEK293 
cells were as previously described (21).

Primary mouse cortical neuron culture. Cortical neuron cultures were prepared from embryonic day 
18 mouse embryos using previously described methods (59). Briefly, the mouse cortices were dissect-
ed out and the meninges were removed completely under a dissection microscope. The cortices were 
pooled in a 15-ml Falcon tube and digested with papain at 37°C with gentle rotation for 20 minutes. 
Then, the digestion solution was removed and cells were dissociated by pipetting with inactivation 
solution (MEM containing 0.6% D-[+]-glucose, 1 mM pyruvate, 10% horse serum, 2.5% bovine serum 
albumin [BSA], and 2.5% trypsin inhibitor). Cells were plated on poly-D-lysine–coated 35-mm dishes 
with 4 ml Neurobasal Media (Invitrogen) containing B27, GlutaMAX (Invitrogen), and insulin. For 
shRNA-mediated knockdown experiments, neurons were exposed to 2 × 1010 genomic copies (GC) of  
AAV9 per dish overnight at 3 days in vitro (DIV 3) and the medium was changed on DIV 4. Neurons 
were lysed in 1× RIPA buffer on DIV 7 for Western blot.

Immunoblot analysis. Cell lysates or brain homogenates in RIPA buffer (1% Triton X-100, 1% sodi-
um deoxycholate, 0.4% SDS, 0.15 M NaCl, 0.05 M Tris-HCl, pH 7.2, 5 mM NaF, 1 mM Na3VO4) sup-
plemented with Complete Mini Protease Inhibitor Cocktail tablet (Roche Diagnostics) were resolved by 
SDS-PAGE in 8% Tris-glycine or 16% Tris-tricine gels (for CTFs), and then transferred to nitrocellulose 
membranes. Membranes were blocked for 1 hour in phosphate-buffered saline (PBS) containing 5% nonfat 
dried milk, and sequentially blotted with primary antibodies and IRDye fluorescence-labeled secondary 
antibodies. To specifically blot C99, biotin-labeled C99/Aβ(1–x)–specific antibody 82E1 (IBL) was used as 
primary antibody, and detection was by IRDye800CW-labeled streptavidin (LI-COR Biosciences). Mem-
branes were scanned with an Odyssey system (LI-COR Biosciences). The following rabbit polyclonal anti-
bodies were used: C20 (with the last 20 amino acids of  APP as epitope, was generated in house; see ref. 
49) for APP and CTFs; anti-BACE1 (D10E5, Cell Signaling Technology), and anti-FLAG (SAB1306078, 
Sigma-Aldrich). The following mouse monoclonal antibodies were used: anti-Myc (9E10, Abcam), anti-
FLAG (M2, Sigma-Aldrich), anti-clusterin (B-5, A-11, Santa Cruz Biotechnology), anti-BACE2 (H3, San-
ta Cruz Biotechnology), and anti–Aβ N-terminus (82E1, IBL).

Immunoprecipitation and coimmunoprecipitation. Cells were lysed in lysis buffer (for coimmunoprecipita-
tion, 15 mM Tris pH 7.4, 150 mM NaCl, 1 mM MgCl2, 1 mM EDTA, 1 mM EGTA, 5 mM NaF, 1 mM 
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Na3VO4, complete protease inhibitor) or RIPA buffer (for immunoprecipitation to enrich target protein). 
For precipitations with C20 (for APP or CTFs), A-11 (for clusterin), or 9E10 (for Myc-tagged proteins), 
antibodies were first incubated with protein A/G beads (Santa Cruz Biotechnology) for at least 3 hours 
at 4°C with shaking, and added to cell lysates after washing with lysis buffer to remove unbound antibod-
ies. For the precipitation of  FLAG-tagged proteins, FLAG-agarose (Sigma-Aldrich) was added to the cell 
lysates after washing. Lysates were incubated with antibody-conjugated beads for 3–5 hours at 4°C with 
gentle shaking, and unbound proteins were removed by washing with buffer. Precipitated proteins were 
eluted from the beads by boiling in 1× SDS sample buffer.

AAV injection into neonatal mouse brains. Newborn pups within 10 hours of  birth were transferred to new 
cages for anesthesia with isoflurane. AAV9 viruses containing mouse BACE2 shRNA or scramble shRNA 
at a titer of  approximately 2 × 1013 GC/ml were intracranially injected into bilateral ventricles. A previ-
ously validated shRNA sequence (60) targeting mouse BACE2 (5′-CCGGCCGCAGAAGGTACAGAT-
TCTTCTCGAGAAGAATCTGTACCTTCTGCGGTTTTT) was packaged into an AAV9 expression 
vector by Virovek. The control scramble shRNA containing AAV9 at approximately 2 × 1013 GC/ml was 
provided by Virovek.

Intracranial injection of  AAV into adult mice. APP-KI3 mice were obtained from Takaomi C. Saido of  
the RIKEN Brain Science Institute (Wako, Japan). Twelve-week-old APP-KI3 mice were anesthetized 
with isoflurane (2%) and secured on a stereotaxic frame (Kopf  Instruments). Meloxicam (2 mg/kg) 
was then subcutaneously injected. A small section of  the skull was removed using a dental drill (Fine 
Science Tools, 0.5-mm tip diameter) at the coordinates of  0.5 mm rostral and 1.2 mm lateral to the 
bregma. Two microliters of  AAV-shBACE2-GFP or AAV-scramble shRNA-GFP (~2.5 × 1013 GC) was 
injected unilaterally (2.1 mm ventral from the dura) at a rate of  0.2 μl/min with a microinjection system 
(UltraMicroPump, UMP3-1, WPI). Four weeks after AAV intracranial injection, mice were euthanized 
for subsequent experiments.

ELISA. The concentrations of  Aβ1–42 and Aβ1–40 were measured using a β-amyloid Colorimetric ELISA 
kit (Invitrogen) according to the manufacturer’s instructions. Briefly, half  brains were weighed and homog-
enized in 10-fold excess (v/w) 5 M guanidine buffer (pH 8.0). The homogenates were gently shaken at 
room temperature for 4 hours, and clarified by centrifugation. Supernatants after clarification were diluted 
to reduce the guanidine concentration to 0.1 M before application to ELISA.

Neuritic plaque staining and quantification. Mouse brains were fixed in 4% paraformaldehyde and dehy-
drated with 30% sucrose solution, and sectioned to 30-μm thickness. Every 12th slice with the same refer-
ence position was stained. After antigen retrieval with formic acid, the slices were stained using biotinylat-
ed monoclonal 6E10 antibody, and then Alex 594–conjugated streptavidin. Brain slices were mounted and 
images were acquired with a Zeiss Axio Zoom Microscope at the same settings. Plaques (cutoff  = 100 μm2) 
were quantified by ImageJ (NIH), and data were analyzed with GraphPad Prism 5.

Y-maze behavioral test. Mice were placed in the center of  the maze facing toward one of  the arms and 
then allowed to explore freely for 8 minutes (Y-maze from Stoelting). We recorded and analyzed the activi-
ty and spontaneous behavioral alternations of  the mice using Any-Maze (Stoelting).

In vitro BACE2 cleavage. GFP-APP607–625 (as in APP695)-FLAG-His fusion proteins with or with-
out the F615P substitution were expressed in bacteria, and purified using Ni2+ beads. Purified pro-
teins were dialyzed in PBS containing 10% glycerol. Proteins at 0.2 mg/ml were analyzed by circular 
dichroism using a Jasco J-815 spectrophotometer. For in vitro BACE2 cleavage assay, 1 μg of  recom-
binant protein substrate was mixed with 125 ng BACE2 (R&D Systems) in 90 μl of  50 mM NaOAc 
pH 4 containing 1% BSA. After incubation at room temperature for the indicated times, an aliquot 
was transferred to 4× SDS sample buffer supplemented with 1.5 M Tris (pH 8.8) to neutralize pH, and 
boiled before Western blotting.

Statistics. The numbers of  replicates for each experiment are indicated in the figure legends. Statistical 
analyses were performed using GraphPad Prism 5.0. Results are expressed as mean ± SEM. A 2-tailed Stu-
dent’s t test was used to analyze the difference between 2 groups, and multiple-comparisons were analyzed 
by ANOVA followed by post hoc Newman–Keuls test, unless otherwise specified. P less than 0.05 was 
considered statistically significant.

Study approval. Animal experiments were approved by and conducted in accordance with the Universi-
ty of  British Columbia Animal Care and Use Committee and the Canadian Institutes of  Health Research 
(CIHR) guidelines.
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