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FBL2 Regulates Amyloid Precursor Protein (APP)
Metabolism by Promoting Ubiquitination-Dependent APP
Degradation and Inhibition of APP Endocytosis

Tomomichi Watanabe,' Yukiko Hikichi,> Antje Willuweit,’ Yasushi Shintani,* and Takashi Horiguchi*
ICNS Drug Discovery Unit, 20ncology Drug Discovery Unit, *Evotec Neurosciences, 8008 Zurich, Switzerland, and “Biology Research Laboratories,
Pharmaceutical Research Division, Takeda Pharmaceutical, Fujisawa, Kanagawa, 251-8555, Japan

The ubiquitin-proteasome pathway is a major protein degradation pathway whose dysfunction is now widely accepted as a cause of
neurodegenerative diseases, including Alzheimer’s disease. Here we demonstrate that the F-box and leucine rich repeat protein2 (FBL2),
a component of the E3 ubiquitin ligase complex, regulates amyloid precursor protein (APP) metabolism through APP ubiquitination.
FBL2 overexpression decreased the amount of secreted amyloid 8 (A 3) peptides and sAPP 3, whereas FBL2 mRNA knockdown by siRNA
increased these levels. FBL2 overexpression also decreased the amount of intracellular AB in Neuro2a cells stably expressing APP with
Swedish mutation. FBL2 bound with APP specifically at its C-terminal fragment (CTF), which promoted APP/CTF ubiquitination. FBL2
overexpression also accelerated APP proteasome-dependent degradation and decreased APP protein localization in lipid rafts by inhib-
iting endocytosis. These effects were not observed in an F-box-deleted FBL2 mutant that does not participate in the E3 ubiquitin ligase
complex. Furthermore, areduced insoluble AB and A3 plaque burden was observed in the hippocampus of 7-month-old FBL2 transgenic
mice crossed with double-transgenic mice harboring APPswe and PS1,, .4 transgenes. These findings indicate that FBL2 is a novel and

dual regulator of APP metabolism through FBL2-dependent ubiquitination of APP.

Introduction
Alzheimer’s disease (AD) is a progressive and fatal neurodegen-
erative disorder characterized by the deposition of extracellular
amyloid B (AB) plaques and formation of intracellular neurofi-
brillary tangles (NFTs) in the CNS (Terry et al., 1981; Tanzi and
Bertram, 2005; Haass and Selko, 2007). Genetic studies of familial
AD cases identified mutations associated with the disease that
result in increased production of AP peptides, especially
C-terminal extended forms (AB,,) that aggregate more readily
(Haass et al., 1995; Selkoe, 1998). These observations, together
with cumulative evidence of AB on neuronal/neural toxicity,
support a key role for AB in AD pathophysiology. Although most
therapeutic strategies have focused on developing AB-lowering
drugs, to date these approaches have not been successful.

The ubiquitin—proteasome pathway is essential for preventing
accumulation of abnormal intracellular proteins (Hershko et al.,
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2000; Bedford et al., 2011). In the CNS, protein degradation by
the ubiquitin—proteasome pathway is critical for breaking down
and removing damaged or misfolded cellular proteins (Alves-
Rodrigues et al., 1998; Chen et al., 2006; Ortega et al., 2010).
Recent studies indicated that impairment of the ubiquitin—pro-
teasome pathway causes neurodegenerative diseases, such as AD
and Parkinson’s disease. Mutant ubiquitin was reported to be
detectable in the brains of AD patients and was able to inhibit
proteasome activity (van Leeuwen et al., 1998; Lam et al., 2000;
Lépez Salon et al,. 2000; Tan et al., 2007). Ubiquitinated proteins,
including NFTs, have also been found in several neurodegenera-
tive diseases (Perry et al., 1987; Ciechanover and Brundin, 2003).
Furthermore, mutations in the parkin gene were discovered in
autosomal recessive juvenile parkinsonism (Kitada et al., 1998),
with Parkin shown to be an E3 ubiquitin ligase (Shimura et al.,
2000). Together, this evidence suggests that the ubiquitin—pro-
teasome pathway is one of the most promising targets for treating
neurodegenerative diseases, including AD.

Ubiquitination is a sequential enzymatic reaction composed
of ubiquitin-activating enzyme (E1), ubiquitin-conjugating en-
zyme (E2), and ubiquitin-protein ligase (E3). The E3 ubiquitin-
protein ligases play an important role in the ubiquitination
reaction because they mediate target protein recognition. It was
reported that expression levels of the F-box and leucine rich re-
peat protein2 (FBL2), a component of the SCF (Skp1-Cullinl—
F-box protein) E3 ubiquitin ligase complex, decreased in the
brains of AD patients (Blalock et al., 2004). However, the func-
tion and specific substrate for FBL2 remains unclear. Our current
study demonstrates that FBL2 impacts amyloid precursor protein
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Figure1. FBL2isacomponentof the SCF ubiquitin ligase complex. A, Multiple alignments of human, mouse, and rat FBL2 protein sequences. The F-box region is enclosed by ared line. B, Diagram
of wild-type FBL2 with F-box motif and leucine rich repeat region and F-box deleted FBL2 (dFbox). €, Lysates from HEK293 cells transfected with skp7 and cullin7 together with V5-tagged LacZ
(control) or V5-tagged FBL2 wereimmunoprecipitated (IP) with anti-V5 antibody and protein G Sepharose. Inmunoblot analyses were performed with anti-Skp1, anti-Cullin1, or anti-V5 antibodies.
Asterisk indicates lgG band. D, Quantitative PCR analysis of FBL2 mRNA expression levels in cortices of AD (denoted as AD, n = 17) or nondemented (denoted as ND, n = 16) individuals. The
expression level of FBL2 was normalized to the mean average value of a set of five reference genes (cyclophilin B, ribosomal protein 9, 3-actin, GAPDH, and transferrin receptor) using C, value.
Means = SE percentages of the relative ratio of FBL2 mRNA levels in nondemented individuals are indicated. Statistical analysis was performed by Welch’s test, *p =< 0.05.

(APP) metabolism by interacting with APP to modulate APP

ubiquitination.

Materials and Methods
Antibodies

The APP specific anti-APP antibody CT695 recognizes APP amino acids
673—-695 and was purchased from Zymed. Anti-ubiquitin antibody

P4D1, anti-S-phase-kinase-associated protein 2 (Skp1) antibody, anti- 3-

secretasel (BACEL), anti-Cullinl antibody, and anti-calreticulin anti-
body were purchased from Santa Cruz Biotechnology. Anti-V5 antibody
was purchased from Invitrogen. Anti-flotillin and anti-GM130 antibod-
ies were purchased from BD Biosciences Transduction Laboratories.

Anti-neprilysin (NEP) antibody was purchased from Novocastra. Anti-
insulin-degrading enzyme (IDE) was purchased from Calbiochem.
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Quantitative RT-PCR
Human brain samples. Brain tissue <20 h post-
mortem was obtained from patients with
symptomatic diagnosis and histopathologi-
cally confirmed AD; tissue from age-matched
control subjects was obtained from the Neth-
erlands Brain Bank. A
Quantitative real-time PCR. Total RNA was
extracted from frozen postmortem brain tissue
using the RNeasy kit (Qiagen) according to the
protocol of the manufacturer and transcribed
into cDNA with the Sensiscript RT Kit (Qia-
gen). Quantitative real-time PCR was per-
formed in a volume of 20 ul containing
LightCycler-FastStart DNA Master SYBR 20 A
Green I mix, 0.5 uMm primers, 2 ul of a cDNA 0
dilution series (20, 10, 5, 1, and 0.5 ng of hu-
man total brain ¢cDNA; Clontech), and addi-
tional 3 and 1 mm MgCl, for FBL2 and
cyclophilin B, respectively. Samples were am-
plified with each specific primer pair for FBL2
(5'-TACTGGGTGGAGCAGGGTCTT-3' and
5'-GGTCCCTGGAGGTGTATATGACA-3")
and five reference genes: (1) cyclophilin B
(5'-ACTGAAGCACTACGGGCCTG-3" and
5'-AGCCGTTGGTGTCTTTGCC-3"); (2) ri-
bosomal protein S9 (5'-GGTCAAATTTACCC
TGGCCA-3"and 5'-TCTCATCAAGCGTCAG
CAGTTC-3");(3) B-actin (5'-TGGAACGGTG
AAGGTGACA-3" and 5'-GGCAAGGGACTT
CCTGTAA-3"); (4) GAPDH (5'-GC TAAGC
AGTTGGTGGTGCAG-3" and 5'-GC TAA
GCAGTTGGTGGTGCAG-3"); and (5)
transferrin  receptor TRR  (5'-GTCG E
CTGGTCAGTTCGTGATT-3"and5'-AGCAG
TT GGCTGTTGTACCTCTC-3') using Light
Cycler-DNA-Master-SYBR-Green mix (Roche),
as well as 2 ul of cDNA in separate reactions.
The PCR parameters were 95°C for 10 min and
then 50 cycles of the following: 95°C, 1 s; 56°C,
55;72°C, 5 s. For melting curve determination,
the following was used: 95°C, 1 s (4.4°C/s); 100
65°C, 15 s (2.2°C/s); 95°C. Samples were ana- 0
lyzed in triplicate for each primer pair. The C,
parameter was derived for each cDNA sample
and primer pair. The expression level of FBL2
was normalized to the mean average value of
the five reference gene set.
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Suppression of A3 secretion by FBL2 overexpression. HEK293 cells were cotransfected with APP and FBL2 expression vectors.
The medium was changed two times 18 h after transfection, and the amount of A3 (4), sAPP«, and sAPP 3 (B) secreted in the medium was
measured by sandwich ELISA 18 h after the medium change. C, Transfected cell lysates were subjected to immunoblotting with each

antibody. D, Effect of FBL2 on intracellular A3 in swAPP—Neuro2a cells. LacZ-expressing lentivirus or mouse FBL2-expressing lentivirus was

Cell culture

Cerebral cortical neurons in primary culture
were prepared from fetal mice at 14 d of gestation
using a neural cell dispersion kit (Sumilon) ac-
cording to the protocol of the manufacturer.
The dissociated cell suspensions were plated at
a density of 2 X 10° cells per well in poly-1-
lysine-coated 24-well plates (Sumilon) in Neu-
robasal medium (Invitrogen) supplemented
with 2% B27 (Invitrogen) and 0.5 mM glu-
tamine (Invitrogen). Human embryonic kidney 293 (HEK293) and
IMR-32 human neuroblastoma cells were purchased from the American
Type Culture Collection. HEK293 cells were passaged in DMEM (Invit-
rogen) supplemented with 10% fetal bovine serum (FBS). IMR-32 cells
were passaged in minimum essential medium (Eagle) (Invitrogen) sup-
plemented with 10% FBS, 0.1 mm non-essential amino acids, and 1 mm
sodium pyruvate (Invitrogen).

Cloning
Human FBL2 ¢cDNA (GenBank accession number NM_012157.2), hu-
man Skpl (GenBank accession number NM_170679.1), and human

transfected to swAPP—Neuro2a cells. RIPA soluble fractions were isolated 3 d after transfection, and intracellular A3, was measured by
sandwich ELISA normalized for protein concentration. E, Effect of FBL2 on A3 secretion in mouse cortical neurons. Mouse cortical neurons
(DIV8) were transfected with LacZ or mouse FBL2-expressing lentivirus (MOI of 5). Control represents nontransfected cortical neurons. Four
days after lentivirus transfection, the medium was changed and the transfected cells were further incubated for 3 d. The amount of A3
secreted in the medium was measured by sandwich ELISA. Mitochondrial respiratory activity was measured by WST8 (2-(2-methoxy-4-
nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt) assay. Means == SD percentages of the relative
ratio of secreted A3, SAPP, and ATP levels in LacZ-transfected cells (control) are indicated (4, B). ** *p << 0.001, Dunnett's test; *p <
0.05,**p << 0.01, Student's ¢ test.

Cullinl (GenBank accession number NM_003592.2) were amplified
by PCR from quick clone human whole-brain cDNA (Clontech). The
c¢DNAs were cloned into the pcDNA3.1/V5-His TOPO vector (Invit-
rogen). Mouse FBL2 ¢DNA (GenBank accession number
NM_178624.2) was amplified by PCR from mouse brain first-strand
c¢DNA in mouse multiple tissue cDNA panel I (BD Bioscience) and
cloned into the pcDNA3.2/V5/GW/D-TOPO vector (Invitrogen).

Quantitation of AB and sAPP by ELISA
The day before transfection, HEK293 cells were plated in type I collagen-
coated 48-well plates (Iwaki) at 4.2 X 10* cells per well density, and the
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Figure3.  Upregulation of AS3 secretion by FBL2 knockdown using siRNA in swAPP—Neuro2a cells. Control siRNA or human FBL2

siRNA was transfected to swAPP—Neuro2a cells. Twenty-four hours after transfection, the medium was changed and the trans-
fected cells were further incubated for 24 h. Secreted A3 and sAPP levels were measured by sandwich ELISA (4). B, Transfected cell
lysates were subjected to immunoblotting with each antibody. Means = SD percentages of the relative ratio of secreted A3 and
sAPP levels in control siRNA-treated cells are indicated. **p << 0.01, ***p < 0.001, Student’s ¢ test.

cells were cultured for 18 h. Transfection with a total of 0.7 ug of plas-
mids (0.35 ug of swAPP plasmid and 0.35 ug of wild-type hFBL2, dele-
tion mutant hFBL2, or GFP plasmid) was performed using
Lipofectamine2000 (Invitrogen) according to the instructions of the
manufacturer. Eighteen hours after transfection, the medium was
changed once, and the cells were further cultured for 18 h. The amount of
AB,, and AB,, in conditioned media was measured by sandwich ELISA
(Suzuki et al., 1994). BNT-77 (AB,,_,s) was used as the capture antibody,
and either horseradish peroxidase-coupled BA-27 or BC-05 was used as the
detector antibody for AB,, or ApB,,, respectively. sSAPPa and sAPPS were
measured with the human sAPPa (highly sensitive) assay kit (Immuno-
Biological Laboratories) and human sAPPB-sw (highly sensitive) assay kit
(Immuno-Biological Laboratories), respectively.

siRNA treatment

The day before transfection, swAPP—Neuro2a cells (kindly provided by
Prof. Iwatsubo, Tokyo University, Tokyo, Japan) were plated in 48-well
plates (Iwaki) at a density of 2.8 X 107 cells per well, and the cells were
cultured for 18 h. The growth medium was removed, and Accell siRNA
delivery media containing 1 um Accell Non-Targeting Pool siRNA (con-
trol) or Accell SMARTpool Mouse FBXL2 siRNA (Thermo Fisher Scien-
tific) was added to the cells. Eighteen hours after treatment with siRNA,
the culture medium was changed, and the transfected cells were further
incubated for 18 h. The amount of AB and sAPP in the medium was
measured by ELISA.

Preparation of lentivirus and transfection of primary mouse
cortical neurons

HIV-1-based lentiviral particles were generated by transient transfection
of HEK293 cells with three plasmids: (1) the packaging construct
(pCAG-HIVgp vector), in which all accessory genes (vif, vpr, vpu, and
nef) and regulatory genes (tat and rev) were deleted; (2) the VSV-G- and
Rev-expressing construct (pCMV-VSV-G-RSV-Rev vector); and (3)
the self-inactivating lentiviral vector construct cloned with mouse FBL2
c¢DNA or LacZ cDNA (CSII-CMV-MCS vector) (all vectors were gener-
ous gifts from Dr. Miyoshi, RIKEN BioResource Center, Ibaraki, Japan).
For poly-L-lysine coated 10 cm dishes, 17 ug of CSII-CMV-MCS vector
cloned mFBL2 or LacZ, 10 ug of pCAG-HIVgp, and 10 ug of pCMV—
VSV-G-RSV-Rev were used. High titer stocks were obtained by ultra-
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centrifugation at 50,000 X g for 2 h at 20°C.
The stocks were titrated and normalized for the
p24 antigen, as determined by ELISA (RETRO-
TEK). Mouse FBL2-expressing lentivirus
[multiplicity of infection (MOI) of 5] was
transfected to mouse cortical neurons (DIV8).
Four days after transfection, the culture me-
dium was changed, and the transfected cells
were further incubated for 3 d. The amount of
AP in the medium was measured by ELISA.

Measurement of intracellular AB

swAPP-Neuro2a cells were lysed with ice-cold
RIPA buffer (0.5% sodium deoxycholate, 0.1%
SDS, 1% NP-40, 5 mm EDTA, 50 mm Tris-HCI,
150 mm NaCl, 1 mm B-mercaptoethanol
(BME), and protease inhibitor cocktail) by
sonication. The cell lysates were ultracentri-
fuged at 87,000 X g for 20 min at 4°C, and the
supernatant was subjected to ELISA.

Immunoprecipitation

Transfection of various constructs into
HEK293 cells was performed using Lipo-
fectamine2000 (Invitrogen) according to the
protocol of the manufacturer. Eighteen hours
after transfection, 20 M proteasome inhibitor
MG132  (carbobenzoxy-L-leucyl-L-leucyl-L-
leucinal) (Calbiochem) was added to the trans-
fected cells and incubated for 5 h. The
transfected cells cultured in collagen type
I-coated 10 cm dishes were lysed with ice-cold
lysis buffer (1% Triton X-100, 50 mwm Tris-HCI, 150 mm NaCl, 1 mm
BME, protease inhibitor cocktail, and 20 um MG132) by sonication. The
lysate was centrifuged at 15,000 X g for 15 min at 4°C. For immunopre-
cipitation of V5-tagged hFBL2 or APP, supernatant fractions were incu-
bated with protein G Sepharose (Zymed) and anti-V5 monoclonal
antibody (Invitrogen) or anti-APP polyclonal antibody (CT695: Zymed)
at 4°C for 18 h, and the precipitated beads were washed three times with
lysis buffer and then boiled in Tris—~SDS—BME-sample buffer (Daiichi
Pure Chemicals) at 95°C for 5 min. The proteins were separated with a
4-20% Tris-HCI acrylamide gel (Daiichi Pure Chemicals) and trans-
ferred to polyvinyldiene difluoride membranes. The membranes were
blocked with 5% skim milk in TBS-T buffer (50 mm Tris-HCI, 150 mm
NaCl, and 0.1% Tween 20) and probed with each antibody. The mem-
brane was incubated with secondary antibody coupled with HRP. HRP
activity was visualized using the ECL system (GE Healthcare).

In vitro ubiquitination assay

For expression of recombinant proteins, hFBL2 cDNA was subcloned
into the pET28a vector (Novagen) to construct a plasmid expressing
hFBL2 with an N-terminal six-histidine (His) tag. hSkp1 and hCullinl
were subcloned into the pET21b expression vector. Recombinant hFBL2,
hSkp1, and hCullinl were expressed in Escherichia coli BL21(DE3) by
induction with isopropyl-B-p-thiogalactopyranoside. His-tagged FBL2,
hSkp1, and hCullinl complexes were affinity purified using Ni-NTA
His-Bind Resin (Novagen) according to the protocol of the manufac-
turer. APP for substrate was immunoprecipitated with protein G Sephar-
ose (Zymed) and anti-APP polyclonal antibody (CT695; Zymed) from
APP-transfected HEK293 cell lysates. After an in vitro ubiquitination
assay using the Fraction II Reticulocyte Conjugation kit (Boston
Biochem) according to the protocol of the manufacturer, immunopre-
cipitated APP fractions were washed three times and subjected to immu-
noblotting analysis using the anti-ubiquitin antibody P4D1.

Subcellular fractionation

Cerebral hemispheres isolated from 10-week-old ICR mice were homog-
enized with homogenization buffer (20 mm Tris-HCL, pH 7.5, 1 mm
EDTA, and 250 mM™ sucrose) plus a protease inhibitor cocktail (Roche)
using a Dounce homogenizer. A post-nuclear supernatant was centri-
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treatment with the proteasome inhibitor MG132, the lysates were immunoprecipitated (IP) with anti-V5 antibody and subjected to immunoblot analysis probed with each antibody. Asterisk
indicates IgG band. C, Effect of dFbox mutant on interaction of FBL2 with Skp1 and Cullin1. HEK293 cells were cotransfected with V5-tagged LacZ (control), V5-tagged FBL2, or V5-tagged FBL2
deletion mutant and APP. The lysates were immunoprecipitated with anti-V5 antibody and subjected to immunoblot analysis by probing with each antibody.
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Figure 5.  Subcellular localization of FBL2 and APP in mouse brains. Cerebral hemispheres
from 10-week-old ICR mice were isolated and homogenized with homogenization buffer using
a Dounce homogenizer. Cell lysates were resuspended in 50% iodixanol (Axis-Shield) and sub-
jected to step iodixanol gradient ultracentrifugation fractionation with all fractions collected in
equal volumes. Collected fractions were subjected to immunoblot analysis using antibodies
recognizing APP, FBL2, and the organelle-specific markers flotillin1 (lipid raft), GM130 (Golgi),
and calreticulin (ER).

fuged at 3000 X g for 15 min at 4°C. Cell lysates were resuspended in 50%
iodixanol (Axis-Shield), layered on the bottom of a step gradient consist-
ing of 20, 18.5, 16.5, 14.5, 12.5, 10.5, 8.5, 6.5, and 5% iodixanol solution,
and centrifuged at 27,000 rpm in a SW41Ti rotor for 20 h at 4°C. Frac-
tions were collected from the top to the bottom of the gradient and
subjected to immunoblot analysis.

Cell-surface biotinylation and biotin internalization assays

APP and LacZ (control) or FBL2-transfected HEK293 cells were grown in
six-well plates and washed twice with ice-cold PBS. The cells were incu-
bated in 1.5 ml of sulfo-NHS-LC-biotin (2 mg/ml) in PBS for 1 h at 4°C
with shaking and washed three times with ice-cold PBS. The cells were
lysed in RIPA buffer (0.5% sodium deoxycholate, 0.1% SDS, 1% NP-40,
5mm EDTA, 50 mm Tris-HCI, 150 mm NaCl, and 1 mm BME) containing
protease inhibitor cocktail. Each lysate was incubated with streptavidin—
agarose beads for 18 h at 4°C. A biotin internalization assay was per-
formed using previously described methods (Graeve et al., 1989). Briefly,
HEK?293 cells transfected with APP and LacZ (control), FBL2, or FBL2
mutant were grown in six-well plates and incubated twice for 20 min at
4°C with 2 mg/ml non-membrane-permeating, cleavable biotin deriva-
tive sulfosuccinimidyl 2-(biotinamido) ethyl-1,3’-dithiopropionate
(Pierce). The cells were then washed with cold PBS containing 0.1 M
glycine, washed several times with cold PBS, and incubated with culture
medium for 10 min at 37°C to allow internalization of the labeled pro-
teins. Internalization was stopped by rapid cooling on ice. To cleave
biotin exposed at the cell surface, cells were incubated three times for 20



Watanabe et al. » FBL2 Is a Novel Regulator of APP Metabolism

J. Neurosci., March 7, 2012 - 32(10):3352-3365 * 3357

A B Ubiquitinated PS1
Ubiquitinated APP
N g
x © om
Input P N gé ik <
T % 3 w o kD
~ | kpa) N Y (kDa)
c o
- [T
- 250
APP - 250
- 150 Fele - =150
. = =100
total CTF [ psi i
FBL2| = _ =50 =50
=25 =-25
™15 -15
c o D
(kDa)
APP + + + +
Ub -+ + o+
260 FBL2-SCF - - - +
150 RL -+ o+ o+
1004 1= cullin1
75
Ubn-APP
50 ~le® (- His,-FBL2
1| skt DU |
- APP

Figure6.

Promotion of APP ubiquitination by FBL2. A, HEK293 cells were cotransfected with APP and FBL2, FBL2 deletion mutant, or LacZ (control). After treatment with the proteasome inhibitor

MG132, the lysates were immunoprecipitated (IP) with anti-APP antibody. Immunoblot analyses were performed with anti-APP (left) or anti-ubiquitin antibodies (P4D1) (right). B, HEK293 cells
were transfected with FBL2 or LacZ (control). After treatment with the proteasome inhibitor MG132, the lysates were immunoprecipitated with anti-PS1 antibody. Immunoblot analyses were
performed with anti-ubiquitin antibodies (P4D1). C, Purified recombinant human His,—FBL2, human Skp1, and human Cullin expressed in £. coli were subjected to SDS-PAGE and Coomassie blue
staining. D, In vitro ubiquitination assay. Purified human FBL2—Skp1-Cullin1 recombinant proteins (FBL2—SCF) were incubated with immunoprecipitated APP, ubiquitin (Ub), and rabbit reticulo-
cyte lysates (RL) for 2 h at 37°C. Immunoprecipitated APP was subjected to immunoblot analysis using anti-ubiquitin antibody.

min at 4°C with 50 mm 2-mercaptoethanesulfonic acid in 50 mm Tris-
HCI, pH 8.7, 100 mMm NaCl, and 2.5 mm CaCl,. After thorough rinsing
with PBS containing 20 mm HEPES, the cells were lysed in RIPA buffer,
and the internalized biotinylated proteins were immunoprecipitated
with streptavidin—agarose beads and subjected to immunoblotting for
APP.

Lipid raft fractionation

Transfected cells were lysed in TNE buffer (50 mwm Tris-HCI, pH 7.5, 50
mm NaCl, 5mm EDTA, 1 mM sodium vanadate, and 0.5% Triton X-100)
with Complete protease inhibitor cocktail (Roche). The Triton X-100 cell
extracts were mixed with TNE buffer containing sucrose to yield a final
concentration of 45% sucrose and laid at the bottom of an ultracentrifuge
tube. TNE buffer containing 35 and 5% sucrose was successively and
carefully laid over the Triton X-100 cell extracts. The samples were spun
at 4 C° for 16 h at 44,000 rpm in a SW55 rotor. Fractions were then
collected in 1 ml volumes from top to bottom to yield a total of 10

fractions. Equal volumes of each fraction were subjected to SDS-PAGE
and immunoblotting.

Animals

Double-transgenic AD1 mice, harboring Thyl.2 promoter-driven hu-
man APPg,,, and human PS1y;,,4y stably coinherited transgenes in a
C57BL/6 background, were generated by Artemis Pharmaceuticals (re-
ferred to as ARTE10; Willuweit et al., 2009). To investigate FBL2 function
in APP/AB metabolism in vivo, hFBL2 transgenic mice harboring
Thyl.2-human FBL2 (hFBL2) in Rosa locus were crossed with AD1 mice.
Briefly, the Rosa26—FBL2 transgene targeting vector was generated by
standard cloning procedures with the following order in the 5’ to 3’
direction (Seibler et al., 2003): 5" homology arm, splice acceptor, ATG
start codon, neomycin resistance gene, poly(A) signal, 5" Thyl promoter
region, human FBL2 open reading frame and 3’ Thyl promoter region,
and 3" homology arm. The homology arm between exons 1 and 2 of the
Rosa 26 gene was used. C57BL/6N embryonic stem cells were transfected
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with the linearized targeting vector by electroporation. After embryonic
stem cell transfection, G418-resistant clones were analyzed by Southern
blotting using two probes from outside of the targeting vector homology
arms and one located within the construct. A homologously recombined
clone harboring one targeted allele was used to generate chimeric mice by
blastocyst injection. Chimeric mice were bred to C57BL/6 females, and
the resulting heterozygous FBL2 transgenic mice were backcrossed with
B6 mice. FBL2 transgenic mice were crossed to AD1 mice. Littermates
were used as controls. All mice were housed in plastic cages, received food
and water ad libitum, and were maintained on a 12 h inverted light/dark
cycle.

Measurement of soluble/insoluble AB in brains

Hippocampi were isolated from 7-month-old female animals, immedi-
ately frozen on dry ice, and stored at —80°C until use. The samples were
homogenized in ice-cold Tris-extraction buffer (50 mm Tris-HCI, pH
7.2, 200 mm NaCl, 2% protease-free bovine serum albumin, and 0.01%
sodium merthiolate) containing protease inhibitor cocktails (Roche).
After centrifugation at 15,000 rpm for 15 min, the supernatants were
subjected to sandwich ELISA to measure the amount of soluble AB. For
measurement of insoluble AB, the pellets were homogenized in guani-
dine extraction buffer (5 M guanidine and 1 m Tris-HCI, pH 7.2) and
centrifuged at 15,000 rpm for 15 min. The supernatants were diluted with
19-fold volumes Tris-extraction buffer and subjected to ELISA.

Immunohistochemistry

Cerebral hemispheres isolated from 7-month-old female animals fixed in
4% paraformaldehyde PBS (Wako) were embedded into OTC com-
pound (Sakura Finetek) with 15 wm coronal sections cut and mounted
onto silane-coated slides. Slides were pretreated with 70% formic acid for
10 min, washed with PBS, and treated with 0.3% hydrogen peroxide in
methanol for 30 min. After blocking with an M.O.M. kit (Vector Labo-
ratories) containing 0.2% Triton X-100 for 60 min, slides were probed
with biotinylated AB 6E10 monoclonal antibody (10 wg/ml; Covance),
followed with Vectastain Elite ABC Kit (mouse IgG) (Vector Laborato-
ries), detected by DAB (Vector Laboratories). The images were captured
using a NanoZoomer (Hamamatsu). The amyloid burden was quanti-
tated using Photoshop CS (Adobe Systems).

Statistical analysis
Statistical analysis was performed by Student’s ¢ test, Welch test, or Dun-
nett’s test. A value of p < 0.05 was considered significant.

Results

FBL2 is a component of the SCF ubiquitin ligase complex
FBL2 is a previously identified protein belonging to the family of
F-box proteins that was originally cloned based on its homology
to the Skp2, which is one of the best characterized proteins of this
family (Ilyin etal., 1999). The FBL2 amino acid sequence is highly
conserved between human and rodents (Fig. 1A). As with other
SCF family members, FBL2 contains an F-box domain and also
has 11 leucine-rich repeat regions for interaction with specific
substrates (Fig. 1 B). To examine whether FBL2 is a component of
the SCF ubiquitin ligase complex, FBL2 interactions with the SCF
ubiquitin ligase complex proteins Skpl and Cullinl were exam-
ined by immunoprecipitation assay. Skp1 or Cullinl protein was
observed in immunoprecipitates using lysates from cells trans-
fected with wild-type FBL2 but not in immunoprecipitates from
cell lysates transfected with an FBL2 mutant lacking the F-box
domain (dFbox), which is necessary to bind with Skp1 (Fig. 1C).
These results clearly indicate that FBL2 binds to Skp1 and Cullin1
in the SCF complex.

Microarray results showed that FBL2 expression levels were
decreased in the brains of AD patients (Blalock et al., 2004). To
confirm this previously observed decrease, we examined FBL2
mRNA levels in the brains of AD patients by quantitative PCR
analysis. We found that FBL2 expression in the cortices of AD
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Figure 7. Promotion of APP degradation by FBL2. A, HEK293 cells cotransfected with APP
and FBL2 and treated with cycloheximide (50 wwg/ml) were harvested at the indicated times.
Cell lysates were subjected toimmunoblot analyses using anti-APP antibody. WB, Western blot.
B, The band intensities corresponding to APP in A were quantified by densitometry using a
luminescentimage analyzer LAS-1000 (Fujifilm). APP levels remaining at each time point were
calculated as a percentage of the intensity at time 0. Each value represents the mean = SEM.
*p << 0.05, **p << 0.01, ***p << 0.01, Dunnett’s test versus control.

patients was lower than that of age-matched control subjects
(Fig. 1D).

Effect of FBL2 overexpression and knockdown on

A secretion

We first investigated the effect of human FBL2 on A3 secretion in
APP cotransfected HEK293 cells. The amount of secreted A
decreased in FBL2-transfected cells compared with that in LacZ-
transfected cells. In addition, there was no change in the amount
of secreted AB in cells cotransfected with the FBL2 F-box deletion
mutant (dFbox), which does not appear in the SCF ubiquitin
ligase complex (Fig. 2A). sAPP secretion also significantly de-
creased and sAPPa secretion slightly decreased in FBL2-
transfected cells (Fig. 2 B). Furthermore, C-terminal fragment of
APP generated by B-secretase (CTFfB) protein produced from
APP by B-secretase cleavage decreased in FBL2-transfected cells.
In contrast, total CTF protein and CTF protein increased when
the F-box deletion mutant was transfected (Fig. 2C). The expres-
sion levels of BACE], presenilinl (PS1), the catalytic component
of y-secretase, as well as the AB-degrading enzymes NEP and IDE
were not changed during FBL2 overexpression.

Because the ubiquitin—proteasome system is known to func-
tion in the cytoplasm, we investigated the effect of mouse FBL2
overexpression on the amount of intracellular AB in mouse
Neuro2a cells stably overexpressing human APP carrying the
Swedish-type familial Alzheimer mutation (swAPP—Neuro2a).
The amount of intracellular AB,, decreased in a gene-dosage
(MOI)-dependent manner (Fig. 2 D). The amount of intracellu-
lar AB,, was not detectable under these experimental conditions
because the levels were under the detection limit.
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tion also increased in FBL2 siRNA-treated

cells but did not affect sAPPa

production. In contrast to the FBL2

overexpression results, CTFB protein

increased in FBL2 knockdown cells (Fig.

., OCTF 3B). The expression level of BACE],
PS1, NEP, and IDE was not changed in
FBL2 knockdown cells. Together, these
results suggest that FBL2 regulates A3
production.

FBL2 interacts with APP/CTF

To further investigate the inhibitory activ-
ity of FBL2 on A production, we assessed
whether FBL2 interacts with APP by
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Figure 8. Decrease in the association of APP with lipid rafts in FBL2-transfected cells. 4, Effect of FBL2 on cell-surface APP.  teracts with the C-terminal region of APP.

HEK293 cells were cotransfected with APP and FBL2, FBL2 deletion mutant, or empty vector (control). Forty-eight hours after
transfection, the surface protein of transfected cells was biotinylated at 4°C, streptavidin agarose beads were added to the lysates,
and APP levels were detected by immunoblot analysis with anti-APP antibody. B, The intensity of bands corresponding to APP and
(TFin Awas quantified by densitometry using a luminescentimage analyzer LAS-1000 (Fujifilm). The ratios of surface-level APP or
(TF relative to total APP or CTF were expressed as a percentage of the ratios in mock cells. €, Representative biotin surface labeling
and internalization experiment from HEK293 cells cotransfected with APP and FBL2 or FBL2 mutant. SO indicates the total surface
labeling before removal of surface biotin, whereas 0 and 10 min indicate time points of internalization. In the bottom, equal lysate
volumes were subjected to immunoblotting for APP. IP, Imnmunoprecipitation; Cont, Control. D, Quantitative measurement of
internalized APP after 10 min and normalized with respect to surface APP at time 0in the same experiment. E, Effect of FBL2 on APP
association with lipid rafts. HEK293 cells cotransfected with APP and FBL2 were lysed in Triton X-100 buffer and subjected to
discontinuous sucrose density gradient ultracentrifugation fractionation. Equal volumes from each fraction were subjected
to immunoblotting for APP, CTF, flotillin1, and FBL2. Means = SEM percentages of the relative ratio of membrane-bound
APP and internalized APP levels in LacZ-transfected cells (control) are indicated. *p << 0.05, **p << 0.01, ***p < 0.001,

Dunnett’s test.

To further confirm the inhibitory activity of FBL2 on A se-
cretion, we also investigated the effect of mouse FBL2 overexpres-
sion on AP secretion from mouse cortical neurons using a
lentivirus system. Compared with a LacZ overexpression control,
mouse FBL2 overexpression decreased the amount of AB,, and
A, in the medium (Fig. 2E). There was no change in the mito-
chondrial respiratory activity between FBL2- and LacZ-
transfected neurons.

We next investigated the effect of siRNA-mediated FBL2
knockdown on A secretion in swAPP—Neuro2a cells. We ob-
served a reduction of endogenous FBL2 protein in FBL2-specific
siRNA-treated cells (Fig. 3B). Under these experimental condi-
tions, both AB,, and AB,, secretion significantly increased in
FBL2 siRNA-treated cells (Fig. 3A). Moreover, sAPPf3 produc-

We examined the interaction of FBL2
with other SCF complex components in
an immunoprecipitation assay and found
that FBL2 precipitated with Skp1 or Cul-
linl (Fig. 4A, B). However, these interac-
tions were not observed for the dFbox
mutant (Fig. 1C). We also examined by
immunoprecipitation whether the dFbox
mutant could interfere with wild-type
FBL2 interactions and found that the
amount of APP interacting with FBL2 in
the precipitate was not changed during
dFbox addition. In contrast, the amount
of Skpl or Cullinl proteins interacting
with FBL2 in the precipitate did decrease during addition of dF-
box (Fig. 4C). These results suggest that this mutant acts as a
dominant-negative inhibitor for assembly of the SCF complex
that includes wild-type FBL2.

Based on the results showing an interaction between FBL2 and
APP, we investigated the subcellular distribution of FBL2 and
APP in mouse brain by immunoblot analysis of intracellular or-
ganelles from ICR mouse brain extracts separated on a 5-20%
discontinuous iodixional gradient. Although some APP was ob-
served in Golgi and ER fractions as identified by GM130 and
calreticulin markers, respectively, a larger amount of APP was
found in the lipid raft fraction, as detected with flotillinl. The
distribution of FBL2 in the brain fractions was similar to that of
APP and CTF (Fig. 5).
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FBL2 induces APP ubiquitination

We next investigated whether FBL2 ubiq-
uitinates APP. HEK293 cells were cotrans-
fected with APP and either wild-type
FBL2, the F-box deletion mutant of FBL2,
or LacZ and treated with MG132 to in-
hibit proteasome activity. Although the
APP protein levels in the precipitates were
similar for all transfected cells (Fig. 6 A,
left), several bands representing ubiquiti-
nated APP in the higher-molecular-
weight region increased only for cells
cotransfected with wild-type FBL2 (Fig.
6A, right). Although the F-box deletion
mutant was shown to interact with APP
(Fig. 4), an increase in ubiquitinated APP
was not observed in cells transfected with
the FBL2 deletion mutant (Fig. 6 A, right).
The ubiquitination of PS1, a key enzyme
for AB production, has also been reported
(Li et al., 2002). However, FBL2 overex-
pression did not affect PS1 ubiquitination
(Fig. 6 B).

To confirm the promotion of APP
ubiquitination by FBL2, we generated the
corresponding recombinant hexahistidine
(His,)-tagged human FBL2 along with the
components of the SCF-E3 ubiquitin ligase
complex, human Skpl, and Cullinl in E.
coli, which were then purified on Ni2*-
based resin (Fig. 6C). APP for substrate
was isolated by immunoprecipitation from
APP-transfected HEK293 cell lysates using
an anti-APP antibody, because purification
of soluble recombinant full-length APP was
technically difficult. We incubated the puri-
fied Skp1-Cullin1-FBL2 complex with im-
munoprecipitated APP using the Fraction II
Reticulocyte Conjugated Kit for 2 h. APP
ubiquitination did not increase after incu-
bation with ubiquitin and rabbit reticulo-
cyte lysates. However, APP ubiquitination
did increase during addition of the purified
Skpl-Cullinl-FBL2 complex (Fig. 6D).
These results strongly suggest that FBL2 has
E3 ubiquitin ligase activity and promotes
APP ubiquitination.

FBL2 promotes APP degradation

Given that FBL2 increased APP ubiquiti-
nation, FBL2 may also promote APP deg-
radation. In APP and FBL2 cotransfected
cells, an obvious decrease in APP and CTF
protein levels was not observed. However,
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Figure9. Effect of FBL2 on AB production from APP mutants. A, Diagram of APP lysine residues. B, HEK293 cells were cotrans-
fected with each APP mutant and FBL2 expression vectors. The medium was changed two times 18 h after transfection, and the
amount of AB secreted in the medium was measured by sandwich ELISA 18 h after the medium change. FBL2-dependent
reductions in A levels were calculated as a percentage of each APP mutant transfected with LacZ as control. Means = SD
percentages of the relative ratio of secreted A3 in LacZ-transfected cells (control) of each APP mutant are indicated. C, The amount
of A secretion for the APP—K651A mutant was calculated as a percentage of that seen for wild-type (WT) APP. D, HEK293 cells
were cotransfected with wild-type APP or APP mutant and FBL2 or LacZ (control). After treatment with the proteasome inhibitor
MG132, the lysates were immunoprecipitated with anti-APP antibody. Immunoblot analyses were performed with anti-ubiquitin
antibodies (P4D1). E, Representative biotin surface labeling and internalization experiment from HEK293 cells cotransfected with
wild-type APP or APP mutant and FBL2 or LacZ (control). SO indicates the total surface labeling before removal of surface biotin,
whereas 0 and 10 min indicate time points of internalization. In the bottom, equal lysate volumes were subjected to immunoblot-
ting for APP. F, Quantitative measurement of internalized APP after 10 min and normalized with respect to surface APP at time 0
in the same experiment. Data are expressed as the mean = SD and analyzed by Student’s t test; *p << 0.05, **p < 0.01,
**%p < 0.001.

an increase in APP and CTF protein levels was detected in cells
transfected with the FBL2 deletion mutant (Fig. 2C), which raises
the possibility that APP degradation was suppressed by a
dominant-negative effect of the FBL2 deletion mutant. To fur-
ther analyze the effect of FBL2 on APP degradation in detail, we
investigated the time course of APP degradation in the presence
of the protein biosynthesis inhibitor cycloheximide. APP was de-
graded in a time-dependent manner in mock-transfected cells,
whereas the degradation was accelerated in FBL2-transfected

cells (Fig. 7). In contrast, the FBL2 deletion mutant suppressed
APP degradation.

FBL2 increases the amount of cell-surface APP

Ubiquitinated proteins are typically degraded by the proteasome.
However, ubiquitination is also reported to be involved in endo-
cytosis, multivesicular body formation, and chromatin remodel-
ing (Pickart, 2001; Hislop and von Zastrow, 2011). Furthermore,
cell culture experiments showed that full-length APP is retrieved
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mutant. Compared with wild-type FBL2,
the ratio of cell surface APP to total APP
was reduced with the FBL2 mutant (Fig.
8B). To examine whether the FBL2-
dependent increase in cell-surface APP
resulted from inhibition of APP endocy-
tosis, we measured APP internalization
in HEK293 cells cotransfected with APP
and FBL2 using a biotin internalization
assay. As shown in Figure 8C, there was
little to no biotinylated APP at time 0,
indicating that the removal of surface
biotin was complete. The amount of bi-
otinylated internalized APP relative to
surface APP at 10 min was significantly
decreased in FBL2-transfected cells. In
contrast, cells transfected with the FBL2
deletion mutant had increased amounts
of APP internalization compared with
control cells (Fig. 8C,D). These results
indicate that FBL2 inhibits APP endocy-
tosis through APP ubiquitination.

Our previous results showed that FBL2
affected sAPPB production and CTFB
protein produced by B-secretase cleavage
of APP. Because lipid rafts play an impor-
tant role in B-secretase cleavage of APP
(Tun et al., 2002; Ehehalt et al., 2003), we
next examined the effect of FBL2 on APP
association with lipid rafts by discontinu-
ous sucrose density gradient analysis.
Most FBL2 protein was observed in lipid
rafts as indicated by the lipid raft marker
flotillin1 (Fig. 8C, bottom). APP protein
was also detected in lipid rafts but at de-
creased amounts in cells transfected with
FBL2 (Fig. 8C, top). However, when cells
were transfected with the FBL2 mutant,
the APP protein level in lipid rafts did not
change. These results suggest that FBL2
decreases the amount of APP protein lo-
calized in lipid rafts by inhibiting APP en-
docytosis  with FBL2-mediated APP
ubiquitination being essential for this
decrease.

total CTF

control FBL2

BACE1

control FBL2

control FBL2

Theintensities of bands corresponding to APP, CTF, and CTF 3 were quantified by densitometry using aluminescentimage analyzer

LAS-1000 (Fujifilm). Each band was normalized with respect to the intensities of bands corresponding to ce-actin and expressed as
apercentage of levels in control mice. Means == SE percentages of the relative ratio of each protein level in control transgenic mice
are indicated. Student’s ¢ test, **p << 0.01. ¢, APP ubiquitination in hippocampus homogenates from 7-month-old AD1 (control

mice) and FBL2 transgenic mice (AD1/FBL2 transgenic mice). IP, Inmunoprecipitation.

from the cell surface via clathrin-mediated endocytosis (Nordstedt
et al., 1993). In both in vitro and in vivo studies, inhibition of
endocytosis reduced APP internalization and AB production
(Koo and Squazzo, 1994; Carey et al., 2005; Cirrito et al., 2008).
We investigated the effect of FBL2-mediated ubiquitination on
APP cell-surface localization. Although there was no change in
the amount of total APP and CTF in FBL2-transfected cells, a
substantial increase in cell-surface APP and CTF was observed
(Fig. 8 A). The ratio of cell surface APP to total APP also increased
with FBL2 overexpression (Fig. 8 B). APP and CTF on the cell
surface also increased with FBL2 deletion mutant overexpression;
however, the total APP and CTF was also increased with this

FBL2 does not ubiquitinate APP at
lysine 651

To identify the APP ubiquitination site for
FBL2, we generated APP mutants in
which each lysine was replaced with ala-
nine and examined the effect of FBL2 on APP ubiquitination.
There are seven lysine residues in the CTF region of APP (Fig.
9A). First, we examined the effect of FBL2 on A production
from each APP mutant. Among the APP mutants, A reduction
by FBL2 overexpression did not occur only for the APP 651 lysine
mutant (K651A) (Fig. 9B). FBL2-dependent APP ubiquitination
did not increase for the APP-K651A mutant; however, an in-
crease in APP ubiquitination by FBL2 was observed for the other
APP mutants (Fig. 9D). The amount of A3 secretion significantly
increased for the APP-K651A mutant compared with that of
wild-type APP (Fig. 9C). APP internalization was also inhibited
for the APP-K651A mutant compared with wild-type APP. Fur-
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thermore, the increase in APP internalization promoted by FBL2
was not observed for the APP-K651A mutant (Fig. 9E, F). These
results suggest that the lysine residue 651 of APP plays an impor-
tant role in APP metabolism and that FBL2 can regulate APP
metabolism by promoting ubiquitination at this site.

Levels of AB are reduced in FBL2/AD1 mouse brains
To confirm the effect of FBL2 on APP metabolism in vivo, we
generated FBL2 transgenic mice in which FBL2 expression is
driven by the neuron-specific Thyl promoter element, and these
animals were crossed with double-transgenic mice (AD1) har-
boring APPswe and PS1,, 46y transgenes. An increase in the FBL2
protein level was confirmed in FBL2 transgenic mice compared
with control mice at 7 months of age (Fig. 10A). APP and total
CTF protein levels also tended to decrease with CTFf protein
amounts being significantly decreased in FBL2 transgenic mice
(Fig. 10A, B). However, BACEL, PS1, and AB-degrading enzyme
(NEP, IDE) protein levels was not changed in FBL2 transgenic
mice. To confirm whether FBL2 functions in vivo, we examined
APP ubiquitination levels in FBL2 transgenic mice and found
that ubiquitinated APP levels were increased in FBL2 transgenic
mice relative to control mice (Fig. 10C).

We first measured the levels of Tris-soluble and insoluble A3
in the hippocampus of FBL2 transgenic mice. Soluble Af3,, was

significantly reduced in the hippocampus of FBL2 transgenic
mice (Fig. 11A). Interestingly, the amount of insoluble AB,, and
AB,, was also reduced in FBL2 transgenic mice (Fig. 11B). We
next analyzed the effect of FBL2 on the formation of Af plaques
using immunohistochemistry. The AB plaque burden (percent-
age area covered by AP immunoreactivity) in the cortex and
hippocampus of FBL2 transgenic mice was remarkably reduced
compared with that of nontransgenic mice (Fig. 11C). Quantita-
tive analysis demonstrated that the AB plaque burden was re-
duced by ~40% in FBL2 transgenic mice (Fig. 11 D), which is in
agreement with the biochemical data. Intraneuronal AB accumu-
lation was observed in CA1 region pyramidal neurons of AD1
mice (Fig. 11E, left). Interestingly, the intraneuronal Af accu-
mulation also decreased in FBL2 transgenic mice (Fig. 11E,
right).

Discussion

FBL2 expression was reported to decrease in the brains of AD
patients (Eric et al., 2004). FBL2 is likely to be involved in ubiq-
uitination regulation via its F-box domain and leucine rich repeat
region that are needed to participate in SCF-E3 ubiquitin ligase
complex formation and binding of specific substrates, respec-
tively. However, FBL2 function and the identity of its substrates
remained unclear. In this study, we showed that FBL2 mRNA
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Although mutant FBL2 lacking the
F-box domain was shown to bind APP,
cells transfected with this mutant had no
change in the amount of secreted A3. Fur-
thermore, AB reduction and an increase
in APP ubiquitination by FBL2 were not
observed for the APP-K651A mutant.
The amount of secreted AB increased and

Intracellular APP

Inhibition of APP APP endocytosis was inhibited in the
endocytosis

APP-K651A mutant compared with wild-

Promotion of
APP degradation

Y

L AV
Oy

APP degradation

Figure 12.

decreases the amount of APP protein in lipid rafts and B-secretase APP cleavage.

expression levels decreased in the brains of AD patients and that
FBL2 reduced the amount of both intracellular and secreted A3
in neuronal cultures by binding APP and promoting its ubiquiti-
nation. We also demonstrated that FBL2 facilitated APP degra-
dation and localization in lipid rafts by inhibiting APP
endocytosis (Fig. 12). FBL2 had no effect on the protein expres-
sion levels of the AB-producing enzymes (BACE1, PS1) or AB-
degrading enzymes (NEP, IDE). Furthermore, a significant
decrease in insoluble AB and A plaques was observed in the brains
of AD1 mice crossed with FBL2 (AD1/FBL2) transgenic mice. These
findings indicate a novel pathway for APP/A3 metabolism whereby
FBL2 regulates APP ubiquitination.

Recent studies suggest that intracellular AB accumulation
plays an important role in AD neural dysfunction. Intracellular
A, accumulation occurs in the pyramidal neurons of the hip-
pocampus and entorhinal cortex long before the emergence of
AP plaques and paired helical filaments in the brains of AD pa-
tients (Gouras et al., 2000; D’Andrea et al., 2001; Tabira et al.,
2002). In addition, an apoptosis marker was detected in a subset
of AB,, accumulating neurons in the brains of Down’s syndrome
patients (Busciglio et al., 2002). Furthermore, initial cognitive
impairment in triple-transgenic mice was observed at 4 months
of age when intraneuronal A accumulation was present but A3
plaque and tangle pathology was not yet apparent (Oddo et al.,
2003). This cognitive impairment was rescued by clearance of
intraneuronal A pathology using anti-AfB antibody immuno-
therapy (Billings et al., 2005). These findings strongly suggest that
intraneuronal AB accumulation is closely linked to cognitive im-
pairment in AD. We showed in this study that intraneuronal A3
accumulation in pyramidal neurons of AD1/FBL2 transgenic
mice hippocampi were markedly decreased. In addition, FBL2
overexpression decreased intracellular A in swAPP—Neuro2a
cells, although a decrease in secreted A was not observed (data
not shown). These results strongly suggest that enhancement of
FBL2 function is expected to be a novel therapeutic strategy for
AD, which could facilitate reduction of intraneuronal ApB.

AB productionl

Schematic representation of APP metabolism regulation by FBL2. FBL2 has a dual function on APP metabolism by
requlating its ubiquitination. FBL2 promotes ubiquitination of intracellular APP, which is then degraded by the proteasome. FBL2
also promotes ubiquitination of cell-surface APP. Ubiquitinated cell-surface APP does not undergo endocytosis and subsequently

type APP. These results clearly indicate
that the FBL2 ubiquitination site at lysine
651 of APP is required for FBL2-mediated
regulation of AB production. In addition,
FBL2 has been shown to associate with the
plasma membrane through geranylgera-
nylation of its C-terminal region (Wang et
al., 2005). Furthermore, an FBL2 mutant
in which cysteine 420 was replaced with a
serine residue that abolished FBL2 bind-
ing to the plasma membrane did not affect
AP secretion when cotransfected with
APP in HEK293T cells (data not shown).
Collectively, FBL2 may translocate to the
plasma membrane in which it facilitates
APP ubiquitination, leading to a reduc-
tion in the amount of A secretion.

Previous studies showed that full-length and C-terminal frag-
ments of APP generated by -secretase (CTFf3) were ubiquiti-
nated and degraded in a proteasome-dependent manner (Nunan
etal., 2001, 2003, Kaneko et al., 2010). We demonstrated in a time
course experiment with cycloheximide that FBL2 overexpression
accelerated ubiquitination-dependent APP degradation in a
time-dependent manner. FBL2 overexpression was also expected
to reduce the amount of APP in vivo. However, the effect of FBL2
on APP protein levels was unclear in AD1/FBL2 transgenic mice
(referred to as ARTE10 by Willuweit et al., 2009), because of high
APP expression levels that could preclude detection of changes in
the amount of APP. However, we did confirm that APP ubiquiti-
nation was increased in AD1/FBL2 transgenic mice. In addition,
the binding of FBL2 with APP decreased in the absence of pro-
teasome inhibitor in an immunoprecipitation study (data not
shown). These results collectively suggest that APP ubiquitinated
by FBL2 is immediately degraded by the proteasome. It is inter-
esting to note that the increase in the amount of both APP and
CTF were observed in cells cotransfected with the FBL2 deletion
mutant and APP. This result might be attributable to the
dominant-negative effect of deletion mutant and APP protein
complexes that inhibit proteasome function in steady-state APP
degradation.

The ubiquitin system has an important role in regulating a
broad array of cellular functions, including cell-cycle progres-
sion, DNA repair, membrane protein transport, and signal trans-
duction in addition to proteasomal protein degradation
(Hofmann and Pickart, 1999; Pickart, 2001; Hislop and von Zas-
trow, 2011). Furthermore, mono-ubiquitination has signaling
functions in the endocytic pathway (Hicke, 2001; Hicke and
Dunn, 2003). There are many reports on regulation of receptor
through the ubiquitination. Ubiquitinated receptor was known
to be generally promoted to endocytic internalization (Haglund
etal., 2003; Sigismund et al., 2005; Hislop and Zastrow, 2011). In
contrast, our results show that FBL2-mediated ubiquitination of
APP inhibits its endocytosis, which is further supported by the
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inability of the FBL2 deletion mutant lacking ubiquitin ligase
activity to inhibit endocytosis and inhibition of APP endocytosis
in APP-K651A mutant. This situation is similar to previous re-
ports that ubiquitination negatively regulated internalization of
protease-activated receptor-1, a G-protein-coupled receptor for
thrombin (Wolfe et al., 2007). This evidence suggests that ubiq-
uitination can both positively and negatively regulate receptor
internalization.

One major pathway of A3 generation begins by endocytosis of
APP from the plasma membrane into the endocytic compart-
ment, and then APP is cleaved by B-secretase (BACE) and
y-secretase within late and early endosome to produce AB (Vas-
sar et al., 1999; Lah and Levey, 2000). Inhibition of endocytosis
increased the amount of APP on the cell surface and reduced AB
production both in vitro and in vivo (Koo and Squazzo, 1994;
Carey et al., 2005; Cirrito et al., 2008). RanBP9 was recently
shown to decrease the amount of APP on the cell surface without
affecting total APP amounts and consequently increased secreted
AP level through increased BACE1 cleavage of APP (Lakshmana
etal., 2009). Furthermore, phosphatidylinositol-binding clathrin
assembly protein (PICALM) was found to be a novel genetic risk
factor for AD by a genome-wide association study (Harold et al.,
2009), and an association between PICALM and brain atrophy or
CSF AB,, level was recently reported (Biffi et al., 2010; Schjeide et
al., 2011). Because PICALM is an important factor for endocyto-
sis (Ford et al., 2001), these findings support a role for dysregu-
lation of APP endocytosis in the pathogenic mechanism of AD.
This mechanism is further supported by our result in which FBL2
affected APP metabolism by regulating APP endocytosis. Our
results showed that inhibition of APP endocytosis by FBL2 led to
a decrease in the amount of APP protein in lipid rafts and
B-secretase APP cleavage. We also showed a reduction in sAPPf3
production and CTFfB protein by BACEI cleavage in FBL2-
overexpressing cells.

In conclusion, we demonstrated a novel mechanism for APP
metabolism through FBL2-mediated APP ubiquitination. The
activation of FBL2 function by increasing protein expression
and/or the enzyme activity is expected to facilitate AB reduction
in the brain, especially intraneuronal A that is directly linked to
cognitive deficit.
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