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Fig. 8. Colocalization of Hesr family proteins with dopamincrgic
neurons. Fluorescence immunohistochemical analysis of the Hesr
family protein and tyrosine hydroxylase (TH) distribution in the

family, or at least HESR1 and -2, differentially alter
DAT1 expression depending on the VNTR allele. This

supports our idea that cell-specific factors regulate DAT'1
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substantia nigra (SN) and ventral tegmental arca (VTA). Hesr,
magenta (Cy3); TH, green (Cy2); Hoechst 33342, blue. Scale bars =
100 pm.

expression in a VNTR allele-specific manner and
may explain the discrepancies among previous studies

(D’souza and Craig, 2008).
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Functional Considerations

We first reported the functional significance of the
DAT VNTR sequence at the molecular level using
luciferase reporter assays (Fuke et al,, 2001). After our
report, other groups reported interesting but conflicting
in vitro results (Fuke et al., 2001, 2005; Inoue-
Murayama et al., 2002; Miller and Madras, 2002; Green-
wood and Kelsoe, 2003; VanNess et al., 2005; Mill
et al., 2005; D’souza and Craig, 2008). One explanation
for this is that different promoters and cell lines were
used in each study. In fact, our previous study (Fuke
et al., 2005) revealed that the inhibitory effect of the
DAT 3'-UTR in CP-Luc/exonl5 was not detected in
HEK?293 cells, but we could detected it in SH-SY5Y,
Neuro2A, and COS-7 cell lines. Every cell line might
not express all the transcription factors necessary for reg-
ulation of the DATT gene, as D’souza and Craig (2008)
speculated. Thus, the identification of the regulating
factor for DAT1 was necessary. We previously identified
HESR1 as a 3-UTR-binding protein using a yeast one-
hybrid system (Fuke et al., 2005) and showed that HESR 1
inhibited the luciferase activity of CP-Luc/exon 15 in SY-
SYS5Y, Neuro2A, COS-7, and also HEK293 cells.” This
indicates that HESR1 may regulate DATT expression.

We also reported the increased expression of DAT
in the brains of Hesr] KO mice. These mice also showed
a decrease in spontaneous locomotor activity and a
reduction in exploration of novelty (Fuke et al., 2006).
This is consistent with our previous and present results,
insofar as HESR1 is thought to be a DAT-inhibitory
factor. In addition, the expression of several dopamine
receptor genes (DRD1, DRD2, DRD4, and DRDJ), the
main targets of synaptic dopamine responsiveness, were
enhanced in Hesr! KO mice. These phenomena are in
contrast to what is seen in DAT KO mice. Mice lacking
DAT show decreased intraneural dopamine storage and
spontaneous hyperlocomotion following the down-
regulation of several dopamine-related genes, including
those encoding dopamine receptors D1 and D2 (Giros
et al., 1996; Caine, 1998; Jaber et al., 1999; Fauchey
et al., 2000; Gainetdinov et al., 2002). This result high-
lights the importance of Hesrl in the dopaminergic
systern in vivo and suggests that further investigation of
the in vivo functions of Hesr2 and -3 is needed.

The Hesr1/2 double mutation is known to be
embryonic lethal as a result of cardiac and wvascular
dysplasia, and both genes have been shown to be
involved in neural development (Sakamoto et al., 2003;
Fischer et al., 2004; Kokubo et al.,, 2005). However,
whereas Hesr2 KO mice exhibited heart dysfunction
(Kokubo et al., 2004), Hesr1 KO mice exhibited no
obvious morphological or anatomical phenotype (Fischer
et al., 2004; Kokubo et al., 2005). On the other hand,
interactions between Hesr! and transforming growth
factor-f (TGF-B) or bone morphogenetic protein
(BMP) signaling (Dahlqvist et al.,, 2003; Takizawa et al.,
2003; Zavadil et al, 2004), which functions in the
differentiation and maintenance of the dopaminergic

nervous system, have been reported (Stull et al.,, 2001;
Farkas et al., 2003; Sanchez-Capelo et al., 2003).
HESR1 may play important roles in the dopaminergic
nervous system and the regulation of DAT. HESR
family genes encode a bHLH domain that is essential for
DNA binding, an Orange domain and YRPW motif.
HESR proteins dimerize with other bHLH proteins via
the bHLH domain and bind to corepressors via the
YRPW motif (Fischer and Gessler, 2007). Additional
investigations are needed to characterize these interacting
proteins. In the present study, the results obtained for
HESR3 sometimes differed from those obtained for
HESR1 and -2. One possible reason for this is the lack
of a YRPW motif in HESR3 (Fig. 2).

Our findings may lead to novel therapies for DAT-
related disorders. In the case of SERT, YB-1 and CTCF
act as regulators of SERT (Klenova et al.,, 2004) and are
targeted by lithium chloride, a mood stabilizer that modi-
fies CTCF and YB-1 expression (Roberts et al., 2007).

DAT gene is expressed exclusively in the dopami-
nergic neurons (Uhl, 2003). If Hesr family genes are not
expressed in the dopaminergic neurons, Hesrs cannot
inhibit DAT expression via 3-UTR. of DAT. However,
as shown in Figures 7 and 8, each Hesr was expressed in
dopaminergic neurons throughout the SN and VTA. This
suggests that the HESR family influences DAT expression
in vivo, as observed in our present culture studies. At the
same time, these data suggest that HESR family members
are involved in mesostriatal and mesocorticolimbic dop-
amine systems underlying motor control, emotion, and
cognition (Bjorklund and Dunnett, 2007). -

In a study of prostate cancer, HESR1 was reported
to be an androgen receptor-interacting factor (Belandia
et al., 2005). It has also been shown that HESR1 is
excluded from the nucleus in most human prostate can-
cers, raising the possibility that abnormal HESR1 sub-
cellular distribution plays a role in the aberrant hormonal
responses observed in prostate cancer. In the present
study, as shown in Figure 7¢, Hesrl and -2 were loca-
lized not only to the nucleus but also to the cytoplasm
of nondopaminergic cells in the brain. Thus, the cellular
localization of HESR. family members may be important
for some physiological functions or pathological condi-
tions and warrants further study.

Although it seems clear that the VNTR domain
plays a role in regulating DAT expression in vitro, there
are discrepancies in the proposed differential effects of the
various alleles. In vivo studies using transgenic mice with
DAT-9r or 10r knock-ins may facilitate the characteriza-
tion of the mechanisms underlying DAT transcriptional
regulation. The mouse Hesr data presented here will
serve as a molecular basis for generating these animals.

In conclusion, we have demonstrated the differen-
tial expression of a luciferase reporter vector containing
the DAT1 3'-UTR and VNTR domain as well as the
differential inhibitory effects of HESR family members
on DAT1 expression via the VNTR domain. Given
these findings, additional behavioral and psychiatric stu-
dies of personality should be conducted.
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v-Secretase is composed of at least four proteins, presenilin
(PS), nicastrin (NCT), Aphl, and Pen2. PS is the catalytic sub-
unit of the y-secretase complex, having aspartic protease activ-
ity. PS has two homologs, namely, PS1 and PS2. To compare the
activity of these complexes containing different PSs, we recon-
stituted them in yeast, which lacks y-secretase homologs. Yeast
cells were transformed with PS1 or PS2, NCT, Pen2, Aphl, and
artificial substrate C55-Gal4p. After substrate cleavage, Galdp
translocates to the nucleus and activates transcription of the
reporter genes ADE2, HIS3, and lacZ. y-Secretase activity was
measured based on yeast growth on selective media and B-ga-
lactosidase activity. PS1 y-secretase was ~24-fold more active
than PS2 y-secretase in the fB-galactosidase assay. Using yeast
microsomes containing y-secretase and C55, we compared the
concentration of AP generated by PS1 or PS2 y-secretase. PS1
y-secretase produced ~24-fold more AS than PS2 y-secretase,
We found the optimal pH of A production by PS2 to be 7.0, as
for PS1, and that the PS2 complex included immature NCT,
unlike the PS1 complex, which included mature NCT. In this
study, we compared the activity of PS1 or PS2 per one y-secre-
tase complex. Co-immunoprecipitation experiments using
yeast' microsomes showed that PS1 concentrations in the
y-secretase complex were ~28 times higher than that of PS2.
Our data suggest that the PS1 complex is only marginally less
active than the PS2 complex in AB production.

y-Secretase consists of at least four subunits, presenilin (PS),?
nicastrin (NCT), anterior pharynx defective 1 (Aph1), and pre-
senilin enhancer 2 (Pen2) (1). PS is the catalytic subunit of
y-secretase with aspartic protease activity (2, 3). Amyloid-$
(AB) peptide, which plays a causative role in Alzheimer disease

* This work was supported in part by grants from Human Frontier Science
Program and The Ministry of Health, Labor and Welfare, Japan.

E)The on-line version of this article (available at http://www.jbc.org) contains
supplemental Fig. S1.

! Present address: Dept. of Molecular and Cell Biology, Graduate School of
Agricultural Science, Tohoku University, Sendai, Miyagi 981-8555, Japan.

2 To whom correspondence should be addressed: 3-8-1 Komaba, Meguro-ku,
Tokyo 153-8902, Japan. Tel. and Fax: 81-3-5454-6739; E-mail: cishiura@
mail.ecc.u-tokyo.ac jp.
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(AD), is produced after sequential cleavage of amyloid-g pre-
cursor protein (APP) by B-secretase and y-secretase. The AP
mainly consists of AB40 and AB42 containing 40 and 42 amino
acids, respectively. AB42 is more prone to aggregation (4) and
more toxic to neuronal cells. Many studies have reported that
familial AD (FAD) mutations in PS and APP resultin increased
ratios of AB42 to AB40. The high AB42 ratio is believed to lead
to AD.

PS has two homologs, namely, PS1 and PS2 (67% identical at
the amino acid level). Aph1 also has two homologs: Aphla (with
alternative splicing variants Aphla-S and a-L) and Aph1b. Sato
et al. (5) reported that y-secretase contained only one of each
subunit, and as such, six distinct y-secretases exist. Indeed,
both PS1 and PS2 form a y-secretase complex with the other
subunits, producing AB (6). y-Secretase cleaves many type 1
transmembrane proteins including APP and Notch, but the
mechanism by which the different y-secretases select their sub-
strates is unclear. These different y-secretases may have differ-
ent functions and substrate selectivity.

Ubiquitous expression of PS1 and PS2 mRNAs in many
human and mouse tissues has been reported, with varying
expression levels across their tissues and during brain develop-
ment (7). For example, in human young adult and aged brains,
PS1 and PS2 mRNAs expression was similar. The subcellular
distribution of PSs are known to be predominantly in the endo-
plasmic reticulum and the Golgi compartment (8). Levitan et al.
(9) showed that human PS1 and PS2 substituted for Caenorh-
abditis elegans sel-12, suggesting that PS1 and PS2 are func-
tionally redundant.

Different phenotypes of PSl— and PS2-deficient mice have
been reported. PS1 knock-out mice exhibit severe developmen-
tal defects and perinatal lethality (10, 11), whereas PS2 knock-
out mice show only mild phenotypes (12). Over 160 FAD muta-
tions in PS1, but only 10 in PS2, have been found. These
findings suggest that PS1 and PS2 play distinct roles in vivo.

Lai et al. (13) indicated that Ps1 (Ps, mouse presenilin)
v-secretase produced 169 times more A than Ps2 y-secretase,
using membrane fractions from Psl-(+/—), Ps2-(—/—), and
Ps1-(—/-), Ps2-(+/+) blastocyst-derived cells from knock-out
mice. In their study, y-secretase activity was calculated as fol-
lows: level of produced ApB/total Ps. They did not use the calcu-
lation:level of produced AB/Ps in y-secretase complex and thus
did not evaluate the active y-secretase content.

Yagishita et al. (14) developed a novel y-secretase assay using
yeast microsomes. Yeast lacks endogenous vy-secretase and
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APP homologs, and one can reconstitute pure human y-secre-
tase in yeast and estimate the activity. Using this system, we
compared the activity of PS1 and PS2 in y-secretase complexes.
Our data suggested that PS1-containing microsomes had much
higher activity than PS2-containing microsomes. However,
detailed analysis regarding the “active” y-secretase complex
revealed that the PS1 and PS2 complex produced similar levels
of AB.

MATERIALS AND METHODS

Construction of y-Secretase and Substrates—To reconstitute
y-secretase in yeast, human PS1 or PS2, NCT, Aphla-L-HA,
FLAG-Pen2, and substrates were cloned into the following vec-
tors, as described previously (15). Briefly, PS1 or PS2 and NCT
were ligated into Kpnl and Xbal sites of the pBEVY-T vector
(16). Aphla-L-HA and FLAG-Pen2 were ligated into the Xbal
and Kpnl sites of pBEVY-L (16). C55-Gal4p, NotchTM-Galdp,
and C99 were fused to the SUC2 signal sequence, facilitating
translocation to the endoplasmic reticulum, and ligated into
the BamHI and EcoRI sites of p426ADH (17). C55, C99, and
NotchTM indicate amino acids 672-726 of the human APP770
isoform, 672-770 of the human APP770, 1703-1754 of the
mouse Notch-1, respectively.

Myc-tagged PS1 and PS2 were PCR amplified and ligated
into the Kpnl site of pBEVY-T, using the following two pair of
primers, respectively: mycPS1S, 5'-GGGGTACCAAAAA-
TGGAACAAAAACTCATCTCAGAAGAGGATCTGATGA-
CAGAGTTACCTGCACCGTTG-3' and PS1AS, 5'-GATC-
CGCTTATTTAGAAGTGTCGAATTCGACCTCGGTACC-
ATGCTAGATATAAAATTGATGGAATGC-3';  mycPS2S,
5'-GGGGTACCAAAAATGGAACAAAAACTCATCTCAG-
AAGAGGATCTGATGCTCACATTCATGGCCTCTGAC-3'
and PS2AS, 5'-GGGGTACCTCAGATGTAGAGCTGA-
TGGGAGG-3'.

Yeast Transformation—Three plasmids were transformed
into Saccharomyces cerevisiae strain PJ69—4A (MATa, trpl-
901, leu2-3, 112, wura3-52, his3-200, gald/, gal80A,
LYS2:GALI-HIS3, GAL2-ADE?2, met2:GAL7-lacZ) (18). The
transformants were selected on SD media plate lacking Leu,
Trp, and Ura (SD-LWU). In microsome assays, we used the
yeast strain PJ69—4ApepdAN(MATa, trpl-901, leu2-3, 112,
ura3—52, his3-200, gald\, gal80N, LYS2::-GAL1-HIS3, GAL2-
ADE2, met2:GAL7-lacZ, pep4:kanMX) (14) to avoid endoge-
nous protease activity.

Reporter Gene Expression—Expression of HIS3 (His) and
ADE2 (Ade) was estimated by transformant growth on
SD-LWHUAde. B-Galactosidase assays were performed as
described previously (15). Transformants were cultured in SD-
LWU media until they reached an A, of ~0.8. Cells were
collected after centrifugation and suspended in lysis buffer (20
mwM Tris-Cl (pH 8.0), 10 mm MgCl,, 50 mMm KCl, 1 mm EDTA,
5% glycerol, 1 mm dithiothreitol) including protease inhibitor
mixture (Sigma), and lysed by glass beads. Protein concentra-
tion and pB-galactosidase activity of the cell lysates were
determined.

v-Secretase Assay and Immunoblotting—Using yeast micro-
somes, we detected AB using an in vitro y-secretase assay. In
vitro y-secretase assays were performed as described previ-
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ously, with minor modifications (14). Microsomes (80 u1.g) were
solubilized with y-buffer (50 mm MES (pH 5.5) or 50 mm PIPES
(pH 6.0, 6.5, 7.0, 7.5), or 50 mM HEPES (pH 8.0), 250 mm
sucrose, 1 mM EGTA) containing 1% CHAPSO on ice for
60 min. Inhibitor mixture, thiorphan, O-phenanthroline,
CHAPSO, and +y-buffer were added to the solubilized micro-
somes, as described previously (14). The mixture was incubated
at 37 °Cfor 0 or 24 h. After incubation, the sample was extracted
with chloroform/methanol (2:1) followed by addition of sample
buffer, and boiled at 100 °C for 5 min. A production was ana-
lyzed by Western blotting using the specific antibody, 82E1.
Band signal was quantified using an LAS-3000 luminescent
image analyzer (FujiFilm, Tokyo, Japan).

Immunoprecipitation of y-Secretase—Microsomes (400 pg)
were solubilized with IP buffer containing 1% CHAPSO and
protease inhibitor mixture, on ice, for 60 min. Solubilized mem-
branes were added to 40 pl of anti-FLAG affinity gel (50%
slurry) (Sigma) and rotated at 4 °C for 2 h. Beads were washed
with IP buffer and suspended in sample buffer containing 8 M
urea to prepare the “IP sample” from 400 pg of microsomes.
The “input sample” was prepared as follows: 100 pl of sample
buffer containing 8 M urea was added to 80 ug of microsomes
and incubated at 65 °C for 10 min. Microsomes (8 ug, 1011 ul)
were loaded as input.

Antibodies—The following antibodies were used for immu-
noblotting: monoclonal antibodies against AB, 82E1 (IBL,
Fujioka, Japan), HA (12CAb5; Sigma), FLAG (M2; Sigma), and
polyclonal antibodies against NCT (AB5890; Chemicon,
Temecula, CA), Myc, 2272 (Cell Signaling Technology, Beverly,
MA), the PS1 loop region (G1L3) (19), and the PS2 loop region
(G2L) (20).

RESULTS

PS2 Was Less Active than PS1 in Growth and B-Galactosidase
Assays—We constructed recombinant plasmids for y-secretase
and APP-based (C55-Galdp) or Notch-based substrates
(NotchTM-Galdp) (15). We introduced the vectors into yeast
strain PJ69, which expresses HIS3, ADE2, and lacZ under Galdp
control, and generated yeast transformants expressing the
7v-secretase subunits (PS1 or PS2, NCT, Aphla-L-HA, FLAG-
Pen2) and an artificial substrate (C55-Galdp or NotchTM-
Galdp). Galdp released from C55-Galdp or NotchTM-Galdp by
reconstituted y-secretase activates HIS3 and ADE2 genes tran-
scription. Therefore, y-secretase activity was assessed by
growth on media lacking histidine and adenine. As a result,
yeast expressing PS1 +y-secretase and C55-Gal4p could repli-
cate on the selection media. Yeast expressing PS2 y-secretase
could also grow, but was much slower than that of PS1-express-
ing yeast (Fig. 14). PS1L166P, G384A, and PS2 N141] are famil-
ial Alzheimer disease (FAD) mutations. Yeast carrying these
mutations were unable to grow on media lacking histidine and
adenine. After isolating these yeast cell lysates, we measured
B-galactosidase activity to estimate -y-secretase activity. PS1
had ~24 times more 8-galactosidase activity than PS2 (Fig. 1B).
The results of the B-galactosidase assay were well correlated
with the growth assay results (Fig. 1, A and B).

Next, we used NotchTM-Gal4p as a substrate instead of C55-
Galdp. The results were similar to those obtained when using
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FIGURE 1. Estimate of reconstituted PS1 or PS2 y-secretase activity in yeast. A and C, yeast cells were transformed with PSs (PS1 or PS2, or PS with FAD
mutations), NCT, FLAG-Pen2, Aph1a-L-HA, and C55-gal4p (A), or NotchTM-gal4p (C). Three independent clones were cultured on non-selection media (SD-
LWU) of selection media (SD-LWHUAde) at 30 °C for 3 days. Yeast cells not expressing PS did not grow on SD-LWHUAde. B and D, -galactosidase activity was
measured for each yeast lysate. Lysates were prepared from yeast celis using glass beads. One unit of B-galactosidase activity corresponds to 1 nmol of
O-nitrophenyl B-d-galactopyranoside hydrolyzed per min, and activity was calculated as unit/(min X mg of protein in lysate). The activity was normalized by
subtracting the activity in the absence of PS, 65 unit/{min X mg protein). Data are presented as mean value = S.D.,n = 18 (4), n = 3(Q) *, p < 0.05; **, p<0.01
(analyzed by one-way analysis of variance followed by Dunnett’s multiple comparison test). Statistical analyses were performed with PRISM software.

the C55-Gal4p, with the following two exceptions. Notchl was
more likely to be cleaved by y-secretase than C55 (APP) (Fig. 1,
B versus D) and yeast cells expressing PS1 with FAD mutations
(L166P and G384A) were able to grow on SD-LWHUAde,
whereas cells expressing PS2 N1411 were not (Fig. 1D). These
results suggested that PS1 with the FAD mutations cannot
cleave APP, whereas they can cleave Notch like wild-type
y-secretase.

Optimal pH for AB Production by the PS2 Complex—To
study <y-secretase activity in vitro, we prepared yeast micro-
somes from yeast transformants expressing PS1 or PS2,
NCT, Aphla-L-HA, FLAG-Pen2, and C55 (14). Three previ-
ous reports showed that vy-secretase with PS1 maximally

pCEVEN
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produced A at approximately pH 7.0 (14, 21, 22). The opti-
mum pH of AP production by y-secretase with PS2, how-
ever, remains unclear. Thus, we investigated the optimal pH
of the PS2 complex to produce AB. When yeast microsomes
prepared from three independent clones were incubated for
24 h at 37 °C with 0.25% CHAPSO and 0.1% PC, we found
that the PS2 complex also maximally produced A at
approximately pH 7.0 in all three assays (Fig. 2, A and B),
suggesting that the PS1 and PS2 complex have similar pH
dependences for A production.

Levels of AB Production by PS1 or PS2—We compared the
level of AB produced by PS1 or PS2 using yeast microsomes.
Each microsome was incubated at 37 °C for 24 h in the pres-
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FIGURE 3. Difference in A3 production between PS1 and PS2. A, yeast
microsomes expressing PS1 or PS2, NCT, Aphla-L-HA, FLAG-Pen2, and C55
were subjected to in vitro y-secretase assays at pH 7.0. AB produced by PS1 or
PS2 y-secretase was detected. Synthetic AB40 (30 pg) was loaded as a marker.
B, the bands obtained in A were quantified to determine the ratio of AB to C55
using analyzing software (LAS-3000 luminescent image analyzer, Fuji Film,
Tokyo, Japan). The column represents the mean = S.D. (n = 5, **, p < 0.01).
Data were analyzed by Student’s t test.

ence of 0.25% CHAPSO and 0.1% PC. We found that the PS1
complex produced significantly more A than PS2 (Fig. 34).
By quantifying the Western blotting signals, we calculated
that PS1 produced ~24 times more A than PS2 (Fig. 3B).

PS1 Complexes Were More Abundant than PS2 Complexes—
To verify whether PS, NCT, Aphla-L, and Pen2 form the
y-secretase complex, we isolated membrane fractions from
yeast introduced with PS,NCT, Aphla-L-HA, FLAG-Pen2,and
C99, and performed co-immunoprecipitation experiments
with the anti-FLAG M2 affinity gel. Both PS1 and PS2 were
co-immunoprecipitated with FLAG-Pen2 (Fig. 4, B and C).
NCT and Aphla-L were also co-immunoprecipitated with
FLAG-Pen2 (Fig. 4A), suggesting that PS1 and PS2 formed a
y-secretase complex. We also found that the PS2 complex pre-
dominantly included non-glycosylated immature NCT,
whereas the PS1 complex contained highly glycosylated mature
NCT (Fig. 44).

Comparison of the PS1 and PS2 contents in y-secretase is
difficult due to the variable affinity of their specific antibodies.
To estimate the amount of PS1 or PS2 in y-secretase com-
plexes, we constructed Myc-tagged PS1 and PS2. We intro-
duced these constructs into yeast and reconstituted the
y-secretases. Preparing these microsomes, we immunoprecipi-
tated y-secretase complexes with anti-FLAG affinity gel. The
immunoprecipitates were next subjected to immunoblotting.
Aphla-L levels in the PS1 or PS2 complex were similar (Fig.
5A). The Myc-tagged PS1 complex included mainly mature
NCT, while Myc-tagged PS2 complexes contained immature
NCT (Fig. 5A). The level of PS1 NTF in y-secretase complexes
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FIGURE 2. Optimum pH of Af production by PS2. A, microsomes (80 ug) prepared from three independent yeast cells transformed with PS2, NCT, Aph1a-
L-HA, FLAG-Pen2, and C55, and from yeast expressing C55 were incubated with 0.25% CHAPSO and 0.1% PC at 37 °C for 0 or 24 h. Incubation samples were
subjected to immunoblotting to compare A production activity, AB/C55. A was detected by 82E1. Synthetic AB40 (20 pg) was used as a positive control.
Yeast expressing C55 and microsomes incubated for 0 h were loaded as a negative control. B, three independent assays were quantified using analyzing
software (LAS-3000 luminescent image analyzer, Fuji Film, Tokyo, Japan). The column represents the mean = S.D. (n = 3).

(associated with FLAG Pen2) was ~28 times higher than that of
PS2 NTF (Fig. 5B).

When calculating -y-secretase activity per one 7y-secretase
complex from these data, a significant difference between PS1
and PS2 does not exist. However, the PS1 complex was 24.15
more active in the B-galactosidase assay. In vitro A production
assays indicated that PS1 was 24.61 more active than PS2. Com-
paring PS1 and PS2 contents in y-secretase in a co-immuno-
precipitation experiment, we found that the amount of
PSINTF in the y-secretase complex was 28.14 times higher
than that of PS2NTF. These data suggested that the complete
PS2 complex was 1.142 or 1.143 times more active than the PS1
complex.

DISCUSSION

v-Secretase assays measuring released Af into conditioned
media from cultured cells have been previously performed.
These assays found that y-secretase with PS FAD mutations
increased the AB 40/42 ratio. However, very few in vitro assays
have been reported. To accurately study <y-secretase activity,
Yagishita et al. (14) established an in vitro assay system using
yeast, which possesses no y-secretase homologs. This system
enabled us to directly compare activities between the PS1 and
PS2 complex.

Yeast growth and B-galactosidase assays using C55-Gal4p or
Notch-Gal4p as a substrate revealed that PS1 had a significantly
higher activity than PS2. We also found that FAD mutations in
PS abolished APP processing activity, and that PS1 L.166P and
G384A cleaved Notch with reduced activity compared with
wild-type PS1. The assembly of PS1 FAD mutants (L166P or
G384A) into y-secretase complex was also assessed by immu-
noprecipitation (supplemental Fig. S1). The assembly of PS1
L166P mutant was similar to PS1 WT. On the other hand,
~36% of PS1 G384A (comparing to the WT) formed the
y-secretase complex. These results showed that PS1 L166P
assembled normally with defective protease activity and PS1
G384A was defective both in the assembly and the protease
activity, suggesting that loss of function of PS caused lower
cleavage activity. These reductions in processing activity
obtained in this report support PS loss of function hypothesis,
which is believed to cause FAD (23). We evaluated the activity
of other PS1 FAD mutations (A79V, M146L, A231V, M233T,
and AExon9) in Notch cleavage (data not shown). Our Notch
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microsomes expressing C99 were solubilized with IP buffer containing 1% CHAPSO and protease inhibitor mixture. y-Secretase complexes were immunopre-
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A IP.aFLAG Input IP:aFLAG Input
Mye Myc Myc Myc Myc Myc Myc Myc
PS1 PS2 C99 psqps2 €99 (kDa) _PS1 PS2 099 psipsz 099
. o l.. 15 - <—Pen2

I~ 26 < Aph1
- 180 «—mNCT
~115 ~«—im NCT
s “PS2FL
PS1 FL—| ¥ S
- 87 -|<—PS2 NTF
PS1 NTF —p- | e
Long exposure
*k
B 120
= 100
5 80
S
3 4
<
PSINTF PS2NTF

FIGURE 5. Quantification of PS1 and PS2 in y-secretase complexes. A, yeast expressing Myc-tagged PS1 or PS2, the other secretase subunits, and C99, were
incubated with anti-FLAG affinity gel. The immunoprecipitates were analyzed by immunoblotting. B, amount of Myc-tagged PS1NTF and Myc-tagged PS2NTF
in the y-secretase complexes were quantified using LAS-3000 luminescent image analyzer (Fuji Film, Tokyo, Japan). Data were analyzed by Student’s t test.

Error bar shows the mean * S.D. n = 4, **, p < 0.01. The asterisks indicate nonspecific bands.

cleavage results with PS1 FAD mutations, PS1L166P and
G384A, corroborated the findings of earlier studies (24, 25).
Based on the in vitro y-secretase assay using yeast micro-
somes, we found that -y-secretase with PS2 optimally produced
AP at approximately pH 7.0. Previous reports have shown that
PS1 also maximally produced AB at pH 7.0 (14, 21, 22), suggest-
ing that PS1 and PS2 make A using a similar mechanism.
© Our co-immunoprecipitation experiments using yeast
microsomes containing PS1 or PS2, NCT, Aphla-L-HA, and
FLAG-Pen2 showed that PS2 bound to immature NCT,
whereas PS1 bound to the mature NCT. Expression levels of
immature or mature NCT's in cells transformed with PS1 or PS2
were similar, but the anti-FLAG affinity gel immunoprecipi-
tates contained different levels of immature and mature NCT.
Franberg et al. (26) reported that Ps2 bound to immature NCT
in Psl-deficient (Ps1-(—/—), Ps2-(+/+)) MEF cells and Psl
bound to mature NCT in Ps2 deficient (Ps1-(+/-+), Ps2-(—/-))
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MEF cells using affinity capture with an active site-directed
y-secretase inhibitor. This difference in NCT maturation in the
complex may affect substrate affinity.

In this study, we used Aphla-L as a y-secretase subunit,
which may facilitate PS2 binding to immature NCT. Also,
Aphla-S expression, or Aphlb as a -y-secretase subunit, may
result in alternative binding patterns, such as PS2 binding to
mature NCT or PS1 binding with immature NCT. In fact, we
observed the PS1 complex with Aphla-S containing more
immature NCT than the PS1 complex with Aphla-L (data not
shown). To date, y-secretase is known to target many sub-
strates, but how -y-secretase selects its substrates is unclear.
These variable y-secretases may contribute to specific substrate
selection.

To compare the y-secretase activity of PS1 and PS2 precisely,
we employed two different approaches. First, we used
C55(-Galdp) or C99 as a substrate instead of C100Flag. NCT
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plays a role in binding to the substrate by recognizing N termi-
nus of C99 (27). So, natural N terminus of C99 or C55 is impor-
tant to assess y-secretase activity correctly. Using C100Flag as a
substrate may result in inaccurate evaluation, because
C100Flag possesses one extra amino acid, methionine, onthe N
terminus. Second, we estimated the amount of PS1 or PS2 in the
y-secretase complex. Lai et al. (13) reported Psl and Ps2
y-secretase activity as a function of total protein concentration,
but not all PS localizes to the y-secretase complex. Therefore,
y-secretase activity should be calculated as follows: y-secretase
activity/concentration of PS in y-secretase complex. y-Secretase
assembly is not a random process, but occurs sequentially. NCT
and Aphl form the NCT-Aphl subcomplex in the initial step of
complex formation. Two hypotheses have been proposed regard-
ing the subsequent steps in -y-secretase complex assembly. One
hypothesis is that PS binds to the NCT-Aph1 subcomplex, fol-
lowed by Pen2, creating a y-secretase complex (28, 29). Alterna-
tively, the PS-Pen2 intermediate may bind to the preexisting NCT-
Aphl subcomplex to form the y-secretase complex (30). To
evaluate the construction process of the y-secretase complex, we
compared PS1 or PS2 in the y-secretase complex by co-immuno-
precipitating Myc-tagged PS1 or PS2 with anti-FLAG antibody
(FLAG tag is on Pen2). Co-immunoprecipitation with other anti-
bodies detecting NCT, Aphl, or PS could lead to inaccurate esti-
mates regarding the amount of Myc-PS in the y-secretase com-
plex. We found that the concentration of PS2 in the y-secretase
complex was much lower than that of PS1. Because we applied a
minimal reconstitution system in yeast, unknown protein(s) may
stabilize PS2. This possibility is currently being explored.

In this study, we reconstituted human PS1 and PS2
y-secretase complexes and compared their A production
(per y-secretase complex). PS1 had 24.65 times and 24.61
times higher activity than PS2 in the B-galactosidase and in
vitro AB production assay, respectively. Based on Co-IP
experiments, the amount of PS1 in the y-secretase complex
was 28.14 times higher than that of PS2. Thus, our data sug-
gest that PS1 did not have significantly higher activity than
PS2, as has been reported (13). PS1 and PS2 were 67% iden-
tical at the amino acid level, suggesting that these two pro-
teins have related functions in the y-secretase complex. Our
results suggest that the difference between PS1 and PS2 is
their affinity to the other y-secretase subunits. The contri-
bution of PS1 on y-secretase activity is more important than
that of PS2 because PS1 knock-out mice exhibit severe phe-
notypes, whereas PS2 knock-out mice do not. We hypothe-
size that the differences in PS1 and PS2 knock-out mice phe-
notypes may result from different amounts of PS1 and PS2
y-secretases, but not differences in their activity.

Currently, PS1 is believed to have a higher activity than PS2
in y-secretases, while we showed that they have similar activi-
ties. In corroboration of our findings, recent reports have
shown that PS2 +y-secretase cleaved more APP than PS1
y-secretase in microglia cells, regardless of the presence of PS1
(31). Thus, when studying y-secretase activity, we should con-
sider the concentration of PS in the active y-secretase complex,
which may aid in clarifying the pathogenesis of FAD caused by
PS loss-of-function FAD mutations.
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ABSTRACT y-Secretase catalyzes the cleavage of the
intramembrane region of the Alzheimer amyloid pre-
cursor protein (APP), generating p3, amyloid-f peptide
(AB), and the APP intracellular domain (AICD). Al-
though a y-secretase inhibitor has been shown to cause
an accumulation of the APP C-terminal fragments
(CTFs) a and P and to decrease levels of p3 or Af and
AICD, we found that treatment with a lysosomotropic
weak base, such as chloroquine or ammonium chloride,
caused simultaneous accumulation of both CTFs and
AICD, suggesting that lysosomal proteases are also
involved in processing of APP. This observation was
reinforced by the results that cysteine protease inhibi-
tor E-64d and cathepsin B specific inhibitor CA-074Me
caused the accumulation of both CTFs and AICD with
no change in known secretase activities. y-Secretase
preferentially cleaved phosphorylated CTFs to produce
AB, but cathepsin B degraded CTFs regardless of
phosphorylation. Our results suggest that cathepsin B
plays novel roles in the metabolism of APP and that an
inhibition of APP phosphorylation is an attractive ther-
apeutic target for Alzheimer’s disease.—Asai, M.,
Yagishita, S., Iwata, N., Saido, T. C., Ishiura, S., Maruy-
ama, K. An alternative metabolic pathway of amyloid
precursor protein C-terminal fragments via cathepsin B
in a human neuroglioma model. FASEB [J. 25,
3720-3730 (2011). www.fasebj.org

Key Words: Alzheimer’s disease+ CA-074Me - y-secrelase
« phosphorylation

AMYLOID PREGURSOR PROTEIN (APP) is a type I integral
membrane glycoprotein with a single membrane-span-
ning domain, a large ectoplasmic N-terminal region,
and a shorter cytoplasmic C-terminal region (1-3). An
understanding of APP metabolism is physiologically
and clinically important because APP is a stepwise
substrate for - and +y-secretases in the production of
the neurotoxic amyloid-g peptide (AB; AB40 or AB42;
refs. 1-4). Thus, B- and +vy-secretase inhibitors are
pharmacological targets for the treatment or preven-
tion of Alzheimer’s disease (AD; refs. 4, 5).
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Proteolytic processing of APP has been extensively
studied, and two major processing pathways have been
described. Initially, a- or B-secretase cleaves APP to
produce a secreted N-terminal soluble extracellular
fragment of APP (sAPPa or sAPPB) and membrane-
bound C-terminal fragments of APP (CTFa or CTFB).
Sequentially, y-secretase catalyzes the intramembrane
proteolysis of CTFs to produce p3, AB, and APP intra-
cellular domain (AICD; refs. 1-4).

Numerous vy-secretase inhibitors have been devel-
oped (2, 4, 5), and treatment with a y-secretase inhib-
itor causes accumulation of substrates, such as CTFs,
and suppression of the production of A§ and AICD in

" vivo or in vitro (6-9). This quantitative balance of CTFs,

AR, and AICD seems to be dependent on y-secretase,
which is an enzymatic multiprotein complex containing
presenilin (PS; either PS1 or PS2) as the active core.
However, it has been reported that both CTFs and
AICD simultaneously accumulated under treatment
with lysosomotropic weak bases, such as chloroquine or
ammonium chloride (NH,CI; refs. 10, 11). It is highly
unlikely that alkalization of the endosome-lysosome
system causes y-secretase dysfunction because y-secre-
tase can cleave other substrates, such as Notch, and can
produce intracellular fragments in the presence of
these lysosomal inhibitors. In other words, the accumu-
lation of both products and substrates of y-secretase is
indicative of the presence of proteases other than
y-secretase for the processing of CTFs and AICD.

" To identify CTF- and AICD-processing enzymes, we
analyzed APP metabolism using a pharmacological
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approach in a human neuroglioma model. We found
that cysteine protease inhibitor E-64d (12) and cathep-
sin B-specific inhibitor CA-074Me (12-15) could cause
the accumulation of both CTFs and AICD with no
change in o-, -, and y-secretase activities. Moreover, we
found that y-secretase prefers phosphorylated CTFs on
Thr668 (at a position corresponding to the APPg,,
isoform), whereas cathepsin B catalyzed degradation of
CTFs regardless of phosphorylation. Altogether, our
results suggest that cathepsin B plays novel roles in the
metabolism of the APP C-terminal region and that
inhibition of APP phosphorylation is an attractive ther-
apeutic target for AD.

MATERIALS AND METHODS
Reagents

CA-074 (also known as cathepsin B inhibitor HE; [1-3-trans
(propylcarbamoyl) oxirane-2-carbonyl]-L-isoleucyl-1-proline),
CA-074Me (also known as cathepsin B inhibitor IV; [L-3-trans
(propylcarbamoyl) oxirane-2-carbonyl]-L-isoleucyl-L-proline
methyl ester), E-64d [(1-3-transethoxycarbonyloxirane-2-
carbonyl)-1-leucine (3-methylbutyl) amide], lactacystine ([N
acetyl-S-{(2R,3S5,4R)-3-hydroxy-2-[(1S)-1-hydroxy-2-
methylpropyl]-4-methyl-5-oxo-2-pyrrolidinecarbonyl}-1-cysteine),
DAPT [also known as vy-secrelase inhibitor IX; (3,5-
difluorophenylacetyl)-t-alanyl-L-2-phenylglycine ¢butyl ester],
and L-685,458 (also known as y-secretase inhibitor X;
[(2RA4R,55)-2-benzyl-5-(tbutyloxycarbonylamino)-4-hydroxy-6-
phenylhexanoyl]-1-leucyl-L-phenylalanine amide) were pur-
chased from the Peptide Institute (Osaka, Japan). B-Secretase
inhibitor IV (M-[(1S, 2R)-1-benzyl-3-(cyclopropylamino)-2-
hydroxypropyl]-5-[methyl{methylsulfonyl)amino-N'-[ (1 R)-1-
phenylethyl]isophthalamide), compound E (also known as
y-secretase inhibitor XXI; (S§,S)-2-[2-(3,5-difluorophenyl)-
acetylamino]-N-(1-methyl-2-oxo0-5-phenyl-2,3-dihydro-1H-
benzo[e] [1,4]diazepin-3-yl)-propionamide), and cathepsin G
inhibitor I ([2-[3-[(1-benzoylpiperidin-4-yl)-methylcarbamoyl]
naphthalen-2yl]-1-naphthalen-1-yl-2-oxoethyl] phosphonic acid)
were purchased from Merck KGaA (Darmstadt, Germany).
Pepstatin A, chloroquine, and NH,Cl were obtained from
Sigma-Aldrich Co. (St. Louis, MO, USA). Chloroquine was
dissolved in sterilized PBS, and all other powdered reagents were
dissolved in sterilized dimethyl sulfoxide (DMSO) and added
into the cell culture medium to yield 0.2% DMSO as a final
concentration.

Cell culture

A murine neuroblastoma NeuroZa (N2a) cell line (mNotch®™
N2a cells) stably expressing both mouse Notch-deleted extra-
cellular domain with myc tag (mNotch®™) and enhanced
green fluorescent protein (16), a human neuroglioma H4
cell line stably expressing human APPg, with the Swedish
mutation (APPy;-H4 cells) (17) or stably expressing human
APPgq; with the Swedish mutation and a point mutation at a
phosphorylation site [Thr to Ala on 668 (APPq; numbering);
APPy;_pa-H4 cells], and mouse embryonic fibroblast cells
with deficiencies of both PSI and PS2 genes (PSI™/~PS2™/~
cells) (18) were cultured in DMEM (Invitrogen, Carlsbad,
CA, USA) at 37°C in 5% CO,. The DMEM was supplemented
with 10% FBS (Invitrogen), 100 U/ml penicillin, and 100
pg/ml streptomycin (Invitrogen). In addition, G418 (Merck)
was supplemented for mNotch®*-N2a cells (160 pg/ml) and

CATHEPSIN B DEGRADES APP C-TERMINAL FRAGMENTS

PSI™/~PS27/" cells (200 pg/ml), and hygromycin B (Wako
Pure Chemicals Industries, Osaka, Japan) was supplemented
for APPy;-H4 cells (150 pg/ml) and APPy; y4-H4 cells (225
pg/ml). After passage by trypsinization, cells were grown for
24-36 h and then treated with reagents: CA-074Me (0.1, 1, or
10 pM), pepstatin A (10 wM), cathepsin G inhibitor I (10
uM), E-64d (10 uM), compound E (1 pM), DAPT (1 pM),
L-685,458 (1 pM), B-secretase inhibitor IV (1 pM), lactacystin
(1 pM), chloroquine (1 pM), or NH,Cl (1 mM), for the
indicated time.

Sample preparation for Western blot analysis

Cells treated with reagents were harvested and lysed in a -
buffer containing 10 mM HEPES (pH 7.4), 150 mM NaCl,
0.5% Triton X-100, and protease inhibitor cocktail (Roche
Diagnostics, Mannheim, Germany) on ice. The cell lysate was
freeze-thawed at three 20-min intervals and centrifuged at
13,000 g for 15 min at 4°C. The supernatant protein
concentrations were determined using a BCA protein assay
kit (Pierce Biotechnology, Rockford, IL, USA). sAPP se-
creted into the conditioned medium was precipitated with
heparin agarose resin (Pierce Biotechnology), as described
previously (16).

Western blot analysis

Equal amounts of proteins from the cell lysates or sAPP
collected from the equal volumes of the conditioned medium
were subjected to SDS-PAGE, and proteins in the gels were
transferred to PVDF membranes (Hybond-P; GE Healthcare,
Liude Chalfont, UK) or nitrocellulose transfer membranes
(Protran; Whatman, Dassel, Germany). The membranes were
probed with an appropriate primary antibody and then
reacted with an appropriate secondary antibody, specifically
horseradish peroxidase-conjugated anti-mouse or anti-rabbit
IgG (GE Healthcare). The protein band was visualized using
an enhanced chemiluminescence (ECL) detection method
(GE Healthcare), and band intensity was analyzed with a
densitometer (LAS-4000; GE Healthcare), using Science Lab-
oratory 2001 Image Gauge software (GE Healthcare).

Monoclonal antibody 2B3 (Immuno-Biological Laborato-
ries, Gunma, Japan), which recognizes amino acid residues at
the C terminus of human sAPP«, was used at a concentration
of 2 pg/ml to detect sSAPPa (anti-sAPPa antibody). Polyclonal
anti-sAPPB,;, antibody was used at a concentration of 1:1000
to detect sAPPB,; (APP with Swedish mutation), as described
previously (17). Monoclonal antibody 82E1 (Immuno-Biolog-
ical Laboratories), which recognizes amino acid residues 1-16
of the human AB sequence, was used at a concentration of 1
pg/ml to detect AB (anti-AB antibody). Polyclonal anti-APP
antibody (catalog no. A8717; Sigma-Aldrich), which recog-
nizes amino acid residues 676—695 at the C terminus of the
APPqy; isoform, was used at a concentration of 1:15,000 to
detect full-length APP (FL-APP), CTFs, and AICD (anti-APP
antibody). Polyclonal anti-phosphorylated APP antibody (Cell
Signaling Technology, Danvers, MA, USA), which recognizes
the phosphorylation of Thr668, was used at a concentration
of 1:1000. Monoclonal antibody AC-74 (Sigma-Aldrich),
which recognizes amino acid residues at the N-ierminal end
of B-actin, was used at a concentration of 1:5000. Monoclonal
antibody 9B11 (Cell Signaling Technology), which recognizes
the myc epitope tag corresponding to amino acid residues
410-419 of human c-Myc, was used at a concentration of
1:1000.

Cell-free assay
The microsomal fraction was isolated from APPy; -H4 cells, as

described previously (8). Briefly, harvested APP,,-H4 cells
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were homogenized in buffer A (20 mM PIPES, pH 7.0; 140
mM KCI; 0.25 M sucrose; and 5 mM EGTA), and the
homogenates were then centrifuged at 800 g for 10 min to
remove nuclei and cell debris. The resultant supernatants
were centrifuged at 100,000 g for 1 h. The pellets were
suspended in buffer A and cenmfuged again. The resultant

pellets were suspended in buffer A containing various pro- .

tease inhibitors, including 50 uM diisopropyl fluorophos-
phate (Wako), 50 uM phenylmethylsulfonyl fluoride (Sigma-
Aldrich), 0.1 pg/ml N*- -prtosyl-i-lysine chloromethyl ketone
(Sigma-Aldrich), 0.1 wg/ml antipain (Peptide Institute), 0.1
;Lg/ ml leupeptin (Peptide Institute), 100 uM EGTA (Wako),
1 mM thiorphan (Sigma-Aldrich), and 5 mM phenanthroline
(Nacalai Tesque, Kyoto, Japan), for a final concentration of
2.5 mg protein/ml. The mixtures were incubated at 37°C for
1 h with CA-074, CA-074Me, or L-685,458. The reaction was
terminated using a solution of chloroform:methanol (2:1).
After extracting lipids with chloroform:methanol:water solu-
tion (1:2:0.8), the protein fractions were separated on con-
ventional 16.5% Tris/Tricine gels to detect AR or AICD
product by Western blot analysis.

In vitro degradation assay

In vitro cleavage of AICD was performed in 30 pl of 100 mM
sodium acetate buffer (pH 5.5), containing 1 mM EDTA and
8 mM cysteine with or without synthetic AICD (Merck).
Various amounts of purified cathepsin B from hwman liver
(Merck) were added with or without 1 M CA-074. The
mixtures were incubated at 37°C for the indicated time, and
sample buffer was then added to stop the reaction. The
products were analyzed by Western blotling conventional
16.5% Tris/Tricine gels with an anti-APP antibody.

Statistical analysis

All values are expressed as means * sk. For comparisons of 2
groups, a 2-tailed Student’s ¢ test was used. For comparisons
among >3 groups, a Dunnett’s or Student-Newman-Keul
multiple comparison test was used. Differences were consid-
ered significant at values of P < 0.05.

RESULTS

Cathepsin B inhibitors, CA-074Me and E-64d, lead to
the accomulation of CTFs and AICD with no change
in a- and B-secretase activities

Weak bases, such as chloroquine or NH,Cl, alkalize the
intracellular pH of acidic compartments (19, 20). If
there are proteases responsible for the degradation of
CTFs and AICD other than -y-secretase, we should be
able to detect the accumulation of CTFs by treatment
with chloroquine or NH,Cl in +y-secretase-deficient
cells. To verify this hypothesis, we treated PSI™/~
PS27/ cells and APPy,;-H4 cells with chloroquine or
NH,CI (Fig. 14, B). After chloroquine or NH4C1 treat-
ment, accumulation of CTFa was observed in PSI™/~
PS2"/ ~ cells (Fig. 1A). We were unable to detect CTF(,
which is derived from endogenous APP, likely due to
the low B-secretase activity in these cells (Fig. 14). In
chloroquine- or NH Cl-treated APPy;-H4 cells, we also
observed accumulation of both CTFa and AICD with
no change in FL-APP (Fig. 1B). Conversely, treatment
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with the +y-secretase inhibitor 1-685,458 produced a
significant accumulation of CTFs and lower production
of AICD in APPy-H4 cells (Fig. 1B).

To address whether the cathepsin family is involved
in degrading CTFs and AICD, we treated APPy,-H4
cells with representative cathepsin inhibitors (Fig. 1C,
D). Cathepsins B, D, and G are cysteine, aspartyl, and
serine proteases, respectively. E-64d generally inhibits
cysteine proteases. Western blot analysis showed that
CTFa, CTFB, and AICD did not significantly accumu-
late in the presence of inhibitors for cathepsins G and
D (cathepsin G inhibitor I and pepstatin A, respec-
tively), but E-64d and the cathepsin B-specific inhibitor
CA-074Me markedly increased accumulation of CTFa,
CTFB, and AICD (Fig. 1(). In addition, treatment with
the proteasome inhibitor lactacystin exerted no signif-
icant influence on the levels of CTFa, CTFB, and AICD
production (Fig. 1C). It has been reported that cathep-
sin B prefers wild-type APP (APPyy) to APPy; (12).
Although CA-074Me treatment led to significant accu-
mulation of CTFa, CTFB, and AICD in stably APPy
overexpressing H4 cells (APPyy-H4 cells), this efficacy
in APPw-H4 cells was less than that observed in

APPy; -H4 cells (Supplemental Fig. S1).

If CA-074Me causes up-regulation of both a- and
B-secretase activities, CTFa and CTFf might simultane-
ously accumulate in cells. To evaluate the effects of
CA-074Me on o- and B-secretase activities, sSAPPa and
sAPPB levels were assessed in the conditioned medium
from APP\;-H4 cells treated with CA-074Me (Fig. 1E,
F). No change in either sAPPa or sAPP( levels was
observed (Fig. 1F). Therefore, we concluded that cys-
teine protease cathepsin B was a major CTF- and
AICD-degrading enzyme with no effect on «- and
B-secretase activities.

Time course and dose dependency of the
accumulation of CTFs and AICD vig cathepsin B
inhibition

To accurately assess the drug efficacy of CA-074Me, we
performed time-course and dose-dependency analyses
in APPy-H4 cells (Fig. 2). Time-course analysis re-
vealed that CA-074Me treatment for 6 h or longer
resulted in the gradual accumulation of CTFa, CTFB,
and AICD, as compared to 0 h of treatment (Fig. 24, B).
The effect of CA-074Me was observed to differ among
CTFa, CTFB, CTFs, and AICD. The accumulation of
CTFa, CTFB, and CTFs reached a peak at 12 h; in
contrast, an accumulation of AICD showed a mono-
tonic increase over a 0- to 24-h period (Fig. 24, B).
Dose-dependency analysis demonstrated that inhibition
of cathepsin B by CA-074Me at 1 uM or more led to a
significant accumulation of CTFa, CTFB, CTFs, and
AICD (Fig. 2C, D).

CA-074 and CA-074Me have no inhibitory effect on
y-secretase activity of the presenilin complex

Several drugs have been reported to inhibit or modulate
y-secretase activity, and nonsteroidal anti-inflammatory

ASAl ET AL.



|L-685,458

IChloroquine
Cathepsin
inhibitor

Lactacystin

(kDa)

% lVehicle
# |chloroguine
|NHCI

—118
FL-APP [ FL-AP -1 _
{ABT17) (A8717) (AB717)
CTF CTFp CTFR »
{AB717) > CTFa ” CTFg : ot
‘ (AB717) (AB717)
B-actin » AICD 65 —6.5
(AC-74)
— (AB717) (A,ESB,
PS1"PS27 cells o
B-actin p- % B-actin » -
(AC-74) (AC-74)
APPni-H4 cells
D [ Vehicle B CA-074Me E F
1 £-64d ] @
2500 Bt tin  [] Cathepsin G inhibitor | e 82
% S gg [0 vehicle
2000 3 < @2 H ca-o7ame
= g 5 gﬁ 200 p-Secretase inhibitor IV
= (kDa)
£ 1500 w e o -
o L T e -8 5 150
8 2 [ e g
© 1000 L Q
B3 o 100
B Lo IR —18 m
SAPPS b i e o
500 {anti-sAPPE) i} St xR 50
[

CTFs AICD sAPPo,

CTFB SAPPp
Figure 1. CA-074Me and E-64d lead to the accumulation of CTFs and AICD with no change in o- and B-secretase activities.
A) Representative Western blots show the effect of treatment with chloroquine (1 pM), ammonium chloride (1 mM), or L-685,458
(1 uM) for 24 h on FL-APP, and CTFa levels in PSI™/"PS27/ cells. FL-APP and CTFa were detected with A8717; B-actin was detected
with AC-74. B) Representative Western blots show the effect of treatment with chloroquine (1 pM), ammonium chloride (1 mM), or
1-685,458 (1 pM) for 24 h on FL-APP, CTFa, CTFB, and AICD levels in APPy;-H4 cells. FL-APP, CTFa, CTFR, and AICD were
detected with A8717; B-actin was detected with AC-74. C) Amounts of FL-APP, CTFa, CTFB, and AICD in the cell lysates of APPy,; -H4
cells treated with cathepsin inhibitors [B, CA-074Me (10 uM); D, pepstatin A (10 pM); G, cathepsin G inhibitor I (10 pM)], E-64d
(10 uM), or lactacystin (1 wM) for 24 h were measured by semiquantitative Western blot analysis. B-Actin was used as loading control
(A-C). D) Results of Western blot analysis shown in C. Data represent means * s of 5 experiments. **P << 0.01: significandy different
from the vehicle-treated group. ) Amounts of sAPPa or sAPPB in conditioned medium from APP; -H4 cells treated with CA-074Me
(10 uM) or B-secretase inhibitor IV (1 uM; as a positive control) for 24 h were measured by semiquantitative Western blot analysis
with 2B3 or anti-sAPPB antibody, respectively. ) Results of Western blot analysis shown in E. Data represent means * st of 4
experiments. ¥P < 0.05, **P < 0.01 vs. vehicle-treated group.

drugs (NSAIDs) are representative y-secretase modulators
that lower AB42 production and increase AB38 produc-
don. To elucidate the effects of CA-074Me on y-secretase
activity, we examined whether CA-074Me has a direct
effect on -y-secretase activity (Fig. 3). We prepared a total
cell membrane fraction of APPy;-H4 cells and incubated
this fraction with 1-685,458, CA-074Me, or CA-074, which
is a nonmethyl esterified analog of CA-074Me. Western
blot analysis with anti-APP antibody showed that a y-secre-
tase inhibitor significantly suppressed production of
AICD (Fig. 3A, lane 8; B). Treatment with cathepsin
B-specific inhibitors CA-074 or CA-074Me did not sup-
press <y-secretase activity in the membrane fraction, as
compared to treatment with vehicle (Fig. 34, lane 3 vs.
4-7; B). Similarly, Western blot analysis with the antibody
82F1 showed that both CA-074 and CA-074Me failed to
block production of A (Fig. 3C, lane 3 vs. lanes 4-7, D).
However, L-685,458 inhibited y-secretase activity, leading
to a decrease in AR levels, as compared to vehicle (Fig. 3C,
lane 8; D). A weak band (Fig. 3C, lane 8) is believed to be
AP preexisting in the membrane fraction (Fig. 3C, lane 2,

CATHEPSIN B DEGRADES APP C-TERMINAL FRAGMENTS

bottom band of AB), and new A was processed from
longer AB (Fig. 3C, lane 2, top band of AB). This
observation is consistent with a previous report that sug-
gests longer AP can be processed to shorter A by
y-secretase in the presence of 1-685,458 without produc-
tion of AICD (21). These results clearly demonstrate that
the cathepsin B-specific inhibitors CA-074 and CA-074Me
did not significantly affect the activity of y-secretase.

Inhibition of cathepsin B has no inhibitory effect on
Notch processing

With a rare exception, all vy-secretase substrates are
membrane-associated stubs, which are type I mem-
brane proteins with ectodomain shedding. The intra-
cellular domain of several y-secretase substrates cleaved
by y-secretase translocates into the nucleus, and this
domain has been shown to activate transcription. To
assess the effect of CA-074Me on the processing of
Notch, another y-secretase substrate, we treated mNotch®™
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N2a cells, which were stably overexpressing ectodomain
truncated mouse NotchF, with CA-074Me or typical ysecre-
tase inhibitors (compound E, DAPT, and 1-685,458; Fig. 4).
Western blot analysis indicated that treatment with com-
pound E, DAPT, or 1-685,458 significantly inhibited Notch
processing, leading to a decrease in production of the Notch
intracellular domain (NICD), as compared to treatment
with vehicle. However, treatment with CA-074Me had no
significant effect on the production of NICD. From these
data, we conclude that cathepsin B, unlike APP, barely
influences regulated intramembrane proteolysis of Notch or
degradation of NICD.

Cathespin B is involved in the metabolism of CTFs
independently of y-secretase

Our results clearly suggest that cathepsin B and y-secre-
tase separately catalyze the proteolysis of CTFo and

H Compound E
DAPT
1.-685,458

NICD/total mNotch4E

Figure 4. Inhibition of cathepsin B has no inhibi-
tory effect on Notch processing. A) Amounts of
Notch fragments in the cell lysates of mNotch®®-
N2a cells treated with CA-074Me (10 uM) or
y-secretase inhibitors (compound E, DAPT, and
1-685,458; 1 uM) for 24 h were measured by
semiquantitative Western blot analysis with ant-
myc antibody. Sample Western blots for mNotch*F
and NICD are shown. B-Actin was used as loading
control and detected with AC-74. B) Results of
Western blot analysis shown in A. Data represent
means = sk of 4 experiments. **P < 0.01 vs.
vehicle-treated group.

CTFB, based on the following observations: chloro-
quine and NH,C] caused accumulation of CTFa in
PSI7/"PS27/~ cells; inhibition of cathepsin B caused
accumulation of CTFs and AICD in APPy;-H4 cells;
and CA-074Me did not inhibit y-secretase activity in the
membrane fraction. To ascertain this conclusion, we
investigated the effect of a combination of CA-074Me
and <y-secretase inhibitor (compound E or 1-685,458)
in APPy;-H4 cells (Fig. 54, B). Western blot analysis
demonstrated that CTFs significantly accumulated fol-
lowing treatment with CA-074Me alone, vy-secretase
inhibitor alone, or both of these compounds. Com-
pound E is a peptidomimetic nontransition-state
vy-secretase inhibitor, and 1-685,458 is a hydroethylene
dipeptide isostere-type transition-state analog. CA-
074Me caused additional accumulation of CTFs in the
presence of y-secretase inhibitor; however, there was no
difference in the level of extracellular AB, which is
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D Figure 5. Cathespin B is involved in the metabolism of CTFs independently of +y-secretase.
L Vehicle A) Amounts of CTFs (CTFa and CTFB) in the cell lysates of APP,,-H4 cells treated with a
B CA-074Me y-secretase inhibitor (compound E or 1-685,458; 1 uM) in combination with CA-074Me (10 pM)
CTFa for 24 h were measured by semiquantitative Western blot analysis with A8717. B) Results of
150 * Western blot analysis shown in A. *P < 0.05, **P < 0.01 vs. CA-074Me-untreated group.
° C) Amounts of total CTFa in the cell lysate of PSI™/"PS27/~ cells treated with CA-074Me (10 pM)
£ 100 for 24 h were measured by semiquantitative Western blot analysis with A8717. D) Results of
8 Western blot analysis shown in C. *P < 0.05 vs. vehicle-treated group. B-Actin was used as loading
5 50 control and detected with AG-74 (4, C). Data represent means = sk of 4 experiments.
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produced by y-secretase, in the presence or absence of
CA-074Me (Supplemental Fig. S2). :

In addition, we treated y-secretase-deficient PSI™/~
PS27/~ cells with CA-074Me. Western blot analysis with
an anti-APP antibody showed that CTFa significantly
accumulated in PSI"/"PS27/" cells following CA-
074Me treatment (Fig. 5C, D). From these results, we
concluded that cathespin B had no effect on the
production of CTFs from APP, and cathepsin B de-
grades CTFs independently of y-secretase.

Cathespin B degrades AICD in vitro

To examine whether AICD is directly degraded by
cathepsin B, we subjected synthetic AICD to increasing
quantities of purified cathepsin B for 60 min either in
the absence or presence of CA-074 (Fig. 6). AICD
degradation was assessed by Western blot using an
ant-APP antibody. AICD was efficiently degraded by
cathepsin B. This degradation by cathepsin B was
promptly abolished by CA-074.

v-Secretase prefers to degrade phosphorylated APP,
whereas cathepsin B processes all APP substrates in
the same way

Our above results indicate that cathepsin B contributes
to the degradation of both CTFs and AICD indepen-
dently of y-secretase. We hypothesized that there was a
regulatory factor for proteolysis of CTFs by cathepsin B
or +y-secretase. A previous study demonstrated that
CTFs phosphorylated at Thr668 facilitate their own
processing by y-secretase (22). We treated APPy -H4
cells with CA-074Me, PB-secretase inhibitor IV, or
1-685,458, and then assessed the levels of phosphory-
lated CTFs (pCTFs) and total CTFs containing phos-
phorylated and nonphosphorylated CTFs (npCTFs)
(Fig. 74, B). We used CTFs containing CTFa and CTFB,

both of which are y-secretase substrates. In the case of
treatment with CA-074Me or B-secretase inhibitor IV,
the ratios of the accumulated pCTFs to total CTFs did
not show a significant difference. In contrast, the
y-secretase inhibitor 1-685,458 caused an increase in
this ratio. This significant increase in phosphorylated
CTFs means that treatment with 1-685,458, unlike
treatment with CA-074Me, caused the increased accu-
mulation of pCTFs over npCTFs.

To discern the difference between pCTFs and npCTFs
for y-secretase activity, we established a cell line that stably
overexpressed APP mutated at a phosphorylation site
(Thr to Ala on 668; APPy ra-H4 cells) and then com-
pared the accumulation rate of CTFs in APP;-H4 cells
with that in APPyy, ro-H4 cells (Fig. 7C, D). Although
treatment with CA-074Me caused an increase in CTFs in
both APPy;-H4 cells and APPyy 1-H4 cells as compared
to vehicle treatment in each cell, there was no significant
difference in the accumulation rate of CTFs between
APPy-H4 cells and APPyy; 1a-H4 cells. In contrast, treat-
ment with 1-685,458 caused accumulation of CTIFs in
both APPy;-H4 cells and APPy; _14-H4 cells as compared
to vehicle treatment in each cell, and the accumulation
rate of CTFs in APP;-H4 cells was 4.5 times larger than
that in APPyy a-H4 cells. From these data, we could
conclude that cathepsin B catalyzed the proteolysis of
CTFs regardless of APP phosphorylation, whereas y-secre-
tase preferred pCTFs to npCTFs.

DISCUSSION

Cathepsin B, a well-characterized endosomal/lysosomal
cysteine protease in mammalian cells, plays major roles
in intracellular protein proteolysis (23, 24). Its specific
inhibitor CA-074Me is a membrane-permeable analog
of CA-074 that inhibits intracellular cathepsin B. CA-
074Me is widely used in vivo and in vilro, although some
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shown in A, #*P < (.05, **P < 0.
of Western blot analysis shown in C. *P < 0.05, **P < 0.01 vs. 0 min incubation group;
#P < 0.01 us. corresponding CA-074 group. Data represent means * sk of 3 experiments.
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Figure 6. Cathepsin B degrades AICD in vitro. A, C) Representative Western blots with
A8717 show effect of in vitro cleavage of AICD by increasing quantities of purified cathepsin
B (1, 5, 10, and 50 ng) for 60 min (A) and by a selected quantity of cathepsin B for

15, 80, and 60 min; C). In vitro degradation assays were

performed in the presence or absence of 1 uM CA-074. Remaining amounts of AICD were

Western blot analysis. B) Results of Western blot analysis
01 vs. no cathepsin B (60 min incubation) group. D) Results
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studies suggest that CA-074Me deprives the specificity
of cathepsin B by methyl esterification, to distinguish
between inhibition of cathepsin B and that of other
cysteine proteases, such as cathepsins H, L, and cal-
pains (12-15). In the present study, we have demon-
strated that cathepsin B possesses two novel roles in the
metabolism of APP using a pharmacological approach
- with CA-074Me. Although chloroquine or NH,CI treat-
ment has been reported to cause accumulation of both
CTFs and AICD, which are a substrate and product of
v-secretase (11), CTFs have been recognized to be a
substrate of only vy-secretase (1-4). As shown here,
however, CTFs are also a substrate of cathepsin B;
cathepsin B degraded CTFs with or without Swedish
FAD mutation of APP independently of vy-secretase
(Figs. 1, 2, and 5 and Supplemental Fig. S1) but did not
affect Notch processing (Fig. 4). The key regulatory
factor to determine an alternative pathway of CTF
degradation in which cathepsin B or y-secretase may be
involved is phosphorylation at Thr668 of APP (Fig. 7).
In addition, cathepsin B is also involved in degradation
of AICD (Figs. 1, 2, and 6 and Supplemental Figs. S1
and S3).

The organelles in which cathepsin B degrades CTFs
and AICD are a critical issue. In the hippocampal CAl
pyramidal neurons in mice, cathepsin B is primarily
localized in the lysosomes and early endosomes (25). In
the lysosome, one model posits that a KFERQ)-like motif
in APP, which is a specific pentapeptide lysosome-
targeting consensus sequence (26), is recognized by a
complex of chaperone proteins (including the heat
shock 73-kDa protein, Hsc73) and then targeted to the
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lysosomal membrane for binding to LAMP2a, followed
by transportation into the lysosomal lumen for degra-
dation (27). Alternatively, Hsc73 binds to APP at an-
other site unrelated to KFERQ sequence (28). How-
ever, in the early endosome, it is also possible that
cathepsin B directly encounters CTFS and AICD, which
has been freshly produced, and degrades them. APP
interacts with B-secretase [B-site APP-cleaving enzyme
(BACE)] at the cell surface and then appears to be
internalized together into early endosomes, undergo-
ing P-cleavage (29), and PS also localizes in the early
endosome, generating A and AICD (30). On the
other hand, because CTFa is thought to be produced
by a-secretase at the cell surface (31), CTFa might be
led to the lysosome by Hsc73, and thus be degraded by
cathepsin B. Cathepsin- B-mediated degradation of
CTFo, CTFB, and AICD might occur in different sub-
cellular compartments and be regulated by different
signaling.

The mode of regulation of cathepsin B activity re-
mains unclear. Putative models include an endogenous
cysteine protease inhibitor cystatin C (32) and a feed-
back mechanism based on AICD. AICD is assumed to
function as a transcription activating factor for target-
ing APP, BACE, and neprilysin genes (33, 34). If gene
expression of APP and BACE is up-regulated by AICD,
A levels should be increased. The major AB-degrading
enzyme neprilysin, which is also likely to be upregu-
lated, regulates levels of AB. AB42 activates cathepsin B
(25), and then cathepsin B degrades CTFs and AICD to
regulate transcription via AICD. An alternative name
for cathepsin B is APP secretase (APPS), and it has been
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