Albumin gene and Alzheimer’s disease

also associated with LOAD.** Although this associa-
tion has noted contradictory results’ a clearance
pathway of B-amyloid could link to cholesterol
metabolism.’

In contrast, epidemiological studies have indicated
that statins could protect against the occurrence of
dementia including AD,® and cholesterol metabolism
has been identified as a prevention target. Indeed, in
patients with LOAD, the ratio of HDL to LDL choles-
terol significantly decreased by the APOE-¢4 dose,
suggesting that lipid metabolism could be altered in
patients with LOAD.” Cholesterol metabolism in the
brain occurs in a highly closed environment compared
to other organs such as the liver and muscles." It is
assumed that 24S-hydroxycholesterol is the transport
form for cholesterol across the blood-brain barrier,"
and it has been proposed that the gene encoding cho-
lesterol 24S-hydroxylase (CYP46) is associated with
the occurrence of AD, brain 3-amyloid load, and phos-
phorylated tau.'"

In contrast to cholesterol, fatty acid delivery could
have direct significance in respect to the supply of
essential polyunsaturated fatty acids in the brain,
because fatty acids can be selectively transported into
the brain across the blood-brain barrier."* However,
the concentration of frec fatty acids in serum and cere-
brospinal fluid could modify the fatty acid environment
in the brain. Albumin, the major protein in plasma,
shows high affinity with free fatty acids,” and it was
noted that a large majority (~89%) of B-amyloid is
bound to albumin.' Since albumin exists not only in
plasma but also in cerebrospinal fluid, it could also play
a role in the delivery of B-amyloid between the brain
and the systemic circulation. Therefore, we examined
the association of the ALB gene with the occurrence of
LOAD using a microsatellite polymorphism located in
intron 4. We show herein that the ALB gene is associ-
ated with the occurrence of LOAD in elderly Japanese
subjects.

SUBJECTS AND METHODS
Subjects

Probable AD (n =224) and definite AD (n=61) were
diagnosed according to the criteria of the National
Institute of Neurological and Communicative Disor-
ders and Stroke — Alzheimer’s Disease and Related
Disorders Association.”” Non-demented control sub-
jects were obtained from the spouses of the patients
(n = 30), outpatients (n =242), and healthy volunteers
(n =384). Genomic DNA samples were obtained from
the blood leukocytes of subjects with written informed
consent, according to the procedure approved by the
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Genome Ethical Committee in Osaka University
Graduate School of Medicine, Ehime University
School of Medicine, and Fukushimura Hospital, Japan.
The age at onset, for stage 3 of the Functional Assess-
ment of Staging (FAST), was determined based on an
interview with a knowledgeable informant and a
review of the medical records. The mean+SD age
at blood drawing of the patients (n=285) was
78.3+8.18 years (range 60-97 years), and that of
the controls (n=656) was 76.1 £6.11 years (range
61-90 years). The mean+SD age at onset was
72.6 +7.69 years (range 60-90 years).

Genotyping

To amplify the microsatellite located in intron 4,
genomic DNA was amplified using primers ALBIL:
ATTGATTTCGTTTTAGTCAGCAAC, and ALB2:
TGATGGTCTITGTCTCIGTCATTC, under the stan-
dard reaction conditions (Applied Biosystems, Foster
City, CA, USA). To amplify the microsatellite located
in intron 11, primers ALB3: CAAAAAGAATGC
CCTGTGC and ALB4: CCTGGACAACAAAGC
GAGAC were used. Both polymerase chain reactions
(PCR) were performed at 94°C for 305, 55°C for 30s,
and 72°C for 30 s for 40 cycles. The length variation of
these microsatellites was examined by electrophoresis
in 3% agarose gel. PCR amplification of 10 different
DNA samples indicated that the intron 4 microsatellite
was polymorphic, but the intron 11 microsatellite was
not. Therefore, the intron 4 microsateilite was further
genotyped as a polymorphic marker of the ALB gene
by PCR reaction using carboxyl-fluorescein (FAM)-
labeled ALB1 and non-labeled ALB2, followed by
length measurement using a capillary sequencer,
MegaBACE 1000 (Amersham, Piscataway, NJ, USA).

Statistics

The allele distribution between LOAD and control
groups were compared by 2 xn ” statistics, where a
cell containing the number of less than 5 was combined
with its neighboring cell. The allele and genotype fre-
quencies were tested by 2x2 ¥ statistics. To test
whether the effect of dose of the allele with 11 CA
repeat, termed (CA);, allele, was independent of the
APOE-¢4 dose, logistic regression of the occurrence of
LOAD was performed with the APOE-g4 dose and age
at blood drawing, Age at onset was in regular distribu-
tion by Kolmogorov-Smirnov test (P =0.11), and the
correlation between age at onset and the dose of the
(CA)y; allele, assuming codominant effect, was exam-
ined by regression analysis. P-values less than 0.05
were considered significant.
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Table 1. Allele frequencies of the intron 4 microsatellite

(CA)n allele LOAD (n=>570)* Control (n=1312)

9 2 [0.004] 2 [0.002]
10 0[0] 2 [0.002]
11 419 [0.735] 1042 [0.794]'
12 24 [0.042] 38 [0.029]
13 109 [0.191] 208 [0.159]
14 14 [0.025] 19 [0.014]
15 0[0] 0 [0]

16 0 [0] 1 [0.001]
17 2 [0.004] 0 [0]

*The data was analyzed by 2x9 y* statistics. The allele
distribution was significantly different between LOAD and
control groups (P < 0.05).

"The data was analyzed by 2 x 2 x* statistics. The (CA)y
allele occurred at a significantly higher frequency in the

control group than in the LOAD group (P < 0.005).
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Table 3. Odds ratio of the (CA),, allele: Odds ratio strati-
fied by genotypes

"LOAD Control Odds ratio
Genotype (n=285) (n=4656) [95% CT]
- 22 23 1.0 [Reference]
(CA)/- 107 224 0.49 [0.27-0.94}*
(CA)/(CA), 156 409 0.40 [0.22-0.74]**
(CA) i+ 263 633 0.43 [0.24-0.79]
*P < 0.05; ¥*P < 0.005; ***P < 0.01.

(CA), means allele of the intron 4 microsatellite
harboring 11 CA repeat.

—/-, (CA)y; non-carrier; (CA)y/-, (CA)y hetero carrier;
(CA)U/(CA)u, (CA)ll homo Carrier; (CA.)““"‘, all (CA)M
carrier.

Table 4. Odds ratio of the (CA}), allele: Logistic regression
in codominant model

Table 2. Genotype frequencies of the intron 4 microsatellite Variables Estimated odds ratio  95% CI  P-value

(CA)n genotype ~ LOAD (n =285) Control (1 = 656) Age 1.05 [1.03-1.07] <0.0001
APQOE-¢4 3.96 [2.98-5.26] <0.0001

9/11 2 [0.007)] 2 [0.003] (CA)y, allele 0.70 [0.54-0.90] <0.005

10711 0 [0.000] 2 [0.003]

11711 156 [0.547] 409 [0.623] (CA) means allele of the intron 4 microsatellite

11712 10 [0.035] 28 [0.043] harboring 11 CA repeat.

11713 85 [0.298] 174 [0.265]

11/14 10 [0.035] 17 [0.026] .

11/16 0 [0.000] 1 {0.002] frequent in LOAD than in control subjects, reflecting

12/12 4[0.014] 2 [0.003] the difference of allele distribution. Therefore, we

12/13 4 [0.014] 6 [0.009] examined further the (CA),; allele.

12714 2 [0.007] 0 [0.000]

13/13 9 [0.032] 13 [0.020] o

13/14 2 [0.007] 2 [0.003] Odds ratio in the (CA),,; allele

17117 1[0.004] 0 {0.000) When the alleles were divided into the (CA);, and the
other alleles, subjects carrying the (CA);; allele signif-
icantly showed a reduced risk for LOAD compared

RESULTS to non-carriers (OR =043, 95% CI=0.24-0.79,

Association of the intron 4 microsatellite

The number of CA repeats in this microsatellite ranged
from 9 to 17, and the (CA),, allele was the most fre-
quent both in LOAD and control groups (Table 1). The
allele distribution was significantly different between
the groups (P < 0.05), and the (CA)y; allele occurred at
a significantly higher frequency in control group than
in LOAD group (P <0.005). The genotype frequency
of the intron 4 microsatellite was in Hardy-Weinberg
equilibrium in both LOAD and control groups
(Table 2). The genotype homozygous for the (CA)y
allele was the most frequent in both groups, and the
genotype distribution was not significantly different.
Nonetheless, the (CA)/(CA),, genotype was more
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P <0.01), and this reduced risk was more prominent in
(CA);1(CA);1 subjects (OR =040, 95% CI=0.22-
0.74, P < 0.005) (Table 3). We tested whether the effect
of the (CA)y; allele was independent of age and the
APOE-¢&4 dose. Logistic regression under codominant
effect of the (CA),, allele indicated that the (CA),
allele was protective against LOAD independently
of age and the APOE-&4 dose (OR=0.70, 95%
CI=0.54-0.90, P < 0.005) (Table 4).

Age differences in genotype and
allele distribution

We examined whether the allele distribution differed
by age. When subjects were stratified into 10-year
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Table 5. Age comparisons of the intron 4 microsatellite genotypes and alleles

Age of subject Genotype (CA)W/(CA)y, (CA)/- ~/— Allele (CA),
Load

60-69 27 [0.551] 16 [0.327] 6 [0.122] 70 [0.714]
70-79 61 [0.555] 40 [0.364] 9 [0.082] 162 {0.736]
80-89 56 [0.533] 42 [0.400] 7 [0.067] 154 [0.733]
90~ 12 [0.571] 9 [0.429] 0 [0.000] 33 [0.786)
Control

60-69 43 [0.642] 22 [0.328] 2 [0.030] 108 {0.806]
70-79 254 [0.624] 137 {0.332} 16 [0.039] 645 [0.792]
80-89 107 [0.611] 63 [0.360] 510.029] - 277 [0.791]
90~ 5[0.714] 2 [0.286) 0 [0.000] 12 [0.857]

(CA)/(CA)yy, (CA)y, homo carrier; (CA)y/~, (CA)y, hetero carrier; —/—, (CA),; non-carrier.

intervals by age at blood drawing, the genotype fre-
quency in the control subjects was similar. The age
group equal to and older than 90 years old showed an
increased frequency of the (CA),/(CA), genotype,
but this trend was not significant (Table 5). Subjects
with LOAD showed the same trend as control subjects.
In contrast, the (CA),,/(CA);; genotype in the control
subjects was higher than that in LOAD subjects in all
age groups. Therefore, the protective effect of the
(CA),, allele for LOAD was not likely related to age.
Regression analysis also did not support any effect of
the (CA),, allele for age at onset.

DISCUSSION

We showed that the intron 4 microsatellite of the ALB
gene was polymorphic, that the (CA),, allele was sig-
nificantly over-represented in non-demented controls
more than LOAD. This deviation could be attributable
to single nucleotide polymorphisms in linkage disequi-
librium with the intron 4 microsatellite, because it was
noted that more than 20 different mutations of the
ALB gene have been reported.' Therefore, a detailed
evaluation of the sequence variation in the ALB gene
is warranted in respect of LOAD, along with a confir-
mation in different ethnic backgrounds. In contrast,
intronic microsatellite sequence in itself, could alter the
splicing efficiency and transcription factor binding, but
this possibility should be examined by splicing and
transcription assays.

While albumin is a major transporter of 3-amyloid,
the etiological relationship of albumin with LOAD
could be complicated because of its ubiquitous local-
ization and multifunctional properties. Albumin is
mainly synthesized in the liver and secreted into blood,
and comprises about half of all serum protein. Albumin
binds and transports long-chain fatty acids, binds and
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detoxificates unconjugated bilirubin, plays a secondary
or backup role in the transport of thyroid and steroid
hormones, and stabilizes extracellular fluid volume by
maintaining osmotic pressure. Albumin also binds and
transports metals such as zinc, calcium and magnesium,
and the serum albumin level had been utilized as an
indicator of nutritional status regarding proteins, and,
to some extent, the functional reserve of the liver.!®
Albumin is also the most abundant protein in cere-
brospinal fluid, mainly secreted from the choroid plex-
uses. Only a small percentage of endogenous plasma
albumin crosses the intact blood-brain barrier (BBB),
but plasma alburhin can penetrate an open BBB in the
case of brain injury.” Because albumin shows a high
affinity for B-amyloid,' it could be one of the mole-
cules related to the clearance of B-amyloid from the
brain, and might be codeposited in senile plaques in
brain injury and microhemorrhage.

After identifying the APOE-¢£4 as a risk for LOAD,
it has been intriguing to consider the cause of AD: fatty
acid transport or cholesterol metabolism? It has been
shown that statins can substantially lower the risk of
developing dementia including AD.® While statins are
inhibitors of 3-hydroxy-3-methylglutaryl CoA (HMG-
CoA) reductase, polyunsaturated fatty acids also
inhibit HMG-CoA reductase activity.”’ This notion is
also supported by evidence that animals with essential
fatty acid deficiency show an increase in HMG-CoA
reductase activity, which reverted to normalcy follow-
ing the topical application of linolenic acid.” Fatty acid
oxidation can facilitate the polymerization of tau,?
and the antioxidant activity of B-amyloid could act in
preventing polyunsaturated free fatty acids from
oxidation.® Considering the notion that in vitro
polyunsaturated free fatty acids stimulate the assembly
of B-amyloid and tau filaments,>* fatty acid environ-
ment could modify the development of AD pathology.
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While it was noted that $-amyloid alters cellular cho-
lesterol homeostasis,? it is likely that B-amyloid also
participates in cellular fatty acid homeostasis, which
could be an effective target in the prevention and
therapy of LOAD, supported by evidence that do-
cosahexaenoic acid provides protection from the
impairment of learning ability in AD model rats.*

In conclusion, we found that the (CA),, allele of the
intron 4 microsatellite was protective for LOAD. Fur-
thermore, we showed a trend that the (CA),, allele is
frequently found in non-demented subjects over
90 years. Since it was suggested that plasma albumin
decreases with age,” the ALB gene could harbor
genetic alterations targeted by aging factors.
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Toll-like receptor 3 mediated hyperphosphorylation of
tau in human SH-SYS5Y neuroblastoma cells
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Neurofibrillary tangles of abnormally phosphorylated tau are one of the characteristic pathological
hallmarks of Alzheimer’s disease (AD). In addition, immunological and inflammatory changes
including complements and activated microglia are also common phenomena in AD. However,
these pathological changes are yet to be interlinked in a common explainable background. In this
study, the relevant mechanism of phosphorylation of tau protein and an innate immune signal
transduction system were investigated. Toll-like receptor 3 (TLR3) is a receptor working in the
innate immune system and its expression in the brain has already been reported. Total RNA was
isolated from SH-SYSY cells and reverse transcriptase polymerase chain reaction was done to see
endogenous expression of TLR3 in SH-SYS5Y cells that was further confirmed at protein level by
Western blot analysis. Cells were treated with 50 ug/mL of polyinosinic—polycytidylic acid (pIpC),
a synthetic analog of dsRNA and the changes of phosphorylation of tau protein were investigated.
Further the level of phosphorylation of tau protein was investigated after the cells had been pre-
viously treated with 10 ng/mL of lipopolysaccharide (LPS) for 6 h to induce over-expression of
TLR3. Increased phosphorylation of tau protein at PHF-1 site (Ser396/404), activation of Jun N-
terminal kinase and p38 MAPK were observed in cells treated with pIpC. These effects were
enhanced when cells were pretreated with LPS, a known transducer of TLR3. These data suggest
that toll-like receptor 3, an innate immune molecule, might be a potential link to mediate hyper-
phosphorylation of tau in neurodegenerative processes of AD.

Alzheimer’s, disease, hyperphosphorylation. of tau and toll-like receptor 3, innate immunity.

INTRODUCTION

Neurofibrillary tangles (NFTs) are pathological hall-
marks of Alzheimer’s disease (AD) and abnormally
hyperphosphorylated tau is the major protein compo-
nent of NFTs."* In addition, activation of immune
cells such as activated microglia and accumulation of
inflammation-associated proteins, including various
cytokines and complements, are also a common phe-
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nomena associated with AD.>” The etiopathogenesis of
hyperphosphorylation of tau has been studied for ages
by number of investigators. Numerous protein kinases
and protein phosphatases have been implicated in the
pathogenesis of aberrant phosphorylation of tau pro-
tein in the AD brain.*™ A recent study has suggested
hyperphosphorylation of tau in cortical neurons to
be mediated by interleukin-1 of activated microglia
through p38-MAPK pathway thus linking activation of
innate immune cells of CNS and hyperphosphorylation
of tau.B

The evolutionarily ancient innate immune system
provides the first line of host defense against a large
variety of pathogens, tissue insults and also controls
many aspects of the adaptive immune response.'* Cells
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of the innate immune system recognize invariant
pathogens associated with molecular patterns through
a series of genetically conserved and stable cell surface
receptors related to the Drosophila gene toll that are
therefore referred to as toll- like receptors (TLR).”
Broad expression of various TLRs (10 in number) has
already been reported in the human brain.'® Moreover
activation of innate immunity in CNS is found to trig-
ger neurodegeneration through a toll-like receptor 4-
dependant pathway."”

We focused on TLR3, which responds to its two
known ligands: double stranded RNA (dsRNA, repli-
cation intermediary for many viruses)® and endoge-
nous mRNA (released from or associated with necrotic
cells).”” Upon binding with its ligand, TLR3 activates a
variety of signaling pathways including activation of
p38 MAP kinase and Jun N-terminal kinase (JNK).*2°
Moreover subsclerosing pan encephalitis (SSPE), one
of the known taupathies caused by the measles virus
(RNA virus) has shown the evidence of neuronal loss
and infiltration of inflammatory cells along with forma-
tion of NFTs? Taken together, we hypothesized
whether the ligand-mediated activation of TLR3 can
induce hyperphosphorylation of tau through the acti-
vation of MAP kinases or not.

In the present study we evaluated the expression
level of TLR3 in human SH-SYS5Y neuroblastoma cell
line and determined ligand-induced activation of TLR3
to mediate hyperphosphorylation of tau.

MATERIALS AND METHOD
Reagents

Polyinosinic-polycytidylic acid (pIpC) and lipo-
polysaccharide (LPS) from Escherichia coli 055:B5
were purchased from Sigma-Aldrich, Tokyo, Japan.
PHF-1 antibody that can detect phosphorylated tau at
Ser396/404 was a gift from Dr P. Davies (Albert Ein-
stein University, New York, NY, USA). Anti-JNK/
SAPK, anti phospho JNK/SAPK (Thr183/Tyr185),
antip38/MAPK and antiphospho p38/MAPK (Thr180/
Tyr182) were purchased from Cell Signaling Technol-
ogy (MA, USA). Anti-TLR3 (rabbit polyclonal igG),
Anti-TLR3 (mouse monoclonal igGG), were purchased
from Santa Cruz Biotechnology, Santa Cruz, CA, USA
and CALBIOCHEM, San Diego, CA, USA, respec-
tively. Antibodies against C-terminal and N-terminal of
human TLR3 were purchased from ABGENT, San
Diego, CA, USA.

Cell line and culture condition

SH-SY5Y human neuroblastoma cells were cultured in
DMEM/F12 (Invitrogen, Carlsbad, CA, USA) supple-
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mented with 5% fetal calf-serum (FCS) and were
maintained at 37°C in a humid atmosphere containing
95% air/5% CO,.

Cell treatment

Cells were treated with 50 ug/mL of pIpC for a dif-
ferent duration of time with or without the LPS
(10 pg/mL) pretreatment for 6 h.

Rt-per

Total RNA was extracted from cultured cells using
RNeasy® kit (Qiagen, Tokyo, Japan) according to the
manufacturer’s instruction. Total RNA (4 ug) was
reversed transcribed using oligo (dT) primers with
Thermo Script™ RT-PCR system (Invitrogen). To
compare the mRNA levels among different RNA sam-
ples, RT was performed simultaneously using the
reagents from a single master mix. Transcribed cDNA
was used as a template for PCR amplification in a
50 uL reaction volume with Platinum® Taq DNA Poly-
merase (Invitrogen) for 35 cycles at 95°C for 45 5,62°C
for 40 s and 72°C for 1 min followed by a final exten-
sion for 10 min at 72°C. GAPDH was used as an inter-
nal control. PCR products were visualized on a 2%
agarose gel by ethidium bromide staining. The TLR3
and GAPDH cDNA were amplified with the following
primers: 5-TCCGTTGAGAAGAAGGTTITITCGGG-
3 and 5-ATATCCTCCAGCCCTCCAAGTGGA-3 for
TLR3, 5-CACAGTCCATGCCATCACTG-3 and 5-
TACTCCTTGGAGGCCATGTG-3 for GAPDH.

Western blot

Cells were lyzed in 100 mM PIPES pH 6.8, 2 mM
MgCl,, 0.1 mM EDTA, 1 mM PMSE, 5 pg/ml. aproti-
nine, 5 pg/mL leupeptine, 25 mM NaF, 1 mM Na3
VO4, 0.1% Triton-X100 on ice, and centrifuged at
200 000 x g for 30 min.

Supernatants were employed for Western blot anal-
ysis. Aliquots (50 pug) of the supernatants were sepa-
rated by SDS-PAGE and transferred to PVDF
membrane. As secondary antibodies, peroxides labeled
antirabbit IgG were used and the membranes were
developed by ECL (Amersham Bioscience, Bucking-
hamshire, UK).

RESULTS

We observed endogenous expression of TLR3 mRNA
in SH-SYSY cells by means of RT-PCR (Fig. 1a).
Furthermore, expression of TLR3 at the protein level
was confirmed by Western blot analysis (Fig. 1b).
Lipopolysaccharide (LPS), which is known to induce



TLR3 mediated tau hyperphosphorylation

A B
< £
pd )
o IS
£ s
™ ()
o i d
= =
75kd
321 bp 50kd
Cc
TLR3
Oh 1h Oh 1h
plpC treated
LPS pretreated
Figure 1. (A) Endogenous expression of TLR3 mRNA in

SH-SY5Y cell line as evidenced by RT-PCR. Total RNA
isolated from cultured SH-SYSY cells were subjected to
RT-PCR with specific primer for TLR3. (B) Endoge-
nous expression of TLR3 protein in SH-SY5Y cell line as evi-
denced by Western blot analysis. (C) LPS induced over-
expression of endogenous TLR3 in SH-SY5Y cells. Cells
either pretreated with 10 ng/mL of LPS or without pretreat-
ment (change of medium only) for 6 h, were treated with
pIpC 50 pg/mL for the indicated number of hours. The level
of expression of TLR3 protein was observed by Western blot
using anti-TLR3 antibody. Data are representative of at least
three separate experiments.

over-expression of TLR3 in many other tissues'® was
also found to upregulate TLR3 expression in SH-SYSY
cells (Fig. 1c). As is shown, LPS pretreatment for 6 h
markedly increases the expression of TLR3 by pIpC at
0h (Fig. 1c, lane 3) compared to pIpC treatment only
(Fig. 1c, lane 1).

We then sought to elucidate whether LPS pretreated
over-expressed TLR3 mediated enhanced activation of
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Figure 2. LPS-induced TLR3-mediated enhanced activa-
tion of p38-MAPK and INK. by pIpC. Cells either pretreated
with 10 ng/mL of LPS or without pretreatment (change of
medium only) for 6 h were treated with pIpC 50 ug/mL for
the indicated number of hours. The level of phosphorylation
of p38-MAPK was observed and compared with unphospho-
rylated total-p38 MAPK (upper panel) by Western blot anal-
ysis. Further level of phosphorylation of INK was observed
and compared with unphosphorylated total-JNK by Western
blot analysis (lower panel). Data are representative of at
least three separate experiments.

p38-MAPK and JNK by pIpC (Fig.2). Only pIpC
treatment increased activation of p38-MAPK (Fig. 2,
upper panel lanes 1-3) and JNK (Fig. 2, lower panel,
lanes 1-3) progressively at 1 h and 2 h. We used Phos-
pho p38 and Phospho JNK antibody to detect activa-
tion of p38 MAPK and JNK, respectively. Moreover
this activation was further enhanced when LPS pre-
treatment was done for 6 h followed by pIpC treatment
(lanes 4-6). However, total p38-MAPK (Fig. 2, lanes 7,
8) and total JNK (Fig. 2, lanes 7, 8) did not show any
difference even after LPS pretreatment.

Activation of p38 MAPK and JNK has been associ-
ated with stress response and more specifically with
hyperphosphorylation of tau in AD. Since an elevation
of phosphorylated p38 MAPK and phosphorylated
JNK were observed in our experiment through pIpC-
induced activation of TLR3 (Fig. 2), we tested whether
activation of these kinases participate in the TLR3-
mediated hyperphosphorylation of tau or not. Cells
were either pretreated with LPS for 6 h to induce over-
expression of TLR3 or with the change of medium fol-
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Figure 3. LPS-induced TLR3-mediated enhanced phospho-
rylation of tau by pIpC. Cells either pretreated with 10 ng/mL
of LPS or without pretreatment (change of medium only) for
6 h, were treated with pIpC 50 pg/mL for the indicated num-
ber of hours. The level of phosphorylation of tau at ser396/
404 was observed using PHF-1 antibody by Western blot
analysis. Data are representative of at least three separate
experiments.

lowed by pIpC treatment. Hyperphosphorylation of
tau was detected employing the PHF-1 antibody, which
specifically detects ser396/404 phospho epitope of tau
protein. We could see pIpC-induced TLR3-mediated
hyperphosphorylation of tau (Fig. 3, lanes 1-2) which
was further enhanced by LPS pretreatment (Fig. 3,
lanes 3-4), indicating that ligand (pIpC)-mediated acti-
vation of TLR3 can mediate hyperphosphorylation of
tau (Fig. 3).

The plpC-induced TLR3-mediated signaling path-
ways was studied mainly in peripheral macrophages
and had shown activation of TRAF-6 (TNF receptor-
activated factor 6) through multiple adaptor molecules.
When TRAF-6 is activated, it transfers the down-
stream signal to TAK-1 (TGF B activated kinase 1).
Activated TAK-1 then leads to phosphorylation and
activation of MAPKKs (MAP kinase kinases) family
of MKXK3/6 and MKK4, which in turn activate the p38
and JNK pathway, respectively. Thus, on the basis of
the known signaling pathway of TLR3 in peripheral
macrophages, we speculated the same loop of pathway
to be working in human SH-SYSY cell line to activate
JNK and p38 MAPK to mediate hyperphosphorylation
of tau (Fig.4).

DISCUSSION

The current study reports that endogenous expression
of TLR3 in SH-SYS5Y cells and ligand-induced TLR3-
mediated hyperphosphorylation of tau can be further
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Figure 4. Schematic demonstration of intracellular signal
transduction pathway of toll-like receptor-3 to mediated
hyperphosphorylation of tau. Upon binding of dsRNA
(ligand) to Trans membrane receptor, TLR3, multiple adap-
tor molecule are recruited to the receptor to form a complex
to activate TRAF-6 (TNF receptor activated factor 6). Acti-
vated TRAF-6 transfers the signal to TAK-1 (TGF B acti-
vated kinase 1). Thus TAK-1 can activate MAPKKs (MAP
kinase kinase), family of MKK3/6 and MKK4, which in turn
activate the p38 and JNK pathway, respectively.

enhanced by LPS pretreatment. To trace TLR3-
induced signal transduction pathway mediating hyper-
phosphorylation of tau we evaluated two kinases: p38
MAPK and JNK. We observed that these two kinases
are at least involved in ligand (pIpC)-induced TLR3-
mediated hyperphosphorylation of tau.

Amyloid plaques and NTFs are two well-known
pathological hallmarks of AD.?*? Moreover, a promi-
nent innate immune response has been observed in
association with pathological lesions of AD that
includes activation of microglia, activation of comple-
ment, secretion of proinflammatory kinase such as
interleukin (IL)-1B and tumor necrosis factor (TNF)-o;;
expression of the chemokines such as MIP-1o, MIP-1P3
and MCP-1 and the secretion of nitric oxide.**
Recently, studies have shown that IL-1 released from
activated microglia mediates hyperphosphorylation of
tau in cortical neurons through the p38 MAPK path-
way.??® Moreover activated microglia has been
correlated with neurofibrillary pathology,” including
intracellular tau accumulation.®® These investigations
therefore indicate the involvement of innate immune
activation in the pathway of aberrant phosphorylation
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of tau. We focused on an innate immune receptor,
TLR3, that is reported to be expressed in macrophage,
astrocyte and oligodentrocyte in the human brain.®
The current study reports the endogenous expression
of TLR3 in SH-SYS5Y cells. We also showed that ligand-
induced TLR3 mediated hyperphosphorylation of tau
in the SH-SY5Y cell line, which highlights the involve-
ment of TLR3, an innate immune molecule in the
pathogenesis of tau hyperphosphorylation. To date,
two ligands have been reported to bind with TLR3.
One is dsRNA™ associated with viral infection and
another is endogenous mRNA. Kariko efal first
reported that mRNA escaping from damaged tissue or
contained within endocytosed cells is a potent host-
derived ligand of TLR3.” Moreover RNA sequestra-
tion to NFTs and amyloid plaques in AD and other
neurodegenerative diseases has been demonstrated by
Ginsberg et al®** In addition, Marcinkiewicz et al*®
had shown that immature plaques and dystrophic den-
drites are capable of concentrating specific mRNA.
Although the mechanism(s) by which RNA become
sequestered to NFTs in vivo remains unknown, in vitro
evidence suggests that RNA may act as a pathological
chaperone to accelerate the aggregation of tau proteins
into insoluble paired helical filaments.* However, the
molecular mechanism of sequestration of this RNA
and their role in the onset and progression of human
neurodegenerative diseases are still not known. Given
these precedents, it is reasonable to speculate that
RNA released by necrotic cells or through phagocytes
of necrotic cells in neurodegenerative and inflamma-
tory process of AD could conceivably act as ligand to
stimulate TLR3 signaling pathways, which may medi-
ate hyperphosphorylation of tau and NFT formation.
In our study, we used commercially available synthetic
analog of dsRNA/pIpC as ligand of TLR3, considering
the endogenous ligand (mRNA) would have mediated
the same response. Moreover, one of the RNA groups
of viruses (measles virus) causing SSPE characteristi-
cally had shown hyperphosphorylation of tau with
NFT formation in association with neuronal loss, and
infiltration of inflammatory cells.***" Ultrastructurally,
these NFTs are made of PHF identical to those seen
in AD. However, the reason behind this association
of virus infection with NFTs formation in SSPE still
remains unclear. Taken together, it can be speculated
that a common phenomena might be involved to medi-
ate hyperphosphorylation of tau and NFT formation in
these two diseases, with much clinical diversity but
showing identical pathological features. Our in vitro
study of ligand-induced TLR-3-mediated hyperphos-
phorylation of tau thus helps to shed some light on the
role of an innate immune receptor, which might play a
common role in the pathogenesis of NFT formation in
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various neurodegenerative taupathies such as AD and
SSPE.

The pIpC-induced TLR3-mediated signal transduc-
tion pathway has been studied by various investigators
however there remains more to investigate.?®* In brief,
stimulation of TLR3 by a specific ligand induces
nuclear transport of NF-kB and the activation of a set
of Mitogen-activated protein kinases (MAPkinases)
(extracellular signal regulated kinases (ERKs), JNK,
and p38MAPK) through multiple signaling compo-
nents or adaptor molecule. Since increased expression
of active kinases, including JNK and p38 MAPK has
been found in association with all the taupathies,” we
sought whether these two kinases were also involved in
the TLR3-mediated hyperphosphorylation of tau. In
our study we observed plpC induced activation of
p38 MAPK and JNK. These activations were further
enhanced when TLR3 were overexpressed by LPS pre-
treatment, thus indicating the activation of these two
kinases in the pathway of TLR3-mediated hyperphos-
phorylation of tau by pIpC. However, we did not check
other upstream signaling components such as TRAF/
TAK/MKK, which would have shown more detail of
the TLR3-mediated activation of JNK/p38MAPK to
mediate hyperphosphorylation of tau in SH-SYS5Y
cells.

In conclusion, this study showed evidence that TLR3
might be a potential mechanistic link between innate
immunity and hyperphosphorylation of tau. A better
understanding of how innate immunity affects hyper-
phosphorylation of tau and neurodegeneration will
help to develop a new diagnostic and therapeutic
approach.
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Presenilin-Dependent y-Secretase on Plasma Membrane and Endosomes Is
Functionally Distinctf
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ABSTRACT: The presenilin (PS)/y-secretase complex, which contains not only PS but also Aph-1, PEN-2,
and nicastrin, mediates proteolysis of the transmembrane domain of S-amyloid protein precursor (3APP).
Intramembrane proteolysis occurs at the interface between the membrane and cytosol (e-site) and near
the middle of the transmembrane domain (y-site), generating the SAPP intracellular domain (AICD) and
Alzheimer disease-associated Af, respectively. Both cleavage sites exhibit some diversity. Changes in
the precision of y-cleavage, which potentially results in secretion of pathogenic Af42, have been intensively
studied, while those of e-cleavage have not. Although a number of PS-associated factors have been
identified, it is unclear whether any of them physiologically regulate the precision of cleavage by PS/y-
secretase. Moreover, there is currently no clear evidence of whether PS/y-secretase function differs
according to the subcellular site. Here, we show that endocytosis affects the precision of PS-dependent
e-cleavage in cell culture. Relative production of Jonger AICDe49 increases on the plasma membrane,
whereas that of shorter AICD€51 increases on endosomes; however, this occurs without a concomitant
major change in the precision of cleavage at y-sites. Moreover, very similar changes in the precision of
e-cleavage are induced by alteration of the pH. Our findings demonstrate that the precision of e-cleavage
by PS/y-secretase changes depending upon the conditions and the subcellular location. These results suggest
that the precision of cleavage by the PS/y-secretase complex may be physiologically regulated by the
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subcellular location and conditions.

Intramembrane proteolysis by presenilin (PS)/y-secretase
plays a key role in both Alzheimer disease (AD)' and
regulated intramembrane proteolysis (RIP) signaling (). At
least two PS-dependent cleavages occur in the transmem-
brane domains of substrates such as S-amyloid protein
precursor (SAPP), Notch, and CD44 (“dual cleavage™): one
near the middle of the transmembrane domain (TM-N) (2—
5} and the other on the border between the transmembrane
domain and cytosol (TM-C) (6—10). The cleavage at the
TM-N site of BAPP (y-cleavage) is essential for ApS
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between the transmembrane domain and cytosol.
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generation and is closely related to AD (2, 71). On the other
hand, the cleavage at the TM-C site, including that in Notch-1
(S3-cleavage), generates ICDs (intracellular cytoplasmic
domains) and is involved in RIP signaling (7).

In PS-dependent proteolysis, there is some diversity in the
specific sites of cleavage (3, 5, 7—9, 11). A change in
cleavage precision can have an important effect on the
pathogenesis of AD because AB42, a causative factor in AD,
is generated by one of the types of y-cleavage (2, 11). Much
time and effort have therefore been dedicated to understand-
ing how the precise site of cleavage is determined. Most
familial AD-associated PS and SAPP mutants affect the
precision of y-cleavage (11). Because such changes in the
precision of y-cleavage have not been observed in other
conditions, it had been generally believed that the precision
of this cleavage is not easily changed (/7). Recent studies,
however, have revealed that some chemicals including
NSAIDs (nonsteroidal antiinflammatory drugs) (12, 13) up-
or downregulate pathological AfS42, indicating that the
precision of this cleavage by PS/y-secretase may change
under certain circumstances (/4). Notably, however, corre-
sponding changes in the precision of e-cleavage have not
been examined.

ICDs including that of SAPP (AICD) and Notch (NICD)
are generated by ¢- and S3-cleavage at TM-C, respectively
(). ICDs are generally involved in translocation of signaling
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molecules to the nucleus to activate target genes in RIP
signaling (I). Although, like y-cleavage, e-cleavage also
exhibits diversity (7—9), the details of this diversity and the
characteristics of the cleavage remain to be clarified. Both
e- and y-cleavages are mediated by PS/y-secretase (2), but
whether the processes that determine the variety and the
precision of these cleavages are common remains contro-
versial. For example, it has been shown that e-cleavage sites
are associated with y-cleavage sites (7, 13, 16); however,
mutagenesis studies show that e- and y-cleavages are
mediated by a distinct process (/7).

PS is the proteolytic active center in the PS/y-secretase
protein complex (2, 18). To exert its proteolytic function,
PS must form a complex with at least nicastrin (/9), PEN-2
(20), and APH-1 (2, 20). Other factors that physiologically
affect proteolysis, including the precision of cleavage, have
not yet been identified. In contrast to other subcellular
locations, AD-associated Af342 is produced in the ER without
concomitant production of Ap40. However, since this is not
mediated by PS (27, 22), whether the precision of PS-
dependent proteolysis changes within cells depending on
location or conditions remains unresolved.

In this study, using a cell-free y-secretase assay, we
examined whether the precision of cleavage by PS/y-
secretase is affected by its subcellular location. We demon-
strate that, unlike y-cleavage, e-cleavage precision can
drastically change depending on subcellular location and the
pH. Relative cleavage at the €51 site is more prone to occur
on endosomes than on plasma membrane (PM) and at lower
pH. In contrast, relative cleavage at the €49 site is more likely
to occur on PM than on endosomes and at higher pH. These
results suggest that PS-dependent y-secretase on plasma
membrane and endosomes is functionally distinct.

MATERIALS AND METHODS

Antibodies. Rabbit antiserum 6618 was raised against a
synthetic peptide KMQOQNGYENPTYKFFEQMON, which
corresponds to the C-terminus of SAPP according to the
methods described (23). The following antibodies were
purchased from commercial sources: anti-Af antibody 4G8
(Senetec PLC), anti-Na—K ATPase (Upstate Biotechnology),
anti-early endosome antigen 1 (BD Transduction Laborato-
ries), anti-nicastrin (Sigma-Aldrich), anti-GM130 (BD Trans-
duction Laboratories), and anti-tubulin (Santa Cruz Biotech-
nology). Also. antibody 12CAS (Roche Diagnostics Inc.) was
used to detect the N-terminal hemagglutinin-tagged dy-
namin-1 (Dyn-1) K44A mutant.

Cell Culture and ¢DNA Construct. Human embryonic
kidney 293 (K293) cells stably expressing wild-type SAPP,
wild-type PS1/SAPP Swedish (sw) mutant (24), or PSI
D385N/SAPP sw (25) were described previously. HeLa cells
expressing Dyn-1 K44A under control of a tetracycline
transactivator were kindly provided by Dr. Sandra L. Schmid
(Scripps Institute, La Jolla, CA) (26). HeLa cells stably
expressing SAPP sw were cultured without tetracycline
(Sigma-Aldrich) for 48 h to induce expression of Dyn-1
K44A.

Membrane Fractionation and Cell-Free y-Secretase Assay.
The collected cells were homogenized with a Teflon
homogenizer (20 strokes) in homogenization buffer (0.25 M
sucrose and 10 mM HEPES, pH 7.4) containing a protease
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inhibitor cocktail (Roche) (27). The homogenate was cen-
trifuged at 1000g for 5 min to remove nuclei and cell debris,
followed by further centrifugation of the supernatant fraction
at 100000g for | h. Following a single wash with homog-
enization buffer, the resulting precipitate was collected as
the CMF and frozen in liquid nitrogen. Upon use, the frozen
CMF samples were resuspended and immediately incubated
in the reaction buffer [150 mM sodium citrate buffer (pH
5.0—7.4) containing 5 mM 1,10-phenanthroline (Sigma-
Aldrich) and a 4x concentration of protease inhibitor cocktail
(Roche)] for 20 min at 37 °C (cell-free incubation) (28, 29).
The reaction was terminated by placing the samples on ice.

Subcellular Fractionation. Linear gradients of 2.5—25%
iodixanol (Optiprep; AXIS-SHIELD) were prepared. Post-
nuclear supernatant fractions from 24 dishes (¢ = 14 cm)
were loaded on the top of the gradient, followed by
centrifugation for 3 h at 130000g. Each fraction was diluted
with three volumes of homogenization buffer and centrifuged
for 1 h at 100000g to precipitate the membranes. The
precipitated membrane was used in cell-free y-secretase
assays or in immunoblots for marker proteins.

Metabolic Labeling. Following methionine starvation for
40 min, cells were metabolically labeled with 400 uCi of
[*3S]methionine (Redivue Promix; Amersham Pharmacia
Biotech) in methionine-free MEM for 20 min and chased
for 30 min in DMEM containing 10% FBS and excess
unlabeled methionine.

Immunoprecipitation/Autoradiography Analysis. Metaboli-
cally labeled CMF was lysed in RIPA buffer (1% Triton
X-100, 0.5% sodium deoxycholate, and 0.1% SDS) contain-
ing a protease inhibitor mix (Sigma-Aldrich). The cell lysates
were centrifuged at 10000g for 15 min, and the supernatant
fractions were immunoprecipitated with 6618 antiserum for
the detection of the C-terminal stub and de novo AICD.
Following 10—20% Tris—tricine SDS—PAGE (Invitrogen),
the gels were dried and analyzed by autoradiography (3).

Immunoprecipitation/Mass Spectroscopy (IP-MS) Analysis.
IP-MS analysis was carried out as described previously (3).
Following cell-free incubation, the CMF was sonicated four
times for 10 s and then centrifuged at 100000g for 1 h. The
supernatant were immunoprecipitated for 4 h at 4 °C in IP-
MS buffer [140 mM NaCl, 0.1% r-octyl glucoside, 10 mM
Tris-HCI (pH 8.0), 5 mM EDTA, and a protease inhibitor
mix (Sigma-Aldrich)]. The heights of the MS peaks and
molecular weights were calibrated using ubiquitin and/or
bovine insulin fS-chain as standards (Sigma-Aldrich). The
relative peak heights were semiquantitatively analyzed (see
Figure 3 in Supporting Information).

Immunoprecipitation/Tmmunoblot Analysis. Following cell-
free incubation, the fractions were immunoprecipitated for
10 h at 4 °C in IP-MS buffer. After SDS—PAGE, the
separated proteins were transferred to a PVDF or nitrocel-
lulose (for detection of AS) membrane and probed with the
indicated antibodies (30). The nitrocellulose membrane was
heated for 10 min in boiling PBS before blocking. AICD
and AfS levels were semiquantified by chemiluminescence
using an LAS3000 scanner and Multi Gauge Ver3.0 software
(Fujifilm).

Transferrin Uptake Assay. To determine the level of
internalized transferrin, the treated cells were washed three
times in Hank’s balanced salt solution (Sigma-Aldrich), pH
7.4, and then treated for 7 min at 37 °C with 8 ug/mL biotin—
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transferrin (Sigma-Aldrich) in conditioned medium. To
remove remaining surface-bound biotin—transferrin, cells
were washed three times with Hank's balanced salt solution,
pH 4.0. To determine the level of surface-bound transferrin,
the treated cells were incubated for 30 min with biotin—
transferrin at 4 °C and washed three times with Hank’s
balanced salt solution, pH 7.4 (26). The resulting cell lysates
were separated by SDS—PAGE and transferred to the PVDF
membrane. Biotin—transferrin was detected by neutravidin—
horseradish peroxidase (Pierce). The level of endocytosis in
each condition was expressed as of the ratio of internalized
vs surface-bound transferrin (317).

RESULTS

The Cell-Free Assay Constitutes Bona Fide e- and
y-Cleavages by PS/y-Secretase. BAPP, a type 1 transmein-
brane protein, undergoes PS-dependent proteolysis in its
transmembrane domain, following “shedding” of the extra-
cellular domain at - or a-sites (/7). The intramembrane
proteolysis is composed of at least two distinct proteolytic
cleavages (dual cleavage), namely, at the e- and y-sites
(Figure 1A) (2).

To determine whether the precision of cleavage in in-
tramembrane proteolysis by each PS/y-secretase is homo-
geneous in cells, we established a cell-free y-secretase assay
using a detergent-free membrane fraction (Figure 1) (28).
First, de novo AICD generation from carboxyl-terminal
fragment (CTF) stubs of SAPP was analyzed (Figure 1B,C).
Following a 20 min metabolic labeling of K293 cells stably
expressing SAPP sw and a 30 min chase, we extracted CMFs
from the cells and incubated them under various conditions
(cell-free incubation). To detect the C-terminus of SAPP,
cell lysates were immunoprecipitated with rabbit antiserum
6618, separated by SDS—PAGE, and analyzed by autorad-
iography. As shown in Figure 1B, during cell-free incubation
of the purified CMF, radiolabeled CTF stubs of SAPP rapidly
underwent endoproteolysis and concomitantly generated
labeled AICD. Termination of the PS function by either
exogenous expression of the PS1 dominant negative mutant
(D385N) (32) or by addition of a specific y-secretase
inhibitor to CMF (Figure 1C) inhibited generation of AICD.

We next examined the precision of both e- and y-cleavages
in the cell-free assay using IP-MS analysis (Figure 1D). We
first examined the molecular species of AICD generated
during cell-free incubation. The IP-MS analysis showed that
the MS profile of AICD was consistent with that previously
reported (Figure 1D, left panel) (7—9). Tn addition, the MS
spectrum of Af generated during cell-free incubation (Figure
1D, right panel) was almost identical to that of Af3 present
in the conditioned medium just before extraction of the CMF
(data not shown). We therefore conclude that the cleavages
in the cell-free assay constitute bona fide PS-dependent e-
and y-cleavages (Figure 1E).

The Precision of e-Cleavage Drastically Changes upon
Inhibition of Endocytosis. Proteolysis by PS/y-secretase
occurs on cell organelles including the PM and endosomes
before and after endocytosis (33). Here, we focused on
whether the precision of ¢- and y-cleavage changes upon
inhibition of endocytosis. To inhibit endocytosis, we used
the “tet-off system” (Clontech) in which the expression of
the dynamin-1 (Dyn-1) dominant negative mutant K44A is
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FiGUre 1: Generation of de nove AICD and A in the cell-free
y-secretase assay. (A) Schematic representation of dual cleavage
of the SAPP transmembrane domain. See Results for details. (B)
Analysis of cell-free y-secretase assay products by immunopre-
cipitation/autoradiography using CMF from cells stably expressing .
BAPP sw. Note that the ~7 kDa product (AICD) was generated
over time along with a concurrent reduction in the level of substrates
(CTF stubs of SAPP). (C) Analysis of cell-free y-secretase assay
products by immunoprecipitation/autoradiography using CMFs from
(i) cells expressing a dominant negative PS1 mutant (PS1 D385N)
or (ii) cells treated with or without 10 M L685,458. (D) Molecular
species of de novo AICD and Af generated in the cell-free assay.
Molecular weights of de novo AICD (left panel) and A (right
panel) are shown. Following a 20 min cell-free incubation, the
soluble fraction of CMF was immunoprecipitated with antibody
6618 (left panel) or 4G8 (right panel). Panels B—D show
representative data from more than three independent experiments.
(E) Schematic representation of the ¢~ and y-cleavages of SAPP.
Arrowheads indicate the cleavage sites found in the assay.

induced by tetracycline withdrawal (tet (~) treatment) in
Hela cells (Figure 2A) (26). We first examined the extent
to which this mutant suppresses endocytosis of the transferrin
receptor. We found that expression of Dyn-1 K44A inhibited
the intracellular uptake of biotinylated transferrin (Figure 1
in Supporting Information) by approximately 87 + 2%
(Figure 2B).

Next, we analyzed the e-cleavage in the cell-free y-secre-
tase assay using CMF from cells cultured with or without
tetracycline (Figure 2C,D). Unlike the analysis of K293 cells,
the mass spectral analysis showed that AICDe51 was a major
species formed by CMF from HelLa cells stably expressing
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expression. The ratio of internalized transferrin at 37 °C to cell surface bound transferrin at 4 °C in cells not expressing Dyn-1 K44A
(tet(+)) was defined as 100%. The ratio of endocytosis decreased to 13 4 2% when the expression of the mutant was induced (tet(—)). The
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and immunoblotted with the 6618 antiserum (left panel). The intensity of each AICD band was measured by chemiluminescence (right
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incubation. The asterisk indicates statistical significance (P < 0.01 by Student’s r-test). (E) Molecular species of AICD observed after a
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CMF from HeLa cells expressing SAPP sw cultured without tetracycline. (F) Mass spectra of the Af3 species generated in the cell-free
reaction. The samples were the same as those analyzed in panel C. (G) The level of Af produced in the cell-free assay. The A generated
in the cell-free assay was analyzed by immunoprecipitation, followed by immunoblotting with the 4G8 antibody (left panel). The intensity
of each Af band was measured by chemiluminescence (right panel). The asterisk indicates statistical significance (P < 0.01 by Student’s
t-test). In (A). (C), (E), and (F) and in the left panels of (D) and (G). the results are representative data of more than three independent
experiments. The results in (B) and the right pancls of (D) and (G) indicate the means -+ standard deviations of at least triplicatc determinations.
tet = tetracycline.

BAPP sw in our cell-free assay (Figure 2C, left panel, and matrix-associated laser desorption ionization/time-of-flight
Figure 3A, right panel). Surprisingly, expression of Dyn-1 mass spectrometry (see Figure 3 in Supporting Information).
K44A greatly increased the peak height of AICDe49 relative We also examined whether the level of e-cleavage changes
to that of AICDe51, indicating a change in the precision of upon inhibition of endocytosis by immunoblotting (Figure
e-cleavage upon inhibition of endocytosis (Figure 2C; see 2D). We detected a significant decrease in intensity of the
also Table 1). A very similar large relative increase of the AICD band upon Dyn-1 K44A expression, indicating that
peak height of AICDe49 compared to that of AICDe51 was the level of e-cleavage decreases upon inhibition of endocy-
also observed upon addition of 100 nM bafilomycin Al tosis. These findings suggest that inhibition of endocytosis
(Figure 2B in Supporting Information), which inhibited causes a drastic change in the precision of e-cleavage.

endocytosis by approximately 69 + 5% (Figures 1 and 2A We further investigated whether both AICDe5! and
in Supporting Information) (34). Moreover, we found that AICDe49 are, indeed, direct products of PS/y-secretase. We
the relative ratio of the AICDe49 peak height to that of first generated de novo AICD by a 20 min cell-free
AICDe51 semiquantitatively correlated with the relative incubation (Figure 2E, left panel). The solution was further
amount of each AICDe49 species, indicating that AICDe49 incubated for 20 min with (Figure 2E, lower right panel) or
and AICDeS1 have similar ionization efficiencies in the without (Figure 2E, upper right panel) the y-secretase
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FIGURE 3: Cell-free y-secretase assay using PM- and endosome-
rich fractions. (A) Mass spectra of de novo AICD generated in the
cell-free assay using whole CMFs from K293 (left panel) and Hela
(right panel) cells. Asterisks indicate AICDe48 species. (B)
Postnuclear supernatant fractions of SAPP sw-expressing K293 cells
wete separated by iodixanol gradient centrifugation and analyzed
by immunoblotting using antibodies to organelle marker proteins.
(C) Mass spectra of de novo AICD generated by fractions 1 and §
from K293 cells. (D) Mass spectra of de novo AICD generated by
PM- or endosome-rich fractions from HeLa cells expressing SAPP
sw. Results in (A) to (D) are representative of more than three
independent experiments.

inhibitor 1.685,458. This inhibitor neither increased the
relative peak height of AICDe51 nor reduced that of
AICDe49/AICDe48, suggesting that AICDe51 is not a
degradation product of AICDe49/AICDe48 but rather is
generated directly by PS/y-secretase.

These results indicated that there is a striking change in
the precision of e-cleavage upon inhibition of endocytosis.
We therefore examined whether there is also a parallel
remarkable change in the precision of y-cleavage. We chose
IP-MS analysis in order to observe all of the de novo Af
species. In clear contrast to the analysis of AICD (Figure
2C), IP-MS analysis did not reveal drastic differences in the
profiles of de novo.Af species (i.e., A37, AB38, AB39,
Af340, and Af342) between reactions using CMF from control
cells (Figure 2F, left panel) and cells expressing Dyn-1 K44A
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(Figure 2F, right panel). Also, very similar results were
observed upon inhibition of endocytosis by bafilomycin Al
(Figure 2C in Supporting Information). Immunoprecipitation/
immunoblotting analysis for detecting Af species revealed
a significant decrease upon expression of Dyn-1 K44A
(Figure 2G). Thus, in parallel to AICD, we detected a
decrease in the level of de novo A levels in the presence
of Dyn-1 K44A expression. These results indicated a
concomitant decrease in both e- and y-cleavage efficiencies
by PS/y-secretase upon inhibition of endocytosis.

The Precision of e-Cleavage in the PM-Rich Fractions Is
Distinct from That in the Endosome-Rich Fractions. Our cell-
free y-secretase assay revealed that inhibition of endocytosis
by expression of the Dyn-1 K44A mutant causes a drastic
change in the precision of e-cleavage by PS/y-secretase but
does not concurrently cause such a change in the precision
of y-cleavage. This prompted us to investigate whether there
are differences in the precision of e-cleavage on the PM and
endosomes. Using CMFs from K293 and HeLa cells, we
performed cell-free y-secretase assays and examined the mass
spectra of the generated AICD. As described above (Figures
ID and 2C), in unstimulated K293 and HeLa cells, the
relative amounts of €49 and €51 produced are different,
indicating that the precision of cleavage at the e-site is distinct
in the two cell lines (Figure 3A).

We next examined the production of AICD species in PM-
and endosome-rich fractions isolated by iodixanol density
gradient centrifugation from CMF prepared from K293 cells
expressing SAPP sw. Na—~K ATPase, a marker of PM, was
detected primarily in the lightest fraction (fraction 1; Figure
3B, first panel), whereas the early endosome markers early
endosome antigen 1 (Figure 3B, second panel) and matured
nicastrin (Figure 3B, third panel) were detected together in
higher density fractions (fractions 4 and 5). GM130, a marker
of Golgi, was found mainly in fractions 3 and 7 (Figure 3B,
fourth panel). These results suggest that fractions 1 and 5
are the PM- and endosome-rich fractions, respectively. When
these fractions were employed in the cell-free y-secretase
assay, we found that the peak height of AICDe51 relative
to that of AICDe49 was larger in the endosome-rich fraction
than in the PM-rich fraction (Figure 3C). In contrast, the
peak height of AICDe49 relative to that of AICDe51 was
higher in the PM-rich fraction than the endosome-rich
fraction (Figure 3C). Similarly, using membrane fractions
from HeLa cells, we found that AICDe49 was the dominant
product in PM-rich fractions, whereas AICDe51 was the
main product in endosome-rich fractions. These results
indicate that the precision of e-cleavage differs on PM and
endosomes. Specifically, cleavage at €49, which lies deeper
inside the transmembrane domain, tends to occur more on
PM than endosomes, whereas the opposite is true for
cleavage at €51, which lies closer to the cytosolic side and
the interface between transmembrane and intracellular do-
mains.

The Precision of e-Cleavage Is Affected by pH. Our results
show that the precision of cleavage at the e-site changes
drastically upon inhibition of endocytosis and is affected by
the subcellular location. The process of cleavage by PS/y-
secretase may therefore change according to the surrounding
conditions. For this reason, we examined whether changing
the pH during the cell-free y-secretase assay affects the level
and precision of e- and y-cleavage. IP-MS showed that, when
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Table 1: Amino Acid Sequences of AICDe49 and ATCDe51 Species

MW (obsd) species sequence MW (caled)
5911 AlICDe49 VHMLKKKQYTSIHHGVVEVDAAVTPEERHLSKMQQNGYENPTYKFFEQMQN® 5910.7
5680 AICDeS1 LS KKKQYTSIHHGVVEVDAAVTPEERHLSKMQQNGYENPTYKFFEQMQN® 5680.4
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FIGURE 4: Effects of pH on ¢- and y-cleavage. (A) Mass spectra of AICD generated in the cell-free assay at pHs between 7.5 and 5.0.
CMFs from SAPP sw-expressing K293 cells were resuspended in reaction buffer at the indicated pH. Asterisks indicate AICDe48 species.
(B) The level of AICDs generated at various pHs. The cell-free incubation was performed in the presence of either L685,458 or vehicle
alone (DMSO) (left panel). The asterisk indicates that the intensity of the AICD band at pH 5.0 was statistically lower than those at pH 6.0
and 7.0 (P < 0.01 by Student’s #-test). (C) Mass spectra of Af generated in the cell-free assay at pH 5.0 and 7.0. (D) The level of Af
generated at various pHs and in the presence of L685,458 or vehicle control (DMSO). The asterisk indicates statistical significance (P <
0.01 by Student’s r-test). In (A) and (C) and the left panels of (B) and (D), the results are representative of more than three independent
experiments. In the right panels of (B) and (D), the results indicate the means 1 standard deviations from at least triplicate determinations.

we changed the buffer pH from 7.5 to 5.0, the relative
cleavage efficiency at the €49 and €51 sites changed (Figure
4A). The more acidic the pH, the higher the AICDe51 peak
became, demonstrating that the pH affects cleavage at the
e-site. Immunoblotting also showed that lowering the pH to
5.0 decreased the amount of AICD produced, indicating a
reduction in the total amount of cleavage at the e-site (Figure
4B). De novo AICD production was almost completely
suppressed by an inhibitor of PS-dependent y-secretase
(L.685,458) at various pHs. Therefore, the AICD production
that we observed was mostly due to proteolysis by PS-
dependent y-secretase (Figure 4B). These results indicate that
alteration of the pH affects both the precision and the level
of e-site cleavage. We also studied the effect of pH on the
precision and amount of y-site cleavage. As shown in Figure
4C, we could not detect any e-cleavage-like changes in the
precision of y-cleavage. Also, lowering the pH to 5.0 caused
a reduction in the total amount of de novo Af production
(Figure 4D). Therefore, lowering the pH reduced the level
of cleavage at both the y- and e-sites. Collectively, these
results show that the pH in the cell-free assay affects the
precision of cleavage at the e-site.

DISCUSSION

In this study, we investigated intramembrane proteolysis
of SAPP and demonstrated dynamic changes in the precision
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of cleavage by the PS/y-secretase. Using a cell-free y-secre-
tase assay, we showed that the precision of e-site cleavage
changes depending on the subcellular location and pH. These
results suggest that the precision of cleavage by the PS/y-
secretase complex can be regulated physiologically.

Inhibition of endocytosis also induced a change in the
precision of e-cleavage, suggesting that the function of PS/
y-secretase is related to endocytosis. The precision of
e-cleavage on PM and endosomes differs, demonstrating that
the function of PS/y-secretase may be heterogeneous in cells.
It is unlikely that the change in precision of e-cleavage
observed in this study is due to differences in the thickness
of PM and endosome membranes because very similar
changes were caused by altering the pH in the cell-free assay.
Moreover, our results suggest that the precision of e-cleavage
is more dynamic than that of y-cleavage. Therefore, our
results can be explained by (i) additional physiological factors
that interact with the active PS/y-secretase complex or (ii)
altered substrate recognition/access at different pH conditions
that exist at the plasma membrane and endosomes.

Because the PS/y-secretase complex mediates both y- and
e-cleavages in the transmembrane domain of SAPP (2), one
might predict that the processes of y- and e-cleavage would
behave the same. Previous results have shown, however, that
the effects of PS mutations on the relative levels of y42 and
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€-site cleavages do not always correlate (/7). Furthermore,
in the current study, we showed that the precision of e- and
y-site cleavages on PM and endosomes did not change in
parallel. Our results support the hiypothesis that the e-cleavage
process is distinct from that of the y-cleavage, although both
occur on the same transmembrane domain and are mediated
by the same PS-dependent y-secretases.

Recent reports have described the existence of several long
Af3 species that are thought to be membrane-bound remnants
from e-cleavage of CTF stubs (35—37). Also, it has been
reported that there is an association between the cleavages
at €51 and at y42, which are types of e- and y-site cleavages,
respectively (/6). These findings indicate that there is a time-
dependent relationship between y- and e-cleavages, namely,
that y-cleavage follows e-cleavage (36, 37). If this is
generally true, de novo AICD and Af is generated from
distinct substrates in our cell-free assay; in other words,
AICDs is generated from CTF stubs of SAPP, whereas Af
must be generated from long and membrane-bound Ap.
Otherwise, our results suggest that the process determining
the precision of e-cleavage is distinct from that for the
y-cleavage. Thus, it appears that the time-dependent associa-
tion between y- and e-cleavages either is not dominant but
rather simply reflects the rate of each cleavage under
physiological conditions.

In our cell-free assay, conditions mimicking physiological
cell functions (i.e., changes in subcellular location, endocy-
tosis, and pH) affected the efficiency of cleavage at €49 and
€51; however, we could not find any consistent correlations
between relative peak heights of AICDe48 and those of
AICDed49 or AICDeS1, even though AICDe48 was one of
the major species.

In summary, we demonstrate here that the precision of
e-cleavage of SAPP changes depending on endocytotic
function. In future studies, we will examine whether similar
changes in the precision of PS-mediated cleavage in the
TM-C also occur for other substrates, such as Notch-1.
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SUPPORTING INFORMATION AVAILABLE

Four figures indicating that (i) inhibition of endocytosis
by bafilomycin Al treatment caused a drastic change of
e-cleavage precision, (ii) the relative ratio of the AICDe49
peak height to that of AICDe51 semiquantitatively correlated
with the relative amount of each AICD species, and {iii) wt
BAPP as well as BAPP sw caused the drastic change in the
precision of e-cleavage. This material is available free of
charge via the Internet at http://pubs.acs.org.
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