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INTRODUCTION

Abstract

Background: Elevated plasma homocysteine levels are known as a risk for
atherosclerotic vascular disease and venous thrombosis and have been
shown as a risk for late-onset Alzheimer’s disease (LOAD).

Method: To examine the effect of genetic factors predisposing to elevated
plasma homocysteine levels on the occurrence of LOAD, we determined the
genotype of a C677T polymorphism of methylenetetrahydrofolate reductase
{MTHFR} gene and a varlable number tandem repeat (VNTR) spanning exon
13-intron 13 boundary of cystathionine B-synthase (CBS) gene in patients
with LOAD and community-based control subjects.

Results: Logistic regression indicated that the MTHFR-T allele was a risk
for LOAD {P <0.05), independently frem apolipoprotein E-e4 (APOE-£4)
allele. Kaplan-Meier tests showed that in APOE-e4 non-carriers, individuals
with the MTHFR-TT genotype have occurences of LOAD earlier than those
with the MTHFR-CC genotype (P <0.05). Multiple regression analysls
indicates that MTHFR-T allele increases plasma homocysteine levels
(P = 0.0002}, while the number of X chromosomes decreases (P = 0.01).
Plasma homocysteine level was not correlated with age, plasma albumin
reflecting nutritional condition, and the dose of APOE-e4 allele. The CBS-20
VNTR allele showed the same trend to increase plasma homocysteine level
as the MTHFR-T allele, but a risk effect for LOAD was not evident.

Concluslon: A genetic propensity for elevated plasma homocysteine levels,
explained by the MTHFR-T allele encoding defective enzymatic function, Is
involved in the development of LOAD, particularly in APQE-c4 non-carriers,
and that homocystelne metabolism could be a preventive target to LOAD in
the elderly.

homaocysteine level is a risk factor for cognitive decline

The major cause of dementia in the elderly is late-
onset Alzheimer’s disease (LOAD) both among Cau-
casians and, after 1990s, the Japanese elderly.! This
trend could be caused by preventive intervention and
advanced treatment of cerebrovascular stroke (such
as antihypertensive treatment), dietary salt restriction
and protein supplement, improved indoor air-
conditioning,? and global warming. A cohort study
in Caucasians showed that elevated plasma

in the elderly, notably for LOAD.>* However, elevated
plasma homocysteine level is a risk factor not only
for atherosclerotic vascular disease and venous
thrombosis but also cerebrovascular disease.®®
Plasma homocysteine level is modified by dietary
environment; for example, loading of methionine
induced elevated plasma homocysteine level under
low vitamin B12 supplement.’® Although, it was
noted that both fasting and postmethionine-load:
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hyperhomocysteinemia is inherited in many of the
instances." C677T polymorphism of methylenetet-
rahydrofolate reductase (MTHFR) gene is one of
genetic factors affecting plasma homocysteine lev-
als.”? Demented patients with multiple infarcts had a
higher frequency of the MTHFR-TT genotype than
those without.® However, it remains undetermined
whether the MTHFR-T allele modities the risk for either
vascular dementia or LOAD.™'® Cystathionine pB-
synthase (CBS) gene is another genetic factor to deter-
mine plasma homocysteine levels, since a 31-bp vari-
able number tandem repeat (VNTR) spanning the exon
13~intron 13 boundary of the CBS gene is related to
plasma homocysteine levels."” Subjects with Down
syndrome show the appearance of senile plaque in
the brain in their thirties, a pathological hallmark of
Alzheimer's disease (AD). GBS gene is localized in the
critical region of Down syndrame, at 21¢22.3," but
“the genetic association between LOAD and the CBS
gene, to our knowledge, has not been reported. To
elucidate how genetic factors related to plasma
hornocysteine level medify the occurrence of LOAD,
we performed a case—control study to examine the
refation of plasma homocysteine level and genetic
polymorphisms modifying plasma homocysteine in
patients with LOAD, and evaluated how these genetic
factors contribute to the occurrence of LOAD.

SUBJECTS AND METHODS

Subjects

Patients with AD were diagnosed as having probable
AD according to the criteria of the National Institute
of Neurological and Communicative Disorders and
Stroke - Alzheimer's Disease and Related Disorders
Association (NINCDS-ADRDA)." Elderly subjects, fiv-
ing healthily and independently at home, were
recruited in Suita City, Osaka, Japan. No cognitive
impairment in these subjects was found by the ques-
tionnaire including date, orientation, past history and
medical records. After written informed consent to
participate in the present study was obtained, periph-
eral blood was drawn from the patients and these
population-based control subjects, The Genome Eth-
ical Committee of Osaka University Graduate School
approved this procedure. The age of the patients
(h=196) at blood withdrawal was 79.2 years +
7.0 (mean + SD), range 65-98 years, and that of
age-matched control  subjects (=385 was
75.4 years + 5.0, range 65-92 years. Age at onset of

AD was 74.7 years + 6.9, range 65-94 years. Periph-
eral blood was drawn into ethylenediaminetetraacetic
acid dinatrium (EDTA2Na}, and plasma and cell frac-
tions were separated within 6 h. DNA was extracted
from the cell fraction using a QlAamp DNA blood kit
(Qiagen, Hilden, Germany) and stored at 4°C. Plasma
was stored at 80°C until use.

Genotyping
The genotype of the APOE gene was determined
using polymase chain reaction—restriction fragment
length polymorphism (PCR-RFLP} according to the
procedure by Wenham et a.?® The C677T polymar-
phism of the MTHFR gene was genotyped by a PCR-
RFLP method using the Hinfl restriction enzyme
according to the procedure described previously.?!
The 31bp VNTR region in the CBS gene was
amplified using primers CBS3: -GGAATGGT
GACGCTTGGGAACAT-3’ and CBS4: 5-ACTTGTAAA
GTGGGTGCTTCTCAGC-3, and PCR product were
electrophoresed In 2.5% agarose gel containing
ethidium bromide and visualized on an ultraviolet
transilluminator. The 31 bp tandem-repeat polymor-
phic alleles were determined by the comparison with
the most frequently observed 796 bp alleles harboring
18 repeats, 772

Plasma homocysteines and albumin

For the patients with LOAD (n = 77) we examined the
relationship between the allelic doses of the MTHFR-
T allele and CBS-repeat doses with plasma total
homocysteine level. The concentration of plasma
homocysteine was measured by the high-pressure
liguid chromatography (HPLC), that included derivati-
zation with ammonium 7-fluorobenzo-2-oxa-1,3-
diazole-4-sulfonate (ABD-F) and postcolumn
fluorescence detection.” To test the effect of nutrition,
plasma albumin level was also measured by the BCG
method described previously.?

Statistics

The allele and genotype frequencies was 'compared
by x?-tests, and P-value <0.05 was considered signif-
icant after correction by the number of comparisons.
Multiple logistic regression of the occurrence of LOAD
with the dose of the APOE-e4, MTHFR-T, and CBS-
20 VNTR alleles were examined. Kaplan-Meier sur-
vival curves free from LOAD were examined by the
Mantel-Cox logrank test. The correlation of plasma
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tiomocysteine level with age, dose of X chromosome,
plasma albumin level, dose of the APQE-¢4, MTHFR-
T, and CBS-20 VNTR alleles was examined by
multiple regression, P-values <0.05 was considered
significant.

RESULTS

Allele and genotype frequencies of
methylenetetrahydrofolate reductase-C766T and
cystathionine f-synthase-variable number tandem
repeat polymorphisms

We examined the genotype and allele frequencies of
the MTHFR-C766T and CBS-VNTR polymorphisms
in patients with LOAD and population-based non-
demented controls (Tables 1 and 2). Genotype distri-
butions of both of the polymorphisms were In
Hardy-Weinberg equilibrium. The genotype fre-
quency of the MTHFR-C766T polymorphism was
not significantly different between the groups, but
the allels frequency of MTHFR-T allele in the patient

group was relatively higher than that in the control
group (Table 1). When the subjects were divided into
APQOE-£4 carrier and non-carrier, the MTHFR-T allele
in the patient group was significantly more frequent
than that in the control group in APOE-g4 non-
carriers (P <0.02). The same trend was also found
in APOE-g4 canmier, but not significantly. However,
we did not find any significant difference in the
CBS-VNTR allele and genotype frequencies
between the groups (Table 2).

To incorporate genetic interactions in risk effects,
we performed a logistic regression of the APOE-¢4,
MTHFR-T and CBS-20 VNTR alleles for the occur-
rence of LOAD (Table 3). We detected a significant
risk effect of the APOE-e4 (odds ratio=5.2, 95%
Cl = 3.51-7.59, P < 0.0001) and also a marginally sig-
nificant effect of the MTHFR-T allele (odds ratio = 1.4,
95% Cl = 1.02-1.85, P = 0.04), but the CBS-20 VNTR
allele did not show any significant effect. The risk
effect of the MTHFR-T allele was more prominent

Table 1 Genctype and allele frequencles of methylenetetrahydrofolate reductase C766T polymeorphism in patients with late-onset

Alzhelmer's diseass {LOAD) and controls’

Genotypé (frequency)

Allela (frequency)

Group cc CcT 1T C T
All subjects
Patients (7 = 194) 64 (0.330) 98 (0.505) 32 (0.164) 226 (0.582) 162 (0.418)
Controls (7 = 379) 144 (0.380) 193 (0.509) 42 [0.111) 481 (0.835) 277 (0.365)
APQE-e4({+)
Patlents (n = 102) 38 (0.373) 52 (.510) 12 (0.118) 128 (0.627) 76 (0.373)
Controls {n = 60) 25 (0.417) 30 (0.500} 5 (0.083) 80 (0.667) 40 (0.333)
APQE-¢d(~)
Patients {n = 92) 28 (0.282) 46 (0.500) 20 (0.217) 98 (0.533) 86 (0.467)"
Controls {n = 319) 119 (0.373) 163 (0.511) 37 (0.1186) 401 (0.629) 237 (0.37)

The genotypes of the methylenetstrahydrofolate reductase (MTHFR) polymorphism of two patlents and six controls were not detenmined because of the
insufficient polymase chain reactlon amplification. Allefe frequency of the MTHFR polymorphism in APQE-e4 (-} group was significantly different between the
patients and controls {P = 0.02).

Table 2 Genotype frequencles of the cystathlonine f-synthase (CBS) polymorphism In patients with late-onset Alzheimer's disease (LOAD)
and controls

Genotype (frequency) Allele (frequency)
Group 18/18 18/20 17/18 20/20 17 18 . 20
All subjects
Patients (n = 190} 144 (0.758) 45 (0.237) 0 (0.000) 1 {0.005} 0 {0.000) 333 (0.876) 47 (0.124)
Controls {7 = 384) 285 (0.742) 91 (0.237) 2 (0.005) 6 (0.016) 2 (0.003) 663 (0.863) 103 (0.134)
APQE-g4(+)
Patients (n = 98) 70 (0.714) 27 (0.276) 0 (0.000) 1{0.010) 0 (0.000} 167 (0.852) 29 (0.148)
Controls (n = 60) 49 (0.817) 9 (0.150) 0 (0.000) 2 (0.033) € (0.000) 107 (0.892) 13 (0.108)
APQE-g4(-)
Patients {n = 92} 74 (0.804) 18 (0.196) 0 {0.000) 0 {0.000) 0 (0.000} 166 (0.902) 18 (0.098)
Controls {n = 324) 236 (0.728) 82 (0.253) 2 (0.008) 4 0.012) 2 (0.003) 556 (0.858)

90 (0.139)
The genotypes of the CBS polymorphlsm of six patients and one controls were not determined because of the Insufficient PCR amplification. )
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among APOE-e4 non-carriers (odds ratio = 1.5, 95%
Cl=1.04-2.14, P = 0.03).

Methylenetetrahydrofolate reductase-TT
genotype and onset of late-onset

Alzheimer’s disease

To examine the genetic effect of the defective MTHFR
genotype, the common MTHFR-CC genotype and the
-defective MTHFR-TT genotype was compared for the
survival free from LOAD. In all subjects, the subjects

with MTHFR-TT genotype showed a trend to develop

LOAD faster than those with MTHFR-CC genotype
{Fig. 1a). This trend was observed in both APOE-g4
non-carrlers (Fig. 1b) and APOE-e4 carrlers (Fig. 1c).
However, the significant difference was only sup-
ported in APOE-e4 non-carriers (P < 0.05) (Fig. 1b).
We did not find any difference of the survival rate free

Table 3 Logistic regression of doses of the APOE-e4, methylene-
tetrahydrofolate reductase (MTHFR)-T and cystathionine B-
synthase (CSB}-20 varlable number tandem repeat (VNTR) alleles
for the occurrence of late-onset Alzhelmer's disease (LOAD)

Odds ratlo 95% Confidence

Allele (P-value) interval
All subjects

APQE-g4 5.2* 3.51-7.59

MTHFR-T 1.4 1.02-1.85

CBS-20 VNTR 0.8 0.551.27
APCE-e4(+) subjects

APQOE-g4 3.8 0.81-17.9

MTHFR-T 1.1 0.68-1.93

CBS-20 VNTR 1.2 0.61-2.51
APOE-ed{-) subjects

MTHFR-T 1.5 1.04-2.14

CBS-20 VNTR 0.7 0.37-1.16

*P < 0.0001, *P = 0.04, *"P =0.03.

Figure 1 Kaplan-Meler survival curves free (@)
from [ate-onset Alzhelmer's disease
(LOADY). {®) subjects with the methylenetet-
rahydrofolate reductase (MTHFR)-CC gen-
otype and (M) those with the MTHFR-TT
genotype. Age of subjects Is represented
by seven groups: €5 years (ranged 65—
67 years), 70 (ranged 68-72), 75 (ranged
73-77), 80 {ranged 78-82), 85 (ranged 83—
87), 90 (ranged 88-92), and 95 (ranged 93~
97). The curves were drawn for {(a) all
subjects; (b) APOE-ed carmlers; and (o)
APOE-ed non-carrlers. Logrank test indl-
cated a significant difference of the survival

100
BO'.
80
40
20

0

Cumulative survival curve free from LOAD

from LOAD between subjects with the CBS-20/20
VNTR genotype and those with the CBS-18/18 VNTR
genotype (data not shown).

Correlation of plasma homocystelne level with the
methylenetetrahydrofolate reductase-T allele

To examine the effect of age, sex, nutrition, and risk
alleles for the occurrence of LOAD on plasma
homocysteine level, we performed a multiple regres-
sion of these parameters in patients with LOAD
(Table 4). Among those, significant correlations with
plasma homocysteine level wers found In the dose of
X chromosome (standerdized coefficient = — 0.266,
P = 0.01} and that of the MTHFR-T allele (standaerd-
ized coefficient = 0.404, P = 0.0002). The dose of the
CBS-20 VNTR allele showed a trend to increase the
plasma homocysteine level, but marginally not signif-
icant (standerdized coefficient = 0.185, P = 0.08). No
significant effects were found with age, plasma albu-
min leve!, and the APOE-e4 allele.

DISCUSSION

We confirmed that plasma homocysteine level in
patients with LOAD is genetically affected by the
C766T polymorphism of the MTHFR gene, and that
the VNTR length of the CBS gene showed a similar
trend to the MTHFR-T allele. The MTHFR-T allele
results in an Ala222Val substitution, leading to
reduced enzyme activity and increased thermolability,
and relates to increased plasma homocysteine level.?!
The increase in the number of a 31-bp VNTR unit of
the CBS gene shows a reduced activity of CBS
caused by alternative splicing of exon 13, and relates
with elevated plasma homocysteine level after

&

(c)

- -

rate free from LOAD between the subjects 60 70

In APOE-e4 non-carriers (P < 0.05).

80 90 100

T Lo T T T T T T T

€0 70 80 90 100 60 70 80 90 100
Years
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Table 4 Multiple regression of plasma homocystelne level with’

doses of the methylenetetrahydrofolate reductase (MTHFR)-T and
cystathlonine p-synthase (CBS)-20 variable number tandem repeat
(VNTR) alleles

Factor Coefflcient {Standardized) t-value
Age 0.095 (0.089) 0.785
X chromosome ~4.082 (-0.266) -2.560"
Albumin 0.701 (0.038) 0.352
APOE-g4 -0.136 (-0.012) -0.108
MTHFR-T 3.816 (0.404) 3.925"
CBS-20 VNTR 2.574 (0.185) 1.754
P12 0.01, "P = 0.0002,

methionine loading.”” A gene-gene interaction

between the MTHFR and CBS gene has been shown
in plasma homocysteine level.®

We found a risk effect and a promotive effect on
the occurrence of LOAD by the MTHFR-T allele in
APOE-e4 non-carriers. The same trend was also
found in APOE-e4 carriers, though not significantly.
Several reports examined the risk effect of the
MTHFR-T allele on the cccurrence of LOAD, none of
which found any significant effects.”"® We showed
that the VINTR of the CBS gene did not associate with
the occurrence of LOAD. Thus, elevated plasma
homocysteine level in LOAD in itself merely reflects
one of a vascular factor of LOAD, as shown in cere-
brovascular dementia with multiple infarcts.3®

It was well demonstrated that any positive associ-
ation in LOAD other than APQE-e4 allele are difficult
to replicate, which likely caused by its weak effect.
However, selection bias of patients as well as controls
often affects the association studies. The frequency
of the MTHFR-T allele in Japanese controls was sim-
flar to that reported by Wakutani et al.'® We did not
include either patients with cerebrovascular changes
screened by neuroimaging studies. Therefore, it is
unlikely that the patient groups in our study contained
vascular dementia that was shown to associate with
the MTHFR-T allele.® On the other hand, the risk effect
of the MTHFR-T allele for coronary heart disease is
well demonstrated,® and the link between LOAD and
corcnary heart disease has been noted in relation to
cerebral amyloid deposition.# Thus, the risk effect for
the other diseases might affect the notification of
patients with LOAD. Although we found the relation
between LOAD and the MTHFR-T allele, the risk effect
of the MTHFR-T allele should be carefully confirmed
by not only meta-analysis of a large number of case-
control studies but prospective cohort studies for

aging-related diseases, These studies will elucidate
environmental differences to explain the different
results of the association studies. Several studies
indicated that plasma homocysteine level is related
with cognitive function in the elderly,?®? though this
relation remains controversial.®®*' Neurcimaging stud-
les evidenced that elevated plasma homocysteine
level is related with cortical and hippocampal atrophy
in non-demented subjects,®® and with white matter
changes in AD cases.® It was shown that hyperho-
mocysteinemia is related to the progression and
increasing severity of LOAD.* On the other hand,
homocysteine enhances the toxicity of beta amyloid
in vascular smooth muscle cells, showing the relation
of homocysteine with cerebral amyloid angiopathy.®
One of the unifying mechanisms of this evidence is
that elevated plasma homocysteine level could under-
lie the alteration of microcirculation in the brain,
resuiting in critically attained threshold of cerebral
hypoperfusion.¥

The CBS gene is localized at 21q22.3, inside
the critical region of Down syndrome®* The
brains with Down syndrome show the appearance
of senile plaques, a pathological hallmark of LOAD,
in their thirties,* and the activity of CBS Is
increased in Down syndrome caused by gene-dose
effect, which is opposite to the reduction of the
CBS actlvity in LOAD." However, the content of
hydrogen sulfides, endogenously produced from
cysteine by CBS, was decreased in the brains
with AD, and this decrease was associated with
the reduction of S-adenosylmethionine (SAM), a
CBS activator, catalyzed from methionine and ATP
by methionine adenosyltransferase.”’ It was also
reported that AA genotype of A2756G polymor-
phism of 5-methyltetrahydrofolate-homocysteine S-
methyltransferase gene (MTR), also called as
methionine synthase and encoded at 1g43, that
catalyzes homocysteine to methioning, is an
APOE-e4 allele-independent risk factor for AD.*
Since we also found that the MTHFR-T allele is an
APOE-z4 allele-independent risk factor for LOAD,
folate cycle in homecysteine metabolism is likely to
be involved in the development of LOAD. However,
it remains undetermined how this metabolic
regulation modifies the risk for LOAD.

In conclusion, we showed that the MTHFR-C766T
polymorphism, a genetic factor correlated to elevated
plasma homocysteine level, is related to the occur-
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rence of LOAD. It was supported that control of
plastma homocystsine could be beneficial to prevent
the elderly from LOAD.
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Alzheimer’s y-Secretase Mechanism
Produces Amyloid-B-Protein Like
Peptides Simultaneously with Release
of Intracellular Signaling Fragments
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Nuripa Aidaralieva, Hisashi Tanii, Kojin Kamino,
Toshihisa Tanaka, Takashi Kudo, Masatoshi Takeda

Department of Post-Genomics and Diseases, Division of Psychiatry and
Behavioral Proteomics, Osaka University Graduate School of Medicine,
Osaka, Japan

The amyloid hypothesis posits that the process by which secreted soluble
amyloid B-protein (AB) turns into its aggregated insoluble form is essential for
the development of Alzheimer’s disease (AD). This has been the leading
hypotheses to éxplain the pathogenesis of AD [1]. AR, originally identified
biochemically and always present as insoluble amyloid fibrils in senile plaques
of AD brains, were found to be released physiologically from cells in the form
of soluble peptides [2, 3]. The amyloid hypothesis was a logical solution of this
contradiction. Senile plaques and neurofibrillary tangles (NFT) are pathologi-
cal structures characteristic of AD. However, although senile plaques are AD
specific, NFT occur as broader and more gencral lesions in neurodegenerative
diseases [4]. This indicates that senile plaques are related to the AD-specific
pathological process, whereas NFT are more closely related to general
processes of neurodegeneration.

AP is generated by sequential cleavages of the B-amyloid precursor
protein (BAPP) [5]. Causative mutations for familial AD have been identified
in presenilins (PSs) and BAPP genes [6]. It has been proposed that PS, as func-
tions of these genes, are proteolytic enzymes (y-secretases) and BAPP is
thought to be one of their substrates [7], which is consistent with the fact that
proteolytic cleavage (y-cleavage) is directly responsible for Ap generation [5].
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These findings emphasize the importance of the AR peptide for understanding
the pathological process of AD.

Except for unusual conditions, all pathological AD mutants of PS and
BAPP affect the precision of the y-cleavage site of BAPP [1], that is, the mutants
cause a partial shift of the y-cleavage site in the direction of the C-terminal with
2-3 amino acids [1]. As a result, the generative ratio of AR species ending 42
(AB numbering) in relation to that of the major AR species, ending 40 is upreg-
ulated [8]. Because (1) fibrillization of AB42 is much faster than that of
AB40, and (2) AB42 is the major accumulating AR species in AD, the
relative upregulation of ARB42 in familial AD plays a central role in the insol-
ubilization and accumulation of AR in the brain [1]. AB42 deposition in SP is
also an invariant phenotype of sporadic AD, and is observed in the majority of
AD cases. However, because of the highly aggregative nature of AB42, it has
been very difficult to determine whether the precision of the y-cleavage is
affected, and thus whether AB42 generation is upregulated in sporadic AD
brains. Nevertheless, AB42 peptide could be not only, as seen earlier, a substance
which regulates the AD pathological process, but theoretically also one of the
most effective biomarkers for AD. However, again because of its extremely
aggregative nature, the AB42 level in CSF or peripherally of AD patients usually
decreases and does not reflect its generation [9], which makes it difficult to use
this level as a prediagnostic marker of AD.

We have recently found that a group of peptides may be secreted by the
same mechanism as that for y-secretase of BAPP [10, 11]. We also found that the
precision of this cleavage is affected by familial AD-associated PS1 mutations
similar to the pathological endoproteolysis of BAPP [10]. Therefore, by measur-
ing these AB-like peptides instead of A, it may be possible to determine whether
v-cleavage of BAPP is affected in sporadic AD brain. Further, it is theoretically
possible that this might lead to the use of peptide levels as a prediagnostic
marker for AD.

Intramembranous Endoproteolysis Is Essential
for the Novel Signaling Paradigm

It is well known that signal transduction plays an important role in neural
functions. In its classical form, the signal transduction paradigm is understood
to mean that ligand binding to cell surface receptors induces activation of intra-
cellular kinases or ion influx into cytosol, which functions as a second mes-
senger. It is true that this simple paradigm has helped to explain a number of
signaling events. Recently, however, a novel signaling mechanism has been
proposed, in which membrane-anchored cell surface receptors themselves
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Fig. 1. Endoproteolysis of SREBPs: Concept of RIP. Serine of S1P indicates a prote-
olytic active center and zinc of S2P metal ion binding to the active center.

undergo sequential endoproteolysis upon ligand binding, and their intracellular
domains directly translocate to the nucleus and function as transcription mod-
ifiers 12, 13].

The biochemical characteristic of such a signaling mechanism is the
importance of intramembranous endoproteolysis which releases the cytosolic
domain of the receptor from membranes [12, 13]. That is, fragments which
translocate to the nucleus and modify transcription are immediately generated
by a special form of intramembranous endoproteolysis. This cleavage is known
as regulated intramembranous proteolysis (RIP) [13]. RIP is an as yet largely
unknown endoproteolysis which can hydrolyse a peptide bond in a highly
hydrophobic environment, RIP was first described in connection with the
sequential endoproteolysis of sterol regulatory element-binding protein
(SREBP}) (fig. 1) [13], a membrane-bound transcription factor which regulates
cholesterol homeostasis. SREBP cleavage-activating protein (SCAP), a sensor
for intracellular sterols, recognizes a reduction in sterols and transports
SREBPs from the endoplasmic reticulum (ER) to the Golgi membrane. The
transported SREBPs are then sequentially cleaved by two Golgi-resident mem-
brane proteases, site-1 protease (S1P) and site-2 protease (S2P), which release
from the membrane the basic helix-loop-helix-leucine zipper (bHLH-Zip)

Physiological Secretion of Amyloid B-Like Peptides
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Fig. 2. a Sequential cleavages of ATF-6 and SREBPs share common features. # Common
sequential cleavage mechanism (RIP} when substrates share the type-1 topology in their trans-
membrane domain.

domain as NTE. The functional bHLH-Zip domain then translocates to the
nucleus and binds to the sterol regulatory element (SRE), which resides in
the enhancer or promoter region of the target genes. When the intracellular
cholesterol level increases, generation of the SCAP/SREBP complex is elimi-
nated, which then inhibits release of the bHLH-Zip domain from the membrane
and is followed by a decrease in the transcription of all target genes.

Recently, a type II membrane-anchored transcriptional factor ATF6, which
is activated in ER stress response, has been shown to be a substrate for the
sequential cleavages by S1P and S2P (fig. 2a) [14]. Striking similarities in
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Table 1. List of putative polytopic TM I-Clips

protease class TM topology  substrates

S2P family Metallo type-2 SREBP, ATF6

Rhomboid family Serine type-1 TGF-«

Presenilins Aspartic type-1 APP, Notch, CD44,
Erb-B4, etc.

SPP family Aspartic  type-2 Signal peptide remnants

All proteases identified so far are soluble or single TM proteins, whereas all
candidates for I-Clips are putative polytopic TM proteins. Moreover, 1-Clips
generally contain their proteolytic active centers in the hydrophobic sequence.
These emphasize unusual characteristics of I-Clips. Amino acid sequences
around active centers of I-Clips are reportedly not similar to conventional pro-
teases but, in some cases, almost identical between I-Clips, which indicates that
some unknown common mechanism might underlie this mysterious proteolysis.

endoproteolysis of ATF6 and SREBP can easily be found. In both cases,
‘ectodomain shedding’ by S1P triggers intramembranous endoproteolysis by
S2P, which in turn generates NTF that translocate to the nucleus [15]. Induction
of GRP78, an ER chaperone, is eliminated in cells lacking S2P [14]. Inter-
estingly, when both S1P and S2P are involved in RIP, the tfransmembrane
domain of the substrates seems to share type II topology.

On the other hand, when a disintegrin and metallo-protease (ADAM)- and
PS-dependent +y-secretase mechanism is involved in RIP, the transmembrane
domains of the substrate receptors appear to have a type I topology (fig. 2b).
In addition to Notch receptors [16, 17], BAPP [18], ErbB-4 [19], E-cadherin [20],
LRP [21], CD44 [11, 22}, nectin-1e [23], Deltal [31], and Jagged2 [31] have so
far been identified as substrates for this mechanism. Although still controver-
sial, these proteins are basically thought to underge ‘extracellular shedding’
which is a prerequisite for consecutive PS-dependent proteolysis. Intramem-
brane cleaving proteases (I-Clips) are summarized in table 1.

PS comprise eight potent transmembrane proteins with both an N- and a
C-terminus in cytosol [24] and occurring in high molecular weight complexes
(~500kD) [25]. PS produce <y-secretase activity, which generates both
the C-terminus of AP and the N-terminus of the BAPP intracellular cytoplasmic
domain (AICD) [26]. Genomic knock-out of PS1 or PS1/2 causes Notch
phenotype in vivo, which shows that the imajor function of PS is to mediate
Notch signaling [27]. Notch signaling was found to be a common signaling
mechanism for metazoans which plays an essential role in neural differentiation
from ectoderm [12]. Recently, however, this signaling has been found to play

Physiological Secretion of Amyloid B-Like Peptides

—~52—



Ectodomain
shedding-fike

aov
9
sqo

9] \ \

-Fig. 3. AB-like peptides are secrcted through signal transduction mediated by
PS-dependent RIP,

various roles not only during development but also in adulthood. Notch signaling
is realized only when Notch ligands (DSL family proteins) expressed in signal-
ing cells bind to Notch receptors expressed in the signal-receiving cells. Upon
binding to ligands, Notch receptors undergo sequential endoproteolysis, which
results in the release of the cytosolic C-terminal fragment, NICD (Notch intra-
cellular cytoplasmic domain), which is believed to directly translocate to the
nucleus and regulate transcription of target genes [12].

Notch-1-f and CD44-f Peptides, AB-Like Fragments,
Are Physiclogically Secreted

We have analyzed in detail the PS-dependent intramembranous proteolysis
of Notch-1 [10] and CD44 {11] and found that, as a result of the endoproteolysis,
the AB-like Notch (Notch-1 AB-like peptide: NB) or CD44 (CD44 AB-like
peptide: CD44B) fragment was extracellularly secreted as NTF [10, 11]
(fig. 3). This indicates that at least several peptides that contain a transmem-
brane domain-like AR are secreted in vivo (fig. 4a). We suggest that secretion
of peptides containing the transmembranc domain may be a phenomenon
common to all substrates for PS-dependent endoproteolysis. Interestingly, the
C-termini of these secreted peptides do not directly correspond to the N-termini
of cytosolic C-terminal fragments (CTFs) functioning as signaling molecules,
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Fig. 4. a Notch signaling accompanies secretion of Notch-8 peptide. By sequential endo-
proteolysis of Notch-1 shown in figures 2b, 3, an AB-like peptide, NB, is released. & PS-depen-
dent intramembranous proteolysis, which we termed the “dual cleavage’ mechanism, Arrows
indicate proteolytic cleavage sites. Small transmembrane peptides between 2 cleavage sites
(arrows) have not yet been identified,

but are formed by distinct proteolysis upstream of N-termini of CTFs (fig. 4b).
Thus, intramembranous endoproteolysis, which liberates an AB-like peptide,
essentially consists of a distinct dual endoproteolysis, which we have termed
‘dual cleavage’ mechanism (fig. 4b) [10, 11]. These findings seem to indi-
cate that ‘dual cleavage’ is necessary to degrade and liberate transmembrane
peptides from membrane.

An important finding is that, similar to the pathological cut of BAPP, the
precision of the vy-cleavage-generating C-terminus of NB is affected by
familial-AD-associated PS1/2 mutations (fig. 5) [10]. These mutations were
found to cause a partial shift in the cleavage site that generates increased
levels of NB species whose C-termini are elongated by 2—4 amino acids [10].
This means that the level of secretion of NB1733-35 compared to that of
NB1731, the most abundant NP species, is upregulated in the mutant-
expressing cells [10]. We therefore suggest that secretion of AB-like peptides
such as NP share the same y-secretase mechanism as that of AR (see also
fig. 2b, 3, 4b, 5).

Level of an Elongated AB-Like Peptide as a Substitute
for AP May Reflect AD-Associated Pathological
Impairment of y-Secretase

Although the findings are only preliminary, NB, like AP, did not
seem to aggregate, fibrillate nor accumulate in AD brains [Okochi and Arai,

Physiological Secretion of Amyloid B-Like Peptides
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Fig. 5. Familial-AD-associated PS mutations affect v-cleavage and elongate Np.
These mutants showed a very similar effect on the precision of the y-cleavage for the
two distinct substrates. The magnitude of the effect, as analyzed so far, was not depend-
ent on the substrates but on mutations of PS, In other words, PS mutants, while dramat-
ically upregulating AR42 generation, simultaneously increase the level of elongated Nf.

This seems to indicate that mutations affect direct interaction between PS and their
substrates.

unpubl. obs.}. Therefore, by measuring N or the level of NB1733-35 relative
to that of NB1731 in CSF or peripheral, it may be possible to determine the
level of y-secretase activity or AB42/40 generation ratio in patients with spo-
radic AD (see also fig. 5). AR deposition leading to AD may gradually take
place over a number of years. It is likely that, in the process, vy-secretase activ-
ity is upregulated [28] or the precision of y-cleavage in the brain is affected [1].
Therefore, by measuring the level of AB-like peptide or the relative level of
elongated species in healthy individuals, it may be possible to diagnose those
who are likely to develop AD before they show symptoms.
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It Is Worthwhile Studying Whether Secreted NP Peptide Level Is
Upregulated in Cells of Human Malignancies

. Various kinds of examinations have demonstrated that expression levels of
Notch receptors including Notch-1 are strongly upregulated in tumor cells,
which indicates that Notch signaling is promoted in human malignancies [29].
Very recent evidence indicates a novel mode of cross-talk between the epidermal
growth factor receptor/Ras/mitogen-activated protein kinase cascade and the
Notch pathway [30]. Moreover, there are indications that oncogenic mutants of
Ras observed in 25-50% of human cancer perform an oncogenic function
through Notch signaling {29]. One might therefore argue that Notch signaling,
a local cell signaling which suppresses cell differentiation and promotes prolif-
eration, may be involved in tumor genesis itself. However, since no one knows
how local cell signaling can be monitored, no attempts have been made so far, to
measure the signaling level or to evaluate the level in relation to diagnosis or
therapy for human tumor in vivo. We have discovered that, for each Notch-
signaling fragment produced, a kind of ‘peptide evidence’ of the signaling event
is definitely secreted extracellularly (see also fig. 4a). By measuring this N
peptide level, therefore, the level of Notch signaling may be assessed.
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Abstract

Aluminum salts or doses that are unplikely in the human system have been employed in toxicity studies and much attention had been
focused on the secondary target (neurons) of its toxicity rather than the primary target {astroglia). In order to address these issues, we have
investigated the uptake and apoptotic effects of aluminum amino acid complex on primary cultured astrocytes because these are fundamental
in understanding the mechanism of aluminum neurotoxicity. Aluminum solubilized by various amino acids was differentially internalized by
astrocytes (glycine>serine > glutamine > glutamate), but aluminum was not intemalized from citrate complex following 24 h of exposure.
Inhibition of glutamine synthetase, by methionine sulfoximine (MSQO), enhanced the uptake of aluminum from various aminoe acid complexes
within 8 h except from glutamine coraplex. Blockade of selective GLT-1 (EAAT2} and GlyT]1, as wel! as nonspecific transporters, did not
inhibit or had no effect on uptake of aluminum in complex with the corresponding amino acids. Ouabain also failed to inhibit uptake of
aluminum complexed with glycine. Pulse exposure to aluminum glycinate in the absence or presence of MSO caused apoptosis in over 25%
of primary cultured astrocytes, and apoptotic features such as chromatin condensation and fragmentation became evident as early as 3 days of
culture in normal medium. Lower doses (as low as 0.0125 mM) also caused apoptosis. The present findings demonstrate that aluminum
solubilized by amino acids, particularly glycine, could serve as better candidate for neurotoxicity studies. Citrate may be a chelator of
aluminum rather than a candidate for its cellular uptake. Amino acid transporters may not participate in the uptake of aluminum solubilized
by their substrates. Another pathway of aluminum internalization may be implicated in addition to passive diffusion but may not require
energy in form of Na*/K'-ATPase. Impaired astrocyes’ metabolism can aggravate their accumulation of aluminum and alsminum can
compromise astrocytes via apoptosis. Thus, loss of astrocytic regulatory and supportive roles in the central nervous system (CNS) may be
responsible for neurodegeneration observed in Alzheimer's disease.
© 2004 Elsevier B.V. All rights reserved.

Theme: Disorders of the nervous system
Topic: Neurotoxicology

Keywords: Aluminum amino acid complex; Intemalized aluminum; Metabolic perturbation; Amino acid transporter; Apoptosis; Astroglial culture

1. Introduction

The recognition of aluminum as a neurotoxic agent in
animal dates back to over 100 years [25], but the idea that
aluminum may be involved in the pathogenesis of neuro-
degenerative diseases, such as Alzheimer’s disease (AD),
was first suggested about four decades ago in the report of
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Klatzo et al. [39]. About a decade following this report,
Crapper et al. [18] corroborated the findings of Klatzo et al.
Alfrey et al. [5] also reported their findings, implicating
alumintum in the etiology of dialysis encephalopathy. Since
these times, the public has been besieged by conflicting
reports supporting, refuting, or equivocal on those claims.
Aluminum has also been implicated in several other
neurological and non-neurological disorders. However,
the existence of causal relationship between aluminum
and neurodegenerative disorders, such as AD, remains



