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Abstract. Presenilin-1 (PS1) mutations account for the peptide. A common molecular event that has been asso-
greatest portion of early onset familial Alzheimer’s dis- ciated with all of the known early onset FAD genes is
ease (FAD) cases. The exact cellular function of PS1 is the excessive production or accumulation of the Ab

peptide in the brain. PS1 mutations have also beennot known. To date, PS1 mutations have been shown
found to alter the Notch signalling pathway, but theto alter two potential biological roles of the protein,
mechanism by which this may affect neurodegenerationeither of which could make neurons more susceptible to
remains to be determined. Future studies will be neededneurodegeneration. First, PS1 mutations result in ele-
to elucidate whether PS1 mutations lead directly tovated Ab42/Ab40 ratios in plasma of FAD patients, in
neuronal dysfunction and degeneration or cause celltransgenic mice and in transfected cell lines. Ab42 is the
death by increasing Ab42 generation and deposition.more hydrophobic and most neurotoxic form of the
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Introduction

Alzheimer’s disease (AD) is a neurodegenerative disor-
der of the central nervous system (CNS) that is charac-
terized by global cognitive decline including the
progressive loss of memory, orientation and reasoning.
The brains of patients with AD contain abundant
amounts of neurofibrillary tangles (NFT) and b-amy-
loid in the form of senile plaques and cerebral blood
vessels. While the aetiological events that lead to AD
remain unresolved, a large percentage of AD has been
shown to be of genetic origin (for review see [refs 1, 2])
and is termed familial Alzheimer’s disease (FAD). FAD
is a genetically heterogeneous disorder that can be cate-
gorized according to age of onset using 60 years as the
cut-off for ‘early-onset’ vs. ‘late-onset’ FAD. The gene
defects responsible for early-onset (B60 years) FAD are

located on chromosomes 21, 14 and 1 and include the
genes for amyloid b-protein precursor (APP), prese-
nilin-1 (PS1) and presenilin-2 (PS2), respectively. The
only well confirmed late-onset AD risk factor that has
been identified is the APOE gene, located on chromo-
some 19 [3].
Mutations in the APP gene account for a very small
proportion (B1%) of all published cases of FAD [4]
and no more than 2–3% of reported cases of early-on-
set FAD. The pathogenicity of these mutations has
been strongly supported by the fact that they are virtu-
ally 100% penetrant in FAD kindreds where they occur
in affected or at-risk individuals, but are absent in
age-matched controls. Presenilin mutations, largely con-
tained in the PS1 gene, are responsible for approxi-
mately 50% of early onset FAD cases primarily with
onset below the age of 50 [5]. With only one reported
exception [6], the FAD mutations in the presenilinsap-
pear to be 100% penetrant and are inherited as autoso-
mal dominant ‘causative’ gene defects. A common* Corresponding author
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Figure 1. PS1 and APP topology and cleavage in the ER-IC-Golgi. Transmembrane orientations of APPp and PS1p as they would be
predicted to reside in the ER, intermediate compartment and Golgi, illustrating the possible PS1p domains affecting g-secretase cleavage
of APPp. Red segments in PS1p show the mutational clusters in transmembrane domain 2 and in hydrophylic loop 6. The dark red
segment in APPp indicates the position of the Ab domain. g, g-secretase cleavage; N, ‘normal’ cleavage; A, ‘alternative’ cleavage.

polymorphism in the APOE gene (APOE o4) confers
increased likelihood for late-onset FAD especially when
inherited as two doses [3], but does not cause AD in a
‘determinative’ fashion.
Mutations in all four FAD genes have been shown to
increase either the production or deposition of the Ab

peptide, the major component of b-amyloid in AD. The
APP mutations are all missense mutations lying within
or close to the domain encoding the Ab peptide. All
APP [7–10] and presenilin mutations tested appear to
increase levels of total Ab or the more amyloidogenic
species, Ab42, both in vitro and in vivo. Several studies
have shown that the APOE o4 allele confers an increase
in the density of cerebral b-amyloid deposits. AD and
Down’s syndrome patients who are APOE o4-positive
exhibit increased amyloid burden in the brain, pre-
sumably due to increased aggregation or decreased
clearance of Ab [11]. Ab deposition in APOE knockout
mice is markedly decreased [12]. These data suggest that
alterations in either the generation (mediated by APP,
PS1, PS2 alleles) or accumulation/clearance (mediated
by APOE allele) of Ab lead to b-amyloid deposition
and that this may be the common pathogenic event
associated with all four of the known FAD genes.
Alternatively, since the apolipoprotein E protein
(APOEp) normally plays a role in the storage and

transport of cholesterol and since the APOE o4 allele
also predisposes to heart disease associated with high
cholesterol levels, a potential role for cholesterol in
promoting AD neuropathology cannot be ruled out.

The PS1 gene and its expression

The PS1 gene is located in the 14q24.3 region of chro-
mosome 14 [13] and encodes for a 463-amino acid
multispanning integral membrane protein with six to
nine predicted transmembrane (TM) domains [13] (see
fig. 1). At the amino acid level, the presenilin 1 protein
(PS1p) is 67% identical to PS2p, also sharing the pre-
dicted overall serpentine structure [14, 15]. The greatest
divergence between the two presenilins is found in the
N-terminus and in the large hydrophilic loop (HL)
towards the C-terminal part of each molecule. The
overall similarity between the presenilins indicates that
these two proteins would have similar functions. How-
ever, the two non-homologous regions in these
molecules would appear to confer specificity of function
for PS1p and PS2p. Presenilin homologues have been
identified in mouse [13], Drosophila [16, 17] and
Caenorhabditis elegans [18, 19]. The membrane topol-
ogy of the C. elegans proteins, SEL-12p and HOP-1p,
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is apparently similar to that of the presenilins. In C.
elegans, the presenilin homologues appear to facilitate
the function of the Notch receptor, which plays a role in
cell-to-cell signalling during cellular differentiation in
development [18]. How this facilitation occurs is not
known, but may involve either a role for SEL-12p in
downstream signalling or in the trafficking and localiza-
tion of the Notch receptor.
To date, 45 different FAD mutations have been iden-
tified in PS1 in over 75 families of various ethnic origins
(for reviews, see [refs 5, 20]). All except one of the PS1
mutations are missense mutations causing single amino
acid changes. The exception is a mutation which de-
stroys the splice acceptor site for exon 10 of PS1,
resulting in an in-frame deletion of this exon and an
amino acid substitution [21].
All FAD missense mutations identified to date occur in
amino acids that are conserved between PS1p and
PS2p. Although the known FAD mutations are dis-
tributed throughout the PS1 gene, roughly 60% of all
reported mutations cluster in exon 6, changing amino
acids in predicted TM-2, and in exon 9, corresponding
to HL-6 (see fig. 1). Interestingly, mutations in these
clusters cause the most aggressive form of the disease
with regard to age of onset. The mean age of onset of
AD in all PS1-linked FAD families (including exon 6
and 9 mutations) is approximately 45 years, with a
range of 28 to 62 years. Mutations in exon 6 reduce the
mean age of onset to 40, and those in exon 9 to 43
years. In contrast, for all other combined mutations in
PS1, the mean age of onset is considerably later (47
years). It is therefore likely that the conformation and/
or function of the PS1p is particularly dependent on the
amino acid sequences encoded by exons 6 and 9. It
should also be noted that the two FAD mutation clus-
ters in PS1 occur in regions that are adjacent to the
largest of the predicted luminal (HL-1/TM-2) and cyto-
plasmic (HL-6/TM-6) loops, suggesting that these loops
may be critical to PS1p function.
The major PS1 messenger RNA (mRNA) messages are
2.7 and 7.5 kb in size [13], with one reported alterna-
tively spliced form missing four amino acids (VRSQ) at
the 3% end of exon 4 [22]. In human and rodent brains,
PS1 mRNA is detected primarily in neurons [23–26],
although expression of PS1 is ubiquitous [13]. In situ
hybridization of PS1 in human temporal lobe revealed
highest expression in the neuronal laminae of the
hippocampal formation, parahippocampal gyrus and
choroid plexus [24, 26]. PS1p has also been immunohis-
tochemically localized to neuronal somatodendritic
compartments in human, monkey and mouse brains
[27–30]. The expression patterns of PS1 and PS2 both
at the mRNA and at the protein level are virtually
identical [24, 14] and similar to that observed for APP
695 mRNA. The prevalent neuronal localization of the

presenilins in brain suggests that neurons are most
likely the cellular origin of neuropathological alter-
ations in brains of FAD patients with PS1 and PS2
mutations. Although the presenilins are expressed more
highly in brain areas that are vulnerable to AD neu-
ropathology, the expression of PS1 does not differ in
AD vs. control brains [31].

PS1p

Subcellularly, both presenilins have been localized to
the endoplasmic reticulum (ER) and the Golgi compart-
ment in a variety of cell types including COS, H4, CHO
and NT2N cells [24, 32–34]. Additionally, PS1p has
been detected in dendrites of NT2N human neuronal
cell lines expressing PS1p [33], and in human brain
sections [27]. Meanwhile, plasma membrane staining
was not reported for either of the presenilins by Kovacs
et al. [24] or Cook et al. [33], but was suggested by
Dewji and Singer [35]. In addition, Li et al. [36] have
reported the nuclear localization of the presenilins. No
gross abnormalities in the subcellular localization of
mutant vs. wild-type PS1p have yet been reported.
PS1p has been shown to be phosphorylated by protein
kinase C on its terminal end [37, 38], but is not N- or
O-glycosylated [33]. Recent reports indicate that both
presenilins most likely contain either six or eight TM
domains, with both N-terminal and C-terminal domains
and the largest hydrophylic loop (HL-6) oriented to-
wards the cytoplasm [39, 40]. However, endogenous
PS1p is cleaved into an �28-kDa N-terminal and an
�19-kDa C-terminal fragment (CTF), and the full-
length molecule of 45-50 kDa is generally not detectable
endogenously [24, 41–44]. Full-length PS1p has also
been found to be polyubiquitinated in vivo, and it is
likely that a fraction of the full-length molecule under-
goes degradation by the proteasomal pathway, as we
have shown for PS2p [45]. This is supported by the
observations that in transgenic mice expressing human
PS1p, the N- and C-terminal fragments are produced to
saturable levels (and in a strict 1:1 stoichiometry) and
that the accumulation of fragments produced from the
human transgene leads to a decrease in the endogenous
mouse fragments [42, 46]. Interestingly, FAD mutations
in the transgene have also been suggested to provoke an
increase in the absolute amount of the accumulated
endoproteolytic cleavage fragments [47].
The site of the endoproteolytic cleavage was identified
in the domain encoded by exon 10 in the proximal
portion of HL-6 [42], and more precisely after methion-
ine 298, but also in a smaller amount before methionine
292 and valine 293 [48]. More recently, an ‘alternative’
cleavage product of PS1 was identified to be the result
of a more distal cleavage to the ‘normal’ endoprote-
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olytic site in the domain encoded by exon 10 (see fig.
1). This alternative clip leads to the generation of a
smaller, 14-kDa CTF [49, 50], and the cleavage site
was shown to occur after aspartic acid 345, within a
consensus sequence for caspase 3-type proteases. Con-
sequently, this smaller CTF was detected either in
cells undergoing apoptosis or in cells overexpressing
high levels of PS1p [49]. Effects of PS1 FAD muta-
tions on the alternative cleavage remain to be studied,
although it has been shown that in transfected cell
lines the PS2 N141I FAD mutation leads to a three-
fold increase in the production of the alternative PS2p
CTF [49]. Generation of a 15-kDa PS1p CTF has
also been reported to occur during neuronal differen-
tiation [51, 52]. However, whether this fragment ob-
served during neuronal differentiation is identical to
the caspase-generated PS1p CTF is not yet clear.
Cleavage of PS1p by the family of cysteine proteases
known as caspases was first shown by Kim et al. [49]
employing specific caspase inhibitors. This was confi-
rmed by successful competition of the PS1p caspase
consensus sequence for the cleavage of a fluorogenic
caspase substrate [50]. However, direct incubation of
PS1p with recombinant caspase-3 (CPP-32) did not
result in cleavage of PS1p, although PS2p was effi-
ciently cleaved under the same conditions [50, 53].
Therefore, the identity of the exact enzyme cleaving
the potential caspase site of PS1p has not been clearly
determined. The role of PS1p in the apoptotic process
itself is suggested by the fact that the L286V FAD
mutation has been reported to sensitize neuronal cells
to apoptosis induced by trophic factor withdrawal and
by Ab [54]. PS2 has also been reported to increase
sensitivity to apoptosis in PC-12 and HeLa cells, and
the N141I mutation appears to accelerate this process
[55–57]. On the other hand, transfection with an anti-
sense PS2 construct has been shown to block apopto-
sis. Perhaps unexpectedly, the C-terminal portion of
mouse PS2 has been reported to rescue cells undergo-
ing Fas-mediated apoptosis [58]. Taken together, these
findings suggest that both presenilins serve as cell
death substrates and that PS2 is likely to participate
to the process of programmed cell death. However,
the exact identity of the protease generating the alter-
native CTF in PS1p and the direct involvement of
PS1p in the apoptotic process remain to be confirmed.
The exact contribution of apoptosis to the pathogene-
sis of Alzheimer’s disease is not yet clear (for reviews
see refs 59–61). Future investigations aimed at deter-
mining the effects of FAD mutations on PS1p pro-
cessing and degradation are likely to yield valuable
clues regarding the mechanism by which PS1 FAD
mutations lead to AD neuropathological changes.

Biological and pathological effects of PS1 mutations

While the biological functions and physiological roles
of the presenilins are not yet known, both have been
proposed to possibly act as receptors, ion channels or
molecules involved in protein processing or trafficking
[13, 14, 24]. Mutations in the presenilins have so far
been shown to alter two potential biological roles of
these proteins, which could eventually foster neurode-
generation. The first concerns effects on Ab deposi-
tion and on APPp metabolism, involving an increased
Ab42/Ab40 ratio. The second involves the potential
role of PS1p in the Notch signalling pathway, but
how this relates to AD neuropathogenesis remains to
be determined.

Increase in Ab42/Ab40 ratio
Ab42 levels (the amyloid peptide ending at amino acid
42 as opposed to amino acid 40) were shown to be
increased in brains of AD patients, where they are the
predominant species of the peptide to deposit in neu-
ritic plaques as well as diffuse plaques (for review, see
ref 5). Moreover, elevated Ab42/Ab40 ratios were
found in association with the APP 717 FAD muta-
tions [62, 63], indicating that increased Ab42 levels
may be associated with the early-onset FAD pathol-
ogy. Indeed, when plasma and fibroblasts of chromo-
some 14-linked FAD patients and at-risk family
members were analysed, the Ab42/Ab40 ratio was
found to be increased [64]. Similar increases in Ab42/
Ab40 ratio have also been observed in transfected cell
lines and transgenic mice expressing FAD mutant
forms of PS1 or PS2 [65–69]. Finally, brains of FAD
patients carrying mutations in PS1 or PS2 also pre-
dominantly show deposition of the Ab42/43 form of
the peptide, although it is known that the amount of
Ab42 synthesized is usually only about 10% of total
Ab [70–72]. Collectively, these data compellingly sup-
port the notion that the common molecular pheno-
type for virtually all of the known presenilin FAD
mutations is the relatively increased production and
deposition of the more amyloidogenic form of the Ab

peptide, Ab42.
The mechanism by which presenilin mutations may
affect cleavage at the C-terminal end of Ab (g-secre-
tase cleavage) is the subject of intense studies. Both
Ab40 and Ab42 were initially thought to be generated
exclusively through secretory endocytic pathways;
however, the ER-Golgi localization of the presenilins
and the selective increase in Ab42 as an effect of FAD
mutations have raised the possibility that the two
forms of Ab may be produced in different subcellular
compartments, perhaps involving distinct proteases.
Indeed, three separate studies have recently shown
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that Ab42 is generated in the ER [73–75]. Moreover, the
production of Ab40, but much less of Ab42, was found
to be differentially inhibited by a calpain inhibitor com-
pound [76], suggesting that either the two forms of Ab

are the product of two distinct g-secretases, or that one
single enzyme has different affinities for the 40–41 and
the 42–43 peptide bonds perhaps as a consequence of
its subcellular localization. Direct interaction between
PS1p or PS2p and immature forms of APPp has also
been demonstrated [77, 78], indicating a possible mech-
anism by which presenilin FAD mutations could di-
rectly affect APPp processing in the ER-Golgi
compartments.

Notch pathway/inability to rescue a sel-12-defective
phenotype
SEL-12p, a C. elegans protein functioning downstream
from a Notch family receptor (LIN-12p), exhibits
roughly 50% identity to the presenilins [18], raising the
possibility that the presenilins are involved in the Notch
signalling pathway during or after neural development.
Indeed, it was found that PS1, PS2 and another C.
elegans presenilin homologue, HOP-1, can rescue the C.
elegans sel-12 mutant phenotype [19, 79, 80], which
results in a constitutive activation of LIN-12 causing an
egg-laying defect. Interestingly, five missense mutations
in PS1 were either less effective or ineffective in rescu-
ing the sel-12 mutant phenotype, indicating that these
mutations alter normal presenilin function. However,
the exon 10 deletion mutant of PS1 displayed consider-
able rescue activity in this assay, although it was not as
effective as the wild-type protein [79]. These studies
suggest that the human presenilins are functionally in-
terchangeable with SEL-12.
The role of SEL-12p in LIN-12/Notch signalling is not
known. The ER-Golgi localization of the presenilins
indicates that SEL-12p may act as a downstream effec-
tor activated by LIN-12 or it may function in receptor
trafficking and recycling of LIN-12 [18]. In the brain,
Notch1 and the presenilins were shown to colocalize in
the ventricular zone during embryonic development
[81]. A further clue to the neuronal role of the prese-
nilins in the Notch pathway came from studies of trans-
genic mice with a targeted disruption in the PS1 locus
[82]. The PS1 null mice suffered region-specific loss of
neural progenitor cells and neurons, reminiscent of the
lethal hypertrophy of the nervous system in Notch1−/−

Drosophila [83]. Interestingly, PS1 knockout mice also
developed skeletal malformations similar to those previ-
ously observed in Notch1−/−, Dll1−/− and paraxis−/−

mice. Consequently, these mice died within an hour of
birth, most likely due to marked deformities in the
ribcage [84, 82]. Moreover, Notch1 and Dll1 mRNAs
were found to be dramatically decreased in the develop-

ing somites of the paraxial mesoderm of the PS1 null
mutant mice [84]. These data indicate that PS1p is most
likely required in the Notch pathway during embryonic
development and/or cellular differentiation and that its
expression is necessary for the requisite temporal ap-
pearance of the Notch1 and Dll1 messages during
somite formation.
A third potential clue to the involvement of the prese-
nilins in the Notch pathway comes from the recent
identification of PS1-interactor proteins from the
catenin/Armadillo family [85]. The catenins are critical
in the Wingless signalling pathway, which in turn is
mutually inhibitory with the Notch pathway. The
largest cytoplasmic loop (HL-6) of PS1p interacts with
a newly identified catenin in neuronal cells, termed
d-catenin, while in other cell types the predominant
interactor was found to be b-catenin. The exact biolog-
ical function of PS1p in the Notch and Wingless path-
ways remains to be investigated, as well as the
relationship of these pathways to the pathological ef-
fects of the PS1 FAD mutations in AD. One possibility
is that the interaction between the PS1p and d-catenin
is modulated through the Wingless signalling pathway
and serves to help regulate apoptosis in neurons. It is
also possible that the binding of d-catenin or b-catenin
to PS1p modulates the ability of PS1p to coordinate
g-secretase of APPp, thereby determining whether Ab40

or Ab42 is generated. In future studies it will be of great
interest to determine the significance of d-catenin bind-
ing to PS1p and to address the question of how an
alteration of this interaction may contribute to AD
neuropathogenesis, including the potential induction of
apoptotic events and the generation of Ab42.

Conclusion

FAD gene defects in the genes encoding APP (total of
six), PS1 (total of 53) and PS2 (total of 2) along with as
yet unidentified mutations in these genes most likely
account for only half of all cases of early-onset FAD.
Within this group, PS1 accounts for the greatest por-
tion of early-onset FAD cases (roughly half of FAD
patients B60 years down and most of FAD with onset
B50 years old), while mutations in APP and PS2
combined account for less than 1% of FAD. Data
regarding the phenotypic consequences of these muta-
tions at the molecular and biochemical levels are rapidly
advancing our understanding of the aetiological and
pathogenic events associated with AD neuropathogene-
sis. However, it is still necessary to identify the gene
defects responsible for the portion of late-onset AD not
accounted for by APOE o4, genetic risk factors which
modify the penetrance of APOE o4, and the approxi-
mately 50% of early-onset FAD that is not accounted
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for by APP and presenilin gene mutations. In a scan of
the human genome using over 400 mixed early- and
late-onset FAD kindreds and affected sib-pairs, we re-
cently discovered genetic linkage to a potential FAD
locus on chromosomes 3, 4, 6, 9, 12, 13 and 16 (unpub-
lished findings). Further genetic studies are currently
underway to confirm the localization of these poten-
tially novel FAD genes. A common pathogenic event
associated with all of the known FAD genes is the
excessive production or accumulation of the Ab pep-
tide and deposition of b-amyloid in the brain. While
the APP and presenilin gene mutations appear to oper-
ate as either ‘gain-of-function’ or ‘dominant-negative’
gene defects ultimately leading to enhanced production
of Ab or Ab42, APOE o4 most likely affects the rate of
aggregation or clearance of Ab in the brain. Given that
APOE normally plays a role in the storage and trans-
port of cholesterol, a potential role for APOE o4 in
predisposing to AD by raising cholesterol levels has not
been ruled out. The recent identification of a potential
candidate for the g-secretase that is regulated by
cholesterol levels supports this hypothesis [86]. Future
investigations should also help to clarify whether prese-
nilin gene mutations lead directly to neuronal dysfunc-
tion and degeneration (with increased production of
Ab42 as a secondary effect) or cause neuronal cell death
via increased generation of Ab42 and b-amyloid deposi-
tion.
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