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teolytic processing of APP, resulting in an increase inAbstract. Mutations within exons 16 and 17 of the
b-amyloid precursor protein (APP) gene were the the production of Ab42, a highly fibrillogenic

peptide, that spontaneously aggregates and deposits infirst known cause of familial Alzheimer’s disease.
These mutations are rare and have been reported in the brain. Transgenic mice carrying a mutant human

APP gene also show age-dependent b-amyloid (Ab)a handful of families exhibiting autosomal dominant
inheritance of Alzheimer’s disease with age of onset deposition in the brain. The rate of deposition in

these mice can be modified by apolipoprotein Earound 50 years. In vitro and in vivo studies have
expression.demonstrated that each of these mutations alters pro-
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Mutations in the APP gene that cause familial AD

A small number of pedigrees have been described in
which Alzheimer’s disease (AD) is inherited as an auto-
somal dominant trait with age-dependent penetrance
[1]. The age of onset in these families is usually below 65
years. A genetic linkage strategy has been successfully
used in such families to identify mutations causing
familial AD (FAD). The first mutation to be linked to
FAD was reported in 1991 [2]. This was a missense
mutation (valine-to-isoleucine at codon 717 – V717I)
within the gene (APP) coding for the b-amyloid precur-
sor protein (APP) in a family with disease onset in the
mid-fifties. The V717I mutation has since been observed
in 16 families from both Europe and Japan [3–9].
Haplotype analysis has demonstrated that these families
are unrelated to one another, indicating that the V717I
mutation in each of these families was an independent
mutational event [9]. Four other mutations have been
reported within exons 16 and 17 of the APP gene that
also cause FAD (fig. 1). Two of these mutations also
occur at codon 717 (in exon 17) but result in valine-to-

glycine (V7171G) and valine-to-phenylalanine (V717F)
substitutions, while a third mutation is in the adjacent

codon and results in an isoleucine-to-valine (I716V)
substitution [10–12]. A double mutation in exon 16 in a
large Swedish kindred results in amino acid substitu-
tions in codons 670 and 671 (KM670/671NL) [13]. With
the exception of the V717I mutation, each mutation has
been described in a single kindred.

APP mutations and cerebral haemorrhage

Two other mutations have been reported within the
APP gene that are associated with a different disease
phenotype. The APP693 (E693Q) mutation was the first
APP mutation to be linked to disease. It is the causative
mutation for hereditary cerebral haemorrhage with
amyloidosis, Dutch type (HCHWA-D), a rare autoso-
mal dominant disorder characterized by recurrent cere-
bral haemorrhage beginning in the fifth decade of life
[14]. The cerebral haemorrhages are ultimately fatal.
Despite the difference in clinical presentation the patho-
logical phenotype of HCHWA-D shares similarities
with AD. An insoluble proteolytic product of APP
metabolism, Ab, is deposited in the cerebral blood
vessel walls (amyloid angiopathy) and as diffuse plaques
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within the brain parenchyma in both disorders. How-
ever, neuritic plaques and neurofibrillary tangles are
not seen in HCHWA-D. A second mutation at the
adjacent codon APP692 (A692G) is associated with a
mixed phenotype of AD or cerebral haemorrhage with
amyloidosis (CHWA) [15]. It is not presently known
what factor(s) influence the development of AD vs.
CHWA in individuals carrying the APP692 mutation.
Since the identification of the first mutation many
FAD cases have been screened for mutations within
exons 16 and 17 of the APP gene [16–19]. However,
far fewer cases have actually been screened for muta-
tions elsewhere within the APP gene [20]. With this
caveat, it would appear that mutations within the
APP gene are a rare cause of FAD, accounting for no
more than 5–10% of cases.

Phenotypic characteristics of AD caused by APP
mutations

The age of onset of AD associated with mutation
within the APP gene varies from the early forties to
the early sixties. Anecdotal evidence suggests that vari-
ation in age of onset within a family may be at-
tributable to apolipoprotein E (APOE) genotype, with
APOE o4 carriers having an earlier onset than non-o4
carriers [21, 22]. Other than age of onset, the disease
in these families is not atypical. Studies using positron
emission tomography (PET) in APP mutation families
have demonstrated a decrease in hippocampal volume
that is detectable up to a decade before the appear-
ance of clinical symptoms [23]. Several individuals in
APP mutation families have been reported to suffer

prodromal headaches, as have individuals in some pre-
senilin families; the significance of this is presently not
understood [24, 25].
The disease in these families is characterized patholog-
ically by severe b-amyloid (Ab) deposition, particu-
larly Ab42 deposition [26, 27]. Some, but not all,
individuals show significant numbers of cortical Lewy
bodies, suggesting that their presence does not define a
separate disease entity but is part of the spectrum of
phenotypes associated with AD.

Proteolytic processing of APP

The location of the mutations within APP protein
suggested that they may interfere with normal prote-
olytic processing of APP. The FAD-causing mutations
flank the Ab sequence, while the CHWA mutations
occur within the Ab sequence (fig. 1). Transfection
and transgenic experiments were initiated to try to
understand the mechanism(s) by which these muta-
tions cause disease. APP is a type I membrane protein
that undergoes complex posttranslational modification
including glycosylation, phosphorylation, sulphation
and proteolytic processing within the secretory path-
way. Cleavage by a-secretase occurs at or near the cell
surface and results in the release of a large soluble
N-terminal fragment, sAPP [28, 29]. The membrane-
bound C-terminal fragment is internalized via clathrin-
coated vesicles and degraded via the lysosomal system
[30]. Cleavage by a-secretase precludes Ab formation
(fig. 1). An alternate processing pathway by activities
referred to as b and g secretases results in the genera-
tion of Ab [31, 32]. Ab can be generated within the
endoplasmic reticulum (ER) but may also be gener-
ated at other sites, since soluble Ab is detected within
the ER and in the medium of cultured cells [33–35].
The extracellular pool of Ab is 90% Ab40 (40-amino
acid peptide) and 10% Ab42 (with 2 additional amino
acids at the C-terminus), whereas almost all of the
intracellular Ab is Ab42.

Effect of mutations on APP processing
The Swedish mutation was quickly shown to cause a
5–10-fold increase in Ab production leading to ele-
vated levels of Ab40 and Ab42 [36, 37]. The location
of the 670/671 mutation, right at the b-secretase
cleavage site suggested that the increase in Ab levels
may be due to a preference of the b-secretase for the
mutant sequence. However, inhibitor studies suggest
that the elevated Ab production may be due to an
alternate b-secretase-like activity [38]. In contrast, the
APP717 and APP716 mutations have no effect on
Ab40 levels but cause a specific increase in Ab42 lev-

Figure 1. Schematic diagram of APP. The Ab-coding portion is
shown in light grey. Sites of APP mutations and the secretase
cleavage sites are given. Site numbering is with reference to the
770 splice variant of APP.
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els [39, 12]. In vitro, Ab42 has been shown to be far more
prone to aggregation than Ab40, suggesting that a
modest change in Ab42 levels could potentially cause a
significant increase in Ab deposition [40]. Analysis of
intracellular and extracellular pools of Ab suggest that
the percentage increase in Ab42 levels, caused by an
APP717 mutation, is greater in the intracellular com-
partment, although absolute levels are higher in the
extracellular compartment [35]. The significance, if any,
of this observation is not clear. The introduction of both
the 717 and a 716 mutation into a complementary DNA
(cDNA) construct leads to a bigger increase in Ab42
levels than with either mutation alone [12].
Studies using plasma or fibroblast cultures from individ-
uals carrying APP mutations show that similar increases
in Ab levels are detectable in vivo [41]. Longitudinal
studies are not yet available in humans to determine how
these levels vary during the course of the disease, al-
though it is known that Ab42 levels are elevated in
presymptomatic individuals.

Developing an animal model of Ab deposition

The development of transgenic mice overexpressing mu-
tant APP cDNAs has enabled such longitudinal studies
to be performed in a model system. During the last
couple of years several transgenic mouse lines have been
constructed that develop spontaneous age-dependent Ab

deposition in the brain [42, 43]. Although there are
differences in the promoters, the exact cDNA construct
and the FAD mutation used, the common theme of these
animals is 3–5× overexpression in neurons of a human
APP cDNA carrying an FAD mutation. These animals
deposit large amounts of Ab within plaques in the cortex
with increasing age, but this is not accompanied by
extensive tau pathology or neuronal degeneration. APP
synthesis remains relatively constant over time, but solu-
ble Ab levels increase dramatically with age [44]. The
regions of the brain most severely affected by pathology
also appear to be those that show the highest Ab levels,
suggesting that there may be a threshold effect. However,
the lack of Ab deposition in unaffected brain regions
even in the presence of high Ab levels (Ab levels in the
thalamus of homozygous animals are equivalent to Ab

levels in the cortex of heterozygous animals) argues that
elevated Ab levels alone are insufficient to cause amyloid
deposition [44]. This suggests that there are region-spe-
cific factors that either promote or inhibit Ab deposition.
At present, the identity of these factors is unknown.
There are several possible explanations for the absence
of neuronal cell loss even in the presence of massive Ab

deposition: that Ab is less toxic to mouse neurons than
human neurons, that Ab fibrillogenesis alone is not
sufficient to cause neurodegeneration or that the concur-

rent overexpression of the neuroprotective secreted APP
molecule (sAPP) prevents neurodegeneration even in the
context of Ab overproduction. These mouse models
differ fundamentally from the human disease in two
ways: FAD mutations do not lead to overexpression of
APP (although wild-type APP is overexpressed in
Down’s syndrome, DS); the temporal and spatial expres-
sion pattern differs from that seen in FAD because
heterologous promoters are used (the platelet-derived
growth factor, prion or Thy-1 promoters).
Recently, these APP mice have been bred with mutant
presenilin 1 (PS1) mice and with APOE knockout mice
to make doubly transgenic animals [45, 46]. In both cases
the phenotype of the APP mice was modified by the
second transgene. Transgenic mice carrying a mutant
PS1 gene do not show any Ab deposition, but they do
show elevated levels of mouse Ab42/43 [47–49]. When
these animals are bred with an animal carrying a mutant
human APP gene, the resulting animals have higher
levels of human Ab42/43 and deposit amyloid at an
earlier age than do animals transgenic for the mutant
human APP gene alone [47]. This result is consistent with
the presumed mechanism of PS mutations based on
measurement of Ab42/43 levels in patients and trans-
fected cell lines [41].
Breeding mutant APP mice onto an APOE knockout
background results in a decrease in Ab deposition [45].
This decrease in Ab deposition is dose-dependent, with
Ab deposition being highest in animals with two copies
of APOE and lowest in animals with no functional copies
of APOE. Animals having one copy of APOE show
intermediate levels of Ab deposition. This result suggests
that APOE could increase risk for AD by modifying Ab

deposition but does not explain the allelic differences in
risk for AD that have been widely observed in human
populations. Recent data from our laboratory and that
of Dr. Fernando Valdivieso suggest that there are poly-
morphisms in the promoter of APOE in human popula-
tions that alter the basal level of APOE transcription in
astrocytes and also alter the risk for AD [50]. Consistent
with the observation in the APOE knockout mice, indi-
viduals that have higher basal expression levels of APOE
are at higher risk for AD than those who express APOE
at a lower level. Together these pieces of data suggest
that variation in the APOE gene may alter risk for AD
by modifying the amount of Ab deposited in the brain.
This strongly suggests that in sporadic AD, as in familial
AD, Ab deposition is central to AD pathogenesis.

Summary

The observation of mutations within the APP gene in
familial AD that increase Ab42 deposition and of nor-
mal variants of APOE in sporadic AD that increase
APOE expression (and possibly Ab deposition) suggests
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that modifying Ab deposition may be a key patho-
genic mechanism in all cases of AD.
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