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BASIC SCIENCE REVIEW

The Presenilins and Alzheimer Disease

G. Lévesqu¥, Ph.D., P. St George-HyslbpgM.D., F.R.C.P.(C).

INTRODUCTION disease phenotype reflects a common biochemical
Recent work in the current authors’ laboratory andpathway in which pathological accumulation of thg A
others’ has pinpointed various mutated genes associat¢peptide plays a central role. If so, it would make FAD
with early onset forms of familial Alzheimer Disease an inherited syndrome analogous to some metabolic
(FAD). Most recently, mutations in the presenilin 1 diseases. Itis also conceivable that subtle distinguishing
(PS1) and presenilin 2 (PS2) genes, located oidifferences in the disease phenotype may become
chromosomes 14 and 1 respectively, have been found ‘apparent once a more robust etiologically based

be associated with a large number of families withnosologic classification of AD comes to fruition, and
particularly aggressive early onset FAD. These findingsthat these may reflect different disease mechanisms that
will undoubtedly increase our understanding of theshare the same final general phenotype.
complex pathological processes of both FAD and the The etiology of AD is complex. Multiple
more common late onset Alzheimer Disease (AD). epidemiological studies have proposed a number of
AD is the most common form of degenerative potential risk factors, including environmental (e.g.,
dementia of the human central nervous system. It ithead trauma), sociological (e.g., low level of education,
defined clinically by a progressive loss of cognitive depression), biological (e.g., increasing age, Down
function and by the onset of a slowly progressivesyndrome, hyperthyroidism, late maternal age) and
impairment of memory during mid- to late-adult life (1). family history (Down syndrome, AD) (5). Furthermore,
The neuropathological hallmarks of this diseaseseveral groups have identified apolipoprotein-E (apo-E)
included amyloie3 peptide (A3) deposits (known as genotype as a highly significant modulator of late onset
senile plaques), neurofibrillary tangles, astrocytic sporadic and familial AD: the relative risk of
gliosis, and reductions in the number of neurons ancdeveloping late-onset AD is increased in individuals
synapses in many areas of the brain, but especially frorhomozygotic for the apo-E4 allele (6). However, these
the cerebral cortex and the hippocampus (2) individuals do not inevitably develop the disease (7).
The overall clinical and pathological phenotypes The variety of AD risk factors testify to the complicated
associated with the early onset autosomal dominarpathogenic process of AD.
forms of FAD overlap with, and are indistinguishable The repeated observation in multiple epidemiological
from, those associated with sporadic AD, with the surveys that a positive family history is a strong risk
obvious exception of a younger age-of-onset, a verticafactor for AD clearly suggest that genetic factors play a
transmission as an autosomal dominant trait, and role in this disease. A simple autosomal dominant mode
slightly more rapid course of the disease in the FAD-of inheritance with age dependent penetrance has been
linked subtypes (3, 4). Currently, there are noobserved in many pedigrees, especially those with early
pathological characteristics pathognomonic of earlyage of onset. However, in many families multiply
onset FAD in general or of specific genetic subtypes. laffected by AD, the pattern of inheritance is unclear and
has been hypothesised that the general uniformity of thcould fit one of several genetic models including a high
frequency but low penetrance single gene disorder, or a
* To whom correspondence should be addressed. multifactorial model in which several genes and/or non-
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Figure 1. Putative structure of the presenilins.

pedigrees with early-onset autosomal dominant FACtranscripts begin in Exon 1. A small proportion of
have led to the identification of a series of polymorphictranscripts in non-neural tissues contain Exon 2 as the
genetic markers located on chromosome 14qg24.iinitial transcribed sequence. Both types of transcripts
(D14s43, D14S71, D14S77) which showed evidence oare spliced to Exon 3 as the second of the 13 exons.
linkage to an early onset form of FAD (9,10,11). Exon 4 contains the ATG start codon and shows
Subsequent positional cloning studies led to thealternate use of a splice site at the 3’ end which results
isolation of a novel gene termed PS1 (12). Thisin the variable presence of 12 base pairs encoding 4
Alzheimer susceptibility locus (AD3) is associated with amino acids (VRSQ) (17). Another alternate splicing
a particularly aggressive form of early-onset (betweeroccurs in leucocytes and results in the loss of Exon 9,
30-65 years of age) and accounts for up to 50% of earlyallowing Exon 10 to reconstitute the hydrophobic
onset FAD cases. Following the isolation of the PSldomain following TM6. This splicing event is
gene causing the AD3 subtype of FAD, another gentpredicted to significantly alter the structure and thus
associated with FAD (subsequently termed PS2)the functional properties of the large cytoplasmic loop
mapping to chromosome 1, was discovered on the basfollowing TM6 (Figure 1).

of its strong nucleotide and amino acid sequence The PS1 protein is predicted to be an integral
homology to PS1 (67% overall identity and membrane protein with an open reading frame of 467
approximately 90% identity within the transmembraneamino acids. The protein includes at least 6

(TM) domains) (13). hydrophobic membrane spanning domains (TM
domains) and two acidic hydrophilic domains located at

THE PRESENILINS’ GENES AND PROTEINS the N-terminus and after TM6 (Figure 1)(18). Another
The PS1 gene is highly conserved in evolution, beincmodel suggests 8 TM domains however, data
present inC.elegans(14) andD. melanogaste(15), supporting the 8 TM model is in fact more compatible

and is transcribed in many different cell types, bothwith a 6 TM model (19).

within the central nervous system and in periphera The PS2 gene has an open reading frame of 448
tissues (12). The PS1 promoter contains TATA ancamino acids and the structural organization of its protein
CAAT sequences as well as multiple STAT consensuiis very similar to that of PS1 (13). The pattern of

elements that are involved in transcriptional activationtranscription of PS2 is less homogeneous in both brain
following signal transduction (16). The transcript and in peripheral tissues, where it is maximally

undergoes alternate splicing and analysis of multipleexpressed in cardiac muscle, skeletal muscle, and
transcripts from brain reveal that the majority of the pancreas (13). The genomic organization of the PS2 is



144 McGill Journal of Medicine Fall/Winter 1997

identical to PS1 (20). These observations suggest thiCELLULAR LOCALIZATION
the PS1 and the PS2 genes are members of a ge Immunohistochemical studies in mammalian brain

family derived from a common ancestral gene. suggest that the PS1 protein is predominantly expressed
in neurons (30) and in glia (31). In the cell, PS1 is
PS MUTATIONS AND FAD located within intracellular membranes in the

Mutational analysis of the PS1 gene has identified aendoplasmic reticulum, perinuclear envelope, the Golgi
least 44 different mutations (Table 1), typically located apparatus and some as-of-yet uncharacterized
in residues which are highly conserved in evolution,intracytoplasmic vesicles (32,33). Another report
thereby underscoring their likely biological suggests that PS1 and PS2 are also localized to the
significance. In contrast to the frequency of PSlnuclear membrane, its associated interphase
mutations, screening of a large data set reveal that P<kinetochores and the centrosomes, all subcellular
mutations are likely to be rare (21). Mutational analysisstructures involved in the cell cycle regulation and
of the PS2 gene led to the discovery of two differentmitosis (34). The analysis of the topology of the PS1
mutations: one in a pedigree of Italian origin, the otherprotein suggests that the N-terminus, the hydrophilic
in a group of related families of Volga German ancestryloop following TM6 and the C-terminus are all located
(Table 1). All of the presenilin mutations described thusin the cytoplasm (18,19).
far are missense mutations with the exception of a PS
Exon 10 splicing mutation which preserves the operPUTATIVE FUNCTIONS FOR THE
reading frame (other authors have labeled this exon asPRESENILINS
Exon 9) (22). To date, in PS1 or PS2, there have bee To investigated the role of PS1 in mammalian
no identified nonsense or frameshift mutations that cardevelopment, mice with targeted null mutations
leaded to an absence of the protein. This observatio(knockout) in the murine homologue of PS1 were
has led to the speculation that the effect of thestgenerated. These knockout mice developed a
presenilin mutations is a gain of function (23), a gain ofdeformation of the caudal axial skeleton, hemorrhages in
dysfunction, or less likely an inhibition of the normal the central nervous system, impairment in neurogenesis,
function through a dominant-negative mechanism (24).and usually did not survive beyond the first day after

The phenotype of these PS2 mutants has a later onsbirth (35,36). These studies show that PS1 is required for
(between 40 and 85 years old) than that associated witproper formation of the axial skeleton and is involved in
mutations in PS1 (onset 35-65 years old). Interestinglynormal neurogenesis and survival of progenitor cells and
the apo-E genotype has little effect on the age of onseneurons in specific brain subregions (ventricular and
in PS1 and PS2 mutations, suggesting that othesubventricular zones in the ventrolateral region,
modifier loci probably account for much of this subcortical region of the temporal lobe, lateral ventricles

variation (21). and the dentate gyrus) (36).
The structural and amino acid sequence homologies
PRESENILIN PROTEIN PROCESSING between PS1 and PS2 suggest that they are likely to have

It is hoped that an understanding of the cell biology ofsimilar or overlapping biological activities. To date,
the PS proteins - notably the differences between wilcvarious potential functions have been suggested,
type and mutated isoforms - will lead to a greaterincluding intracellular signaling, suppression of
appreciation of their contribution to FAD. Analysis of apoptosis and participation in protein/membrane
PS1 metabolisnin vivo and in cultured cells such as trafficking. However, the precise function(s) of the
fibroblasts has revealed that the protein undergoepresenilins are as-of-yet not fully understood. One clue
endoproteolytic cleavage (25,26); the PS2 protein isregarding potential function is the weak amino acid
also endoproteolytically cleaved (27). PS1 cleavagesequence homology shown by PS1 to @eelegans
leaves little full-length protein and the predominate SPE-4 protein. SPE-4 is thought to be involved in
products that accumulate are the approximately 28 kD.membrane-budding and fusion events in a membrane-
N-terminal and 18 kDa C-terminal fragments (28). Bothbound cytoplasmic organelle derived from the Golgi
of these fragments accumulate to saturable levels and network in spermatocytes (37). This has led to the
1:1 stoichiometry (29). The PS1 FAD-mutant which suggestion that PS1 might have a similar role in protein
lacks Exon 10 (residues 290-319) is not subject tcand membrane trafficking (12). Indeed, its predicted
endoproteolysis; hence it is clear that the proteolytictopology suggests hydrophobic association and its
event is not necessary for the development of AD.cellular distribution confirms its association with various
However, it is currently unclear whether the cellular membranes, notably the endoplasmic reticulum.
holoprotein, the endoproteolytic fragments, or both, By searching for suppressors or enhancers of a LIN-
have biological function (28). 12 mutation, anothet.elegansiomologue of PS1 was
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Table 1. Missense mutations in the presenilin genes causing familial Alzheimer Disease.

Codon Location Mutation Phenotype

Presenilin |

79 N-terminus loop Ala -> Val FAD, onset 64 years
82 ™M1 Val -> Leu FAD, onset 55 years
96 ™1 Val -> Phe FAD

115 TM1 -> TM2 loop Tyr -> His FAD, onset 37 years
115 TM1 -> TM2 loop Tyr -> Cys FAD

120 TM1 -> TM2 loop Glu -> Asp FAD, onset 48 years
120 TM1 -> TM2 loop Glu -> Lys FAD

135 T™2 Asn -> Asp FAD

139 T™2 Met -> Thr FAD, onset 49 years
139 T™2 Met -> Val FAD, onset 40 years
143 T™M2 lle -> Thr FAD, onset 35 years
143 T™M2 lle -> Phe FAD

146 T™M2 Met -> Leu FAD, onset 45 years
146 T™M2 Met -> Val FAD, onset 38 years
146 T™2 Met -> lle FAD, onset 40 years
163 TM3 interface His -> Arg FAD, onset 50 years
163 TM3 interface His -> Tyr FAD, onset 47 years
171 T™M3 Leu -> Pro FAD, onset 40 years
209 TM4 interface Gly -> Val FAD

213 T™4 lle -> Thr FAD

231 TM5 Ala -> Thr FAD, onset 52 years
231 TM5 Ala -> Val FAD

233 TM5 Met -> Thr FAD, onset 35 years
235 TM5 Leu -> Pro FAD, onset 32 years
246 TM6 Ala -> Glu FAD, onset 55 years
250 T™M6 Leu -> Ser FAD

260 T™M6 Ala -> Val FAD, onset 40 years
263 TM6 -> TM7 loop Cys -> Arg FAD, onset 47 years
264 TM6 -> TM7 loop Pro -> Leu FAD, onset 45 years
267 TM6 -> TM7 loop Pro -> Ser FAD, onset 35 years
269 TM6 -> TM7 loop Arg -> Gly FAD

269 TM6 -> TM7 loop Arg -> His FAD

280 TM6 -> TM7 loop Glu -> Ala FAD, onset 47 years
280 TM6 -> TM7 loop Glu -> Gly FAD, onset 42 years
285 TM6 -> TM7 loop Ala -> Val FAD, onset 50 years
286 TM6 -> TM7 loop Leu -> Val FAD, onset 50 years
290 TM6 -> TM7 loop Ser -> Cys FAD

290-319 TM6 -> TM7 loop Deletion FAD

318 TM6 -> TM7 loop Glu -> Gly FAD

384 T™7 Gly -> Ala FAD, onset 35 years
392 T™7 Leu -> Val FAD, onset 25-40 years
410 T™M8 Cys -> Tyr FAD, onset 48 years
426 T™M8 Ala -> Pro FAD

436 C-terminal loop Pro -> Ser FAD

Presenilin 11

141 T™M2 Asn -> lle FAD (Volga German), onset 50-65 years
239 TM5 Met -> Val FAD (Florence), onset variable

a Adapted and updated from Lévesque, Yu and St George-HyslogABB)familial Alzheimer DiseasefM : transmembrane.

discovered. This protein, named SEL-12, displaysfate. Loss of function mutations in SEL-12 result in a
about 50% amino acid sequence identity to PS1. Mandefective egg-laying (Egl) phenotype characterized by
FAD mutations of PS1 occur at residues that arethe accumulation of eggs in the body of the parent
conserved in SEL-12 (38). SEL-12 facilitates signalingnematode (14). The Egl phenotype is also caused by
mechanisms in the LIN-12/Notch family of reducing LIN-12 activity, suggesting that SEL-12 is
intercellular receptors which are responsible forinvolved either in LIN-12 signaling or in receptor
intercellular signal transduction specifying the cell transport or recycling (14). Wild-type human PS1
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expressed from the SEL-12 promoter can rescue thAR deposit in cerebral cortex and hippocampus
SEL-12 mutant, but mutant PS1 has a stronglysuggesting that PS1 and APP mutation are synergistic
decreased rescuing activity (38). These data sugge (46).

that PS1 may have a role in the vertebrate Notct

signaling pathway. This is further support by the fact PRESENILINS AND APOPTOSIS

that PS1 knockout mice show developmental Apoptosis is a biological process involved in the

abnormalities similar to mice with targeted knockouts normal development and homeostasis of different cell

of the murine Notchl gene (35,39). types (47). Dysregulation in this process may be
involved in neurodegenerative disorders. It has been
PRESENILIN AND AR reported that mutant PS2 induces apoptosis in cultured

Several lines of evidence strongly suggest that Alnerve cells under conditions in which normal PS2 has
(derived from amyloid precursor protein (APP) no effect (48). Furthermore, the expression of a
processing) deposition in brain, and particularly truncated form of PS2 (ALG3) in T-cell hybridoms
deposition of the neurotoxic 42 amino acid AR isoform blocks apoptosis induced by the Fas pathway by
(AR42), has a central role in the pathogenesis of ALCinterfering with the activity and/or activation of
(40). Recently, it was demonstrated that fibroblastsCaspase-3, a key component of the apoptotic pathway
cultured from PS1 and PS2 mutant carriers secrete(49,50). During apoptosis, both PS1 and PS2 were
elevated amounts of AR42 (41). Additionally, the shown to be cleaved by a caspase-3 family protease
authors’ group has created a series of human cell lineindependently of the normal endoproteolytic cleavage.
in which different wild-type or mutant PS1/PS2 cDNAs It was suggested that the fragments produced by this
were expressed. All of the presenilin mutant transfectecleavage may serve as pro-apoptotic effectors that
cells secreted significantly increased levels of ARR42make cells more sensitive to apoptosis (51). However,
compared to wild type controls (42). These observation:another group reported that PS2, but not PS1, is
suggest a dominant gain of function for the presenilincleaved by caspase-3 (52). Thus, the exact
mutations because even though the endogenous wilccontribution of presenilin to apoptosis in the
type alleles are present, the level of AR42 is increased ineuropathology of AD remains unclear and further
the cells expressing mutant cDNAs. How mutantexperiments are necessary to assign a role for
presenilins alter APP processing is unknown. It ispresenilins in the induction of apoptosis in the
proposed that PS1 is involved as a regulatory cofactadevelopment of AD.
in the proteolytic cleavage of the carboxy-terminal
fragments of APP (mediated by gamma-secretase) aftt CONCLUDING REMARKS
their generation by amino-terminal cleaving alpha- anc Beyond their contribution to early onset FAD, it is
beta-secretases (43). The mutations in PS1 presumakstill unknown whether the presenilins have a role in the
lead to increased cleavage of APP carboxy-terminamajority of late onset AD. Although PS1 and PS2 are
releasing extra AR42 (44). expressed at very low levels in the brain, conservative

Several independent lines of transgenic mice havimissense substitutions in these proteins cause an
been created in which wild-type or mutant presenilinsaggressive early onset form of AD. These observations
have been over-expressed in mouse brain. All of thdmply that they are involved in a very important
mutant, but none of the wild-type mice, show an biological pathway that, when disregulated, leads to
increase in the production of AR42 in brain (42, 45).AD. ldentifying the biochemical intermediates in the
The same phenomena was observed in transgenic miipresenilins’ pathway will be very important in
over-expressing mutant APP, suggesting a commoiidentifying the function of these proteins and will help
pathological pathway by which the presenilins andto find the causes of early onset and possibly late-onset
RAPP mutations cause AD (41). Nevertheless, despitAD cases. These finding will then lead in the
the AR42 accumulation in the brain of the mutant PSldevelopment of rational therapeutic strategies against
and BAPP transgenic mice, at the present time, thesthis devastating neurodegenerative disease.
mice have not shown any neuron death, but synapse lo
has been reported in APP transgenics. The PS1 mutaACKNOWLEDGMENTS
transgenic mice do not show abnormal neuropathology Research in the authors’ laboratory is support by the
however, these mice showed reduced spontaneotMedical Research Council of Canada, the Alzheimer
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