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Abstract

In a series of sibpairs with late onset Alzheimer's disease, we have examined the segregation of the loci involved in the
early onset, autosomal dominant form of the disorder by using ¯anking microsatellite repeat markers: thus we have used
APP-PCR3 and D21S210 to examine the segregation of the amyloid-b precursor protein (APP) gene, the markers Dl 4S77
and D14S284 to examine the segregation of the presenilin 1 (PSI) gene and the markers D1S227, D1S249 and D1S419 to
examine the segregation of presenilin 2 (PS2). We carried out our analyses on the whole dataset of 291 affected sibpairs,
and on subsets comprising those sibpairs in which neither had an apolipoprotein E4 allele (65 affected sibpairs) and
those in which both had an apolipoprotein E4 allele (165 affected sibpairs). We used the programs SPLINK to generate
allele frequencies and MAPMAKER/SIBS to analyze our results. We examined the segregation of the markers D19S908
and D19S918 that are close to the apolipoprotein E (ApoE) gene as a positive control to assess whether the methods we
are employing have the capability to identify known loci. The sibpair approach to the identi®cation of genetic risk loci is
relatively insensitive as indicated by the failure of the ApoE locus to reach statistical signi®cance (P � 0:06). Never-
theless, these data suggest that neither the PS1 nor the PS2 gene is a major locus for late-onset AD, but that the APP gene
cannot be ruled out as a risk locus in those sibships without an E4 allele (P � 0:014). The possibility that APP is indeed a
locus for late onset disease will need con®rmation in other series of familial cases. q 1999 Elsevier Science Ireland Ltd. All
rights reserved.
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Mutations in the amyloid-b precursor protein (APP), the

presenilin 1 (PS1) and the presenilin 2 (PS2) genes lead to

early onset autosomal dominant Alzheimer's disease (AD)

[7,14,23] almost certainly through pathways which depend

upon production of increased amounts of the amyloidogenic

peptide Ab42 [22]. In addition, it is likely that individuals

with Down syndrome develop AD because they too,

produce more Ab42 as the APP gene is encoded on chro-

mosome 21 [17,21]. Mutations in these genes have never

been found in signi®cant numbers of elderly individuals and

the consensus has been that mutations in these genes do not

contribute (with very rare exceptions) to late onset disease.

The only locus that is known to contribute to the risk of

late onset AD is the apolipoprotein E (ApoE) gene. Relative

to the common E3 allele of ApoE, the E4 allele is associated

with increased risk of disease and the E2 allele with

decreased risk of disease [3,4]. However, the possibility

that the loci associated with early onset disease could contri-

bute to late onset disease has, surprisingly, never been

addressed in a systematic genetic fashion. Previous experi-

ments have merely sought mutations in the open reading

frame of these genes or in promoter or intronic elements
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close to the open reading frame [20,27] and then tested these

speci®c changes for association with disease with mixed and

inconclusive results [15,27].

A priori however, one might expect that genetic variabil-

ity controlling the expression of the genes encoded at these

loci might contribute signi®cantly to disease risk. Overex-

pression of the APP gene clearly leads to AD in Down

syndrome [17], and recent experiments in which the

mouse PS1gene was knocked out suggested that expression

levels of this gene might also play a part in regulating Ab
production [5]. Moreover, recent characterization of the

APP promoter reveals several functional domains that can

regulate the expression of the APP gene [6,18]. For these

reasons, we decided to test the hypotheses that sibpairs who

were both affected by late onset AD would share alleles at

the APP, PS1 and PS2 loci more frequently than the 50%

one would expect by chance.

For each of these genetic loci and for ApoE we chose two

informative genetic markers (Table 1) (three markers for

PS2) which framed the gene and examined the segregation

of the markers within 291 sibpairs from the NIMH series of

late-onset AD families [2]. We developed primer sets (Table

1) which allowed these markers to be paneled together and

run simultaneously on ABI DNA sequencers. The program

SPLINK was used to generate marker allele frequencies

from our dataset [9] and both SPLINK and MAPMAKER

SIBS [11] were used to analyze our results. We carried out

three, two point analyses: in sibpairs in which both had an
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Table 1
Primer sequence for loci at ApoE, APP, PS1 and PS21a

Marker Dye Size Forward Reverse

D19S908 TET 221±253 TGTAGTAAGCCAAGATCACTCC AATTGTACNCACTGTGTGCCAG
D19S918 FAM 268±306 AAAGGCTTGATTACCCCCOA ATTACAGACGTGGGAGACCA
APP.PCR3 FAM 124±162 GCCCATCAAGATGCTACTGA ACATTCCTCTCTGCCTCTAC
D21S210 HEX 148±190 AGATATTGGATGCTCAACTC CTGGAGAGAACTCTGATATG
D14S77 FAM 214±260 TTATAAGCGTGAGTCACTGTGCCCA GGCTNCAGACAGAAATTAACCAGAO
D14S284 FAM 184±208 TACAGGTATOAGCCACCACT GCCTACTTATCNTCCAAAGACAG
D1S227 TET 111±125 AGCTGTGTCGGGTCTTGAAGAA GAGCGATTTCAGAATGTTGC
D1S249 FAM 316±346 TGAGGCTGAGGCAGGAGAAT TGGTTGTAGATG;AGACTGGC
D1S419 TET 325±357 CAGGACTGTACATTGGGTACCA AGCTCAGAAAGAATGAGCACGC

a Primer sequences and dye labeling used for assessing the genetic contributions of the known AD loci. These sequences can be
paneled together for ef®ciency and run together on an ABI machine.

Table 2
Single locus lodscores for markers at the ApoE, APP, PSI and PS2 loci analyzed using MAPMAKER/SIBS2a

Gene ApoE APP PS1 PS2
Marker D19S908 D19S918 APPPCR3 D21S210 D14S77 D14S284 D1S227 D1S249 D1S419

All pairs 0.49 0.71 0 0.1 0.06 0 0.04 0.06 0.01
Exclusion

l1.2 0.49 0.71 21.25 0 21.10 4.44 20.41 0.16 0.46
l1.4 0.24 0.36 Excluded 0.54 Excluded Excluded 21.35 0.93 21.58
l1.6 0.31 0.4l Excluded 21.28 Excluded Excluded Excluded 21.91 Excluded
l1.8 20.98 21.38 Excluded Excluded Excluded Excluded Excluded Excluded Excluded
l2.0 21.69 Excluded Excluded Excluded Excluded Excluded Excluded Excluded Excluded

E4-pairs NA NA 0.3 1.12 0 0 0 0 0
Exclusion

l1.2 NA NA 0.23 0.58 20.60 20.66 20.20 0.20 0.24
l1.4 NA NA 0.29 0.8 21.31 21.37 0.52 20.54 20.45
l1.6 NA NA 0.22 0.98 21.82 21.97 20.78 20.78 20.93
l1.8 NA NA 0.14 1.01 Excluded Excluded 21.07 21.07 21.28
l2.0 NA NA 0.04 1.01 Excluded Excluded 4.35 21.35 21.62

E4 1 pairs NA NA 0 0 0.18 0 0.15 0.03 0.15
Exclusion

l1.2 NA NA 21.18 20.37 20.66 20.89 0.13 20.12 0.2
l1.4 NA NA Excluded 20.91 21.7 21.93 20.10 20.61 20.18
l1.6 NA NA Excluded 21.49 Excluded Excluded 20.46 21.24 20.64
l1.8 NA NA Excluded Excluded Excluded Excluded 20.87 4.89 21.15
l2.0 NA NA Excluded Excluded Excluded Excluded 21.28 Excluded 21.68

a Two-point analysis of segregation analyzed by MAPMAKER/SIBS. NA, not analyzed. Exclusion analysis was taken down to l at
which it was ,22.0, the conventional criteria for exclusion of linkage. Thus, these data show (for example), that the PS 1 locus does not
have l in all affected sibpairs of .1.4, in E42 pairs of .l.8 and in E41 .pairs of .1.6.



E4 allele (165 sibpairs), in sibpairs in which neither had an

E4 allele (65 sibpairs) and in the total dataset (291 sibpairs).

We carried out exclusion analysis at different values of ls

where ls is de®ned as the ratio of the risk to siblings of a

case relative to the risk of the trait in the general population

attributable to the locus under study [19].

Our results are illustrated in Table 2. First of all these

experiments illustrate both the strengths and weaknesses of

the sibpair approach to the ®nding of pathogenic loci. Thus,

this analysis (which used ,850 samples) barely has the

power to identify the ApoE locus (P � 0:06 at D195918:

SPLINK analysis). In contrast, simple association studies

would need only 50 samples to show the association with

this locus: however, in the approach we use here, loci can be

identi®ed solely by their chromosomal position. Secondly,

and given the caveat that this is an insensitive method for

identifying loci involved in disease, they suggest that in

sibships without an E4 allele, the APP locus is more likely

to be shared by affected sibs than by chance (P � 0:014 at

D21S210: SPLINK analysis: analysis uncorrected for multi-

ple comparisons). These analyses provided neither signi®-

cant evidence for or against the notion that the presenilin

genes may contribute to the risk of getting late onset AD.

However, they do suggest that these loci are not the site of

major risk for developing disease and therefore they are not

concordant with the suggestion, based on association

studies, that the PS1 gene is a major risk locus for late-

onset disease [27]. Thus, our analyses show no positive

lod scores with either PS1 or PS2 genetic markers in any

group and exclude these loci from having a risk comparable

in effect size with the ApoE locus.

The observation that APP may be a risk factor locus is not

surprising. Studies of plasma Ab have suggested that a

subgroup of late onset disease cases have an increase in

the concentration of this biomarker [22]. This `high expres-

sion' subgroup may overlap with the group of individuals

whose genetic susceptibility is, in part, encoded at the APP

gene. The fact that the APP gene appears to be a risk locus

only in individuals without an E4 allele is interesting and

consistent with the view that ApoE is involved in the

process of deposition of Ab rather than in its production [1].

A parsimonious explanation of these results is that

genetic variability in regulatory regions of the APP gene

contributes to disease risk through the production of Ab.

We have previously failed to ®nd any genetic variability

in the APP promoter in AD [20]. However, our study

dealt only with the promoter region of 334 bp, from 2558

and 2225 bp relative to the transcription start site of the

gene. The APP locus is complex and there are many other

regulatory regions that need to be examined for genetic

variability. Within the mRNA there are elements in the

three untranslated region that may contribute to message

processing [28]. Within and upstream of the promoter,

there are many regulatory elements at which genetic varia-

bility may occur. For example, one block extending from

about 2600 to 2460 bp acts as a positive regulator and a

second block of sequences extending from 2450 to 2150

bp acts as a negative regulator [13]. Two additional

upstream regulatory elements that control the activity of

the human APP promoter, are from 22257 to 22234 bp

and from 2489 to 2452 bp [12]. Other novel APP transcrip-

tional regulatory elements within the ®rst 100 bp from the

start site are the GC-elements [16], the zinc ®nger protein

motif CTCF [26] and an upstream regulatory factor (USF)

[10]. Detailed characterization of the relevant nuclear

factors in different cell types has not been reported.

Recently, a l7 kb DNA fragment containing the 5 0-upstream

regulatory region of the rhesus APP gene has been charac-

terized [24]. The rhesus APP promoter gene is similar in

sequence to the human promoter and it contains many indu-

cible characteristics responsible for its regulated transcrip-

tion. A functional study with a series of 5 0-deletion APP

gene regions extending as far upstream as 27900 bp relative

to the start site indicates that a 275 to 1104 bp region is an

essential promoter element, that multiple positive and nega-

tive elements regulate the expression of the promoter and

that the interaction of the USF and pyrimidine-rich initiator

element at the proximal region is crucial for transcription

[25]. The study with the rhesus promoter reveals an impor-

tant upstream regulatory element at 276 to 248 bp that

controls the activity of the rhesus promoter in a cell type-

speci®c manner. These functional studies clearly show that

there are many elements around the APP gene where genetic

variability has not been sought and which could in¯uence

APP expression [8].
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