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Recent reports have shown an association between an intronic polymorphism of
the presenilin-1 (PSEN1) gene and late-onset (age at onset > 65) familial and
sporadic (no family history) Alzheimer disease (AD). The reported association
was independent of the effect of the only previously identified gene associated
with late-onsefAD, APOE. Blood samples were obtained from members of 122
multiplex AD families, 42 unrelated cases of AD with positive family histories

of dementia, 456 sporadic cases of AD, and 317 controls of similar ages at ex-
amination to the cases. These samples were genotyped for an intronic polymor-
phism of the PSEN1 gene, located 3" to exon 8, and the data analyzed for evidence
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of association or linkage. The samples were also genotyped for APOE and the
data analyzed to see if the association or linkage changed when controlling for
APOE genotype. There was no statistically significant increasa @t01) in

allele 1 (199 bp) or genotype 1/1 in the sporadic AD cases, or in a random
sample of one affected from each multiplex family, compared to controls. When
examining the effect of the PSEN1 polymorphism while controlling for APOE
genotype, APOE genotype was strongly associated with AD, but the PSEN1 poly-
morphism genotype was not. Model-trait dependent (lod score) and independent
(SimIBD) methods detected no evidence of linkage between PSEN1 and AD. In
this independent dataset, the previously reported association between the intronic
PSENL1 polymorphism and AD cannot be confirmed, and the conclusion that
PSENL1 is a major susceptibility gene for late-onset AD is not supported. Genet.
Epidemiol. 14:307-315, 1997. © 1997 Wiley-Liss, Inc.
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INTRODUCTION

Alzheimer disease (AD) is a common neurological disease occurring late in
life. The leading cause of dementia in older adults, AD is often clinically stratified
into early- (age< 65) and late- (age > 65) onset forms, and is genetically complex.
Mutations in three different genes have been linked to the early-onset form: amyloid
precursor protein (APP) on chromosome 21 [Goate et al., 1991], presenilin-1 (PSEN1)
on chromosome 14 [Sherrington et al., 1995], and presenilin-2 (PSEN2) on chromo-
some 1 [Levy-Lahad et al., 1995; Rogaev et al., 1995]. Mutations in the PSEN1 gene
are the most common identified cause of this early-onset, autosomal dominantly in-
herited form of AD [Sherrington et al., 1995].

Only one gene has been associated with the more prevalent late-onset form of
familial AD: apolipoprotein E (APOE), located on chromosome 19. This gene is
strongly associated with AD in both late-onset familial [Corder et al., 1993; Strittmatter
et al., 1993], late-onset sporadic [Saunders et al., 1993], and early-onset sporadic
[van Duijn et al., 1994] cases. Risk of AD is increased in a dose-dependent fashion
by the APOE-4 allele [Corder et al., 1993], an effect replicated many times in inde-
pendent datasets [Pericak-Vance and Haines, 1995]. Despite the well-established as-
sociation between APOE and AD, it explains only 45-55% of the genetic risk of AD
[Roses et al., 1995]. Therefore, additional genes must exist that influence the risk of
late-onset familial and sporadic AD.

The identification of PSEN1 as a causative gene in early-onset familial AD
made it a potential susceptibility gene for late-onset AD. Recently, it was reported
that an intronic polymorphism in the PSEN1 gene, located in the intron 3" to exon 8,
was associated with late-onset AD [Higuchi et al., 1996; Kehoe et al., 1996; Wragg
et al., 1996]. We examined the relationship of this polymorphism to AD in our own
data, a well-established longitudinal study of the genetics of AD with a large series
of sporadic AD cases and multiplex families with late-onset AD.

MATERIALS AND METHODS
Genotyping

Blood samples were obtained with informed consent, from all subjects, and DNA
was extracted from whole blood or transformed lymphocytes using standard proce-
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dures.The PSENL1 intronic polymorphism was genotyped using the primers as re-
ported [Wragg et al., 1996]. Genotyping at Duke used a semiautomated fluorescence
scanning system (Molecular Dynamics Sl) [Vance et al., 1996] and genotyping at
MGH used silver staining [Bassam et al., 1991]. Allele 1 is 199 bp, and allele 2 is
cleaved by BamHI into fragments of 181 bp and 18 bp [Wragg et al., 1996]. APOE
genotypes were determined as previously reported [Saunders et al., 1993]. All
genotyping was carried out by individuals blinded to the affection status of individu-
als in the dataset.

Patients and Controls

The 122 multiplex late-onset AD families were obtained from the Joseph and
Kathleen Bryan Alzheimer’s Disease Research Center (ADRC) at Duke University,
the Indiana Alzheimer Disease Center National Cell Repository, the UCLA Neuro-
psychiatric Institute, the UCLA ADRC, and the ADRC of the Massachusetts General
Hospital for a longitudinal study of the genetics of AD. The 122 families used in this
study contained 241 affected individuals and 333 unaffected, at-risk individuals
genotyped for the PSEN1 polymorphism. The mean age at examination for the af-
fected family members (39% male) was 78.0 years, standard deviation (SD) 8.8 years
(mean age at onset 70.5, SD 7.9).

As well, 42 unrelated AD cases with a reported family history of dementia in a
first degree relative were collected from the Massachusetts General Hospital ADRC
or the Alzheimer Disease Clinic at Boston University. The mean age at examination
for these patients (30% male) was 78.6 years, SD 6.7 years (mean age at onset 73.4,
SD 7.7).

These 42 cases were combined with a random sample of one affected individual
(when available) from each family described above for the association study. This
combined sample contained 151 individuals (35% male) and had a mean age at ex-
amination of 75.1 years, SD 8.20 years (mean age at onset 70.4, SD 9.3).

An additional 458 patients (38% male) with no reported family history of AD or
dementia (sporadic cases) were identified at the Joseph and Kathleen Bryan ADRC, the
Massachusetts General Hospital ADRC, or the ADC at Boston University. The mean age
at examination was 73.6 years, SD 8.1 years (mean age at onset 68.9, SD 8.5).

All cases selected for this study were diagnosed with AD by using the standard
clinic criteria [McKhann et al., 1984].

The 317 unrelated controls, (47% male) were aged 50 or older at examination,
were free of clinical signs of dementia, and were ascertained at the sites above. A
large proportion of these controls were spouses of clinic patients. The mean age at
examination was 79.6 years, SD 8.8 years.

Data Analysis

Allele and genotype frequencies were generated for cases and controls, and dif-
ferences detected using tyetest of association. Cases were also stratified by fam-
ily history of AD and age at onset, and compared to appropriate control groups
stratified by age at examination. These subsets of controls were formed by selecting
controls with ages of examination falling within the range of ages of examination in
each case group. Therefore, cases with age at onset at or before 65 years were com-
pared to controls aged 50-82 years at examination, and cases with age at onset after
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age 65 were compared to controls aged older than 65 at examination. Logistic re-
gression models were used to assess the effect of the 1/1 genotype of the PSEN1
polymorphism on risk of AD while controlling for APOE genotype and age at ex-
amination. Models were first constructed comparing all cases to controls: two mod-
els were considered, one containing main effects, and another testing interaction
between the PSEN1 and APOE lo¢he likelihood ratio test was used to test for
statistically significant interaction. The logistic regression analysis was repeated in
subsets of the full dataset, stratified by age at onset and family history as described
above. In all, 18 models were constructed.

To adjust for multiple comparisons in the same dataset, a critical valme=of
.01 was used to evaluate statistical significance. This significance level is more con-
servative tham = .05, but less conservative than adjustment using the Bonferroni
method. This adjustment is reflected in all discussions of statistical significance, al-
though only 95% confidence intervals are presented with the logistic regression model
results. Given an exposure rate of 30% in controls (the genotype frequency for the
PSEN1 polymorphism 1/1 genotype), the required significance lexekof01, and
power of (1 {3) = .80, this sample can detect an odds ratio (OR) greater than 1.6. At
a = .05, the sample can detect an OR greater than 1.5. All association analyses were
performed using SAS version 6.09 for the Sun OS system.

For the family data, linkage was examined using both model-trait-dependent
and -independent methods. Lod scores were calculated using the Fastlink 2.2 version
of the LINKAGE software package [Lathrop et al., 1984], assuming autosomal domi-
nant inheritance, age-dependent penetrance calculated as previously described
[Pericak-Vance et al., 1991], and an allele frequency of 0.001 for the AD susceptibil-
ity allele. Age-dependent penetrances ranged from 0.4% at age 40 to 99% after age
90. The analysis was repeated assuming low penetrance (affecteds-only analysis),
where information on disease phenotype was included for affected individuals only,
and genotypic information was included on all sampled family members. To deter-
mine if the presence of the APOE4 allele modified the lod score, the families were
stratified by APOE genotype and summed lod scores calculated within each stratum.
The model-independent SimIBD method [Davis et al., 1996] was also used to ana-
lyze marker data in these families, usingfipe = 1/sqrtp) weighting function. This
method examines allele sharing among relative pairs and is capable of detecting ei-
ther linkage or association between a marker and a disease trait.

RESULTS

The distribution of the PSEN1 polymorphism genotype and allele frequencies
was consistent in the Duke and MGH cases and controls when analyzed separately
(data not shown), so the data were pooled for the analysis presented here. The allele
and genotype frequencies, stratified by age at onset and family history of AD, are
presented in Table I. Comparing sporadic AD and familial AD to all controls, sepa-
rately or combined, there is no significant increase in the frequency of allele 1. When
stratifying the dataset by age at onset and family history, late-onset (age at onset >
65) sporadic or familial cases did not have a significant increase in allele 1 when
compared to controls. However, early-onset (age at @66} sporadic cases had a
slightly increased frequency of allele 1 when compared to controls (0.64 vs. 0.56;
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TABLE |. PSEN1 Polymorphism Allele and Genotype Frequencies, by Age at Onset and Family
History of AD"

Allele Genotype
1 2 1/1 1/2 2/2 1/2 or2/2
N N (%) N (%) N (%) N (%) N (%) N (%)

Overall
Familial AD 151 184 (0.61) 118(0.39) 54 (0.36) 76 (0.50) 21(0.14 97 (0.64)
Sporadic AD 458 530 (0.58) 386 (0.42) 155(0.34) 220(0.48) 83(0.18) 303 (0.66)
Combined AD 609 714 (0.59) 504 (0.41) 209 (0.34) 296 (0.49) 104 (0.17) 400 (0.66)
Controls 317 355 (0.56) 279 (0.44) 97 (0.30) 161 (0.51) 59 (0.19) 220 (0.70)
Age< 65
Familial AD 36 45 (0.62) 27 (0.38) 12 (0.33) 21 (0.58) 3(0.09) 24 (0.67)
Sporadic AD 144 183 (0.64) 105(0.36)* 55(0.38) 73(0.51) 16(0.11) 89(0.62)
Combined AD 180 228 (0.63) 132 (0.37) 67 (0.37) 94(0.52) 19(0.11) 113 (0.63)
Contrcéls 295 331 (0.56) 259 (0.44) 91 (0.31) 149 (0.50) 55 (0.19) 204 (0.69)
Age > 6
Familial AD 112 224 (0.61) 88(0.39) 42(0.38) 52(0.46) 18(0.16) 70(0.62)
Sporadic AD 298 334 (0.56) 262 (0.44) 97 (0.33) 140 (0.47) 61 (0.20) 201 (0.67)
Combined AD 410 470(0.57) 350(0.43) 139(0.34) 192 (0.47) 79(0.19) 271 (0.66)
Controls 220 245 (0.56) 195 (0.44) 65 (0.30) 115(0.52) 40(0.18) 155 (0.70)

TAge at onset categories do not sum to total due to missing ages at onset.
*X* test, cases vs. control® = 0.036; x° test, early-onset cases vs. late-onset sporadic cases,
b= 0.034.
X’ test, cases vs. controB = 0.028.
®Age at onsek 65 for AD cases, age at examination < 83 for controls.
PAge at onset > 65 for AD cases, age at examinations > 65 for controls.

P = 0.036) or to late-onset sporadic cases (0.64 vs. B.56034). These results are

not statistically significant when using a significance levedof .01 to correct for
multiple comparisons in the same dataset. No statistically significant differences in
genotypes were detected between cases and controls, either when using genotype 2/2
as the referent or when using a combined 1/2 and 2/2 group as the referent. All
genotypes were in Hardy-Weinberg equilibrium.

A total of 18 logistic regression models were constructed: the 9 main effects
models presented in Table Il, and 9 models containing the interaction between the
PSEN1 genotype and APOE genotype. Comparing the 9 interaction models with the
9 main effects models, there was no statistically significant evidence of interaction
between PSEN1 and APOE in any model (data not shown). In addition, an examina-
tion of the main effects models showed no statistically significant increase $at
.05 ora = .01) in the odds of the 1/1 genotype in people with AD, controlling for
APOE genotype, age at examination, and sex.

The results of the linkage analysis of the 122 families with late-onset AD are
presented in Table lll. Using a lod score of 3.0 as the criterion for significant evi-
dence of linkage, both models (age-dependent penetrance and low penetrance) fail to
show evidence of linkage between the PSEN1 polymorphism and AD. Using a lod
score of —2.0 as the criterion for exclusion, the exclusion region assuming autosomal
dominant inheritance and age-dependent penetrance is 15 cM on either side of the
PSEN1 polymorphism; assuming low penetrance, the exclusion region is 10 cM on
either side. When stratifying families by APOE genotype of affected individuals and
calculating summary lod scores, there is still no evidence for linkage in any of the
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TABLE Il. Odds of Genotype PSEN1 1/1, APOE 4/4, and APOE 4/X in AD Patients, by Age at
Onset and Family History'

PSEN1 genotype APOE genotype
1/1 1/2 & 2/2 4/4 4/X XIX
Model OR (95% CI) OR OR (95% CI) OR (95% CI) OR
Overall
Familial AD 1.05 (0.63, 1.79) 1.0 37.18 (13.54, 102.13) 6.29 (3.68,10.75) 1.0
Sporadic AD 1.21 (0.85, 1.71) 1.0 18.58 (8.14, 42.45) 3.96 (2.82, 5.57) 1.0
Combined AD 1.21 (0.87, 1.70) 1.0 20.60 (9.15, 46.35) 4.27 (3.08, 5.92) 1.0
Age< 65
Familial AD 0.80 (0.32, 2.03) 1.0 66.92 (17.48, 256.27) 6.47 (2.38,19.08) 1.0
Sporadic AD 1.47 (0.92, 2.34) 1.0 17.40 (7.11, 42.56) 2.74 (1.73, 4.35) 1.0
Combined AD 1.37 (0.88, 2.14) 1.0 22.01 (9.25, 52.35) 3.18 (2.05, 4.93) 1.0
Age > 65
Familial AD 1.19 (0.65, 2.20) 1.0 30.34 (8.07, 114.06) 6.80 (3.61,12.80) 1.0
Sporadic AD 1.01 (0.64, 1.60) 1.0 22.62 (7.62, 67.14) 5.83 (3.73,9.11) 1.0
Combined AD 1.08 (0.71, 1.66) 1.0 25.44 (8.66, 74.72) 6.24 (4.08, 9.56) 1.0

"The logistic model results are adjusted for age of examination and s&PQE2 or APOE3; OR,
odds ratio; ClI, confidence interval.

®Referent categories.

PAge at onsek 65 for AD cases, age at examination < 83 for controls.

‘Age at onset > 65 for AD cases, age at examination > 65 for controls.

three subgroups. Using the model-trait independent SimIBD method in all 122 fami-
lies, the test statistic, using the 1/spyt{veighting function, had #&-value of .56,
further indicating the lack of linkage or association of this candidate locus to AD.

DISCUSSION

The results of this study do not confirm the original report of an association
between the intronic polymorphism of PSEN1 and sporadic or late-onset familial
AD. In fact, the data are rather strong in suggesting that there is neither association
nor linkage between the PSEN1 polymorphism #&il We observed an overall

TABLE Ill. Lod Scores for PSEN1 Polymorphism in Late-Onset AD Families, by APOE
Genotype

Recombination fractiorBj

Model, penetrance N 0.00 0.05 0.10 0.15 0.20 0.30 0.40
Dominant, age-dependent
Overall 122 -1539 -659 412 -2.60 -1.58 -0.48 -0.08
APOE X/X 20 -199 -131 -093 -066 -0.45 -0.18 -0.04
APOE 4/X 70 —7.49 -2.72 -1.64 -0.97 -0.54 -0.11 -0.00
APOE 4/4 32 -5.75 —2.44 -1.46 -0.90 -0.54 -0.17 -0.03
Dominant, low (affecteds only)
Overall 122 -11.13 —4.44 -2.52 -1.46 -0.83 -0.22 -0.03
APOE X/X 20 -098 -0.60 -0.39 -026 -0.17 -0.06 -0.01
APOE 4/X 70 -728 -28 -169 -1.03 -0.62 -0.19 -0.04
APOE 4/4 32 -2.68 -0.83 -0.32 -0.08 0.03 0.07 0.02

*N, number of families; X, APOE2 or APOE3.
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odds ratio (OR) of 1.2 (95% CI: 0.87, 1.70) for the PSEN1 1/1 genotype, in contrast
to the OR of 2.0 (95% CI: 1.29, 3.00) reported by Wragg and coworkers [1996].
Power calculations indicate that we should have been able to detect the effect, even
if the OR was as low as 1.5. Unlike a previously published confirmation of the
association in Caucasians [Kehoe et al., 1996], our dataset is completely indepen-
dent of the dataset used in the initial report [Wragg et al., 1996], and contains data
collected independently from multiple research centers. As we have noted previously
[Scott et al., 1996a], Kehoe and associates [1996] used controls from the original
study and is therefore not an independent confirmation. Higuchi and colleagues [1996]
examined 79 Japanese people with late-onset AD and compared them to 186 con-
trols. Although this independent dataset found an increase in allele 1 and genotype 1/
1 in the ADcases, the associations were of borderline statistical significance, par-
ticularly if correcting for multiple comparisons in the same dataset. Replication of
this finding in larger samples of Japanese AD patients would strengthen the claim of
confirmation of an association between PSEN1 and late-ogki3etA brief report

from an independent sample of French Caucasians [Pérez-Tur et al., 1996] also failed
to replicate the original association, strengthening the evidence against linkage or
association.

The difference in results between our data and the initial report could be due to
several factors. Because association studies are sensitive to variations in allele fre-
guencies, using case and control groups that are not drawn from the same underlying
population may bias results. However, the control allele frequencies for the studies
of PSEN1 and late-onset AD conducted in outbred Caucasian populations are rela-
tively similar, discounting the possibility that somehow the control samples are bi-
ased. The difference in results may therefore be attributed to the differences in case
sample allele frequencies. These differences could reflect heterogeneity of the PSEN1
effect on late-onset AD in Caucasians. More likely, the results reflect differing amounts
of bias in the case samples. Althoughidgyy and colleagues [1996] correctly state
that since their results are highly statistically significant they are not likely due to
random statistical variation, this does not rule out an erroneous, yet statistically sig-
nificant result due to a biased case sample.

It is clear that AD is a complex, multifactorial disease in which several genes
act, independently or in concert, to cause similar pathological changes in the brain.
Several genes, such as AACT [Kamboh et al., 1995], and VLDL-R [Okuizumi et al.,
1995] have been proposed as potential susceptibility factors for AD, yet the original
effects have not been confirmed upon further examination in our independent datasets
[Haines et al., 1996; Pritchard et al., 1996]. Given the genetic complexity of AD, it is
important that each report of a genetic association be scrutinized and independently
replicated before it can be added to the causal web underlying AD. Thomson [1994]
proposed that associations between candidate genes and complex traits that meet
nominal significance criteriaP(< .05) in three independent datasets need to be fol-
lowed up in more detail. To this end, we have extensively examined the relationship
between PSEN1 and late-onset familial and sporadic AD and have found no compel-
ling evidence of association or linkage. These data support our original report [Scott
et al., 1996b] that PSEN1 is not responsible for a significant proportion of the ge-
netic risk of late-onset AD. Thus, while additional genetic factors exist, further stud-
ies are necessary in order to tease out these remaining genetic effects in AD.
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