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Abstract Several recent case-control studies have ex-
amined the association between single nucleotide poly-
morphisms (SNPs) in the promoter region of the apoli-
poprotein E gene (APOE) and risk of Alzheimer disease
(AD), with conflicting results. We assessed the relation
between five APOE region SNPs and risk of AD in both
case-control and family-based analyses. We observed a
statistically significant association with the +5361T allele
in the overall case-control analysis (P value=0.04) after

adjusting for the known effect of the APOE-4 allele.
Further analysis revealed this association to be limited to
carriers of the APOE-4 allele. Age-stratified analyses in
the patients with age at onset of 80 years or greater
and age-matched controls showed that the �219T allele
(P value=0.009) and the +113C allele (P value=0.03) are
associated with increased risk of AD. Despite these
findings, haplotype and family-based association analyses
were unable to provide evidence that the APOE region
SNPs influenced risk of AD independent of the APOE-4
allele. In addition to risk, we tested for association be-
tween the SNPs and age at onset of AD, but found no
association in the case-control or family based analyses.
In conclusion, SNPs +5361, or a SNP in strong linkage
disequilibrium, may confer some additional risk for de-
veloping AD beyond the risk due to APOE-4; however,
the effect independent of APOE-4 is likely to be small.

Keywords Alzheimer disease · APOE · Single
nucleotide polymorphisms · Haplotype · Age at onset

Introduction

Apolipoprotein E (APOE) is a well established genetic
risk factor for late-onset Alzheimer disease (AD), with the
APOE-4 allele increasing risk and the APOE-2 allele de-
creasing risk relative to the most-common APOE-3 allele
[1, 2]. However, the presence of the APOE-4 allele is
neither necessary nor sufficient to cause AD, indicating
that additional genetic or non-genetic factors influencing
AD risk are yet to be identified. Several other polymor-
phisms within the promoter region of APOE and the
APOE-coding sequence have been described [3], and there
has been great interest in determining if polymorphisms
with potential regulatory function confer additional risk
for AD beyond the risk associated with APOE-4.

Studies of transcriptional activity have demonstrated
that two single nucleotide polymorphisms (SNPs) in
the APOE promoter, –491A/T and –427C/T, up-regulate
transcription of the APOE gene, possibly influencing the
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risk of AD [4, 5]. Several studies have assessed the effect
on AD of these SNPs and an additional promoter SNP,
�219G/T, in association studies [6, 7, 8, 9, 10, 11, 12, 13,
14, 15, 16, 17]. Results have been inconsistent partly
because of the difficulty separating the effect of these
SNPs, if any, from the effect of the classical APOE al-
leles. Determining an independent effect is complicated
by the strong linkage disequilibrium (LD) between these
SNPs and the classical APOE alleles.

We sought to assess the association between five
SNPs in the APOE region: three in the promoter region
(�491A/T, �427C/T, and �219G/T), one within the
APOE-coding region (+113C/G), and one that is 862 bp
from the 30 end of the APOE gene coding sequence
mapping to the tail end of a putative regulatory region
(+5361C/T) [3]. We tested for association with AD in
both a large case-control sample and large family sample.
This approach provides the power of a case-control test
complemented by the protection against false-positive
results due to population stratification offered by the
family based analysis. In addition to testing for effects on
risk, we examined the effect of these SNPs on age at onset
in both familial and singleton AD cases.

Materials and methods

Study populations

Case-control sample

Our case-control sample consists of 293 unrelated cases with
probable or definite AD (singleton cases) and 298 unrelated con-
trols (mostly spouses of AD patients) ascertained through The Jo-
seph and Kathleen Bryan Alzheimer’s Disease Research Center

(ADRC) and the Center for Human Genetics (CHG) at Duke
University. Clinical diagnosis of AD was based on consensus cri-
teria [18]. The reported age at onset of AD patients was defined as
the age at which the caregiver, family, and/or individual first noted
cognitive problems (most often short-term memory loss and more
rarely other problems such as dysphasia or disorientation to time or
place followed closely by memory change) sufficient to interfere
with independent daily activities. Controls had no obvious signs of
cognitive or neurological impairment when enrolled in the study as
determined by personal interview by clinical personnel of Duke
CHG or ADRC. All individuals included in this study are Cau-
casian. This is a unique resource, and these APOE polymorphisms
have not been tested previously in this sample.

Family sample

Our family sample includes three sets of families: the Collaborative
Alzheimer Project families (ascertained through The Joseph and
Kathleen Bryan ADRC and the CHG at Duke University, and the
University of California at Los Angeles Neuro-psychiatric Insti-
tute), families ascertained by the National Institutes of Mental
Health (NIMH) Alzheimer Disease Genetics Initiative, and families
from the Indiana University Alzheimer’s Disease Center’s National
Cell Repository (IU). All of the families (n =248) include at least
one family member probably or definitely affected with AD [18],
and at least one unaffected family member sampled. Criteria for
AD diagnosis and screening of unaffected relatives were the same
as described above, except for families ascertained by IU who
classified unaffected individuals on the basis of self-report. A total
of 592 affected and 452 unaffected family members were geno-
typed in this study. All individuals were Caucasian.

SNPs and genotyping

A map of the APOE region and SNPs studied is shown in Fig. 1.
The APOE gene structure, transcript information, and protein po-
sitions were extracted from the public Ensembl server (http://
www.ensembl.org). SNP positions were verified by using primers
and/or surrounding sequence data to query the NIH human genome

Fig. 1 Gene structure and relevant features of APOE and sur-
rounding sequences. Features shown include: short interspersed
repetitive elements (SINE), gene transcript and protein information,
potential regulatory regions, regions of conservation, and locations
of single nucleotide polymorphisms (SNPs) studied. The relevant
SNPs are labeled with the dbSNP rs number, as well as the des-

ignation given by Nickerson et al. [3], and in parentheses are the
actual positions, using the original nomenclature in which the po-
sitions are numbered with their position relative to the start of
transcription. SNPs +3937 C/T and +4075 C/T are the classical
APOE alleles
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sequence assembly build No. 34 at UCSC using BLAT [19]. NCBI
dbSNP was queried extensively to identify the official designation
and sequence information for +5361C/T (which lays 1,049 bp
closer to the start of transcription than expected). Using the UCSC
genome browser bioinformatics tools, human and rodent DNA
(Mus musculus and Rattus norvegicus) were aligned to determine
conserved sequences and their regulatory potentials, based largely
on phylogenetic footprinting [20]. Sequences that score high as
potential regulatory regions correlate well with sequences highly
conserved in mammals.

Using the Ensembl and UCSC and NCBI genome browsers as
well as NCBI’s HomoloGene we also looked for synteny between
more distantly related organisms but found no orthologous genomic
regions in any sequenced vertebrate outside of mammals. The
apolipoprotein domain (pfam01442) is conserved in several avian
and teleost species, but we are not aware of any phenotypic model
for AD in these organisms.

Genomic DNA was obtained from the repositories (NIMH, IU)
or isolated from whole blood samples by the Duke CHG DNA
Banking Core using Puregene (Gentra Systems, Minneapolis, Minn.,
USA). The APOE promoter polymorphisms were genotyped using
the 50 nuclease allelic discrimination Taqman assay in a 384-well
format on the ABI Prism 7900HT Sequence Detection System
(Applied Biosystems, Foster City, Calif., USA) as described by
Oliveira et al. [21]. The following probes were developed (all are
oriented 50 to 30): SNP –491A/T (rs449647), ccaggctggtctcaaA/
Tctcctgacc; SNP –427C/T (rs769446), caggcgtgagcCaccgccc and
attacaggcgtgagcTaccgccc; SNP –219G/T (rs405509), agggtgtctgG/
Tattactgggcga; SNP 113G/C (rs44046), tgggaa G/C ccctggcctcca;
and SNP 5361C/T (rs1081106), ccagcttttC/Tattattatt. Primers used
are shown in Table 1 and were developed utilizing the publicly
available MITPrimer3 software [22]. The classical APOE alleles
[corresponding to allele combinations at SNP +3937 (rs429358) and
SNP +4075 (rs7412)] were genotyped as previously reported [2].

Statistical methods

Descriptive analyses

We tested for LD and deviations from Hardy-Weinberg equilibrium
(HWE) using the program Genetic Data Analysis (GDA) [23]. We
report exact tests with 3,200 replications for LD and HWE for
overall cases (unrelated cases plus one case from each family) and
unrelated controls separately. The LD measure D’ was calculated
using the GOLD program [24].

Case-control analyses

To improve statistical power, we selected at random one affected
individual from each family in the family sample to pool with the
unrelated cases for analysis (total number of cases=547, proportion
of unrelated singleton cases=54%). Unaffected family members
were not included in the case-control analysis since their genotypes

are not independent of the family cases. Case-control analyses for
single alleles and for genotypes were conducted using logistic re-
gression from the SAS program (SAS Institute, Cary, N.C., USA,
version 8.1). Exact logistic regression was used for comparisons
with sparse data. Models tested included a genotype-based model
where both genotypes (e.g., AA and Aa) were evaluated versus a
reference genotype homozygous for the more-frequent allele (aa);
and an allele-based model that assumes an additive effect on the log
scale for the alleles (e.g., having no A alleles=0, having one A
allele=1, having two A alleles=2). The genotype- and allele-based
models led to similar conclusions for all comparisons, thus we
present results only from the allele-based models.

To control for possible confounding due to sex and age, we
included sex and age at examination (AAE) as covariates in the
regression analysis. In addition, because we were interested in the
independent effect of the APOE region SNPs, association analyses in
the overall sample were conducted including two terms in the model
to control for the effect of APOE-4 (APOE 4/4, and APOE 4/2 plus
APOE 4/3 combined, versus the reference group of individuals with
no APOE-4 alleles). The presence or absence of APOE-2 also was
included in all models; however, the parameter estimate was not
significant and did not substantially change other parameter esti-
mates, thus the term was dropped from the final analyses.

To assess the association between AD and SNP haplotypes, we
used the program haplo.score, which implements the test proposed
by Schaid et al. [25].

To test for association between the APOE region SNPs and age
at onset (AAO) of AD, AAO for the cases was considered as a
dependent variable within a case-only analysis. To test allelic and
genotype associations, linear regression was performed with AAO
as the dependent variable, with independent variables coded as
above and using the same covariates, using SAS version 8.1. To test
for association between AAO and SNP haplotypes the program
haplo.score was used [25].

Family based association analyses

Analysis of family data was conducted using the pedigree dis-
equilibrium test (PDT) for single-locus tests [26, 27]. In addition,
we used an extension of the PDT, the genotype-PDT (GenoPDT),
to assess association between genotypes and risk of AD in the
family data [28]. To evaluate association between SNP haplotypes
we used the haplotype family based association test (HBAT), an
extension of the FBAT program [29]. Global and single-haplotype
P values for the haplotypic test were based on permutation tests
with 10,000 replicates.

To assess the effect of the APOE region SNPs on AAO in the
families, we used the variance components method implemented in
the QTDT package [30]. Although we tested both the Fulker model
for sibpairs [31] and the orthogonal model for complete pedigrees,
P values are reported for the orthogonal model tests only. P values
for the orthogonal model tests did not differ significantly from the
Fulker model P values. All P values reported are based on 1000
Monte Carlo Markov Chain permutations. For all analyses a
P value of 0.05 or smaller was considered statistically significant.

Results

Descriptive statistics

In the overall case-control set, t -tests revealed a signifi-
cant difference between mean AAE in cases and controls
(mean for cases=74.3, SD€8.41, mean for controls=68.0,
SD€8.86). In addition, the proportion of females was
higher (65.8%) in the case sample than the control sample
(52.0%) (P value<0.001). The proportion of females was
higher in the unrelated singleton cases (37.6%) than in

Table 1 Primers used for identification of APOE region single
nucleotide polymorphisms (SNP). All primers are oriented 50 to 30

SNP Primer

�491 A/T Forward CACGCC TGGCTAACTTTTGT
Reverse CACAGTGGGCGAATCACTTA

�427 C/T Forward TGACCTTAAGTGATTCGCCC
Reverse CTAGGGGGC TGGACAGAAGT

�219 G/T Forward CTCCACATTCCCCTTCCAC
Reverse AGTCCCCAGGAAGGGAGGA

+113 G/C Forward GCTCAGGGGCCT CTAGAAAG
Reverse CTCCTCCTCTCCCCAAGC

+5361 C/T Forward CCACCTTGGCCTCCTGAGTA
Reverse GCAACATATTGAGACCTT GTCTCTACA
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cases from the family sample (26.1%) (P value=0.01)
and the mean age at onset was slightly lower in unrelated
singleton cases (67) versus familial cases (68) (t -test
P value=0.01). However, APOE region SNP genotype
frequencies were not significantly different for any SNP
between unrelated singleton cases and cases from the
family sample (data not shown).

There was no significant evidence for deviation from
HWE for all SNPs except the �219G/T SNP (P =0.008) in
the unrelated controls. Review of genotypes for this
marker did not reveal obvious genotyping errors, and 200
of 202 duplicated samples had exact matches of genotype
calls for this marker (less than 1% error). Furthermore,
–219G/T SNP did not deviate from HWE in unaffected
family members or the overall case sample for this SNP.
Thus it is unlikely that the deviation in unrelated controls
represents substantive genotyping error or HW disequi-
librium in the population. There was significant LD be-
tween the SNPs and classical APOE alleles across the
entire region (Table 2). In addition, several SNPs were in
strong LD with one another.

Case-control analyses

Table 3 shows genotype frequencies in overall cases
(unrelated singleton cases plus one case from each family)
and unrelated controls in APOE-4-positive and APOE-4-
negative subgroups. Genotype frequencies were similar to
those previously reported [6].

Results from significant tests for association between
SNPs and AD in cases and controls are shown in Table 4.
For comparison, the odds ratios (ORs) and associated
95% confidence intervals (CIs) in the overall sample for
having one APOE-4 allele and having two APOE-4 alleles
were OR=4.34, CI=3.19–6.44 and OR=20.78, CI=9.25–
46.7, respectively. We began by testing for association
between the SNPs and disease in the overall sample ad-
justing for the effect of the APOE-4 allele. Only SNP
+5361C/T was found to be associated in the overall
sample after controlling for the effect of APOE-4 status
(Table 4), with the +5361T allele positively associated
with risk of AD (P value=0.04).

As a further examination, we tested the SNPs for as-
sociation in groups of cases and controls stratified by
APOE genotype: APOE-4/3 and APOE-3/3 (Table 4).

Table 2 Pairwise linkage dis-
equilibrium (top of diagonal—
exact test P values; below di-
agonal—D’ values) in the
overall case sample (n =547)
and unrelated controls (n =298)

Overall cases

�491AT �427CT �219GT +113CG APOE +5361CT
�491AT 0.10 0.02 <0.00001 <0.00001 0.46
�427CT 0.663 0.12 0.42 0.007 0.74
�219GT 0.244 0.112 <0.00001 <0.00001 <0.00001
+113CG 0.187 0.359 0.979 <0.00001 0.02
APOE 0.361 0.110 0.502 0.408 <0.00001

+5361CT 0.600 0.675 0.984 1.00 0.702

Unrelated controls

�491AT �427CT �219GT +113CG APOE +5361CT
�491AT 0.02 0.13 0.0006 <0.00001 0.03
�427CT 0.998 0.39 0.10 <0.00001 0.14
�219GT 0.256 0.157 <0.00001 <0.00001 <0.00001
+113CG 0.309 0.123 0.981 <0.00001 <0.00001
APOE 0.304 0.276 0.363 0.295 0.37

+5361CT 0.998 0.995 0.999 0.999 0.384

Table 3 APOE genotypic SNP
percentages in overall cases
and controls and by APOE
genotype subgroups

SNP Genotype Overall APOE-4-positive APOE-4-negative

Cases Controls Cases Controls Cases Controls

(n =547) (n =298) (n =376) (n =78) (n =171) (n =220)

�491A/T A/A 77.33 66.78 85.90 80.77 58.48 61.82
A/T 20.84 28.19 14.10 16.67 35.67 32.27
T/T 1.83 5.03 0.0 2.56 5.85 5.91

�427C/T C/C 0.73 1.34 0.80 1.28 0.58 1.36
C/T 12.07 17.45 11.70 15.38 12.87 18.18
T/T 87.20 81.21 87.50 83.33 86.55 80.45

�219G/T G/G 18.10 28.19 10.11 10.26 35.67 34.55
G/T 48.08 48.32 49.73 62.82 44.44 43.18
T/T 33.82 23.49 40.16 26.92 19.88 22.27

+113C/G C/C 5.67 16.78 0.53 0.0 16.96 22.73
C/G 36.56 38.93 31.91 32.05 46.78 41.36
G/G 57.77 44.30 67.55 67.95 36.26 35.91

+5361C/T C/C 0.0 0.34 0.0 0.0 0.0 0.45
C/T 9.51 19.13 5.59 12.82 18.13 21.36
T/T 90.49 80.54 94.41 87.18 81.87 78.18
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There were too few controls with APOE-4/4 genotype and
too few individuals carrying APOE-2 to allow for
meaningful inference in these strata. Significant evidence
for association was found only in the APOE-4/3 stratum,
with SNP +5361T again showing positive association
with risk (exact P value=0.02). Although it did not reach
our nominal significance level, SNP +113C was close to
significant (exact P value=0.06) in this stratum. Since we
observed significant results in APOE-4/3 individuals and
not in individuals with APOE-3/3, we also tested for in-
teraction between the APOE SNPs and the APOE-4 allele;
however, no significant interaction was detected.

Because others have shown that the promoter
SNPs have effects limited to cases with very late-onset
AD [6, 12], we also tested for association in cases
with AAO�80 years and age-matched controls with
AAE�80 years. Of the 55 cases with AOO��80 years,
43 (78.2%) were unrelated singleton cases. We found
alleles +219 T and +113 C to be significantly positively
associated with AD (exact P values=0.009 and 0.03, re-
spectively), after adjusting for the effect of APOE-4
(Table 5). SNP +5361C/T, which was significant in the
overall case-control analysis, did not reach our nominal
significance level of 0.05 in the age �80 years subgroup;
however, the P value of 0.06 was close to significant and
the trend was the same with +5361T being more frequent
in cases than controls. Although we also tested for asso-
ciation in other age groups (70–79, 60–69, and <59), the
AAO �80 years group was the only age group that
showed significant results for any markers.

In the overall dataset, haplotype analysis of all five
SNPs and the classical APOE alleles simultaneously re-
vealed significant associations between several haplo-
types and AD (Table 6). However, the only haplotypes
that were positively associated with disease contained
APOE-4. Thus, the haplotype analysis revealed no evi-
dence of positive association with AD risk beyond the
effect of APOE-4. Further analyses at the five APOE
SNPs in samples stratified by genotype at the classical
APOE locus (APOE-4/3and APOE-3/3) showed no dif-

Table 4 Case-control association analyses: overall and stratified by APOE genotype. All results are adjusted for sex and age at exami-
nation. Only significant results are shown (OR odds ratio, CI confidence interval)

Group Sample size SNP Positively
associated
allele

OR 95% CI P value*

Overall (adjusted for APOE-4) 547 cases (9.5% C allele carriers, n =52)
298 controls (19.5% C allele carriers, n =57)

+5361 T 1.63 (1.03–2.60) 0.04

Group Sample size SNP Positively
associated
allele

OR 95% CI P value**

Stratified by APOE genotype +5361 T 3.21 (1.17–8.76) 0.02
APOE-4/3 260 cases (7.7% C allele carriers, n =20)

64 controls (15.6% C allele carriers, n =10)
APOE-3/3 148 cases

178 controls
None significant

*Asymptotic normal P value
**Exact test P value

Table 5 Case-control associa-
tion analyses stratified in cases
with age at onset (AAO)
�80 years and controls with age
at examination (AAE)
>80 years. All results are ad-
justed for sex and APOE status
and are based on exact logistic
regression. Only significant re-
sults shown

Group Sample size SNP Positively
associated allele

OR 95% CI P value

Age 80 years
or greater

55 cases
27 controls

�219 a T 3.51 (1.31–10.95) 0.009
+113 b C 3.21 (1.12–10.67) 0.03

a Case/control frequencies (numbers) for �219: G/G 16.4 (9)/55.6 (15), G/T 56.4 (31)/29.6 (8), 27.3
(15)/14.8 (4)
b Case/control frequencies (numbers) for +113: G/G 43.6 (24)/59.3 (16), G/C 47.3 (26)/25.9 (7), C/C
9.1 (5)/14.8 (4)

Table 6 Overall case-control and family based haplotype associa-
tion analyses. Only significant results are shown

Analysis
set

Haplotypea Estimated
frequency

Direction of
associationb

P value

Case-control
A-T-T-G-4-T 0.219 + <0.001
A-T-G-G-4-T 0.073 + <0.001
A-T-G-G-3-T 0.230 � 0.035
A-T-T-C-3-T 0.169 � <0.0001
T-T-T-C-3-T 0.071 � <0.0001
A-T-G-G-3-C 0.062 � <0.0001
T-T-G-G-2-T 0.031 � 0.004

Family based
A-T-T-G-4-T 0.258 + <0.00001
A-T-G-G-4-T 0.073 + 0.0002
A-T-T-C-3-T 0.168 – 0.0002

a Haplotypes indicated by SNP alleles with markers in the order:
�491A/T, �427C/T, �219G/T, +113C/G, APOE alleles 2/3/4,
+5361C/T
b Direction is + if haplotype is positively associated with AD and –
if haplotype is negatively associated with AD
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ferences in haplotype frequencies between cases and
controls.

To explore whether these polymorphisms have any
effect on AAO of AD, we tested for association in the
overall case sample (unrelated cases and one randomly
selected case from each family). We found no evidence of
association with any of the APOE region SNP alleles,
genotypes or haplotypes and AAO of AD in the overall
case sample or the sample stratified by APOE genotype.

Family based analysis

For comparison, the P values for the classical APOE
alleles in the overall family group using the PDT were
P =6�10-7 for APOE-2, P =1�10-9 for APOE-3, and
P =2�10-13 for APOE-4, with an overall global test P
value of 6�10-17.

Because of the strong LD between the APOE region
SNPs and the classical APOE alleles, we conducted
analysis using a conditional PDT test. This test is con-
ducted by considering only family members with the
same genotype at the APOE locus to control for possible
confounding by the classical APOE alleles. The condi-
tional PDT conducted conditioning on APOE-3/3 geno-
type and APOE-4/3 genotype yielded no significant re-
sults. This suggests that no detectable independent effect
of the APOE region SNPs exists in these families. Con-
ditioning on other genotypes was not conducted because
of small numbers of families in these strata.

Haplotype association analyses, considering all five
SNPs and the APOE locus, were conducted in the overall
family sample (Table 6). Global tests of expected haplo-
type frequencies transmitted to affected offspring versus
observed values revealed a significant association be-
tween the six-marker haplotype and AD, as expected
(P value <0.0001). Similar to the case-control analyses, in
the overall family group, only haplotypes containing the
APOE-4 allele were positively associated with AD.
Analyses in APOE-4/3 and 3/3 genotype strata showed no
association with AD. Examination of the haplotype
analyses reveals similar frequencies and patterns of as-
sociation in family and case-control analyses.

Association between AAO of AD and APOE region
SNPs was assessed in families using a conditional QTDT
test, with sex as a covariate. As in our PDT analyses, we
considered only family members with the same APOE
genotype. No SNPs showed any association with age at
AD onset.

Discussion

We have conducted a comprehensive analysis of five
APOE polymorphisms in both case-control and family
based samples. One SNP, SNP +5361C/T, showed evi-
dence of association when we accounted for the APOE-4
allele in the case-control analysis. Interestingly, this
polymorphism showed no evidence of association in in-

dividuals without an APOE-4 allele. This was demon-
strated by the lack of association among cases and con-
trols carrying an APOE-3/3 genotype, and further sup-
ported by the haplotype analyses, which found positive
association only for haplotypes carrying APOE-4. This
suggests the possibility of interaction between the SNPs
and APOE-4, so that the SNPs only influence risk if an
individual carries APOE-4; however, statistical tests for
interaction were not significant.

Despite the association with SNP +5361 in the case-
control analysis, we were not able to demonstrate an ef-
fect independent of APOE-4 in our family-based analysis.
There are several possible explanations for this discrep-
ancy. One possibility is that this polymorphism really
does have a modest effect on AD risk, but we had suffi-
cient power to detect the association only in the case-
control analysis. Our case-control analysis would be ex-
pected to be more powerful than the family based anal-
ysis, not only because unrelated controls may provide
more power [32], but also because we pooled independent
family cases and unrelated singleton cases to practically
double the size of the case sample. Notably, the results
were not significant when only unrelated singleton cases
were used.

Another possible explanation for the discrepancy be-
tween family and case-control analysis results is that there
really is no independent effect of these APOE polymor-
phisms, and the significant case-control result is a random
false-positive result. Given the number of different anal-
yses that we conducted (case-control and family based
over multiple markers and data stratifications), the most
significant P value of 0.009 is not overwhelmingly sig-
nificant and may simply have resulted by chance. Al-
though many of our tests are correlated making an ad-
justed significance level difficult to calculate, we have
conducted more than five independent tests (considering
our AAO stratifications alone), thus even a liberal cor-
rection for the number of independent tests would make
this result non-significant. Replication will be required to
provide further support that these are not random false-
positive findings.

A third possibility is that the case-control result is false
positive due to population stratification. Examination of
the allele and haplotype frequencies between singleton
cases and cases from families used in the case-control
analyses did not reveal significant differences, thus
combining family and singleton cases in the case-control
tests is unlikely to have lead to excessive false-positive
results. However, though we have been careful to sample
a well-matched set of unrelated cases and controls,
composed entirely of Caucasians ascertained at the Duke
ADRC and CHG, we cannot completely rule out hidden
population stratification as a factor.

To our knowledge, the +5361 SNP has not been
studied for association with AD. This SNP lies in a
downstream regulatory region, at the end of a potential
enhancer region identified by using the 2 and 3-Way
Regulatory Potential tools [20], and although it has no
known functional significance the SNP may affect AD
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risk by influencing gene expression. Alternatively, our
significant finding of association with this SNP may be
due to LD between this SNP and an untested polymor-
phism, in the regulatory region or gene itself, that is re-
sponsible for the increase in risk. Further studies of this
polymorphism and others in LD with it will be required to
determine the underlying biological mechanism.

The other four SNPs that we tested have been exam-
ined in several studies. Bullido and Valdivieso [9] found
association with +113C/G in AD cases and controls, and
reported an increase in risk conferred by the +113 C allele
and the +113-C/G genotype in APOE-4-negative indi-
viduals. Our analyses for +113C/G were not statistically
significant, although the tests had P values of 0.06 in
APOE-4/3 individuals and the AAO�80 years group,
with the +113 C allele more frequent in cases than con-
trols in both analyses. Other studies have reported asso-
ciation with AD independent of APOE-4 with each of the
promoter SNPs that we studied (-491A/T, �427C/T, and –
219G/T) [6, 7, 10, 14, 33, 34], but results have been in-
consistent. We found no association with any of these
polymorphisms and AD when we accounted for the
known effect of the classical APOE alleles.

Our study has the advantage of having both a large set
of unrelated cases and controls and a large, well-charac-
terized family sample, thus our analyses should have
comparable power to the other studies. To explore our
statistical power to detect allele frequency differences
between cases and controls, we estimated power at each
marker. We considered power for the additive logistic
regression model for SNP alleles adjusting for the number
of APOE-4 alleles. The correlation between APOE-4 and
SNP allele covariates in the model was specified by es-
timating the amount of LD. These power calculations
show that we should have had 80% power to detect a
minimum allele frequency difference between cases and
controls ranging from 0.044 to 0.088 for the different
SNPs. If the SNPs have more subtle effects leading to
smaller allele frequency differences we may have not
been able to detect the effect. However, these power
calculations suggest that it is unlikely that these poly-
morphisms have a substantial effect in our overall sample.

Perhaps most interesting was our finding of association
in the very late-onset AD cases (AAO �80 years). Since
risk of AD due to APOE-4 is strongest in individuals with
AAO between 60 and 70 years [1], it is this very late onset
AD that must be explained by other factors. Our findings
are consistent with those of Lambert et al. [6], who re-
ported increased risk, independent of APOE genotype,
conferred by the –219 T/T genotype was limited to in-
dividuals with AAO greater than 80 years. Heijmans et al.
[12] reported significant positive association of the –219
T allele with risk of dementia in a cohort study of Cau-
casian individuals aged 85 years and older with APOE-3/3
genotype, showing the �219G/T polymorphism confers
excess risk of dementia independent of APOE-4 in this
older sample. We also found an association with AD and
+113C/G in the AAO�80 years subgroup, but not in in-
dividuals with earlier onset. This could indicate a direct

effect of the +113C/G polymorphism on very late-onset
AD, but also could result from the strong LD between this
SNP and –219G/T.

In conclusion, our failure to replicate previous findings
of association with APOE promoter polymorphisms in our
large case-control and family samples suggests that these
polymorphisms do not have a strong effect on risk of
general late-onset AD in American Caucasians. We did,
however, find modest evidence of association of the
+5361 SNP after adjusting for APOE status. Although it is
likely that the effect on risk independent of the classical
APOE alleles is small, this result suggests that it may be
worthwhile for future studies to examine this SNP and
other polymorphisms in upstream regulatory regions.
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