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613 A High-Density Whole-
Genome Association Study
Reveals That APOE Is the
Major Susceptibility Gene
for Sporadic Late-Onset
Alzheimer’s Disease.

In This Issue:
Entering the Era of High-Density
Genome-Wide Association Studies

n a previous issue of The Journal of Clinical Psychiatry, my colleagues
and I reviewed progress in the genetic, transcriptomic, and proteomic

study of Alzheimer’s disease (AD).1 In this issue, we report initial findings from
the first genome-wide survey of more than 500,000 single nucleotide polymor-
phisms (SNPs) in late-onset AD cases and controls. This study provides empiri-
cal support for the unparalleled contribution of the apolipoprotein E (APOE)
gene to the risk of late-onset AD, it demonstrates the promise of increasingly
high-density genome-wide association studies in the discovery of previously elu-
sive susceptibility genes for AD and other common phenotypes, and it under-
scores some of the methodological challenges that remain to be addressed in this
important endeavor.

Besides older age, the APOE ε4 allele is by far the best established risk factor
for late-onset AD. Located on chromosome 19, the APOE gene has 3 common
variants, ε2, ε3, and ε4, which give rise to 6 possible genotypes: ε2/ε2, ε2/ε3, ε3/
ε3 (the most common genotype), ε2/ε4, ε3/ε4, and ε4/ε4. Each additional copy
of the ε4 allele in a person’s APOE genotype is associated with a higher risk of
late-onset AD and a slightly younger median age at dementia onset.2,3 (Con-
versely, the ε2 allele is associated with a decreased risk of AD and an older me-
dian age at dementia onset. 3)

Twin studies suggest that there are several other susceptibility genes that,
along with APOE variants, could account for as much as 80% of the risk for late-
onset AD.4 Discovery of the remaining AD susceptibility genes could help im-
prove our understanding of the molecular basis of AD, inform the discovery of
new treatments, distinguish AD subtypes in clinically meaningful ways (includ-
ing the response to treatment), and identify the persons most likely to benefit
from future prevention therapies. Unfortunately, the other late-onset AD suscep-
tibility genes have been elusive. As recently noted, there have been almost a
thousand reports implicating or refuting hundreds of putative susceptibility
genes for late-onset AD.5 The problem is not unique to AD: geneticists have
struggled to find susceptibility genes for most common polygenic phenotypes,
including all of the common psychiatric disorders.

One limitation has been the paucity of genetic markers available to read the
entire genome, for these markers have not been close together enough to make
inferences about the SNPs that reside between them. It has been proposed that at
least 300,000 SNPs across the genome would be needed to perform genome-
wide association studies in unrelated cases and controls.6 New technologies now
permit the simultaneous assessment of more than 300,000 SNPs; they will very
soon permit the assessment of more than a million SNPs, and the numbers con-
tinue to grow. Another limitation may be inaccuracies in the classification of
cases and controls. At autopsy, about 10% of clinically characterized AD patients
may not meet neuropathologic criteria for AD and about a third of elderly per-
sons without clinically significant cognitive impairment may have neuropatho-
logic features of the disorder at autopsy. In this report, we surveyed about
500,000 SNPs across the genome in more than one thousand clinically character-
ized and neuropathologically confirmed AD cases and controls. Since the APOE
variants are not represented on the genotyping platform used in this survey (but
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were assessed independently), we sought to determine if
there were any surveyed SNPs sufficiently close to the
APOE variants to detect an association with AD.

In this study, AD was highly associated with a SNP
right next-door to (i.e., 14 kilobase pairs away from) the
APOE ε4 allele. The association was extraordinarily sig-
nificant (p value = 1 × 10–39 for this SNP and 1 × 10–44 for
the neighboring APOE ε4 allele itself), and it was much
more significant than that with every other surveyed SNP
in the human genome. Still, the association with APOE
would have been missed were it not for a single SNP in the
genotyping platform, indicating the need for significantly
higher-density genotyping platforms to avoid missing rel-
evant variants between any 2 consecutive markers.

This study has several important implications. First, it
provides empirical support for the notion that the APOE
ε4 allele is unparalleled in its contribution to AD risk and
for the need to develop more sophisticated approaches to
identify and confirm the remaining AD susceptibility
genes. Second, it demonstrates the value of studying clini-
cally characterized and neuropathologically confirmed
AD cases and controls, it clarifies the odds ratios for each
APOE genotype in a Caucasian population, and it shows
an even higher association with APOE ε4 gene dose (i.e.,
the number of ε4 alleles in a person’s APOE genotype) in
this population than those studies that did not require neu-
ropathologic criteria for the classification of each subject
group. Third, it welcomes us to the era of high-density ge-
nome-association studies in unrelated AD cases and con-
trols while, as previously noted, indicating the need for
even higher-density genotyping platforms, which con-
tinue to be developed at a rapid pace. Finally, this study
demonstrates the need to address several other challenges
in the genetic study of AD.

To identify the remaining susceptibility genes for late-
onset AD, and those for other common and genetically
complex phenotypes, researchers will need to perform ul-
tra-high-density genome-wide association studies in an
even larger number of cases and controls and to confirm
new findings in independent samples. (It was difficult to
find a very large group of expired elderly controls con-
firmed to be clinically and neuropathologically unaffected

by AD for this purpose. New fibrillar amyloid imaging
techniques could be used in living persons to identify a
larger number of AD patients and elderly control subjects
with and without AD neuropathology for genetic studies.)
As we have previously suggested,7,8 more sophisticated
ways are also needed to analyze the wealth of data gener-
ated in genome-wide association studies of AD. For in-
stance, there is a need to better account for differences in
genetic background, account for the contribution of dif-
ferent SNPs within the same gene, and investigate the
combined contribution—not just the individual contribu-
tion—of different SNPs.

As researchers enter the era of ultra-high-density
whole-genome association studies, the use of compound
genetic analyses in sufficiently large samples of well-
characterized cases and controls could provide the best
way to solve the genetic mysteries of AD, common psy-
chiatric disorders, and a range of other important medical
problems.
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The Alzheimer’s Association International Conference
on the Prevention of Dementia

will be held
June 9–12 in Washington, D.C.

About 1500 basic and clinical scientists, professional
caregivers, and public policy experts will meet to present
original findings and stimulate discussion. This multi-
disciplinary conference will address progress in the dis-
covery of genetic and nongenetic risk factors; promising
strategies for early detection, tracking, and diagnosis;
and advances in treatment and primary prevention.

For more information, please contact www.alz.org/prevention.
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