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Abstract
Until recently, the search for genes contributing to Alzheimer's disease (AD) had been slow and
disappointing, with the notable exception of the APOE ε4 allele, which increases risk and reduces
the age at onset of AD in a dose-dependent fashion. Findings from genome-wide association
studies (GWAS) made up of fewer than several thousand cases and controls each have not been
replicated. Efforts of several consortia—each assembling much larger datasets with sufficient
power to detect loci conferring small changes in AD risk—have resulted in robust associations
with many novel genes involved in multiple biological pathways. Complex data mining strategies
are being used to identify additional members of these pathways and gene–gene interactions
contributing to AD risk. Guided by GWAS results, next-generation sequencing and functional
studies are under way with the hope of helping us better understand AD pathology and providing
new drug targets.
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Introduction
Early genetic studies of Alzheimer's disease (AD) focused primarily on families displaying
autosomal dominant inheritance of the disorder and used linkage-based tests to identify
genetic regions harboring disease-causing mutations. These efforts pinpointed discrete
regions on chromosomes 1 [1], 14 [2, 3], and 21 [4] and facilitated the eventual
identification of mutations in the culprit genes in each of these regions, specifically those
encoding presenilin 2 (PS2) [5], presenilin 1 (PS1) [6], and amyloid precursor protein (APP)
[7], respectively. Collectively, mutations in these genes account for fewer than 1% of AD
cases in the population and are associated with onset of disease symptoms generally between
ages 30 and 60 years [8]. Despite their rarity, subsequent studies of these mutations in

© Springer Science+Business Media, LLC 2011
Correspondence to: Lindsay A. Farrer, farrer@bu.edu.
Disclosure No potential conflicts of interest relevant to this article were reported.

NIH Public Access
Author Manuscript
Curr Psychiatry Rep. Author manuscript; available in PMC 2012 April 1.

Published in final edited form as:
Curr Psychiatry Rep. 2011 April ; 13(2): 138–146. doi:10.1007/s11920-011-0184-4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



cultured cells and animal models greatly increased our understanding of AD pathogenesis
[9]. Successful identification of genes for early-onset AD emboldened several research
teams to use linkage approaches to search for genes causing the more common late-onset
form of AD. These studies were conducted before high-density maps of single nucleotide
polymorphisms (SNPs) were available and relied on relatively sparse microsatellite marker
coverage across the genome. Although evidence for linkage was obtained at many locations
throughout the genome, the most consistently replicated regions were on chromosomes 6, 9,
10, 12, and 19 [9]. The linkage peaks were generally very broad and contained biologically
plausible candidate genes with supporting evidence from candidate gene association studies,
including APOE, A2M, LRP1, GAPD, IDE, PLAU, CTNNA3, GTSO1/GTSO2, and UBQLN
[9, 10]. Disappointingly, APOE is the only gene among this group that has been clearly
established as a genetic risk factor for late-onset AD, and it should be noted that linkage
studies—rather than a candidate gene approach—led to its association with AD [11]. These
linkage studies were conducted in a wide range of ethnic groups and were subject to the
limitations of linkage analysis to varying degrees, including low resolution, locus
heterogeneity, and insufficient sample size. Given these caveats, it is not surprising that
subsequent fine-mapping and candidate gene studies largely failed to identify the causal
variants contributing to the linkage peaks.

Candidate Gene Studies
As of September 2010, the Alzheimer Disease Forum in the AlzGene database [12]
(http://www.alzforum.org/res/com/gen/alzgene) had curated information from 1,375
candidate gene and genome-wide association studies (GWAS) about 664 candidate genes.
Among the genes implicated by hypothesis-driven approaches, none of the associations have
been consistently replicated (as discussed above, APOE was a positional candidate). Several
reports summarized by Ertekin-Taner [10] indicate possible reasons for the lack of
replication of genetic results across studies, including 1) initial false-positive results
followed by lack of replication; 2) lack of adequate power to detect or replicate an
association result because of sample size (false negatives); 3) lack of informative markers at
the locus; 4) locus heterogeneity (different genes underlying the same AD phenotype); and
5) clinical heterogeneity (multiple clinical subtypes associated with different sets of
susceptibility genes). Lack of consistency across studies may also be attributed to intralocus
(ie, allelic) heterogeneity. An example of this phenomenon is SORL1, for which there is
compelling evidence for two discrete, biologically relevant variants, even in the same
population sample [13]. Incidentally, at the time of this writing, SORL1 is the top-ranked
gene identified as a biological candidate in the AlzGene database.

One of the limitations of gene association studies—which may explain in part the disparate
findings across studies—is that they are very sensitive to allele frequencies. Results may be
biased if the control group has allele frequencies that are not representative of the population
from which the patient population is drawn. Spurious associations that are related to some
extraneous factor unrelated to disease are more likely to be detected in unrelated case-
control samples than in studies of families [14]. These biases can be minimized by studying
gene associations within families. Second, it is likely that genes other than APOE will not
individually account for much genetic variance of disease risk; therefore, some may be
difficult to detect and consistently replicate in outbred populations. The most robust
associations likely will be detected in multiple ethnically diverse populations, as exemplified
by findings for APOE [8], SORL1 [13], and ACE [15, 16].
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Genome-Wide Association Studies
The advent of affordable, commercially available microarray chips containing up to 1.2
million SNPs heralded the GWAS era. This technology overcame several limitations of
linkage and candidate gene studies. First, precision of gene searches was greatly increased.
Second, SNP panels used in GWAS potentially contain the actual causal variants, whereas
non–gene-based microsatellite marker panels used for linkage studies generally do not.
Third, the GWAS approach is agnostic with respect to biological mechanisms underlying the
disease and hence has an advantage over candidate gene studies, the success of which
depends on correct knowledge about the pathways leading to disease. There are many
instances of robust associations identified by GWAS with genes that were non-obvious
candidates based on contemporary knowledge of the disease pathophysiology [17, 18].
Fourth, an investigator may correctly hypothesize the genetic mechanism for the disease but
fail to detect association using a candidate gene approach if the risk variant is outside the
coding or presumed regulatory regions, as was exemplified by a GWAS for prostate cancer
in which several robustly associated and potentially functional SNPs are located in a “gene
desert” between two oncogenes, FAM84B and c-MYC [19].

The advantage afforded by the huge number of markers tested in GWAS is also the source
of the primary shortfall of this approach: there will almost always be apparently
“significant” findings when several hundred thousand or more tests are performed, and
nearly all of them will be false-positive results. Generally, researchers attempt to limit the
number of false positives by setting stringent P value thresholds for significance (generally
5×10−8 in Caucasians), although there are several examples of associations exceeding this
threshold that were never subsequently replicated, including many in the AD GWAS
discussed below. Unfortunately, this stringent significance threshold greatly increases the
probability of false negatives.

Since 2007, there have been 10 published GWAS of AD performed by individual research
teams reporting on nine distinct datasets. A broad range of sample sizes and ethnic groups is
represented in these studies [20–29], which are summarized in Table 1. Although all but one
of these studies confirm the APOE region signal on chromosome 19, collectively, few novel
AD risk genes were identified, and nearly all these findings were not confirmed in
independent samples. The first AD GWAS evaluated association with a panel of about
17,000 coding SNPs and used a two-stage genotyping protocol [20]. The first stage analyzed
SNPs in two pools of DNA from AD cases and controls, respectively, and SNPs that showed
the greatest difference in pooled allele frequency between cases versus controls were
genotyped in subjects individually in the second stage. Except for SNPs in the association
peak near APOE, none of the results remained significant after follow-up, perhaps due to the
sample size, poor sensitivity of some assays for allelotyping in pooled DNA samples, or the
less stringent significance threshold used to identify SNPs for follow-up. This method can
greatly reduce the cost of genotyping but requires careful standardization of the DNA
concentration in each pool in order to avoid bias. Coon et al. [22] were also unable to detect
novel genome-wide significant findings in their GWAS of a cohort using a much denser
panel of SNPs. A subsequent analysis of this dataset revealed significant association with
haplotypes in GAB2 among individuals who had one or more APOE ε4 allele [28]. GAB2 is
the principal activator of the phosphatidylinositol-3-kinase signaling pathway in T cells,
which activates a pathway that ultimately suppresses tau phosphorylation [30]. Although
these results require replication before they can be firmly accepted, they are particularly
interesting because they are in accord with evidence from neurobiological studies
implicating tau protein-related processes in AD. Also, it was shown recently that the
protective haplotype identified previously is associated with higher glucose metabolism in
areas of the brain affected by AD in cognitively normal APOE ε4 homozygotes [31].
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Abraham et al. [24], using a two-stage genotyping protocol, identified an SNP in LRAT after
individual genotyping with near genome-wide significance, but this result has not been
replicated in subsequent studies. Bertram et al. [21] applied family-based association tests
and also jointly tested association of markers with the risk and age at onset of AD in a
dataset of small nuclear families. Genome-wide significant associations were identified in
APOC1 adjacent to APOE and ATXN1, two predicted genes on chromosomes 14 and 19, and
a noncoding RNA on chromosome 18. The SNPs on chromosomes 14 and 19 showed
evidence for association in their replication sample, with the former driven by age at onset
and the latter with similar evidence from age at onset and presence of AD. The most
noteworthy results in the Li et al. [23] study were the findings for three SNPs among the 120
most significant associations in their discovery set that were replicated in an independent
sample; however, none of these results attained genome-wide significance. Two of these
SNPs are located on chromosome 9, one in the gene encoding GOLPH2, which mediates
protein transport through the Golgi apparatus, and one in an intergenic region near a
noncoding RNA. The third SNP is located on chromosome 6 between genes encoding an
adenosine triphosphate–ase (ATP8B4) and a fatty acid transporter (SLC27A2).

Carrasquillo et al. [25] identified genome-wide significant association with an SNP in
protocadherin 11, X-linked (PCDH11X), a member of a sex-specific family of calcium-
dependent cell adhesion and recognition proteins that function in central nervous system
development. This finding has not yet been confirmed. Inexplicably, the association was
significant in females in a dose-dependent manner but not in hemizygous males. Beecham et
al. [26] did not observe any Bonferroni-adjusted, genome-wide significant results outside the
APOE region in a relatively small discovery sample of slightly less than 500 cases and 500
controls. However, they highlighted a result for a vitamin D receptor SNP that was
significant according to a relatively liberal false-discovery rate threshold of 0.17 and was
also nominally significant in an independent replication sample. In a subsequent study, these
investigators obtained a promising result with an intronic SNP in MTHFD1L, which was
subsequently boosted to a genome-wide significant level with an enlarged dataset of more
than 900 cases and 1100 controls [32]. Poduslo et al. [27]compared data for more than
500,000 SNPs from nine AD cases in two extended families with 70 controls, including 10
unaffected family members and 60 unrelated individuals in the Centre Etude Polymorphism
Humain (CEPH) reference panel. They observed association (P≤3.1×10-9) with six SNPs in
TPRC4; however, the significance of these findings is greatly inflated because the analysis
ignored the familial relationships among the AD subjects and potential bias due to
genotyping differences between the AD cases and CEPH controls.

A recently published AD GWAS used a unique sample of AD cases and controls from a
genetically isolated and highly inbred population of Israeli-Arabs with has an unusually high
prevalence of AD despite having a lower frequency of the APOE ε4 alleles than other
Caucasian populations [33]. To overcome the limitations inherent to the small sample size
(124 cases and 142 controls), Sherva et al. [29] focused the initial association tests on
regions containing long stretches of homozygosity and, hence, recessive AD susceptibility
loci that are presumably rare in outbred populations. As expected, a relatively high degree of
inbreeding was observed. However, there was also evidence of extensive admixture and
population stratification, indicating that the population is not as isolated as was presumed.
Even more surprising, the excess homozygosity was significantly greater in controls.
Although none of the SNPs in regions of homozygosity were significantly associated with
AD after multiple test correction, several interesting candidate genes were identified in these
regions, including AGER, AGPAT1, and APBA1. Analysis of the genome-wide data revealed
AD associations with SNPs in three other genes (ATP6V0A4, TMEM132C, and GLOD4) and
an intergenic region between RGS6 and DPF3 (at P<10-5), and these findings were
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nominally replicated in several other GWAS datasets. Nonetheless, associations with these
loci do not explain the increased disease prevalence in this population.

In general, the results from this group of GWAS were very discouraging and questioned not
only the utility of this approach in AD but also the assumption that genes other than APOE
exert independent effects on AD risk. In other words, the high heritability of AD [34] may
be explained by many and potentially complex interactions among many genes. However,
experience from GWAS for other diseases suggests that failure to obtain robust results may
be a matter of sample size. In other diseases in which GWAS have been successful (eg, type
2 diabetes, breast cancer), sample sizes between 5,000 and 10,000 cases were required to
detect risk variants with small effects on disease risk (ie, ORs≤ 1.2). By comparison, the
largest of the AD GWAS described above [21] had fewer than 3000 cases. Lack of
consistent results across studies also may be attributed to variable definitions of cases and
controls, subject ascertainment (eg, community-based samples are typically older than
clinic-based populations; case status in autopsy series is determined by neuropathological
findings compared with samples of living individuals, in whom case status is based on
cognitive assessment and brain imaging), and SNP genotyping platforms and microarray
chips.

Consortium Efforts
Recently, several consortia have been formed to combine AD GWAS datasets to increase
power for detection of association and to standardize phenotype definitions, quality control
procedures for genotype data, and statistical analysis methods (Table 2). The relative
enormity of these study populations has enabled the creation of optimally sized discovery
and replication datasets. However, the aggregation of studies with different recruitment
protocols, genetic backgrounds, genotyping platforms, and SNP chips increases the
possibility of false-positive and false-negative results. The common approach to minimize
these errors is to analyze each dataset independently and combine the results across datasets
using meta-analysis procedures that can account for differences in sample size and strength,
and direction of the SNP effects on disease risk.

In 2009, two groups simultaneously published the results from their large consortia efforts
[35•, 36•]. The Genetic and Environmental Risk in Alzheimer Disease (GERAD)
Consortium established a discovery dataset including 3,941 cases and 7,848 controls
ascertained at multiple locations in the United Kingdom, and a replication dataset including
2,023 cases and 2,340 controls obtained from cohorts in Germany, Belgium, Greece, and the
United States [35•]. The European Alzheimer Disease Initiative (EADI) Consortium
grouped AD GWAS cohorts from several countries in Europe into a discovery dataset
including 2,032 cases and 5,328 controls from France, and a replication dataset including
3,978 cases and 3,297 controls from Italy, Spain, Belgium, and Finland [36•]. Both studies
identified genome-wide significant association with SNPs in clusterin (CLU), also known as
APOJ. Genome-wide significant associations were also reported for phosphatidylinositol-
binding clathrin assembly protein (PICALM) by the GERAD Consortium [35•] and
complement component (3b/4b) receptor 1 (CR1) by the EADI Consortium [36•]. Lambert
et al. [36•] estimated the population-attributable risks for three of the primary AD genes to
be 25.5% (APOE), 8.9% (CLU), and 3.8% (CR1). However, these estimates are inflated
because they were calculated from cohorts likely to show much stronger effects for these
loci (ie, the “winner's curse,” the tendency for the significance and effect size of results in a
moderately powered discovery sample to be inflated simply because they were significant)
that are not representative of the general population.
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A total of 394 cases and 12,850 controls from 4 of the 6 large, prospective, community-
based cohort studies participating in the Cohorts for Heart and Aging Research in Genetic
Epidemiology (CHARGE) Consortium (http://web.chargeconsortium.com) formed the
discovery stage of a third large GWAS for AD [37]. The discovery sample also included
datasets from two of the previously published GWAS [22, 25]. Subsets of the GERAD and
EADI datasets were used for replication. This GWAS identified highly significant
associations with two new loci. Two SNPs (rs7561528 and rs744373) in one of these loci,
the bridging integrator (BIN1) gene, were among the top subgenome-wide significant
findings in the previous GERAD study [35•]. In the combined datasets, the evidence for
association with rs744373 surpassed genome-wide significance. These investigators also
reported genome-wide significant association with SNP rs597668 in the APOE region near
BLOC1S3. This association remained significant after adjusting for APOE ε4 status,
suggesting that the effect of this gene is independent of APOE.

The Alzheimer's Disease Genetics Consortium (ADGC) (http://alois.med.upenn.edu/adgc)
confirmed associations of AD with SNPs in CLU, PICALM, and CR1 by meta-analysis of 9
Caucasian datasets independent of the previous reports comprising 5,686 cases and 5,852
controls [38]. Further analysis of these data showed that the effect of PICALM on AD risk is
greater among APOE ε4 carriers. None of the tested SNPs were significantly associated with
AD in modest samples of African Americans, Caribbean Hispanics, or Israeli-Arabs.

The potential for novel discovery by the ADGC is considerable. This consortium includes
nearly all existing GWAS datasets in the United States and brought together the nation's
resources from the Alzheimer's Disease Centers, National Alzheimer's Coordinating Center,
and National Cell Repository for Alzheimer's Disease to create a de novo GWAS dataset
that currently has more than 3,200 cases and 1,250 controls. This consortium assembled
many large, ethnically diverse datasets containing more than 12,000 cases and 11,000
controls that will enable investigation of the genetics of AD and related traits, including
neuropathological traits, measures of cognitive function and memory, rate of disease
progression, and biomarkers.

Recently, the ADGC conducted a GWAS including a discovery dataset of more than 8,300
cases and 7,350 cognitively healthy older adult controls, and a replication dataset including
about 3,500 cases and 3,500 controls. Genome-wide significant associations were identified
with four novel loci. It is expected that details of these findings will be published later this
year.

Despite these successes in identifying AD risk variants in multiple samples, a large
proportion of the genetic variation contributing to AD remains unidentified. The population-
attributable risk for APOE, CLU, PICALM, and CR1 combined was estimated to be as high
as 56% [10], but the true proportion of the genetic variance accounted for by these genes is
certainly much lower, as this estimate assumes non-additivity of the effects and was
determined from research samples that overestimate the strength of the association (ie, the
“winner's curse”) and do not represent the population as a whole. Using a true population
sample, Harold et al. [35•] reported a very modest increase in the predictive value of a
model containing age, sex, APOE, PICALM, and CLU over one containing only age, sex,
and APOE.

Elucidating Biological Mechanisms of Alzheimer's Disease Through
Genome-Wide Association Studies

The inherent agnostic nature of the GWAS approach facilitates the discovery of new
pathways and mechanisms for AD. The associated genes or the pathways in which they have
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a role may provide critical insight into the development of effective strategies for disease
intervention or prevention. However, despite the statistical evidence for association, the
functional variants in the novel genes have not yet been identified, and the precise roles of
their encoded proteins in AD pathogenesis are poorly understood.

Even the biological effect of APOE, the most widely studied and potent genetic risk factor
for AD, has not been established with certainty, although many mechanisms have been
proposed [39].

CLU, like APOE, is an apolipoprotein expressed at high levels in the brain and may be
involved in synaptic turnover [40] and apoptosis [41]. In rats, secreted CLU is present in
amyloid plaques [42]. Calero et al. [43] suggested four potential pathways through which
CLU may impact AD: neuroprotection through antiapoptotic signaling; protection against
oxidative stress; inhibition of the membrane attack complex of complement proteins in
response to inflammation; and binding to hydrophobic regions of partially unfolded, stressed
proteins, thereby preventing their aggregation. Complement component (3b/4b) receptor 1
(CR1) may be involved in Aβ clearance via the complement system. The evidence for this
comes from a murine model in which overexpression of C3 in transgenic mice resulted in
lower Aβ deposition and neurodegeneration was observed in the C3 knockdown mice [44].

PICALM is believed to affect AD through intracellular trafficking of Aβ. PICALM is a
cofactor in clathrin-mediated endocytosis, which, in addition to Aβ, routes proteins, lipids,
growth factors, and neurotransmitters to various regions within the cell, where they can be
differentially processed, secreted, or degraded. The specific function of BIN1 in AD
pathogenesis is also unclear. One possibility for BIN1's role in AD is through its binding
partner, integrin α-3, which mediates neuronal adhesion and migration [45] and detachment
of migrating neurons from radial glial fibers in mice [46]. Other members of the BIN1 gene
family function in neuronal membrane organization and clathrin-mediated synaptic vessel
formation, which can be disrupted by Aβ [47].

Genome Mining
As large consortia of GWAS achieve the power necessary to identify most of the single
variants with small effects on AD risk, alternative strategies to explain the remaining
heritability of AD are being developed and tested. One hypothesis is that most of the
heritability has already been explained by the net effect of the thousands of SNPs associated
with AD (at 5×10-8<P< 0.05). If true, sample sizes of hundreds of thousands or more would
be needed to separate the true from the false associations considering the likely very small
effects of these SNPs on AD risk, and the disease predictive value or therapeutic target
potential gained by doing so likely would be minimal.

Researchers are considering other strategies to identify additional genes that may have
important roles in AD but cannot be implicated by GWAS. For example, pathway and gene
set enrichment analysis are related methods that have been used to identify risk variants in
genes and gene networks in other complex diseases. These methods combine data on gene
association and expression, as well as other types of evidence to search for biochemical
pathways including genes that show a higher-than-expected number of nominally significant
single SNP associations. A recent analysis of 2,344 AD cases and 7,076 controls showed
significant enrichment of AD-associated genes in several pathways [48]. As expected, the
“Alzheimer's disease” pathway showed the greatest level of enrichment, but several other
pathways were significant, including “regulation of autophagy,” “natural killer cell–
mediated cytotoxicity,” “antigen processing and presentation” and “RIG-I–like receptor
signaling.” A similar recent study of a large French cohort identified a significant
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enrichment of AD associations with SNPs in genes in pathways related to transmembrane
transport of nucleoporins and mitochondrial proteins [49].

It is generally assumed that interaction among genes (termed epistasis) within or across
biological pathways contributes to AD pathology. Recently, Jiang et al. [50], using a
Bayesian networks approach, confirmed a previously reported association of AD with GAB2
that was specific to APOE ε4 carriers [28], albeit in the same dataset using a different
methodology. Although it is perhaps not surprising that the same dataset yielded similar
results using two different methods, this work highlights the ability of Bayesian network
analysis to detect relevant gene–gene interactions in a computationally efficient manner.

Conclusions
Despite the disappointing results from initial GWAS, the search for AD risk loci using this
approach has yielded several exciting findings. Large datasets assembled by several
consortia are now providing the statistical power necessary to detect small effect loci, and
the recently identified genetic variants increase risk very modestly. As the limit to the
number of GWAS-detectable variants is reached, much of the heritability of AD remains
unexplained. Several alternate strategies are being pursued, including next-generation
sequencing to identify rare variants not captured by current genotyping platforms, mining
existing SNP data for higher order interactions, and studying unique populations. These new
genetic discoveries offer new clues and affirm several previous ideas about disease
mechanisms, including Aβ trafficking and deposition, tangle formation, mitochondrial
function, oxidative stress, lipid homeostasis dysregulation, loss of synaptic plasticity, and
cholinergic and immune dysfunction. In addition, these genes are potential targets for new
drugs and other interventions.
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