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OZET

Alzheimer hastaligi (AH) en sik rastlanan demans turtdur. 2010 yilinda tiim demanslarin dlinyada 35 milyondan fazla kisiyi etkileme-
si beklenmektedir. Etkili tedaviler olmaksizin, bu salginin 2050 yilinda tiim dlinyada 115 milyondan fazla hasta sayisina ulasacagi he-
saplanmaktadir. Genetik ¢alismalar hastaligin patofizyolojisini anlamaya yarayarak, olasi tedavi, semptom 6ncesi tani ve énlemlere yol
acabilir. 1990 yilindan bu yana AH'in altta yatan genetik 6gesi hakkinda dnemli oranda kanit birikmistir. Erken baslangich ailesel AH'a
yol acan otozomal dominant mutasyonlar tasiyan U¢ gen, AH'In %1'inden daha azini agiklamaktadir. Geg baslangich AH'daki genel
kabul géren tek risk faktéru olan apolipoprotein €4, bu hastaligin genetik riskinin yalnizca bir kismini agiklar. Genetik baglanti ve ilis-
ki calismalarinda bircok aday gen bdlgesi bulunmasina ragmen, bu sonuglar bagimsiz ¢alismalarda cogunlukla tekrarlanamamistir. Bu-
nun nedeni, en azindan kismen, genetik heterojenlik, dustk etkili genetik faktorler ve yetersiz gligte olan calismalardir. YUz binlerce
tekli nuikleotid polimorfizmi ile binlerce kisinin incelendigi genom capinda iliski calismalari, AH gibi karmasik genetige sahip hastalik-
larin altinda yatan yaygin risk varyasyonlarinin bulunmasi icin olasi guiclti bir yaklasim olarak gértilmektedir. Guinimtzde geg baslan-
gich AH'da 11 tane genom capinda iliski calismasi tamamlanmis ve izlenmesi gereken yeni aday genetik bélge ve genlerin bulunma-
sina yol agmistir. Bu calismalar AH'da yeni, orta capta etkili, olasi genetik faktérlerle ilgili kanitlar saglamalarina ragmen, bu hastali-
gin hesaplanan riskinin tdmunu agiklamaya yetmemektedir. Bunun olasi nedenleri, su ana kadar bulunmus genetik faktorlere ek ola-
rak, AH'In altinda yatan ve daha geleneksel genetik baglanti ve iliski analizi yontemleriyle bulunamayabilen, dtstk etkili, nadir ve/ve-
ya yapisal (striikttirel) DNA polimorfizmleri olabilir. Yeni kusak siralama (sekanslama), sayisal endofenotip, kopya sayisi varyasyonlari
ve meta-analiz gibi alternatif yaklasimlarin bu ek genetik risk faktorlerinin bulunmasi icin gerekli olabilecegi distintilmektedir. Bu der-
lemede AH'In genetigi hakkinda glintimtzde bilinenlerin bir 6zeti sunulacak ve son 20 yilda 6grenilen dersler 1siginda gelecekteki ge-
netik calismalar igin yaklasim modelleri tartisilacaktir.

Anahtar Kelimeler: Alzheimer hastalidi, genetik, baglanti (genetik), iliski.
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Genetics of Alzheimer’s Disease: Lessons Learned in Two Decades
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Alzheimer’s disease (AD) is the most common type of dementia. It is estimated that more than 35 million people worldwide will suf-
fer from dementia in 2010. Without effective therapies, this epidemic is expected to affect more than 115 million patients worldwi-
de by 2050. Genetic studies can help us understand the disease pathophysiology, thereby providing potential therapeutic, pre-
symptomatic predictive and preventative avenues. Since 1990, there has been evidence for a substantial genetic component underl-
ying the risk for AD. Three genes with autosomal dominant mutations lead to early-onset familial AD, which explains less than 1%
of all AD. Apolipoprotein €4, the only widely accepted genetic risk factor for late-onset AD, accounts for only a portion of this risk.
Genetic linkage and association studies have identified multiple candidate gene regions, although many resulting candidate genes
suffer from lack of replication, at least partially due to underpowered studies in the setting of genetic heterogeneity and small-to-
moderate effect size. Genome-wide association studies that assess hundreds of thousands of single-nucleotide polymorphisms (SNPs)
in thousands of subjects have been viewed as a potentially powerful approach in uncovering common risk variations for genetically
complex diseases such as AD. To date, 11 independent genome-wide association studies have been completed in late-onset AD (LO-
AD) that led to candidate regions and genes for follow-up. These studies provide evidence for novel, plausible genetic risk factors for
AD, but still fail to account for all of the estimated risk. Additional genetic risk factors of even smaller effect size, rare variants and/or
structural DNA polymorphisms may exist, which may escape detection by conventional methods. Alternative approaches such as next-
generation sequencing, use of quantitative endophenotypes, copy number variation analyses, and meta-analyses may be required.
This review summarizes the current knowledge on the genetics of AD and suggests a framework for future genetic studies utilizing
the lessons learned over the past two decades.

Key Words: Alzheimer disease, genetics, linkage (genetics), association.

Alzheimer's disease (AD) is the most common form of
dementia that is characterized by memory decline but also
impairment in other cognitive areas, including language,
executive function and visuospatial abilities. The definitive
diagnosis of AD is done by pathology, which is characteri-
zed by senile plaques composed predominantly of extra-

Table 1. Risk and protective factors for Alzheimer’s disease
Risk factors
Age

Female sex

cellular accumulation of the amyloid B (AB) peptide and
neurofibrillary tangles formed by intracellular accumulati-
on of the abnormally hyperphosphorylated microtubule as-
sociated protein, tau (1,2). More than 100 years after its
description, AD is an epidemic with major medical, social
and economical impact (1). The number of patients with
dementia is expected to exceed 35 million in 2010 and
115 million in 2050 unless effective therapies are identifi-
ed (3). The estimated yearly cost of dementia in 2005 was
US $ 315.4 billion, with 77% of the cost attributable to the
high-income countries (4). Whereas formal, institutional
care accounts for much of the cost in high income count-
ries, informal and mostly in-home care is the underlying
major cost in middle- or low-income countries.

It is estimated that even a modest therapy that would
delay the onset of this disease by only six months could
lead to 380,000 fewer people with AD and an annual sa-
vings of US $ 18 billion per year just in the United States
(U.S.), 50 years after initiation of such a therapy (5). It is
clear that development of effective therapies for a disease
requires a thorough understanding of its pathophysi-
ology, risk and protective factors. Table 1 summarizes the

African-American, Hispanic ethnicity

Vascular risk factors (hypertension, high cholesterol, diabetes,
smoking)

Head trauma

Poor socioeconomic status

Low education
Environmental/occupational exposures

Protective factors
Exercise

Higher education

Alcohol in moderation

Diet (fish oil, Mediterranean diet)
Mental/social activity

Medications (cholesterol-lowering agents, non-steroidal anti-
inflammatory medications)*

Vitamins (Vitamins B6, B12 and folic acid: lower homocys-
teine; Vitamin E: antioxidant)*

Estrogen*

* No evidence from combined clinical trials to support the use of these
medications, vitamins or hormones in Alzheimer's disease.
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risk and protective factors for AD proposed through epi-
demiological, laboratory and clinical trial studies (6,7). As
seen from this table, many of these factors are unmodifi-
able (age, sex, ethnicity) or require lifelong life habit
and/or socioeconomic modifications (education, diet,
exercise, socioeconomic status) that may be difficult to
achieve. Recognizing the underlying genetic component
of a disease and identification of genetic risk and protec-
tive factors constitute an important additional approach
to elucidating the disease mechanism. This knowledge co-
uld aid in the development of novel therapeutic approac-
hes by identifying druggable targets. Furthermore, gene-
tic risk and protective factors could potentially be used as
biomarkers to determine atrisk populations in which to
commence drug therapy in the pre-symptomatic stage,
much like blood cholesterol levels are used to decide who
should be on lipid-lowering agents before any signs or
symptoms of cardiovascular/cerebrovascular disease
emerge. Current ongoing therapeutic trials in AD are be-
yond the scope of this review; however, it should be men-
tioned that many experimental therapies under investiga-
tion stem from the knowledge gained by genetic studies
coupled with functional laboratory approaches (8). Thus,
genetic studies play a central role in the pathophysiology-
prediction/prevention-cure paradigm for AD. In this revi-
ew, we discuss the current knowledge on the genetics of
AD and potential future approaches. Given the vast num-
ber of publications in the area of AD genetics, this review
will focus on the key studies under each of the headlines,
and will refer to data-summarizing websites and other re-
view studies, where applicable.

Evidence for a Genetic Component in AD

The initial evidence for an underlying genetic risk for
AD comes from three lines of studies, namely, familial
aggregation, transmission pattern and twin studies. The
large, Multi-Institutional Research in Alzheimer Genetic
Epidemiology (MIRAGE) project estimated the risk of AD
among 12.971 first-degree relatives of 1694 probable or
definite AD patients, using survival analysis, and found
the cumulative lifetime risk to be approximately twice that
of the general population (~39% by age 96 years) (9). The
risk was increased both for early-onset AD (EOAD) and la-
te-onset AD (LOAD) relatives. Although the cumulative
risk of dementia in African-American first-degree relatives
of AD patients was found to be higher than that of the
white population in the MIRAGE study, given the elevated
risk in the spouses of the African-American population,
the familial aggregation risk was similar in both ethnic
groups (10).

Segregation analysis method can help distinguish
transmissible environmental factor(s) from genetic factors
and identify the underlying mode of inheritance for a di-
sease. Segregation analyses studies in AD pedigrees reve-

aled a Mendelian autosomal dominant transmission pat-
tern for EOAD and a more complex model in LOAD, sug-
gestive of multiple genes and possibly environmental ef-
fect (11,12). Twin studies, especially utilizing the Scandi-
navian twin registries, have provided heritability estimates
for this disease. In the largest twin study to date, 392
twin pairs from the Swedish Twin Registry, where one or
both members had AD, were assessed. The age-adjusted
heritability of AD was found be 58-79% based on the
analytical model used (13).

Genetics of Early-Onset Familial AD
(EOFAD)

Three genes with autosomal dominant mutations that
lead to EOFAD were identified, namely amyloid precursor
protein (APP) on chromosome 21, presenilin 1 (PSENT) on
chromosome 14 and presenilin 2 (PSEN2) on chromosome
1. The details of all EOFAD mutations can be found in the
Alzheimer Disease and Frontotemporal Dementia Mutation
Database (http://www.molgen.ua.ac.be/ADMutations).

APP mutations: The first evidence suggesting that
chromosome 21 harbored an AD genetic risk region came
from reports that patients with trisomy 21 (Down syndro-
me) invariably developed AD-like brain histopathology if
they lived past age 40 (14). AB peptide isolated from bra-
ins of patients with AD and Down syndrome were found
to be homologous (15). Identification of linkage to chro-
mosome 21 in EOFAD families and mapping of APP to the
same locus were followed by the identification of the first
missense mutation in APP leading to EOFAD (16-20). In
total, 32 EOFAD mutations in APP were reported in 86 fa-
milies according to the Alzheimer Disease and Frontotem-
poral Dementia Mutation Database (http://www.mol-
gen.ua.ac.be/ADMutations), including recently identified
APP duplications (21). Functional evaluation of these mu-
tations demonstrated their role in elevating AR levels
(AB42 elevated with or without AB40 elevations) or incre-
asing its fibrillogenesis (22). Age of onset in EOFAD pati-
ents with APP mutations ranges between 35-67 years,
with some mutations leading to amyloid angiopathy and
intracerebral hemorrhages. All EOFAD APP mutations are
fully penetrant and constitute ~0.1% of all AD (23).

PSEN mutations: Genome searches in EOFAD families
led to the identification of genetic risk loci on chromoso-
mes 14 and 1 (24,25). In 1995, EOFAD mutations in
PSENT on chromosome 14 and PSEN2 on chromosome 1
were identified (26-28). With 177 mutations in 392 famili-
es, PSENT mutations are the most common cause of EO-
FAD. Conversely, only 14 PSEN2 mutations have been
identified in 23 families. Like the EOFAD APP mutations, all
PSEN mutations are fully penetrant. The mean age of on-
set of EOFAD caused by PSENT mutations is ~45 (range:
24-60 years) and that of PSENZ2 is ~52 years (40-85 years).
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All PSEN mutations lead to elevations in AB42 and/or dec-
reased AB40, thereby increasing the AB42/AB40 ratio in
favor of the more pathogenic form of AR (29,30). Collecti-
vely, EOFAD PSEN mutations constitute ~0.61% of all AD.

EOFAD mutations, amyloid cascade hypothesis
and beyond: The major peptide constituent of senile pla-
ques, AB, is cleaved from APP by two enzymatic proces-
ses, first by B-secretase (cleaves at the extracellular N-ter-
minal domain) and then by the ysecretase complex (cle-
aves at the intracellular C-terminal domain) (Figure 1). The
ysecretase enzymatic complex is composed of four diffe-
rent proteins, of which presenilin, which is a nine-trans-
membrane protein, is a required component. Identificati-
on of EOFAD mutations in the substrate and enzyme for
AB, which invariably influence either its production or fib-
rillogenic potential, led to the amyloid cascade hypothe-
sis, which suggests that increases in the toxic forms of AB
lead to a cascade of events including inflammation,
synaptic loss, ionic imbalance, and abnormal phosphoryla-
tion (possibly leading to neurofibrillary tangles), culmina-
ting in cell death, which is the likely pathologic substrate
of clinical dementia (31). There are still many unknowns
in this hypothesis, including exactly which form of AB (pla-
ques, oligomers) constitutes the toxic species and the in-
ter-relationship between AR and tau. There are also alter-
native hypotheses that suggest that a dominant-negative
loss of function in presenilins, which have a multitude of

functions besides y-secretase cleavage of APP, may under-
lie the toxicity of both APP and PSEN mutations (29,30).
Nonetheless, a large body of evidence implicating AB as a
central player in the neurodegeneration in AD has led to
multiple therapeutic trials focused on various steps of the
amyloid cascade (8,31).

Genetics of late-onset AD (LOAD): The most com-
mon form of AD is LOAD, which is an active area of ge-
netic research. Although Apolipoprotein E €4 (ApoE €4) is
the only widely accepted genetic risk factor for LOAD,
many promising genes emerging from linkage, candidate
gene and genome-wide association studies (GWAS) are
under investigation.

ApoE €4: In 1991, linkage studies in AD families led
to the identification of a risk locus on chromosome 19,
with an especially strong effect in those AD families of la-
te-onset (32). Identification of ApoE in senile plaques in
AD brains, the discovery of its binding to AB with high avi-
dity in vitro, and increased frequency of the ApoE €4 alle-
le in LOAD patients compared to controls established
ApoE €4 as a genetic risk factor for LOAD (33-36). The
major studies focused on the impact of ApoE for popula-
tion risk for AD and its potential role as a diagnostic and
premorbid marker in AD are discussed in detail elsewhere
and will be briefly mentioned here (23). Population-based
genetic association studies in Caucasians using ApoE

Senile plaques

B-secretase y-secretase (presenilins)
O D
APP & 1"‘)

NH2 | AR COOH
=
O O
AB
ApoE €4 AB T Inflammation
AB Abnormal phosphorylation

Neurofibrillary tangles
Impaired cellular transport
lonic imbalance

Synaptic loss

Cell death

Alzheimer’s Disease (Clinical Dementia) |

Figure 1. Pathophysiology of Alzheimer’s disease - a simplified view: The known EOFAD (APP and presenilins) and LOAD (ApoE)
gene products and their roles in the pathophysiology of AD are depicted. APP is the substrate from which AB is cleaved via 3 and
y-secretases. Presenilins are an integral component of the y-secretase complex. ApoE €4 leads to increased accumulation of AB. To-
xic forms of AR (likely oligomers) lead to a number of detrimental processes shown in the box. The light arrows depict associati-
ons for which there is evidence but the details of which are still being worked out. There are likely numerous relationships betwe-
en the events shown in the box, which is an over-simplified depiction.
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€3/€3 genotype as the reference group revealed ~2-4 ti-
mes increased risk [odds ratio (OR)] of AD in the ApoE
€3/€4 genotype carriers and ~6-30 times increased risk in
the ApoE €4/€4 genotype carriers. Although there was
evidence of increased risk in other ethnic groups, inclu-
ding African-Americans and Hispanic populations, fin-
dings were less consistent among the different studies
with smaller estimated effect sizes, suggesting different
genetic and/or environmental risk factors at play for the-
se non-Caucasian populations. The effect of ApoE €4 ap-
pears to be age-dependent, with the strongest effect ob-
served before age 70.

Unlike the deterministic, Mendelian EOFAD mutati-
ons, ApoE €4 is a genetic risk modifier in LOAD, and hen-
ce is neither required nor sufficient for its development.
ApoE genotyping does not contribute substantially to the
diagnosis of AD, and its use in clinical practice is not re-
commended. There is evidence that ApoE genotypes can
be useful predictive markers in longitudinally assessing de-
velopment of AD from mild cognitive impairment (pre-de-
mentia state). Currently, ApoE genotyping in mild cogniti-
ve impairment is pursued only for research purposes, and
its use in clinical practice is not substantiated.

Whole genome linkage and association studies
with microsatellite markers: The risk for AD or demen-
tia attributable to ApoE €4 is estimated to be 20-70%,
strongly suggesting the presence of other factors accoun-
table for the substantial genetic component of this dise-
ase (13,23). Between 1997 and 2006, 10 independent
whole genome linkage (families or sib-pairs) and four as-
sociation (case-controls) studies were carried out using
microsatellite markers, reviewed in detail previously (23).
Microsatellite markers are regions of repeating base-pair
units in the genome with polymorphic (variable) repeat
lengths. In these studies, typically ~200-400 microsatellite
markers covering the whole genome at every 5-16 million
base pairs (centiMorgans = cM) were genotyped in 10s-
100s of AD families or sibships (n~100s-2000), followed
by statistical analyses to identify areas of the genome that
are shared between affected family members more often
than would be expected by chance (linkage analyses). The
four association studies were done on a mere 10-210 sub-
jects (approximately equal numbers of cases and cont-
rols), comparing allelic frequencies between cases and
controls. In general, the signals for the putative genetic
loci for LOAD covered broad regions spanning several-
tens of millions of bases and thus pose a challenge for
downstream fine-mapping analyses.

All but two studies (one in inbred Arabs, another in
Caribbean-Hispanics), implicated the ApoE locus on chro-
mosome 19 as a genetic risk region for LOAD. Multiple ot-
her genetic loci emerged from these studies, some of
which yielded signals stronger than that of the chromoso-

me 19, ApoE locus. Some genetic loci were identified by
multiple groups in independent studies. These results
strongly suggest the presence of genetic risk factors, be-
sides ApoE, in LOAD. The linkage and association studies
using microsatellite markers revealed multiple, indepen-
dent, strong signals on chromosomes 6, 9, 10 and 12,
summarized previously and also on the AlzGene website
(www.alzgene.org) (23,36). These results led to analyses
of a multitude of candidate genes in these regions.

Candidate gene studies: Starting in the 1990s, the-
re has been a plethora of literature focused on the assess-
ment of candidate AD genes for their association with AD
risk and/or its endophenotypes (such as age at onset, A
or tau levels, etc.). A summary of these studies and meta-
analyses of the association studies, where possible, are
provided in a regularly updated online database (AlzGe-
ne; www.alzgene.org) (36). According to the November
27, 2009 freeze of this database, 1236 studies have been
published on 2335 polymorphisms in 598 AD candidate
genes. Attempting a summary of these findings is beyond
the scope of this review. Instead, a discussion of the po-
tential problems in candidate gene studies and possible
solutions is provided in this section.

In candidate AD gene studies, one or more genes are
selected to be studied either because they are suitable bi-
ological candidates (based on in vitro, in vivo studies or
their theoretical role in the pathophysiology of AD) or due
to their physical location (based on whole genome linka-
ge or association studies with microsatellite markers, and
more recently GWAS), or both. Association studies in AD
candidate genes have suffered from lack of consistent
replication. Multiple reasons could account for this disco-
uraging outcome, including a) Initial false-positive result,
b) Small sample sizes that are underpowered to identify
genetic factors of modest effect sizes (false-negative) and
¢) Genetic and environmental heterogeneity in the diffe-
rent study populations (36,37).

False-positive results could arise from multiple testing,
population stratification, initial small sample size, genoty-
ping errors, and not correcting for outliers in quantitative
trait analyses. False-negative follow-up studies could be
due to small sample sizes. Meta-analyses of available AD
association studies revealed an estimated OR of < 2.0 for
the putative AD risk variants summarized in the AlzGene
database (36). It is estimated that thousands to 10.000s
of samples are required to achieve sufficient power to de-
tect associations for such modest effects. Until recently,
most AD candidate gene association studies were con-
ducted on much smaller sample sizes, which could be one
explanation for the lack of replication. Typically, initial stu-
dies tend to overestimate the effect size of a genetic va-
riant, a phenomenon known as the “winner’s curse” (38).
Given this, the true sample sizes required to capture the

Turk Norol Derg 2010;16:1-11

5 |



Ertekin Taner N.

Genetics of Alzheimer’s Diseasel

effect of a genetic variant may be larger than what is es-
timated from the original study. Heterogeneity between
the different study populations is another potential cause
of false-negative findings. Association studies commonly
test genetic variants that are markers (rather than the ac-
tual functional disease polymorphism) by taking advanta-
ge of existing linkage disequilibrium (LD) in the genome.
The extent and strength of LD may be different in diffe-
rent populations. Furthermore, different risk genes, diffe-
rent risk alleles in the same gene, and different environ-
mental and gene x environmental influences underlying
disease risk in different populations also account for the
heterogeneity between study populations.

Approaches to overcome these potential problems in
association studies include: a) Careful selection of candi-
date genes and variants with increased a priori probability
of association based on biology and position of the gene,
b) corrections for multiple testing, c) Increasing study si-
zes guided by power calculations, d) Internal replication
of findings in multiple series prior to publication, ) Tes-
ting and correction for population substructure, f) At-
tempt to decrease heterogeneity by using strict clini-
cal/pathological disease criteria, subgroup analyses and
Use of functional endophenotypes (quantitative biological
phenotype), g) Use of multiple, informative and putative
functional genetic markers, and h) Supplementing the ge-
netic data by functional/biological analyses (36-38). Des-
pite the lack of consistent replications, there are AD can-
didate genes with promising genetic association results
and compelling underlying biological relevance (36).

Genome-wide association studies (GWAS): The
most recent approach in uncovering the genetic under-
pinnings of AD, especially of late-onset, is GWAS. These
studies are similar to microsatellite-based whole genome
association studies in that they, too, are hypothesis-gene-
rating rather than being hypothesis-based. Unlike candi-
date gene association studies that focus on a handful of
genes to test a hypothesis, GWAS are surveys of the who-
le genome for association signals. Single-nucleotide poly-
morphisms (SNPs) that capture information about the va-
riation in the whole genome through the existing LD form
the basis of GWAS. In the last two years, 10 independent
GWAS have been conducted in LOAD (39-49). The study
designs and results of these studies are summarized in
Table 2. An eleventh study from Germany, not shown in
Table 2, assessed 970 subjects and reported only their re-
sults on 11 LOAD candidate genes, none of which reac-
hed genome-wide significance (50).

There are some features that are common to these
studies. First, except for the initial study, which was based
on gene-centric, putative functional polymorphisms, they
utilized ~300.000-600.000 SNPs on arrays (39). All but
two studies utilized a case-control design (43,45). Two of

the studies from Table 2 were performed on overlapping
populations (40,49). Except for one study that utilized a
small sample size from two extended LOAD pedigrees,
the first seven studies had discovery series of ~700-2000
subjects (39-46). The same studies assessed ~400-3000
additional subjects to follow-up their initial findings. The
last two studies merit special attention because of their
increased power due to their study-wide combined samp-
le sizes of > 14.000-16.000 subjects, which is more than
three times the size of the next largest study (46-48). All
studies were carried out in Caucasian populations from
North America or Europe.

Two of the studies carried out their initial genotyping
in pooled DNA, followed by individual genotyping of “in-
teresting results” (39,42). This approach, while cost-effec-
tive, may have led to decreased sensitivity and false-nega-
tives. The threshold for deeming results as “worthy of fol-
low-up” differed between the studies. Two studies follo-
wed up an arbitrary number of their top hits in their rep-
lication series, whereas others utilized a significance thres-
hold varying from “significant at genome- wide level” (i.e.
corrected for the hundreds of thousands of SNPs genoty-
ped) to a more relaxed arbitrary p-value cut-off (41,46).
This variability stems from the fact that the extent of fol-
low-up is based on cost, and that additional candidate ge-
ne leads could emerge if more SNPs can be assessed in
follow-up series.

In all but the smallest study, ApoE-related SNPs reac-
hed genome-wide significance with p values ranging from
108 to 1.8 x 107"°7 and ORs from ~2-4 (45). Harold et
al.’s study is the only LOAD GWAS in which non-ApoE
SNPs in two genes, CLU and PICALM, reached genome-
wide significance in the first stage of the study (47). This
is the largest GWAS to date, with > 11.000 subjects in the
first stage. Importantly, the second largest LOAD GWAS
also identified CLU at genome-wide significance in the
combined first and second stage samples, in addition to
CR1 (48). CLU encodes clusterin or Apol, one of the most
abundant apolipoproteins in the human brain along with
ApokE. In vivo studies suggest that clusterin, like ApoE, is
involved in AB clearance from the brain (51). Although PI-
CALM and CRT achieved the required significance thres-
holds in only one of the two largest LOAD GWAS, there
was still evidence of association in the other study, provi-
ding additional support for these two genes. PICALM en-
codes a protein involved in clathrin-mediated endocytosis,
a suggested pathway for trafficking of APP that could al-
so influence AB formation (52). CR1 is a receptor for the
complement component C3b, which has been suggested
to be involved in the peripheral clearance of AB (53).
Thus, all three candidate genes that emerged from the
two largest LOAD GWAS to date have putative functions
in the AB cascade.
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The third largest GWAS identified an X-linked candida-
te gene PCDH11X encoding protocadherin 11, X-linked,
at genome-wide significance in the comhined Stage 1 and
2 series. PCDH11X is the first X-chromosomal candidate
AD gene identified in a LOAD GWAS. Protocadherins be-
long to the superfamily of cadherins that are involved in
cell adhesion, cell signaling and neural development. Pro-
tocadherins are predominantly expressed in the brain,
suggesting their potential role in brain morphogenesis
(54). Carrasquillo et al. found the largest effect of
PCDH11X variants in female homozygotes, followed by
female heterozygotes and then male hemizygotes (46).
Though the functional role of this gene in AD needs to be
established and the genetic effect confirmed through ad-
ditional studies, it is an intriguing hypothesis that this X-
chromosomal gene could explain the increased risk of AD
in women.

The only other LOAD GWAS that yielded a signal sig-
nificant at the genome-wide level after the conservative
Bonferroni correction is the GAB2 reqion identified in
ApoE- €4 positive subjects (40). GAB2 encodes a scaffol-
ding protein, Grb2-associated binding protein 2, which is
involved in cell signaling pathways, especially in the immu-
ne system (55). Its potential role in AD pathophysiology
remains to be elucidated; however, preliminary functional
studies revealed differential expression of GAB2 in AD vs.
control brains, co-localization of GAB2 with dystrophic ne-
urites and variation of GAB2 expression influencing tau
phosphorylation (40).

The list of promising findings from all LOAD GWAS
published to date is shown in Table 2b. One pattern that
emerges from this table is that the strength of associati-
ons for ApoE-related SNPs and their effect sizes are big-
ger than those of non-ApoE-related SNPs. This may sug-

Table 2b. Genome-wide association studies in AD-results
Non-ApokE hits ApoE-related hits
Reference Gene Symbol p (b) OR (b) p (b) OR (b)
Grupe et al., February GALP, TNKT, 0.001 to 5.0E-5 1.07-1.2 7.6E-5 to 1.19-2.73
2007 chr14q32.13, PCK1, 1.0E-8
LMNA, PGBDT1,
LOC651924,
chr7p15.2, THEM5,
MYH13, CTSS, UBD,
BCR, AGC1, TRAK2, EBF3

Coon et al., April 2007 - - - 1.1E-39 4.01
Reiman et al., June 2007 GAB2 9.7E-11 4.06 - -
Li et al., January 2008 GOLPH2; chr9p24.3; 9.8E-3 to 4.5E-6 (c) 0.46-3.23 (c) 2.3E-44 -

chr15g21.2
Abraham et al., LRAT 3.4E-6 to 6.1 E-7 1.2-1.3 4.8E-6 to -
September 2008 4.0E-14
Betram et al., chr14g31.2; 6.0E-6 to 2.0E-6 1.1-1.4 (d) 5.70E-14 -
November 2008 chr19g13.41
Beecham et al., 12913 3.40E-07 - - -
January 2009
Poduslo, January 2009 TRPC4AP 3.85E-10 to 5.63E-11 (d) 1.56 (f) - -

0.03 (f)

Carrasquillo et al., PCDH11X 3.8E-8 1.29 5.9E-6 to 0.55-3.29
February 2009 (0.08 to 5.4E-13) (e) (1.17-1.75) (e) 3.7E-120
Harold et al., CLU 8.5E-10 (CLU) 0.86 (CLU) 3.4E-8 to 0.63-2.5
September 2009 PICALM 1.3E-9 (PICALM) 0.86 (PICALM) 1.8E-157
Lambert et al., CLU 7.5E-9 (CLU) 0.86 (CLU) 5.06E-7 -
September 2009 CR1 3.7E-9 (CR1) 1.21 (CR1) to < 2E-16
Table 2 Genome-wide association studies in AD, a. Study Designs, b. Results. The study designs and results of the 10 independent LOAD GWAS stu-
dies are depicted (Coon et al. and Reiman et al. studies are overlapping). The studies that yield non-ApoE associations that are significant at the ge-
nome-wide level after Bonferroni corrections are in bold. (a) Number of SNPs in the initial genotyping stage. (b) Results from all groups combined.
(c) Results shown separately in each series. (d) Results from discovery series. (e) Results vary based on different analytical models. (f) Results in fol-
low-up case-control series.
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gest that the non-ApoE genetic factors underlying LOAD
may be common variants with smaller effect sizes than
ApoE. For this reason, it will likely require thousands to
tens of thousands of subjects to have sufficient power to
validate these results.

Based on the two large LOAD GWAS, the population
attributable risks of CLU, PICALM and CR7T are ~ 9%, 9%
and 4%. Given that the population attributable risk for
ApoE-related findings from the LOAD GWAS is ~19-35%,
the novel findings from the two recent, most powerful
LOAD GWAS and ApoE can account for at most 57% of
the population attributable risk of AD. Furthermore, beca-
use the effect sizes of these novel genes are likely overes-
timates in these initial studies, the true risk explained by
them is most likely smaller than these estimates. The re-
maining genetic risk for AD could be due to variants in ot-
her genes such as PCDH11X or GAB2. Some of the other
possibilities that explain the missing genetic component
underlying AD include presence of rare variants with lar-
ger effect sizes, structural variations, presence of diffe-
rent genetic factors in non-Caucasian populations, and
gene-gene and gene-environment interactions.

Future studies: With the identification of numerous
AD candidate genes, especially through the LOAD GWAS,
these findings need further validation via additional gene-
tic association studies as well as functional assessment by
in vitro and in vivo approaches. The list of replication stu-
dies on these candidate genes are continually updated in
AlzGene (36). These genetic studies need to be interpre-
ted with caution, ensuring that they are empowered to
detect the modest effect sizes suggested by the original
studies. Use of biologically relevant quantitative phenoty-
pes (endophenotypes) may be an important, potentially
powerful alternative approach in genetic studies of com-
mon and complex diseases. Since the use of plasma AP le-
vels as the first endophenotype in LOAD genetics, additi-
onal endophenotypes, such as cognitive measures and ne-
uroimaging phenotypes, have led to the identification of
candidate genes and regions in AD (56-58). The combina-
tion of existing endophenotype information on subjects
who already have genotypes at the genome-wide level
will allow further utilization of GWAS data. It is becoming
increasingly clear that variations, other than SNPs, may
underlie our complex traits and diseases (59). Copy num-
ber variations (CNVs), such as insertions, deletions, trans-
locations and inversions, could theoretically account for
some of the underlying risk for AD. Potential associations
with CNVs need to be assessed both via mining available
GWAS data utilizing specialized analytic tools as well as
use of novel genotyping platforms specifically geared to-
wards capturing CNVs. As more and more GWAS and ot-
her large scale association and linkage studies are beco-
ming available, it will be important to jointly assess the re-

sults of these studies to capitalize on the cumulative
knowledge that can be gained from such meta-analyses
(60). It is important to recognize that the variations whe-
re AD association or linkage is demonstrated are likely
markers and not the actual functional polymorphisms.
This may account for the lack of replication across studi-
es. Thus, the true functional polymorphisms need to be
searched using the next-generation sequencing approach
that can provide resolution of a genetic sequence down
to a single base pair. The last two decades witnessed dis-
coveries in the genetics of AD that shed light on the pat-
hophysiology of this disease and yielded intriguing leads
for follow-up. With the advent of novel technological and
analytic approaches, use of increasing sample sizes and
combined analyses of existing data, genetics of AD is ex-
pected to contribute to our understanding of this disease,
which may translate into therapeutic and preventative ad-
vances for this 21t century epidemic.
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