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Abstract
Alzheimer disease (AD) is highly prevalent in Wadi Ara, despite the low frequency of APOE ε4 in
this genetically isolated Arab community in northern Israel. We hypothesized that the reduced
genetic variability in combination with increased homozygosity would facilitate identification of
genetic variants that contribute to the high rate of AD in this community. AD cases (N=124) and
controls (N=142) from Wadi Ara were genotyped for a a genome-wide set of more than 300,000
single nucleotides polymorphisms (SNPs) which were used to calculate measures of population
stratification and inbreeding, and to identify regions of autozygosity. Although a high degree of
relatedness was evident in both cases and controls, controls were significantly more related and
contained more autozygous regions than cases (P = 0.004). Eight autozygous regions on seven
different chromosomes were more frequent in controls than cases, and 105 SNPs in these regions,
primarily on chromosomes 6 and 9, were nominally associated with AD. Associations with SNPs
in NOTCH4 and AGPAT1 (both on chromosome 6) were confirmed in a meta analysis of four
genome-wide association study (GWAS) datasets. Analysis of the full Wadi Ara GWAS dataset
revealed 99 SNP associations with AD at P ≤ 10−5, however none of these were confirmed in the
replication GWAS datasets. The unique population structure of Wadi Ara enhanced efforts to
identify genetic variants that might partially explain the high prevalence of AD in the region.
Several of these variants show modest evidence for association in other Caucasian populations.
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Introduction
Alzheimer's disease (AD) is a common, heritable form of dementia with complex genetic
etiology. Several genome-wide association studies have been conducted to identify genes
and chromosomal regions that contribute to disease risk [1–9], with varying results. To date,
only four genes have been identified with robust, replicable, and large effects on AD risk—
mutations in the amyloid precursor protein (APP) and presenilin 1 and 2 (PSEN1, PSEN2)
cause rare, early-onset Mendelian forms of the disease, while the ε4 variant of
apolipoprotein E (APOE) is the primary genetic susceptibility factor for the more common
late onset form of the disease [10]. The primary challenge in identifying genes associated
with late onset AD, as demonstrated by recent studies [8, 9, 11] is that 50% or more of the
genetic variance of AD risk is not yet accounted for, and likely is due to the effects of
multiple loci individually contributing modestly to AD risk. The statistical power to detect
disease variants is low under these conditions, highlighting the need for large collaborative
genetic association studies.

A classic genetic approach to identify disease variants is to study isolated populations in
which the genetic contributions to disease risk may be fewer and more discernable through
consanguineous mating patterns. Wadi Ara, an Arab community between Hadera and Afula
in northern Israel, is uniquely suited for this purpose due to its genetic isolation and high
prevalence of AD. Our initial genetic studies of AD in this community were prompted by
the unusually high prevalence of AD (20.5% in those ≥ with age 60 yr, 60.5% in those with
age ≥ 85 yr) [12], despite having a lower frequency of the APOE ε4 alleles than other
Caucasian populations [13]. Residents of the area belong to one of about 14 hamulas, or
tribal groups, and until recently there has been reportedly minimal immigration or
emigration from the community since it was founded approximately 300–400 years ago.
This geographic isolation, along with the relatively small number of founders has lead to
substantial consanguinity among its members.

A consequence of consanguinity is the presence of long stretches of homozygosity
throughout the genome, and if the homozygous regions are derived from a common
ancestor, the segments are also autozygous. Alternatively, regions of consecutive
homozygous markers could arise in the absence of inbreeding through inheritance of two
common extended haplotypes [14]. Autozygosity mapping has been successfully used
previously to identify risk variants for several complex diseases with appreciable frequency
in the population including colorectal cancer [15] and Parkinson’s disease [16].

The Wadi Ara community has already yielded information on the genetics of AD. In a
previous low-density genome scan using 375 microsatellite markers, we identified regions
on chromosomes 2, 9, 10, and 12 with significant linkage to AD status [17]. The implicated
regions on chromosomes 9, 10, and 12 have been reported consistently as linkage peaks in
studies of outbred populations [18–23]. We also identified a very strong association of a
two-SNP haplotype in the angiotensin-converting enzyme (ACE) gene [24], and a three-
SNP haplotype in the neuronal sortilin-related receptor SORL1 gene [11], two of the few
genes with robust evidence for association with AD [25, 26]. In this study, we analyzed the
Wadi Ara cohort for association of AD with more than 300,000 SNPs covering the entire
genome. This approach facilitated a more complete genetic analysis of the population,
including tests for differential ancestry (substructure), quantification of inbreeding, and
identification of specific genomic regions of autozygosity that might contribute to disease
risk.
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Materials and Methods
Subject ascertainment and evaluation

Subjects were recruited from Wadi Ara, a geographically defined area in northern Israel
comprising three Arab villages [12] during two study periods. The first was in 1995 when
the residents ages 60 years and older as of October 1, 1995 were identified. The subjects
who agreed to participate were interviewed and examined by an Arabic-speaking physician
who had been previously trained in a memory clinic. Each subject underwent a battery of
standard cognitive tests modified to fit the cultural and linguistic characteristics of this
community. The diagnosis of AD was determined using the Diagnostic and Statistical
Manual of Mental Disorders, 4th Edition (DSM-IV). Persons with mild cognitive
impairment and demented subjects whose medical history and laboratory and cognitive test
results suggested the presence of other illnesses such as vascular dementia, Parkinson
disease, normal-pressure hydrocephalus or pseudodementia (depression), were excluded.
Evidence of ischemic stroke or white matter disease was present in only 2 and 15 AD
patients, respectively, who had a brain MRI scan, suggesting that relatively few subjects
were misclassified. In the second phase, an independent group of subjects aged 65 years or
older was identified. These subjects were examined by an Arabic-speaking neurologist and
underwent a battery of cognitive tests similar to the one used in the first phase. Details of the
evaluation of these subjects are published elsewhere [27, 28]. Neuropathological
confirmation of AD was unavailable owing to the social and religious proscription against
autopsy. Peripheral blood samples were obtained for DNA and biochemical analysis from
the 650 living phase 1 participants between 1997 and 2000 and from 504 phase 2
participants between 2006 and 2009.

Genotyping and Quality Control
DNA specimens from 219 phase 1 participants (107 AD cases, 112 age-matched cognitively
normal controls) and from 88 phase 2 participants (37 AD cases, 51 controls) were
genotyped with the Illumina Hap300 (ver.1) or the Human CNV370 (ver.1) high density
genotyping arrays according to the manufactures protocol (Illumina). Due to limited
amounts of DNA, the phase 1 samples were genome amplified (Genomiphi, GE Healthcare)
prior to running the arrays. Genotyping results for 17 individuals were excluded because less
than than 95% of their SNPs were successfully called. Also, 22 participants were excluded
because they were recruited in both phases and had inconsistent phenotype data. SNPs
which had a minor allele frequency (MAF) of less than 1% (n=1159), had a call rate less
than 95% (n=18,770, or were not in Hardy-Weinberg equilibrium based on a significance
threshold of P < 0.0001 (n=186) were excluded from further analysis.

Statistical Analysis
The inbreeding coefficient (F) was determined for each individual by comparing the
observed and expected numbers of homozygous loci [29]. Analysis of variance was used to
assess differences in F among hamulas, age groups, and AD status. Substructure within the
population was evaluated using several methods. First, we employed PLINK v.1.05 (http://
pngu.mgh.harvard.edu/purcell/plink/) [30] to test for clusters within the sample and to
determine if the amount of genome wide identity by state (IBS) sharing, or identity by
descent (IBD) sharing in related individuals, differed between cases and controls. Second,
we applied a model-based clustering approach implemented in the program STRUCTURE
[31]. This program assigns a likelihood of population group membership based on marker
allele frequencies. We used the smartpca.pl script in the EIGENSOFT package, [32] to
determine the principal components of the genotype matrix and detect subtle population
substructure.
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Under the hypothesis that the high rates of AD in this population may be due to rare risk
alleles amplified by inbreeding, we used PLINK to identify stretches of homozygosity
across the genome in each individual. This method applies a sliding window approach to
identify sequences of at least 100 consecutive homozygous SNPs. We then tested the
presence or absence of these homozygous regions, as well as the individual SNPs within
these regions for association with AD using logistic regression adjusting for sex and age at
ascertainment. In addition to the genotyped SNPs, we imputed genotypes for 2.54 million
SNPs using the Markov Chain haplotyping (MaCH) software (http://www.sph.umich.edu/
csg/abecasis/MACH/) [33]. Unrelated individuals from the CEPH Utah pedigrees (CEU) in
the HapMap consortium were used as a reference haplotype set. We observed a drop in
imputation accuracy when we used a mixture of CEU (Caucasians) and Yoruban YRI
(Africans) populations as reference haplotypes. The entire SNP set was subsequently
analyzed using age- and sex-adjusted logistic regression models. The presence or absence of
a homozygous region was modeled as a binary variable, and SNPs were modeled assuming
an additive effect of the minor allele dose. The imputed SNPs were also modeled additively,
but a non-integral dosage value (between 0 and 2) was used to incorporate the uncertainty in
the imputation algorithm. By limiting our initial analysis to the genotyped and imputed
SNPs (N = 2070) within homozygous stretches whose frequency differed significantly
between cases and controls, we focused our search for population-specific risk loci and
reduced the statistical penalty for multiple tests. To assess the significance of the initial
associations and correct for the multiple tests, we created 1000 simulated null datasets by
permuting individuals’ AD status and covariates as blocks to preserve their correlation
structure. We then tested these datasets with randomized AD status for association with the
SNPs in disease associated runs of homozygosity. We took the smallest P-value from each
replicate and compared the observed P-values to the resulting empirical null distribution.
The simulations indicate that a raw P-value ≤ 0.0004 would be required to exceed an
experiment wide threshold of P ≤ 0.05. For the remaining association tests that included all
the genotyped and imputed SNPs, we used the standard P ≤ 5 × 10−8 threshold for genome
wide significance.

To bolster the SNP association findings in the Wadi Ara sample, we conducted meta-
analysis on this set of SNPs using four independent Western European datasets described in
Table 1. Association results obtained from each of these datasets using logistic regression
models were combined using the inverse variance method implemented in the software
package METAL (http://www.sph.umich.edu/csg/abecasis/Metal/index.html).

Results
The GWAS sample contained 124 cases of AD with a mean age of 78.4 years and 142
controls with a mean age of 72.1 years. Five cases and two controls carried a single copy of
the APOE ε4 allele. Participants represented nine different hamulas, four of which contained
87% of the sample. Although a lack of genealogical records limited our ability to construct
extensive pedigrees, 39 pairs of individuals (not all unique) shared at least 25% of their
alleles identical by state (IBS). Fourteen of these shared at least 50% of their alleles IBS,
which confirmed the known sibpairs in the sample. Age at ascertainment and gender were
significantly associated with AD (ORfemale = 3.13, P = 0.0005, ORage = 1.13 per additional
year, P < 0.0001). Table 1 shows demographic characteristics of the sample by AD status.

Population Stratification
Despite its isolation and purported homogeneity, we found evidence for a relatively high
degree of admixture and stratification within the population. STRUCTURE analysis
indicated that a three cluster solution fit the data significantly better than two or four-cluster
solutions. In the three cluster solution, the average proportions of population membership
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across individuals were 48%, 31%, and 21% in the first, second, and third cluster,
respectively, indicating admixture. On an individual level, several people appeared to share
almost no ancestry with the primary population. Seven individuals had at least 90% of their
population membership contained within the second cluster and four had over 95%
membership in the third cluster, indicating population stratification. Figure 1 shows the
proportion of membership in each of the three ancestral populations for each individual.

The principal component (PC) analysis also showed evidence of admixture. The plot of each
subject’s values for the first two PCs (eigenvectors) by disease status indicates four trends in
ancestry—a primary cluster of individuals centered around zero on both PCs, a group with
higher values on only the second PC, a group with low values on both components, and
another with high values on the first PC and low values on the second (Figure 2). We found
no evidence that the values of any of the first three PCs differed by disease status.

Autozygosity Mapping
We found a modest level of excess homozygosity in the sample. The maximum genome-
wide F statistic for an individual was 0.15, a value slightly greater than that for a child of an
avuncular pair. The maximum mean F value within a hamula was 0.03 which is equivalent
to that for a child of a half first-cousin pair. Analysis of variance showed that neither hamula
nor age was a significant predictor of inbreeding level. Comparison of F and the first three
PCs from EIGENSTRAT analysis revealed that only the third PC was significantly
correlated with F (r2=.15, P = 0.01), indicating that individuals with high values on this axis
of variation are less consanguineous and may be descendants of more recent migrants to the
region. The F values also differed significantly between cases and controls. Fifty-nine
percent of cases and 61% of controls had positive F statistics (i.e. higher genome-wide
homozygosity than would be expected by chance), and the average degree of inbreeding was
significantly higher in controls (0.02 vs. 0.01, P = 0.004; see table 2).

As expected based on the level of genome-wide inbreeding observed, there were several
large regions of homozygosity in the study sample. Several of these regions were observed
in multiple individuals, indicating inheritance through a common ancestor (autozygosity).
The consensus regions (i.e., the region shared by all individuals with a stretch of
homozygosity in a given chromosomal segment) ranged in size from a single SNP to 3.4
Mb. The frequency of eight of these stretches differed significantly between cases and
controls (Table 2). Consistent with our observation that the level of homozygosity was
greater in controls, each of these homozygous regions was more frequent in controls.

Not all of the individuals with runs of homozygosity in a given region were homozygous for
the same alleles, indicating that these segments of DNA were not inherited through a single
ancestor. To determine if specific allelic configurations, rather than the presence or absence
of homozygosity, affected AD risk, we also tested a model in which people with rare
(present in less than 5 people) allelic configurations in their homozygous stretches were
ignored, comparing the remaining configurations to the most common configuration in a
logistic regression model. None of these tests were significant at P < 0.05.

Single SNP Association
The initial set of association tests included only SNPs in the consensus regions of the runs of
homozygosity that were significantly associated with AD. Of the 2,194 SNPs in disease-
associated homozygous regions, 106 were nominally associated with AD and are shown in
Table S1. These SNPs are located primarily in two regions on chromosomes 6 and 9,
although one SNP each on chromosomes 8 and 15 was nominally associated with AD. The
SNP with the strongest effect was rs1800684 (OR = 4.36, P = 0.002), a synonymous coding
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SNP in the AGER gene on chromosome 6. Two other genes in this region also have disease
associated SNPs and potential biological links to AD, NOTCH4 and AGPAT1. None of the
SNPs in homozygous regions exceeded the experiment-wide significance threshold (P ≤
0.0004) determined by the null simulations.

Results for the entire (i.e., genome-wide) set of genotyped and imputed SNPs are shown in
Figure 3. While none of the results were genome-wide significant, many of the 30 top-
ranked SNPs are in genes of potential interest to AD pathology. These results are shown in
Table 4. The strongest association was observed with rs7308580 on chromosome 12 (OR =
0.18, P = 1.5 × 10−5) which is located in an intron of copine 8 (CPN8). Two SNPs
(rs2300186, rs4813945) in the proteasome inhibitor subunit 1 (PSMF1) gene on
chromosome 20 were associated with AD (OR = 0.41, P = 3.9 × 10−5). A comparable level
of significance was obtained with rs2025148 in FIG4 on chromosome 6 (OR = 2.47, P = 3.8
× 10−5) and with rs7028544 in ASTN2 on chromosome 9 (OR = 0.39, P = 5.6 × 10−5).

Meta-analysis
Meta-analysis of the 106 nominally significant SNPs in the disease-associated homozygous
regions was performed in four independent GWAS datasets (Table 1). Three SNPs in
NOTCH4 were nominally associated with AD in both Wadi Ara and the meta-analysis. The
A allele of an intronic SNP in NOTCH4, rs3132946, was associated with increased risk of
AD in each of the four datasets (ORmeta = 1.14, Pmeta = 0.02). The T allele of rs1044506, a
synonymous coding SNP also in NOTCH4, was also associated with greater risk of AD in
each of the four datasets (ORmeta = 1.13, Pmeta = 0.04), as was the A allele of rs3131294
(ORmeta = 1.14, Pmeta = 0.03). A fourth SNP in the same region of chromosome 6 as
NOTCH4, rs3130286, in an intron of TNXB was also replicated in the meta-analysis
(ORmeta= 1.12, Pmeta = 0.03), as was intergenic SNP rs13271711 on chromosome 8 (ORmeta
= 1.13, Pmeta = 0.04). Finally, the A allele of rs3130283, which is 50 kb upstream from
rs3132946 in an intron of AGPAT1, was also associated with increased AD risk in each
dataset, although it narrowly missed the cutoff for nominal significance (ORmeta = 1.13,
Pmeta = 0.06). In contrast, none of the most significant associations from the whole genome
analysis were replicated in the meta-analysis.

The very low frequency of the APOE ε4 allele and its lack of association with AD in Wadi
Ara [34, 35] afforded a unique opportunity to evaluate association of AD with TOMM40
and PVRL2, genes near APOE which have been purported to harbor AD susceptibility
alleles whose effects are independent from that of APOE [35, 36]. Alternatively, it has been
argued that the observed association with these loci is due to the high correlation of
TOMM40 SNPs with APOE ε4, or an extended cis regulatory region affecting APOE
expression [36]. In our meta-analysis of other Caucasian data sets, variants in TOMM40
(rs2075650, ORmeta = 0.43, Pmeta = 7.4 × 10−52) and PVRL2 (rs6857, ORmeta = 3.49, Pmeta
= 2.6 × 10−44) yielded the two smallest P-values genome wide. Given these effect sizes and
the allele frequencies of these SNPs in Wadi Ara (MAF ~ 5%), we have greater than 80%
power to detect association with TOMM40 and PVRL2 at P < 0.05. However, we did not
observe association with these or any other TOMM40 or PVRL2 SNPs in the Wadi Ara
dataset. In fact, the pattern of association with rs2075650 was opposite that in the other
datasets.

Discussion
This work represents, to our knowledge, the first GWAS of a complex trait that capitalized
on the structure of a consanguineous human population to enhance gene discovery. Our
analysis of an elderly cohort in Wadi Ara using genome-wide SNP coverage allowed us to
examine formally the population genetic architecture and individual genetic variants that

Sherva et al. Page 6

J Alzheimers Dis. Author manuscript; available in PMC 2013 November 07.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



might explain the high rates of AD in this community. We confirmed that there is significant
consanguinity among study participants, and found evidence of multiple ancestries likely
due to a combination of immigration and heterogeneity in the founder population. The
degree of heterogeneity does not appear to be associated with AD risk.

A very surprising observation was that the level of homozygosity across the genome is
higher in controls than in AD cases. Comparisons of specific stretches of homozygosity
showed the same pattern—every homozygous region whose frequency differed significantly
between cases and controls was more common in controls. Single SNP association tests
confined to the disease associated homozygous regions showed two nominally significant
results near AD related genes that were replicated at P < 0.05 in other GWAS datasets. The
fact that these associations are observed in multiple populations, albeit with very modest
effect sizes, indicates that they are neither unique to Wadi Ara nor sufficient to explain the
high rate of AD in this community. The seven SNPs which are among the most significant in
Wadi Ara but only nominally significant in the outbred Caucasian populations had much
stronger effects on AD risk in Wadi Ara than in the other datasets. Arguably, these SNPs
with larger effect sizes are better candidates than the SNPs in the autozygous regions to
explain the AD prevalence in Wadi Ara. However, statistical support is greater for the SNPs
emerging from the autozygosity mapping approach than the GWAS after taking into account
correction for multiple testing.

We hypothesized that loci associated with AD in this study might act recessively since the
SNPs analyzed initially were selected based on their location in disease-associated
homozygous regions. However, recessive models for these SNPs were not significant. One
explanation for this finding and the increased level of autozygosity in controls is that there
are recessively acting protective variants. However, this idea is inconsistent with the higher
frequency of AD in Wadi Ara than in other Caucasian populations. Alternatively, the
frequency of the risk alleles may have been augmented in this population by inbreeding but
the risk model is additive comparable to other AD risk loci [8, 9, 11, 37]. Comparing the
allele frequencies of the associated SNPs in homozygous regions in Wadi Ara across
datasets revealed the opposite pattern—the frequencies of the minor alleles that increased
AD risk were invariably lower in Wadi Ara, and especially so in controls, which led to the
AD associations. This observation is consistent with the idea that AD susceptibility alleles
were introduced to Wadi Ara through intermarriage. Although the overall frequency of these
variants is lower in Wadi Ara compared to other populations, the pattern of association is the
same in large outbred Caucasian populations and Wadi Ara. Moreover, since the frequency
of these risk alleles are similar among AD cases in Wadi Ara and the other Caucasian
populations, the relative risk ascribed to these variants is higher in Wadi Ara which made
the detection of associations with these loci easier in this cohort. By comparison, the AD-
associated SNPs in Wadi Ara that were not in homozygous regions showed no discernable
pattern when their allele frequencies were compared to the other datasets. Table 5 shows the
MAF across datasets for the most strongly AD-associated SNP in AGER, RNF5, AGPAT1,
NOTCH4, CPN8, FIG4, PSMF1, and ASTN2.

Two regions identified by autozygosity mapping (Table 2) contain at least one strong
biological candidate gene for AD, and the chromosome 6 region contains at least three.
APBA1 is located in the AD-associated homozygosity stretch on chromosome 9. APBA1
encodes X11α, a member of the X11 family of adaptor proteins which inhibit Aβ production
[38]. One study found nominal evidence for association with APBA1 SNP rs1411318 [39].
Unfortunately, genotype data were not available in the Wadi Ara GWAS dataset for any
APBA1 SNPs. At present, it is unclear whether the association findings with SNPs in
MAMDC2 and TRMP3 are due to LD of these genes with APBA1, functional variants
within one of those genes, or chance.
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Among the top results from the autozygosity mapping analyses, the gene with the most
obvious biological link to AD is AGER which encodes a receptor for the Aβ peptide whose
expression is greatly increased in AD patients, especially in neurons proximal to deposits of
Aβ peptide and neurofibrillary tangles [40]. AGER may contribute to AD pathology by
transporting Aβ40 and Aβ42 across the blood-brain barrier, and increases the expression of
proinflammatory cytokines and endothelin-1, which promotes vasoconstriction [41].
Furthermore, inhibiting the binding between AGER and Aβ suppresses Aβ accumulation in
the mouse brain [41]. The only SNPs identified in this manner that replicated across datasets
are in AGPAT1 and NOTCH4. AGPAT1 is an endoplasmic reticulum transmembrane
protein which catalyzes the conversion of lysophosphatidic acid (LPA) to phosphatidic acid,
both of which are involved in cellular signal transduction and in lipid biosynthesis [42]. LPA
increases Tau phosphorylation (a commonly observed characteristic in AD brains) during
LPA-induced neurite retraction [43]. NOTCH4 is a member of a gene family which is
involved in a variety of developmental processes by controlling cell fate decisions.
Intramembrane proteolysis of NOTCH4 is regulated by γ-secretase, whose activity is
responsible for the final cleavage of the APP releasing Aβ peptide [44]. Several studies have
evaluated association of AD with NOTCH4, but the results were equivocal because the
sample sizes were small and only a few SNPs in this 33 kb gene were tested [45, 46]. SNPs
in TNXB have shown evidence for association with schizophrenia in Japanese and UK
populations [47, 48], although the association was not observed in a Chinese cohort [49].

Although none of the associations were replicated in the meta-analysis, several functional
candidates were identified through the GWAS approach. The relationship between impaired
proteasome function and AD [50–53] makes PSMF1 an attractive candidate gene by
impacting disease risk through the intracellular protein degradation pathway. Localized at
the nuclear envelope/endoplasmic reticulum membrane, PSMF1 does not inhibit cellular
proteasome activity, but instead interferes with the maturation of immunoproteasome
precursor complexes [54]. Although the function of CPN8, the gene with the strongest SNP
associations in Wadi Ara, has not been well characterized, CPN1 promotes calcium-
dependent aggregation of lipid vesicles [55]. The FIG4 gene product forms a regulatory
complex with VAC14, controlling the synthesis of phosphatidylinositol 3,5-bisphosphate.
Loss of VAC14 function caused neurodegeneration in mice [56], and certain mutations in
FIG4 cause neurodegeneration in humans [57]. ASTN2 was identified by its similarity to
ASTN1, a neuronal adhesion molecule that mediates the migration of young postmitotic
neuroblasts in cortical regions of developing brain [58]. The associations with SNPs in these
genes are mostly speculative given the lack of association in the meta-analysis datasets.

Finally, the lack of significant association results for the small number of SNPs typed in the
genes surrounding APOE (TOMM40 and PVRL2) are consistent with those regions having
a regulatory function on APOE. If these variants in these genes alter the expression levels of
non-risk alleles of APOE, the overall disease risk would be unlikely to change. Alternately,
the low SNP density or weak linkage disequilibrium (LD) in the region might have
prevented us from observing effects of TOMM40 and/or PVRL2. Lastly, APOE might be
the true causal variant and the observed effects of SNPs in TOMM40 and PVRL2 might be
due the LD with APOE.

Several caveats limit the interpretation of the results in this study. First, the Wadi Ara
sample is relatively small compared to other published AD GWAS, a fact reflected in the
modest P-values. The size of this sample prohibits detection of genome wide significant
associations with variants with small effects, i.e., odds ratios less than 1.2 that were
observed in two GWAS each containing more than 10,000 subjects [8, 9]. By comparison,
we had 80% power to detect an odds ratio above 3.5 at P ≤ 5 × 10−8 for a SNP with a MAF
of 10%. However, our strategy of replicating the top-ranked SNPs from the autozygosity
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mapping and genome wide approaches in several larger GWAS datasets identified several
genes and regions which can be further interrogated in even larger datasets assembled by
consortia in the US, Europe and Asia. Second, the lack of data on potential environmental
risk factors for AD limited our ability to determine conclusively the cause(s) of the high
disease rate in Wadi Ara. Despite these limitations, this work exemplifies the advantages of
isolated populations in genetic association studies and shows homozygosity mapping to be a
useful analytic tool in studies of these populations.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Individual level proportions of membership in the three ancestral populations
Individuals are on the X-axis and the proportion of their ancestry in each of the three
clusters is on the Y-axis. Estimates were calculated using STRUCTURE software. The black
area shows the predominant cluster, from which individuals derive 48% of their ancestry, on
average. The gray area shows the second cluster, which contains, on average, 31% of the
ancestry in the sample; the third cluster (in dark gray) contains 21%.
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Figure 2. Study sample plotted on their values for the first two principal components
(eigenvectors) of ancestry
Individuals’ values on the first two principal components of ancestry by AD status. Neither
of these components significantly predicted AD.
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Figure 3. Age and sex adjusted SNP association results in Wadi Ara
Manhattan plot summarizing GWAS results in Wadi Ara. SNPs were modeled as the
additive effect of minor allele dose. The most significant associations were in the genes
CPNE8, PSMF1, FIG4, and CMTM8.
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Table 1

Datasets contributing to the meta-analysis of AD association

Study N
(cases/controls)

Ethnicity P.I. Sample Description

MIRAGE 789/562 Caucasian Farrer [59–61]

TGEN 829/536 Caucasian Reiman [11, 62]

ADNI 312/214 Caucasian Weiner [63]

CAP Miami 931/1104 Caucasian/Ashkenazi Pericak-Vance [2, 64–66]
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Table 2

Demographic characteristics of the study sample.

Cases (N = 124) Controls (N = 142)

Variable (units) Mean or N SD Mean or N SD

Age (years) 78.6 7.9 72.0 6.1

SBP (mmHg) 158.2 14.9 154.6 9.4

DBP (mmHg) 81.0 9.7 78.8 3.9

F 0.01 0.03 0.02 0.04

Gender (M/F) 59/65 NA 76/66 NA

ApoE ε4 (N) 5 NA 2 NA

F is measured as the proportion of excess homozygosity over that expected by chance based on allele frequency. ApoE ε4 indicates the number of
individuals carrying a single copy of the ε4 allele.
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