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a b s t r a c t

Late-onset Alzheimer disease (AD) has a complex genetic etiology, involving locus heterogeneity, polygenic
inheritance, and gene-gene interactions; however, the investigation of interactions in recent genome-wide
association studies has been limited. We used a biological knowledge-driven approach to evaluate gene-
gene interactions for consistency across 13 data sets from the Alzheimer Disease Genetics Consortium.
Fifteen single nucleotide polymorphism (SNP)-SNP pairs within 3 gene-gene combinations were identi-
fied: SIRT1 � ABCB1, PSAP � PEBP4, and GRIN2B � ADRA1A. In addition, we extend a previously identified
interaction from an endophenotype analysis between RYR3 � CACNA1C. Finally, post hoc gene expression
analyses of the implicated SNPs further implicate SIRT1 and ABCB1, and implicate CDH23which was most
recently identified as an AD risk locus in an epigenetic analysis of AD. The observed interactions in this
article highlight ways inwhich genotypic variation related to diseasemay depend on the genetic context in
which it occurs. Further, our results highlight the utility of evaluating genetic interactions to explain
additional variance in AD risk and identify novel molecular mechanisms of AD pathogenesis.
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1. Introduction

Alzheimer disease (AD) has a strong yet complex genetic etiol-
ogy and has already demonstrated allelic and locus heterogeneity
and polygenic inheritance. It is possible that additional complexity,
including gene-gene interactions, is also involved in the etiology of
AD. Although rare mutations in multiple genes can affect early-
onset AD, only common variation in APOE has a large effect on
the more common late-onset form of AD (LOAD). Recent genome-
wide association studies in LOAD have identified up to 21 addi-
tional novel genetic loci for AD, including genes from multiple
pathways, such as beta-amyloid processing and clearance, calcium
signaling, and extracellular matrix (Lambert et al., 2013; Naj et al.,
2011). Other than APOE, the identified genetic loci have very
modest effects, and in total the known genetic influences in LOAD
still explain only about 33% of the broad-sense heritability (Ridge
et al., 2013), which has been estimated to be 60%e80% (Gatz
et al., 2006; So et al., 2011). One possible source of additional her-
itability is gene-gene interactions. Known loci could further influ-
ence disease risk through interactions with each other, as well as
with other as yet unknown genetic factors. Also, novel loci with no
detectable independent main effect on LOAD risk could interact
with each other to significantly increase risk.

To date, the investigation of gene-gene interactions in LOAD has
been pursued almost exclusively using a hypothesis-driven,
candidate gene approach. Arosio et al. (2004) reported an interac-
tion between variants in the proinflammatory cytokine genes IL6
and IL10, and Mateo et al. (2006) reported an interaction between
the dopamine beta-hydroxylase gene and each of the 2 cytokine
genes IL1A and IL6 (Arosio et al., 2004; Mateo et al., 2006). The
Epistasis Project was able to replicate both of these findings in LOAD
(Combarros et al., 2010). Interactions between variants in the
transferrin gene (TF) and the hemochromatosis gene (HFE) also
have been identified and replicated in multiple cohorts for associ-
ation with LOAD (Kauwe et al., 2010; Robson et al., 2004). An
interaction between the insulin gene (INS) and the peroxisome
proliferatoreactivated receptor alpha gene (PPARa) has been re-
ported in Northern but not Southern Europeans (Heun et al., 2012;
Kolsch et al., 2012). Risk for LOAD and vascular dementia reportedly
vary according to the interaction of genotypes in theMTHFR and IL6
genes (Mansoori et al., 2012).

Even in hypothesis-free genome-wide association studies
(GWAS) of AD, when testing of gene-gene interactions has been
incorporated, it has been restricted to interactions between APOE
and other risk loci with knownmain effect associations. Belbin et al.
(2011) investigated interactions among 21 LOAD candidate and
confirmed risk genes, including APOE, BIN1, CLU, CR1, and PICALM
but failed to detect any interactions with disease status or age-at-
onset that were significant after correction for multiple testing
(Belbin et al., 2011). Similarly, Carrasquillo et al. (2011) failed to
identify significant interactions between variants in BIN1 and other
LOAD risk genes, including APOE, CLU, CR1, and PICALM (Carrasquillo
et al., 2011).

In this study, we aimed to identify novel gene-gene interactions
that demonstrated association with LOAD across multiple inde-
pendent data sets. We used a network-based approach to discovery,
using prior biological knowledge about LOAD candidate genesdthe
pathways in which they participate and the genes with which they
are related or are known to interactdto guide initial selection of
gene-genemodels for investigation (Bush et al., 2009).We also used
a meta-analysis approach by which we could evaluate the consis-
tency of each identified single nucleotide polymorphism (SNP) �
SNP interaction across the 13 independent data sources while
correcting for the total number of comparisons evaluated. Finally,
we performed a comprehensive analysis of 2 gene-gene pairs that

were previously identified in projects by our research group
leveraging endophenotypes of AD to validate the observed effects in
case-control data sets.

2. Materials and methods

2.1. Data sets and quality control procedures

Study data consisted of subjects from 13 data sets available
through the Alzheimer’s Disease Genetics Consortium, including
the following: the Adult Changes in Thought; the National Institute
on Aging Alzheimer Disease Centers (ADC1, ADC2, ADC3); the
Alzheimer’s Disease Neuroimaging Initiative (ADNI); Oregon Health
& Science University (OHSU); Rush University Religious Orders
Study/Memory and Aging Project (ROS/MAP); Translational Geno-
mics Research Institute series 2 (TGEN2); University of Miami/
Vanderbilt University/Mt. Sinai School of Medicine (UM/VU/
MSSM); and Washington University (WashU). All subjects were
recruited under protocols approved by the appropriate Institutional
Review Boards.

After quality control, the combined data set included samples
from 7758 LOAD cases and 6724 cognitively normal elder (CNE)
controls. For most of the cohorts, LOAD cases met National Institute
of Neurological and Communicative Disorders and Stroke and the
Alzheimer’s Disease and Related Disorders Association (NINCDS-
ADRDA) criteria for probable or definite LOAD with age at onset
greater than 60 years, and clinically-defined CNEs had a docu-
mented Mini-Mental State Exam, Cognitive Abilities Screening
Instrument, or Modified Mini Mental State Exam (3MS) score in the
normal range. The only exceptions were TGEN2 and ADNI. The
TGEN2 data set comprised clinically- and neuropathologically
characterized brain donors, 668 with LOAD and 365 CNEs without
dementia or significant LOAD pathology. The samples were ob-
tained from 21 different National Institute on Aging-support LOAD
Center brain banks and from the Miami Brain Bank as previously
described (Caselli et al., 2007; Liang et al., 2011; Reiman et al., 2007;
Webster et al., 2009). Additional samples from other brain banks in
the United States, United Kingdom, and the Netherlands were ob-
tained in the same manner. The ADNI data set comprised 268 LOAD
cases and 173 CNEs with neuroimaging support for diagnosis. In the
ADNI cohort, LOAD subjects were between the ages of 55e90 years,
had an Mini-Mental State Exam score of 20e26 inclusive, met
NINCDS/ADRDA criteria for probable LOAD (McKhann et al., 1984),
and had a magnetic resonance image consistent with the diagnosis
of LOAD at the most recent follow-up. Table 1 presents descriptive
statistics for each of the data sets.

2.2. Genotyping

Samples were genotyped at different stages of recruitment on
the Affymetrix 6 (UM/VU/MSSM), Affymetrix 1M (TGEN2), Illumina
610 (ADNI, OHSU, UM/VU/MSSM), Illumina 660 (Adult Changes in
Thought, ADC1, ADC2, WashU), Illumina OmniExpress (ADC3), and
Illumina IM (ROS/MAP, UM/VU/MSSM). Each data set was inde-
pendently imputed using IMPUTE2 with 1000 Genomes Phase 2
samples of European ancestry. Because we were primarily inter-
ested in discovering novel gene-gene interactions and not those
that modify risk of the major LOAD gene, APOE, we excluded SNPs
within 50 kb of APOE.

2.3. Quality control procedures

Quality control procedures were applied to each data set sepa-
rately. Genotype data were cleaned by applying a 98% threshold for
genotyping efficiency and aminimumminor allele frequency (MAF)
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