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Interaction between variants in CLU and MS4A4E modulates
Alzheimer’s disease risk
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Abstract Introduction: Ebbert et al. reported gene-gene interactions between rs11136000-rs670139 (CLU-
MS4A4E) and rs3865444-rs670139 (CD33-MS4A4E). We evaluate these interactions in the largest
data set for an epistasis study.
Methods: We tested interactions using 3837 cases and 4145 controls from Alzheimer’s Disease Ge-
netics Consortium using meta-analyses and permutation analyses. We repeated meta-analyses strat-
ified by apolipoprotein E (APOE) ε4 status, estimated combined odds ratio (OR) and population
attributable fraction (cPAF), and explored causal variants.
Results: Results support the CLU-MS4A4E interaction and a dominant effect. An association be-
tween CLU-MS4A4E and APOE ε4 negative status exists. The estimated synergy factor, OR, and
cPAF for rs11136000-rs670139 are 2.23, 2.45, and 8.0, respectively. We identified potential causal
variants.
Discussion: We replicated the CLU-MS4A4E interaction in a large case-control series and observed
APOE ε4 and possible dominant effect. The CLU-MS4A4E OR is higher than any Alzheimer’s dis-
ease locus except APOE ε4, APP, and TREM2. We estimated an 8% decrease in Alzheimer’s disease
incidence without CLU-MS4A4E risk alleles and identified potential causal variants.
� 2016 The Alzheimer’s Association. Published by Elsevier Inc. All rights reserved.
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1. Introduction

Alzheimer’s disease (AD) is a complex neurodegenera-
tive disease and is the third leading cause of death in the

United States [1]. AD is characterized by the accumulation
of amyloid plaques and neurofibrillary tangles in the brain.
Many genetic loci exist that modify AD risk, but collec-
tively, they explain only a fraction of AD’s heritability [2]
and are not diagnostically useful [3,4]. Rare variants with
large effects and epistatic interactions may account for
much of the unexplained AD heritability, but are largely
unknown due to limitations in traditional genome-wide
association studies. Although rare variants 1and epistatic
effects on AD are poorly understood, recent studies
suggest that gene-gene interactions play a critical role in
AD etiology and progression [3,5–7].

A previous study [3] reported evidence of two gene-
gene interactions that increase AD risk. Specifically,
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Ebbert et al. reported interactions between rs11136000
C/C (CLU; minor allele 5 T, MAF 5 0.38) and
rs670139 G/G (MS4A4E; minor allele 5 T,
MAF 5 0.38) genotypes (synergy factor [SF] 5 3.81;
P 5 .016) and the rs3865444 C/C (CD33; minor
allele 5 A, MAF 5 0.21) and rs670139 G/G (MS4A4E)
genotypes (SF 5 5.31; P 5 .003). All three variants
have been implicated in numerous AD GWAS studies
[8–13] and are on the “AlzGene Top Results” list [14],
which summarizes the most established genes associated
with AD.

MS4A4E and CLU were recently replicated in a large
meta-analysis of 74,046 individuals, but CD33 did not repli-
cate [15]. Despite CD33 failing to replicate, several studies
demonstrated that CD33 is involved in AD-related pathways
and pathology, giving convincing evidence that CD33 is
somehow involved in AD. Three specific studies demon-
strated that CD33 alters monocyte function, amyloid uptake,
and that CD33 expression is associated with clinical demen-
tia ratings [16–18]. rs3865444 is located in the 50

untranslated regions (UTR) of CD33.
The association between CLU and AD status has been

strongly established by both genetic and biological data.
Recent studies demonstrated that rs11136000—an intronic
single nucleotide polymorphism within CLU—is associated
with AD-related pathology in healthy individuals including
neural inefficiency [19] and decreased white matter integrity
[20].

MS4A4E is a member of the membrane-spanning 4-
domains subfamily A, but little else is known about the
gene. However, rs670139—located in the MS4A4E 30UTR
according to gene model XM_011545416.1—is consistently
associated with AD [15,18,21].

In this study, we attempted to replicate these gene-gene
interactions using the largest data set used in an epistasis
study, to date [22]. We performed an independent meta-
analysis of data sets from the Alzheimer’s Disease Genetics
Consortium (ADGC) using 3837 cases and 4145 controls,
followed by a combined meta-analysis that included the
original Cache County results [3] with an additional 326
cases and 2093 controls. We also tested for dosage or domi-
nant effects and an apolipoprotein E (APOE) ε4 effect.
Finally, we explored possible causal variants using whole-
genome sequence data from the Alzheimer’s Disease Neuro-
imaging Initiative (ADNI).

2. Methods

2.1. Data description

We used SNP data from the ADGC, which consists of 32
studies collected over two phases and includes 16,000 cases
and 17,000 controls. All subjects are self-reported as being
of European-American ancestry. More information about
this data set can be found in the study by Naj et al. [8] and
the ADGC data preparation description [23].

Genotype data from 2419 individuals from the Cache
County Study on Memory Health and Aging were also
used in this study. The full cohort of 5092 individuals repre-
sented approximately 90% of the Cache County population
aged �65 years when the study began in 1994 [24]. The
Cache County data consist exclusively of individuals of
European-American ancestry. Exactly 2673 individuals
were excluded from the original Cache County analysis
because of incomplete genotype or clinical data [3]. Addi-
tional information on this data set can be found in previous
reports [3,24].

Whole-genome data from 747 individuals (223 controls,
195 cases, and 329 mild cognitive impairment [MCI])
were used in this article and were obtained from the ADNI
database (adni.loni.usc.edu). ADNI is a large collaboration
from several academic and private institutions, and subjects
have been recruited from over 50 sites across the United
States and Canada. Currently, over 1500 adults (ages 55–
90) participate, consisting of cognitively normal older indi-
viduals, people with early or late MCI, and people with early
stage AD. For up-to-date information, see www.adni-info.
org.

2.2. SNP data preparation and statistical analysis

As gene-gene interactions are challenging to identify and
replicate, we used the highest quality data possible. For each
ADGC data set, we filtered SNPs imputed with low informa-
tion (info ,0.5) and converted the IMPUTE2/SNPTEST
format files to PLINK format, using PLINK v1.90b2i
[25,26]. We used the default PLINK uncertainty cutoff of
0.1, meaning any imputed call with uncertainty greater
than 0.1 was treated as missing. We included SNPs with a
missing genotype rate less than 0.05 and individuals with a
missing rate less than 0.01. We then extracted the SNPs of
interest: rs3865444 (CD33), rs670139 (MS4A4E), and
rs11136000 (CLU) and tested Hardy-Weinberg equilibrium
[27,28]. Using R version 3.1.1 [29], we excluded samples
without complete data for all covariates including age,
gender, case-control status, APOE ε4 dose, and the two
SNPs being tested in the corresponding interaction. Entire
data sets missing in the respective SNPs or covariates after
data cleaning were excluded from further analysis. The
requirement of complete data for both SNPs and all covari-
ates is necessary for this analysis. Unfortunately, this
requirement led to the exclusion of 23 and 24 entire data
sets for the CD33-MS4A4E and CLU-MS4A4E interactions,
respectively. We also excluded the ADC1 data set because it
contained only one AD case, likely making it biased.

After data preparation, we tested the individual
interactions in each data set using logistic regression. We
defined the R models as “case_control w rs3865444 1
rs670139 1 rs3865444:rs670139 1 apoe4dose 1 age 1
sex” and “case_control w rs11136000 1 rs670139 1
rs11136000:rs670139 1 apoe4dose 1 age 1 sex” for the
CD33-MS4A4E and CLU-MS4A4E interactions, respectively.
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