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a b s t r a c t

Although mutations within the TREM2 gene have been robustly associated with Alzheimer’s disease, it is
not known whether alterations in the regulation of this gene are also involved in pathogenesis. Here, we
present data demonstrating increased DNA methylation in the superior temporal gyrus in Alzheimer’s
disease brain at a CpG site located 289 bp upstream of the transcription start site of the TREM2 gene in 3
independent study cohorts using 2 different technologies (Illumina Infinium 450K methylation beadchip
and pyrosequencing). A meta-analysis across all 3 cohorts reveals consistent AD-associated hyper-
methylation (p ¼ 3.47E-08). This study highlights that extending genetic studies of TREM2 in AD to
investigate epigenetic changes may nominate additional mechanisms by which disruption to this gene
increases risk.

� 2016 Elsevier Inc. All rights reserved.
1. Introduction

Alzheimer’s disease (AD) is a chronic neurodegenerative disease
characterized by the accumulation of amyloid plaques and neurofi-
brillary tangles within the brain, ultimately leading to neuronal cell
loss. This is accompanied by changes in behavior and personality
followed by progressive cognitive decline. Although the neuropa-
thology that characterizes the disease has been well described, little
is known about the underlying mechanisms that drive disease onset
and progression. As quantitative genetic analyses demonstrated high
heritability estimates (58%e79%) for AD (Gatz et al., 2006), initial
approaches to understand etiology focused on uncovering a genetic
contribution to the disorder. In recent years, large cohort collections
and the relatively inexpensive cost of assessing genetic variation
through genome-wide association studies have allowed the identi-
fication of numerous common variants that are associated with
increased risk of developing AD. Although common sequence vari-
ants in a number of genes have been robustly associated with AD via
dical School, RILD, University
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genome-wide association studies and subsequent meta-analyses
(Escott-Price et al., 2015; Harold et al., 2009; Hollingworth et al.,
2011; Lambert et al., 2013; Naj et al., 2011; Sleegers et al., 2010),
collectively common single-nucleotide polymorphisms (SNPs) ac-
count for only 33% of attributable risks (Ridge et al., 2013) and the
mechanism behind their action remains largely unknown.

With the advent of whole genome and exome sequencing,
recent efforts have focused on identifying rare variants for AD with
a larger effect size. The most robust locus identified through these
studies is the rs75932628 SNP within the TREM2 gene, which leads
to a R47H substitution and has been nominated as a risk loci in
numerous studies of AD (Forabosco et al., 2013; Guerreiro et al.,
2013; Jonsson et al., 2013; Neumann and Daly, 2013). The minor T
allele at this locus significantly increases the risk of AD (odds ratio
2.92) (Jonsson et al., 2013). Although the genetic epidemiology of
TREM2 in AD has now been extensively explored, only 1 study to
date has exploredwhether alterations in the regulation of this gene,
independent of genotype, may be associated with AD (Celarain
et al., 2016). Epigenetic processes occur independently of DNA
sequence variation, dynamically regulating gene expression, and
are mediated principally through chemical modifications to DNA
and nucleosomal histone proteins. DNA methylation is the best
characterized modification modulating the transcription of
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mammalian genomes, and the first genome-scale studies to assess
DNA methylation (epigenome-wide association studies [EWAS]) in
AD brain have recently been published (De Jager et al., 2014;
Lunnon et al., 2014). One of these studies highlighted hyper-
methylation at cg25748868, which is annotated to the TREM2 gene,
in the superior temporal gyrus (STG) associated with increased
Braak stage (Lunnon et al., 2014). The aim of the present study was
to measure DNA methylation in the STG at this locus in 2 further
independent AD sample cohorts and to perform a meta-analysis on
the 3 cohorts.

2. Materials and methods

2.1. Sample information

STG brain tissue was obtained from 3 independent sample co-
horts from 3 different brain banks. Cohort 1 consisted of 95 samples
acquired from the MRC London Neurodegenerative Disease Brain
Bank (http://www.kcl.ac.uk/iop/depts/cn/research/MRC-London-Neuro
degenerative-Diseases-Brain-Bank/MRC-London-Neurodegenerative-
Diseases-Brain-Bank.aspx). Cohort 2 consisted of 103 samples ac-
quired from the Mount Sinai Alzheimer’s Disease and Schizophrenia
Brain Bank (http://icahn.mssm.edu/research/labs/neuropathology-
and-brain-banking) (Haroutunian et al., 1998). Cohort 3 consisted
of 192 samples acquired from the Thomas Willis Oxford Brain
Collection (http://www.medsci.ox.ac.uk/optima/information-for-
patients-and-the-public/the-thomas-willis-oxford-brain-collection)
(Esiri,1993). For all cohorts, sampleswere classified as either controls
(Braak 0eII) or AD cases (Braak VeVI). All samples were dissected by
trained specialists, snap frozen, and stored at �80 �C. Further infor-
mation about the samples is provided in Table 1.

2.2. DNA isolation and sodium bisulfite treatment

Genomic DNA was isolated from w100 mg of each dissected
brain region using a standard phenolechloroform extraction
method and tested for degradation and purity before the analysis.
Five hundredenanogram DNA from each sample was sodium
bisulfite treated using the Zymo EZ-96 DNA methylation
kit (Zymo Research) according to the manufacturer’s standard
protocol.

2.3. Genome-wide DNA methylation analysis

Samples from cohorts 1 and 2 were assessed using the Illumina
Infinium 450K methylation beadchip (Illumina) using an Illumina
HiScan System (Illumina). All samples were assigned a unique code
for the purpose of the experiment and randomized with respect to
sex and disease status to avoid batch effects and processed in
batches of 4 BeadChips. Illumina Genome Studio software was
used to extract the raw signal intensities of each probe (without
background correction or normalization). All computations and
Table 1
Sample demographics for the study

Cohort 1 (London) Cohort 2 (M

Controls (Braak 0eII) AD cases (Braak VeVI) Controls (Br

Number of individuals 29 66 59
Gender

(male and/or female)
13/16 26/40 31/28

Age at death (�SD) 77.6 (12.80) 85.4 (8.13) 82.1 (7.56)
Method used to assess

DNA methylation
Illumina 450K Illumina 450

Key: AD, Alzheimer’s disease; SD, standard deviation.
statistical analyses were performed using R 3.2.1 (R Development
Core Team, 2015) and bioconductor 3.1 (Gentleman et al., 2004).
Data were loaded into R using the methylumi package (Davis et al.,
2014) as a methylumi object. Initial quality control checks were
performed using functions in the methylumi package to assess
concordance between reported and genotyped gender. Data were
preprocessed in the R package wateRmelon using the dasen func-
tion as previously described (Pidsley et al., 2013). EWAS data for
cohorts 1 and 2 are available on Gene Expression Omnibus (GEO)
under accession numbers GSE59685 and GSE80970, respectively.

2.4. Bisulfite-pyrosequencing analysis

Bisulfite pyrosequencing was used to quantify DNA methylation
at cg25748868 (chr6:41,131,213) (GRCh37 Hg18) upstream of the
TREM2 transcription start site (TSS) in cohort 3. A single amplicon
(134 bp) was amplified using primers designed using the PyroMark
Assay Design software 2.0 (Qiagen) and tested for specificity in
our laboratories (forward primer ¼ GAGGGTTTTGGTTTTTA
AAGGTATAG; reverse primer ¼ TACAAAACCTAACCCAAAAATCAC,
sequencing primer ¼ ATTTTTGTAAGGTTGAAATTAGA). DNA
methylation was quantified using the Pyromark Q24 system
(Qiagen) following the manufacturer’s standard instructions and
the Pyro Q24 CpG 2.0.6 software.

2.5. Genotyping

Genotyping for rs75932628 within exon 2 of TREM2was carried
out by LGC Genomics, Herts, UK.

2.6. Statistical analyses

All 3 cohorts were analyzed independently. Data were adjusted
for the effects of age and gender, and linear regression models were
used to compare control brain samples (Braak scores 0eII) with AD
brain samples (Braak scores VeVI) using the linear model function
in R. A Fisher’s meta-analysis of p values was performed in the
MetaDE package within R (Wang et al., 2012). We later estimated
neuron/glia proportions in data generated on the Illumina Infinium
450K methylation beadchip using the Cell Epigenotype Specific
Model algorithm (Guintivano et al., 2013) and reanalyzed the data
in cohorts 1 and 2 using this estimate as an additional covariate.

3. Results

We recently published an EWAS of AD demonstrating increased
DNA methylation in the STG associated with the Braak stage in
cohort 1 at cg25748868 (nominal p ¼ 8.81E-05) (Lunnon et al.,
2014), which was observed to a lesser extent in the entorhinal
cortex (p ¼ 0.0323) but not in the prefrontal cortex or cerebellum
(p > 0.05). Cg25748868 is located 289 bp upstream of the TSS of
the TREM2 gene. Given the interest in this gene in AD due to the
ount Sinai) Cohort 3 (Oxford)

aak 0eII) AD cases (Braak VeVI) Controls (Braak 0eII) AD cases (Braak VeVI)

44 75 117
12/32 44/31 50/67

88.0 (7.53) 84.1 (7.72) 78.4 (9.27)
K Pyrosequencing
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Fig. 1. DNA methylation is consistently increased in AD samples compared to controls
in the STG at chr6:41,131,213. (A) Adjusted methylation levels of cg25748868 in the STG
in controls (Braak stage 0eII) and AD (Braak stage VeVI) samples from 3 cohorts. In all
3 cohorts, DNA methylation at this loci is increased in AD cases relative to controls. (B)
Forest plot of meta-analysis of effect size of cg25748868 across the 3 cohorts. Key: *p <

0.05 and ***p < 0.005. Abbreviations: AD, Alzheimer’s disease; STG, superior temporal
gyrus.
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the recently described novel risk variant, we were keen to
examine whether we could replicate this differentially methylated
position (DMP) in independent AD brain samples. As our previous
study in cohort 1 used linear regression models to assess DNA
methylation associated with Braak stage in 113 individuals with an
even representation of samples across the entire Braak spectrum
and as validation cohort 3 only had samples available with a Braak
stage�II or�V, we initially reanalyzed our data in cohort 1 using a
case (Braak �V) or control (Braak �II) analysis (N ¼ 95 individuals
in these groups) to allow a comparable analysis across all 3 co-
horts. In our caseecontrol analysis in cohort 1, we observed a
similar association of increased DNA methylation at cg25748868
in the STG (Fig. 1A; DNA methylation difference ¼ 1.4%, p ¼ 1.06E-
04) as reported in our published quantitative Braak stage model
data. One potential confounder of epigenetic data generated in a
heterogeneous tissue such as the brain is that methylomic differ-
ences may simply reflect a difference in cellular abundance be-
tween cases and controls. As such, we utilized a published
bioinformatic algorithm that can predict neuron/glia proportions
in data generated from the Illumina Infinium 450K methylation
beadchip (Guintivano et al., 2013). When we included these esti-
mates as covariates in the model, we still observed a significant
increase in DNA methylation at this loci in cases (p ¼ 6.31E-04).
We next assessed this specific probe in a second independent
cohort of 103 STG samples (cohort 2), again identifying increased
DNA methylation associated with AD at this locus (Fig. 1A; DNA
methylation difference ¼ 0.73%, p ¼ 0.020), which still remained
significant when we controlled for neuron/glia proportions (p ¼
0.026).

To independently validate our findings using another technol-
ogy, we quantified DNA methylation at the same site using bisulfite
pyrosequencing in a third cohort of 192 STG samples (cohort 3),
again finding significantly higher DNA methylation associated with
AD (Fig. 1A; DNA methylation difference ¼ 0.72%, p ¼ 4.01E-06). A
meta-analysis of this DMP across the 3 cohorts showed significant
hypermethylation associated with AD (Fig. 1B; p¼ 3.47E-08). As the
rare SNP at rs75932628 has previously been shown to increase AD
risk (Guerreiro et al., 2013; Jonsson et al., 2013), we were interested
to investigate whether this SNP is also associated with DNA
methylation at cg25748868. When we compared DNA methylation
levels at cg25758868 between carriers and noncarriers of the SNP
across all cohorts, we saw no significant difference between the
groups (p ¼ 0.488). However, as the presence of the T allele is rare
within the population [minor allele frequency ¼ 0.002 (Genomes
Project Consortium et al., 2012)], we only observed heterozygosi-
ty in 11 individuals across the study (2 individuals in cohort 1, 6
individuals in cohort 2, and individuals in cohort 3).

4. Discussion

Mutations in TREM2 have been robustly associated with AD
risk. In addition to the well-described mutation at rs75932628,
other rare mutations have also been described; for example, D87N
(rs142232675) also increases susceptibility to AD (Guerreiro et al.,
2013). More recently, common variants across the TREM gene
cluster have been associated with AD pathology or susceptibility,
including rs6910730 in TREM1, rs9381040 and rs6916710 in
TREML2, and rs7759295 and rs6922617 which are intergenic
within the TREM gene cluster (Benitez et al., 2014; Chan et al.,
2015; Cruchaga et al., 2013; Lambert et al., 2013; Replogle et al.,
2015). In the present study, we observed a small but consistent
increase in DNA methylation at a CpG site 289 bp upstream of the
TSS in the TREM2 gene in the STG in AD brain across all cohorts.
The TREM2 gene resides on chromosome 6 which is 4680 bp in
length (chr6:41,126,244e41,130,924) and contains 5 exons, and it
is known to be expressed as 3 transcript variants. The Illumina
Infinium 450K methylation beadchip has limited coverage of the
TREM2 gene, with only 7 probes spanning the gene. When we
looked for AD-associated differential methylation at the remain-
ing 6 probes within the gene, we saw no significant difference in
either cohort 1 or 2. TREM2 is expressed by macrophages and
microglia, and its expression, particularly within the cytoplasm, is
dramatically increased in activated microglia (Sessa et al., 2004).
TREM2 is predominantly expressed intracellularly, in the Golgi
complex and in cytoplasmic vesicles, but TREM2 must be
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expressed at the cell surface in order to be functional. In response
to cell stimulation, TREM2 is exocytosed to the cell surface, where
it is able to act as a functional receptor (Prada et al., 2006). Cell
surface expressed TREM2 is associated with its signaling coun-
terpart DAP12 (also called tyrosine kinase binding protein
[TYROBP]) forming a molecular complex that promotes phagocy-
tosis. In vitro, TREM2 knockdown microglia have defective clear-
ance of apoptotic neurons and increased synthesis of tumour
necrosis factor (TNF)-a and iNOS, while overexpression of micro-
glial TREM2 increases phagocytic activity and reduces the pro-
duction of the proinflammatory mediators TNF-a, interleukin (IL)-
1b, and inducible nitric oxide synthase (iNOS) (Takahashi et al.,
2005), indicating that TREM2 may promote a phagocytic anti-
inflammatory phenotype in microglia. Interestingly, one recent
study highlighted an association of the inflammatory CD33 AD risk
allele with increased TREM2 cell-surface expression, as well as
higher cortical TREM2 RNA expression with increasing amyloid
pathology, supporting a potentially pathogenic role for increased
TREM2 expression in AD (Chan et al., 2015). Another recent study
has demonstrated an increased expression of TREM2 in the hip-
pocampus in AD (Celarain et al., 2016). Interestingly, this study
used bisulfite clonal sequencing and 5-hydroxymethylated DNA
immunoprecipitation combined with quantitative real time-PCR
(qRT-PCR) (5hMeDIP-qRT-PCR) to additionally assess DNA
methylation and DNA hydroxymethylation in TREM2 in the same
samples. In line with our findings they reported increased DNA
methylation in the TREM2 TSS in AD. Further they reported a
significant correlation of TREM2 messenger RNA expression and
5-hydroxymethylation levels in exon 2 of TREM2. Although
traditionally DNA methylation in CpG islands is associated with
gene silencing, recent data suggest that the relationship between
DNA methylation and transcription may be more complex, with
gene body methylation often being associated with active gene
expression and alternative splicing (Smith et al., 2016). Interest-
ingly, the CpG site we investigated resides within a transcription
binding site for the transcriptional repressor protein YY1.

5. Conclusions

This study further explored a DMP in TREM2 identified in our
recent EWAS in AD brain and demonstrated consistent hyper-
methylation in AD across 3 independent cohorts. This opens up the
possibility that TREM2 gene regulation may also be important in the
etiology of AD, and further studies to examine other epigenetic
mechanisms along the entire length of the TREM2 gene should be
undertaken. As noted earlier, the Illumina Infinium 450K methyl-
ation beadchip only contains 7 probes spanning the TREM2 gene,
and thus, it would be of interest to bisulfite sequence the entire
gene to nominate additional differentially methylated loci that
could not be identified in the current study. It will also be of
considerable interest to correlate DNA methylation changes along
the entire gene with levels of gene expression, given that the recent
study by Celarain et al. (2016) identified increased TREM2 gene
expression and DNA methylation in AD hippocampus (Celarain
et al., 2016). Although we investigated whether the DMP we
identified may be influenced by genotype at rs759232628, which
has been strongly associated with increased AD risk, the rarity of
this SNP in the population meant that we were not sufficiently
powered to make any firm conclusions and future work should be
undertaken to examine DNA methylation in individuals harboring
the risk allele in larger sample cohorts. Finally, although we have
shown consistent hypermethylation at this DMP in AD brain, our
experiments were performed in tissue homogenates, and as such, it
is possible that this may represent cell proportion differences in
people with AD, given the widespread neuronal loss at late stage
disease. Although we were able to control for neuron/glia pro-
portions in cohorts 1 and 2, in the future, further studies could be
undertaken to measure DNA methylation in pure microglia isolated
from AD brain, once these methods are available.

Disclosure statement

The authors have no actual or potential conflicts of interest.

Acknowledgements

This work was funded by a grant from BRACE (Bristol Research
into Alzheimer’s and Care of the Elderly) and the Alzheimer’s
Society (grant number AS-PG-14-038) to Katie Lunnon and NIH
grant R01 AG036039 and an Equipment Grant from Alzheimer’s
Research UK to Jonathan Mill. The authors thank Carolyn Sloan for
technical support and Istvan Bodi and Andrew King for neuro-
pathological diagnosis of cases. The authors also thank the Oxford
Project to Investigate Memory and Ageing (OPTIMA), the National
Institute for Health (NIHR), Biomedical Research Unit in Dementia
in the South London and Maudsley NHS Foundation Trust (SLaM),
Brains for Dementia Research (Alzheimer Brain Bank UK) and the
donors and families who made this research possible. The Oxford
Brain Bank is supported in part by the National Institute for Health
Research (NIHR), Oxford Biomedical Research Centre based at
Oxford University Hospitals NHS Trust and University Of Oxford.
Brain banking and neuropathology assessments for theMount Sinai
cohort was supported by NIH grants AG02219, AG05138, and
MH064673 and the Department of Veterans Affairs VISN3 MIRECC.

References

Benitez, B.A., Jin, S.C., Guerreiro, R., Graham, R., Lord, J., Harold, D., Sims, R.,
Lambert, J.C., Gibbs, J.R., Bras, J., Sassi, C., Harari, O., Bertelsen, S., Lupton, M.K.,
Powell, J., Bellenguez, C., Brown, K., Medway, C., Haddick, P.C., van der
Brug, M.P., Bhangale, T., Ortmann, W., Behrens, T., Mayeux, R., Pericak-
Vance, M.A., Farrer, L.A., Schellenberg, G.D., Haines, J.L., Turton, J., Braae, A.,
Barber, I., Fagan, A.M., Holtzman, D.M., Morris, J.C., Williams, J., Kauwe, J.S.,
Amouyel, P., Morgan, K., Singleton, A., Hardy, J., Goate, A.M., Cruchaga, C., 2014.
Missense variant in TREML2 protects against Alzheimer’s disease. Neurobiol.
Aging 35, 1510.e19e1510.e26.

Celarain, N., Sanchez-Ruiz de Gordoa, J., Zelaya, M.V., Roldan, M., Larumbe, R.,
Pulido, L., Echavarri, C., Mendioroz, M., 2016. TREM2 upregulation correlates
with 5-hydroxymethycytosine enrichment in Alzheimer’s disease hippocam-
pus. Clin. Epigenetics 8, 37.

Chan, G., White, C.C., Winn, P.A., Cimpean, M., Replogle, J.M., Glick, L.R.,
Cuerdon, N.E., Ryan, K.J., Johnson, K.A., Schneider, J.A., Bennett, D.A.,
Chibnik, L.B., Sperling, R.A., Bradshaw, E.M., De Jager, P.L., 2015. CD33 modulates
TREM2: convergence of Alzheimer loci. Nat. Neurosci. 18, 1556e1558.

Cruchaga, C., Kauwe, J.S., Harari, O., Jin, S.C., Cai, Y., Karch, C.M., Benitez, B.A.,
Jeng, A.T., Skorupa, T., Carrell, D., Bertelsen, S., Bailey, M., McKean, D.,
Shulman, J.M., De Jager, P.L., Chibnik, L., Bennett, D.A., Arnold, S.E., Harold, D.,
Sims, R., Gerrish, A., Williams, J., Van Deerlin, V.M., Lee, V.M., Shaw, L.M.,
Trojanowski, J.Q., Haines, J.L., Mayeux, R., Pericak-Vance, M.A., Farrer, L.A.,
Schellenberg, G.D., Peskind, E.R., Galasko, D., Fagan, A.M., Holtzman, D.M.,
Morris, J.C., Goate, A.M., 2013. GWAS of cerebrospinal fluid tau levels identifies
risk variants for Alzheimer’s disease. Neuron 78, 256e268.

Davis, S., Du, P., Bilke, S., Triche, J., Bootwalla, M., 2014. Methylumi: Handle Illumina
Methylation Data. R Package Version 2.10.0. R Graphic Manual.

De Jager, P.L., Srivastava, G., Lunnon, K., Burgess, J., Schalkwyk, L.C., Yu, L.,
Eaton, M.L., Keenan, B.T., Ernst, J., McCabe, C., Tang, A., Raj, T., Replogle, J.,
Brodeur, W., Gabriel, S., Chai, H.S., Younkin, C., Younkin, S.G., Zou, F., Szyf, M.,
Epstein, C.B., Schneider, J.A., Bernstein, B.E., Meissner, A., Ertekin-Taner, N.,
Chibnik, L.B., Kellis, M., Mill, J., Bennett, D.A., 2014. Alzheimer’s disease: early
alterations in brain DNA methylation at ANK1, BIN1, RHBDF2 and other loci. Nat.
Neurosci. 17, 1156e1163.

Escott-Price, V., Sims, R., Bannister, C., Harold, D., Vronskaya, M., Majounie, E.,
Badarinarayan, N., GERAD/PERADES, IGAP consortia, Morgan, K., Passmore, P.,
Holmes, C., Powell, J., Brayne, C., Gill, M., Mead, S., Goate, A., Cruchaga, C.,
Lambert, J.C., van Duijn, C., Maier, W., Ramirez, A., Holmans, P., Jones, L.,
Hardy, J., Seshadri, S., Schellenberg, G.D., Amouyel, P., Williams, J., 2015. Com-
mon polygenic variation enhances risk prediction for Alzheimer’s disease. Brain
138 (Pt 12), 3673e3684.

Esiri, M.M., 1993. Brain banks: the Oxford experience. J. Neural. Transm. Suppl. 39,
25e30.

http://refhub.elsevier.com/S0197-4580(16)30138-5/sref1
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref1
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref1
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref1
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref1
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref1
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref1
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref1
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref1
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref1
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref2
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref2
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref2
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref2
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref3
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref3
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref3
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref3
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref3
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref4
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref4
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref4
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref4
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref4
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref4
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref4
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref4
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref4
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref5
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref5
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref6
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref6
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref6
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref6
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref6
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref6
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref6
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref6
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref7
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref7
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref7
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref7
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref7
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref7
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref7
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref7
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref8
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref8
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref8


A.R. Smith et al. / Neurobiology of Aging 47 (2016) 35e40 39
Forabosco, P., Ramasamy, A., Trabzuni, D., Walker, R., Smith, C., Bras, J., 2013. Insights
into TREM2 biology by network analysis of human brain gene expression data.
Neurobiol. Aging 34, 2699e2714.

Gatz, M., Reynolds, C.A., Fratiglioni, L., Johansson, B., Mortimer, J.A., Berg, S., Fiske, A.,
Pedersen, N.L., 2006. Role of genes and environments for explaining Alzheimer
disease. Arch. Gen. Psychiatry 63, 168e174.

Genomes Project Consortium, Abecasis, G.R., Auton, A., Brooks, L.D., DePristo, M.A.,
Durbin, R.M., Handsaker, R.E., Kang, H.M., Marth, G.T., McVean, G.A., 2012. An
integrated map of genetic variation from 1092 human genomes. Nature 491,
56e65.

Gentleman, R.C., Carey, V.J., Bates, D.M., Bolstad, B., Dettling, M., Dudoit, S., Ellis, B.,
Gautier, L., Ge, Y., Gentry, J., Hornik, K., Hothorn, T., Huber, W., Iacus, S., Irizarry, R.,
Leisch, F., Li, C., Maechler, M., Rossini, A.J., Sawitzki, G., Smith, C., Smyth, G.,
Tierney, L., Yang, J.Y., Zhang, J., 2004. Bioconductor: open software development
for computational biology and bioinformatics. Genome Biol. 5, R80.

Guerreiro, R., Wojtas, A., Bras, J., Carrasquillo, M., Rogaeva, E., Majounie, E.,
Cruchaga, C., Sassi, C., Kauwe, J.S., Younkin, S., Hazrati, L., Collinge, J., Pocock, J.,
Lashley, T., Williams, J., Lambert, J.C., Amouyel, P., Goate, A., Rademakers, R.,
Morgan, K., Powell, J., St George-Hyslop, P., Singleton, A., Hardy, J., Alzheimer
Genetic Analysis Group, 2013. TREM2 variants in Alzheimer’s disease. N. Engl. J.
Med. 368, 117e127.

Guintivano, J., Aryee, M., Kaminsky, Z., 2013. A cell epigenotype specific model for
the correction of brain cellular heterogeneity bias and its application to age,
brain region and major depression. Epigenetics 8, 290e302.

Harold, D., Abraham, R., Hollingworth, P., Sims, R., Gerrish, A., Hamshere, M.L.,
Pahwa, J.S., Moskvina, V., Dowzell, K., Williams, A., Jones, N., Thomas, C.,
Stretton, A., Morgan, A.R., Lovestone, S., Powell, J., Proitsi, P., Lupton, M.K.,
Brayne, C., Rubinsztein, D.C., Gill, M., Lawlor, B., Lynch, A., Morgan, K.,
Brown, K.S., Passmore, P.A., Craig, D., McGuinness, B., Todd, S., Holmes, C.,
Mann, D., Smith, A.D., Love, S., Kehoe, P.G., Hardy, J., Mead, S., Fox, N., Rossor, M.,
Collinge, J., Maier, W., Jessen, F., Schurmann, B., van den Bussche, H., Heuser, I.,
Kornhuber, J., Wiltfang, J., Dichgans, M., Frolich, L., Hampel, H., Hull, M.,
Rujescu, D., Goate, A.M., Kauwe, J.S., Cruchaga, C., Nowotny, P., Morris, J.C.,
Mayo, K., Sleegers, K., Bettens, K., Engelborghs, S., De Deyn, P.P., Van
Broeckhoven, C., Livingston, G., Bass, N.J., Gurling, H., McQuillin, A., Gwilliam, R.,
Deloukas, P., Al-Chalabi, A., Shaw, C.E., Tsolaki, M., Singleton, A.B., Guerreiro, R.,
Muhleisen, T.W., Nothen, M.M., Moebus, S., Jockel, K.H., Klopp, N.,
Wichmann, H.E., Carrasquillo, M.M., Pankratz, V.S., Younkin, S.G., Holmans, P.A.,
O’Donovan, M., Owen, M.J., Williams, J., 2009. Genome-wide association study
identifies variants at CLU and PICALM associated with Alzheimer’s disease. Nat.
Genet. 41, 1088e1093.

Haroutunian, V., Perl, D.P., Purohit, D.P., Marin, D., Khan, K., Lantz, M., Davis, K.L.,
Mohs, R.C., 1998. Regional distribution of neuritic plaques in the nondemented
elderlyandsubjectswithverymildAlzheimerdisease.Arch.Neurol. 55,1185e1191.

Hollingworth, P., Harold, D., Sims, R., Gerrish, A., Lambert, J.C., Carrasquillo, M.M.,
Abraham, R., Hamshere, M.L., Pahwa, J.S., Moskvina, V., Dowzell, K., Jones, N.,
Stretton, A., Thomas, C., Richards, A., Ivanov, D., Widdowson, C., Chapman, J.,
Lovestone, S., Powell, J., Proitsi, P., Lupton, M.K., Brayne, C., Rubinsztein, D.C.,
Gill, M., Lawlor, B., Lynch, A., Brown, K.S., Passmore, P.A., Craig, D.,
McGuinness, B., Todd, S., Holmes, C., Mann, D., Smith, A.D., Beaumont, H.,
Warden, D., Wilcock, G., Love, S., Kehoe, P.G., Hooper, N.M., Vardy, E.R., Hardy, J.,
Mead, S., Fox, N.C., Rossor, M., Collinge, J., Maier, W., Jessen, F., Ruther, E.,
Schurmann, B., Heun, R., Kolsch, H., van den Bussche, H., Heuser, I., Kornhuber, J.,
Wiltfang, J., Dichgans, M., Frolich, L., Hampel, H., Gallacher, J., Hull, M.,
Rujescu, D., Giegling, I., Goate, A.M., Kauwe, J.S., Cruchaga, C., Nowotny, P.,
Morris, J.C., Mayo, K., Sleegers, K., Bettens, K., Engelborghs, S., De Deyn, P.P., Van
Broeckhoven, C., Livingston, G., Bass, N.J., Gurling, H., McQuillin, A., Gwilliam, R.,
Deloukas, P., Al-Chalabi, A., Shaw, C.E., Tsolaki, M., Singleton, A.B., Guerreiro, R.,
Muhleisen, T.W., Nothen, M.M., Moebus, S., Jockel, K.H., Klopp, N.,
Wichmann, H.E., Pankratz, V.S., Sando, S.B., Aasly, J.O., Barcikowska, M.,
Wszolek, Z.K., Dickson, D.W., Graff-Radford, N.R., Petersen, R.C., van Duijn, C.M.,
Breteler, M.M., Ikram, M.A., DeStefano, A.L., Fitzpatrick, A.L., Lopez, O.,
Launer, L.J., Seshadri, S., Berr, C., Campion, D., Epelbaum, J., Dartigues, J.F.,
Tzourio, C., Alperovitch, A., Lathrop, M., Feulner, T.M., Friedrich, P., Riehle, C.,
Krawczak, M., Schreiber, S., Mayhaus, M., Nicolhaus, S., Wagenpfeil, S.,
Steinberg, S., Stefansson, H., Stefansson, K., Snaedal, J., Bjornsson, S.,
Jonsson, P.V., Chouraki, V., Genier-Boley, B., Hiltunen, M., Soininen, H.,
Combarros, O., Zelenika, D., Delepine, M., Bullido, M.J., Pasquier, F., Mateo, I.,
Frank-Garcia, A., Porcellini, E., Hanon, O., Coto, E., Alvarez, V., Bosco, P.,
Siciliano, G., Mancuso, M., Panza, F., Solfrizzi, V., Nacmias, B., Sorbi, S., Bossu, P.,
Piccardi, P., Arosio, B., Annoni, G., Seripa, D., Pilotto, A., Scarpini, E.,
Galimberti, D., Brice, A., Hannequin, D., Licastro, F., Jones, L., Holmans, P.A.,
Jonsson, T., Riemenschneider, M., Morgan, K., Younkin, S.G., Owen, M.J.,
O’Donovan, M., Amouyel, P., Williams, J., 2011. Common variants at ABCA7,
MS4A6A/MS4A4E, EPHA1, CD33 and CD2AP are associated with Alzheimer’s
disease. Nat. Genet. 43, 429e435.

Jonsson, T., Stefansson, H., Steinberg, S., Jonsdottir, I., Jonsson, P.V., Snaedal, J.,
Bjornsson, S., Huttenlocher, J., Levey, A.I., Lah, J.J., Rujescu, D., Hampel, H.,
Giegling, I., Andreassen, O.A., Engedal, K., Ulstein, I., Djurovic, S., Ibrahim-
Verbaas, C., Hofman, A., Ikram, M.A., van Duijn, C.M., Thorsteinsdottir, U.,
Kong, A., Stefansson, K., 2013. Variant of TREM2 associated with the risk of
Alzheimer’s disease. N. Engl. J. Med. 368, 107e116.

Lambert, J.C., Ibrahim-Verbaas, C.A., Harold, D., Naj, A.C., Sims, R., Bellenguez, C.,
Jun, G., Destefano, A.L., Bis, J.C., Beecham, G.W., Grenier-Boley, B., Russo, G.,
Thornton-Wells, T.A., Jones, N., Smith, A.V., Chouraki, V., Thomas, C.,
Ikram, M.A., Zelenika, D., Vardarajan, B.N., Kamatani, Y., Lin, C.F., Gerrish, A.,
Schmidt, H., Kunkle, B., Dunstan, M.L., Ruiz, A., Bihoreau, M.T., Choi, S.H.,
Reitz, C., Pasquier, F., Hollingworth, P., Ramirez, A., Hanon, O., Fitzpatrick, A.L.,
Buxbaum, J.D., Campion, D., Crane, P.K., Baldwin, C., Becker, T., Gudnason, V.,
Cruchaga, C., Craig, D., Amin, N., Berr, C., Lopez, O.L., De Jager, P.L.,
Deramecourt, V., Johnston, J.A., Evans, D., Lovestone, S., Letenneur, L.,
Moron, F.J., Rubinsztein, D.C., Eiriksdottir, G., Sleegers, K., Goate, A.M.,
Fievet, N., Huentelman, M.J., Gill, M., Brown, K., Kamboh, M.I., Keller, L., Bar-
berger-Gateau, P., McGuinness, B., Larson, E.B., Green, R., Myers, A.J.,
Dufouil, C., Todd, S., Wallon, D., Love, S., Rogaeva, E., Gallacher, J., St George-
Hyslop, P., Clarimon, J., Lleo, A., Bayer, A., Tsuang, D.W., Yu, L., Tsolaki, M.,
Bossu, P., Spalletta, G., Proitsi, P., Collinge, J., Sorbi, S., Sanchez-Garcia, F.,
Fox, N.C., Hardy, J., Naranjo, M.C., Bosco, P., Clarke, R., Brayne, C.,
Galimberti, D., Mancuso, M., Matthews, F., European Alzheimer’s Disease
Initiative, Genetic, Environmental Risk in Alzheimer’s Disease, Alzheimer’s
Disease Genetic Consortium, Cohorts for Heart and Aging Research in
Genomic Epidemiology, Moebus, S., Mecocci, P., Del Zompo, M., Maier, W.,
Hampel, H., Pilotto, A., Bullido, M., Panza, F., Caffarra, P., Nacmias, B.,
Gilbert, J.R., Mayhaus, M., Lannfelt, L., Hakonarson, H., Pichler, S.,
Carrasquillo, M.M., Ingelsson, M., Beekly, D., Alvarez, V., Zou, F., Valladares, O.,
Younkin, S.G., Coto, E., Hamilton-Nelson, K.L., Gu, W., Razquin, C., Pastor, P.,
Mateo, I., Owen, M.J., Faber, K.M., Jonsson, P.V., Combarros, O.,
O’Donovan, M.C., Cantwell, L.B., Soininen, H., Blacker, D., Mead, S.,
Mosley Jr., T.H., Bennett, D.A., Harris, T.B., Fratiglioni, L., Holmes, C., de
Bruijn, R.F., Passmore, P., Montine, T.J., Bettens, K., Rotter, J.I., Brice, A.,
Morgan, K., Foroud, T.M., Kukull, W.A., Hannequin, D., Powell, J.F., Nalls, M.A.,
Ritchie, K., Lunetta, K.L., Kauwe, J.S., Boerwinkle, E., Riemenschneider, M.,
Boada, M., Hiltunen, M., Martin, E.R., Schmidt, R., Rujescu, D., Wang, L.S.,
Dartigues, J.F., Mayeux, R., Tzourio, C., Hofman, A., Nothen, M.M., Graff, C.,
Psaty, B.M., Jones, L., Haines, J.L., Holmans, P.A., Lathrop, M., Pericak-
Vance, M.A., Launer, L.J., Farrer, L.A., van Duijn, C.M., Van Broeckhoven, C.,
Moskvina, V., Seshadri, S., Williams, J., Schellenberg, G.D., Amouyel, P., 2013.
Meta-analysis of 74,046 individuals identifies 11 new susceptibility loci for
Alzheimer’s disease. Nat. Genet. 45, 1452e1458.

Lunnon, K., Smith, R., Hannon, E.J., De Jager, P.L., Srivastava, G., Volta, M., Troakes, C.,
Al-Sarraj, S., Burrage, J., Macdonald, R., Condliffe, D., Katsel, P., Haroutunian, V.,
Kaminsky, Z., Joachim, C., Powell, J., Lovestone, S., Bennett, D.A., Schalkwyk, L.C.,
Mill, J., 2014. Methylomic profiling implicates cortical deregulation of ANK1 in
Alzheimer’s disease. Nat. Neurosci. 17, 1164e1170.

Naj, A.C., Jun, G., Beecham, G.W., Wang, L.S., Vardarajan, B.N., Buros, J., Gallins, P.J.,
Buxbaum, J.D., Jarvik, G.P., Crane, P.K., Larson, E.B., Bird, T.D., Boeve, B.F.,
Graff-Radford, N.R., De Jager, P.L., Evans, D., Schneider, J.A., Carrasquillo, M.M.,
Ertekin-Taner, N., Younkin, S.G., Cruchaga, C., Kauwe, J.S., Nowotny, P., Kramer, P.,
Hardy, J., Huentelman, M.J., Myers, A.J., Barmada, M.M., Demirci, F.Y.,
Baldwin, C.T., Green, R.C., Rogaeva, E., St George-Hyslop, P., Arnold, S.E.,
Barber, R., Beach, T., Bigio, E.H., Bowen, J.D., Boxer, A., Burke, J.R., Cairns, N.J.,
Carlson, C.S., Carney, R.M., Carroll, S.L., Chui, H.C., Clark, D.G., Corneveaux, J.,
Cotman, C.W., Cummings, J.L., DeCarli, C., DeKosky, S.T., Diaz-Arrastia, R.,
Dick, M., Dickson, D.W., Ellis, W.G., Faber, K.M., Fallon, K.B., Farlow, M.R.,
Ferris, S., Frosch, M.P., Galasko, D.R., Ganguli, M., Gearing, M., Geschwind, D.H.,
Ghetti, B., Gilbert, J.R., Gilman, S., Giordani, B., Glass, J.D., Growdon, J.H.,
Hamilton, R.L., Harrell, L.E., Head, E., Honig, L.S., Hulette, C.M., Hyman, B.T.,
Jicha, G.A., Jin, L.W., Johnson, N., Karlawish, J., Karydas, A., Kaye, J.A., Kim, R.,
Koo, E.H., Kowall, N.W., Lah, J.J., Levey, A.I., Lieberman, A.P., Lopez, O.L.,
Mack, W.J., Marson, D.C., Martiniuk, F., Mash, D.C., Masliah, E., McCormick, W.C.,
McCurry, S.M., McDavid, A.N., McKee, A.C., Mesulam, M., Miller, B.L., Miller, C.A.,
Miller, J.W., Parisi, J.E., Perl, D.P., Peskind, E., Petersen, R.C., Poon, W.W.,
Quinn, J.F., Rajbhandary, R.A., Raskind, M., Reisberg, B., Ringman, J.M.,
Roberson, E.D., Rosenberg, R.N., Sano, M., Schneider, L.S., Seeley, W.,
Shelanski, M.L., Slifer, M.A., Smith, C.D., Sonnen, J.A., Spina, S., Stern, R.A.,
Tanzi, R.E., Trojanowski, J.Q., Troncoso, J.C., Van Deerlin, V.M., Vinters, H.V.,
Vonsattel, J.P., Weintraub, S., Welsh-Bohmer, K.A., Williamson, J., Woltjer, R.L.,
Cantwell, L.B., Dombroski, B.A., Beekly, D., Lunetta, K.L., Martin, E.R.,
Kamboh, M.I., Saykin, A.J., Reiman, E.M., Bennett, D.A., Morris, J.C., Montine, T.J.,
Goate, A.M., Blacker, D., Tsuang, D.W., Hakonarson, H., Kukull, W.A.,
Foroud, T.M., Haines, J.L., Mayeux, R., Pericak-Vance, M.A., Farrer, L.A.,
Schellenberg, G.D., 2011. Common variants at MS4A4/MS4A6E, CD2AP, CD33
and EPHA1 are associated with late-onset Alzheimer’s disease. Nat. Genet. 43,
436e441.

Neumann, H., Daly, M.J., 2013. Variant TREM2 as risk factor for Alzheimer’s. N. Engl.
J. Med. 368 (2), 182e184.

Pidsley, R., Y Wong, C.C., Volta, M., Lunnon, K., Mill, J., Schalkwyk, L.C., 2013. A data-
driven approach to preprocessing Illumina 450K methylation array data. BMC
Genomics 14, 293.

Prada, I., Ongania, G.N., Buonsanti, C., Panina-Bordignon, P., Meldolesi, J., 2006.
Triggering receptor expressed in myeloid cells 2 (TREM2) trafficking in micro-
glial cells: continuous shuttling to and from the plasma membrane regulated by
cell stimulation. Neuroscience 140, 1139e1148.

R Development Core Team, 2015. R: A Language and Environment for Statis-
tical Computing. R Foundation for Statistical Computing, Vienna, Austria,
2012.

Replogle, J.M., Chan, G., White, C.C., Raj, T., Winn, P.A., Evans, D.A., Sperling, R.A.,
Chibnik, L.B., Bradshaw, E.M., Schneider, J.A., Bennett, D.A., De Jager, P.L., 2015.
A TREM1 variant alters the accumulation of Alzheimer-related amyloid
pathology. Ann. Neurol. 77, 469e477.

http://refhub.elsevier.com/S0197-4580(16)30138-5/sref9
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref9
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref9
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref9
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref10
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref10
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref10
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref10
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref11
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref11
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref11
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref11
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref11
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref12
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref12
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref12
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref12
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref12
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref14
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref14
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref14
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref14
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref14
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref14
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref14
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref15
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref15
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref15
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref15
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref16
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref16
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref16
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref16
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref16
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref16
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref16
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref16
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref16
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref16
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref16
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref16
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref16
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref16
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref16
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref16
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref16
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref16
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref17
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref17
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref17
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref17
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref18
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref18
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref18
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref18
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref18
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref18
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref18
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref18
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref18
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref18
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref18
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref18
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref18
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref18
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref18
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref18
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref18
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref18
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref18
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref18
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref18
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref18
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref18
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref18
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref18
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref18
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref18
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref18
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref18
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref18
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref18
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref18
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref18
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref19
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref19
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref19
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref19
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref19
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref19
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref19
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref20
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref20
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref20
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref20
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref20
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref20
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref20
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref20
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref20
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref20
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref20
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref20
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref20
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref20
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref20
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref20
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref20
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref20
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref20
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref20
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref20
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref20
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref20
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref20
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref20
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref20
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref20
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref20
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref20
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref20
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref20
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref20
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref20
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref20
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref20
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref20
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref20
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref20
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref21
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref21
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref21
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref21
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref21
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref21
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref22
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref22
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref22
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref22
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref22
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref22
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref22
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref22
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref22
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref22
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref22
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref22
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref22
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref22
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref22
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref22
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref22
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref22
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref22
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref22
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref22
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref22
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref22
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref22
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref22
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref22
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref22
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref22
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref22
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref22
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref22
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref23
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref23
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref23
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref24
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref24
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref24
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref25
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref25
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref25
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref25
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref25
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref26
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref26
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref26
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref27
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref27
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref27
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref27
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref27


A.R. Smith et al. / Neurobiology of Aging 47 (2016) 35e4040
Ridge, P.G., Mukherjee, S., Crane, P.K., Kauwe, J.S., Alzheimer’s Disease Genetics
Consortium, 2013. Alzheimer’s disease: analyzing the missing heritability. PLoS
One 8, e79771.

Sessa, G., Podini, P., Mariani, M., Meroni, A., Spreafico, R., Sinigaglia, F., Colonna, M.,
Panina, P., Meldolesi, J., 2004. Distribution and signaling of TREM2/DAP12, the
receptor system mutated in human polycystic lipomembraneous osteodysplasia
with sclerosing leukoencephalopathy dementia. Eur. J. Neurosci. 20, 2617e2628.

Sleegers, K., Lambert, J.C., Bertram, L., Cruts, M., Amouyel, P., Van Broeckhoven, C.,
2010. The pursuit of susceptibility genes for Alzheimer’s disease: progress and
prospects. Trends Genet. 26, 84e93.
Smith, A.R., Mill, J., Smith, R., Lunnon, K., 2016. Elucidating novel dysfunctional
pathways in Alzheimer’s disease by integrating loci identified in genetic and
epigenetic studies. Neuroepigenetics 6, 32e50.

Takahashi, K., Rochford, C.D., Neumann, H., 2005. Clearance of apoptotic neurons
without inflammation by micrroglial triggering receptor expressed on myeloid
cells-2. J. Exp. Med. 201, 647e657.

Wang, X., Kang, D.D., Shen, K., Song, C., Lu, S., Chang, L.C., Liao, S.G., Huo, Z., Tang, S.,
Ding, Y., Kaminski, N., Sibille, E., Lin, Y., Li, J., Tseng, G.C., 2012. An R package suite
for microarray meta-analysis in quality control, differentially expressed gene
analysis and pathway enrichment detection. Bioinformatics 28, 2534e2536.

http://refhub.elsevier.com/S0197-4580(16)30138-5/sref28
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref28
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref28
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref29
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref29
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref29
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref29
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref29
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref30
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref30
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref30
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref30
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref31
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref31
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref31
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref31
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref32
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref32
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref32
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref32
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref33
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref33
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref33
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref33
http://refhub.elsevier.com/S0197-4580(16)30138-5/sref33

	Increased DNA methylation near TREM2 is consistently seen in the superior temporal gyrus in Alzheimer's disease brain
	1. Introduction
	2. Materials and methods
	2.1. Sample information
	2.2. DNA isolation and sodium bisulfite treatment
	2.3. Genome-wide DNA methylation analysis
	2.4. Bisulfite-pyrosequencing analysis
	2.5. Genotyping
	2.6. Statistical analyses

	3. Results
	4. Discussion
	5. Conclusions
	Disclosure statement
	Acknowledgements
	References




