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a b s t r a c t

Homozygous mutations in exon 2 of TREM2, a gene involved in Nasu-Hakola disease, can cause fron-
totemporal dementia (FTD). Moreover, a rare TREM2 exon 2 variant (p.R47H) was reported to increase the
risk of Alzheimer’s disease (AD) with an odds ratio as strong as that for APOEε4. We systematically
screened the TREM2 coding region within a Belgian study on neurodegenerative brain diseases (1216 AD
patients, 357 FTD patients, and 1094 controls). We observed an enrichment of rare variants across TREM2
in both AD and FTD patients compared to controls, most notably in the extracellular IgV-set domain
(relative risk ¼ 3.84 [95% confidence interval ¼ 1.29e11.44]; p ¼ 0.009 for AD; relative risk ¼ 6.19 [95%
confidence interval ¼ 1.86e20.61]; p ¼ 0.0007 for FTD). None of the rare variants individually reached
significant association, but the frequency of p.R47H was increased w3-fold in both AD and FTD patients
compared to controls, in line with previous reports. Meta-analysis including 11 previously screened AD
cohorts confirmed the association of p.R47H with AD (p ¼ 2.93�10�17). Our data corroborate and extend
previous findings to include an increased frequency of rare heterozygous TREM2 variations in AD and
FTD, and show that TREM2 variants may play a role in neurodegenerative diseases in general.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Current high-throughput sequencing technologies such as
whole-exome and whole-genome sequencing enable the identifi-
cation of rare genetic causes of disease. Using a whole-exome
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sequencing approach, homozygous mutations in the gene encod-
ing triggering receptor expressed on myeloid cells 2 (TREM2;
6p21.1) were identified as a cause of behavioral variant fronto-
temporal dementia (FTD) in 3 consanguineous Turkish families
(Guerreiro et al., 2012). TREM2 is a receptor of the innate immune
system, expressed on the cell membrane of myeloid cells, especially
on immature dendritic cells, microglia, and osteoclasts (Colonna
2003). Homozygous loss-of-function mutations in TREM2 (e.g.,
p.Q33X) were previously found in patients with Nasu-Hakola dis-
ease, also known as polycystic lipomembranous osteodysplasia
with sclerosing leukoencephalopathy (PLOSL) (Klunemann et al.,
2005; Paloneva et al., 2002; Soragna et al., 2003), a rare reces-
sively inherited disease that is characterized by early-onset pro-
gressive dementia and bone cysts. In addition, a homozygous
deletion affecting the consensus donor splice site in intron 1 has

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
mailto:kristel.sleegers@molgen.vib-ua.be
www.sciencedirect.com/science/journal/01974580
http://www.elsevier.com/locate/neuaging
http://dx.doi.org/10.1016/j.neurobiolaging.2013.09.009
http://dx.doi.org/10.1016/j.neurobiolaging.2013.09.009
http://dx.doi.org/10.1016/j.neurobiolaging.2013.09.009


E. Cuyvers et al. / Neurobiology of Aging xxx (2013) 1e92
been reported in a Lebanese family with early-onset dementia,
clinically resembling behavioral FTD, without bone involvement
(Chouery et al., 2008).

More recently, an increased frequency of rare heterozygous
TREM2 variations was detected in Alzheimer’s disease (AD) patients
in 2 independent studies (Guerreiro et al., 2013; Jonsson et al.,
2013), suggesting that heterozygous TREM2 variations are risk fac-
tors for dementia with onset later in life. In line with this, 2 het-
erozygous carriers of a TREM2 loss-of-function mutation in a PLOSL
family were reported to have subclinical evidence of impaired vi-
suospatial memory and a selective metabolic deficit in the basal
ganglia on functional neuroimaging compared to their homozygous
wild-type relatives who presented normal neuropsychological and
neuroimaging findings (Montalbetti et al., 2005).

Remarkable in AD patients was the increased genetic diversity
across exon 2 of the gene compared to that in control individuals.
Interestingly, 3 mutations were previously found in a homozygous
state in context of FTD or PLOSL (p.T66M, p.Y38C and p.Q33X)
(Guerreiro et al., 2012, 2013; Soragna et al., 2003). One rare variant
in particular, p.R47H (rs75932628), showed a strong association
with late-onset AD in 2 studies (p ¼ 9.0�10�9 (Guerreiro et al.,
2013); p ¼ 3.42�10�10) (Jonsson et al., 2013). The effect size of
this variation was as high as APOE ε4 allele, although it occurs at
much lower frequency (minor allele frequency [MAF] <1%). This
association was confirmed in a Spanish (Benitez et al., 2013) and a
French (Pottier et al., 2013) population including both late- and
early-onset AD patients, focusing on TREM2 exon 2, and a similar
trendwas observed on imputed genotype data for p.R47H in a study
population originating from the United States, United Kingdom, and
Europe (Giraldo et al., 2013).

TREM2 is a membrane protein that forms a receptor-signaling
complex with protein tyrosine kinase binding protein. This com-
plex is involved in the immune response and activation of macro-
phages/microglia and dendritic cells, resulting in phagocytosis and
elevated short-term production of reactive oxygen species
(Neumann and daly, 2012; Paloneva et al., 2002). TREM2 exon 2, in
which both p.R47H and several homozygous FTD mutations were
observed, encodes both the signal peptide and part of the extra-
cellular domain containing an IgV-set domain. Hypothetically, non-
synonymous variations in TREM2 may lead to a disturbed immune
response with extensive inflammation or defective microglial sur-
vival or function, thus contributing to the neurodegenerative pro-
cess (Guerreiro et al., 2013; Otero et al., 2009). Nevertheless,
because studies on AD have mostly focused on TREM2 exon 2, the
frequency and relevance of mutations outside of exon 2 remains
unclear. Of note, 2 homozygous mutations outside of exon 2 have
previously been detected in families segregating autosomal reces-
sive behavioral variant FTD (Chouery et al., 2008; Giraldo et al.,
2013).

In the present study, we extend previous reports by systemati-
cally investigating the entire TREM2 coding region for the contri-
bution of rare variations to the occurrence of both AD and FTD in an
extensive prospective study population of Belgian dementia pa-
tients (n ¼ 1216 AD patients, n ¼ 357 FTD patients) and non-
affected individuals (n ¼ 1094).

2. Methods

2.1. Belgian study cohort

The AD cohort consisted of 1216 AD patients (mean age of onset
[AAO] 74.2 � 9.0 years, 64.4% female), the majority of which was
ascertained at the memory clinic of the ZNA Middelheim, Ant-
werpen, Belgium (P.P.D.D. and S.E.) in the frame of a prospective
study of neurodegenerative and vascular dementia in Flanders, the
Dutch-speaking region of Belgium (Engelborghs et al., 2003, 2006).
Consensus diagnosis of possible and probable AD was given by at
least 2 neurologists based on the National Institute of Neurological
and Communication Disorders and StrokeeAlzheimer’s Disease and
Related Disorders Association (NINCDS-ADRDA) criteria (McKhann
et al., 1984). Another subset of AD patients was collected at the
Memory Clinic of the University Hospitals of Leuven (UHL), Leuven,
Belgium (M.V., R.V.) as part of a prospective study of the molecular
genetics of cognitive impairment that was initiated in October 2006
using the same clinical assessments and biosampling schemes. Each
patient underwent a neuropsychological examination and struc-
tural and/or functional neuroimaging (Bettens et al., 2009). Routine
genetic screening of this AD cohort previously revealed 6 PSEN1
mutations, 1 APPmutation, 3 GRN null mutations, and 5 pathogenic
repeat expansions in C9orf72.

For a subset of patients (n ¼ 331; mean AAO 75.8 � 8.6 years,
62.8% female), cerebrospinal fluid (CSF) levels of amyloid-b peptide
(Ab 1e42), total tau (T-tau), and tau phosphorylated at threonine
181 (P-tau181P) were available as part of the diagnostic workup,
determined with commercially available, single parameter
enzyme-linked immunosorbent assay (ELISA) kits (Innogenetics,
Ghent, Belgium).

The Belgian FTD cohort consisted of 357 FTD patients (mean AAO
62.6 � 10.0 years; 45% female), recruited in the framework of the
Belgian Neurology (BELNEU) consortium, a multicenter collabora-
tion of dementia expertise centers from Belgium (Flanders, Wallo-
nia, and Brussels) (Gijselinck et al., 2011; Van Langenhove et al.,
2013). Index patients were evaluated using a standard protocol
including a detailed clinical and family history, neurologic exami-
nation, and neuroimaging. The diagnosis of FTD was made ac-
cording to established clinical criteria of Neary (Neary et al., 1998).
In 5.7% of the FTD subjects, an autopsy diagnosis confirmed clinical
diagnosis of FTD. Routine genetic screening previously revealed 27
pathogenic C9orf72 repeat expansions, 18 GRN null mutations, 6
MAPT mutations, 2 VCP mutations, and 1 CHMP2B mutation.

The control cohort (n ¼ 1094, mean age at inclusion 65.2 � 13.6
years, 56.3% female) consisted of healthy individuals, who either
were recruited from partners of patients visiting the Memory Clinic
of ZNA Middelheim and Hoge Beuken, Antwerp (P.P.D.D. and S.E.),
and the Memory Clinic at the University Hospitals of Leuven (M.V.,
R.V.) and screened for neurological or psychiatric antecedents,
neurological complaints, or organic disease involving the central
nervous system, or were community-recruited control individuals
who were included after interview concerning medical and familial
history and Mini Mental State Examination (MMSE>24) (Folstein
et al., 1975).

All participants and/or their legal guardian gave written
informed consent for participation in clinical and genetic studies.
Clinical study protocol and the informed consent forms for patient
ascertainment were approved by the Ethics Committee of the
respective hospitals at the cohort sampling sites in Belgium. The
genetic study protocols and informed consent formswere approved
by the Ethics Committees of the University of Antwerp and the
University Hospital of Antwerp, Belgium.

2.2. TREM2 resequencing

Genomic DNAwas extracted from peripheral blood lymphocytes
using standard procedures. Resequencing of the full TREM2 coding
DNA sequence (CDS) and untranslated regions (UTR) was per-
formed by polymerase chain reaction (PCR)ebased amplification of
the genomic DNA followed by Sanger sequencing of the 5 exons and
introneexon boundaries (NM_018965.2). Primers were designed
using the PCR primer design tool Primer3 (Supplementary Table 1)
(http://primer3.sourceforge.net/).

http://primer3.sourceforge.net/


E. Cuyvers et al. / Neurobiology of Aging xxx (2013) 1e9 3
All sequences were analyzed by 2 independent researchers us-
ing Seqman (DNASTAR, Madison, WI) and NovoSNP (Weckx et al.,
2005) software packages. Numbering of variations at genomic
DNA level was based on the GenBank Accession Number
NC_000006.11, transcript level on NM_018965.2, and protein level
on the GenPept Accession Number NP_061838.1.

2.3. In silico prediction

The effects of rare coding TREM2 variations were predicted using
PolyPhen-2 (Polymorphism Phenotyping v2; http://genetics.bwh.
harvard.edu/pph2/, SIFT (Sorting Intolerant From Tolerant; http://
sift.jcvi.org/www/SIFT_enst_submit.html), and SNPs&Go (http://
snps.uib.es/snps-and-go//snps-and-go.html). PolyPhen-2 predicts
a possible impact of amino acid substitutions on the structure and
function of human proteins. SIFT predicts whether an amino acid
substitution affects protein function based on sequence homology
and physical proportions of amino acids. SNPs&Go predicts human
disease-related mutations in functionally annotated proteins.

2.4. Statistical analysis

For common TREM2 variants with MAF >1%, deviations
from Hardy-Weinberg equilibrium (HWE) were assessed using an
exact HWE test (http://www.pharmgat.org/IIPGA2/Bioinformatics/
exacthweform), and allele frequencies were compared between
AD patients or FTD patients and healthy control individuals using c2

statistics or Fisher’s exact test. Odds ratios (OR) (calculated relative
to the common genotype) and 95% confidence intervals (95% CI)
were calculated using a logistic regression model, using SPSS 20.0
Version for Windows (IBM SPSS Inc, Chicago, IL). A 2-sided p value
of 0.05 or less was considered statistically significant.

Rare variant association analyses were performed by collapsing
of alleles with MAF <1% and comparing the overall frequency of
rare variant alleles between patients and controls using c2 statis-
tics. Given the putative role of the IgV-set domain, we separately
performed an analysis for rare variant alleles in this domain.

Fixed effects (Mantel-Haenszel) meta-analysis of p.R47H was
performed based on raw allele data of the Belgian AD cohort and 11
additional AD cohorts published until August 1, 2013 (Benitez et al.,
2013; Giraldo et al., 2013; Gonzalez Murcia et al., 2013; Guerreiro
et al., 2013; Jonsson et al., 2013; Pottier et al., 2013). For cohorts
for which allele counts were not given, these were derived from
total sample sizes of patients and controls, minor allele frequency in
controls, and odds ratios. The meta-analysis was performed once
including and once excluding the 2 discovery cohorts (Guerreiro
et al., 2013; Jonsson et al., 2013). Mantel-Haenszel summary OR,
I2, and Cochran’s Q test for heterogeneity were computed in R using
the library epiR, version 0.9-45.

3. Results

3.1. TREM2 resequencing

Sequencing of the TREM2 CDS and UTR in 1216 AD patients, 357
FTD patients, and 1094 healthy individuals resulted in the identi-
fication of 15 rare variants (MAF <1%) in exons 2, 3, 4, and 5
(including 30UTR) (Table 1). No common polymorphisms with MAF
>5% were observed. Only a few of the variants were found in exons
3, 4, and 5. Most rare variations were found in the IgV-set domain of
exon 2 (Fig. 1).

3.1.1. TREM2 IgV-set domain
In total in the TREM2 IgV-set domain, 8 non-synonymous vari-

ations were identified, of which 5 mutations in AD (n ¼ 4) and/or
FTD (n ¼ 2) only, and 3 variants in patients and non-affected in-
dividuals (Table 1). All variations except p.R62Hwere rarewithMAF
<1%.

Of the disease-specific mutations, p.Q33X was found in a het-
erozygous state in 1 FTD patient. In AD patients, 2 mutations were
found at TREM2 amino residue 39 (p.D39G, pD39E), and 1 new
variant was detected in 1 AD patient with an AAO of 82 years
(p.G58A). Mutation p.D87N was identified in 1 AD and 2 FTD pa-
tients (Table 1). According to Polyphen-2, disease-specific variants
p.G58A, p.D87N, and p.D39E were considered probably and
possibly damaging (Table 3).

Of the 3 variations that were found in patients and non-affected
individuals (p.T96K, p.R47H and p.R62H), all carriers were hetero-
zygous except for 1 AD patient homozygous for p.R47H (Table 1). At
least 1 prediction instrument considered p.R47H and p.T96K
damaging (Table 3). The AD-associated variation p.R47H (Guerreiro
et al., 2013; Jonsson et al., 2013) was detected at a frequency of
0.41% and 0.42% in Belgian AD and FTD patients, and at a frequency
of 0.14% in Belgian controls. The AD patient homozygous for p.R47H
had an AAO of 56 years, which was lower than the AAO of het-
erozygous p.R47H AD carriers, with onset ages ranging between 60
and 80 years. Variation p.G17E was detected in 1 non-affected in-
dividual 46 years old. Detailed clinical and pathological description
of the IgV-set domain mutation carriers can be found in the
Supplementary data.

3.1.2. TREM2 variations outside the IgV-set domain
A synonymous (p.L133L) and a non-synonymous (p.H157Y)

variation were identified in TREM2 exon 3. Both variations were
present in AD (0.2% and 0.08%) and FTD (0.13% and 0.4%). p.H157Y
has not previously been observed in control individuals, and is
predicted possibly damaging by PolyPhen-2 (Table 3). Three non-
synonymous but predicted benign variations were identified in
TREM2 exon 4. The variant p.S162R was present only in 1 AD patient
84 years old. Variation p.L211P was present in the AD (0.09%), FTD
(0.28%), and control (0.05%) populations. Of note, this variant al-
ways co-occurred with the exon 2 variant p.T96K. Variant p.T223I
was present in both the AD (0.04%) and control (0.1%) populations.
Only 1 variant was observed in exon 5 (rs2234258), occurring in
only 1 FTD patient. This variant is located in the 3(UTR of transcript
variant 1 (c.*þ73C>T; NM_018965; Fig. 1), with no predicted effect
on expression and minimal evidence of transcription factor binding
(RegulomeDB; http://www.regulomedb.org). However, in an alter-
native transcript (NM_001271821; Fig. 1), this mutation encodes a
premature translation termination (c.676C>T; p.W221X). This
variation has been observed before. In the signal peptide, 1
missense mutation (p.G17E) was observed in 1 control individual
only (Table 1).
3.2. Association analysis of TREM2 variations

The frequency of the p.R47H allele was increased approximately
3-fold in both AD and FTD patients compared to control individuals
(Table 1). Nonetheless, this did not reach nominal statistical sig-
nificance for AD (Fisher’s exact test, p ¼ 0.08) and FTD (Fisher’s
exact test, p ¼ 0.2), possibly due to low frequency of p.R47H. Meta-
analysis combining data from the AD cohort of this study and 11
previously screened AD cohorts, confirms association of p.R47H
with AD (odds ratio [OR] ¼ 2.76 [95% CI ¼ 2.10e3.28]; p ¼
2.93�10�17). After exclusion of the 2 discovery cohorts, the meta-
analysis findings remain significant (OR ¼ 3.87 [95% CI ¼
1.91e6.99]; p ¼ 9.03�10�5) (Fig. 2).

No significant association with AD and FTD was observed for
variant p.R62H, which had a MAF of 1.9% in AD patients (OR ¼ 1.54

http://genetics.bwh.harvard.edu/pph2/
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Table 1
TREM2 coding and untranslated region (UTR) variants in the Belgian cohort

Genomic
position

Protein
position

dbSNP137 Belgian population Guerreiro et al. EVS

Minor
allele
count
AD

Freq AD OR (95%CI)
p value

Minor
allele
count
FTD

Freq
FTD

OR (95%CI)
p value

Minor
allele
count C

Freq C Minor
allele
count
AD

Freq
AD

Minor
allele
count
Control

Freq
Control

Minor
allele
Eur.Am.
count

Freq
Eur.Am.

Exon 2 g.41129342C>T p.G17E d 0 0.0000 0 0.0000 1 0.0005 d d d d d d

g.41129295G>A p.Q33X rs104894002 0 0.0000 1 0.0014 0 0.0000 2 0.0018 0 0.0000 1 0.0001
g.41129276T>C p.D39G d 1 0.0004 0 0.0000 0 0.0000 d d d d d d

g.41129275G>C p.D39E rs200392967 2 0.0008 0 0.0000 0 0.0000 d d d d 1 0.0001
g.41129252C>T p.R47H rs75932628 10a 0.0041 3.01 (0.83e

10.94) 0.08
3 0.0042 3.07 (0.62e

15.23) 0.2
3 0.0014 22 0.010 5 0.002 22 0.0026

g.41129219C>G p.G58A d 1 0.0004 0 0.0000 0 0.0000 d d d d d d

g.41129133C>T p.D87N rs142232675 1 0.0004 2 0.0028 0 0.0000 6 0.003 0 0.000 12 0.0014
g.41129105G>T p.T96K rs2234253 2 0.0008 2 0.0028 1 0.0005 4 0.002 3 0.001 10 0.0012
g.41129207C>T p.R62H rs143332484 46b 0.0189 1.54 (0.96

e

2.49) 0.08

8 0.0112 0.91 (0.41
e

2.00) 0.81

27 0.0123 25 0.011 31 0.014 89 0.0105

Exon 3 g.41127613C>A p.L133L rs144250872 5 0.0020 1 0.0013 2 0.001 d d d d 15 0.0017
g.41127543G>A p.H157Y rs2234255 2 0.0008 3 0.004 0 0.0000 1 0.002 0 0.0000 0 0.0000

Exon 4 g.41126801G>C p.S162R d 1 0.0004 0 0.0000 0 0.0000 d d d d 1 0.0001
g.41126655A>G p.L211P rs2234256 2 0.0013 2 0.0028 1 0.0005 0 0.0000 3 0.003 12 0.0014
g.41126619G>A p.T223I rs138355759 1 0.0004 0 0.0000 2 0.001 d d d d 6 0.0007

UTR g.41126429C>T d rs2234258 0 0.0000 1 0.0014 0 0.0000 d d d d 2 0.0006

Key: AD, Alzheimer’s disease; C, control; CI, confidence interval; Eur.Am., European American; EVS, Exome Variant Server; Freq, frequency; OR, odds ratio.
TREM2 (NM_018965). Genomic position in base pairs according to hg19 (GRCh37). Dash (d) denotes not applicable. Total allele count for the Belgian population is 2432 AD alleles, 718 FTD alleles and 2188 control alleles. A
comparison of frequencies with those in previous study (Guerreiro et al., 2013); 2182 AD alleles, 2210 control alleles) and Exome Variant Server in European American samples (at least 8511 alleles) is provided. The variation
with minor allele frequency >1% is indicated in boldface type.

a One homozygous AD patient for p.R47H.
b One homozygous AD patient for p.R62H.
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Table 2
Rare variant (MAF <1%) association analysis of TREM2

AD FTD

RR (95% CI) p value RR (95% CI) p value

TREM2 CDS þ UTR 2.54 (1.23e5.23) 0.009 4.67 (2.09e10.45) 0.0000
IgV-set domain 3.84 (1.29e11.44) 0.009 6.19 (1.86e20.61) 0.0007
Other TREM2

variants
1.65 (0.1e4.45) 0.32 3.61 (1.21e10.75) 0.014

Key: AD, Alzheimer’s disease; CI, confidence interval; FTD, frontotemporal demen-
tia; MAF, minor allele frequency; RR, relative risk.
Relative risks with 95% confidence intervals are presented after collapsing alleles for
rare variations (MAF <1%) in full TREM2 coding DNA sequence (CDS) including un-
translated regions (UTR); TREM2 exon 2 encoding the IgV-set domain; and other TREM2
variants, in both the AD and FTD population compared to the control population.
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[95% CI ¼ 0.96e2.49]; allelic p ¼ 0.08) and a MAF of 1.1% in FTD
patients (OR ¼ 0.91 [95% CI ¼ 0.41e2.0]; allelic p ¼ 0.81).

Although none of the rare variations (MAF <1%) was individu-
ally associated with AD, we observed a significant enrichment of
rare variants in the CDS þ UTR of TREM2 in AD patients (28 of
2432 ¼ 1.15% variant alleles) compared to control individuals (10 of
2188 ¼ 0.46% rare variant alleles) (relative risk overall [RR] ¼ 2.54
[95% CI ¼ 1.23e5.23]; p ¼ 0.009) (Table 2). Analogous to AD,
significantly more rare variations were found in the FTD population
(15 of 718 ¼ 2.1% rare variant alleles) (RR 4.67 [95% CI ¼
2.09e10.45]; p < 0.0001) (Table 2). For AD patients, the increased
frequency of rare TREM2 variants could be explained by an
increased rare variant burden of the IgV-set domain (17 rare variant
alleles, RR ¼ 3.84 [95% CI ¼ 1.29e11.44]; p ¼ 0.009) (Table 2). Three
Fig. 1. Schematic location of rare TREM2 coding and UTR variants. (A) Schematic presentatio
(NM_001271821) and (B) TREM2 protein (NP_061838.1). The location of the observed vari
menclatures. Coding and UTR variants observed in AD and/or FTD patients only are indicate
blue. *Novel identified variations in TREM2. For the 30UTR variant c.*þ73C>T (rs2234258)
p.W221X. Black boxes delineate exons. TREM2 protein domains are indicated as follows: cy
and signal peptide in blue. aa, amino acid.
independent studies (Guerreiro et al., 2013; Jonsson et al., 2013;
Pottier et al., 2013) reported sequencing data in AD/control co-
horts for exon 2, which includes this domain. Meta-analysis on the
total frequency of rare variants withMAF<1% in the IgV set domain
resulted in a highly significant summary OR of 2.87 [95% CI ¼
2.14e3.72]; p ¼ 1.75�10�13; I2 0%, strongly influenced by p.R47H.
When excluding p.R47H carriers, this resulted in a summary OR ¼
2.14 [95% CI ¼ 1.00e3.49]; p ¼ 0.05; I2 38%, suggesting a residual
association due to rare variants other than p.R47H in this domain of
TREM2.

For the FTD patients, not only the frequency of IgV-set domain
rare variants was significantly higher than for control individuals,
but also the frequency of rare variants in the CDS and UTR excluding
the IgV-set domain (RR ¼ 3.61 [95% CI ¼ 1.21e10.75]; p ¼ 0.014).

4. Discussion

Homozygous mutations in TREM2, a gene involved in a rare
recessive syndrome involving very early onset dementia and bone
cysts, have recently been reported to cause FTD (Guerreiro et al.,
2012), and a rare TREM2 variant (p.R47H; rs75932628) was re-
ported to increase risk of AD with an effect as strong as APOE ε4
(Guerreiro et al., 2013; Jonsson et al., 2013). In this study, we
investigated the contribution of variants in TREM2 in a large Belgian
study on neurodegenerative brain diseases totaling 1216 Alzheimer
patients, 357 FTD patients, and 1094 healthy individuals.

We found significantly more rare heterozygous TREM2 varia-
tions in both AD and FTD patients compared to control individuals.
We identified 15 rare variations in TREM2 in the Belgian AD and FTD
n of TREM2 gene structure of transcript variant 1 (NM_018965) and transcript variant 2
ations in this study is approximated on the gene and the protein with respective no-
d in red; coding and UTR variants observed in control individuals only are indicated in
, the location is also given on the alternative transcript (c.676C>T), where it encodes
toplasmic domain in pink, transmembrane domain in orange, IgV-set domain in green,



Table 3
In silico predictions of TREM2 CDS missense variants in the Belgian cohort

Exon position Genomic position
Protein
position dbSNP137 Polyphen-2 SIFT

SNPs&Go
Prediction

Reliability
index Probability

Exon 2 Ex2þ9 C>T g.41129342C>T p.G17E d Benign (0.166) Tolerated (1) Neutral 5 0.226
Ex2þ76 T>C g.41129276T>C p.D39G d Benign (0.243) Tolerated (0.07) Neutral 8 0.100
Ex2þ77 G>C g.41129275G>C p.D39E rs200392967 Possible damaging (0.892) Tolerated (0.4) Neutral 7 0.153
Ex2þ100 C>T g.41129252C>T p.R47H rs75932628 Probably damaging (1.0) Tolerated (0.11) Neutral 6 0.187
Ex2þ133 C>G g.41129219C>G p.G58A d Probably damaging (0.96) Tolerated (0.46) Neutral 7 0.154
Ex2þ219 C>T g.41129133C>T p.D87N rs142232675 Probably damaging (1.0) Tolerated (0.59) Neutral 9 0.054
Ex2þ247 G>T g.41129105G>T p.T96K rs2234253 Probably damaging (1.0) Damaging (0) Neutral 6 0.220
Ex2D145 C>T g.41129207C>T p.R62H rs143332484 Benign (0.02) Tolerated (0.65) Neutral 9 0.043

Exon 3 Ex3þ78 G>A g.41127543G>A p.H157Y rs2234255 Possible damaging (0.734) Tolerated (0.11) Neutral 8 0.114
Exon 4 ex4þ4 G>C g.41126801G>C p.S162R d Benign (0.421) Tolerated (0.34) Neutral 8 0.076

ex4þ150 A>G g.41126655A>G p.L211P rs2234256 Benign (0.001) Tolerated (0.3) Neutral 10 0.016
ex4þ186 G>A g.41126619G>A p.T223I rs138355759 Benign (0.005) Tolerated (0.52) Neutral 9 0.028

Key: SNP, single nucleotide polymorphism.
Genomic position in base pairs according to hg19 (GRCh37). Dash (d) denotes not applicable. The variation with MAF >1% is indicated in boldface type. The Polyphen-2 score
ranges from 0e1 and indicates the probability of a damaging effect. SIFT score <0.05 suggests pathogenicity. The SNPs&Go reliability index reports the reliability of the
prediction, scoring from 0 (unreliable) to 10 (reliable). If disease probability is >0.5, the variation is predicted as disease associated.
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study population, of which 2 were novel patient-specific variations
(p.D39G and p.G58A). Only 1 variation had aMAF>1% (p.R62H).We
did not find a statistically significant association of p.R47H with AD,
but the OR for the risk allele was in line with previous reports on
TREM2 p.R47H. Furthermore, the meta-analysis, which shows a
notable absence of heterogeneity, argues in favor of a role for
p.R47H in AD risk even after exclusion of the 2 discovery cohorts
(Guerreiro et al., 2013; Jonsson et al., 2013). We therefore conclude
that the absence of association in our AD cohort ismost likely due to
the low frequency of the risk allele in the Belgian population,
affecting statistical power to detect association. The OR for TREM2
p.R47H (OR ¼ 3.01) in our AD cohort is comparable to APOE ε4
(OR ¼ 3.3), in line with what was previously stated (Jonsson et al.,
2013); however, because of its low risk allele frequency, the
impact of TREM2 p.R47H at the population level is much lower than
for APOE ε4. In our AD study population for example, the estimated
population-attributable fraction (PAF) of TREM2 p.R47H is only
0.55%, compared with an estimated PAF >30% for APOE ε4.

Interestingly, we observed a similarly increased frequency of
p.R47H in the FTD patients as in AD patients, suggesting that this
variationmay play a role in neurodegenerative dementia in general.
Fig. 2. Forest plot for meta-analysis of studies of TREM2 exon 2 missense mutation p.R47H in
cohorts reported in 6 studies on TREM2 p.R47H in AD published until August 2013 were i
(Benitez et al., 2013), zero cell correction was performed. For the Icelandic population (Jonsso
age distribution in the control individuals, was included. The study by Giraldo et al., 2013 is b
for heterogeneity calculated using Cochran’s Q test. Summary statistics of all studies are gi
Guerreiro et al., 2013 and Jonsson et al., 2013 are shown in gray.
An independent study (Rayaprolu et al., 2013) recently reported a
statistically significant association between TREM2 p.R47H and FTD,
underscoring our observation. Pooling both studies results in a
summary OR of 4.27 (95% CI ¼ 1.64e10.73; p ¼ 0.003; data not
shown).

The increased overall frequency of rare TREM2 variants in the AD
cohort was driven by a significantly increased burden of variants in
the IgV-set domain of exon 2, underscoring the observation of
Guerreiro et al. (Guerreiro et al., 2013). Remarkably, in the Belgian
FTD cohort, we also observed an increased frequency of rare het-
erozygous variants, which was more pronounced than in the
Belgian AD cohort, indicating that TREM2 may be a general risk
factor for neurodegenerative processes underlying both AD and
FTD. In contrast to the AD cohort, we observed significant enrich-
ment of rare variants throughout the full CDS and UTR in the FTD
cohort. Our data suggest that not only homozygous but also rare
heterozygous TREM2 variants contribute to the risk of developing
FTD. Because of the relatively small size of our FTD cohort to detect
association with rare variants, additional studies are needed to
confirm this association. To our knowledge, no studies have re-
ported a systematic screening of the TREM2 coding region, or exon
Alzheimer’s disease. Fixed-effects meta-analysis of p.R47H based on raw allele data. All
ncluded. Because of zero frequency of the p.R47H allele in the Spanish control group
n et al., 2013), the cohort consisting of 3550 patients and 11,0050 controls, based on the
ased on imputed genotypes. Evidence of heterogeneity is tested using I2, with a p value
ven in black, summary statistics after exclusion of the discovery cohorts published in



Table 4
Patient characteristics of TREM2 IgV-set domain variation carriers

Variation ID Diagnosis Onset age (y) Family history APOE Mutations in other dementia genes

p.Q33X DR806.1 FTD (unspecified) 64 Positive 44
p.D39E DR800.1 AD 73 U 33

DR801.1 AD 52 Positive 23
p.D39G DR802.1 AD 66 Positive 24
p.G58A DR803.1 AD 82 U 44
p.D87N DR804.1 AD U U 33

DR40.1 FTD 44 Positive 33 VCP p.R159H
DR807.1 FTD (unspecified) 62 U 34

p.R47H 12 patients AD (n ¼ 9)
FTD (n ¼ 3)

56e80a Positive in 20% ε4: 33%b C9orf72 expansion (1 FTD)

p.T96K DR455.1 AD 76 Negative 34
DR805.1 AD 88 Negative 34
DR491.1 FTD 62 Negative 34
DR737.1 FTD 68 Positive U C9orf72 expansion

p.R62H 53 Patients AD (n ¼ 45)
FTD (n ¼ 8)

54e85a Positive in 21% ε4: 38%b C9orf72 expansions (1 AD, 1 FTD);
PSEN1 p.A79V (1 AD)

Key: AD, Alzheimer’s disease; APOE, apolipoprotein E; FTD, frontotemporal dementia; U, unknown.
a Range of onset ages is given for AD and FTD patients.
b APOE ε4 genotype frequency in both AD and FTD patients.
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2, for heterozygous variants in FTD patients and ethnically matched
control individuals, precluding a replication of our results. One
study (Lattante et al., 2013) screened a smaller sample of 175 FTD
patients, which was enriched for early AAO and recessive mode of
inheritance. Two homozygous rare variants inTREM2were reported
in an FTD patient of Algerian descent. No ethnically matched con-
trol samples were tested.

Of note, none of the patient-specific mutations observed in our
cohort were homozygous, including the nonsense mutation
p.Q33X, which was previously identified to cause recessive PLOSL
(Soragna et al., 2003) or FTD (Guerreiro et al., 2012). This mutation
predicts the synthesis of a C-truncated protein, lacking the major
part of the protein (197 amino acids) including the transmembrane
and cytoplasmic domains, leading to loss of function of TREM2.
Perhaps the partial loss-of-function of TREM2 due to a heterozygous
mutation contributes to a less severe phenotype. In patients ho-
mozygous for p.Q33X, onset of dementia occurred in the second to
third decade of life, whereas the Belgian FTD patient heterozygous
for p.Q33X had an AAO of 63 years. Of interest, 2 heterozygous
carriers of p.Q33X in an Italian PLOSL family, aged 20 and 43 years,
showed a subclinical selective deficit in visuospatial memory and a
mild hypoperfusion of the right basal ganglia on SPECT (Montalbetti
et al., 2005). We detected another variant in an FTD patient that
gives rise to a nonsense variant p.W221X, but only in an alternative
transcript of TREM2 (NM_001271821; Fig. 1), which lacks the
transmembrane domain, possibly encoding a soluble form of
TREM2. Located in the alternative exon 5 of TREM2, this variant is
not predicted to give rise to nonsense-mediated decay, but probably
leads to a C-truncated form of TREM2, lacking the last 9 amino-
acids. Soluble TREM2 has been observed to be increased in cere-
brospinal fluid in neuroinflammatory conditions and has been
suggested to counteract membrane-bound TREM2 receptor activity,
attenuating the inflammatory response (Piccio et al., 2008).

Although several AD and FTD patients carrying TREM2 variants
had a positive family history for dementia, DNA of relatives for
segregation analysis was only available for 1 FTD patient carrying
p.D87N (DR40.1; Table 4). This patient carried both TREM2 p.D87N
and a previously published pathogenic VCP mutation p.R159H (van
der Zee et al., 2009). This VCP mutation causes the syndrome of
inclusion body myopathy, Paget’s disease, and frontotemporal de-
mentia (IBMPFD). Two siblings available for segregation analysis (1
presenting with FTD with Paget’s, the other with Paget’s disease
only) carried VCP p.R159H but not TREM2 p.D87N (Supplemental
Figure). The patient carrying both VCP p.R159H and TREM2
p.D87N had a clinical phenotype of FTD only, in contrast to both
siblings not carrying TREM2 p.D87N, but had a comparable early
onset age. Brain immunohistochemistry had been performed pre-
viously for this patient and the sibling with both FTD and Paget’s
disease. No remarkable differences were noted (van der Zee et al.,
2009). Interpretation of the absence of segregation data in this
pedigree is not straightforward given the presence of another
syndrome involving dementia. However, the association data sug-
gest that rare heterozygous TREM2 variants act as moderately
penetrant risk factors rather than highly penetrant pathogenic
mutations, which is compatible with lack of segregation.

In 1 other FTD patient carrying a heterozygous TREM2 variation
another causal variation was found, a pathological G4C2 expansion
in C9orf72 (Gijselinck et al., 2011). Both VCP and C9orf72 mutations
are known to cause mixed clinical phenotypes including amyo-
trophic lateral sclerosis and IBMPFD, but the 2 TREM2 variant car-
riers had a clinical phenotype of pure behavioral FTD. Also in 2 AD
patients, carrying TREM2 p.R62H, a second pathological mutation
was present, that is, a pathological C9orf72 expansion (Cacace et al.,
2013) and PSEN1 p.A79V. Perhaps heterozygous TREM2 variants act
as a modifier of the phenotype caused by a second (pathogenic)
mutation, for example, resulting in a predominant dementia
phenotype; however, to address this hypothesis, additional studies
are required.

Review of the clinical and pathological records of the TREM2 rare
variant carriers (Supplemental data) does not highlight signs or
symptoms that appear characteristic for an underlying TREM2
mutation. The onset age of carriers varies widely, from 44e82 years
for patient-specific mutations and from 56e80 years for carriers of
p.R47H. Of note, the youngest p.R47H-carrying AD patient was
homozygous for this variant, which could indicate a dose effect on
disease severity, but with only 1 patient this remains speculative.
Numerous patients had white matter lesions on neuroimaging,
which would be compatible with the observations in PLOSL
(Paloneva et al., 2001) and FTD due to homozygous TREM2 muta-
tions (Guerreiro et al., 2012), although white matter lesions are
prevalent in AD and are as such not a likely discriminating factor.
Previously described autopsies of 3 TREM2 variant carriers seemed
to highlight amyloid angiopathy (Guerreiro et al., 2013), but this
was not substantial in the 2 Belgian patients who came to autopsy.

In conclusion, we did not observe an association between TREM2
p.R47H and AD, probably due to the low occurrence of this variant
in the Belgian population, but a meta-analysis in AD confirms the
original reports. In addition, we extend these findings to include
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FTD. We report an increased frequency of rare variants across exon
2 in FTD (including a heterozygous carrier of p.Q33X), and, to a
lesser extent, AD, including 2 previously unreported mutations,
suggesting that TREM2 variants may confer risk for neurodegener-
ative diseases in general. The pathogenic nature andmode of action
of TREM2 in the neurodegenerative process remains to be eluci-
dated, but the identification of these novel TREM2 mutations may
facilitate this process.
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