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Abstract
We compared coding region variants of 53 cognitively healthy centenarians and 45 patients with Alzheimer’s disease (AD), all
of Ashkenazi Jewish (AJ) ancestry. Despite the small sample size, the known AD risk variant APOE4 reached genome-wide sig-
nificance, indicating the advantage of utilizing ‘super-controls’. We restricted our subsequent analysis to rare variants
observed at most once in the 1000 Genomes database and having a minor allele frequency below 2% in our AJ sample. We
compared the burden of predicted protein altering variants between cases and controls as normalized by the level of rare syn-
onymous variants. We observed an increased burden among AD subjects for predicted loss-of-function (LoFs) variants
defined as stop-gain, frame shift, initiation codon (INIT) and splice site mutations (n¼930, OR¼1.3, P¼1.5�E�5). There was
no enrichment across all rare protein altering variants defined as missense plus LoFs, in frame indels and stop-loss variants
(n¼13 014, OR¼0.97, P¼0.47). Among LoFs, the strongest burden was observed for INIT (OR¼2.16, P¼0.0097) and premature
stop variants predicted to cause non-sense-mediated decay in the majority of transcripts (NMD) (OR¼1.98, P¼0.02). Notably,
this increased burden of NMD, INIT and splice variants was more pronounced in a set of 1397 innate immune genes
(OR¼4.55, P¼0.0043). Further comparison to additional exomes indicates that the difference in LoF burden originated both
from the AD and centenarian sample. In summary, we observed an overall increased burden of rare LoFs in AD subjects as
compared to centenarians, and this enrichment is more pronounced for innate immune genes.
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Introduction
Alzheimer’s disease (AD) affects an estimated 35 million people
worldwide (1). It has been reported that 24–33% of total pheno-
typic variance for late onset AD could be explained by common
variants (2,3). This leaves room for considerable proportion of
genetic risk factors yet to be identified that cannot be attributed
to additive effects of common variants. Accordingly, there has
been an increasing focus on the potential role of infrequent
(minor allele frequency [(MAF) 1–5%] and rare variants
(MAF< 1%) in the etiology of AD and other common diseases (4).
The recent findings that rare variants such as TREM2 R47H, APP
A673T, PLD3 V232M and UNC5C T835M (5–9) influence the risk
for AD support this hypothesis. Similar sequencing approaches
have also identified genes harboring rare disease variants in
other neurodegenerative diseases such as amyotrophic lateral
sclerosis (10) and Parkinson’s disease with dementia (11), as
well as other complex diseases such as myocardial infarction
(12). Thus, it is reasonable to hypothesize that many unidenti-
fied rare risk variants exist for AD, but their identification will
require very large samples to be sequenced. One way of increas-
ing the power to detect association signals of rare variants is to
study extreme phenotypes (13–15). Given the high prevalence of
AD among people over the age of 85 years (32%) (16), cognitively
healthy centenarians (CEN) may be viewed as both an extreme
phenotype for longevity and as cognitive ‘super controls’. The
advantage in terms of statistical power when using super con-
trols may become even more pronounced in a homogenous
study population such as the Ashkenazi Jewish (AJ) population,
where risk variants may have drifted to higher frequencies (17).

Due to the limited power of rare variants to achieve statisti-
cal significance on their own, a variety of burden tests (allelic
collapsing or allelic sum tests) has been developed that aggre-
gate sets of variants into a joint test (18). These burden tests are
generally performed as gene-based tests because genes are
intuitively meaningful elements for aggregation of rare variants.
However, even such gene-based tests are expected to require
sample sizes far larger than available here to discover novel
associations. On the other hand, there is no a priori reason not
to aggregate rare variants across higher functional units than
genes, such as pathways, or across the whole genome. One
such functional unit of particular interest is immune genes that
have recently gained much traction for a role in the pathogene-
sis of AD. A possible link between inflammation and AD had
been suggested by pathophysiological evidences long before the
genomic era (19,20) and is underscored by the protective effect
of long-term use of non-steroidal anti-inflammatory drugs (21).
As a possible mechanism, a large body of evidence has provided
more details on how microglial activation might play a crucial
role in mediating amyloid-b aggregate-induced toxicity (22).
More recently, genome-wide association studies (GWAS) have
identified common genetic risk variants in genes involved in
the immune system function and inflammation (23,24) includ-
ing CLU, CR1, CD33, CD2AP, MS4A6A, MS4A4E, ABCA7, EPHA1,
HLA-DRB5, HLA-DRB1, INPP5D and MEF2C (24,25). In parallel, the
identification of the risk variant TREM2 R47H with an effect size
comparable to that of APOE4 allele highlights the potential
impact of low-frequency variants in immune genes (5,6). The
gene TREM2 encodes a microglial immunoreceptor that func-
tions as a key regulator of microglial activation in response to
tissue damage (26). The role of immunity in AD was also impli-
cated in a recent pathway analysis based on GWAS data (27)
and differential gene expression data from both human (28) and
mice (29). Thus, instead of aggregating rare variants in a gene-

based manner, it appears to be promising to aggregate them
over larger sets of immune system genes.

In this study, we investigated the burden of rare loss-of-
function (LoF) variants in a whole genome sequencing (WGS)
study of 45 subjects with AD and 53 cognitively healthy CEN of
AJ ancestry. We subsequently evaluated the strength of the
observed enrichment signals in genes with an annotated func-
tion in immunity and inflammation. In addition, we also tested
for an increased burden in genes that are highly expressed in
the human brain as a positive control and in genes that have no
known phenotype associations as a negative control.

Results
Our relatively small sample consisting of 45 AD subjects and 53
CEN is underpowered for detecting single variants with weak
effects. We nevertheless observed an association signal of the
known AD risk allele APOE4 (rs429358) that reaches genome-
wide significance with a Fisher’s exact P¼1.02�E�08 and an OR
of 10.6 (95% CI: 4.20–26.8), which tends to be on the higher end
compared to the reported ORs of around three in case–control
studies (ranging from 1.8 to 9) (30–32). This observation may be
attributed to the fact that APOE is also the major gene that has
been identified for longevity (33–35), highlighting that aging
may not be entirely separated from late-onset AD. We also
replicated the protective APOE2 allele (rs7412) with an OR of
0.25 (95% CI: 0.068–0.895; P¼ 0.034), which was associated with
longevity (35,36). We did not observe any new risk variants that
reach genome-wide significance threshold of P� 5E�08. We per-
formed a systematic survey of all single-nucleotide polymor-
phisms (SNPs) associated with AD (P� 5E�08) from the National
Human Genome Research Institute (NHGRI) GWAS Catalog (37)
as observed in our dataset (Supplementary Table S1). The repli-
cation of the APOE association confirms validity of the pheno-
types of our sample and supports that our design may magnify
the power to detect further potentially causal variants that dis-
tinguish individuals with AD from those with unusual long life
span.

Among variants showing an association signal of Fisher’s
exact test P< 0.05, 16 non-synonymous variants with MAF� 5%
in the 1000 Genomes Project (1KG) dataset are predicted as
being potentially functional by meeting at least four out of the
following five criteria implemented in the dbNSFP database (38):
SIFT (Damaging), Polyphen2 HDIV (Probably damaging or
Possibly damaging), Polyphen2 HVAR (Probably damaging or
Possibly damaging), LRT (Deleterious) and MutationTaster
(Disease causing automatic or Disease causing) (Supplementary
Table S2). Nine of these variants are found only in AD cases,
whereas only two are found exclusively in unaffected CEN.

In order to test whether rare variants with potentially high
functional impact are enriched among AD subjects, we focused
our subsequent analysis on the 19 885 rare coding variants with
very low frequency in 1KG (MAF� 0.025%) and low frequency
(MAF� 2%) in our AJ sample. To test for relative enrichment, we
compare sum of minor allele counts of rare non-synonymous
variants with that of rare synonymous variants between AD
and CEN subjects. Because we have no reason to expect
sequencing errors to affect rare synonymous and rare non-
synonymous variants differentially, this comparison would cor-
rect for potential sequencing errors still remaining after the QC
steps, as well as possible undetected batch effects. We group
variants according to predicted functional impact on protein
function into predicted LoF variants defined as non-sense,
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frame shift, initiation codon (INIT) and canonical splice site
mutations (Supplementary Table S3a) and predicted protein
altering variants (PAVs) are defined as LoFs plus missense, in
frame indels, stop-loss variants. We test enrichment for PAVs
and LoFs as well as for individual functional classes as listed
above.

Compared to 6538 rare synonymous variants, we did not
find any differential enrichment of alternative allele counts for
the 13 014 PAVs among AD or CEN subjects (OR¼ 1.02, Fisher’s
exact test P¼ 0.47) (Table 1). However, we found LoFs (n¼ 930) to
be enriched among AD subjects (OR¼ 1.30, Fisher’s exact test
P¼ 1.5�E�5) (Table 1 and Supplementary Table S3a). The stron-
gest enrichments were observed among INIT variants (OR¼ 2.
16, P¼ 0.0097) and splicing variants (OR¼ 1.43, P¼ 0.0072) (Table
1). We found higher counts for both non-indel- and indel-type
LoFs among AD subjects, indicating that the enrichment signal
was not driven by indel variants. For the 313 stop-gain variants,
we found no enrichment in either group. However, when we
looked at the 38 stop-gain variants that are predicted to cause
non-sense-mediated decay (NMD) in >50% of known transcripts
(stop-gain_NMD) of the respective gene, we observed a higher
mutation burden of this type of variants in AD subjects (OR¼ 1.
98, P¼ 0.022) (Table 1 and Supplementary Table S3b). To ensure
that the enrichment signals were not driven by variants in one
or a few individuals, we also performed 1 million permutations
by randomly shuffling the case–control labels and counting the
percentage of ORs that are larger than the observed value for
those variant categories showing significant enrichment. This
resulted in empirical P-values that are similar to the Fisher’s
exact test (Table 1).

McCarthy et al. (39) reported that choice of transcripts and
software may affect annotations for putative LoF variants. To
investigate whether an alternative annotation tool would yield
similar results, we used Variant Effect Predictor (VEP) from
Ensembl to predict LoF variants. Despite small differences in
the total counts of variants (996 LoF and 6552 synonymous var-
iants), we observed the same magnitude of LoF enrichment
among AD patients compared to CEN (OR¼ 1.29, Fisher’s exact
test P¼ 9.5�E�6).

Next, we tested whether the burden of rare LoFs is higher
in immune genes, paying specific attention to genes

annotated to play a role in the innate immune system. To
this end, we obtained a publicly available dataset consisting
of 4677 genes annotated with immunological function and
1397 genes annotated to play a role in the innate immune
system [Gene Ontology (GO) ID: 0045087, innate immune
response] from innateDB database (40). We found LoFs
enriched in immune system genes, with an increased cumu-
lative burden especially for INIT and splicing variants (Table
2). Interestingly, among innate immune genes, the set of
LoFs with higher functional impact consisting of INIT, splic-
ing and stop-gain mutations predicted to cause NMD showed
a particularly strong enrichment signal (OR¼ 4.55, 95% CI:
1.45–18.8, P¼ 0.0043) (Table 2). The list of innate immune
genes affected by stop-gain_NMD, INIT and splicing variants
is presented in the Supplementary Table S4a. We observed
similar enrichment when we normalized the counts for rare
LoFs with the sum of rare synonymous alleles found only in
the subset of innate immune genes (OR¼ 4.61, 95% CI: 1.45–
19.3, P¼ 0.0041; Supplementary Table S4b).

In order to test whether the observed enrichment signals are
specific for CNS diseases, we investigated the enrichment for
LoFs in a group of genes that may be considered as a positive
control. Intuitively, we consider genes that are more highly
expressed in the human brain than in the other tissues form a
set of candidate genes for any type of brain diseases, including
AD. To this end, we retrieved a list of 2472 human genes, which
were annotated as orthologs of mouse essential genes (EG) and
3811 human orthologs of genes with known non-lethal pheno-
types (NLG) in homozygous mouse mutants (41). Among them
2183 genes were reported to be highly expressed in the human
brain tissues as compared to other tissues (BRAIN) by Georgi et
al. (41). We performed rare variants burden testing using the
same set of rare synonymous variants described above as nor-
malization. As expected from the above results for PAVs, no
overall difference was observed for rare PAVs in BRAIN genes or
in the 398 genes that are both EG and BRAIN (Supplementary
Table S5a). However, an enrichment of rare LoFs was seen in AD
subjects and the burden was most pronounced in genes that are
classified as being both EG and BRAIN genes (OR¼ 3.26, P¼ 0.
030) (Supplementary Table S5a and S5b). None of the three stop-
gain variants found among these 12 genes were predicted to

Table 1. Enrichment of rare PAVs and LoFs among all genes

Variant class Counts, AD Counts, CEN OR 95% CI Fisher’s exact P-value Empirical P-value

Rare_syn (n¼ 6538) 4240 5148 NA NA NA NA
PAVs (n¼ 13 014) 8411 10 022 1.02 0.97–1.07 0.468 NA
LoFs (n¼930) 654 612 1.30 1.15–1.46 1.50E�05 1.10E�05
LoFs_non-indel (n¼ 474) 331 322 1.25 1.06–1.47 0.0065 0.003
LoFs_indel (n¼ 456) 323 290 1.35 1.14–1.60 0.00031 0.00038
Stop-gain (n¼ 313) 208 225 1.12 0.92- 1.37 0.256 NA
Stop-gain, non-indel (n¼ 301) 199 216 1.12 0.91–1.37 0.268 NA
Stop-gain_NMD (n¼ 38) 31 19 1.98 1.08–3.7 0.022 0.012
FS (n¼ 419) 290 264 1.33 1.12–1.59 0.0011 0.0014
INIT (n¼31) 32 18 2.16 1.17- 4.09 0.0097 0.0071
Splicing (n¼ 168) 124 105 1.43 1.09–1.88 0.0072 0.0018

Enrichment of rare PAVs and LoFs among all genes, comparing allele counts of variants with a certain functional classification with rare synonymous variants between

AD patients and CEN. One-sided empirical P-values are calculated by 1 million permutations of case–control status. In parenthesis are total numbers of variants in

each variant class. Rare_syn: rare synonymous variants, Stop-gain_NMD: stop-gain variants that are predicted to affect>50% of known transcripts. LoFs defined as

non-sense, frame shift, initiation codon and splice site variants. PAVs defined as LoFs plus missense, in frame indels, stop-loss variants.
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cause NMD. As a negative control, we performed burden test in
the set of ‘low-impact’ genes that neither belong to any of the
three functional categories (i.e. EG, NLG and BRAIN) nor being
associated with any human disease traits according to Online
Mendelian Inheritance in Man (OMIM) (42) and found no signifi-
cant enrichment of the 285 LoFs in AD or CEN subjects
(Supplementary Table S5a).

To find out whether LoFs are enriched among AD subjects,
or whether they are depleted among CEN, in relation to a
broader population sample, we looked at the proportion of
LoFs that are also found in the non-Finnish European and
non-psychiatric dataset from the Exome Aggregation
Consortium (ExAC-NFE) (http://biorxiv.org/content/early/2015/
10/30/030338, last accessed March 2016). Out of all 930 rare
LoFs identified in our WGS data, 354 SNVs (74.7% of all SNV
LoFs) and 333 indels (73.0% of all indel LoFs) were found in
ExAC-NFE. We compared the respective proportions of LoFs
ascertained exclusively in AD (AD-LoFs) and those ascertained
exclusively in CEN (CEN-LoFs) being present in the ExAC-NFE.
A total of 278 out of 407 AD-LoFs (68.3%) and 281 out of 372
CEN-LoFs (75.5%) were present in ExAC-NFE (OR¼ 0.70, CI: 0.
50–0.97, P¼ 0.026). Thus, AD-LoFs are depleted in the ExAC
dataset as compared to CEN-LoFs (Supplementary Tables S6a
and S6b).

Next, we evaluated AD-LoFs (n¼ 129) and CEN-LoFs (n¼ 125)
in a whole exome sequencing (WES) dataset of 243 younger AJ
subjects (age range 50–89, mean 71.4 6 7.7) (43) that are ances-
trally well matched to our AJ WGS sample (Supplementary
Figure S1). We applied the same frequency filter as we used in
the WGS dataset and identified 1646 rare LoFs and 11 834 rare
synonymous sites. We observed no difference in the ratio of
rare LoFs to synonymous variant sites between the AJ WGS and
the AJ WES datasets (OR¼ 1.02, P¼ 0.61). However, when we
evaluated the sum of rare LoF allele counts separately for AD
and CEN normalized by synonymous allele counts, we observed
that LoFs are enriched in AD compared to younger AJ
controls (OR¼ 1.14, P¼ 0.0056) and that LoFs are depleted in CEN
(OR¼ 0.88, P¼ 0.0052) compared to the controls (Table 3).

Finally, we analyzed WGS data of 24 centenarians with
dementia (CEND) who did not meet the inclusion criterion of
MMSE� 24 for controls in our AD versus CEN analysis. These
CEND subjects may have had non-specific dementia or other
health problems impairing their ability to participate in the cog-
nitive assessment. We performed enrichment test for LoFs
again using synonymous variants for normalization. We found
similar magnitude of enrichment of rare LoFs in AD compared
to CEND and observed no differences between CEND and cogni-
tively healthy CEN (Supplementary Table S7). This further sup-
ports the notion that CEN contribute to the observed differential
LoF burden between AD and CEN. However, it also needs to
be pointed out that the frequency of APOE4 allele among CEND
(6.3%) was close the frequency among CEN (5.7%) as opposed to
AD (38.9%), which highlights the difficulty to clearly separate
the genetics of healthy aging from unspecified cognitive impair-
ment in the very old population.

To evaluate whether cardiovascular risk genes contributed
to the overall enrichment signals of LoFs in AD subjects, we
retrieved the set of 111 genes mapped by significant GWAS
SNPs (P� 5E� 8) from the GWAS Catalog for cardiovascular dis-
ease, stroke or hypertension (37). Only four LoFs were observed
in AD cases and five in CEN (Supplementary Table S8). This data
size is too small for further interpretation beyond its anecdotal
value. We also evaluated the possible role of haplosufficient
(HS) genes. We have retrieved a list of haploinsufficiency scores
across all human autosomal genes (44). We compare the 10% of
genes delineated as most HS with the 10% delineated as the
least HS, i.e. the most haploinsufficient, which does not show a
notable difference (Supplementary Table S9).

Table 2. Enrichment of rare LoFs among genes involved in immune function and innate immune system

Gene Groups Variant class AD CEN OR 95% CI Fisher’s exact P-value

Immune genes
(n¼ 4677)

PAVs (n¼ 2915) 1965 2151 1.11 1.03–1.19 0.0058
LoFs (n¼ 186) 137 120 1.39 1.07–1.79 0.011
Stop-gain (n¼ 62) 35 49 0.87 0.54–1.37 0.58
Stop-gain_NMDþ INITþ splicing (n¼46) 40 26 1.87 1.11–3.19 0.013
INITþ splicing (n¼ 41) 38 23 2.01 1.16–3.53 0.0094
INIT (n¼ 6) 7 3 2.83 0.65–16.99 0.20
Splicing (n¼ 35) 31 20 1.88 1.04–3.49 0.033

Innate immune
genes (n¼ 1397)

PAVs (n¼ 815) 526 602 1.06 0.94–1.20 0.36
LoFs (n¼ 54) 39 33 1.43 0.88–2.36 0.15
Stop-gain_NMDþ INITþ splicing (n¼ 16) 15 4 4.55 1.45–18.85 0.0043

Enrichment of rare PAVS and LoFs among genes involved in immune function and specifically in innate immune function by comparing allele counts of PAVS and LoFs

to allele counts of rare synonymous variants in all genes between AD patients and CEN. In parenthesis are total numbers of variants in each variant class. Rare_syn:

rare synonymous variants, Stop-gain_NMD: stop-gain variants that are predicted to affect>50% of known transcripts. LoFs defined as non-sense, frame shift, initiation

codon and splice site variants. PAVs defined as LoFs plus missense, in frame indels, stop-loss variants.

Table 3. Enrichment of rare LoFs among all genes in AD, CEN and AJ
exomes

Variant class AD AJWES OR 95% CI Fisher’s exact P-value

Rare_syn 4240 22 563 NA NA NA
Rare_LoFs 654 3057 1.14 1.04–1.25 0.0056

CEN AJWES OR 95% CI Fisher’s exact P-value

Rare_syn 5148 22 563 NA NA NA
Rare_LoFs 612 3057 0.88 0.80–0.96 0.0052

We test for enrichment of aggregated allele counts of rare LoFs among all genes

normalized by aggregated allele counts of rare synonymous variants between

AD patients, CEN and non-centenarian control AJ exomes from T2D GENES

(AJWES). Rare_syn: rare synonymous variants. LoFs defined as non-sense, frame

shift, initiation codon and splice site variants, PAVs defined as LoFs plus mis-

sense, in frame indels, stop-loss variants.
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Discussions
Relative to rare synonymous variants, we observed an overall
higher burden of rare LoFs variants in AD subjects as compared
with CEN. This burden was more pronounced for those rare var-
iants that are predicted to cause NMD in >50% of known tran-
scripts, variants affecting INITs and splice sites. Due to limited
power, we cannot clearly pinpoint any specific rare mutations
that are associated with increased risk of developing AD.
However, when we narrowed down the analysis to the subset of
innate immune genes, we found a stronger accumulation of
LoFs among AD subjects than among healthy CEN. This obser-
vation that innate immune genes showed a stronger rare muta-
tion burden is consistent with an important role of
immunological dysfunction in AD and longevity (22,29,45).

Out of the 68 genes carrying NMD and INIT variants leading
to the strong enrichment signals among AD subjects
(Supplementary Table S3b), five genes encode ion channels
(SCN10A, KCNK10, TRPM2, KCNJ13 and SHROOM3) based on
annotations by GO Consortium (46). In this context, it is note-
worthy that transient receptor potential melastatin-2 (TRPM2)
channels play a key role in amyloid-b-induced neurovascular
dysfunction, and that TRPM2 channels are a potential therapeu-
tic target to counteract cerebrovascular dysfunction in
Alzheimer’s dementia and related pathologies (47). A possible
role of the TRPM2 p.Gln953* mutation needs to be replicated in
larger scale sequencing studies. Another interesting ion channel
candidate gene is KCNK10, which encodes TREK-2, a member of
two-pore domain potassium channels involved in the regula-
tion of neuronal excitability in the entorhinal cortex (48). It is
also interesting to find the LPA gene among the genes contribu-
ting to the enrichment signals, as variants in LPA have been
shown to be both deleterious and protective in terms of cardio-
vascular risks (49–51). Cardiovascular diseases had been shown
to increase the risks for AD (52). Consistently, the two previ-
ously reported risk alleles for coronary artery disease
rs10455872 and rs3798220 (51) were observed exclusively in our
AD subjects (n¼ 5 and 1, respectively) and not among any CEN.
The other genes were linked to a wide range of disease condi-
tions according to OMIM (53) such as Leber congenital amauro-
sis (KCNJ13) and iron-refractory iron deficiency anemia
(TMPRSS6) as well as biological functions such as catalytic activ-
ities according to GO (46).

In line with an etiological role for genes with immune func-
tion and especially innate immunity in AD and longevity (22),
we observed an enrichment of rare LoF variants among immune
genes. Remarkably, we observed the strongest enrichment
among AD subjects for NMD, INIT and splice site variants in
innate immune genes. The innate immune genes harboring
these potentially high-impact variants only in AD patients are
ABCA1, ADCY4, BPI, DHCR24, ITPR3, MMP9, NLRP8, POLR3F,
POLR3G, RSAD2, SMAP2 and TRPM2. Among them, both ABCA1
and ITPR3 had been implicated as potential candidate genes for
AD in an epigenomic analysis (29). ABCA1 is a paralogue of the
AD-associated ABCA7 gene coding for a cholesterol efflux pump
in the cellular lipid removal pathway and had been linked to AD
in expression experiments and network analysis (56,57). A role
of DHCR24 and MMP9 in AD has also been previously discussed
(56,57). Literature search reveals limited prior evidence for an
involvement of the other listed genes in AD. Given that the
majority of AD-associated genes were identified through associ-
ation studies of common variants, rare variants burden testing
is expected to identify new previously unreported disease
genes. Our analysis does not show the involvement of a specific

gene in AD or longevity on its own, but nevertheless these genes
have an increased probability to be risk genes.

Considering that EGs that are highly expressed in the human
brain may have a higher prior probability to be involved in brain
diseases, we observed an enrichment of LoF variants among AD
subjects in this gene group as a positive control gene set. In con-
trast, no significant LoF burden was found in the group of genes
with no prior link to phenotypic annotations, which provides a
negative control gene set.

We did not find any overall enrichment for rare PAVs among
AD subjects. Consistent with the expectation that NMDs and
INIT mutations are particularly damaging (58), we observed a
stronger enrichment for both types of mutations among AD
patients compared to other classes of LoFs. We observed no sig-
nificant enrichment for stop-gain variants in general, indicating
that stop-gain variants that do not cause NMD may not be func-
tionally relevant for AD.

A recent exome sequencing study comparing variant allele
frequencies between 3000 Finnish individuals with 3000 non-
Finnish Europeans showed a significant excess of rare deleteri-
ous variants in Finns, while also observing a deficit in variable
sites in the population overall (50). An explanation was that
population bottleneck had elevated the allele frequencies of del-
eterious alleles and selection has had insufficient time to
remove them. Similar to the Finns, Ashkenazi Jews are a
founder population with a recent bottleneck shaping the allele
frequency spectrum (59,60). It is unclear whether our observa-
tion of rare LoFs enrichment in AD patients can be observed
with a similar sample size in a more admixed population.

Another consideration is that protective variants promoting
longevity may exist among CEN (61). We found a novel stop-
gain variant Gln4247* (not predicted to cause NMD) in a known
disease gene APOB in one CEN. Truncating mutations in APOB
have been reported to cause autosomal recessive familial hypo-
betalipoproteinemia (62), but a non-synonymous variant
E4154K has been associated with a reduction in risk of cerebro-
vascular disease and ischemic stroke (63).

Because our study applied an overall genome-wide burden
test for enrichment of rare LoFs variants as a single hypothesis
and subsequently evaluated the primary signal in subsets of
genes and variants, we did not conduct multiple independent
testing.

This study has several limitations. One major limitation is
the small sample size that limits the power of our analysis.
Future studies involving larger number of subjects are required
to replicate the enrichment findings and narrow down the num-
ber of gene sets for burden testing. A second limitation is that
we did not include a random AJ control group in the design of
this WGS experiment to evaluate the origin of the enrichment
signal. When matching our data with the ExAC data, LoFs ascer-
tained exclusively among AD subjects are depleted relative to
CEN LoFs. This shows that our AD LoFs are more specific to our
dataset than CEN LoFs. It supports the notion that at least a part
of the enrichment signal is driven by AD causative variants that
are depleted both among CEN and a broader population sample.
Furthermore, comparing to a younger AJ WES sample, AD sub-
jects carried more and CEN fewer aggregated rare LoFs, which
indicates that both AD and CEN contribute to the differential
LoF burden in our WGS dataset. Our analysis of demented CEN
also supports that a relevant fraction of the enrichment signals
comes from CEN. One may speculate that AD and longevity
traits share some risk genes. For instance, both AD and longev-
ity are known to share APOE as a risk-modifying factor. The AD
risk allele APOE4 is a known cardiovascular risk factor (64),
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which is found to be less frequent among CEN compared to con-
trols (34,35). Thus, it is possible that some rare LoFs increasing
the risk for AD also work against longevity in other ways. It is
also likely that those CEN with unspecific cognitive impair-
ments investigated here did not have any AD, as the proportion
of AD diagnosis seems to decline among subject over 90 years of
age (64). A third limitation of our current analysis is its focus on
coding variants for which functional annotations are more
clearly defined comparing to non-coding variants. Future stud-
ies are necessary to explore rare variants burden in functional
non-coding genomic regions.

In summary, our study of investigating rare variants in
extreme phenotypes in a genetically homogenous founder pop-
ulation yielded findings that are consistent with results from
larger sequencing studies of mixed population of other complex
phenotypes. Our results indicate an increased burden for rare
protein truncating mutations among AD patients as compared
to CEN, and this enrichment is more pronounced for innate
immune genes.

Materials and Methods
Study population

DNA samples from 80 CEN AJ subjects were collected as a part
of a longevity study at the Albert Einstein College of Medicine
according to the protocol described previously (66), of which
53 AJ CEN had an MMSE score of �24 (67) at the time of their
enrollment and their mean age was 99.5 years old (range 95–
106). This group was classified as cognitively healthy CEN. This
MMSE score was the reported mean of people over the age of 85
years, and many CEN in this study suffer from vision and hear-
ing impairments that are expected to affect the MMSE score
(68). Twenty-four AJ CEN failed to meet the MMSE cutoff (range
0–23; mean¼ 6.5) were classified as having non-specific demen-
tia (CEND). The enrollment of the CEN was approved by the
institutional review board (IRB) of the Montefiore Medical
Center and the Committee on Clinical Investigation at the
Albert Einstein College of Medicine. Written informed consent
was obtained from all subjects prior to participation.

DNA samples of 2046 subjects with AD were obtained from
National Institute on Aging Genetics Initiative for Late-Onset
Alzheimer Disease/National Cell Repository for Alzheimer
Disease. Local IRB committees approved the study. These sam-
ples were genotyped for ancestry informative markers (AIMs)
(69,70). Principal component analysis (PCA) was performed with
all AD cases, and AJ CEN controls using the smartpca tool
included in the EIGENSTRAT software (71). Euclidian distances
were calculated for all pairs of samples over the top two princi-
pal components. For each CEN sample, the closest AD sample
was then retrieved in a stepwise fashion, iteratively removing
case–control pairs from the pool of all samples. PCA was then
repeated with resulting set of case–control pairs to confirm
proper matching. DNA of 45 AD subjects was matched to AJ pop-
ulation and had sufficient quantity for WGS. The mean age of
onset for the 45 AJ AD subjects was 74.0 years (SD¼ 7.4 years).

WGS and quality control

WGS was performed on Illumina HiSeq 2500 platform (Illumina,
San Diego, CA). When possible, we processed cases and controls
in the same batch in order to limit batch effects. Paired-end
2�100 reads were aligned to the GRCh37 human reference using
the Burrows-Wheeler Aligner (72), and processed using the

best-practices pipeline that includes marking of duplicate reads
by the use of Picard tools (http://picard.sourceforge.net), and
realignment around DNA insertions and deletions (INDELs) and
base recalibration via Genome Analysis Toolkit (GATK) ver. 3.2-
2 (73). Variant discovery was performed as a three-step process.
Single-sample genotypes were called using GATK
HaplotypeCaller followed by joint genotyping of all subjects.
The resulting multi-sample Variant Call Format file was used
for variant quality score recalibration (74,75). A 99.8% Truth sen-
sitivity tranche level was used for SNVs and 99.0% for INDEL
variants. The concordance rate for SNVs between Illumina 2.5M
chip and GATK variant calls was >99.7% for all subjects.

To further remove potentially false-positive genotype calls,
we performed downstream genotype quality control (QC) filter-
ing for call rates and removal of variants in regions that are
reported to have poor mapping quality. Specifically, we
removed variants with call rate< 0.98, number of alleles> 2,
Hardy–Weinberg Equilibrium (HWE) P< 0.001 or Fisher’s exact
HWE P< 0.001. We then removed variants with GATK tags that
are relevant to sequencing data quality: qual by depth (QD)< 3,
Variant Quality Score (VQSLOD)< 0, or Mapping Quality Zero
Read� 1. In addition, we removed variants located in genomic
regions annotated as segmental duplications according to UCSC
Genome Browser (Genomic Super Dups 2011-10-25, UCSC) (76)
and genomic regions that are likely to produce artifact signals
(DAC Blacklisted Regions, UCSC) (77). After QC filtering, we
obtained a total of 12 341 379 autosomal variants. PCA using
AIMs on Immunochip (78) showed no obvious population sub-
structures between AD subjects and AJ CEN subjects
(Supplementary Figure S2).

To further exam the sequencing data for potential batch
effects, we looked at genome-wide distribution doubleton pairs
between AD, CEN and CEND. Among the 425 366 doubletons, we
observed following pairs: 54 100 AD–AD, 80 591 CEN–CEN, 15 782
CEND–CEND, 136 330 AD–CEN, 62 064 AD–CEND and 76 499
CEN–CEND. We assume the number of pairs within a group is
expected to be proportional to the square of the group size and
the number of pairs between two groups is proportional to
2*n*m, where n and m are the two group sizes. When we plot the
actual number of doubleton pairs versus ‘expectation’, it is
roughly a straight line (Supplementary Figure S3), indicating no
visible batch effects. We also obtained similar distributions of
singletons between the three AJ sample groups (Supplementary
Figure S4).

Annotation of variants

For the analysis of rare variants, we excluded markers found in
dbSNPcommon141 (79) and those with MAF>0.025% in the 1000
Genomes Project (1KG) (i.e. seen more than once in 1KG Phase3)
(80) and those variants with MAF>2% which is four copies of a
variant allele in our total sample of 98 AJ subjects.

Variant classification was based on Reference Sequence
GRCh37 and RefSeq Gene transcripts of NCBI Homo sapiens
Annotation Release 105 that was implemented in the Golden
Helix SNP & Variation Suite (SVS) (Golden Helix, Bozeman, MT
59718, USA). Details of the variants classification procedures
can be found at the SVS manual (http://doc.goldenhelix.com).
Because choice of software may affect variant annotation (39),
we used VEP from Ensembl (81) as a second tool to verify our
LoF variant prediction. We used the software snpEff to annotate
for stop-gain variants that cause NMD in >50% of all known
transcripts of a gene (82). Functional annotations of genes were
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retrieved from the GO Consortium database (46). We used the
software R to calculate for significance of rare variant burden
between cases and controls [R Core Team (2013). R: A language
and environment for statistical computing. Vienna, Austria.
URL http://www.R-project.org].

Power analysis

With infrequent or rare variants, the statistical power is low for
variant-based association testing, unless the sample size or the
effect size is very large (18). We calculated the statistical power
for the sample size of 45 cases and 53 controls using the preva-
lence for AD of 32% for people aged> 85 years (16) and a relative
risk of 3 for heterozygous carriers. If single variant association is
used, a risk variant with a risk allele frequency of 5% would only
have 44% power to be detected at a¼ 0.001 and no power at
a¼ 5E� 8, according to estimates of genetic power calculator
(83). However, if we aggregate multiple rare variants in gene
sets or across the whole genome to reach a cumulative allele
frequency of 10%, the power for association detection would
increase to 64% (a¼ 0.001) (Supplementary Table S10).
Furthermore, we performed a separate power analysis that
used the two-sample proportion test for estimating the mini-
mum required variant number instead of the required subject
sample number to reach 80% power (Supplementary Figure S5).

Additional sequencing data of broader population
sample

We downloaded the non-psychiatric non-Finnish European var-
iants sites dataset from the Exome Aggregation Consortium
(ExAC) server (ftp://ftp.broadinstitute.org/pub/ExAC_release/,
release 0.3.1). We also obtained genotype data of 243 younger
Ashkenazi Jewish controls from the T2D-GENES Consortium
(age 50–89 years) sequenced on an Illumina HiSeq 2000 (43).
Additional QC filtering included removing variants with call
rate< 0.98, number of alleles> 2, Fisher’s exact HWE P< 0.001,
VQSLOD< 0, QD< 1 as well as those in genomic regions anno-
tated as segmental duplications and DAC Blacklisted Regions
described above. Ancestry was checked by PCA together with
our AJ WGS sample based on 1KG European variants with
MAF> 5% (Supplementary Figure S1).

Supplementary Material
Supplementary Material is available at HMG online.
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