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    Chapter 17   

 Next Generation Sequencing in Alzheimer’s Disease 

           Lars     Bertram     

    Abstract 

   For the fi rst time in the history of human genetics research, it is now both technically feasible and 
 economically affordable to screen individual genomes for novel disease-causing mutations at base-pair 
resolution using “next-generation sequencing” (NGS). One popular aim in many of today’s NGS studies 
is genome resequencing (in part or whole) to identify DNA variants potentially accounting for the “miss-
ing heritability” problem observed in many genetically complex traits. Thus far, only relatively few projects 
have applied these powerful new technologies to search for novel Alzheimer’s disease (AD) related 
sequence variants. In this review, I summarize the fi ndings from the fi rst NGS-based resequencing studies 
in AD and discuss their potential implications and limitations. Notable recent discoveries using NGS 
include the identifi cation of rare susceptibility modifying alleles in  APP ,  TREM2 , and  PLD3 . Several other 
large-scale NGS projects are currently underway so that additional discoveries can be expected over the 
coming years.  

  Key words     Alzheimer’s disease  ,   Next-generation sequencing  ,   Rare variant association  ,   Genome-wide 
association study  ,   GWAS  

1      Introduction 

 Similar to many other adult-onset human disorders, Alzheimer’s 
disease (AD)—a slowly progressive neurodegenerative disease of the 
brain eventually resulting in cognitive impairment and dementia—
represents a “genetically complex trait”. This term alludes to the 
fact that a person’s liability for AD is the result of a combination of 
heritable (e.g. genetic) and non-heritable (e.g. environmental) fac-
tors. Twin studies suggest that the contribution of the former prob-
ably outweighs the latter for the vast majority of AD cases [ 1 ]. In 
some rare familial forms of AD, genetics plays the predominant role 
through the effect of extremely infrequent amino acid substituting 
mutations in genes such as  APP  (β-amyloid precursor protein 
[APP]),  PSEN1  (presenilin 1 [PS1]), and  PSEN2  (presenilin 2 
[PS2]). Despite their rarity, mutations in these genes have been 
instrumental in clarifying the molecular mechanisms underlying AD 
pathogenesis where the aberrant production of the β-amyloid (Aβ) 
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peptide represents a crucial event [ 2 ]. Intracellularly, Aβ is cleaved 
from APP by the sequential action of two enzymatic activities, i.e. 
β-secretase (encoded by the  BACE1  [β-amyloid cleavage enzyme 1] 
gene) and γ-secretase (whose catalytic site is made up of PS1 and 
PS2). By identifying AD-causing mutations in both the precursor 
of Aβ (i.e.  APP ) and the enzymes involved in its production 
(i.e.  PSEN1  and  PSEN2 ), genetics has supported the “amyloid 
hypothesis” of AD which posits that dysregulated Aβ triggers the 
development and perhaps progression of the disease [ 2 ]. For recent 
reviews on AD genetics  see  refs.  3 – 5 . 

 Mutations in  APP ,  PSEN1 , and  PSEN2  only account for a 
small fraction (≪5 %) of all AD cases, which I will refer to as 
“Mendelian AD” due to the almost complete penetrance and 
mostly autosomal-dominant mode of transmission of implicated 
DNA sequence changes. The vast majority of AD cases, however, 
is actually of a “non-Mendelian” nature. The predisposition for 
this type of AD is the result of a combined action of dozens, if not 
hundreds or thousands, of common DNA sequence variants (i.e. 
polymorphisms) of small effect (i.e. odds ratios [ORs] typically 
≪2) and, hence, incomplete penetrance. Over 30 years of research 
have investigated thousands of DNA polymorphisms in hundreds 
of putative AD candidate genes to fi nd genetic risk factors underly-
ing non-Mendelian AD [ 6 ]. With one notable exception, i.e. the 
apolipoprotein E gene ( APOE ) on chromosome 19 [ 7 ], these 
studies have not resulted in establishing fi rm disease associations 
until the advent of high-throughput microarray genotyping tech-
nology allowed the completion of genome-wide association studies 
(GWAS) in ~2008. These GWAS have fi nally resulted in a number 
of highly convincing AD association fi ndings ( see  the ‘AlzGene’ 
database for a summary of these studies:   http://www.alzgene.org     
[ 8 ]). Collectively, however, GWAS associations currently explain 
no more than half of the disease heritability, i.e. the proportion of 
phenotypic variance that can be explained by genetic or epigenetic 
factors. Interestingly, this situation—i.e. that the combined contri-
bution to liability for disease is only partially explained by fi ndings 
to emerge from even the most powerful GWAS—is observed for 
many more genetically complex diseases (and non-disease traits). 
Several potential hideouts for this “missing heritability” have been 
proposed [ 9 ], including the possibility that it may altogether rep-
resent a “phantom” phenomenon [ 10 ]. 

 The recent development of extremely powerful, massively par-
allel DNA sequencing technologies now allows to systematically 
screen individual genomes for DNA sequence variation at base-pair 
resolution, enabling researchers to address the “missing heritabil-
ity” question (and many other questions) empirically (Fig.  1 ; 
Table  1 ). Owing to their potential to revolutionize human genetics 
research, the term “next-generation sequencing” (NGS) has been 
coined for these methods. In this review, I summarize the fi ndings 
of the fi rst studies specifi cally applying NGS to the fi eld of AD 
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  Fig. 1    Strategies for fi nding disease-causing rare variants using exome sequencing. Four main strategies are 
illustrated. ( a ) Sequencing and fi ltering across multiple unrelated, affected individuals (indicated by the  three 
colored and numbered circles ). This approach is used to identify novel variants in the same gene (or genes), as 
indicated by the  shaded region  that is shared by the three individuals in this example. ( b ) Sequencing and fi l-
tering among multiple affected individuals from within a pedigree ( shaded circles and squares ) to identify a 
gene (or genes) with a novel variant in a shared region of the genome. ( c ) Sequencing parent–child trios for 
identifying de novo mutations. ( d ) Sampling and comparing the extremes of the distribution ( arrows ) for a 
quantitative phenotype. As shown in panel  d , individuals with rare variants in the same gene ( red crosses ) are 
concentrated in one extreme of the distribution. Figure and legend reprinted with permission from Macmillan 
Publishers Ltd: Nature Reviews Genetics [ 18 ], copyright (2011)       

    Table 1  
  Variant detection in complex traits classifi ed by allele frequency   

 Variant class  Minor allele frequency  Implication for analysis  Example in AD 

 Very common  Between 5 and 50 %  GWAS   APOE ,  CLU ,  CR1 , 
 PICALM  

 Less common  Between 1 and 5 %  GWAS  n.a. (not available) 

 Rare (but not 
private) 

 Less than 1 % but still 
polymorphic in one or more 
major human population 

 GWAS; co-segregation in 
families 

  APP  (Ala673Thr), 
 PLD3 ,  TREM2  

 Private  Restricted to probands and 
immediate relatives 

 Co-segregation in 
families; linkage 

 AD-causing mutations in 
 APP ,  PSEN1 ,  PSEN2  

   GWAS  genome-wide association study. See text for explanation of gene symbols. Adapted for this review with permis-
sion from Macmillan Publishers Ltd: Nature Reviews Genetics [ 19 ], copyright (2010)  
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genetics research. The focus lies exclusively on studies using NGS 
for genome resequencing (whole or in part) and does not cover 
projects utilizing other NGS applications, such as transcriptome or 
methylome sequencing. 

2       Next-Generation Sequencing to Identify Novel Disease Genes 

 There already exist a large number of excellent reviews on the tech-
nical details of the currently available NGS platforms [ 11 ,  12 ], as 
well as on relevant theoretical (e.g. [ 13 – 16 ]), practical (e.g. [ 17 – 20 ]), 
and analytical (e.g. [ 21 – 23 ]) considerations when embarking on 
an NGS-based resequencing project ( see  also Fig.  1 ). Accordingly, 
these topics will be skipped here except for a few general remarks. 
For instance, one important issue to keep in mind is that the 
  generation  of NGS-based large-scale sequencing data has become 
relatively straightforward thanks to the availability of highly opti-
mized operating procedures developed by the manufacturers of 
today’s NGS instruments. On the other hand, effi cient and appro-
priate  management  and  interpretation  of the resulting sequence 
data is not nearly as straightforward for most laboratories outside 
highly specialized genome centers. To a large part this is due to the 
sheer amount of information created. For instance, a single human 
genome consists of ~3.2 billion base-pairs (Gbp), each of which 
needs to be covered at least 30- to 35-fold in order to confi dently 
differentiate between wild-type allele and mutation [ 20 ], yielding 
a minimum of ~100 Gbp per DNA sample per experiment. 

 Another, possibly even more challenging aspect is that poten-
tially “functional” DNA sequence variants occur at much higher 
frequency in the general population than originally anticipated (even 
though overall they may still be classifi ed as “rare”, i.e. displaying a 
minor allele frequency [MAF] ≪1 %) [ 9 ,  24 ]. The important con-
clusion to draw is that not every amino-acid changing nucleotide 
substitution found in an affected individual or observed to co- 
segregate with disease status in a given family also automatically repre-
sents the underlying disease-causing variant. This situation has been 
referred to as the “narrative potential” of individual genomes [ 15 ], 
meaning that assigning a disease-related narrative to potential muta-
tions in anyone’s genome sequence is relatively easy (simply owing 
to the high frequency of these sequence changes) but statistically 
often poorly justifi ed. Thus, in order to avoid publishing “genomic 
fairytales”, researchers need to go to great lengths to ensure that a 
presumed connection between a pinpointed DNA sequence variant 
and onset of disease is in fact genuine. For GWAS fi ndings this typi-
cally entails to provide consistent association evidence in several 
independent data sets which, when analyzed alone or in combina-
tion, pass a certain threshold of statistical support (typically a 
 P -value below 5 × 10 −8 ). Neither of these requirements can be 
applied to NGS-based genetics studies in a straightforward fashion. 
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First, the variants identifi ed are often exceedingly rare (if not 
 altogether “private”, i.e. restricted to one founder and its family 
members), so that a suffi cient number of carriers—affected by dis-
ease or not—may be diffi cult to come by for any individual labo-
ratory ( see  also Table  1 ). Second, there currently exist no fi rm 
guidelines on the statistical interpretation of “rare variant” associa-
tion fi ndings. As a matter of fact, there currently exist no fi rm rules 
on how to establish evidence in favor of a genetic association 
between disease status and specifi c rare variants. Possible analysis 
strategies include variant-specifi c tests (similar to those used for 
common variants in GWAS), gene-specifi c tests (e.g. by pooling dis-
covered variants within loci in affected vs. unaffected individuals) 
with and without pre-defi ned allele frequency thresholds, and net-
work/gene-set analyses (e.g. by pooling association evidence across 
genes by their presumed or proven functional connection). 

 As will become clear in the following paragraphs, many of the 
issues briefl y touched upon above have already been encountered 
in the few available NGS-studies conducted in the fi eld of AD 
genetics. Thus, some of the reported gene fi ndings outlined below 
can be assigned greater credibility than others. In a sense, this situ-
ation is not unlike that encountered during the pre-GWAS candi-
date gene era of AD genetics research. The fi eld will likely remain 
in this state until fi rm criteria on the analysis and interpretation of 
NGS resequencing data have been established. I close this intro-
duction by quoting from a recently published, highly interesting 
essay on the theoretical framework of rare-variant associations in 
human diseases [ 13 ], which concluded that “for very late-onset 
diseases like Alzheimer’s […] common variant association studies 
would likely be the better strategy” to identify the most important 
disease genes. This is due to the fact that rare variant associations 
will be a comparatively infrequent occurrence in these diseases for 
a number of reasons discussed in [ 13 ]. Time will tell, whether or 
not these considerations and conclusions will prove to be correct.  

3    Next-Generation Sequencing in Alzheimer’s Disease Research to Date 

 Owing to the fact that NGS technologies have only become avail-
able (and affordable) outside highly specialized genome centers 
from ~2010, the literature reporting fi rst results of their applica-
tion to AD is still rather limited. For the purpose of this review, 
NCBI’s “PubMed” database (  http://www.ncbi.nlm.nih.gov/
pubmed    ) was queried using the keywords “[alzheimer* AND 
((next generation sequencing OR NGS OR deep sequencing) OR 
(exome sequencing OR WES) OR (whole genome sequencing OR 
WGS))]” which yielded a total 103 publications on April 15, 2014. 
Of these, only 15 reported data relevant to this review, i.e. bona 
fi de NGS-based resequencing in at least one cohort of AD patients. 
Together with a few additional relevant publications identifi ed via 
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other sources, these studies represent the “core” fi ndings discussed 
in more detail below (Table  2 ). Notwithstanding the relative pau-
city of NGS studies in AD, the already available papers have col-
lectively applied the full range of different NGS strategies and thus 
provide a timely starting point for a fi rst critical assessment. Note, 
that this fi eld is advancing very rapidly, so that readers are advised 
to consult the ‘AlzGene; database’ (  http://www.alzgene.org     [ 8 ]) 
or ‘AD and FTD Mutation Database’ (  http://www.molgen.ua.ac.
be/ADMutations/     [ 25 ]) for updated summaries of relevant stud-
ies published after the day of writing.

      In an attempt to resolve the contribution of putative functional 
DNA sequence variants in genes  known  to be associated with dis-
ease risk, most early NGS studies in AD either performed deep 
resequencing of the established early-onset Mendelian AD (and 
other forms of dementia, particularly FTLD) genes, i.e.  APP , 
 PSEN1 ,  PSEN2 ,  MAPT  and  GRN , or of loci recently implicated 
by GWAS, in particular  CLU ,  CR1 , and  PICALM  (Table  2 ). In 
addition, there are also a few publications reporting deep rese-
quencing results of loci that had emerged during the “candidate 
gene” era of AD genetics, i.e.  ABCA1  (encoding ATP-binding cas-
sette, sub-family A [ABC1], member 1) and  NCSTN  (encoding 
the γ-secretase component nicastrin; Table  2 ). As will be discussed 
below, the knowledge gained from these focused, early-adopter 
NGS studies remains limited. This is in contrast to more systematic 
projects performing whole exome (WES; Subheading  3.2 ) or 
whole genome sequencing (WGS; Subheading  3.3 ). 

   Several of the fi rst projects have applied NGS to resequence known 
Mendelian genes in late-onset, non-Mendelian AD cases [ 26 – 28 ]. 
All of these studies identifi ed novel “rare variants” across the inves-
tigated loci leading some authors even to conclude that “rare vari-
ants in these genes could explain an important proportion of 
genetic heritability of AD” [ 26 ]. It remains debatable whether this 
conclusion is indeed justifi ed. First, many of the  variants identifi ed 
within target genes were deemed as “non- pathogenic”, i.e. there is 
currently no compelling evidence from in silico or in vitro assess-
ments to support an impact on pathogenicity (see also ‘AD & 
FTD Mutation Database’ for more details). Second and more 
importantly, sequencing technologies and bioinformatic variant-
calling algorithms (and correlated measures such as base- pair cov-
erage, which determine the false-positive and false-negative rate) 
in AD cases often differed from those applied to controls, poten-
tially biasing the discovery of “rare variants” towards AD popula-
tions. This situation arises when AD cases are resequenced in-house 
and then compared to control genomes derived from public data-
bases, such as the 1000 Genomes Project website (  http://
www.1000genomes.org    ) or the ExomeVariant Server (  http://evs.
gs.washington.edu/EVS/    ). Possibly the most interesting result 

3.1  NGS 
for Resequencing 
of Alzheimer’s Disease 
Candidate Genes

3.1.1  NGS 
for Resequencing 
Mendelian AD Genes
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from these early NGS studies is the comparatively high proportion 
of pathogenic  MAPT  and  GRN  variants in individuals clinically 
diagnosed as “AD” suggesting a larger than anticipated misdiag-
nosis rate [ 26 ] or—less likely—pleiotropy at these loci.  

   At the day of writing, there is only one published  bona fi de  NGS 
study investigating the established AD GWAS loci [ 29 ]. This proj-
ect performed pooled NGS of sequence capture products targeting 
 CLU ,  CR1 , and  PICALM  in 96 AD patients and compared the 

3.1.2  NGS 
for Resequencing AD 
Susceptibility Genes

         Table 2  
  Findings from NGS-based resequencing studies in AD   

 Ref. 
 Author, 
year  NGS approach  Study design  Main fi nding 

 Overall 
credibility 

 [ 26 ]  Cruchaga, 
2012 

 Candidate (APP, PSEN1/
2, MAPT, GRN) 

 Family-based 
(LOAD) 

 RVs in APP, PSEN1, GRN, 
MAPT to confer risk 

 Unclear 

 [ 27 ]  Jin, 2012  Candidate (APP, PSEN1/
2, MAPT, GRN) 

 Family-based 
(EOAD, 
LOAD) 

 RVs in PSEN1, GRN, 
MAPT to confer risk 

 Unclear 

 [ 28 ]  Benitez, 
2013 

 Candidate (APP, PSEN1/
2, APOE, MAPT, GRN) 

 Extreme CSF 
levels 

 PSEN1-E318G linked to 
CSF-tau 

 Low 

 [ 29 ]  Lord, 
2012 

 Candidate (CLU, CR1, 
PICALM) 

 AD cases only  Technical issues  – 

 [ 36 ]  Lupton, 
2011 

 Candidate (NCSTN)  Case–control 
(LOAD) 

 RVs to confer risk  Low 

 [ 37 ]  Lupton, 
2014 

 Candidate (ABCA1)  Case–control 
(LOAD) 

 RVs to confer protection  Low 

 [ 39 ]  Guerreiro, 
2012 

 WES  Family (1 
exome) 

 NOTCH3-R1231C in 
index patient 

 Low 

 [ 40 ]  Pottier, 
2012 

 WES  Families 
(EOAD) 

 RVs to confer risk  Low/
medium 

 [ 43 ]  Cruchaga, 
2014 

 WES  Families and 
case–control 
data sets 

 PLD3 (several RVs to 
confer risk) 

 Medium 

 [ 50 ]  Jonsson, 
2012 

 WGS (for GWAS)  Case–control  APP-Ala673Thr to confer 
protection 

 High 

 [ 51 ]  Jonsson, 
2013 

 WGS (for GWAS)  Case–control  TREM2-Arg47His to 
confer risk 

 High 

 [ 58 ]  Guerreiro, 
2013 

 WGS, WES  Case–control  TREM2-Arg47His (+ 
other RVs) to confer risk 

 High 

  Simplifi ed summary of lead fi ndings of NGS studies discussed in main text. “Overall credibility/relevance” as (subjec-
tively) judged by the author of this review based on the data presented in original publications. See main text for more 
details on studies and fi ndings.  RVs  rare variants,  LOAD  late-onset AD [also referred to as “non-Mendelian AD” in 
main text],  EOAD  early-onset AD [also referred to as “Mendelian AD” in main text],  GWAS  genome-wide association 
study. See text for explanation of gene symbols  
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frequency of identifi ed variants to those listed in public databases. 
Owing mostly to technical diffi culties encountered during the 
course of the project, no fi rm conclusion regarding the prevalence 
of putative functional variants (common or rare) in these loci could 
be reached. This is in line with a number of conventional, Sanger- 
based resequencing projects of either all or a subset of the same 
genes [ 30 – 35 ]. These studies were also unable to conclusively pin-
point “functional” variants within previously reported GWAS loci. 
The same is true for NGS-based resequencing studies of non- 
GWAS AD candidate genes, i.e.  NCSTN  [ 36 ] and  ABCA1  [ 37 ], 
which have produced little more than anecdotal results (Table  2 ). 

 Collectively, this situation is reminiscent of the pre-GWAS 
“candidate gene era” of AD genetics which has produced a fl urry 
of proclaimed results essentially none of which survived the test of 
time [ 38 ]. The current lack of convincing NGS results in the estab-
lished AD loci may be due to the same combination of factors that 
had already bedeviled genetic association studies back then, includ-
ing small sample size, smaller-than-anticipated effect sizes, failure 
to provide replication evidence from independent cohorts, and 
over-interpretation of borderline statistical evidence.   

    With respect to “outcome”, NGS studies following a more system-
atic approach—e.g. those focusing on the exome (WES) or whole 
genome (WGS)—have thus far produced more convincing results 
than those investigating only a few loci ( see  Subheading  3.1 ). While 
a number of publications report to have performed WES on AD 
cases and sometimes control populations, only the three studies 
discussed below applied this technology for  bona fi de  exome-wide 
discovery of novel disease genes. 

 The fi rst study by Guerreiro et al. [ 39 ], used WES in a single 
clinically diagnosed AD patient from Turkey originating from a 
consanguineous family with a complex medical history, including 
the presence of both neurological and immunological disorders. 
Bioinformatic analysis and fi ltering of the WES data identifi ed 178 
candidate missense variants, one of which (p.R1231C in  NOTCH3 ; 
Table  2 ) was reported as the molecular culprit for the clinical 
AD-like picture seen in this patient. This mutation, along with 
more than 130 other mutations in this gene, has previously been 
reported to cause another neurological disorder: CADASIL (cere-
bral arteriopathy autosomal dominant with subcortical infarcts and 
leukoencephalopathy) [ 39 ], an inherited cerebrovascular disease 
with a number of different neurological symptoms. Typically, 
patients with CADASIL show pronounced white matter abnormal-
ities resulting in characteristic MRI fi ndings. These MRI fi ndings, 
however, were absent from the patient subject in this study. 
Unfortunately, DNA from other affected relatives was not available 
to assess segregation of the variant with disease status. The only 
other carrier of the p.R1231C mutation was a cognitively normal 

3.2  Whole-Exome 
Sequencing Studies 
in Alzheimer's Disease
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son of the index patient, approximately 20 years younger than the 
dementia onset age in his father. The putative AD-causing  NOTCH3  
mutation was absent in more than 300 AD cases and controls from 
Turkey and elsewhere. While this study demonstrated the power of 
WES to effi ciently generate a near complete status of the “muta-
tional landscape” in a single patient, it did lack some essential sup-
porting evidence to conclusively imply the p.R1231C  NOTCH3  
variant as the cause of the complex clinical phenotype observed in 
this particular patient: e.g. lack of within family disease segregation, 
independent replication, exclusion of causality of other missense 
variants present in WES data. Further, owing to the unclear and 
complex clinical picture it is too early to add  NOTCH3  to the list 
of AD genes. An alternative interpretation of the available data 
could simply be—as the authors themselves concede—that 
p.R1231C is neither pathogenic for CADASIL nor AD. 

 The second publication [ 40 ] highlighted in this section used 
WES in 14 index cases of autosomal dominant early-onset AD fam-
ilies without mutations in any of the established AD genes  APP , 
 PSEN1 , and  PSEN2 . Bioinformatic fi ltering of the variant calls was 
based on putative functional impact (i.e. only non- synonymous, 
splice site, and frameshift indels were retained), “novelty” (i.e. only 
variants not listed in public databases were retained), and recur-
rence (i.e. only genes harboring variants resulting from the previ-
ous fi ltering steps in >1 family were retained). This strategy led to 
a number of potential candidate genes, the most compelling of 
which was sortilin-related receptor LR11/SorLA ( SORL1 ; Table  2 ) 
[ 40 ]. In its function as a sorting receptor and central regulator of 
the traffi cking and processing of APP, SorLA has represented an 
AD candidate gene for nearly a decade [ 41 ]. Early genetic associa-
tion analyses suggested  SORL1  to be a late onset Alzheimer’s dis-
ease (LOAD) risk gene, but were met with a fl urry of confl icting 
data [ 8 ]. A recent GWAS meta-analysis revived the topic by report-
ing common variants in  SORL1  to show genome-wide signifi cant 
association with AD risk [ 42 ], although previous analyses of largely 
overlapping datasets did not yield such a fi nding. In the WES study 
discussed here,  SORL1  was found to harbor previously unknown 
and putatively functional mutations in 5 of the 14 index patients. 
Resequencing of  SORL1  in a separate collection of 15 index 
patients from independent EOFAD families identifi ed two addi-
tional novel variants also presumed to be disease- causing [ 40 ]. 
Owing to the lack of available biospecimen, co- segregation with 
disease could only be demonstrated for one of the seven  SORL1  
variants. If indeed genuine, these fi ndings would imply that  SORL1  
would be on a par with  PSEN2  as the third most frequently mutated 
gene responsible for autosomal dominant forms of AD. Furthermore, 
it would represent the fi rst gene in AD genetics to harbor both rare 
and disease-causing as well as common susceptibility variants. The 
lack of functional data clearly and directly supporting an impact of 
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the identifi ed mutation on protein expression or function, the 
absence of conclusive segregation evidence in all but one family, 
and the current nonexistence of independent replication results 
suggests that more time and scientifi c evidence is needed before 
 SORL1  can be counted as an established causal AD gene. 

 The third and most recent paper to employ WES in AD [ 43 ] 
sequenced a total of 29 individuals from 14 AD families with four 
or more affected individuals. Filtering based on minor allele fre-
quency (<0.5 %), segregation of candidate variants with disease 
status within families, and occurrence of the same variant in >1 
family, revealed a missense change in the gene encoding phospho-
lipase D3 ( PLD3 ; Table  2 ) on chromosome 19q13.2 [ 43 ]. The 
protein represents a hitherto poorly characterized member of the 
PLD superfamily of phospholipases. Other members of this 
superfamily, i.e. PLD1 and PLD2, have been reported to be 
involved in APP traffi cking and synaptic dysfunction [ 48 ,  49 ], 
making PLD3 a reasonable candidate as well. The PLD3 variant 
identifi ed by Cruchaga and colleagues, rs145999145, elicits a 
valine to methionine change at residue 232 (Val232Met) and is 
present in up to 0.5 % of non- AD individuals of European descent. 
In AD cases, the frequency of the Met-allele is between 0.6 and 
1.3 %, thus approximately doubling the risk for AD in carriers vs. 
non-carriers [ 43 ]. The original family-based fi nding was subse-
quently extended to an independent series of more than 
11,000 AD cases and controls where it was also found to be asso-
ciated with risk for AD (OR ~2) and a signifi cant reduction in 
onset age (between 3 and 8 years). Resequencing of the  PLD3  
coding region in ~4,300 AD cases and controls of European 
descent revealed potential additional rare PLD3 variants which, 
by means of aggregate analysis (“burden test”), occurred signifi -
cantly more often in cases than healthy controls. This fi nding may 
indicate the presence of other disease associated functional vari-
ants at this locus beyond Val232Met. Finally, additional analyses 
revealed an excess of rare  PLD3  coding variants in AD cases vs. 
controls in a small collection of individuals of African descent, 
further supporting the notion that  PLD3  represents a genuine 
AD locus. The genetic results were accompanied by a range of 
supporting functional data from human brain samples and trans-
genic mouse neuroblastoma cell lines suggesting that  PLD3  may 
exert its pathogenic effects by directly affecting APP processing 
and Aβ42 and Aβ40 production. Based on these data, the most 
likely effect of Val232Met (and possibly other variants in  PLD3 ) 
is a loss of function, e.g. by reduced gene expression, and as a 
result an increase in Aβ42 and Aβ40 production. Since the origi-
nal publication [ 43 ], a number of studies [ 44 – 47 ] were published 
in an attempt to independently validate the reported fi ndings. 
However, despite having excellent power to detect the previously 
reported effect size, none of these papers was able to replicate the 
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association between AD risk and Val232Ala (or other polymor-
phisms in PLD3) shedding serious doubt on the notion that 
PLD3 is in fact a genuine AD gene [ 44 – 47 ].  

    At the time of writing, there are no published studies directly 
applying WGS for the discovery of novel AD genes, but several 
such studies are currently underway. For instance, WGS data gen-
erated as part of the “AD sequencing project” (ADSP) on 584 
individuals from 111 multiplex AD families were recently released 
to the community and are in the process of being analyzed for the 
presence of AD-associated rare variants in these families. First 
results from these efforts are expected to be reported early in 2015 
( see  ADSP website for more details:   https://www.niagads.org/
adsp/    ). A more extensive WGS study is being conducted as part of 
the “Alzheimer's Genome Project” (AGP, P.I. Rudolph E. Tanzi at 
Harvard Medical School), which has recently completed the gen-
eration of sequencing data in over 1,500 individuals from 437 
multiplex AD families. Bioinformatic workup of the sequence reads 
is currently underway, and fi rst results are expected to be released 
in 2015 (for more details  see :   http://www.curealz.org/projects/
whole-genome-sequencing    ). 

 In addition to  directly  sequencing specifi c subjects and families 
of interest for disease gene discovery, WGS can also be used  indi-
rectly . This strategy was followed by researchers from deCODE 
genetics who utilized WGS data on a collection of ~2,000 Icelandic 
individuals in two related projects investigating the role of rare 
functional variants on AD risk [ 50 ,  51 ]. In both studies, WGS data 
were used to impute allele status at sites harboring putative func-
tional variants ( n  ~192,000, including nonsynonymous, frameshift, 
splice site, and stop gain-loss variants) onto microarray based 
genome-wide genotype data in more than 3,000 AD patients. 
These were compared to genotype data imputed from the same 
WGS panels in ~80,000–110,000 Icelandic healthy control indi-
viduals. In essence, the analytic strategy applied in these projects 
comes down to a GWAS on imputed genotype data specifi cally 
enriched for putative functional variants originating from WGS 
data in the population of interest. Apart from  APOE , the analyses 
of the resulting data pinpointed two previously known rare mis-
sense variants showing evidence for genome-wide signifi cant asso-
ciation with AD risk: (1) the Ala673Thr substitution in  APP  
(decreasing the risk for developing AD in carriers by approximately 
fi vefold) [ 50 ], and (2) the Arg47His substitution in  TREM2  on 
chromosome 6p21.1 (increasing the risk for developing AD by 
approximately threefold) [ 51 ]. Unlike the WES-based results 
reported in the previous section, both fi ndings have been confi rmed 
by independent laboratories following the original publications. 

 The fi rst AD association to be revealed by deCODE’s “WGS- 
enriched GWAS strategy” highlighted a previously known SNP 
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(rs63750847) in  APP  eliciting a threonine to alanine substitution 
at residue 673 (Ala673Thr) [ 50 ]. Interestingly, the minor A-allele 
was found to be  under  represented in the Icelandic AD cases under 
study, suggesting a protective effect when compared to the refer-
ence G-allele (translating into an OR reduction of about fi vefold). 
In addition to these AD specifi c fi ndings, the authors also investi-
gated the decline in cognitive function over time in non-AD indi-
viduals between 80 and 100 years of age [ 50 ]. In line with the 
observed protection from AD, carriers of the A-allele at rs63750847 
performed signifi cantly better in cognitive testing than non- carriers. 
First in vitro functional data reported in the same study revealed 
that the protective A-allele (coding for amino acid threonine), 
which is located within APP’s β-cleavage site, signifi cantly reduces 
the production of sAPPβ and Aβ 40/42  by approximately 50 % rela-
tive to the wild-type G-allele (coding for alanine) [ 50 ]. Overall, 
these data suggest that Ala673Thr exerts a direct effect on BACE1 
cleavage of APP. Independent follow-up studies in various popula-
tions either confi rmed the protective effect of Ala673Thr (e.g. in a 
Finnish population [ 52 ]), or were unable to identify any carriers of 
the minor threonine allele (e.g. in South-East Asian [ 53 ,  54 ] or 
North American [ 55 ] samples). Of note, A673 was also found in 
one familial AD case in the NGS-based assessment of known 
dementia genes by Cruchaga et al. ( see  above and [ 26 ]), and in a 
patient suffering from ischemic cerebrovascular disease [ 56 ], a 
fi nding that is reminiscent of the protective  APOE  ε2-allele which 
has also been found—albeit at reduced frequency—in patients 
suffering from AD and other neurodegenerative diseases  [ 57 ]. 

 The second AD association identifi ed by the deCODE group 
was with SNP rs75932628 leading to a an arginine to histidine 
substitution at position 47 (Arg47His, or R47H) in the gene 
encoding triggering receptor expressed on myeloid cells 2 
( TREM2 ) [ 51 ]. Combining association results from a number of 
different datasets, the minor T-allele at this site was found to 
 signifi cantly increase the risk for AD by approximately threefold. 
Opposite to the effects observed for the protective variant in  APP  
(see above), the AD-associated allele was associated with poorer 
cognitive function in cognitively healthy individuals aged between 
80 and 100 years. Independent confi rmation of the association 
between  TREM2  and AD was reported by another group along-
side the deCODE fi ndings [ 58 ]. This latter study utilized a combi-
nation of DNA sequencing approaches (including reanalysis of 
WES and WGS data) and reported evidence for the presence of 
other rare  TREM2  variants in addition to Arg47His to show asso-
ciation with AD. Since these original reports, the Arg47His asso-
ciation with AD has been replicated by several other groups 
[ 59 – 61 ]. More recently, Arg47His has also been—albeit less con-
sistently—associated with other forms of neurodegenerative disor-
ders (such as PD [ 62 ,  63 ], FTLD [ 63 ] and ALS [ 64 ]), although 
these latter fi ndings could not be replicated in independent 
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datasets [ 65 ]. Functionally, TREM2 is likely involved in the body’s 
innate immune system response based on evidence suggesting that 
the encoded receptor protein has been shown to regulate the 
phagocytic ability and infl ammatory response of microglia [ 66 ]. 
The primary form of resident macrophages in the central nervous 
system (CNS).   

4    Conclusions and Outlook 

 For the fi rst time in the history of human genetics research, it is 
now both technically feasible and economically affordable to sys-
tematically screen individual genomes for novel disease-causing 
mutations at base-pair resolution using “next-generation sequenc-
ing”. Thus far, only relatively few studies have applied these pow-
erful new technologies to search for novel AD-related variants. 
Notable NGS-based discoveries until early 2014 include the iden-
tifi cation of rare susceptibility-modifying alleles in  APP ,  TREM2 , 
and  PLD3 . Of these, the latter two gene fi ndings are “novel” in the 
sense that these loci had not previously been linked to AD predis-
position and pathophysiology. Several additional large-scale NGS 
projects are currently underway and many more “ TREM2 -like” 
discoveries can be expected to emerge from these and other studies 
over the coming years. 

 Despite this very exciting and highly promising outlook on AD 
genetics research made possible by the application of NGS, a few 
cautionary notes appear justifi ed. First, despite their powerful and 
maximally exhaustive nature, utilizing NGS in gene discovery 
efforts does not preclude devising a careful and typically multi-
pronged study design that includes experiments aimed at establish-
ing a fi rm link between the identifi ed DNA variants and the disease 
under study. Examples include proving segregation within affected 
families, independent replication of suspected fi ndings, and 
 carrying out functional experiments. Otherwise, the community 
will be left with situations currently encountered for  SORL1  or 
 NOTCH3 , where some evidence suggests an involvement in AD 
pathogenesis, while other crucial evidence in support of these 
hypotheses is still lacking. Actually, it can be argued that precisely 
 because  of the powerful and exhaustive nature of NGS a careful 
study design and execution is more direly needed than ever before: 
every single genome analyzed thus far by WGS has been found to 
contain dozens to hundreds of rare and apparently functional DNA 
sequence that proved to be without pathogenic consequences 
[ 15 ]. Second, it should be emphasized that in contrast to highly 
penetrant and disease-causing mutations, e.g. those encountered 
in  APP  or  PSEN1 , rare-variant associations of modest effect size, 
e.g. those reported for  TREM2 , are of little value as predictors or 
diagnostic tools in a clinical setting [ 61 ]. This is due to their 
incomplete penetrance, meaning that a sizable fraction of the 
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population carries the disease-associated variants without ever 
developing AD. This situation is not unlike that observed for com-
mon variants, e.g. those identifi ed by GWAS. Third, as outlined in 
the introduction, this review only covers studies utilizing NGS for 
genome resequencing which is only one of several possible NGS 
applications. This, of course, does not mean that all or even most 
of the “missing heritability” in AD can solely be attributed to alter-
ations in the genomic sequence. As a matter of fact, there is both 
theoretical and empirical evidence suggesting that much of the 
underlying heritability in AD may be due to alterations beyond the 
genome sequence, e.g. in epigenetic DNA profi les. Their identifi -
cation and characterization, however, is more complex and requires 
the application of other NGS-based technologies, including bisul-
fi te sequencing (to assess DNA methylation patterns), as well as 
RNA and chromatin immunoprecipitation (ChIP) sequencing. 
However, as epigenetic profi les are often specifi c to tissues or even 
cell-types the choice of appropriate biomaterial becomes crucial, 
but is diffi cult to resolve in a brain disease such as AD. 

 Notwithstanding these limitations, the increasingly widespread 
application and further development of NGS over the coming 
years will undoubtedly lead to a vast extension of our knowledge 
and understanding of the molecular processes underlying the onset 
and progression of AD and other neurodegenerative diseases. As 
such they will hopefully pave the way for developing novel thera-
peutics and biomarkers allowing to effectively prevent or halt the 
progression of this devastating disease.     
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