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ABSTRACT

Purpose of Review: This article discusses the current status of knowledge regarding
the genetic basis of Alzheimer disease (AD) with a focus on clinically relevant aspects.
Recent Findings: The genetic architecture of AD is complex, as it includes multiple
susceptibility genes and likely nongenetic factors. Rare but highly penetrant autosomal
dominant mutations explain a small minority of the cases but have allowed
tremendous advances in understanding disease pathogenesis. The identification of a
strong genetic risk factor, APOE, reshaped the field and introduced the notion of
genetic risk for AD. More recently, large-scale genome-wide association studies are
adding to the picture a number of common variants with very small effect sizes.
Large-scale resequencing studies are expected to identify additional risk factors, in-
cluding rare susceptibility variants and structural variation.

Summary: Genetic assessment is currently of limited utility in clinical practice because
of the low frequency (Mendelian mutations) or small effect size (common risk factors)
of the currently known susceptibility genes. However, genetic studies are identifying
with confidence a number of novel risk genes, and this will further our understanding
of disease biology and possibly the identification of therapeutic targets.
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INTRODUCTION

The clinical and pathologic entity
known as Alzheimer disease (AD)' is
the most common cause of dementia,
a problem that, considering increasing
longevity, is growing in its public
health implications.? Late-onset AD,
the most common form of the illness
(typically defined as onset after 65 years
of age), is rarely caused by mutations
transmitted in Mendelian fashion, and
yet its heritability—broadly defined as
the proportion of disease vulnerability
due to heritable genetic factors—has
been estimated to be somewhere be-
tween 58% and 79%.° Therefore, al-
though cases of AD inherited in a

Mendelian fashion are rare (accounting
for approximately 1% of cases), genetic
factors are likely to play an important
role in all forms of the disease. Over
the last 20 years tremendous advances
have been made in genetic and informa-
tion technology, such that novel ap-
proaches (including genome-wide
association studies and whole-genome
sequencing) have joined more tradition-
al mapping methods, such as familial
genetic linkage studies and candidate
gene case-control studies, as powerful
means to identify genetic variants associ-
ated with common diseases such as late-
onset AD. Studying large populations
with these sensitive techniques has
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allowed the identification of several new
genes consistently associated with AD
risk. However, the overall magnitude of
the risk conferred by each of these is
small, and therefore the clinical rele-
vance of these findings is as yet
undefined. Nonetheless, study of the
pathways through which these genes
contribute to AD pathology is an avenue
toward the identification of potential
therapeutic targets. Because significant
progress in developing treatments for
AD has been lacking, such new ap-
proaches are of critical importance.

This review will discuss progress in
understanding of the genetic under-
pinnings of AD, clinical relevance
where applicable, and how this knowl-
edge is guiding future research into
treatments for and prevention of AD.

FAMILIAL ALZHEIMER DISEASE:
MENDELIAN FORMS

The observation of the familial occur-
rence of AD dates back almost to Alois
Alzheimer’s initial description of the
disease, before dementia of late onset
was understood to have a similar
underlying pathology. However, the
genes underlying these rare forms of
the illness remained elusive until the
early 1990s, when cloning and linkage
studies allowed for the identification
of three genes that cause this fully
penetrant, early-onset, autosomal
dominant form of the disease: amyloid
precursor protein (APP), presenilin 1
(PSENT), and presenilin 2 (PSEN2).
Mutations in the APP gene were
identified first, 4 years after the
amyloid precursor protein was discov-
ered to be the major component of
senile plaques® and cerebral blood
vessel amyloid® and mapped to chro-
mosome 21.”7 In 1995, young-onset
familial AD was linked to chromosome
14 in some families, and subsequently
the PSEN1 gene was cloned.'® Around
the same time, linkage was made in
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the Volga-German AD kindred to a
gene on chromosome 1 that was
highly homologous to PSEN1 and was
ultimately dubbed PSENZ2. It was sub-
sequently recognized that the patho-
genic alterations of these genes all
contribute to the increased absolute
or relative production of the 42-ami-
no-acid-length cleavage product
of APP'' (the AP42 version of the
amyloid-B [AB] peptide), which is a
major constituent of the plaques that
characterize the illness. Further in vivo
and in vitro work served to support
this “amyloid cascade hypothesis” of
AD etiology (recently reviewed by
Benilova and colleagues).'* Simply
put, it is speculated that increased
production or decreased elimination
of the AP peptide is the trigger initiat-
ing a series of events ultimately leading
to the pathology and clinical manifes-
tations of the various forms of AD.
Further genetic evidence supporting
this hypothesis is that subjects with
Down syndrome (who have three
copies of chromosome 21),"> mosai-
cism for trisomy 21,"* or duplications
of the APP gene'® can all develop AD
pathology. Although this predominant
hypothesis has led to important in-
sights into the pathologic cascade lead-
ing to AD, this knowledge has yet to
translate into meaningful interven-
tions. Indeed, it may be possible to
clear the deposited fibrillar forms of AB
without significantly influencing clini-
cal disease.'®

Although substantive disease-modifying
interventions do not yet exist, these ad-
vances have enabled definitive diagno-
sis of familial AD and therefore can have
significant effects on patients and their
families in terms of understanding
the illness, its inheritance, and its
prognosis. Furthermore, this progress
allows for the possibility of presymp-
tomatic testing in unaffected at-risk
subjects. Therefore, clinicians should

KEY POINTS

B Although cases of
Alzheimer disease
inherited in a Mendelian
fashion are rare
(accounting for
approximately 1% of
cases), genetic factors
are likely to play an
important role in all
forms of the disease.

MW Studying large
populations with
sensitive techniques
has allowed the
identification of several
new genes consistently
associated with
Alzheimer disease risk.
However, the overall
magnitude of the risk
conferred by each of
these is small, and
therefore the clinical
relevance of these
findings is as yet
undefined. Nonetheless,
study of the pathways
through which these
genes contribute to
Alzheimer disease
pathology is an
avenue toward the
identification of
potential therapeutic
targets.
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KEY POINT

B Although substantive
disease-modifying
interventions do not yet
exist, these advances
have enabled definitive
diagnosis of familial
Alzheimer disease and
therefore can have
significant effects on
patients and their
families in terms of
understanding the
illness, its inheritance,
and its prognosis.
Furthermore, this
progress allows for the
possibility of
presymptomatic testing
in unaffected at-risk
subjects. Therefore,
clinicians should have a
thorough understanding
of the phenotypes and
of testing that is
available.

have a thorough understanding of
the phenotypes and of testing that is
available.

Amyloid Precursor Protein

Mutations in the APP gene encoding
for amyloid precursor protein were
the first mutations identified to cause
familial AD and are currently the
second most common cause of famil-
ial AD. Twenty-four mutations have
been reported that are thought be
pathogenic (www.molgen.ua.ac.be/
ADMutations), are concentrated near
the N-terminal (the B-secretase cleavage
site) and C-terminal (the y-secretase
cleavage site) ends of the AP portion
of APP, and affect the amount of AB
produced by cells. The V7171 substi-
tution in APP, occurring near the
y-secretase site, was the first described
familial AD mutation® and appears to
have arisen independently in white,
Japanese,'” and Mexican'® populations.
In addition, several APP variants associ-
ated with familial AD have been de-
scribed that occur within the AP
sequence. In vitro studies of some of
these mutations indicate that the mu-
tant protein resulting from such alter-
ations self-assembles more efficiently,
which is hypothesized to ultimately
result in more rapid aggregation in the
brain. The nature of the amyloid pa-
thology can differ in people with these
mutations, such that plaque morpholo-
gy can be distinctive® with excessive
deposition.”” Such pathology some-
times results in cerebral infarcts or
hemorrhages that can be a major
aspect of the clinical presentation.?®*!
More recently, duplications of the APP
locus have also been identified in
familial AD associated with cerebral
amyloid angiopathy (CAA)," confirm-
ing that these mutations cause familial
AD through a “gene dose” effect in
increasing AB production. Further sup-
port for the amyloid hypothesis comes

from the recent discovery of a variant
near the pB-secretase cleavage site
(AG73T) in APP that is associated with
decreased production of AR and a
decreased risk for late-onset AD.*
This supports the assertion that phar-
macologic inhibition of B-secretase
activity is a promising direction to pur-
sue in developing therapies to treat or
prevent AD.

Presenilin 1

PSEN1 mutations are the most com-
mon cause of familial AD; 197 variants
have been preliminarily associated with
familial AD (www.molgen.ua.ac.be/
ADMutations). Of these, a few lack
confirmation, or there are reasons to
suspect pathogenicity, such that 185
are currently thought confidently to
cause familial AD. The majority of
these are missense mutations causing
amino acid substitutions in the coding
region of the gene, although a few
consist of insertions or deletions of
portions of the protein. The Presenilin
1 protein (PS1) was identified to be the
catalytic site of the y-secretase complex
that cleaves the APP protein to produce
AP fragments.”> By causing conforma-
tional changes in PS1,** the majority of
pathogenic PSENI mutations cause an
increased absolute or relative produc-
tion of AB42,* and it is thought that
this is the mechanism through which
they cause AD.

Although many of the 185 PSENI
mutations are described in single fam-
ilies, a few have been reported repeat-
edly and appear to represent founder
effects. The E280A substitution, found
in subjects from Colombia, represents
the largest group of families and has
been well characterized by investigators
there.?® The G206A substitution was
described in Caribbean Hispanics,
mostly originating from Puerto Rico.”’
Another mutation (A431E) that has
been repeatedly identified in people
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whose family roots originate in the
state of Jalisco in Mexico also appears
to represent a founder effect.® The
existence of these groups of familial-AD
families of specific ethnic and geo-
graphic origins indicates that inquiring
about patients’ ancestral origins can
be informative.

PSENI mutations tend to cause the
youngest age of symptom onset
(44-46 years of age in one series).”
However, unusual rare cases of onset
as young as the twenties®® and a family
with a mean age of onset as late as age
76 (bearing the A79V substitution)
have been described.>* PSENI mutation
carriers are more likely to have the
atypical features that sometimes accom-
pany familial AD, including spastic
paraparesis,”” early myoclonus, and sei-
zures.> In a retrospective chart review
comparing clinical features between 32
patients with familial AD due to PSEN1
mutations and 81 patients with non-
familial early-onset AD, those with
PSENT mutations tended to be younger
(42 versus 56 years of age at onset),
more likely to have memory complaints
as the presenting feature (84% versus
58%, with nonfamilial cases frequently
presenting with visuospatial and lan-
guage deficits), and more likely to
experience significant headaches, my-
oclonus, gait abnormalities, and pseu-
dobulbar affect.>* The presence of
such features in a young-onset case of
AD when the family history is un-
available should prompt the clinician
to consider genetic testing.

Presenilin 2

Mutations in the PSEN2 gene are
rarest and tend to have the oldest
and most variable age of onset.*” Of
21 variants in PSENZ2 described on
www.molgen.ua.ac.be/ADMutations,
possibly only eight,*®> or at most 13,
are thought to be pathogenic for AD.
This includes a large Volga-German
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founder effect mutation (N1411). Peo-
ple with PSEN2 mutations have a
mean age of onset of 54 years, with a
range from 39 to 75 years of age in
one series.>> Among people with the
N141I mutation, seizures were present
in 31%. Because the pathogenicity of
identified variants in PSEN2 is not
always clear, caution needs to be ex-
ercised when interpreting results of
such testing with patients and their
families (Case 3-1).

Insights into Late-Onset
Alzheimer Disease Derived
from Familial Alzheimer Disease

As described above, the discovery that
the pathogenic mutations in familial
AD genes affect the catabolism of APP,
causing the increased absolute or rela-
tive production of the amyloidogenic
form of the AP peptide, fueled the
amyloid cascade hypothesis of AD.
Although increased production of
these forms of AP has not been con-
sistently demonstrated in late-onset
AD, it is thought that a decreased abil-
ity to eliminate Ap may lead to its oligo-
merization, toxicity, and ultimately
cerebral deposition in this more com-
mon form of the disease.

Unlike late-onset AD, in which the
ability to predict the future develop-
ment of disease is imperfect, the study
of asymptomatic people carrying fa-
milial AD mutations, who are essen-
tially certain to develop the illness,
allows biochemical, imaging, behav-
ioral, and cognitive changes occurring
very early in the disease course to be
identified.>” Many reports of relatively
small series of such subjects have
provided important insights, with
studies of the Colombian kindred
carrying the E280A PSENI mutation
being the largest. Studies of this popula-
tion have documented the course of
cognitive decline®® and, more recently,
have provided insight into the course

KEY POINTS

M The existence of
these groups of
familial-Alzheimer
disease families of
specific ethnic and
geographic origins
indicates that inquiring
about patients’
ancestral origins can
be informative.

M In a retrospective chart
review comparing
clinical features
between 32 patients
with familial Alzheimer
disease due to PSENT
mutations and
81 patients with
nonfamilial early-onset
Alzheimer disease,
those with PSENT
mutations tended to be
younger (42 versus 56
years of age at onset),
more likely to have
memory complaints as
the presenting feature
(84% versus 58%, with
nonfamilial cases
frequently presenting
with visuospatial and
language deficits)
and more likely to
experience significant
headaches, myoclonus,
gait abnormalities, and
pseudobulbar affect.
The presence of
such features in a
young-onset case of
Alzheimer disease when
the family history is
unavailable should
prompt the clinician to
consider genetic testing.
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KEY POINTS

M Because the
pathogenicity of
identified variants in
PSENZ2 (and other
familial Alzheimer
disease genes) is not
always clear, caution
needs to be exercised
when interpreting
results of genetic testing
with patients and their
families.

M Trials to prevent familial
Alzheimer disease
by administering
experimental
medications to
asymptomatic mutation
carriers are in
development and
should commence
in 2013.

Case 3-1

A cognitively intact 38-year-old woman presented with concerns that she was
going to develop familial Alzheimer disease (AD) because a genetic test had
come back positive for a PSEN2 mutation. Further inquiry into the patient’s
family history revealed that her father had developed AD symptoms in

his mid-sixties and died of the disease at age 74; his mother and father were
not known to have had dementia, although one of his three siblings had
dementia thought to represent AD, with onset of symptoms in his early
seventies. The patient’s mother was still alive and well at age 71.

Review of the commercial test results showed a S130L substitution in
PSEN2 that had been previously reported to be associated with AD.
However, review of the reported cases showed an association in individual
patients, including some with late onset, and segregation with the
disease within a family had not been demonstrated. In addition, in vitro
studies of this variant indicated it did not increase the amount of
amyloid-p 42 (AB42) or the ratio of Ap42 to AB40 produced.® On the AD
and frontotemporal dementia (FTD) mutation database website
(www.molgen.ua.ac.be/ADMutations), it was listed as “pathogenicity
unclear.” This information was conveyed to the patient, who was relieved
to find out she was unlikely to develop AD of young onset.

Comment. This case illustrates many points. First, when autosomal
dominant AD of young onset is suspected, it is preferable to perform
genetic testing on a related affected person to know whether there is
something that can be tested for before performing presymptomatic
testing. In this case it may well have revealed that her affected father
did not carry this variant. Also, not all reported variants are pathogenic,
and it can take some knowledge of the field and research to interpret the
results of a given test. The history in this family does not make a strong
case for young-onset autosomal dominant disease. Finally, presymptomatic
patients should always undergo genetic counseling before testing, in
part to prepare them for the possibility of an inconclusive result.

of biomarker changes.>*** In addition,
a separate international consortium of
sites has been established to increase
the number of people at risk for familial
AD mutations that might be studied
(the Dominantly Inherited Alzheimer
Network, or DIAN, NIH U01 AG016570).
Collectively, these efforts have con-
firmed that these mutations lead to
increased levels of AB42 measurable in
plasma and CSF. They have also sug-
gested a sequence of biomarker changes
in which decrement of AB42 in the CSF,
cerebral deposition of fibrillar amyloid
detectable with nuclear imaging, in-
creased levels of tau in the CSF, de-
creased cerebral metabolism in certain

brain areas, and cerebral atrophy on
MRI occur in a fairly predictable
manner.*' This knowledge increases
our understanding of the disease
process and establishes the character-
istics of biomarkers that can be used
as surrogate outcome measures in pre-
vention trials. Indeed, with the recent
failure of promising antiamyloid ap-
proaches to treat late-onset AD in large
Phase III trials, there is increasing
attention toward prevention of the dis-
ease. Trials to prevent familial AD by
administering experimental medica-
tions to asymptomatic mutation carriers
are in development and should com-
mence in 2013.
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APOLIPOPROTEIN E

ApoE is a protein involved in lipid
transport that acts as a scaffold in
high-density lipoprotein (HDL) parti-
cles and is highly expressed in the
liver and in the CNS, where it is made
by astrocytes and microglia. In addi-
tion to transporting lipids, it also has a
role in the transportation of forms of
AP including AP42. In humans, the
gene for ApoE (APOE) is highly poly-
morphic; the APOE*E3 allele is the
most common, followed by the *FE4
allele, which is in turn more common
than the *E2 allele. The *E3, *E4, and
*F2 alleles, which differ in only one or
two amino acids, have been reproduc-
ibly shown to have differential effects
on risk of late-onset AD, with *E4
conferring a greater risk than *E3,
which in turn confers a higher risk
than the *E2 allele, with odds ratios
between approximately 4 for hetero-
zygous and approximately 15 for ho-
mozygous carriers of the *F4 allele.*?

Multiple mechanisms through
which the different ApoE forms may
mediate the differential risk for AD
have been identified (reviewed by Kim
and colleagues™ and Verghese and
colleagues**), including differential ef-
fects on AP transport and deposition.
Human pathologic studies show a
positive correlation between *E4 allele
dose and amyloid45 and neuritic plaque
density46 at autopsy. Studies in cogni-
tively normal individuals have demon-
strated that carriers of the APOE*E4
allele have higher amyloid binding on
imaging and lower AB42 levels in CSF
(suggestive of its deposition in the
brain) than do noncarriers.*’

Work in transgenic mice has begun
to elucidate the mechanistic role for
ApoE in amyloid transport and depo-
sition. Amyloid deposition in mice
with human APP mutations was di-
minished when crossed with ApoE
“knockout” mice.*® Furthermore, the
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amount of AP accumulation differed in
mice transgenic for human ApoE in an
isoform-specific way, such that it was
greater in *E4 mice than in *E3, where
it was in turn greater than in *E2 mice.
In vitro studies suggest that ApoE,
particularly the *E4 form, promotes
fibrillogenesis of AB.%? Lipidation of
particles containing ApoE may be
required for amyloid clearance, as
mice devoid of the ATP binding cas-
sette 1 (ABCA1), which lipidates ApoE,
show increased amyloid deposition,*
and overexpression of ABCA1 reduces
amyloid deposition.>* Microdialysis ex-
periments in transgenic mice suggest
that ApoE isoforms differentially influ-
ence AP clearance such that *E4 clears
AB more slowly than does *E3 or
#[2 5% There is therefore ample conver-
gent evidence for ApoE as a potential
therapeutic target for disease-modifying
interventions in AD. Multiple ways of
influencing the AP clearance through
the ApoE pathway have been sug-
gested, including ApoE mimetics™ and
stimulation of its production with per-
oxisome proliferator-activated receptor-
gamma (PPARY) agonists54 and the liver
X receptor (LXR) agonist bexarotene.”

The prevalence of the *E4 allele in
the population varies depending on
ethnicity but is typically in the range of
15% to 20%. Among people with AD,
the prevalence is around 50%, again
depending on the specific population
being studied. The increased risk con-
ferred by the *E4 allele is generally
thought to be a three- to fourfold
increase, and the lifetime risk of devel-
oping AD in someone with this poly-
morphism is 50% among those who
live to be 80 years of age. Having two
copies of APOE*E4 increases the risk
of a younger age of AD onset and
makes the development of AD by age
80 highly probable.56 It must be re-
membered, however, that most of
these studies have been performed in

KEY POINTS

W In humans, APOE is
highly polymorphic; the
APOE*E3 allele is the
most common, followed
by the *E4 allele,
which is in turn more
common than the *E2
allele. The *E3, *E4,
and *E2 alleles, which
differ in only one or two
amino acids, have been
reproducibly shown to
have differential effects
on risk of late-onset
Alzheimer disease, with
*E4 conferring a greater
risk than *£3, which in
turn confers a higher
risk than the *E2 allele,
with odds ratios
between approximately
4 for heterozygous and
approximately 15 for
homozygous carriers of
the *E4 allele.

M There is ample
convergent evidence for
ApoE as a potential
therapeutic target for
disease-modifying
interventions in
Alzheimer disease.
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KEY POINT

M The prevalence of the
*E4 allele in the
population varies
depending on ethnicity
but is typically in the
range of 15% to 20%.
Among people with
Alzheimer disease, the
prevalence is around
50%, again depending
on the specific
population being
studied. The increased
risk conferred by the
*E4 allele is generally
thought to be a
three- to fourfold
increase, and the
lifetime risk of
developing Alzheimer
disease in someone with
this polymorphism is
50% among those
who live to be 80 years
of age.

white subjects; it appears that the risk
for AD conferred by the *E4 allele in
Latino populations is lower.>” Al-
though judicial use of APOE testing in
young-onset cases can be informative
(Case 3-2), presymptomatic suscep-
tibility testing is not typically recom-
mended (see guidelines below) because
of the poor predictive value, variability
in risk conferred across ethnic groups,
and lack of definitive treatment options.
However, in light of the increasing
research interest in preventing AD and
the possible differential response to
future AD treatments depending on
APOE genotype, investigators have
begun to look at the effects of reveal-
ing the APOE genotype to asymptom-
atic patients in controlled settings,
most notably in the Risk Evaluation
and Education for Alzheimer’s Disease
(REVEAL) study. In this study, subjects
potentially interested in knowing their
genetic status are randomized to either
receive this information or not, and
various longitudinal assessments of
their psychological reactions and un-
derstanding are made. This study has

Case 3-2

so far found that, among the highly
educated and engaged participants,
the risk of adverse sequelae in the
short term was not significantly in-
creased,”® but long-term retention of
specific lifetime risk information was
low. Studies such as this will help
guide medicine as it becomes increas-
ingly personalized, largely because of
our increasing understanding of the
genetic underpinnings of illness.

A recent study proposed that a
repeat polymorphism within the neigh-
boring TOMM40 gene explains part of
the risk traditionally attributed to the
APOE locus.”®° Independent studies
could not detect this effect after cor-
recting for APOE genotype,(’l’62 so this
association remains controversial.

VARIATION IN FAMILIAL
ALZHEIMER DISEASE GENES IN
LATE-ONSET ALZHEIMER DISEASE

Late-onset AD also has a familial
tendency that may or may not have
an autosomal dominant pattern of
inheritance. In such cases, competing
mortality, in which people destined to

The 40-year-old son of a 63-year-old man diagnosed with Alzheimer disease
(AD) presented because of concern regarding his own risk for developing
AD. His mother had AD at age 80, and his father’s brother had it at age 70.
Because of the patient’s concern for developing the same problem, he
had his father tested for PSEN1, APP, and PSEN2 mutations by another
doctor; all were negative. Despite this, he was still concerned that he would
develop the same disease his father had and was seeking further help.

After discussing the implications of the various possible results, APOE
testing was sent on the affected father by his treating physician, as a result
of which he was found to be an *E4/*E4 homozygote. This provided an
explanation for the relatively young onset of disease in the patient’s
father. Although the patient now knew he was at increased risk for
developing AD, he was relieved to know that it was not autosomal
dominantly inherited disease of young onset.

Comment. This case illustrates how judicial use of APOE testing can relieve
anxiety but should be done only with oversight from a knowledgeable
clinician rather than in a direct-to-consumer fashion. (See Guidelines for

Genetic Testing in Alzheimer Disease).
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develop AD die of other causes before
manifesting the illness, can be one
factor making the inheritance pattern
difficult to interpret. In light of the
continuity in phenotype between fa-
milial AD and late-onset AD, it is of
interest if alterations in the genes for
familial AD also contribute to the risk
of late-onset AD. Unbiased genome-
wide association studies typically fail
to show a relationship between famil-
ial AD genes and risk of late-onset AD,
including a recent study that looked at
single-nucleotide polymorphisms
(SNPs) from 3,940 cases and 13,373
controls.®> A study was recently per-
formed® in which the APP, PSENI,
and PSENZ2 genes were sequenced in
patients affected by late-onset AD, and
the frequency of variants compared
between affected individuals from
families in whom four or more mem-
bers were affected and controls. Using
this more sensitive approach, an in-
creased frequency of variants in these
genes was observed versus in controls
and in reference databases. This in-
cluded the A79V PSENI mutation
described above in which the age of
onset is late, illustrating that continu-
ity between familial AD and late-onset
AD can occur.

OTHER RISK FACTORS FOR
ALZHEIMER DISEASE

Common Variants

As with other complex diseases, fam-
ilies with familial AD and a Mendelian
inheritance are a minority and explain
only a small fraction of the estimated
overall heritability. Although hundreds
of genes have been implicated or
studied at some point over the past
20 years in relationship with AD (for a
catalog of candidate gene association
studies, please refer to the AlzGene
online database wwuw.alzgene.org) o
only recent, large-scale studies and
rigorous statistical analyses (including
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correction for population stratifica-
tion) have allowed the identification
of robust and replicable genetic risk
factors for AD. Most of these suscep-
tibility genes have been identified
through large, collaborative genome-
wide association studies, which con-
sist of the assessment of hundreds of
thousands of SNPs in a large number
of cases and controls.®® Most often, a
replication series is studied to validate
the results.

Four recent large collaborative
genome-wide association studies and
one meta-analysis identified or con-
firmed three novel genes or loci in
2009 (CLU, CRI1, PICALM),**%” and six
in 2011 (ABCA7, MS4AGA/MS4A4E,
EPHAI, CD33, CD2AP, BINI).%%7°
Clusterin (CLU), a ubiquitously ex-
pressed chaperone protein, is involved
in transport, aggregation, and clearance
of AB, and is present in A deposits.”"
Complement receptor 1 (CR1) is a re-
ceptor for the complement C3b pro-
tein, an inflammatory marker of AD,
and possibly protective against AP-
induced neurotoxicity. Interestingly,
the genetic susceptibility at this locus
is probably linked to a copy-number
polymorphism.”* PICALM (phosphati-
dylinositol binding clathrin assembly
protein) is a key component of
clathrin-mediated endocytosis and is
thought to be involved in Ap clearance,
possibly via endothelial cells.”® Less is
known about the more recently iden-
tified genes, but they have been linked
to the same broad pathways of innate
immunity (CD33, EPHAI, M$4A), AB pro-
duction and clearance (BINI), lipid
metabolism (ABCA7), and intracellular
transport (CD2AP).

A possibly unifying hypothesis for
Mendelian rare variants and common
risk genes could involve increased AB
production in Mendelian forms of the
disease, and impaired clearance (pos-
sibly caused by a myriad of genetic

KEY POINT

W Although hundreds of
genes have been
implicated or studied at
some point over the
past 20 years in
relationship with
Alzheimer disease, only
recent, large-scale
studies and rigorous
statistical analyses
(including correction for
population stratification)
have allowed the
identification of robust
and replicable genetic
risk factors for
Alzheimer disease.
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variants) in the late-onset, complex
forms.”* Population attributable fraction
(the proportion of estimated genetic
contribution explained) is approx-
imately 28% for APOE and less than
10% for all other risk factors identi-
fied;*>7 therefore, these 10 AD-associ-
ated variants (APOE and the additional
nine named above) explain approxi-
mately 20% of the total variation of
risk and approximately 33% of the
risk attributable to genetic effects,”®
which suggests that numerous other
factors of similar effect size wait to be
identified.

Rare Variants

Whether the genetic contribution to AD
and other common complex diseases
comes from common or rare variants
(or a combination) is a major issue in
complex disease genetics.”” Technical
advances in sequencing now allow the
sequencing of a large number of genes
(or even the whole genome) in a large
number of samples and will allow for
the elucidation of the contribution of
rare variation to the genetic architec-
ture of complex disease.

Initial studies are beginning to
identify and confirm the role of rare
variation in AD susceptibility. A rare
coding variant (A152T) in the gene
encoding for the microtubule-associ-
ated protein tau (MAPT), in which
other mutations cause FTD, has been
associated with the risk of both AD
and FTD in a study involving more
than 15,000 subjects.”® The above-men-
tioned rare variant in APP (AG73T) has
been identified in an Icelandic cohort
and has a protective role.** Finally,
two recent reports indicated that rare
variants in the triggering receptor
expressed on myeloid cells 2 (TREM?2)
gene increase the risk for AD.””®
TREM2 is an innate immune receptor
expressed on the cell membrane of a
subset of myeloid cells, including

Copyright © American Academy of Neurology. Unauthorized reproduction of this article is prohibited.
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microglia. Although the sequence var-
iants identified are rare, the identifica-
tion of a novel gene will most likely
generate new insights in the disease
pathogenesis. Additional possible
sources of susceptibility variants have
not been studied extensively in AD.
These include de novo variants, copy-
number variation,®' structural varia-
tion, and mosaicism.

Because of the small effect size (for
common variants) and low frequency
(for rare variants), the advances in
genetics still have very limited clinical
utility. Even in diseases in which
hundreds of loci have been identified,
such as inflammatory bowel disease,
the predictive value for individual pa-
tients is still low.**® The main, more
attainable outcome of large-scale ge-
netic studies is to identify loci related to
disease susceptibility and thus gain
insight into the biology of the disease,
with the identification of genes and
pathways involved in disease patho-
genesis, and possibly novel thera-
peutic targets. The use of genetic
assessment in clinical practice to guide
treatment and predict outcome will
probably be possible at some point in
the future, but our current knowledge is
still far from having an impact on
clinical practice.

Guidelines for Genetic Testing
in Alzheimer Disease

The most recent guidelines for genetic
testing in AD were published in 2011
and represented a consensus from the
National Society of Genetic Counselors
and the American College of Medical
Genetics.** Because the genetics of AD
are complex, our current understand-
ing is incomplete, and interventions
proven to definitively prevent AD are
lacking, genetic testing for AD should
typically only be performed in consul-
tation with a genetic counselor or other
person versed in the genetics of AD.
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Briefly, the guidelines can be sum-
marized as follows: (1) a comprehen-
sive family history should be obtained
to reveal the likelihood, considering
competing causes of death, of a family
history of AD or other causes of demen-
tia; (2) patients should be fully informed
regarding the limits of the understand-
ing of the genetics of AD and of the
ability to treat or prevent it; (3) testing
for AD in the pediatric population is not
recommended; and (4) revealing test-
ing for risk-susceptibility genes such
as APOE is not widely recommended
except in the context of fully informed
patients and families, as in research
studies. As such, direct-to-consumer
APOE testing is not advised. With
regard to testing for APP, PSENI, or
PSENZ2 mutations in symptomatic pa-
tients, (1) such testing should be
offered in the context of a family history
of autosomal dominant inheritance in
which one or more cases are of early
onset, or in young-onset cases with
unknown family history (eg, adoption);
(2) scientific literature and mutation
databases such as the AD and FTD
mutation database (www.molgen.ua.
ac.be/ADMutations) should be con-
sulted to help understand the like-
lihood of pathogenicity of a given
mutation before revealing the result
to patients and family members. Re-
garding the implications for asymp-
tomatic people, (1) asymptomatic
first-degree relatives should be in-
formed of the 50% likelihood of in-
heriting the mutation and disease in the
case of a pathogenic mutation being
identified in an affected patient; (2)
testing for asymptomatic at-risk subjects
should be performed in accordance with
the International Huntington Associa-
tion and World Federation of Neuro-
logy Research Group on Huntington’s
Chorea Guidelines; and (3) people
thought to be asymptomatic should
undergo cognitive and psychological

Continuum (Minneap Minn) 2013;19(2):358-371

evaluations to better define their status
and ability to comprehend and cope
with results.

In the consensus statement from the
National Society of Genetics Counselors
and the American College of Medical
Genetics, it was recognized that these
guidelines were based on the current
state of this rapidly changing field; that
in any individual case, clinical judg-
ment might supersede these recom-
mendations; and that ethics committee
consultation is recommended in chal-
lenging situations. The reader is re-
ferred to the full article for details.®*
With increasing understanding of the
genetics of AD—and, hopefully, im-
provements in our ability to prevent
and treat it—these guidelines will no
doubt be subject to change.

SUMMARY

In the last 30 years there have been
substantial advances in understanding
of the genetic basis of AD, although
genetic assessment is currently of limited
utility in clinical practice because of the
low frequency (Mendelian mutations) or
small effect size (common risk factors)
of the currently known susceptibility
genes. However, genetic studies are
identifying with confidence a number
of novel risk genes that will improve
understanding of disease biology and
possibly the identification of therapeu-
tic targets.

ACKNOWLEDGMENTS

The authors were supported by PHS
K08 AG-22228, Alzheimer’s Disease
Research Center Grant PS50 AG-16570,
and the Easton Consortium for
Alzheimer’s Disease Drug Discovery
and Biomarker Development. The au-
thors would also like to thank Dr Lars
Bertram for providing the most up-
dated susceptibility-gene classification
from AlzGene (www.alzgene.org).

KEY POINTS

W Ten Alzheimer disease—
associated variants
explain approximately
20% of the total
variation of risk and
approximately 33% of
the risk attributable to
genetic effects.

M Because of the small
effect size (for common
variants) and low
frequency (for rare
variants), the advances
in genetics still have very
limited clinical utility.

Copyright © American Academy of Neurology. Unauthorized reproduction of this article is prohibited.


www.molgen.ua.ac.be/ADMutations
www.molgen.ua.ac.be/ADMutations
www.alzgene.org

CONTINUUM Genetics in Alzheimer Disease

REFERENCES
1.

McKhann GM, Knopman DS, Chertkow H,
et al. The diagnosis of dementia due to
Alzheimer’s disease: recommendations from
the National Institute on Aging-Alzheimer’s
Association workgroups on diagnostic
guidelines for Alzheimer’s disease.
Alzheimers Dement 2011;7(3):263-269.

. Alzheimer’s Association. 2012 Alzheimer’s

disease facts and figures. Alzheimers
Dement 2012;8(2):131-168.

. Gatz M, Reynolds CA, Fratiglioni L, et al.

Role of genes and environments for
explaining Alzheimer disease. Arch Gen
Psychiatry 2006;63(2):168-174.

. Goate A, Chartier-Harlin MC, Mullan M,

et al. Segregation of a missense mutation in
the amyloid precursor protein gene with
familial Alzheimer’s disease. Nature
1991;349(6311):704-706.

. Wong CW, Quaranta V, Glenner GG. Neuritic

plaques and cerebrovascular amyloid in
Alzheimer disease are antigenically related.
Proc Natl Acad Sci U S A 1985;82(24):
8729-8732.

. Glenner GG, Wong CW. Alzheimer’s disease:

initial report of the purification and
characterization of a novel cerebrovascular
amyloid protein. Biochem Biophys Res
Commun 1984;120(3):885-890.

. Goldgaber D, Lerman MI, McBride OW,

et al. Characterization and chromosomal
localization of a cDNA encoding brain
amyloid of Alzheimer’s disease. Science
1987;235(4791):877-880.

. Kang J, Lemaire HG, Unterbeck A, et al. The

precursor of Alzheimer’s disease amyloid
A4 protein resembles a cell-surface receptor.
Nature 1987;325(6106):733-736.

. Tanzi RE, Gusella JF, Watkins PC, et al.

Amyloid beta protein gene: cDNA, mRNA
distribution, and genetic linkage near the
Alzheimer locus. Science 1987;235(4791):
880-884.

. Sherrington R, Rogaev El, Liang Y, et al.

Cloning of a gene bearing missense
mutations in early-onset familial Alzheimer’s
disease. Nature 1995;375(6534):754-760.

. Scheuner D, Eckman C, Jensen M, et al.

Secreted amyloid beta-protein similar to
that in the senile plaques of Alzheimer’s
disease is increased in vivo by the presenilin
1 and 2 and APP mutations linked to
familial Alzheimer’s disease. Nat Med 1996;
2(8):864-870.

. Benilova |, Karran E, De Strooper B. The toxic

Ap oligomer and Alzheimer’s disease: an

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

emperor in need of clothes. Nat Neurosci
2012;15(3):349-357.

Mann DM, Yates PO, Marcyniuk B.
Alzheimer’s presenile dementia, senile
dementia of Alzheimer type and Down'’s
syndrome in middle age form an age related
continuum of pathological changes.
Neuropathol Appl Neurobiol 1984;10(3):
185-207.

Ringman JM, Rao PN, Lu PH, Cederbaum S.
Mosaicism for trisomy 21 in a patient with
young-onset dementia: a case report and
brief literature review. Arch Neurol 2008a;
65(3):412-415.

Rovelet-Lecrux A, Hannequin D, Raux G,

et al. APP locus duplication causes autosomal
dominant early-onset Alzheimer disease with
cerebral amyloid angiopathy. Nat Genet
2006;38(1):24-26.

Holmes C, Boche D, Wilkinson D, et al.
Long-term effects of Abetad42 immunisation
in Alzheimer’s disease: follow-up of a
randomised, placebo-controlled phase | trial.
Lancet 2008;372(9634):216-223.

Mullan M, Tsuji S, Miki T, et al. Clinical
comparison of Alzheimer’s disease in
pedigrees with the codon 717 Val->lle
mutation in the amyloid precursor
protein gene. Neurobiol Aging 1993;14(5):
407-419.

Ringman JM, Younkin SG, Pratico D, et al.
Biochemical markers in persons with
preclinical familial Alzheimer disease.
Neurology 2008;71(2):85-92.

Basun H, Bogdanovic N, Ingelsson M, et al.
Clinical and neuropathological features of
the arctic APP gene mutation causing
early-onset Alzheimer disease. Arch Neurol
2008;65(24):499-505.

Hendriks L, van Duijn CM, Cras P, et al.
Presenile dementia and cerebral
haemorrhage linked to a mutation at codon
692 of the beta-amyloid precursor protein
gene. Nat Genet 1992;1(3):218-221.

Levy E, Carman MD, Fernandez-Madrid 1J,
et al. Mutation of the Alzheimer’s disease
amyloid gene in hereditary cerebral
hemorrhage, Dutch type. Science 1990;
248(4959):1124-1126.

Jonsson T, Atwal JK, Steinberg S, et al.

A mutation in APP protects against
Alzheimer’s disease and age-related cognitive
decline. Nature 2012;488(7409):96-99.

De Strooper B, Saftig P, Craessaerts K, et al.
Deficiency of presenilin-1 inhibits the
normal cleavage of amyloid precursor
protein. Nature 1998;391(6665):387-390.

April 2013

Copyright © American Academy of Neurology. Unauthorized reproduction of this article is prohibited.



24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Berezovska O, Lleo A, Herl LD, et al. Familial
Alzheimer’s disease presenilin 1 mutations
cause alterations in the conformation of
presenilin and interactions with amyloid
precursor protein. J Neurosci 2005;25(11):
3009-3017.

Sudoh S, Kawamura Y, Sato S, et al.
Presenilin 1 mutations linked to familial
Alzheimer’s disease increase the intracellular
levels of amyloid beta-protein 1-42 and its
N-terminally truncated variant(s) which are
generated at distinct sites. J Neurochem
1998;71(4):1535-1543.

Lopera F, Ardilla A, Martinez A, et al. Clinical
features of early-onset Alzheimer disease in
a large kindred with an E280A presenilin-1
mutation. JAMA 1997;277(10):793-799.

Athan ES, Williamson J, Ciappa A, et al. A
founder mutation in presenilin 1 causing
early-onset Alzheimer disease in unrelated
Caribbean Hispanic families. JAMA 2001;
286(18):2257-2263.

Murrell J, Ghetti B, Cochran E, et al. The
A431E mutation in PSEN1 causing familial
Alzheimer’s disease originating in Jalisco
State, Mexico: an additional fifteen families.
Neurogenetics 2006;7(4):277-279.

Lippa CF, Swearer JM, Kane KJ, et al. Familial
Alzheimer’s disease: site of mutation
influences clinical phenotype. Ann Neurol
2000;48(3):376-379.

Filley CM, Rollins YD, Anderson CA, et al.
The genetics of very early onset Alzheimer
disease. Cogn Behav Neurol 2007;20(3):
149-156.

Cruchaga C, Haller G, Chakraverty S, et al.
Rare variants in APP, PSEN1 and PSEN2
increase risk for AD in late-onset Alzheimer’s
disease families. PLoS One 2012;7(2):e31039.

Houlden H, Baker M, McGowan E, et al.
Variant Alzheimer’s disease with spastic
paraparesis and cotton wool plaques is
caused by PS-1 mutations that lead to
exceptionally high amyloid-beta concentrations.
Ann Neurol 2000;48(5):806-808.

Lampe TH, Bird TD, Nochlin D, et al.
Phenotype of chromosome 14-linked
familial Alzheimer’s disease in a large
kindred. Ann Neurol 1994;36(3):368-378.

Joshi A, Ringman JM, Lee AS, et al.
Comparison of clinical characteristics
between familial and non-familial early
onset Alzheimer’s disease. J Neurol 2012;
259(10):2182-2188.

Jayadev S, Leverenz JB, Steinbart E, et al.
Alzheimer’s disease phenotypes and
genotypes associated with mutations

Continuum (Minneap Minn) 2013;19(2):358-371

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

in presenilin 2. Brain 2010;133(pt 4):
1143-1154.

Walker ES, Martinez M, Brunkan AL, Goate
A. Presenilin 2 familial Alzheimer’s disease
mutations result in partial loss of function
and dramatic changes in Abeta 42/40 ratios.
J Neurochem 2005;92(2):294-301.

Ringman JM. What the study of persons at
risk for familial Alzheimer’s disease can tell
us about the earliest stages of the disorder:
a review. J Geriatr Psychiatry Neurol 2005;
18(4):228-233.

Acosta-Baena N, Sepulveda-Falla D,
Lopera-Gomez CM, et al. Pre-dementia
clinical stages in presenilin 1 E280A familial
early-onset Alzheimer’s disease: a retrospective
cohort study. Lancet Neurol 2011;10(3):
213-220.

Reiman EM, Quiroz YT, Fleisher AS, et al.
Brain imaging and fluid biomarker
analysis in young adults at genetic risk for
autosomal dominant Alzheimer’s disease
in the presenilin 1 E280A kindred: a
case-control study. Lancet Neurol 2012;
11(12):1048-1056.

Fleisher AS, Chen K, Quiroz YT, et al.
Florbetapir PET analysis of amyloid-f
deposition in the presenilin 1 E280A
autosomal dominant Alzheimer’s disease
kindred: a cross-sectional study. Lancet
Neurol 2012;11(12):1057-1065.

Bateman RJ, Xiong C, Benzinger TLS, et al.
Clinical and biomarker changes in
dominantly inherited Alzheimer’s disease.
N Engl J Med 2012;367(9):795-804.

Farrer LA, Cupples LA, Haines JL, et al.
Effects of age, sex, and ethnicity on the
association between apolipoprotein E
genotype and Alzheimer disease. A
meta-analysis. APOE and Alzheimer Disease
Meta Analysis Consortium. JAMA 1997;
278(16):1349-1356.

Kim J, Basak JM, Holtzman DM. The Role
of apolipoprotein E in Alzheimer’s disease.
Neuron 2009;63(3):287-303.

Verghese PB, Castellano JM, Holtzman DM.
Apolipoprotein E in Alzheimer’s disease and
other neurological disorders. Lancet Neurol
2011;10(3):241-252.

Schmechel DE, Saunders AM, Strittmatter
WJ, et al. Increased amyloid beta-peptide
deposition in cerebral cortex as a
consequence of apolipoprotein E genotype
in late-onset Alzheimer disease. Proc Natl
Acad Sci U S A 1993;90(20):9649-9653.

Tiraboschi P, Hansen LA, Masliah E, et al.
Impact of APOE genotype on neuropathologic

Copyright © American Academy of Neurology. Unauthorized reproduction of this article is prohibited.




CONTINUUM Genetics in Alzheimer Disease

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

and neurochemical markers of Alzheimer
disease. Neurology 2004;62(11):1977-1983.

Morris JC, Roe CM, Xiong C, et al. APOE
predicts amyloid-beta but not tau Alzheimer
pathology in cognitively normal aging. Ann
Neurol 2010;67(1):122-131.

Holtzman DM, Bales KR, Tenkova T, et al.
Apolipoprotein E isoform-dependent
amyloid deposition and neuritic degeneration
in a mouse model of Alzheimer’s disease.
Proc Natl Acad Sci U S A 2000;97(6):
2892-2897.

Wisniewski T, Castafio EM, Golabek A, et al.
Acceleration of Alzheimer’s fibril formation
by apolipoprotein E in vitro. Am J Pathol
1994;145(5):1030-1035.

Wabhrle SE, Jiang H, Parsadanian M, et al.
Deletion of Abca1 increases Abeta deposition
in the PDAPP transgenic mouse model of
Alzheimer disease. J Biol Chem 2005;280(5):
43236-43242.

Wahrle SE, Jiang H, Parsadanian M, et al.
Overexpression of ABCA1 reduces amyloid
deposition in the PDAPP mouse model of
Alzheimer disease. J Clin Invest 2008;118(2):
671-682.

Castellano JM, Kim J, Stewart FR, et al.
Human apokE isoforms differentially regulate
brain amyloid-B peptide clearance. Sci
Transl Med 2011;3(89):89ra57.

Sharifov OF, Nayyar G, Garber DW,

et al. Apolipoprotein E mimetics and
cholesterol-lowering properties. Am J
Cardiovasc Drugs 2011;11(6):371-381.

Gold M, Alderton C, Zvartau-Hind M, et al.
Rosiglitazone monotherapy in mild-to-
moderate Alzheimer’s disease: results from
a randomized, double-blind, placebo-
controlled phase Ill study. Dement Geriatr
Cogn Disord 2010;30(2):131-146.

Cramer PE, Cirrito JR, Wesson DW, et al.
ApoE-directed therapeutics rapidly clear
B-amyloid and reverse deficits in AD
mouse models. Science 2012;335(6075):
1503-1506.

Corder EH, Saunders AM, Strittmatter WJ,
et al. Gene dose of apolipoprotein E type 4
allele and the risk of Alzheimer’s disease

in late onset families. Science 1993;
261(5123):921-923.

Tang MX, Stern Y, Marder K, et al. The
APOE-epsilon4 allele and the risk of
Alzheimer disease among African
Americans, whites, and Hispanics. JAMA
1998;279(10):751-755.

Green RC, Roberts JS, Cupples LA, et al.
Disclosure of APOE genotype for risk of

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Alzheimer’s disease. New Engl J Med 2009;
361(3):245-254.

Lutz MW, Crenshaw DG, Saunders AM,
Roses AD. Genetic variation at a single locus
and age of onset for Alzheimer’s disease.
Alzheimers Dement 2010;6(2):125-131.

Roses AD, Lutz MW, Amrine-Madsen H,
et al. A TOMMA4O0 variable-length
polymorphism predicts the age of
late-onset Alzheimer's disease.
Pharmacogenomics 2010;10(5):375-384.

Chu SH, Roeder K, Ferrell RE, et al. TOMMA40
poly-T repeat lengths, age of onset and
psychosis risk in Alzheimer disease. Neurobiol
Aging 2011;32(12):2328.e1-2328.€9.

Jun G, Vardarajan BN, Buros J, et al.
Comprehensive search for Alzheimer disease
susceptibility loci in the APOE region.

Arch Neurol 2012:1-10.

Gerrish A, Russo G, Richards A, et al. The role
of variation at ABPP, PSEN1, PSEN2, and
MAPT in late onset Alzheimer’s disease.

J Alzheimers Dis 2012;28(2):377-387.

Bertram L, McQueen MB, Mullin K, et al.
Systematic meta-analyses of Alzheimer
disease genetic association studies: the
AlzGene database. Nat Genet 2007;39(1):17-23.

Hardy J, Singleton A. Genomewide
association studies and human disease.
N Engl J Med 2009;360(17):1759-1768.

Harold D, Abraham R, Hollingworth P, et al.
Genome-wide association study identifies
variants at CLU and PICALM associated with
Alzheimer’s disease. Nat Genet 2009;
41(10):1088-1093.

Lambert J-C, Heath S, Even G, et al.
Genome-wide association study identifies
variants at CLU and CR1 associated with
Alzheimer’s disease. Nat Genet 2009;41(10):
1094-1099.

Naj AC, Jun G, Beecham GW, et al. Common
variants at MS4A4/MS4A6E, CD2AP, CD33
and EPHAT1 are associated with late-onset
Alzheimer’s disease. Nat Genet 2011;43(5):
436-441.

Hollingworth P, Harold D, Sims R, et al.
Common variants at ABCA7, MS4A6A/
MS4AA4E, EPHA1, CD33 and CD2AP are
associated with Alzheimer’s disease. Nat
Genet 2011;43(5):429-435.

Seshadri S, Fitzpatrick AL, lkram AA, et al.
Genome-wide analysis of genetic loci
associated with Alzheimer disease. JAMA
2010;303(18):1832-1840.

Nuutinen T, Suuronen T, Kauppinen A,
et al. Clusterin: a forgotten player in

April 2013

Copyright © American Academy of Neurology. Unauthorized reproduction of this article is prohibited.



72.

73.

74.

75.

76.

77.

78.

Alzheimer’s disease. Brain Res Rev 2009;61(2):
89-104.

Brouwers N, Van Cauwenberghe C,
Engelborghs S, et al. Alzheimer risk
associated with a copy number variation
in the complement receptor 1 increasing
C3b/C4b binding sites. Mol Psychiatry
2012;17(2):223-233.

Baig S, Joseph SA, Tayler H, et al.
Distribution and expression of picalm in
Alzheimer disease. J Neuropathol Exp
Neurol 2010;69(10):1071-1077.

Lambert J-C, Amouyel P. Genetics of
Alzheimer’s disease: new evidences for an
old hypothesis? Curr Opin Genet Dev
2011;21(3):295-301.

Bertram L. Alzheimer’s genetics in the
GWAS era: a continuing story of *
replications and refutations’. Curr Neurol
Neurosci Rep 2011;11(3):246-253.

Sullivan PF, Daly MJ, O’'Donovan M. Genetic
architectures of psychiatric disorders: the
emerging picture and its implications. Nat
Rev Genet 2012;13(8):537-551.

Manolio TA, Collins FS, Cox NJ, et al. Finding
the missing heritability of complex diseases.
Nature 2009;461(7265):747-753.

Coppola G, Chinnathambi S, Lee JJ, et al.
Evidence for a role of the rare p.A152T

Continuum (Minneap Minn) 2013;19(2):358-371

79.

80.

81.

82.

83.

84.

variant in MAPT in increasing the risk for
FTD-spectrum and Alzheimer’s diseases.
Hum Mol Genet 2012;21(15):3500-3512.

Jonsson T, Stefansson H, Ph DSS, et al.
Variant of TREM2 associated with the risk of
Alzheimer’s disease [published online ahead
of print November 14, 2012]. N Engl J Med
2012. doi:10.1056/NEJMe1213157.

Guerreiro R, Wojtas A, Bras J, et al. TREM2

variants in Alzheimer’s disease [published online
ahead of print November 14, 2012]. N Engl J

Med 2012. doi:10.1056/NEJMo0a1211851.

Rovelet-Lecrux A, Legallic S, Wallon D, et al.
A genome-wide study reveals rare CNVs
exclusive to extreme phenotypes of
Alzheimer disease. Eur J Hum Genet 2011;
20(6):613-617.

Jostins L, Barrett JC. Genetic risk prediction
in complex disease. Hum Mol Genet 2011;
20(R2):R182-R188.

Jostins L, Ripke S, Weersma RK, et al.
Host-microbe interactions have shaped the
genetic architecture of inflammatory bowel
disease. Nature 2012;491(7422):119-124.

Goldman JS, Hahn SE, Catania JW, et al.
Genetic counseling and testing for
Alzheimer disease: joint practice guidelines
of the American College of Medical Genetics
and the National Society of Genetic
Counselors. Genet Med 2011;13(6):597-605.

Copyright © American Academy of Neurology. Unauthorized reproduction of this article is prohibited.




