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Abstract. This is the second part of a three-part review series reviewing the most important advances in Alzheimer’s disease
(AD) research since 2010. This review covers the latest research on genetics and epidemiology. Epidemiological and genetic
studies are revealing important insights into the etiology of, and factors that contribute to AD, as well as areas of priority
for research into mechanisms and interventions. The widespread adoption of genome wide association studies has provided
compelling evidence of the genetic complexity of AD with genes associated with such diverse physiological function as
immunity and lipid metabolism being implicated in AD pathogenesis.
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INTRODUCTION

This is the second part of a three-part review series
covering the most influential advances in Alzheimer’s
disease (AD) research since 2010. This review cov-
ers both its epidemiology and genetics. These two
fields have revealed important insights into the com-
plex mechanisms of AD. Uncovering genetic and
epidemiological associations and risk factors for dis-
ease not only provides a means to understand the
factors associated with the initiation of AD but has
also led to insights in preventative measures that may
delay the onset of AD symptoms. Despite the seem-
ingly causal relationship of certain genes with AD,
the complexities of AD should not be underestimated,

*Correspondence to: Francis Hane, Department of Biology,
University of Waterloo, Oliver rd, Thunder Bay, Waterloo,
ON P7B 5El, Canada. Tel.: +1 807 684 6958; E-mail: fthane@
uwaterloo.ca.

especially with late onset AD (LOAD) where numer-
ous interconnected genetic and environmental factors
undoubtedly play a role.

Since the identification of the amyloid-f3 protein
precursor (ABPP) and the enzymes which cleave
ABPP (B- and +y-secretasess) into toxic amyloid-8
(AB), many mutations in key parts of these proteins,
including ABPP, Presenilin 1 (PSEN1), and Prese-
nilin 2 (PSEN2), have been implicated in familial
or early onset AD (EOAD) [1]. With advances in
genomic sequencing and bioinformatics, the identi-
fication of other genetic risk factors, such as those
involving lipid metabolism and immune function,
have also been identified [2—4]. Importantly, AD
initiation, age of onset, and disease progression is
not entirely governed by genetics: both lifestyle and
environmental factors appear to have a significant
influence over disease progression. These factors may
exert their influence via epigenetic changes to DNA
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and other changes to gene expression. It is these
factors that speak most clearly to the complexity of
AD pathology.

EPIDEMIOLOGY

The pathogenesis of AD is multi-faceted and is not
limited to one set of simple molecular interactions
that occur with age in individuals with genetic pre-
dispositions to the disease itself. In the past decade
or so, large strides have been made towards a better
understanding of the epidemiology of AD, including
its occurrence, risk factors, and methods of possible
intervention.

Prevalence and incidence

The Center for Disease Control has estimated that
the number of people over the age of 65 will increase
from 420 million to almost 1 billion from 2000
to 2030 [5]. This growing geriatric population has
placed significant burdens not only on the global
economy, but also on the families and caregivers of
those who suffer from age-related diseases. Due to
the association of AD with aging, this disease may
become an intractable problem on a global scale as
the elderly populations continue to rise. Census data
has projected that by 2050, there will be 13.8 million
people diagnosed with AD dementia, with over half
above the age of 85 in the United States alone [6].
Currently, there are over 36.5 million people in the
world who are affected by dementia, and the majority
of these cases are AD-related. Each year, an esti-
mated 5—7 million new cases of AD are recorded in
the geriatric population [7-11].

Challenging the common paradigm that demen-
tia rates will continue to increase as the population
ages, a very recent study reported that the preva-
lence of dementia has actually decreased between
2000 and 2012 [12]. In their large and authorita-
tive epidemiological analysis, Langa et al. provided
convincing evidence that dementia prevalence has
dropped approximately 24% (11.6% to 8.8%) in just
over a decade (p<0.001) [12]. This reduction in
dementia prevalence was attributed to the approxi-
mate one year increase in education levels among the
cohorts [12].

The incidence of AD increases approximately
exponentially with age until an inflection point is
reached at the age of 85 [7]. Conflicting results
from different studies show that either a decline in

incidence is observed after a plateau is reached [13],
or that no decline is observed and the plateau con-
tinues [14, 15]. Other studies have shown a decline
in the acceleration rate of incidence despite it main-
taining an increasing trend with extremely old age
[16, 17]. Interestingly, as incident AD rates slow with
advanced old age, the incidence of vascular demen-
tia decreases, while mixed pathologies show greater
incidence with extremely old age [18]. These para-
doxical observations may be attributed to differences
in datasets, where differences in factors such as sex,
educational level, and comorbidity affect incidence
and incidence rates [19]. Further studies on a global
scale are needed to elucidate the end-stage trends that
may be important for predicting the future burden and
impact of AD.

Burden and impact

The current paradigm of AD epidemiology is that
as the geriatric population increases along with the
incidence of AD, there will be a greater economic
burden and societal impact. This paradigm has, how-
ever, been undermined by the recent results of Langa
et al. which are discussed above [12]. In 2013, there
were 84,767 deaths from AD recorded on official
death certificates, making AD the sixth leading cause
of death in the United States [20]. It is also likely
that mortality due to AD as reported on death cer-
tificates largely underestimates the total number of
deaths [21]. Meanwhile, mortality rates from some of
the most common non-communicable diseases such
as heart disease, stroke, and prostate cancer, have
decreased significantly over the years due to advances
in healthcare strategies targeting these diseases while
deaths from AD continued to rise [20]. These figures
underlie the importance of AD research as this trend
will continue without new advances in understanding,
treatment, and prevention.

As more individuals are diagnosed with AD, addi-
tional funding will be required for formal/informal
home care, nursing home expenses, government
healthcare expenditures, out-of-pocket expenses
from caregivers, and more. Worldwide, the soci-
etal costs of dementia were approximately US$315
billion in 2005 [7]. In the United States, the total
annual cost of dementia is estimated at $215 billion
in 2010, and by 2040 the annual cost is expected to
double [22].

Since AD is an incurable progressive disease, per-
sistent care and therapy can triple the expenditure of a
typical AD patient compared to one without AD [23].
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Preventive strategies that can help delay the onset of
AD will significantly help in reducing the global eco-
nomic burden and societal impact of this disease [10],
and closely monitoring AD risk factors may play a
large role in these mitigating strategies.

Factors affecting AD onset

Although old age is the primary risk factor for
AD, there are many other risk and protective fac-
tors that may affect the progression or development
of AD. These factors can be grouped into two main
domains: pre-existing conditions or diseases and
lifestyle choices.

Obesity is widely associated with an increased
risk of hypertension, stroke, and diabetes. These
diseases may be factors that increase the risk of cog-
nitive decline, thereby playing an indirect role in
the development of AD. There is growing evidence
that suggests that vascular risk factors may increase
the risk of incident AD dementia [24]. Overweight
patients experience white matter atrophy in their basal
ganglia and corona radiata [25]. The mechanism in
which obesity causes these reductions in white mat-
ter is not clear, although there is a strong correlation
between obesity, inflammation, and metabolic disor-
ders such as type 2 diabetes [26, 27].

Type 2 diabetes mellitus (T2DM) is associated with
obesity and is often preceded by insulin resistance,
followed by improper production of insulin resulting
in an insulin deficiency, and therefore a decreased
capability to metabolize glucose [28]. T2DM has
been shown to increase AD risk and neurodegener-
ation [29-31]. In a study reported by Talbot et al.,
brain insulin resistance in normal to mild cognitively
impaired individuals was compared to individuals
with AD [32]. Their results demonstrated a steady
increase of brain insulin resistance from normal to
AD patients in their hippocampal formations [32].
Combined with other groups’ experiments on insulin
resistance, these data suggest that brain insulin resis-
tance may be an early and common AD marker, along
with IGF-1 resistance and IRS-1 dysfunction [28,
31-33]. Insulin resistance may also be associated
with reduced cerebral metabolic rate of glucose in
early stages of AD [28].

Physical activity and diet are important in main-
taining general overall health. Regular exercise has
been reported to be associated with delayed AD onset
and a reduced risk of dementia [7, 34-36]. Walk-
ing has been shown to be correlated with greater
gray matter volume, which is a protective factor for

cognitive decline [34, 37]. Specifically, aerobic exer-
cise training may reverse hippocampal volume loss in
late adulthood and therefore improve cognitive func-
tion and delay its decline [38]. Daily physical activity
has been correlated with a reduced cognitive decline
and AD risk [39, 40]. Diet has also been shown have
effects on cognition in elderly adults and AD. In
particular, the Mediterranean diet and diets high in
seafood have received a large amount of attention
for being protective [41, 42], while evidence sug-
gests that diets high in sugar and saturated fats have
detrimental effects on cognition [43].

Mentally demanding activities may act as a protec-
tive factor against the onset and progression of AD
[7, 44]. Andel et al. examined the risk of AD in asso-
ciation with the complexity of work performed over
a long period of time [45]. Their findings suggest
that mentally-demanding tasks of greater complex-
ity may reduce the risk of AD [45]. These results
and others have led to the formation of the cog-
nitive reserve hypothesis, which posits that excess
dendritic connections provide a reserve so that exec-
utive function is still retained with increasing cerebral
atrophy [46].

Stress is a factor in the development of many
chronic conditions including AD, and levels of gluco-
corticoids are often correlated with cognitive deficits
and AD pathology [47, 48]. The relationship between
stress and the immune system may play an impor-
tant role in explaining the link between stress and
AD [49]. Whether stress contributes to AD pathol-
ogy or is a result of AD is not entirely clear; it is
possible though, that AD pathology and stress act in
a positive feedback loop, both exacerbating the other.
Psychological well-being is important for healthy
aging. Poor psychological well-being, as measured
by self-reported vigor and activity, has been asso-
ciated with greater AD pathology in subjects with
mild cognitive impairment, compared to controls, as
measured using PET imaging [50]. Similar results
have been reported in association with a sense of pur-
pose in life, where postmortem analysis of 246 older
adults revealed higher levels of purpose reduced AD
pathology and cognition [51].

GENETICS

The major AD genes that were first associated
with AD greatly support the merit of the traditional
amyloid cascade hypothesis (albeit a more com-
plex and nuanced consensus has emerged since this
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hypothesis was first proposed). The genes ABPP,
PSEN1, and PSEN?2 all directly affect amyloid pro-
duction or cleavage. Following the discovery of these
initial genetic associations, it was discovered that cer-
tain mutations in these genes are almost certainly
responsible for EOAD, caused by an increase in
the aggregation of toxic amyloid species [1, 52-54].
The pathology of LOAD, however, appears to be
much more complicated; the hallmark pathologies of
LOAD appears much later, progress more slowly, and
all without genetic mutations in ABPP, PSENI1, and
PSEN?2. It has therefore been a long-standing ques-
tion of whether or not the same pathologies underlie
these seemingly distinct manifestations of AD con-
sidering the very similar pathologies, albeit much
slower rate of progression. Overproduction and/or
impaired clearance of A appear in both LOAD and
EOAD, although the specific mechanisms may dif-
fer, they remain elusive. The next significant gene
identified is associated with LOAD and encodes a
regulatory protein called apolipoprotein E (APOE)
involved in lipid metabolism and trafficking. With
no obvious direct connection to the amyloid pathway
this further obscured the connection between early
and late onset AD. Identification of now 20 + genes
associated with LOAD is revealing insights into the
complex nature of the etiology of LOAD which dif-
fers from early onset AD.

The lack of consensus surrounding AD etiology
is highlighted by the complexity of the genetics
factors implicated in AD, with a large collection
of genes that affect disease progression and risk.
Figure 1 contains a summary of genes that are impli-
cated in AD pathology as a function of their risk
and population frequency. Genome wide associa-
tion studies (GWAS) have been used to identify
alleles associated with a particular trait or disease.
GWAS do not require sequencing large sets of
genomes, but rely on analyzing single nucleotide
polymorphisms (SNPs) at a large number of loci
(10° = 107) within the genome [4]. Confidence in
the association between the allele and disease has a
threshold that may not detect all alleles; these rare
alleles must be found by direct sequencing of known
associated genes in large populations [4].

Genome wide association studies

GWAS of human nonagenarians (90-99 years of
age) and centenarians (over 100 years of age) have
revealed genetic signatures with varying predictive
power for exceptionally long life, with three different

signatures corresponding to three different lifespans
[55]. Only one particular SNP in APOE/TOMM40
reached irrefutable genome-wide significance while
112 SNPs were associated with, but did not meet, the
strict threshold for genome-wide significance [55].
Taken together, these data suggest that genetic pre-
disposition for exceptional longevity is a result of the
joint effect of sets of SNPs and not a small selection
of specific SNPs, that has similarly been observed
with other complex phenotypes [55].

Early GWAS were unable to find new loci involved
in LOAD with no locus other than APOE regions
reaching significance; this is likely due to the lim-
ited power of small GWAS [4]. Two larger studies
published in 2009 by Lambert et al. and Harold et
al. identified new loci associated with AD at CLU,
CR1, and PICALM genes that encode apolipopro-
tein J, complement receptor type 1 (a protein
involved in innate immunity), and a lipid binding
protein involved in endocytosis and vesicle forma-
tion, respectively [56, 57]. To confirm this finding
in an independent sample, and possibly find new
loci associated with AD, Seshadri et al. performed a
GWAS consisting of three stages on more than 35,000
individuals [58]. They found a significant associa-
tion of CLU and PICALM as well as identified new
loci near BIN1 and EXOC3L2/BLOC1S3/MARK4
[58]. Further verification of CR1, CLU, and PICALM
association with LOAD was performed in a meta-
analysis association study of AD [59]. Separate
analysis in the context of APOE genotypes, account-
ing for APOE &4 allele, resulted in a reduction
of the association with PICALM, suggesting an
interaction between PICALM and APOE genotypes
[59]. A three-phase GWAS was performed by the
Alzheimer’s Disease Genetics Consortium (ADGC)
using both joint analysis and meta-analysis; the
ADGC identified eight genes thought to have genome
wide significance, four of which had been previ-
ously associated with LOAD (CR1, CLU, BINI,
and PICALM), and four representing novel asso-
ciations MS4A4A, CD2AP, EPHAI1, and CD33:
genes involved in immune function, cytoskeleton-
membrane trafficking, intracellular signaling, and
AP clearance [60]. These studies emphasize the
complex nature of genetic risk factors involved
in AD.

GWAS of 549 AD and 544 non-AD Caribbean
Hispanic individuals identified twenty-three associ-
ations, five of which were verified in an independent
cohort; genetic associations with previously known
CLU, PICALM, and BIN1 were also observed [61].
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Fig. 1. Genetic risk factors for AD and their general role in physiological function. High risk genes are associated with increased severity of
the disease and earlier age of onset, with low risk genetic factors age of onset is delayed and disease severity is less. The area of each circle
is proportional to each genes’ population attributable fraction (PAF). “Larger” genes have a greater influence of AD within the population.
Figure adapted with permission [64]. See online version for colour figure.

Similar GWAS in African Americans (513 AD cases
and 496 controls — 2.5 million SNPs) resulted in
associations observed with SNPs in CLU, PICALM,
BIN1,EPHA1,MS4A4A, ABCA7,and CD33 as well
as in the region of the APOE gene [62]. In addition,
some evidence for associations with SNPs in the
vicinity of previously unidentified genes were found
that are not observed in white populations including:
PROX1, PAHA3, ZC3H3, TMTC1, and ENOX; with
the latter three associations appearing after adjusting
for APOE &4 alleles [62].

A large meta-analysis of GWAS published in 2013
involving a total of 74,046 subjects identified eleven
new loci associated with AD, while an additional nine
previously known loci had a significant association,
including: APOE, BIN1, CLU, CR1, and PICALM
among others [63]. Of the eleven new genes found to
be associated with AD, SORL1 and CASS4 may be
involved in the ABPP pathway; CASS4 and FERMT2
the tau pathway; HLA-DRBS5-DRBI1, INPP5D, and
MEF2C in immune function and inflammation; and
SORL1 may be involved in lipid transport and endo-
cytosis [63]. This study reinforces the complex nature
of AD by identifying 20 genetic loci that affect risk,

age of onset and disease severity. Additional com-
prehensive reviews of GWAS in AD are provided in
references [2, 4].

ABPP and PSEN

The production of A is dependent on enzy-
matic processing by (-site ABPP cleaving enzyme
1 (BACE1). Mutations in the coding region of ABPP
near or at the BACE1 cleavage site can increase toxic
AP production, while mutations in the Af region
of ABPP may result in accelerated aggregation. A
GWAS of 1,795 Icelanders resulted in the identi-
fication of a coding mutation (A673T) adjacent to
the BACEI cleavage site which was then shown to
reduce the formation of AP by 40% in vitro; in addi-
tion this mutation not only provides protection from
AD but also protects against cognitive decline in the
elderly [65].

vy-secretase is a critical enzyme that cleaves a vari-
ety of type I membrane proteins including ABPP and
Notch proteins. Inactivation of y-secretase in mice
causes similar skin abscesses as those found in human
acne inversa (Al), an inflammatory disease of the hair
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follicle. Genome wide linkage studies and haplotype
analysis of genetic data from six Chinese families that
display familial Al revealed several different muta-
tions in the genes encoding various components of the
vy-secretase protein complex (including: PSENT, pre-
senilin enhancer 2, and nicastrin) [66]. As mutations
in PSEN1 and PSEN2 are known to cause familial AD
and other dementias, Al may be a related allelic dis-
order; however, of the 15 individuals who were over
age 50, none displayed symptoms of AD or demen-
tia [66]. Further studies on these individuals with Al
that contain PSEN1 mutations are necessary to estab-
lish a link between Al caused by mutations in PSEN1
and AD.

Autophagy is critical for the removal of aggregated
protein species that may accumulate within cells, in
particular AP. Hee et al. have reported that lysoso-
mal dependent proteolysis involved in autophagy is
dependent on the PSEN1 subunit of y-secretase while
non-lysosome proteolysis is not [67]. They show that
PSEN1 knockout prevents activation of proteases
involved in the degradation of the autophagic lyso-
somes as it appears to act as a chaperone for v-ATPase
V0al subunit within the ER. In a similar way, muta-
tions of the gene encoding PSENI responsible for
familiar AD also cause cells to exhibit deficiencies in
autophagy although to a lesser extent than knockout
cells [67]. The y-secretase complex plays a critical
role in the processing of ABPP into AP fragments
via its major catalytic component, PSEN1, which also
plays a critical role in autophagy. Recent work shows
that y-secretase inhibitors do not impact autophagy
which implies the role PSEN1 plays in lysosome
proteolysis is independent of y-secretase [68]. This
work highlights the importance of autophagy in accel-
erating disease progression as seen in presenilin-
based FAD and that autophagy is not dependent on
v-secretase but the multifunctional subunit PSEN1.

Sequencing of a few major known AD genes ABPP,
PSEN1, PSEN2, microtubule associated protein tau
(MAPT), and progranulin (GRN) in 439 families with
a history of LOAD identified 33 nonsense, missense
and splice-site sequence variants within 60 fami-
lies (13.7%), a total of 1,806 cases [69]. Of these
cases, 28 were rare non-synonymous variants, eight
pathogenic or likely pathogenic variants in ABPP,
MAPT, PSEN1, and GRN, but not PSEN2, three of
which had not been previously identified [69]. MAPT
and GRN mutations in this sample may represent
misdiagnosis of, or overlap with, AD.

The major pathogenic component of the ABPP is
believed to be AB; however, during ABPP cleavage,

two other fragments are also produced, the large
extracellular fragment SAPP and the intracellular
fragment, the role of neither are understood. Tran-
scriptional profiling has revealed that transthyretin
and Klotho gene expression is dependent on ABPP
[70]. The sAPP@ fragment was shown to restore TTR
and Klotho gene expression in ABPP and ABPP-like
protein 2 double knockout mice; however, this had
no effect on the lethal and neuromuscular with the
mouse model [70]. These results suggest that SAPP(3
regulates gene expression of TTR and Klotho but that
ABPP and its cleavage products serve other critical
roles in normal physiology.

Apolipoproteins

The APOE &4 allele is a major genetic risk factor
for AD, causing earlier onset and accelerating symp-
toms. These symptoms correlate pathologically with
increased cortical amyloid deposition as observed
with greater binding by !'C labelled Pittsburgh Com-
pound B (PiB) imaging agent. APOE was the first
major known risk factor for LOAD with ABPP,
PSEN1, and PSEN2 being responsible for familial
or EOAD. Along with AD, APOE has been impli-
cated in atherosclerosis, an inflammatory condition
of the arteries, as well as hypertension [71]. The
link between disrupted lipid homeostasis—transport,
metabolism, and signaling—and various diseases
including inflammatory, neurodegenerative, and car-
diovascular disease is unclear. It is likely that the
precise mechanisms of disease differ between dif-
ferent APOE carrier types with AD and that these
mechanisms could compound, or act synergistically
with the historically central Ap pathology.

The APOE lipoprotein is the primary modulator
of cholesterol in the brain and is strongly associ-
ated with AD pathology due to its complex role
in lipid and protein homeostasis [72]. To further
understand the role of various APOE genotypes in
preclinical measures of AD in vivo, cerebral amy-
loid imaging of PiB and cerebrospinal fluid (CSF)
assays of AP and tau protein have been performed
[73]. PiB binding increased in an age-dependent man-
ner and increased further with gene dosing of APOE
€4, CSF levels of AB4> were decreased with age
and furthermore with APOEe4; APOEe¢2 showed no
binding of PiB and increased AB42 in CSF [73].
Markers of tau pathology were not associated with
APOE genotype suggesting that APOE gene does
not affect tau pathology but acts on AP pathology
[73].
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Molecular and imaging biomarkers of cerebral A3
in humans has been found to vary according to the
isoform of APOE suggesting differential effects of
APOE alleles on AR homeostasis [73]. The AR con-
centration in human subjects with normal cognitive
function over 70 years, as measured by CSF and
imaging with PiB, was highest in €4 and lowest in
€2 isoforms, with only one copy of the most com-
mon isoform (&3) bringing levels of PiB binding to
half that of &4 [73, 74]. In vivo reduction of A3
metabolism and clearance, was observed in micro-
dialysis experiments with a mouse model of A3
amyloidosis that also expressed human APOE iso-
forms, while the levels of A3 synthesis remained
unchanged [74]. This suggests that APOE plays a
role in amyloid metabolism and clearance, but not
synthesis, and that upregulation of clearance mech-
anisms may be an effective strategy for preventing
AD, particularly in APOE &4 positive individuals.

APOE &4 is the largest known genetic risk factor
for LOAD as compared to APOE &3 [1]. Trans-
genic mice modified to have increased A load and
homozygous for either isoform of APOE (£3/e3 and
g4/e4) were compared to mice with haploinsuffi-
ciency in either isoform (e3/- and &4/-) [75]. Both
strains of haploinsufficient mice showed reductions in
expression of APOE resulting in reduced A3 plaque
deposition and microglial activation [75], suggesting
that APOE alleles in general increase plaque deposi-
tion and A pathology.

Several GWAS have identified an association
between APOE and translocase of outer mitochon-
drial membrane 40 homolog (TOMM40) and APOC1
in a region of linkage disequilibrium. Phylogenetic
analysis of all polymorphisms including structural
and SNPs has revealed a polymorphic poly-T vari-
ant in TOMMA40 that is an early predictor of AD
in patients with APOE &3/e4 genotype, with the
longer polymorph causing an earlier onset by an aver-
age of 7 years (70.5+ 1.2 years versus 77.6 £ 2.1
years) [76]. The TOMM40 encodes a subunit of the
outer mitochondrial pore protein; as A3 is known to
accumulate in the mitochondria and cause dysfunc-
tion there appears to a physiological basis for these
observations.

Carriers of the APOE &4 allele had decreased PiB
binding with increased exercise, while sedentary
behavior had the opposite effect [77] suggesting
that exercise reduces amyloid deposition within
the brain and is especially beneficial for APOE &4
carriers, potentially reducing risk or delaying onset
of AD. Inflammation in AD is a well-established

phenomenon; importantly inflammation is partially
regulated by lipid mediators and lipid membrane
changes. Reduced apolipoprotein A-I (APOA-I) and
plasma high density lipoprotein levels are found in
AD patients, leaving to reason whether an increase
in either one of these molecules would be beneficial.
Indeed, a triple transgenic mice model with elevated
ABPP, PSEN1, and APOA-I expression was found
to have protection from cognitive deficits observed
in mice with ABPP and PSEN1 overexpression
alone [78]. This correlates with doubling of plasma
HDL levels in APP/PRES1/APOA-I mice compared
to ABPP/PRES1 mice and a marked reduction in
microglial activation, neuroinflammation and cere-
bral amyloid angiopathy without any change in A3
levels in the brain [78]. Reduction in neuroinflam-
mation by increasing HDL levels and/or APOA-I
may be a strategy for preventing or slowing AD.
CLU, also known as apolipoprotein J, has been
identified in multiple GWAS of AD, in particular, the
C allele SNP increases chances of developing AD by
1.16 times, with approximately 37% of Caucasians
carrying two copies of CLU-C this an important
gene of interest [79]. Braskie et al. tested whether
white matter integrity is affected in CLU-C carriers at
early life stages using diffusion tensor imaging. They
observed decreased fractional anisotropy, a measure
of white matter integrity in young adults in brain areas
associated with neurodegeneration seen in AD [79].

Lipid homeostasis and immune dysfunction

In addition to the associations of apolipoproteins
with AD, other genes important for lipid homeosta-
sis and immune function have also been implicated
in AD. Reactive oxygen species (ROS) signaling is
critical in autophagy, the lysosomal dependent degra-
dation of aggregated protein products in the body,
such as AB. Knockdown of the ROS detoxifica-
tion pathway involving SODI1 resulted in increased
ROS and subsequently autophagy in human neurob-
lastoma cells, both ROS production and autophagy
were reduced when treated with antioxidants [80].
Gene expression data suggests that there is an up-
regulation of autophagy in brain regions associated
with pathology in AD patients. This is in contrast to
down regulation observed in normal aging of non-AD
individuals [80]. Increased autophagy in AD patients
is likely to compensate for increased misfolded A3
protein in a ROS independent manner [80]. Changes
in autophagy expression levels are likely induced
by AP, both by ROS production and transcriptional
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mechanisms, as AP initiates autophagy and inhibits
lysosomal degradation even in the presence of antiox-
idants [80].

Cholesterol metabolism, inflammation, and innate
immunity have all been correlated with LOAD,
both in physiological and epidemiological studies;
however, whether these correlations are causal or con-
sequential is unclear. Using two GWAS datasets [56,
57], Jones et al. provided evidence that the genes
involved in sterol and lipid metabolism, and immune
response are likely involved in the etiology of LOAD
[3]. Interestingly, gene functional categories from
gene ontology and KEGG databases involved in
sterol, lipid and immune related processes were found
in excess but no gene categories directly related to
ABPP, ABPP processing, or A were found to contain
significant SNPs for either dataset. This is contrary to
GWAS of EOAD which found associations between
genes in the AR pathway [3]. This suggests a stark
difference in the etiology of EOAD and LOAD, that
although A pathology is central the mechanisms of
each disease differ.

The genetic risk factor CD33 identified by GWAS
is a transmembrane protein involved in innate immu-
nity but whose function in the brain is largely
unknown [60, 62]. In one recent study, Griciuc
et al. reported a 2-fold increase in the expression of
CD33 in brain microglia of AD patients as measured
postmortem in 25 AD patients and 15 age-matched
controls [81]. A minor protective allele of CD33 was
found not to involve changes in mRINA levels despite
lower protein expression suggesting this allele influ-
ences translation or protein stability [81]. Griciuc
et al. also demonstrated that CD33 inhibits the uptake
and clearance of AP by microglial cells in vitro and
in vivo using a transgenic AD model combined with
double knockout of CD33 (APP/PSEN1/CD33~/7)
[81]. This observation suggests a possible role for
CD33 in A pathology, and perhaps intervention.

Triggering receptor expressed on myeloid cells 2
protein (TREM?2) has been associated with a reces-
sive form of early onset dementia; to explore the link
in the context of AD specific dementia, further assess-
ment by Guerreiro et al. has found 22 different low
frequency TREM2 alleles in 1,092 AD patients but
only 5 different alleles in 1,107 controls [82]. Highly
significant association, from the meta-analysis of
three GWAS, of the TREM?2 variant R47H with AD
was found and then validated by sequencing an addi-
tional 1,887 AD patients and 4,061 controls [82]. The
variant R47H was found to significantly increase risk
of AD in an association study of 2,261 Icelanders.

Furthermore, non-AD individuals with this mutation
between 80 and 100 years had poorer cognitive func-
tion than controls [83]. TREM2 is involved in the
neuroimmune system via its anti-inflammatory role
in the brain and it is likely that the R47H mutation
interferes with this function to predispose individuals
to AD.

Hyperphosphorylated MAPT, a definitive marker
of tauopathies and observed in AD, is pro-
moted by neuroinflammation which is activated and
sustained by microglial cells. Non-Tg mice treated
with immunoreactive lipopolysaccharide lacking in
microglial specific fractalkine receptor (CX3CR1)
were shown to be more susceptible to hyperphos-
phorylation of MAPT than control mice dependent
on toll-like receptor 4 and interleukin-1 receptors
[84]. This same trend was observed in Tg mice with
humanized MAPT, in addition to hyperphosphoryla-
tion was increased levels of active p38 MAPT [84].

Other genetic factors in memory and
neurodegeneration

The zinc transporter-3 (ZnT3) protein controls
synaptic zinc levels; ZnT3 double KO mice express
cognitive deficits phenotypically similar to AD [85].
7ZnT3 double KO mice exhibit age related cogni-
tive deficits in learning and memory beginning at 6
months due to reductions in hippocampal proteins
involved in learning and memory as determined by
western blot [85]. In AD extracellular A sequesters
and traps Zn and ZnT3 levels are reduced in the brain,
resulting in decreased trans-synaptic zinc [85]. These
similarities make ZnT3 double KO mice a possible
candidate as a phenotypic model of AD.

In a rare example of a genetic factor increas-
ing cognitive function, lentiviral vector that causes
overexpression of protein kinase M¢ (PKM¢) in the
neocortex has been shown to enhance long term mem-
ory while the use of a disrupted dominant negative
PKM¢ was observed to disrupt memory [86].

Striatal-enriched phosphatase (STEP) regulates
internalization of NMDA and NMDA ligands, of
which include AP, this NMDA mediated internal-
ization of A may be an important component of
synaptic dysfunction observed in AD [87]. When
STEP activity was reduced in a triple transgenic
mouse model of AD (3xTg-AD/STEP~/7), a rever-
sal of cognitive and cellular deficits compared to the
3xTg-AD mice with regular STEP expression was
observed, despite having the same levels of A3 and
phosphorylated tau [87].
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Gene expression and epigenetics

MicroRNA (miRNA) is a small non-coding nucleic
acid post-transcriptional regulator that can reduce
protein translation by binding to the complemen-
tary mRNA sequence. The first profiling of miRNAs
in the AD brain was recently performed showing
the miRNA levels in the parietal lobe cortex in
AD patients can positively or negatively correlate
with their target mRNA levels highlighting, again,
the complexity of the route from gene to protein
product [88]. Changes in miRNA-mRNA interac-
tions were observed in AD versus control; how these
changes affect AD progression is unknown and fur-
ther studies are needed to elucidate the role of miRNA
in AD [88].

Protein production is largely regulated by chem-
ical modifications to the genome; this system is
referred to as the epigenome. Histone acetylation
destabilizes electrostatic affinity between histones
and DNA making chromatin easier to access, pro-
moting transcription. This epigenetic process of gene
expression is critical to learning and memory. His-
tone phosphorylation has been directly observed in
brain tissue from AD patients [89] and a decrease
in histone acetylation has been observed in animal
models of AD due to increased histone deacetylase
(HDAC)-2 [90]. A mouse model denoted CK-p25
produces a truncated version of an important pro-
tein to produce a cyclin-dependent kinase 5 (CDKS5)
response resulting in increased HDAC2 [90]. This
downregulates a large number of genes and receptors
involved in learning, memory, and synaptic plasticity
such as glutamate receptors subunits [90]. Blocking
these epigenetic cascades with short-hairpin RNAs
(shRNA) directed against HDAC2 were used to show
HDAC?2 dependent regulation of the genes of inter-
est in CK-p25 mice with the shRNAs recovering
or increasing basal protein expression compared to
controls [90].

DNA methylation is a potent form of epigenetic
regulation that has been observed to be altered
in AD subjects [91, 92]. Epigenomic studies are
revealing common sites of methylation that occur in
AD, including at genomic sites ABCA7 and BIN1
regions (which have been identified previously in
genomic studies and validated associations by mea-
suring RNA expression of nearby genes, including:
ANKI1, CDH23, DP2A, RPL13, SERPINF1 and 2
[91]. ANKI1 has been identified independently in an
epigenome wide association study as a gene whose
methylation is associated with cortical deregulation

in the context of AD [93]. Several loci were found
to be associated with AD as discussed in previous
sections, a role for DNA methylation at these sites
in AD was recently found; the loci are as follows:
SORL1, ABCA7, HLA-DRBS5, SLC24A4, and BIN1
[94]. There remains much uncertainty as to the com-
plete role for DNA methylation and other forms
of epigenetic regulation to changes in gene expres-
sion associated and caused by AD. The connections
between regulation and the resulting molecular struc-
tures are only just beginning to be probed.

Gene expression is important as it controls
molecular pathways mediated through the function
of translated proteins; these connections between
genome regulation and higher-order molecular path-
ways can be explored through a variety of approaches.
In a study using an integrated systems approach com-
paring molecular network structures of 1,647 post-
mortem brains of LOAD patients and controls, a sig-
nificant amount of reconfigurations in immune- and
microglia-specific pathways were observed, specifi-
cally genes involved in pathogen phagocytosis [95].
Genetic and epigenetic regulation of these genetic
nodes may be in part responsible for the differences
observed between LOAD and control subjects.

Inflammation and immunity play a key role in
health and aging, with dysfunction resulting in car-
diovascular, neurodegenerative and auto immune
diseases. Many genes involved in immunity have
also been associated with AD. A recent expression
quantitative trait locus (eQTL) study, which aimed
to identify regions of DNA with variations that con-
tribute to a particular trait, have revealed interesting
insights comparing gene expression in leukocytes
derived from myeloid (monocytes) and lymphoid (T
cells) origin [96]. Correlations in genes associated
with AD and QTLs in monocytes were found, while
T cell QTLs were identified that correspond to genes
associated with auto-immunity [96]. This polariza-
tion between cells of the immune system highlights
the importance of cell-type specific gene expression
and genetic risk factors in disease. Moreover, as the
myeloid derived cells are most commonly associated
with innate immunity as opposed to adaptive immu-
nity, this study suggests that neurodegeneration and
brain aging is more related to dysfunction in innate
rather than adaptive immunity.

Transcriptional and genetic postmortem analysis
of the prefrontal cortex from 269 subjects with-
out neurological disorder across most of the human
lifespan, from fetal development to old age, reveals
temporal changes in gene expression that globally



326 M. Robinson et al. / Recent Progress in Alzheimer Disease Research

appear to be independent of genotype [97]. Despite
thousands of genetic associations of SNPs with gene
expression, these large genetic differences between
individuals result in no change to their transcriptional
profiles, and molecular structure, in the prefrontal
cortex between individuals of similar age [97]. These
results indicate the importance of highly regulated
pathways that produce age-dependent, higher-order
molecular structures within the brain despite huge
genetic variations in the population [97].

CONCLUSION

Key themes have emerged in both genetic and
epidemiological studies in AD that may continue
to support a central pathology surrounding amyloi-
dosis via AP production (from ABPP processing)
and accumulation (from impaired metabolism and
clearance). The AP pathway is than further influ-
enced by other genetic and epidemiological risk
factors that have been identified and described in
this review including tau neurotoxicity, lipid/protein
homeostasis, innate immunity, and lifestyle choices.
As lipid homeostasis (trafficking and metabolism)
plays a critical role in innate immunity via lipid
mediators and changes in cell membrane com-
position it should not be surprising to see these
common themes emerge, especially considering the
pathology of AD contains microglial activation and
features of neuroinflammation. The observations
reported in this review could alternatively support
a hypothesis of AD where immunological dysfunc-
tion (including dysfunction as a result of impaired
lipid trafficking and metabolism) is the primary
insult that results in the overproduction and accu-
mulation of AP the associated pathology along
with hyperphosphorylated tau and oxidative stress in
parallel.

Epidemiological studies have demonstrated that
healthy active lifestyles with moderate exercise and
carefully maintained mental health, may serve to
delay the onset of LOAD. Meanwhile, genetic stud-
ies have identified novel targets for the development
of pharmaceuticals which modulate the influence of
low risk genetic factors.
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