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Abstract
There is mounting evidence that only a small fraction of early-onset Alzheimer disease cases
(onset <65 years) are explained by known mutations. Even multiplex families with early onset
often also have late-onset cases, suggesting that the commonly applied categorization of Alz-
heimer disease into early- and late-onset forms may not reflect distinct underlying etiology.
Nevertheless, this categorization continues to govern today’s research and the design of clinical
trials. The aim of this review is to evaluate this categorization by providing a comprehensive,
critical review of reported clinical, neuropathologic, and genomic characteristics of both onset-
based subtypes and explore potential overlap between both categories. The article will lay out
the need to comprehensively assess the phenotypic, neuropathologic, and molecular variability
in Alzheimer disease and identify factors explaining the observed significant variation in onset
age in persons with and without known mutations. The article will critically review ongoing
large-scale genomic efforts in Alzheimer disease research (e.g., Alzheimer Disease Sequencing
Project, Dominantly Inherited Alzheimer Network, Alzheimer Disease Neuroimaging Initia-
tive) and their shortcomings to disentangle the delineation of unexplained nonmendelian early-
onset from late-onset and mendelian forms of Alzheimer disease. In addition, it will outline
specific approaches including epigenetic research through which a comprehensive character-
ization of this delineation can be achieved.
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Alzheimer disease (AD) is the most common form of de-
mentia accounting for 50%–75% of dementia cases.1 To date,
an estimated 5.4 million Americans have AD; this number is
projected to quadruple by midcentury, largely driven by
population aging. By 2050, it is projected that a new case of
AD will develop every 33 seconds on average, resulting in
nearly a million new cases each year.1 Overall, the incidence of
AD increases exponentially with age, doubling every 5 years
after age 65 years, although some individuals, even in multi-
plex AD families, successfully age without cognitive decline.2,3

Currently, 1 in 9 people aged 65 years and older and 1 in 3
people older than 85 years have the disease. There are no
substantially effective therapeutic interventions for AD avail-
able.1 Although deaths resulting from heart disease, prostate
cancer, and stroke have decreased over the past decade, deaths
from AD have increased by 145%, making AD the sixth
leading cause of mortality in the United States.1 Total costs
for health care, long-term care, and hospice services for people
with dementia are expected to increase from approximately
$290 billion to date to more than $1.1 trillion by the year
2050. Not accounted for in these numbers are the billions of
hours of care provided by unpaid caregivers estimated to be
equivalent to nearly $234 billion annually.1

Categorization into early- and late-
onset forms of AD
AD is commonly categorized as either early onset (EOAD) or
late onset (LOAD) based on an age cutoff, typically 65 years.4,5

This threshold, however, is arbitrary, and a cutoff of 60 years is
also commonly used. Of all patients with AD, 5%–10% (corre-
sponding to 220,000–640,000 Americans)6 are attributed to
EOAD. Specifically, the 45–64 years age group has a reported
annual incidence of 6.3/100,000 and prevalence of 24.2/
100,000, with both rates rising exponentially as individuals ap-
proach age 65 years.7,8 However, unlike LOAD for which an
extensive number of representative data on prevalence and in-
cidence are available, these estimates for EOAD are derived from
significantly less data from nationally (and internationally) rep-
resentative samples, with a paucity of data both within and across
ethnic groups. It is possible that the true prevalence and in-
cidence rates for EOAD are higher, in particular for sporadic
cases and nonmendelian familial EOAD cases. A substantial
portion of those who would meet the diagnostic criteria for AD
are not diagnosed by a physician and so underreported.

In general, there are 2 types of inheritance patterns observed in
EOAD:mendelian (mEOAD) and nonmendelian (nmEOAD)
patterns. mEOAD forms are typically fully penetrant with an
autosomal dominant inheritance pattern, most often caused by
mutations in APP, PSEN1, and PSEN2 (see Genetics of
mEOAD section). Conversely, nmEOAD is often sporadic or
with inconsistent inheritance patterns (i.e., inheritance patterns
that are not obviously autosomal dominant, or with highly
variable age at onset, including LOAD). Although the etiology
and genetic basis of nmEOAD are largely unknown, it is gen-
erally considered to be multifactorial, with polygenic effects.

Among the scientific literature, the terminology used to de-
scribe EOAD and its subtypes is inconsistent. For many EOAD
is synonymouswithmEOAD, althoughmEOADaccounts only
for approximately 10% of EOAD cases.4,5 Some use the terms
familial EOAD or autosomal dominant EOAD to refer to
mEOAD. Still others use familial EOAD to refer to any EOAD
case with a positive family history (whether autosomal domi-
nant) and sporadic EOAD for cases without a family history.
This inconsistency in terminology reflects a lack of un-
derstanding of the molecular etiology of EOAD, EOAD sub-
types, and their delineation from LOAD. Although there is a
general consensus that mEOAD represents a genetic etiology
distinct from LOAD, it is less clear if and how nmEOAD is
distinct from LOAD. As indicated above, it is generally held
that most nmEOAD, both with and without a family history, is
predominantly polygenic. Many hypothesize that nmEOAD is
simply an extreme phenotype of LOAD that results from an
accumulation of variants typically associated with LOAD or the
presence of additional genetic or environmental modifying
factors lowering onset age (e.g., cerebrovascular disease).4,5

However, there has been little work performed to actually test
and verify this hypothesis, posing a critical gap in AD research
and our understanding of AD etiology. Clarifying to what ex-
tend nmEOAD is clinically and etiologically distinct from
mEOAD and LOAD is vital for understanding the molecular
mechanisms leading to AD, determining accurate population
burden, predicting an individuals’ risk, applying appropriate
study designs from basic research to clinical trials, and de-
veloping personalized and effective targets for prevention and
treatment. The purpose of this review is to address this critical
gap of knowledge by assessing and summarizing the evidence
for differences in etiology between the various presentations of
AD and identifying the void that remains in our understanding
of these presentations.

Glossary
αSyn = α-synuclein; AD = Alzheimer disease; ADGC = Alzheimer Disease Genetics Consortium; ADNI = Alzheimer Disease
Neuroimaging Initiative; CNV = copy number variation; CpG = cytosine-phosphate-guanine; DIAN-OBS = Dominantly
Inherited Alzheimer Network observational study; DNAm = DNA methylation; EOAD = early-onset AD; FTD =
frontotemporal dementia; GWAS = genome-wide association study; LOAD = late-onset AD; mEOAD = mendelian EOAD;
NFL = neurofilament light chain; NFT = neurofibrillary tangle; nmEOD = nonmendelian EOAD; NPC = Neuropathology
Core; PiB = Pittsburgh compound B; READR = Resource for Early-onset Alzheimer Disease Research.

2 Neurology: Genetics | Volume 6, Number 5 | October 2020 Neurology.org/NG

http://neurology.org/ng


Clinical characteristics of EOAD
and LOAD
The typical clinical presentation of AD is characterized by
predominant impairment of anterograde episodic memory
that, as the disease progresses, is accompanied by dysfunction
in additional cognitive domains such as visuospatial, language,
and executive function, eventually resulting in global cognitive
decline, complete dependency, and death. This typical
memory-predominant phenotype is observed in most LOAD
cases and a large subset of EOAD cases.9 However, roughly
25% of all subjects with EOAD show an atypical clinical
presentation that is characterized by preserved episodic
memory but focal cortical symptoms, in particular apraxia,
visual dysfunction, aphasia, or executive dysfunction.10–12

The clinical characteristics of mEOAD have been researched
through projects such as the Dominantly Inherited Alzheimer
Network observational study (DIAN-OBS) and other
studies.2,13–17 Data from these initiatives suggest that in
mEOAD, cognitive symptoms overlap substantially with
typical sporadic LOAD symptoms, but usually with a more
aggressive disease course with shorter relative survival time.11

Noncognitive clinical manifestations affect a subset of par-
ticipants with mild to moderate mEOAD.16 The most prev-
alent nonamnestic cognitive manifestations in participants in
the DIAN-OBS cohort are those typical of mild to moderate
AD, including visual agnosia (55.1%), aphasia (57.9%), and
behavioral changes (61.7%), whereas the prevalence of non-
cognitive neurologic manifestations was reported to be lower:
myoclonus and spasticity (9.3%), seizures (2.8%), and par-
kinsonism (11.2%). Analyses of published data on subjects
with mEOAD yielded a higher prevalence for myoclonus
(19.4%), spasticity (15.0%), parkinsonism (12.5%), and sei-
zures (20.3%) but a lower prevalence for nonamnestic cog-
nitive manifestations (e.g., visual agnosia [5.6%], aphasia
[23.0%], and behavioral changes [31.7%]).16 Such discrep-
ancies could be due to differences in disease stage, pheno-
typing, and/or ascertainment protocols between studies. A
recent larger prospective cohort study reported that a signif-
icant minority (16%) of subjects with mEOAD had non-
amnestic cognitive phenotypes, and about 25% had atypical
neurologic symptoms in addition to the amnestic pheno-
type.18 Analyses of clinical presentation based on genetic
background suggest that compared with APP carriers, PSEN1
carriers are more likely to exhibit additional neurologic fea-
tures such as myoclonus, corticobulbar deficits, aphasia, and
spasticity but less often ischemic stroke and hemorrhage.16,18

Also, mutation location within the gene could affect the
clinical phenotype.18 For instance, most of the APP substi-
tutions at the Aβ sequence lead to mEOAD, whereas the
Ala673Thr APP protects against of AD.19

There is a lack of studies assessing the clinical characteristics
of nmEOAD as a specific disease entity separate from
mEOAD and LOAD. The reported studies were

heterogeneous in their design, applied a variety of diagnostic
criteria, often did not consider biomarkers, and typically
assessed all types of dementia without excluding mEOAD,
hindering informed conclusions to be drawn about this form
of AD.7 Like mEOAD and LOAD, nmEOAD is typically
memory predominant, with nonamnestic symptoms in a
subset of the patients. However, data beyond this are limited.
It is not clear whether the neuropsychological profile within
the memory domain differs from that of mEOAD and LOAD.
In addition, the true prevalence of atypical presentations
within the nmEOAD category remains unclear, as does the
true onset age distribution of both sporadic and familial
nmEOAD cases.

Neuropathologic distinction between
EOAD and LOAD
AD is neuropathologically characterized by extracellular ac-
cumulation of diffuse and neuritic amyloid plaques composed
of abnormally folded Aβ40 and Aβ42 generated by cleavage of
APP, and intraneuronal accumulation of neurofibrillary tan-
gles (NFTs) composed of hyperphosphorylated tau protein
(p-tau). These pathologic features are often accompanied by
neuropil threads, dystrophic neurites, associated astrogliosis,
microglial activation, and cerebral amyloid angiopathy.20

Furthermore, 50% of patients with AD exhibit concurrent
α-synuclein (αSyn) pathology.21,22 Although amyloid de-
position does not always follow a fixed pattern of progression,
it usually develops in the isocortex and affects subcortical
structures later in the disease process. In contrast, tau pa-
thology begins typically in the allocortex of the medial tem-
poral lobe involving the entorhinal cortex and
hippocampus.23 In general, Aβ pathology reaches a plateau in
the early symptomatic phase of the disease,24 whereas NFT
pathology correlates more closely with clinical features, se-
verity, and progression of AD.20 There is, however, a certain
degree of disconnect between these neuropathologic changes
and clinical symptoms; individuals with a high burden of AD
pathology are sometimes without clinical symptoms, and in-
dividuals with a significant degree of cognitive impairment
sometimes exhibit limited AD pathology.23

To what extent the neuropathology of nmEOAD, mEOAD,
and LOAD overlap remains unclear. Compared with older
people who often show multiple comorbid pathologies other
than AD (e.g., Lewy bodies, TDP-43, or vascular pathology),
AD at a younger age tends to be associated with more pure
AD pathology.25–27 In line with this notion, a number of
studies using MRI and PET scans have reported a larger
burden and more widespread pathology with neocortical and
subcortical involvement in younger cases, see the section
entitled “Brain imaging and biofluid biomarkers”
below.10,28–32 The brain pathology of some variant AD cases
is characterized by diffuse cotton wool Aβ-plaques without
neuritic pathology or neuroinflammation.33 Most of the
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variant AD cases are PSEN1 carriers often affected by spastic
paraparesis.34 However, the cotton wool plaques were also
reported in a few LOAD cases, suggesting that this brain
pathology is not entirely specific for mEOAD.35 Cotton wool
Aβ-plaques might result from an inhibited nucleation stage of
fibrillogenesis in the presence of a particular genetic back-
ground. Furthermore, there is evidence that different fibril
structures of Aβ peptides might underlie different courses and
time frames of disease progression.36

A critical shortcoming of most neuropathology studies is the
lack of genetic information to distinguish between carriers and
noncarriers of causal/risk variants and patterns of inheritance
(e.g., mEOAD vs nmEOAD). Recognizing the urgency to
better define the pathologic distinction between mEOAD and
LOAD, the Alzheimer Disease Neuroimaging Initiative
(ADNI)/DIAN Neuropathology Core (NPC) has recently
implemented a uniform assessment protocol to evaluate the
neuropathologic overlap between these 2 forms.37 As part of
this protocol, multiple histologic stains are performed on all
brains that include hematoxylin and eosin, a modified Biel-
schowsky silver impregnation, and immunohistochemistry
using the following primary antibodies: phosphorylated tau
(PHF1), β-amyloid (10D5; Eli Lilly, Indianapolis, IN),
phosphorylated αSyn (Cell Applications, San Diego, CA), and
phosphorylated TDP-43 (Cosmo Bio, Carlsbad, CA). NACC
operational criteria for the classification of AD and other
pathologies are applied, which include diagnosis of AD by
several sets of criteria (Khachaturian, CERAD, NIA-Reagan,
and the NIA-AA38–40). However, there is no coordinated
research effort to evaluate the overlap with nmEOAD.

Brain imaging and biofluid biomarkers
Data on mEOAD from the DIAN study suggest that com-
pared with noncarriers, carriers of causal mutations show re-
duced cortical glucose metabolism and cortical thinning in the
medial and lateral parietal lobes 5–10 years before the esti-
mated age at onset and widely distributed elevated Pittsburgh
compound B (PiB) levels in nearly every cortical region ap-
proximately 15 years before estimated onset.41 Subcortical
regions seem to show a disparate pattern, with all subcortical
gray matter regions exhibiting elevated PiB uptake, but re-
duced glucose metabolism being apparent only in the hip-
pocampus.41 Atrophy in mEOAD is observed early, both in
areas commonly associated with sporadic LOAD and addi-
tional areas including the putamen and thalamus, which are
associated with early amyloid deposition in mEOAD.42 Tau
tracer binding in the neocortex is also increased in symp-
tomatic mutation carriers compared with sporadic LOAD43;
however, it remains to be clarified which component of tau-
opathy (e.g., NFT, neuritic plaques, or neuropil threads) is
reflected by this increased PET-tau signal.

Longitudinal analyses in the DIAN study17 aim to pinpoint
onset, sequence, and rate of progression of biomarker and

clinical measures across the spectrum of mEOAD. The results
from this study suggest that β-amyloid measured in CSF
change first, decades before estimated symptom onset, fol-
lowed by declines in measures of cortical metabolism ap-
proximately 7–10 years later, then cognition and hippocampal
atrophy (approximately 2 decades after changes in β-amy-
loid). CSF p-tau181 showed a marked decline near symptom
onset; this is in contrast with previous observations from
cross-sectional analyses, which suggested a continued eleva-
tion of CSF p-tau181. There is also evidence that CSF αSyn
levels are linked to onset of cognitive symptoms in both
sporadic LOAD and mEOAD22 and that CSF progranulin,
encoded by GRN, increases over the course of disease and is
associated with sTREM2, neurodegeneration, and cognitive
decline.44

Studies in subjects with nmEOAD without AD family history
have also shown more atrophy,45 more prominent neocortical
glucose hypometabolism,46 and increased tau PET uptake47,48

relative to LOAD. This is in line with findings at brain au-
topsy, indicating that neurodegeneration and tauopathy are
more aggressive at a younger onset, but the number of studies
is limited. Even more limited is the availability of longitudinal
imaging and biomarker data sets of nmEOAD multiplex
families and direct comparison with the mendelian form of
EOAD. Analyses of the ADNI data set (unrelated ≥65-year-
old subjects) applying linear mixed-effects models also dem-
onstrate that LOAD defined by MRI and biofluid-based bio-
markers proceeds more aggressively among younger than
older elderly individuals.49 Specifically, this study suggests
that brain atrophy rates in AD (and mild cognitive impair-
ment) are stronger with younger baseline age. Conversely,
atrophy rates for clinically normal older individuals remain
constant or exhibit a slight increase with age (slopes [% at-
rophy/year2] ranged from −0.04 to 0.006 and was only sig-
nificant for the hippocampus [slope: −0.04; p = 0.004]).49

Similarly, younger individuals with AD or mild cognitive
impairment exhibit a greater CSF biomarker burden, whereas
among healthy controls, biomarker burden increases with age.
In addition, AD cases show reduced rates of cognitive decline
with increasing baseline age.49 Together, these data support
the notion of a disease continuum across the age range in
LOAD, up to a blurring of the distinction between AD and
healthy controls older than 85 years.49 However, whether this
continuum truly extends to the younger age range and
nmEOAD remains to be assessed.

Efforts to develop reliable, sensitive, and specific biomarkers
of blood-based biomarkers for AD (e.g., plasma or serum)
have been hampered by various challenges, in particular much
lower amounts of molecules of interest in the bloodstream
compared with the CSF and high levels of other proteins from
peripheral organs in the blood and presence of proteases that
degrade brain proteins. However, in recent years, there have
been significant advances in the development of highly sen-
sitive assays to assess plasma levels of molecules that could
serve as biomarkers of AD and other types of
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neurodegeneration for diagnosis, prognosis, and disease
progression monitoring.50,51 Various studies have shown that
the ratio of plasma Aβ42/40 measured by these ultrasensitive
assays such as the single-molecule array method provides a
sensitive and reliable measure of amyloid status that predicts
future conversion to positive amyloid PET independent of the
time of day and correlates with CSF Aβ42/40 in both
mEOAD and LOAD.52–55 In addition, neurofilament light
chain (NFL), an intraneuronal component of the axonal cy-
toskeleton reflecting neuronal damage and degeneration, in-
creases in the CSF in early stages of the disease. Also, NFL
increases over time as cognition declines and atrophy and
white matter changes increase. NFL has diagnostic accuracy
for AD dementia similar to that of CSF biomarkers in subjects
with both forms of disease,56,57 and studies in individuals with
mEOAD, including the DIAN study, suggest that plasmaNFL
increases several years before symptom onset, indicating its
utility as a screening tool in this type of AD.58–60 However,
there is a lack of data specifically assessing NFL association in
nmEOAD. Current data are less supportive of the use of
plasma tau as a useful biomarker for AD, although p-tau181
levels are elevated in AD dementia and show associations with
both Aβ and tau PET, suggesting greater specificity for AD
pathology than other tau species.e-1

Genetics of mEOAD
Heritability
Although LOAD is a complex disorder with a strong genetic
component (heritability of 70%–80%),4,e-2 EOAD in general
has an even stronger heritability estimated between 92% and
100%.4 This is in line with the observation that up to 60%
of patients with EOAD have at least 1 affected first-degree
relative.e-3,e-4

Genetics of mEOAD
Known mEOAD results from 1 copy of a mutant allele in
APP,e-5 PSEN1,e-6 or PSEN2e-7,e-8; in total,;330mutations in
these genes have been reported (alzforum.org/alzgene), ac-
counting for 10%–15%, 30%–70%, and <5% of mEOAD
cases, respectively.e-9 However, overall variation in these
genes explains only 10%–15% of all patients with familial
EOAD.e-4 Mutations in APP, PSEN1, and PSEN2 affect the
amyloidogenic pathway leading to increased generation/
aggregation of Aβ.e-10,e-11 APP undergoes cleavage by β- and
subsequently γ-secretase generating Aβ peptides; and PSEN1
or PSEN2 are components of the γ-secretase complex.e-12

Known pathogenic APP missense substitutions are clustered
at the Aβ sequence and linked to higher Aβ production or
aggregation, similar to APP duplications.e-13 In contrast, the
protective Icelandic APP substitution (Ala673Thr) decreases
Aβ levels by 40%.19 Notably, a mutation at the same codon
(Ala673Val) causes AD, but only in a recessive mode.e-14 The
brain pathology of APP carriers is often accompanied by a
significant level of cerebral amyloid angiopathy, which can
lead to cerebral hemorrhage and stroke in carriers of APP

duplicationse-15,e-16 or some substitutions (e.g., Glu693Glne-5

and Glu693Lyse-17). However, some of the APP mutations
(e.g., Glu693Glye-18) were reported in patients without the
severe amyloid angiopathy.

In contrast toAPP, mutations in PSEN1 or PSEN2 are broadly
distributed throughout the gene (alzforum.org/alzgene).
Most of them are missense variants with a few in-frame de-
letions/insertions.33,e-19,e-20 Despite considerable sequence,
structural, and functional similarities, many more pathogenic
mutations were reported in PSEN1 (n = 263) than PSEN2 (n
= 12). PSEN1-related disease is also more severe with onset as
early as the third decade (e.g., in Ser170Phe carriers),e-21

whereas some PSEN2 mutations cause LOAD (e.g.,
Val148Ile).e-22 This discrepancy might be explained by the
fact that brain expression of PSEN2 is up to 10 times lower
than PSEN1 (FANTOM5 data set; proteinatlas.org/).

Phenotypic variability in PSEN1 patients includes fronto-
temporal dementia (FTD), Pick-type tauopathy,e-23,e-24 pri-
mary progressive aphasia, spinocerebellar ataxia,e-25,e-26 Lewy
body dementia,e-27 and variant AD accompanied by spastic
paraparesis.34 Even within a family, phenotypes of PSEN1
carriers can appear as variant AD, pure EOAD, or pure spastic
paraparesis,e-28 suggesting the action of genetic modifier(s).

Genes modifying age at onset
in mEOAD
In general, age at onset of AD is a substantially heritable trait;
however, with increasing age at onset, the heritability of AD
declines, implying an increased environmental contribution to
AD at older ages.4 Even within families, carriers of the same
APP, PSEN1, or PSEN2 variant can present with significant
variability in age at onset and disease course. A meta-analysis
of 387 mEOAD pedigrees showed that the observed variance
could only be partially explained by family history, the mu-
tated genes, and the mutation type.e-29

The APOE e4 allele, the major genetic risk factor identified for
LOAD, decreases age at onset of AD in a dose-dependent
manner.e-30 In contrast to fully penetrant mEOAD mutations,
the APOE e4 allele is neither necessary nor sufficient to cause
AD. However, a more recent study suggested that the effect of
APOE onAD risk is consistentwith semidominant inheritance of
a moderately penetrant gene.e-31 Furthermore, several studies
showed that APOE has an age at onset–modifying effect in
carriers of some causal mutations (e.g., APP Val717Ile,e-32

PSEN1 Glu280Ala,e-33,e-34 PSEN1 Glu318Gly,e-35 and PSEN2
Asn141Ilee-36).

However, the wide range of onset age in carriers of the PSEN1
Glu206Ala mutation (found in 42% of EOAD families of Ca-
ribbean Hispanic origine-37) is not explained by the APOE e4
allelee-29 nor any antecedent environmental, health-related, or
social factors.e-38 Investigation of Glu206Ala carriers and other
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common founder mutations (e.g., PSEN1 Ala431Glu in Mex-
icans) can facilitate the search of novel age at onset modifiers.e-
39,e-40 For instance, genome-wide linkage analyses of Volga
German families segregating the PSEN2 Asn141Ile mutation
identified 3 genetic loci (1q23.3, 17p13.2, and 7q33)e-41 po-
tentially harboring onset-modifying genes. Whole-genome se-
quencing analyses of a large Colombian kindred with the
PSEN1 Glu280Ala mutation identified a protective haplotype
spanning several cytokine genes on chromosome 17 that
delayed AD onset by approximately 10 years.e-42 Intriguingly, a
separate study in this kindred identified a carrier of the
Glu280Ala variant who developed mild cognitive impairment
only in the seventh decade, which is ;30 years later than the
median age at onset in the kindred.e-43 The patient had very
high brain amyloid, but limited neurodegeneration and tau
pathology. Whole-exome sequencing identified a homozygous
Arg136Ser mutation in APOE that was previously associated
with hyperlipoproteinemia type III, suggesting that this rare
APOE variant is protective and in a homozygous state may
reduce tau pathology and neurodegeneration.e-43

Genetics of LOAD
Over the past decade, large-scale genome-wide association
study (GWAS) and whole-genome/exome sequencing have
identified over 30 genome-wide significant common variant
signals in addition to APOE that influence risk for
LOAD.e-44–e-51 These variants mostly point to specific path-
ways (e.g., lipid metabolism, endocytosis/intracellular traf-
ficking, inflammation, immune response, synaptic function,
and transcription) indicating a major role for these pathways
in the development of LOAD. Although risk variants in genes
involved in tau and APP metabolism (PSEN1, PSEN2, APP,
ADAM10, ADAMTS1, MAPT),e-52–e-54 as well as in genes of
other dementing disorders (e.g., GRN, ARSA, CSF1R) were
also implicated.e-55 Taken together with the fact that some
families carrying APP, PSEN1, or PSEN2 mutations present
with LOADe-52 strongly corroborates the notion that these
pathways are not restricted to mEOAD and that there is eti-
ologic overlap between the forms commonly classified as
EOAD and LOAD.

In addition, some of the known LOAD loci might be age at
onset modifiers in EOAD. For instance, analysis of the
ABCA7 coding sequence showed a 5-fold enrichment of
premature termination codon mutations in patients with
EOAD (n = 928) vs controls (n = 980). Of 17 observed
mutations, 10 were novel and only observed in patients.e-56

Furthermore, although common variants in SORL1 were first
linked to LOAD with an odds ratio of ;1.2,e-57,e-58 rare
truncating SORL1 mutations with odds ratios up to 12 are
seen in EOAD cases and might need to be considered in
clinical practice in addition to PSEN1, PSEN2, and APP.e-59

Overall, the risk variants identified to date account for;31%
of the genetic variance of LOAD,e-44 leaving the majority of
genetic risk as yet uncharacterized.

Genetics of nmEOAD
Considering that (1) EOAD is almost entirely genetically
determined4; (2) 35%–60% of patients with EOAD have at
least 1 affected first-degree relativee-3,e-4,e-60; and (3)
known causal mutations account for less than 10% of
EOAD cases, it is clear that there are unidentified genetic
variation(s) with a substantial effect on nmEOAD risk
and/or age at onset. The fact that the concordance be-
tween the parent and the offspring in nmEOAD cases is
lower than 50% but higher than 2.5%4 indicates that this
form of EOAD rather represents a complex disease with
the genetic component made up of a significant number of
both rare and common variants. In addition, part of the
missing heritability of nmEOAD can be hidden within
poorly investigated mutation types, such as copy number
variations (CNVs). In general, only a limited number of
AD studies have investigated the role of CNVs and other
structural variants.e-61 An 18-kb insertion in CR1 (re-
sponsible for the CR1-S isoform with an allelic frequency
of 15% resulting in an extra set of C3b/C4b binding sites)
increases AD risk 2-fold and explains the GWAS signals at
the CR1 locus.e-62 A 44-base pair frameshift deletion in
ABCA7 increases AD risk in African Americans and Ca-
ribbean Hispanics.e-49

A study of 261 nonmendelian families with at least 1 EOAD
case revealed 5 deletions and 5 duplications that segregated
with dementia,e-63 with 2 CNVs encompassing FTD genes
(deletion of CHMP2B and duplication ofMAPT). A recent
analysis of Caribbean Hispanic families multiplex for
EOAD not explained by APP, PSEN1, or PSEN2 muta-
tions,e-64 identified 8 regions previously associated with the
late-onset form, and several novel linkage regions pre-
viously not reported in LOAD subjects (2p15, 5q14.1,
11p15.1, 13q21.22, 13q33.1, 16p12.1, 20p12.1, and
20q11.21). This is in line with the notion that the genetic
architectures of nmEOAD and LOAD overlap partially, but
not fully.

Role of epigenetic changes
The role of epigenetic modifiers in AD is largely unknown;
however, both environmental and genetic age at onset mod-
ifiers could act through epigenetic changes, such as DNA
methylation (DNAm) at specific cytosine-phosphate-guanine
(CpG) sites, one of the key epigenetic modifications. The
Exome Aggregation Consortium revealed that CpGs are the
most highly mutable sites in the human genome, likely be-
cause methyl-C can spontaneously deaminate to T, leading to
C>T or G>A transitions on sense or antisense DNA
strands.e-65 As a result, the frequency of CpGs in the genome
is 25% less than expected and 35% of all coding mutations
occur at CpG sites. The fact that DNAm levels are under
strong genetic control is evident by very similar genome-wide
DNAm profiles in identical twins or triplets vs fraternal
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siblings.e-66,e-67 Hence, studies of crosstalk between genetic
and epigenetic markers are of significant value. For instance,
the analysis of genetic variations controlling the gain or loss of
CpG sites could reveal the functional disease–related CpG
single nucleotide polymorphisms responsible for DNAm
changes. Such a study design reduces the likelihood of false-
negative results due to excessive correction for multiple
testing used in classic GWAS.e-68

Aging, the strongest risk factor for AD, is closely linked to
DNAm. It is clear that aging processes are not sufficiently
represented by chronological aging. In contrast to the steady
pace of chronological age, the pace of biological age varies
among individuals and may be linked with different aspects of
aging via age-related CpGs. In the genomic research field,
both the number of different DNAm clocks (based on specific
GpG sets) and the methodological approaches to assess these
clocks are rising due to their potential in predicting health
span.e-69 It would be important to establish the age-related
expression pattern of genes corresponding to clock-building
CpGs. The CpGs of the reported DNAm clocks are mapped
to 1,633 different genes, including 106 of that are genetically
associated with neurodegenerative diseases, as well as 32
genes involved in the amyloid biological network (e.g.,
BACE1 and PSEN1).e-69

The Horvath’s DNAm clock outperforms others based on its
multitissue applicability and may reflect biological aging.e-70 It
is an accurate age predictor across different tissues (r = 0.96),
including blood and brain, and is based on cumulative as-
sessment ;350 CpGs (available on genome-wide DNAm
arrays), which are hyper- or hypomethylated with age and
mainly mapped to genes involved in development, cell death,
and survival.e-70

DNAm-age acceleration (DNAm-age minus chronological
age) has been found to be significantly associated with several
neurodegenerative diseases including Parkinson disease,e-71

Huntington disease,e-72 and amyotrophic lateral sclerosis with
or without symptoms of FTD.e-73,e-74 The limited data on
DNAm-age in AD suggest that DNAm-age acceleration is a
significant predictor of dementiae-75 and correlates with de-
gree of amyloid pathology in AD.e-76 We recently investigated
a unique Ashkenazi Jewish family with monozygotic triplets
affected by LOAD, whereas one of their offspring developed
EOAD at age 50 years. Notably, DNAm-age of the triplets was
6–10 years younger than chronological age, but it was 9 years
older in the offspring with EOAD, suggesting accelerated
aging.e-66 It is not clear whether DNAm-age reacts to aging or
causes aging; however, the longitudinal study of identical
twins revealed that the asymptomatic twins had aged slower
than the affected twins, supporting the latter notion.e-67

Comprehensive characterization of the association of DNAm-
age acceleration with AD onset can provide critical in-
formation on the distinction between nmEOAD, mEOAD,
and LOAD.

What is lacking in our understanding
of the clinical, neuropathologic, and
genetic delineation of nmEOAD from
mEOAD and LOAD?
There remain critical gaps that need to be addressed to dis-
entangle the etiologic and clinical delineations between
nmEOAD, mEOAD, and LOAD. Foremostly, there has been
a critical lack of longitudinal well-phenotyped data sets of
nmEOAD cases and multiplex families, with standardized
definition and methodology, in different disease stages, and of
different ancestries with clinical, biofluid, neuropathologic,
and genomic information. Although some existing EOAD
cohorts might harbor nmEOAD cases, emphasis has mostly
been put on individuals screening positive for genetic variants.
For many data sets, it remains unclear if and how many
subjects without known mutations there are and what their
clinical biomarker and neuropathologic expression is. Studies
specifically sampling nmEOAD cases would allow compre-
hensive examination of population risk across ethnic groups,
longitudinal changes in biomarkers/neuropathology over the
disease course, prevalence of atypical nonamnestic and neu-
rologic manifestations, and tease apart clinical, neuropatho-
logic, and genetic overlap with mEOAD and LOAD, and
among sporadic and familial forms.

Second, pinpointing the significant proportion of missing
heritability will require large sets of well-phenotyped family-
based and case-control studies of nmEOAD cases with suffi-
cient statistical power. Investigation of all types of genetic
variation including structural, synonymous, and rare varia-
tions, examination of all possible inheritance modes, and
comprehensive study of epigenetic changes is needed. In-
tegration of sequencing with data derived from other -omics
approaches (e.g., transcriptomics, epigenomics, proteomics,
and metabolomics) coupled with advanced bioinformatics
will be critical to pinpoint the functional allelic effectors of
identified loci, define and understand the cellular expression
of disease, characterize determinants and mechanisms of
disease progression, and clarify the distinction of disease
subtypes.

In-depth genetic studies in additional mEOAD and nmEOAD
kindreds displaying a marked discrepancy in age at onset
between family members will also be highly valuable to dis-
entangle the etiology of differences in age at onset. It has
become clear that the location of pathogenic variants within
causal genes can affect pathophysiology and age at onset, as
has been established for variation in PSEN1 pre- and post-
codon 200.16,e-77 However, there are limited data of differ-
ential effects of variant location within any other AD genes on
age at onset and phenotypic variability, incomplete un-
derstanding of the biochemical features of the AD-associated
gene domains, and a lack of knowledge on local genetic an-
cestry at these loci. As has been recently demonstrated for the
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APOE locus, examination of local ancestry can identify novel
ancestry-specific disease loci and help disentangle the factors
underlying observed differential genome-phenome associa-
tions including variability in age at onset.e-78

For both mEOAD and nmEOAD, there is a lack of data
comprehensively assessing the effect of APOE and other
established AD variants on age at onset and clinical variability
in mutation carriers, and a lack of data incorporating genomic
information and neuropathologic features, changes in bio-
marker sequence and progression of symptoms. Assessing
neuropathologic, biofluid, and brain imaging measures across
the disease course informed by genetic background is critical
to disentangle the clinical delineation of AD subtypes asso-
ciated with specific variants. As described above, the ADNI/
DIAN NPC has implemented a uniform assessment protocol
to evaluate the neuropathologic overlap between mEOAD
and LOAD.37 Similar collections of nmEOAD brain tissue
with standardized neuropathologic assessment are needed to
comprehensively delineate neuropathologic overlap of both
these forms with sporadic and familial nmEOAD informed by
genetic background, acknowledging that—given that pa-
thology is confounded with disease onset, progress, and age at
death—differentiation of mEOAD, nmEOAD, and LOAD
based on neuropathologic profile is inherently limited.

Conclusions
Facilitated by substantial advances in genomic technologies
and bioinformatics, the past decade has brought significant
breakthroughs in our understanding of the genetic etiology
and molecular mechanisms underlying AD. In addition to the
known EOAD genes and APOE, we have now identified over
30 loci that modify disease susceptibility. These loci robustly
implicate specific molecular pathways (e.g., immune response,
lipid metabolism, and endocytosis) and have advanced our
understanding of the disease mechanisms at play. However,
significantly lacking is the understanding of genetic, clinical,
and neuropathologic delineation of nmEOAD from mEOAD
and LOAD. In-depth characterization of the distinction be-
tween these forms is critical to fully understand the etiology of
AD, risk factors, and clinical determinants of age at onset,
inform clinical trials aiming to reposition existing drugs, and
develop more effective novel preventive and therapeutic
measures advancing the field toward our vision of personal-
ized medicine.

It is possible to fill the research gaps in our understanding of
nmEOAD. Although nmEOAD is less common than LOAD,
collection and assessment of participants with nmEOAD is
quite feasible. Given the severity of the disease, patients are
often enthusiastic to participate in clinical research studies.
Such participants present at Alzheimer Disease Centers and
other memory clinics with regularity, although follow-up and
participation in biomarker and genetic studies are in-
consistent. Indeed, there are now novel ongoing efforts to

address these issues. Two such studies include efforts out of
the Alzheimer Disease Genetics Consortium (ADGC) and
the Resource for Early-onset Alzheimer Disease Research
(READR). The ADGC and READR have novel whole-
genome sequencing studies of well-phenotyped EOAD par-
ticipants lacking known mutation (ADGC focusing on
singleton/sporadic and READR focusing on families). It is
expected that these studies will identify novel variants and
molecular pathways associated with nmEOAD in different
ethnic groups and help delineate the etiology of this form of
AD from mEOAD and LOAD genetically and clinically.
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