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Abstract
Genetic factors are now recognized to play an important role in most age-related dementias. While
other factors, including aging itself, contribute to dementia, in this review we focus on the role of
specific disease-causing genes and genetic factors in the most common age-related dementias. We
review each dementia within the context of a genes/environment continuum, with varying levels
of genetic versus environmental influence. All major classes of dementia will be discussed but
greatest attention will be given to the most common dementia, Alzheimer’s disease, for which
several new genetic factors were recently identified.
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AGE-RELATED DEMENTIAS ARE PROTEINOPATHIES WITH VARIABLE
GENETIC INFLUENCE

It has become increasingly clear that most age-related neurodegenerative diseases, including
virtually all dementias, map to various classes of “proteinopathy.” The term proteinopathy
refers to the tendency for specific proteins to abnormally accumulate and deposit within the
brain, often within specific neuropathological structures. Stated differently, all the major
types of dementias represent protein conformational disorders. The key classes of dementing
proteinopathy are the amyloidopathies, tauopathies, synucleinopathies, TDP43-opathies,
prionopathies, and polyglutaminopathies.

Except for the strictly heritable polyglutamine diseases, all of these classes of proteinopathy
can be familial (i.e., hereditary), in which case they are caused by dominant-acting disease
gene mutations, or sporadic (i.e., nonhereditary) in which case they are caused by a
multitude of factors, including advancing age. While not strictly genetic disorders, many
sporadic dementias are made more or less likely by the presence or absence of specific
genetic risk factors. As illustrated in Figure F, the full spectrum of the genes versus
environment continuum (Fig. 1) is covered by the dementias. At one end, the “pure” genetic
disorders (e.g., Huntington’s disease and other polyglutamine diseases) are still influenced
modestly by environmental factors (such as degree of physical activity). At the other end,
acquired disorders (e.g., the chronic traumatic encephalopathy recently described in some
football players) will likely prove to be influenced by genetic factors. A disease like
Alzheimer disease’s (AD) falls squarely in the middle of this genes/environment continuum.
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Overlap among the major classes of proteinopathies has also become evident. This is
illustrated best by AD, which by definition is both an amyloidopathy and a tauopathy.
Likewise, in Lewy body dementia the widespread deposits of α-synuclein in Lewy bodies
are frequently accompanied by amyloid plaques. Molecular studies also suggest biological
interactions between α-synuclein and amyloid/tau pathways in the central nervous system
(CNS). And while TDP-43 inclusions are a hallmark of a large subset of frontotemporal
dementia, TDP43 staining also can be seen in select brain regions in other dementias that are
not primarily TDP43-opathies. As exacting clinicians, neurologists strive to fit every patient
neatly into a diagnostic category, but this is made more challenging by the overlap among
the neurodegenerative proteinopathies. Indeed, recent neuropathological series indicate that
mixed-type dementia is much more common than was once thought.

Alzheimer’s Disease
Alzheimer’s disease is by far the most common form of age-related dementia. Alzheimer’s
disease is classified as early onset versus late onset, with 65 years being the dividing
threshold (for review, see1–3). Alzheimer’s disease is a slowly progressive disease that
usually manifests first as amnestic mild cognitive impairment (MCI) before progressing to
full-blown dementia, in which memory impairment usually remains the most prominent
cognitive deficit. Cerebral atrophy in AD is accompanied by two key neuropathological
hallmarks: amyloid plaques composed of β-amyloid and neurofibrillary tangles composed of
the microtubule-associated protein, tau.

Early onset AD is often caused by mutations in specific genes that cause autosomal
dominant dementia in the family, also known as familial AD. Three different dominant-
acting disease genes have been implicated. The amyloid precursor protein gene (APP),
discovered first, encodes the neuronal membrane protein APP from which β-amyloid (A-β)
is released through the sequential action of two proteases, β-secretase and gamma-secretase.
The other two genes underlying familial AD are presenilins 1 and 2. Presenilins are a key
component of the gamma-secretase complex. Presenilin 1 mutations are the most common
cause of familial AD. Mutations in APP are much less common, and mutations in presenilin
2 rarer still. Collectively, families with familial AD from these three disease genes comprise
only ~2% of all AD. Nevertheless, their discovery has greatly advanced understanding of the
pathophysiology of all AD.

The overwhelming majority of AD is late onset AD. Strictly speaking, late onset AD is not a
genetic disorder, although genetic factors play an important role. The most important genetic
risk factor in late onset AD is Apolipoprotein E (ApoE), which consistently surfaces as the
biggest genetic risk factor in association studies of AD (for review, see4). The ApoE E4
allele is associated with an increased risk of late onset AD and the ApoE E2 allele with
reduced risk. As a genetic risk factor rather than a disease-causing mutation, the ApoE4
allele is neither necessary nor sufficient to cause AD; some people with an ApoE4 allele do
not develop AD, and plenty of people without an ApoE4 allele do. Accordingly, at this point
the clinical value to an individual in knowing his or her ApoE4 status remains controversial.

While ApoE4 status, together with imaging and cerebrospinal fluid (CSF) biomarkers, can
be used to increase the probability of correctly diagnosing AD or predicting progression
from MCI to AD, ApoE allele testing is not currently used routinely by neurologists. A
recent study showed, however, that well-informed individuals are generally well equipped to
handle this piece of genetic information.5

As discussed below, numerous genome-wide association studies have recently uncovered
additional genetic risk factors of much lower significance than ApoE. These new factors
have not yet entered the clinical realm, but studies are beginning to link specific genetic risk
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factors to one or more components of the AD phenotype (e.g., cognitive profile, structural
changes observed on imaging, CSF biomarkers).

While most AD is not strictly genetic, the three identified disease-causing genes and the
ApoE risk factor have led to a much better understanding of key pathogenic events in AD
(for review, see6–8). Together they support the amyloid cascade hypothesis, the prevailing
model of AD pathogenesis. For example, APP is the precursor protein for A-β, and APP
mutations typically increase production of A-β. Some familial AD is due to triplication of
this gene, leading to an increased dose of APP. Likewise, persons with Down syndrome,
who have a third copy of APP by virtue of trisomy 21, develop age-dependent amyloid
deposition and dementia. Both presenilins 1 and 2 are components of gamma-secretase, the
protease complex responsible for the final cleavage step that releases A-β peptide. Finally,
ApoE, the most important genetic factor in late onset AD, is implicated in both the
aggregation and clearance of A-β, with different ApoE isoforms (E2, E3, and E4) having
differential activity.4

Thus, all three identified disease genes as well as ApoE link to the production or
accumulation of amyloid. Implicit in the amyloid cascade model, however, is a biological
and temporal connection between early A-β-mediated events and later tau-mediated
events.9,10 While tau is not itself mutated in AD, mutations in tau do cause another form of
dementia, frontotemporal dementia (FTD) or frontotemporal lobar degeneration (FTLD), as
described below. Some research findings favor the view that aberrant tau behavior correlates
more closely with neuronal death than does amyloid deposition.

The discovery of AD disease genes has spurred the development of biomarkers that can be
used to make diagnostic and prognostic predictions.11–18 For example, amyloid now can be
imaged noninvasively through positron emission tomography (PET) with Pittsburgh
compound B (PiB) or similar amyloid imaging compounds. Studies employing PiB have
shown that amyloid deposition occurs many years prior to the onset of AD, consistent with
the amyloid cascade hypothesis. In general, human studies confirm that production of
amyloid is indeed a proximal event in disease. Likewise, a reduction in A-β in the CSF
correlates with amyloid plaque formation in early stages of disease. Later in disease, an
increase in total tau and phosphorylated tau in the CSF correlates with progressive brain
atrophy. The eventual successful development of preventive therapies for AD likely may
depend on employing such biomarkers in future preventive clinical trials, and currently A-β
and tau levels in the CSF can be used to increase the accuracy of diagnosing AD versus
other forms of dementia.

While modest symptomatic therapies exist for AD, preventive therapies are still lacking.
Several recent trials and others currently underway seek to reduce amyloid production/
accumulation or enhance its clearance from the brain. Some AD researchers fear, however,
that this approach may be too little too late for those with amnestic MCI or AD. By that
point in disease, anti-amyloid therapy may not be sufficient since a key downstream
pathological entity, phosphorylated tau, might continue to exert its neurotoxic effects even if
accumulated β amyloid is eliminated. Eventual therapeutic success may require hitting the
amyloid target even earlier in the disease process and/or or attacking both of the key
neuropathological targets, amyloid and tau.

Emerging insights from biomarker studies, coupled with the failure thus far to find effective
preventive therapies, have led the recent push for scientists and physicians to take a longer
view of AD–to view it as a disease process extending over decades rather than narrowly as
the dementia which declares itself late in the course of disease progression.19 Growing
evidence indicates that we can identify biomarkers of ongoing disease well before a person
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shows cognitive symptoms. Testing potential preventive therapies early in the disease
process may improve our ability to find effective drugs that slow the rate of disease or stop it
altogether.

Susceptibility Genes in Late Onset AD
Many reports, mostly employing a candidate gene approach, have claimed or refuted
hundreds of potential risk genes in AD.20 The non–replication of many of these studies
reflects the fact that most were insufficiently powered to detect small genetic effects.21

Recently, genome-wide association studies (GWAS), which establish linkage to disease
based on SNPs closely spaced across the full genome, have offered a more powerful
approach to identify susceptibility genes for complex disorders.

In four recent major GWAS studies of AD, as well as in many earlier association studies,
APOE was identified as a powerful genetic risk factor22–25 (for review, see26). The recent
GWAS studies also identified 9 novel loci for which the evidence is compelling: CLU,
PICALM, CR1, BIN1, ABCA7, MS4A cluster, CD2AP, CD33 and EPHA1. In comparison
to APOE, these identified factors confer a relatively small risk for disease: an increased
disease odds ratio of only 1.1–1.15. In contrast, the odds ratio for the APOE E4 allele is 3.0
to 4.0.

The immediate implication of these newly identified susceptibility genes is that they suggest
novel mechanisms contributing to disease pathogenesis that may not be linked to the
production, oligomerization or clearance of β-amyloid. As discussed below, these pathways
include the immune system and complement activation, synaptic dysfunction, membrane
recycling, and lipid metabolism. In the near future, full genomic or exomic sequencing of
affected versus control cases likely will contribute still further to our understanding of
genetic contributions to late onset AD.

The newly identified genetic risk factors are:

CLU
CLU was identified as a risk factor in multiple GWAS analyses.22,23 The CLU gene
product, clusterin, is an apolipoprotein expressed in most tissues including the brain. Several
properties of clusterin suggest a link to A-β: 1) it is present in amyloid plaques; 2) it acts as
an A-β chaperone to block aggregation; 3) it mediates A-β clearance at the blood brain
barrier by increasing glial endocytosis; and 4) it regulates amyloid formation and
cytotoxicity.27 Clusterin also plays a role in inflammation and the immune response,
inhibiting complement activation28 and modulating the inflammatory response associated
with complement activation downstream of A-β aggregation. In addition, elevated plasma
levels of clusterin have been observed in AD,29 its expression is increased in affected
cortical areas, and it is found in the CSF of AD patients.30 The disease-associated CLU C
allele is associated with impaired white matter integrity.31

CR1
CR1 is linked to AD through A-β-induced activation of the C3 complement cascade. The
CR1 gene resides on chromosome 1 amid the gene cluster of regulators of complement
activation.32 A crucial mediator of innate immunity, CR1 functions as an immune adherence
molecule on erythrocytes and is abundant in neurons of the AD brain.33 For years,
neuroinflammation and activation of the complement system have been suspected to play a
role in AD pathology.34 CR1 could modulate AD pathogenesis at several levels. It could
alter the clearance of A-β since circulating A-β is cleared by C3b-mediated adherence to
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CR1 at the erythrocyte surface, a process which is decreased in AD patients.35 It also could
participate in disease as a negative regulator of the complement cascade, immune adherence,
and/or phagocytosis. Genetic association of CR1 with AD risk may be explained by copy
number variation (CNV) that results in two major isoforms differing in the number of C3/
C4b and cofactor activity sites, and thus having different functional roles in the complement
cascade.36

PICALM
PICALM encodes a phosphatidylinositol-binding clathrin assembly protein that is expressed
at neuronal synapses.37 PICALM and its homologue, AP180, likely participate in clathrin
assembly on coated pits. Both genes participate in axonal development and dendritic growth,
and can alter the size of clathrin-coated vesicles and endosomes. The precise role of
PICALM in AD pathophysiology is unclear. It may modulate APP processing through its
activity in clathrin-mediated endocytosis (CME). Full length APP is retrieved from the cell
surface by CME, and inhibition of endocytosis reduces APP internalization and A-β
production.38,39 PICALM also participates in intracellular trafficking of vesicle associated
membrane protein2 (VAMP2) which regulates synaptic vesicle fusion and memory
formation.40 It is conceivable that the AD-associated PICALM allele promotes synaptic
dysfunction through an effect on synaptic cycling, resulting in neurodegenerative changes.

BIN1
Bridging Integrator 1 is a tumor suppressor that has long been known to control transit
through the cell cycle.41 Also known as Amphiphysin 2, BIN1 occurs as several
alternatively spliced isoforms, including a brain-specific isoform. Some BIN1 isoforms
participate in dynamin-mediated synaptic endocytosis,42 and mice lacking BIN1 expression
have defective endocytic protein scaffolds and synaptic recycling. Thus, these results
implicate BIN1 in receptor mediated endocytosis (RME) and vesicular trafficking as well as
the cell cycle. Amyloid precursor protein, Amyloid β, and APOE are all internalized through
endolysosomal trafficking, suggesting a route by which BIN1 functions as a risk factor in
AD. Alternatively, because BIN appears to link the microtubule cytoskeleton to the cellular
membrane via tubular membrane structures,43 it may influence the formation of
neurofibrillary tangles, the second major hallmark of AD pathology.

ABCA7
The ATP-binding cassette transporter (ABC) A7 is an ABC family protein that transports a
wide range of substances across the cell membrane. It is highly homologous to ABCA1,
which mediates the biogenesis of high-density lipoprotein (HDL), and is associated with
phagocytosis regulated by sterol regulatory element binding protein 2. ABCA7 may be a key
molecule linking sterol homeostasis and the host defense system.44 In the human brain,
microglia express the highest level of ABCA7 mRNA, ~10 fold higher than in neurons.45,46

ABCA7 is an ortholog of ced-7 in Caenorhabditis elegans, which is known to clear apoptotic
cells. As microglia actively phagocytose apoptotic debris in the CNS, high levels of ABCA7
in the microglia point to a potential role for ABCA7 in phagocytosing apoptotic debris
during development or neurodegenerative diseases like AD. ABCA7 has also been shown to
regulate APP processing and inhibit A-β secretion in cells overexpressing APP.47

MS4A
The MS4A genes are clustered on chromosome 11 in humans. Expressed in lymphoid tissue
and brain, they comprise a gene superfamily named the Membrane Spanning 4 domains
subfamily A.48 In the MS4A gene cluster, multiple variants are associated with

Paulson and Igo Page 5

Semin Neurol. Author manuscript; available in PMC 2013 January 21.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



susceptibility to AD: MS4A2, MS4A3, MS4A4, MS4A4E, MS4A6A and MS4A6E.25 A
role in innate and adaptive immunity has been shown for several members of this cluster,
including MS4A1, MS4A2 and MS4AB. For example, MS4A2 encodes the β subunit of the
high affinity immunoglobulin epsilon (IgE) receptor. It initiates the allergic response to
allergen, leading to cell activation and release of mediators. A link between MS4A2 and AD
would further support a pathogenic role for neuro-inflammation in the pathology of AD.

CD33
CD33 is a member of the sialic acid binding immunoglobulin like lectins, also known as
SIGLEC3. It encodes a cell surface receptor on cells of myeloid lineage that is thought to
promote cell-cell interactions and mediate endocytosis through a clathrin-independent
mechanism.49 It regulates functions of cells in the innate and adaptive immune systems.50

CD2AP
CD2 associated protein is a member of a family of related adaptor proteins51 with many
predicted functions. Among its properties, CD2AP associates with cortactin, a protein
involved in the regulation of receptor mediated endocytosis.52 As a cortactin binding
partner, CD2AP functions similarly to the related C. elegans protein CIN85, suggesting a
novel link between the endocytic machinery and the actin cytoskeleton that may regulate the
trafficking of receptor-containing vesicles in neurons. The CD2AP-cortactin complex
possibly regulates the internalization and/or intracellular trafficking of a variety of
transmembrane proteins.52

NEW PATHOPHYSIOLOGICAL PATHWAYS IMPLICATED BY LATE ONSET
AD GENES

While not rejecting or refuting the amyloid cascade hypothesis, the recent GWAS studies
implicate additional regulatory pathways contributing to the etiology of late onset AD (for
additional discussion of non-amyloid pathways implicated in AD, see53).

Immune System and Neuroinflammation (CLU, CR1, CD33, ABCA7 and MS4A)
Signs of chronic inflammatory reaction are seen in areas affected by AD, and upregulation
of the components of the complement system are observed in neurofibrillary tangles and
neuritic plaques. While these phenomena may represent a local response to neuronal damage
and aggregated proteins, evidence suggests that they are not merely a byproduct of a
pathological cascade. Inflammatory processes potentially could turn a relatively slowly
progressive condition into rapid neurodegeneration.54,55 Several of the late onset AD genes
(ApoE, CLU, CR1, CD33, ABCA7 and MS4A) are involved directly or indirectly in the
regulation of inflammatory mechanisms. This further supports a prominent role for the
immune system and neuroinflammation in AD pathogenesis.

CLU and CR1 are both implicated in the immune system and may modulate important
inflammatory processes in AD. They operate in Aβ clearance through phagocytosis by
immune cells.56 Astrocytes are the main source of secreted CLU in brain and ApoE is its
main binding partner. Like ApoE, CLU is involved in the clearance of Aβ from the brain
through lipoprotein receptors. Clusterin binding may represent a way to protect cells against
aggregating proteins by binding to fibrillar proteins. Evidence for clusterin clearing Aβ into
glial cells is seen in mouse models of AD. It inhibits complement activation28 and prevents
the inflammatory response associated with complement activation downstream of protein
aggregation. CLU has been linked to chronic inflammation of the brain, as both C3 and
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clusterin are found in the same neuritic plaques.33 It defends neurons against cytolysis by
inhibiting the complement system and modulating membrane attack complex.28

Genetic variants in CR1 have been implicated in autoimmune and inflammatory diseases.57

Depending upon the number of homologous repeats, CR1 contains multiple extracellular
binding sites for C3b and C4b. A-β oligomers bound to C3b adhere to the erythrocyte and
are subsequently cleared from the circulation. Transgenic mouse models overexpressing
APP have increased Aβ accumulation and inhibition of C3b, suggesting a protective role of
CR1 in AD. Genetic variation in CR1 might affect AD pathogenesis through
neuroinflammation related to local complement inhibition.

Though less well characterized than CLU and CR1, the susceptibility genes CD33, ABCA7,
and the MS4A gene family have also been implicated in immune and inflammatory
pathways in late onset AD, as mentioned above in the individual descriptions of each genetic
factor.

Lipid Metabolism/Cholesterol Dysregulation (ApoE, CLU, BIN1, PICALM and ABCA7)
Regulation of cholesterol homeostasis is crucial for neurological function. Conversely,
dysregulation of cholesterol homeostasis can contribute to neurodegeneration.58,59 The
susceptibility genes ApoE and clusterin are involved in the formation and transport of
lipoprotein particles across the blood brain barrier and share many common properties.
Clusterin is a chaperone molecule that binds Aβ, lipids, and complement factors. It functions
in the transport of cholesterol and phospholipids.30 Genetic variations in CLU are associated
with altered serum lipid levels and increased intima media thickness of the carotid arteries,60

and CLU levels are upregulated in atherosclerosis.61 Thus, CLU may modify AD
pathogenesis by increasing the risk of cerebrovascular disease and as such accelerate the
neurodegeneration process. BIN1 and PICALM may also have a role in the transport of
lipids through RME, and their relationship to lipid-mediated events may have a potential
role in AD. ABC transporters are expressed in brain and play a key role in brain lipid
transport homeostasis. The expression of the ABCA7 gene, which is regulated by sterol
regulatory binding protein-2, promotes the efflux of cholesterol and phospholipids. ABCA7
is one of the closest homologue to ABCA1 and is one of the key molecules linking sterol
homeostasis and the host defense system.62 Dysregulated trafficking of cholesterol and
sterol related compounds promotes the formation of arterial plaques and increases the risk of
heart disease and AD.63 Genetic mutations that alter the transporter function could impact
lipid transport, brain function, and susceptibility to neurodegeneration.

Synaptic Dysfunction and Endocytosis (PICALM, BIN1, CS33, CLU, CD2AP)
In AD the disease process itself probably reflects, in part, an aberration of normal
physiological processes at or near the synapse. Amyloid precursor protein is normally
proteolytically processed during synaptic activity. It’s amino-terminal, soluble APP (sAPP)
fragment has neurotrophic properties, and the intracellular domain released by gamma-
secretase is thought to enter the nucleus and regulate gene expression events. While A-β was
thought by many simply to be a “waste byproduct” of these sequential proteolytic events,
recent studies suggest that A-β is normally produced during synaptic activity64 and may
function to provide a negative feedback signal on excess synaptic activity. In other words,
A-β production may normally help to maintain synaptic homeostasis. As such, the inevitable
day-to-day production of A-β at highly active synapses can lead to its accumulation and
eventual oligomerization. Maybe this is why the basal brain activity pattern known as the
“default pathway” aligns closely with the initial sites of amyloid deposition in AD. While
the critical toxic species formed by A-β remains uncertain, recent studies suggest that
dimers or slightly larger oligomers are the key toxic species.65,66 Since oligomerization is a
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concentration-dependent process, excess A-β at or just outside the neuronal membrane will
favor oligomerization and eventual plaque formation.

Very likely, genetic variants in at least a few of the five genes listed above will alter A-β
production or clearance via changes in synapse-related events. For example, PICALM
localizes to synapses, is likely involved in APP processing through the endocytic pathway,
and has a prominent role in trafficking of VAMP2, a protein involved in synaptic vesicle
fusion and neurotransmitter release. BIN1 is one of two related amphiphysins that play a
critical role in neuronal membrane organization and clathrin-mediated synaptic vesicle
formation. BIN1 knockout mice have deficient protein scaffolds and synaptic vesicle
recycling, and display seizures and major learning deficits. The involvement of BIN1 in
vesicular trafficking could alter dynamics of APP and A-β at or near the synapse. CLU
binds A-β and is involved in the clearance of A-β from the brain either by enhancing
receptor mediated endocytosis or through transport across the blood brain barrier.67,68 CD33
acts as an endocytic receptor and mediates endocytosis through a clathrin-independent
mechanism.50 CD2AP forms a complex with cortactin and regulates internalization and
trafficking of a variety of transmembrane proteins.53

Genetically directed changes in one or more of the aforementioned genes may result in
perturbations of endocytosis and/or synaptic vesicle recycling, and thereby contribute to
disease pathogenesis. There may also be important connections between immune and lipid
pathways and synaptic dysfunction. For example, activation of the components of the
complement system marks unwanted synapses for elimination during development69; thus,
changes in the complement system by genetic risk variants could accelerate programmed
synaptic loss. Dysregulation of cholesterol/lipid metabolism by AD risk genes also could
result in synaptic dysfunction because cholesterol promotes synapse formation and is a
major constituent of neuronal membranes.

FRONTOTEMPORAL LOBAR DEGENERATION (FTLD, FTD)
Frontotemporal lobar degeneration is a genetically and pathologically heterogeneous
neurodegenerative disorder in which the frontal and temporal lobes preferentially degenerate
(for review, see70–72). Age of onset is typically earlier than in AD. In those with dementia
beginning before age 65, FTLD is the second most common cause of primary dementia after
AD. Three major phenotypes comprise FTLD: the classic behavioral variant, which is the
most common form; progressive nonfluent aphasia; and semantic dementia. Compared with
AD, a higher percentage of FTLD is “genetic.” Almost 50% of persons afflicted with FTLD
have a positive family history, conforming to an autosomal dominant pattern of inheritance
in roughly 10–20%.

In reality, FTLD represents a spectrum of diseases characterized by regional brain
degeneration. The spectrum extends from ALS at one end (with or without prominent
features of FTLD), through the above-mentioned variants, to corticobasal syndrome and
progressive supranuclear palsy at the other end, in which the basal ganglia are involved.
Mutations in six unrelated genes have been directly implicated in FTLD, all causing disease
in an autosomal dominant manner. Three are approximately equally prevalent, more
common than the others: the tau gene MAPT, the progranulin gene GRN, and the recently
described hexanucleotide repeat expansion on chromosome 9, C9ORF72. In various series
of FTD patients, the MAPT and GRN genes are each responsible for between ~5 and 15% of
cases. Because the C90FR72 repeat expansion was only reported this year100,101, its
frequency in dominantly inherited and sporadic FTD still remains to be determined, though
studies already suggest it is one of the most common causes of FTD. The other three disease
genes are much rarer causes of FTLD: TADRP, VCP and CHMP2B. Clinical genetic testing
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is available for mutations in MAPT, GRN, and VCP in the United States and Europe, and
for TADRP and CHMP2B in Europe.

Frontotemporal lobe degeneration is proving to be quite complex, both genetically and
pathologically. Unlike AD, in which the mutated genes all reside in the same biological
pathway and cause essentially identical disease at the neuropathological level, FTLD can be
separated into several distinct neuropathological entities reflecting at least two different
proteinopathies. One major subset of patients has tau-based protein accumulations
(neurofibrillary tangles); this subset represents FTLD caused by tauopathy.73 The other
major subset has ubiquitin-positive inclusions that are tau-negative yet positive for the
recently described disease protein, TDP-43. Because mutations in the gene encoding TDP43
can directly cause FTLD or ALS, this subgroup of FTLD is now considered a “TDP43-
opathy.”74 Ultimately, this still unfolding story will prove to be even more complicated:
there is at least one more FTLD subgroup with ubiquitin-positive inclusions that are
negative for both tau and TDP-43, yet positive for FUS, the newest protein on the FTD
spectrum.75,76

The first chromosomal locus identified in FTLD mapped to chromosome 17, hence the
designation FTDP-17 (P for parkinsonism). Soon, mutations in the tau gene, MAPT, were
found to cause disease in many persons with FTDP-17. Patients with tau-mediated
neurodegeneration always display neurofibrillary tangles. A wide variety of dominantly
acting mutations have been discovered in MAPT, for which testing is available. Mutations in
MAPT cause the protein to abnormally accumulate and form fibrils within neurons. The
discovery that MAPT mutations cause dementia firmly established that abnormalities in tau
are sufficient to induce neurodegeneration in humans, and indicated that the tau pathology of
AD is as central to AD pathogenesis as amyloid (for review, see73).

Many FTD families whose disease maps to chromosome 17 have neither tau neuropathology
nor mutations in MAPT. Instead, these families display neuronal inclusions containing both
ubiquitin and the TADRP protein, TDP-43. Disease in these families is caused by mutations
in the GRN gene encoding progranulin, which resides very near MAPT on chromosome 17.
All GRN mutations appear to cause a loss of function of the mutated allele, ranging from
nonsense mutations to full gene deletions (for review, see70). It is now generally accepted
that GRN mutations cause disease through haploinsufficiency, but it remains a mystery why
partial loss of this protein, linked both to neurotrophic and inflammatory pathways, causes
neurodegeneration in which TDP-43 accumulates. In persons with GRN mutations, levels of
the granulin protein are significantly lower in peripheral blood cells than in normal
controls.77–79 This simple “blood test” may eventually serve as a disease test. Genetic
testing is available for GRN mutations.

Considerable attention has been paid to the disease protein, TDP43, encoded by the TADRP
gene.74,80 The TDP43 protein has captured the attention of scientists both because
inclusions containing it now define a large subset of neurodegenerative disorders in the
FTLD/ALS spectrum, and because mutations in TADRP can cause ALS, ALS/FTLD, or
even corticobasal syndrome. Normally a nuclear protein, TDP43 tends to concentrate in the
cytoplasm of neurons in affected individuals.81 While mutations in TADRP may be the most
common cause of familial ALS, they contribute less frequently to FTLD.

A chromosome 9p locus for familial FTD has been known for some time. This year, two
groups independently reported an expansion of a non-coding GGGGCC hexanucleotide
repeat in a gene known as C90RF72 as a cause of familial ALS/FTD100,101. This repeat
expansion becomes the latest in a long line of repeat expansions underlying inherited
neurodegenerative diseases. FTD caused by this expansion is a TDP43-opathy. The
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expansion also appears to be a common cause of sporadic and familial ALS. While the
hexanucleotide expansion may cause disease via a dominant RNA toxicity manner, much
more work is required to determine whether that is the primary pathogenic mechanism.

In a patient with features of FTD and motor weakness, the FTD/ALS spectrum probably will
first come to mind as a possible diagnosis. However, if the weakness reflects myopathic
changes, one should consider a recently described condition known as “inclusion body
myopathy associated with Paget disease of bone and/or frontotemporal dementia”
(IBMPFD). As its name suggests, IBMPFD is a remarkably pleiotropic disorder. It is
relatively rare and inherited in an autosomal dominant manner. Not all affected individuals
with IBMPFD will develop signs of FTD, and particular mutations seem more prone to
cause brain degeneration. Profound, progressive language deficits with relatively preserved
memory seem to be a common presentation of the dementia in this disease. IBMPFD should
be considered in any patient with mid-adult onset dementia accompanied by proximal and
distal muscle weakness and/or features suggestive of Paget disease of the bone (including
spine or hip pain, pathological fractures or deformities in long bones, increased alkaline
phosphatase).

IBMPFD is caused by mutations in Valosin Containing Protein (VCP), an ATPase and
ubiquitin binding protein linked to many ubiquitin-dependent cellular pathways, including
protein degradation by the proteasome.82 Neuropathologically, IBMPFD is a TDP43-
postive, tau-negative form of FTLD. If there is a family history of similar disease (not
necessarily involving all three clinical elements of the disease), then gene testing should be
considered and is clinically available. About 80% of affected persons have a family history
consistent with autosomal dominant disease while another 20% develop sporadic disease.
Thus, in the right clinical scenario a positive family history is not essential to consider the
diagnosis.

FTD caused by a mutation in the CHMP2B (charged multivesicular body protein 2B) gene
is very rare – reported in a single Dutch family. Gene testing is not commercially available.
The mutation, which is thought to act in a dominant-negative manner, alters a protein
component of the endosomal sorting complex known as ESCRT-III, which is required for
formation of the multivesicular body, an early precursor to the lysosome.83,84 Its rarity
notwithstanding, the existence of CHMP2B dementia highlights the importance of
membrane dynamics and autophagy in neurodegenerative disease. Inclusions in this form of
FTLD are negative both for tau and for TDP43.

A newly described, dominant X-linked form of ALS that also can manifest as FTD has been
identified in the gene UBQLN2102. This is a rare cause of familial X-linked ALS which in a
minority of cases manifests with an FTD-like dementia. The Ubiquilin 2 protein is
functionally linked both to the ubiquitin-proteasome degradation pathway and molecular
chaperones. All five described mutations to date occur in a PXX motif near the carboxy
terminus of the protein. These mutations cause ubiquilin 2 to accumulate inside motor
neurons and hippocampal neurons in skein-like inclusions; Ubiquilin 2 deposits are often
associated with TDP43 accumulations. While the pathogenic mechanism in this X-linked
form of ALS/dementia is not clear, it could represent a protein aggregation disorder like
many other neurodegenerative diseases. Alternatively, mutations may alter ubiquitin 2
function in a manner that perturbs ubiquitin-dependent proteostasis in neurons.

Results of GWAS in FTD began to surface this past year. A newly defined disease
susceptibility locus maps to Chromosome 7p21, in the gene TMEM106B.85 This linkage
was confirmed in a second study, though another failed to identify this locus. While the
mechanism by which TMEM106B contribute to one’s genetic risk of developing FTLD is
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unknown, certain SNPs in TMEM106B appear to significantly reduce disease penetrance in
a cohort of patients with documented GRN mutations, possibly by modulating levels of
granulin expression.86

DEMENTIA WITH LEWY BODIES (DLB, LBD)
Synucleinopathies include the overlapping spectrum of Parkinson’s disease (PD), PD with
dementia, and dementia with Lewy bodies (also known as Lewy body dementia). A key
hallmark in these related disorders is the intraneuronal cytoplasmic inclusion known as the
Lewy body, in which α-synuclein is the key aggregated protein. In PD, Lewy bodies are
largely confined to the substantia nigra and certain regions of the brainstem. In DLB,
however, the Lewy bodies are found widespread in the cerebral cortex and are associated
with the various cognitive and psychiatric features of Lewy body dementia (progressive
cognitive decline, visual hallucinations, fluctuating level of attention and alertness). Thus,
one can consider the synucleinopathies as a spectrum extending from pure idiopathic PD
through PD with dementia to bona fide Lewy body dementia.

Most DLB is not familial. The most strongly implicated gene in familial DLB is the gene
encoding α-synuclein itself (for review, see87). Triplication of the gene is associated with
PD as well as DLB. Rare autosomal dominant mutations in synuclein also can cause familial
PD in which dementia is a prominent feature. Glucocerebrosidase mutations implicated in
PD also may contribute to DLB.88

Prion Dementia
Most prionopathies are sporadic and non-familial. However, some cases of Creutzfeldt-
Jakob disease (CJD), and other prion disorders, including Gerstmann-Straussler-Scheinker
disease (GSS) and fatal familial insomnia, reflect dominantly inherited mutations in the
prion gene (for review, see89). In such families, these are highly penetrant mutations that act
dominantly. In sporadic CJD and in variant CD (“mad cow disease”), the sole genetic factor
implicated thus far is the prion polymorphism at codon 129.90 Codon 129 encodes either
valine or methionine. In general among the prion disorders, individuals who are
heterozygous for the codon 129 polymorphism have reduced risk for developing sporadic or
acquired disease.

Several recent studies ascribe prion-like behavior to other neurodegenerative disease
proteins, including tau, α-synuclein, and polyglutamine proteins.91–93 “Prion-like” implies
the capacity of an abnormally folded polypeptide to recruit another related polypeptide to
adopt the same abnormal conformation, initiating a self-amplifying cascade that can even
spread from cell to cell and region to region. Whether this is an important element of disease
pathogenesis in a wide variety of neurodegenerative proteinopathies is far from certain. But
a compelling case can be made that such a phenomenon could underlie the regional spread
of degeneration observed in many tauopathies, including FTD.

CADASIL—Cerebral autosomal dominant arteriopathy with subcortical infarcts and
leukoencephalopathy (CADASIL) is a dominantly inherited disorder characterized by
strokes or transient ischemic attacks (TIAs) in mid-adult life and often preceded by a history
of migraine (for review, see94). It is the most common hereditary cause of stroke and a less
common cause of dementia. The brain MRI reveals extensive white matter changes that can
be confused with the radiographic pattern of multiple sclerosis. In the evaluation of someone
with dementia, a brain MRI revealing extensive white matter disturbances with a history of
early strokes or TIAs, and/or history of migraine, should prompt the neurologist to ask in
detail about any family history of stroke, multiple sclerosis, dementia, or migraine. In the
right clinical setting, genetic testing is appropriate. Mutations in the Notch3 gene cause
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CADASIL. Mutations lead Notch 3 protein to accumulate abnormally in smooth muscle
cells of cerebral and extracerebral vessels.

HUNTINGTON’S DISEASE (HD) AND OTHER REPEAT EXPANSION
DISORDERS

The most common of the nine known polyglutamine disorders, Huntington’s disease (HD) is
a dominantly inherited disorder characterized by the clinical triad of progressive cognitive
impairment culminating in dementia, psychiatric disturbance and motor manifestations, most
notably chorea (for review see95). The characteristic motor manifestations, a positive family
history for similar disease, and caudate atrophy are among the strong clues that someone
may have HD. In late onset HD due to sporadic or new mutations, however, there is no
family history. Typically, when HD appears as a sporadic late-onset disorder, the motor
manifestations including chorea are prominent enough that the neurologist is clued in to test
for HD. The neurologist should also be clued into the possibility that a progressive
dementing disorder accompanied by dyskinesias, in which the chronic use of antipsychotics
may have led to an assumption that the movements represent tardive dyskinesia, could
actually be HD. All patients with HD have a pathogenic CAG repeat expansion which can
be assessed through a sensitive and highly specific gene test. Rare phenocopies of HD (e.g.,
HDL2) should be considered if the HD gene test proves to be negative.96

Most other polyglutamine diseases do not manifest with dementia, but rather with ataxia or
motor neuron involvement. The one clear exception to this rule is spinocerebellar ataxia type
17 (SCA17). Most individuals with SCA17 have significant cortical involvement and
develop progressive cognitive impairment if not frank dementia.97 Typically, however,
SCA17 includes motor manifestations such as ataxia or dystonia.

The Fragile X premutation tremor ataxia syndrome, or FXTAS, is a disorder typically
afflicting males late in life.98,99 It most commonly manifests with an essential-type tremor,
ataxia, and cognitive impairment. The phenotypic variability is great, however, and some
individuals will have a progressive dementia with a gait imbalance or parkinsonism. In an
elderly male with cognitive impairment who has a daughter with premature ovarian failure
and/or a grandson (through his daughter) with mental retardation, the physician should
consider FXTAS in the differential diagnosis. A common, but not pathognomonic,
radiologic hallmark is T2 hyperintensities in the middle cerebellar peduncles. Testing for the
FXTAS mutation (a premutation expansion in the Fragile X mental retardation FMR1 gene)
is clinically available.
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Figure 1.
Spectrum of genes versus environment continuum in the dementias. “Pure” genetic
dementias such as Huntington disease (HD) lie at one end of the spectrum, but may be
influenced modestly by environmental factors. Conversely, the development of acquired
forms of dementia (e.g., chronic traumatic encephalopathy) may ultimately prove to be
influenced by genetic factors. Diseases like Alzheimer’s disease (AD), frontotemporal
dementia (FTD), and dementia with Lewy bodies (DLB) are caused by a mixture of genetic
and environmental factors, with rarer familial forms of each of these disorders residing near
the genes end of the genes/environment continuum. Prion diseases can be strongly genetic
(dominantly inherited familial disease) or acquired (e.g., “mad cow” disease), yet even
acquired forms are influenced by a genetic factor in the prion gene.
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