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Abstract

Early-onset familial Alzheimer’s disease (FAD) is pathologically and clinically similar to the more 

common late-onset sporadic form of the disease. The study of rare genetic mutations that cause 

FAD should provide insight into the pathogenesis of sporadic Alzheimer’s disease. FAD mutations 

have only been found in the substrate (amyloid precursor protein, APP) and protease (γ-secretase) 

that produces the amyloid-β peptide (Aβ). The secreted, aggregation-prone 42-residue Aβ peptide 

(Aβ42) has long been considered the pathogenic entity in Alzheimer’s disease. However, recent 

understanding of the complexity of the processing of APP by γ-secretase and the effects of FAD 

mutations on this processing suggests other forms of Aβ as potentially pathogenic.
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Why Study Familial Alzheimer’s Disease?

Alzheimer’s disease (AD) is characterized pathologically by cerebral neurodegeneration, 

extracellular amyloid plaques, and intraneuronal neurofibrillary tangles and clinically by the 

progressive loss of memory and cognitive function. The disease, however, is much more 

complex and heterogeneous than this brief description implies.1 AD typically strikes those 

over age 65, with frequent comorbidities.2 Genetics plays a role but is quite complicated.3 

For these reasons, the pathogenic mechanisms of AD remain unclear, and no effective 

therapeutics have been identified.

Familial Alzheimer’s disease (FAD) presents basic similarities to sporadic AD, but with 

important differences. Onset is in mid-life or earlier, and the genetics follows a dominant 

Mendelian pattern, with 100% penetrance in most pedigrees. Only three genes have been 

identified as associated with FAD: the amyloid precursor protein (APP) and presenilin-1 and 

presenilin-2 (PSEN1 and PSEN2).4 Other than the hereditary nature and early onset, FAD is 

closely similar to the much more common sporadic late-onset AD with respect to pathology, 

presentation, and progression.
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The idea of using rare genetic forms of a disease as a window into the molecular 

pathogenesis of more common sporadic cases is not new. Investigations into rare forms of 

cardiovascular disease led to understanding of the importance of cholesterol biosynthesis 

and transport to cardiovascular disease in the general population. This understanding 

ultimately resulted in the development of statins and other cholesterol-lowering drugs, which 

quickly ranked among the most prescribed medications. Moreover, the study of these rare 

genetic forms of hypercholesterolemia unveiled basic biology, for instance the process of 

endocytosis.

Biology and Pathobiology of γ-Secretase

The study of FAD has likewise borne fruit for basic biology and provided critical clues to 

pathogenesis. As the name indicates, APP is the precursor to the amyloid β-peptide that 

deposits in the AD brain. Successive proteolysis by β-secretase and γ-secretase results in 

release of secreted 38–43 residue Aβ peptides. Presenilin is the catalytic component of γ-

secretase, a membrane protein complex also composed of three other subunits.5 Presenilin 

contains two conserved transmembrane aspartates that catalyze hydrolysis of the APP 

transmembrane domain within the lipid bilayer. Thus, FAD genes encode the substrate and 

the protease that produce Aβ.

γ-Secretase cleaves many other substrates besides APP, with more than 90 substrates 

identified.6, 7 Arguably the most important substrate is the Notch1 receptor, critical to cell-

fate determinations in development and adulthood in all metazoans.8 Knockout of γ-

secretase components results in lethal phenotypes remarkably similar to those seen upon 

Notch1 knockout.9, 10 Cleavage of Notch1 by γ-secretase is an essential component of its 

signaling mechanism, releasing the Notch1 intracellular domain for translocation to the 

nucleus and activation of transcription factors.11 Cleavage of certain other substrates by γ-

secretase likewise results in cell signaling, but for most substrates the role of this protease 

appears to be clearance of membrane-bound protein stubs. For this reason, γ-secretase has 

been dubbed “the proteasome of the membrane”.12

These findings illustrate how the study of FAD has uncovered basic biology, including 

intramembrane proteolysis and elucidation of a central cellular and developmental signaling 

pathway. Yet despite the role of γ-secretase in signaling from Notch1 and other receptors 

and the many substrates cleaved by this protease, the only substrate mutated in FAD is APP. 

FAD mutations in APP are found in and around the small Aβ sequence and alter the 

properties and/or production of Aβ peptides.13 Fourteen FAD missense mutations are within 

the APP transmembrane domain near γ-secretase processing sites, and these mutations lead 

to increased proportions of the 42-residue form of Aβ (Aβ42) compared to the major Aβ 
variant Aβ40. Although a minor portion of secreted Aβ, Aβ42 is highly aggregation-prone14 

and the major form deposited in AD plaques.15 Presenilin FAD mutations likewise alter APP 

proteolysis to increase the ratio of Aβ42 to Aβ40.16
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Reconsidering Aβ42

Aβ42 has been the lead candidate for the pathogenic entity—the molecular trigger—of AD 

for more than 25 years.17, 18 Nevertheless, there is no consensus on identity of the 

responsible Aβ42 assembly state, the nature of the neurotoxic signals, or the connection 

between pathological Aβ and tau.19, 20 Moreover, targeting Aβ has not led to effective 

therapeutic agents.21

The many clinical failures of anti-Aβ drug candidates may be due to intervening too late. 

Brain Aβ deposition can begin 15 years before and cerebrospinal fluid Ab42 can decrease 

25 years before the appearance of symptoms.22 This observation coupled with the later 

spread of tau pathology suggests that even before clinical manifestation disease progression 

may become Aβ-independent and tau-driven.23 Intervention at the level of Aβ would be 

expected to have little effect if this is the case. Again targeting cholesterol for cardiovascular 

disease provides an analogy: treatment with statins should begin long before congestive 

heart failure is imminent.

Although the dearth of effective disease-modifying therapeutics may be explained by timing 

of intervention, the collective clinical failures over the course of nearly 20 years coupled 

with the many fundamental unknowns regarding pathogenic entities and mechanisms has led 

to disillusion with the amyloid hypothesis.24 Nevertheless, the genetics and biochemistry of 

FAD clearly point to aberrant proteolytic processing of APP substrate by γ-secretase as the 

triggering event in FAD.

A detailed understanding of the structural and functional changes in γ-secretase and its 

processing of APP substrate would seem to be critical for elucidating the pathogenesis of 

FAD and revealing strategies for developing prophylactic agents for FAD. Although FAD 

represents only 1–2% of all AD cases, this could be 50,000–100,000 FAD cases in the U.S. 

alone. Precision medicines for other, rarer genetic diseases have been successfully 

developed,25 and this should be both possible and worthwhile for FAD as well. FAD 

therapeutics might also prove effective for sporadic AD.

Processive Proteolysis and FAD

In recent years, the proteolytic processing of APP substrate by γ-secretase has been revealed 

to be much more complicated than previously imagined.26 The initial cut is near the 

cytoplasmic side of the APP transmembrane domain, releasing the APP intracellular domain 

and forming a 48- or a 49-residue Aβ peptide.27 These long Aβs contain most of the APP 

transmembrane domain and are not secreted. Instead, they are further proteolyzed by the γ-

secretase complex, trimming them from the C-terminus in increments of three amino acids.
28 Thus, two general pathways to secreted Aβ peptides are Aβ49→Aβ46→Aβ43→Aβ40 

and Aβ48→Aβ45→Aβ42→Aβ38 (this last trimming event cleaves off four amino acids)

(Fig. 1). Full confirmation of this carboxypeptidase activity of γ-secretase came with the 

detection and quantification of the tri- and tetrapeptide products by mass spectrometry.29

Presenilin FAD mutations are deficient in this carboxypeptidase activity.30–32 So far only a 

limited number of mutations have been examined at this levels, and it would seem to be 
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critically important to determine if this is a common effect of FAD mutations, both in 

presenilins and APP. The deficient trimming of the mutants so far examined results not only 

in increased Aβ42 vis-à-vis Aβ40 but also in increased proportions of longer, membrane-

anchored Aβ peptides ranging from 45 to 49 amino acids.30 Presenilin FAD mutations can 

also be deficient in the initial cleavage event, which can result in buildup of substrate, the 

99-residue APP C-terminal fragment (C99).30 C99 also contains the entire Aβ sequence and 

can be thought of as a form of membrane-anchored Aβ.

Dark Amyloid

Normal or pathological roles of membrane-anchored Aβ peptides are completely unknown; 

to date they have only been considered as intermediates to the secreted peptides. I refer to 

these membrane-anchor Aβs as “dark amyloid” (Fig. 1). Like dark matter, they are difficult 

to detect, but they may have profound effects. As dark amyloid is located in the membrane, 

it is well positioned to trigger a toxic signal in the cell. This could occur through self-

association, through interaction with other membrane proteins, or a combination of the two. 

Effects need not be cell-autonomous in neurons, but could for instance be produced in and 

trigger responses from glial cells, ultimately leading to synaptic dysfunction and 

neurotoxicity.

The pathogenic forms of Aβ in FAD may be distinct from the aggregated extracellular 

forms. Formation of Aβ42-containing plaques and oligomers could be epiphenomena 

occurring coincidentally with formation of the actual neurotoxic Aβ, which I posit here 

could be dark amyloid. However, roles for Aβ42 aggregates and membrane-anchored dark 

amyloid peptides are not mutually exclusive. Indeed, pathogenic roles for both extracellular 

aggregated and membrane-anchored prion protein appear to be operative in prion diseases.33

Criteria for pathogenic Aβ include the ability to elicit synaptic toxicity, tau pathology, and 

neurodegeneration, along with progressive loss of memory and cognitive function, all key 

features of AD and FAD. Aβ plaques do not meet these criteria. Aβo can cause synaptic 

toxicity along with inhibition of long-term potentiation and cognitive deficits in animal 

models,34, 35 but neither tau pathology nor neurodegeneration are observed. Thus, the AD 

phenotype is only partially recapitulated by Aβo. The search for alternative forms of Aβ as 

candidate pathogenic entities in AD and FAD would therefore seem appropriate.

Concluding comments

AD research is in a state of crisis, and there is the palpable sense that some fundamental 

piece in the puzzle of pathogenesis is missing. Thus, the field seems ripe for a paradigm 

shift, moving away from an old model that is no longer useful, as it is not leading to 

fundamental advances in either pathogenic mechanisms or effective therapeutics. Whether 

the concept of dark amyloid is key to such a paradigm shift remains to be seen. In any event, 

a focus on unraveling the effects of FAD mutations on γ-secretase processing of APP to 

elucidate pathogenesis of FAD is entirely appropriate.
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Figure 1. 
Processive proteolysis of APP substrate by γ-secretase. Initial proteolysis releases the APP 

intracellular domain (AICD) and forms Aβ48 or Aβ49, which are subsequently trimmed 

along two pathways: Aβ49→Aβ46→Aβ43→Aβ40 and Aβ48→Aβ45→Aβ42→Aβ38. 

Peptide intermediates Aβ45 through Aβ48 contain most of the APP TMD and are 

membrane-anchored, while Aβ38 through Aβ43 are secreted. FAD mutations in g-secretase 

are deficient in carboxypeptidase activity and increase membrane-anchored Aβ peptides, 

dubbed here “dark amyloid”.
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