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ABSTRACT 
For over 30 years, the amyloid hypothesis of Alzheimer’s disease has 
dominated this field of biomedical investigation. The hypothesis posits 

that aggregation of the amyloid β-peptide (Aβ) in the brain triggers 

a cascade of events that ultimately lead to neurodegeneration and 
cognitive decline. Early genetic and biochemical evidence supported 

a critical role of Aβ, particularly the 42-residue form Aβ42: Dominant 

missense mutations in the substrate (amyloid precursor protein, APP) 

and enzyme (γ-secretase) that produce Aβ cause early-onset familial 

Alzheimer’s disease (FAD). Nevertheless, serious gaps remain in 
understanding pathogenic pathways, and despite intense efforts over 
many years, effective agents for Alzheimer’s disease have been 
elusive. Here I discuss recent efforts to elucidate precisely how FAD 
mutations alter the complex proteolytic processing of APP substrate 

by γ-secretase, with results suggesting pathogenic triggers other than 

Aβ42. 
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Introduction 
Alzheimer’s disease (AD) is a devastating 

neurological disorder in which gradual 
degeneration of the cerebral cortex leads to 
progressive loss of cognitive function, particularly 
learning and memory.1 In the U.S., over six million 
are afflicted with the disease, with estimates of over 
35 million worldwide. Advanced age is the greatest 
risk factor for AD: ~99% of cases are in those of 
age 65 years and older, and the disease afflicts 
nearly half of those over age 85. Because of this 
strong correlation with age, AD is expected to 
dramatically increase in the coming decades due to 
demographic shifting toward older populations. 

AD can be defined pathologically by the 
presence of specific lesions: amyloid plaques, 
neurofibrillary tangles, and neuroinflammation.2 
Amyloid plaques and neurofibrillary tangles are 
proteinaceous deposits, with plaques being 
extraneuronal and tangles located inside neurons. 
The plaques are primarily composed of the small (4 

kDa) amyloid β-peptide (Aβ), while the tangles are 

composed of hyperphosphorylated forms of the 
normally microtubule-associated protein tau. In 
addition, reactive microglia (immune cells of the 
brain), and astrocytes (neuronal support cells), 
which among other things release inflammatory 
cytokines, are also commonly seen in AD. 

Among these pathological features, Aβ 

aggregation has long been thought to be the 
trigger of a cascade of events that includes tau 
assembly into filaments and tangles and activation 
of microglia and astrocytes resulting in 
neuroinflammation. Indeed, the Amyloid Hypothesis 
of AD pathogenesis was first formulated over 30 

years ago.3,4 Cerebral amyloid plaque deposition 
can occur more than 15 years before the expected 
age of onset of symptoms.5 Moreover, while 
amyloid plaques are unique to AD, pathological tau 
can be seen in other neurodegenerative diseases.6 
However, over the years the Amyloid Hypothesis 

has been modified to implicate soluble Aβ 

oligomeric assemblies, rather than plaques per se, 
as the neurotoxic trigger in AD.7 
 
Familial Alzheimer’s disease 

The impetus for the original formulation of the 
Amyloid Hypothesis was the 1991 discovery of the 
amyloid precursor protein (APP) gene as the site of 
dominant missense mutations associated with early-
onset familial Alzheimer’s disease (FAD).8,9 This 
gene encodes a single-pass membrane protein that 
is constitutively and successively cleaved by two 

proteases to produce the Aβ peptide (Fig. 1). First, 

the membrane-tethered β-secretase cuts in the 

lumenal/extracellular region to release the large 
APP extracellular domain, leaving a 99-residue C-
terminal stub (C99) in the membrane.10 This stub is 
then proteolyzed within its transmembrane domain 

by the membrane-embedded γ-secretase 

complex.11 Although APP mutations result in FAD, 
which strikes in midlife, the discovery of these 
mutations was immediately considered to be likely 
relevant to the more common sporadic AD of the 
elderly. This is because, while FAD is a hereditary 
monogenic disease with an early age of onset, its 
pathology, presentation, and progression are 
closely similar to that seen with the more common 
late-onset sporadic AD. 

 

 
Figure 1. Sequential proteolytic processing of the amyloid precursor protein (APP). Initial proteolysis 

by β-secretase sheds soluble APP ectodomain (not shown), leaving a membrane-bound 99-residue 

C-terminal fragment (C99). Further proteolytic processing of C99 by γ-secretase releases Aβ 

peptides and APP intracellular domain (AICD). 
 
FAD-associated mutations in APP are found in 

and around the small Aβ region and alter the 

production or properties of the Aβ peptide.12 Many 

of these mutations are found in the transmembrane 

region, where γ-secretase cleaves, and alter the 

level and length of the Aβ peptides, skewing 

production in favor of a highly aggregation-prone 

42-residue form (Aβ42).  Although Aβ42 is a minor 

product (most is a shorter, more soluble 40-residue 

form, Aβ40), this peptide is the principal Aβ variant 
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found in the pathological cerebral plaques.13 Other 

mutations are found near the β-secretase cleavage 

site and enhance proteolysis by this enzyme to 

increase C99 and therefore Aβ levels. Some 

mutations are located within the Aβ sequence and 

increase the propensity of the peptide to 
aggregate. Provocatively, mutations that protect 

against AD onset are also found near the β-

secretase cleavage site and lead to decreased 
proteolysis at this site,14 findings consistent with the 
Amyloid Hypothesis. 

Several years after the identification of APP as 
a locus for FAD, two other genes were discovered, 
encoding homologous multi-pass membrane 
proteins dubbed presenilin-1 (PSEN1) and 
presenilin-2 (PSEN1).15-17  Well over 100 mutations 
have been identified to date, all missense mutations 
and predominantly in PSEN1.12 Very quickly these 

mutations were found to increase the ratio of Aβ42 

to Aβ40 in transfected cells and transgenic mice.18-

22 In subsequent years, presenilin was found to be 

essential for processing of C99 by γ-secretase23 

and an unprecedented intramembrane aspartyl 
protease.24 Activation of presenilin involves 
assembly with three other membrane protein 
subunits25-28 and autoproteolysis of presenilin into 
an N-terminal fragment (NTF) and C-terminal 
fragment (CTF)24,29 Each of these two presenilin 
subunits contributes one of the conserved catalytic 

aspartates to the active site of the γ-secretase 

complex. 
 

Targeting γ-secretase 

The search for inhibitors of γ-secretase, to 

reduce Aβ production and potentially treat AD, 

began even before the enzyme was identified as a 
novel intramembrane aspartyl protease complex. 
Early inhibitors were peptides and peptidomimetics, 
and these compounds proved to be useful chemical 

tools and probes to study γ-secretase, identify its 

substrates, and elucidate its roles in biology and 

disease.30 The first γ-secretase substrate discovered 

after APP was Notch1, a cell-surface receptor 
essential for development in all metazoans.31,32  
Interaction with a cognate ligand on a neighboring 
cell triggers Notch1 ectodomain shedding and 
intramembrane proteolysis to release Notch 
intracellular domain, translocation to the nucleus, 
and activation of transcription of genes that 

regulate cell-fate determinations.33 The γ-secretase 

complex is now known to cleave over 100 
membrane protein substrates.34 

The development of inhibitors with more 
optimal drug-like properties than peptide 

analogues allowed clinical testing of γ-secretase as 

a target for the potential treatment of AD. Even 
before the advent of these compounds, however, 
the specter of toxicity due to inhibition of Notch1 
signaling loomed large. Notch1 is not only essential 
in development;35 it also plays signaling roles in cell 
differentiation in adulthood.36 Concerns about 
interfering with Notch function were validated by 

large clinical trial with two different γ-secretase 

inhibitors, both of which caused serious adverse 
events connected with deficient Notch signaling: 
gastrointestinal effects, immunosuppression, and 
skin lesions.37,38 More alarming though was the 
finding that both clinical drug candidates caused 
cognitive worsening in AD patients, the opposite of 
expectations based on the Amyloid Hypothesis.  

In the decade since these failed clinical trials, 

hope for γ-secretase as a target has rested in 

modulators of the enzyme activity.39 These 

compounds lower production of Aβ42 without 

inhibiting the enzyme. Early compounds were not 

potent, but over twenty years, many classes of γ-
secretase modulators have been discovered. 
Among these, some have high potencies, good drug-
like properties, and excellent safety profiles. Most 
recently, one such compound was reported with 
promising pre-clinical results that appear to justify 
entry into human trials.40 The promise of these 
agents, however, entirely depends on the 

assumption that Aβ42 is the pathogenic entity in AD. 

 
Processive proteolysis 

γ-Secretase cleavage of APP substrate C99 

does not only result in Aβ40 and Aβ42 production. 

A series of proteolytic events take place, beginning 
with endoproteolysis and followed by 
carboxypeptidase trimming of initially formed long 

Aβ peptides to shorter secreted forms (Fig. 2).41 

Initial endoproteolysis of C99 occurs at so-called ε 
cleavage sites to produce Aβ48 or Aβ49 and 

release the corresponding APP intracellular 
domains AICD49-99 and AICD50-99, 

respectively.42 The long Aβ peptide intermediates 

are then processively proteolyzed, generally in 
tripeptide intervals, along two pathways: 

Aβ49→Aβ46→Aβ43→Aβ40 and Aβ48→Aβ45 

→Aβ42→Aβ38.41  Aβ peptides of 43 residues and 

shorter are secreted once released from the 
protease complex, while the longer intermediates 
are retained in the membrane if they are not further 
processed.43 
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Figure 2. Processive proteolysis of C99 by γ-secretase occurs along two pathways. (A) Initial 

endoproteolysis of C99 to produce Aβ49 and AICD50-99 is followed by processive 

carboxypeptidase trimming of Aβ49 to Aβ46, Aβ43 and Aβ40. (B) Alternatively, initial 

endoproteolysis of C99 can produce Aβ48 and AICD49-99. Subsequent trimming of Aβ48 produces 

Aβ45, Aβ42 and Aβ38. The last two Aβ peptides along either pathway can be released from the 

membrane and secreted. 
 

FAD mutations lead to proteolytic dysfunction in 

the processing of APP substrate C99 by γ-secretase, 

reducing ε proteolysis and/or one or more specific 

trimming steps. Early work demonstrated that five 

FAD PSEN1 mutations in the γ-secretase complex, 

while generally reducing AICD production (ε 

cleavage), all skewed the Aβ profile toward 

peptides of 45 residues and longer compared to 
the wild-type enzyme.44 A later report confirmed 
these findings with other FAD mutations in APP and 

PSEN1.45 In another follow-up study, synthetic Aβ48 

and Aβ49 were used as substrates, testing the 

effects on carboxypeptidase trimming to Aβ40 and 

Aβ42 independently of endoproteolysis.46  The 

same five FAD-mutant PSEN1/γ-secretase 

complexes displayed dramatically reduced 

trimming function of Aβ49→Aβ40 and 

Aβ48→Aβ42.  Because Aβ49→Aβ40 processing 

was more severely compromised, all five FAD-

mutant enzymes led to increased Aβ42/Aβ40 

ratios, widely considered as the critical factor in Aβ 

aggregations into toxic oligomers and pathological 
plaques. 

More recently, a comprehensive analysis of all 

proteolytic events by purified wild-type γ-secretase 

on wild-type and 14 FAD-mutant APP C99 
substrates was conducted.47 Using liquid 
chromatography coupled to tandem mass 
spectrometry (LC-MS/MS), AICD and small-peptide 

coproducts for each cleavage step were quantified. 
With this information, the cleavage efficiencies for 
each step could be deduced and the levels of all 

Aβ peptide products could be calculated. 

Validation for the approach was supported in two 

ways. First, levels of Aβ40 and Aβ42 production 

calculated from LC-MS/MS results closely matched 
results obtained by specific ELISAs. Second, total 

AICD levels closely matched levels of total Aβ 

production. Moreover, levels of specific AICDs were 

similar to the sum of the Aβ peptides produced 

along that pathway (e.g., AICD50-99 ≈ 

Aβ49+Aβ46+Aβ43+Aβ40). The results showed 

that, while some of the FAD mutations did not 

elevate Aβ42/Aβ40, all 14 disease-causing 

mutations reduced trimming of Aβ peptides of 45 

residues and longer, elevating the levels of these 
peptides. This raises the question of pathogenic 

roles of these long, membrane-anchored Aβ 

peptides in FAD. 
 
Implications for pathogenesis and drug discovery 

Although the Amyloid Hypothesis has reigned 
for over 30 years, serious gaps remain in 
pathogenic mechanisms and pathways. Moreover, 

despite intense efforts worldwide to target Aβ, 

particularly aggregation-prone Aβ42, no effective 

therapies exist that demonstrably slow or halt the 
neurodegeneration and cognitive decline of AD. 
How then to reconcile the fact that mutations that 

https://esmed.org/MRA/index.php/mra/article/view/3013
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cause early-onset FAD are only found in the 

substrate (APP) and enzyme (γ-secretase) that 

produce Aβ? The answer to this conundrum may lie 

in the multiple proteolytic events carried out by γ-
secretase. Conducting full analysis of the effects of 
FAD mutations on all proteolytic processing of APP 

substrate by γ-secretase reveals that early, not late, 

proteolytic steps are compromised, resulting in 

elevation of longer, membrane-anchored Aβ 

peptides. 

These long Aβ peptides, which we have dubbed 

“dark amyloid”, are difficult to detect but may have 
profound biological effects. In a recent study,48 a 
human neuroblastoma cell line was developed that 
stably expresses an FAD mutation in APP that 

dramatically elevates Aβ42/Aβ40 by blocking the 

Aβ46→Aβ43 trimming step. In parallel, another 

cell line was developed that expresses this FAD-
mutant APP with an additional designed mutation 

that blocks Aβ45→Aβ42 trimming; these cells 

produce essentially no Aβ42. Because mitochondrial 

dysfunction, including decreased oxygen utilization, 
is seen in AD and other neurodegenerative 
diseases,49 oxygen consumption rates in these cell 
lines were measured. While the FAD-mutant APP 
cell line showed reduction in basal respiration and 
respiration associated with ATP production, the 

addition of an Aβ42-blocking mutation led to even 

further reductions in oxygen consumption rates. 
Thus, the observed mitochondrial dysfunction 

occurred even in the absence of Aβ42 production 

and instead correlated with blocking trimming of 

Aβ45 and Aβ46. 

Advances in computational biology50 coupled 

with structure elucidation of the γ-secretase complex 

bound to APP substrate51 has made possible the 
development of molecular dynamics simulations that 
provide insight into the structural mechanisms of 

processive proteolysis by γ-secretase and the 

effects of FAD mutations.52,53 These simulations 

capture the active γ-secretase complex poised for 

ε proteolysis of APP C99 substrate and predict 

effects on Aβ48 vs. Aβ49 production by FAD 

mutations in APP that were verified by biochemical 
experiments.52 Most recently, molecular dynamics 

simulations likewise capture the Aβ49→Aβ46 

trimming step, again with predicted deficiencies of 
certain FAD APP mutations confirmed by LC-MS/MS 
analysis.53 In unpublished work, these computational 
models show that FAD mutations result in less 
flexible and therefore more stable enzyme-

substrate complexes, suggesting how these 
mutations might reduce proteolytic function. 

Taken together these recent findings suggest a 
path to drug discovery for FAD involving the search 

for a new class of γ-secretase modulators that 

stimulate stalled enzyme-substrate complexes and 
prevent the buildup of long membrane-anchored 
dark amyloid peptides. Compounds that only 

stimulate the conversion of Aβ42 to Aβ38, as 

current γ-secretase modulators do,39 may not be 

effective if the pathogenic mechanisms of FAD 
mutations involve dysfunction of early, not late, 

proteolytic steps in the γ-secretase processing of 

APP C99. The new molecular dynamics models of γ-
secretase proteolysis of APP substrate may provide 
a platform for virtual screening to find such novel 
modulators, with top virtual hits tested in 
biochemical assays that allow quantification of all 
proteolytic steps. Optimized compounds could then 
be tested in cell and animal models of FAD. Such 
compounds may have potential as therapeutics not 
only for FAD but also for the much more prevalent 
late-onset sporadic AD. 

 
Conclusions 

The decades-long search for disease-modifying 
therapeutics for AD that prevent onset or slow 
progression have not yielded effective medications. 
The large majority of clinical candidates have 

targeted secreted Aβ peptides, particularly Aβ42, 

in light of the prevaling Amyloid Hypothesis of AD 
pathogenesis. Dominantly inherited early-onset FAD 
provides an opportunity to elucidate pathogenic 
mechanisms and identify new therapeutic 
approaches. Recent studies suggest that inhibition of 

early proteolytic events in APP processing by γ-
secretase and elevation of long membrane-bound 
“dark amyloid” peptides is a common effect of FAD 

mutations. Thus, compounds that rescue deficient γ-
secretase proteolysis of mutant enzyme or substrate 
would be expected to prevent or delay onset or 
slow or halt progression of FAD. Given the close 
similarities between early-onset inherited FAD and 
the more common sporadic late-onset AD, advances 
in understanding and treating FAD are likely to 
have implications for all AD cases. 
 
Conflicts of Interest Statement 
The author declares no conflicts of interest 
 
Funding Statement 
This work is supported by Grant AG66986 from the 
U.S. National Institutes of Health. 

 
 

https://esmed.org/MRA/index.php/mra/article/view/3013
https://esmed.org/MRA/mra


                                                                             Beyond the Amyloid Hypothesis 

 

 
Medical Research Archives |https://esmed.org/MRA/index.php/mra/article/view/3013  
 

6 

References 
1.  Querfurth HW, LaFerla FM. Alzheimer's 

disease. N Eng J Med. 2010;362(4):329-
344. 

2.  Serrano-Pozo A, Frosch MP, Masliah E, 
Hyman BT. Neuropathological alterations in 
Alzheimer disease. Cold Spring Harb Perspect 
Med. 2011;1(1):a006189. 

3.  Hardy JA, Higgins GA. Alzheimer's disease: 
the amyloid cascade hypothesis. Science. 
(1992;256(5054):184-185. 

4.  Hardy J, Allsop D. Amyloid deposition as the 
central event in the aetiology of Alzheimer's 
disease. Trends Pharmacol Sci. 
1991;12(10):383-388. 

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

6.  Lee VM, Goedert M, Trojanowski JQ. 
Neurodegenerative tauopathies. Annu Rev 
Neurosci. 2001;24:1121-1159. 

7.  Selkoe DJ, Hardy J. The amyloid hypothesis 
of Alzheimer's disease at 25 years. EMBO 
Mol Med. 2016;8(6):595-608. 

8.  Chartier-Harlin MC, Crawford F, Houlden H, 
et al. Early-onset Alzheimer's disease caused 

by mutations at codon 717 of the β-amyloid 

precursor protein gene. Nature. 
1991;353(6347):844-846. 

9.  Goate A, Chartier-Harlin MC, Mullan M, et al. 
Segregation of a missense mutation in the 
amyloid precursor protein gene with familial 
Alzheimer's disease. Nature. 
1991;349(6311):704-706. 

10.  Cole SL, Vassar R. The role of APP processing 

by BACE1, the β-secretase, in Alzheimer's 

disease pathophysiology. J Biol Chem. 
2008;283:29621-29625. 

11.  Wolfe MS. Structure and Function of the γ-
Secretase Complex. Biochemistry 
2019;58(27):2953-2966. 

12.  Alzforum.org. 
http://www.alzforum.org/mutations. 

13.  Iwatsubo T, Odaka A, Suzuki N, Mizusawa H, 

Nukina N, Ihara Y. Visualization of Aβ42(43) 

and Aβ40 in senile plaques with end-specific 

Aβ monoclonals: evidence that an initially 

deposited species is Aβ42(43). Neuron. 

1994;13(1):45-53. 
14.  Jonsson T, Atwal JK, Steinberg S, et al. A 

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

15.  Sherrington R, Rogaev EI, Liang Y, et al. 
Cloning of a gene bearing missense mutations 

in early-onset familial Alzheimer's disease. 
Nature. 1995;375(6534):754-760. 

16.  Rogaev EI, Sherrington R, Rogaeva EA, et al. 
Familial Alzheimer's disease in kindreds with 
missense mutations in a gene on chromosome 
1 related to the Alzheimer's disease type 3 
gene. Nature. 1995;376(6543):775-778. 

17.  Levy-Lahad E, Wasco W, Poorkaj P, et al. 
Candidate gene for the chromosome 1 
familial Alzheimer's disease locus. Science. 
1995;269(5226):973-977. 

18.  Borchelt DR, Thinakaran G, Eckman CB, et al. 
Familial Alzheimer's disease-linked presenilin 

1 variants elevate Aβ1-42/1-40 ratio in vitro 

and in vivo. Neuron. 1996;17(5):1005-1013. 
19.  Citron M, Westaway D, Xia W, et al. Mutant 

presenilins of Alzheimer's disease increase 

production of 42-residue amyloid β-protein 

in both transfected cells and transgenic mice. 
Nat Med. 1997;3(1):67-72. 

20.  Tomita T, Maruyama K, Saido TC, et al. The 
presenilin 2 mutation (N141I) linked to 
familial Alzheimer disease (Volga German 

families) increases the secretion of amyloid β 

protein ending at the 42nd (or 43rd) residue. 
Proc Natl Acad Sci USA. 1997;94(5):2025-
2030. 

21.  Xia W, Zhang J, Kholodenko D, et al. 
Enhanced production and oligomerization of 

the 42-residue amyloid β-protein by Chinese 

hamster ovary cells stably expressing mutant 
presenilins. J Biol Chem. 
1997;272(12):7977-7982. 

22.  Duff K, Eckman C, Zehr C, et al. Increased 

amyloid-β 42(43) in brains of mice 

expressing mutant presenilin 1. Nature. 
1996;383(6602):710-713. 

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

24.  Wolfe MS, Xia W, Ostaszewski BL, Diehl TS, 
Kimberly WT, Selkoe DJ. Two  
transmembrane aspartates in presenilin-1 
required for presenilin endoproteolysis and 

γ-secretase activity. Nature. 1999;398:513-

517. 
25.  Francis R, McGrath G, Zhang J, et al. aph-1 

and pen-2 are required for Notch pathway 

signaling, γ-secretase cleavage of βAPP, and 

presenilin protein accumulation. Dev Cell. 
2002;3(1):85-97. 

https://esmed.org/MRA/index.php/mra/article/view/3013
https://esmed.org/MRA/mra
http://www.alzforum.org/mutations


                                                                             Beyond the Amyloid Hypothesis 

 

 
Medical Research Archives |https://esmed.org/MRA/index.php/mra/article/view/3013  
 

7 

26.  Takasugi N, Tomita T, Hayashi I, et al. The 

role of presenilin cofactors in the γ-secretase 

complex. Nature. 2003;422(6930):438-441. 
27.  Edbauer D, Winkler E, Regula JT, Pesold B, 

Steiner H, Haass C. Reconstitution of γ-
secretase activity. Nat Cell Biol. 
2003;5(5):486-488. 

28.  Kimberly WT, LaVoie MJ, Ostaszewski BL, Ye 

W, Wolfe MS, Selkoe DJ. γ-Secretase is a 

membrane protein complex comprised of 
presenilin, nicastrin, aph-1, and pen-2. Proc 
Natl Acad Sci USA. 2003;100(11):6382-
6387. 

29.  Thinakaran G, Borchelt DR, Lee MK, et al. 
Endoproteolysis of presenilin 1 and 
accumulation of processed derivatives in vivo. 
Neuron. 1996;17(1):181-190. 

30.  Wolfe MS. Substrate-based chemical probes 

for Alzheimer's γ-secretase. Med Chem Res. 

2020;29:1122-1133. 
31.  De Strooper B, Annaert W, Cupers P, et al. A 

presenilin-1-dependent γ-secretase-like 

protease mediates release of Notch 
intracellular domain. Nature. 1999;398:518-
522. 

32.  Struhl G, Greenwald I. Presenilin is required 
for activity and nuclear access of Notch in 
Drosophila. Nature. 1999;398(6727):522-
525. 

33.  Kopan R, Ilagan MX. The canonical Notch 
signaling pathway: unfolding the activation 
mechanism. Cell. 2009;137(2):216-233. 

34.  Güner G, Lichtenthaler SF. The substrate 

repertoire of γ-secretase/presenilin. Sem Cell 

Dev Biol. 2020;105:27-42. 
35.  Reichrath J, Reichrath S. Notch Signaling and 

Embryonic Development: An Ancient Friend, 
Revisited. Adv Exp Med Biol. 2020;1218:9-
37. 

36.  Bigas A, Porcheri C. Notch and Stem Cells. 
Adv Exp Med Biol. 2018;1066:235-263. 

37.  Coric V, van Dyck CH, Salloway S, et al. 

Safety and tolerability of the γ-secretase 

inhibitor avagacestat in a phase 2 study of 
mild to moderate Alzheimer disease. Arch 
Neurol. 2012;69(11):1430-1440. 

38.  Doody RS, Thomas RG, Farlow M, et al. Phase 
3 trials of solanezumab for mild-to-moderate 
Alzheimer's disease. N Eng J Med. 
2014;370(4):311-321. 

39.  Bursavich MG, Harrison BA, Blain JF. γ-
Secretase Modulators: New Alzheimer's 
Drugs on the Horizon? J Med Chem. 
2016;59(16):7389-7409. 

40.  Rynearson KD, Ponnusamy M, Prikhodko O, et 

al. Preclinical validation of a potent γ-
secretase modulator for Alzheimer's disease 
prevention. J Exp Med. 
2021;218(4):e20202560. 

41.  Takami M, Nagashima Y, Sano Y, et al. γ-
Secretase: successive tripeptide and 
tetrapeptide release from the 
transmembrane domain of beta-carboxyl 
terminal fragment. J Neuroscience. 
2009;29(41):13042-13052. 

42.  Gu Y, Misonou H, Sato T, Dohmae N, Takio K, 
Ihara Y. Distinct intramembrane cleavage of 

the β-amyloid precursor protein family 

resembling γ-secretase-like cleavage of 

Notch. J Biol Chem. 2001;276(38):35235-
35238. 

43.  Qi-Takahara Y, Morishima-Kawashima M, 

Tanimura Y, et al. Longer forms of amyloid β 

protein: implications for the mechanism of 

intramembrane cleavage by γ-secretase. J 

Neuroscience. 2005;25(2):436-445. 
44.  Quintero-Monzon O, Martin MM, Fernandez 

MA, et al. Dissociation between the 

processivity and total activity of γ-secretase: 

implications for the mechanism of Alzheimer's 
disease-causing presenilin mutations. 
Biochemistry. 2011;50(42):9023-9035. 

45.  Szaruga M, Munteanu B, Lismont S, et al. 

Alzheimer's-Causing Mutations Shift Aβ 

Length by Destabilizing γ-Secretase-Abetan 

Interactions. Cell. 2017;170(3):443-456. 
46.  Fernandez MA, Klutkowski JA, Freret T, 

Wolfe MS. Alzheimer presenilin-1 mutations 
dramatically reduce trimming of long 

amyloid β-peptides (Aβ) by γ-secretase to 

increase 42-to-40-residue Aβ. J Biol Chem. 

2014;289(45):31043-31052. 
47.  Devkota S, Williams TD, Wolfe MS. Familial 

Alzheimer's disease mutations in amyloid 

protein precursor alter proteolysis by γ-
secretase to increase amyloid β-peptides of 

>45 residues. J Biol Chem. 
2021;296:100281. 

48.  Pope CA, Wilkins HM, Swerdlow RH, Wolfe 

MS. Mutations in the Amyloid-β Protein 

Precursor Reduce Mitochondrial Function and 
Alter Gene Expression Independent of 42-

Residue Amyloid-β Peptide. J Alzheimer Dis. 

2021;83(3):1039-1049. 
49.  Lezi E, Swerdlow RH. Mitochondria in 

neurodegeneration. Adv Exp Med Biol. 
2012;942:269-286. 

50.  Wang J, Arantes PR, Bhattarai A, et al. 
Gaussian accelerated molecular dynamics 

https://esmed.org/MRA/index.php/mra/article/view/3013
https://esmed.org/MRA/mra


                                                                             Beyond the Amyloid Hypothesis 

 

 
Medical Research Archives |https://esmed.org/MRA/index.php/mra/article/view/3013  
 

8 

(GaMD): principles and applications. Wiley 
Interdiscip Rev Comput Mol Sci 
2021;11(5):e1521. 

51.  Zhou R, Yang G, Guo X, Zhou Q, Lei J, Shi Y. 
Recognition of the amyloid precursor protein 

by human β-secretase. Science. 

2019;363(6428):eaaw0930  
52.  Bhattarai A, Devkota S, Bhattarai S, Wolfe 

MS, Miao Y. Mechanisms of γ-Secretase 

Activation and Substrate Processing. ACS 
Cent Sci. 2020;6(6):969-983. 

53.  Bhattarai A, Devkota S, Do HN, et al. 
Mechanism of Tripeptide Trimming of 

Amyloid β-Peptide 49 by γ-Secretase. J Am 

Chem Soc. 2022;144(14):6215-6226. 
 

 
 

https://esmed.org/MRA/index.php/mra/article/view/3013
https://esmed.org/MRA/mra

