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Abstract

For several decades scientists have speculated that the key to understanding age-related
neurodegenerative disorders may be found in the unusual biology of the prion diseases. Recently,
owing largely to the advent of new disease models, this hypothesis has gained experimental
momentum. In a remarkable variety of diseases, specific proteins have been found to misfold and
aggregate into seeds that structurally corrupt like proteins, causing them to aggregate and form
pathogenic assemblies ranging from small oligomers to large masses of amyloid. Proteinaceous
seeds can therefore serve as self-propagating agents for the instigation and progression of disease.
Alzheimer’s disease and other cerebral proteopathies seem to arise from the de novo misfolding
and sustained corruption of endogenous proteins, whereas prion diseases can also be infectious in
origin. However, the outcome in all cases is the functional compromise of the nervous system,
because the aggregated proteins gain a toxic function and/or lose their normal function. As a
unifying pathogenic principle, the prion paradigm suggests broadly relevant therapeutic directions
for a large class of currently intractable diseases.

Proteins are essential to cellular metabolism and communication, and they form the
framework on which cells and tissues are built. To undertake these roles, most proteins fold
into a specific, three-dimensional architecture that is largely determined by their distinctive
sequences of amino acids. Others have a degree of structural flexibility that enables them to
tailor their shape to the task at hand!-2. For proteins, then, as for the rest of biology, structure
governs function. Hence, it is critical for cells to maintain an efficient quality-control system
that ensures the proper production, folding and elimination of proteins3#. When a protein
misfolds and evades normal clearance pathways, a pathogenic process can ensue in which
the protein aggregates progressively into intracellular and/or extracellular deposits. The
consequence is a diverse group of disorders, each of which entails the aggregation of
particular proteins in characteristic patterns and locations (Fig. 1)>8. New insights into the
ontogeny of these proteopathies are beginning to emerge from the unusual properties of the
prion, arguably one of the most provocative molecules in the annals of medicine.
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The prion paradigm

Prions (“proteinaceous infectious particles’) are unconventional infectious agents consisting
of misfolded prion protein (PrP) molecules; in their misshapen state, the molecules
aggregate with one another and impose their anomalous structure on benign PrP
molecules®12, Prions thus act as corruptive templates (seeds) that incite a chain-reaction of
PrP misfolding and aggregation. As prions grow, fragment and spread, they perturb the
function of the nervous system and ultimately cause the death of the affected individual.

The prion diseases in humans include Creutzfeldt-Jakob disease (CJD), Gerstmann-—
Straussler—Scheinker disease, fatal insomnia and kuru; in nonhuman species they comprise
scrapie, bovine spongiform encephalopathy, chronic wasting disease, transmissible mink
encephalopathy and others®-11:13 Prion diseases are remarkable in that they can be genetic,
infectious or sporadic in origin. Infectivity involves the transfer of seeds (prions) from one
organism to another, whereas the genetic and idiopathic cases seem to develop
endogenously, owing to the spontaneous misfolding and nucleation of PrP molecules into a
self-propagating seed.

Pathologically, the prionotic brain is marked by spongiform degeneration, loss of neurons,
gliosis and the accumulation of aggregated PrP14:15, Despite their similar molecular origins,
the prion diseases can vary behaviourally and pathologically within and among species’?.
The diverse phenotypes are governed in part by the attributes of the affected organism, and
in part by the strain-like functional diversity of prions, which in turn is thought to reflect
distinct conformations of the misfolded PrP%:16-18_ Prions exist in a range of sizes, but the
most potent prions are relatively small, soluble assemblies!®. Although molecular structure
provides a framework for understanding the seeding of prions, there is evidence that prion
propagation and prion toxicity are partly distinct20.

The essence of prion disease is a crystallization-like chain reaction by which malformed PrP
seeds force naive PrP molecules into a similar pathogenic architecture?. Recent findings
now suggest that this “prion paradigm’—the seeded corruption of otherwise harmless
proteins—also underlies the ontogeny of a widening spectrum of maladies, including
common age-related neurodegenerative diseases such as Alzheimer’s disease and
Parkinson’s disease. In many of these disorders, as in prion disease, the aggregating proteins
form characteristic lesions generically known as amyloid (Fig. 1).

Prion-like properties of amyloidogenic proteins

‘Amyloid’ refers to multimeric proteinaceous assemblies with distinctive histochemical
features in tissues, and a cross-f3 quaternary structure as determined by X-ray fibre
diffraction analysis (Box 1). In each manifestation of amyloidosis a specific protein is
involved, and more than 30 different amyloidogenic proteins have been linked to
disease?223, Some types of amyloidosis, such as Alzheimer’s disease and Parkinson’s
disease, are localized to the brain, but others affect organs such as the kidney, liver, heart
and spleen?4,

A protein in the amyloid state (Box 1) is thermodynamically highly stable. Although all
proteins have the potential to generate amyloid under the right conditions, protective
mechanisms ensure that relatively few do so in living organisms2°26, In some cases, the
amyloid state can be biologically useful in nature (“functional amyloids’)2-31, However, in
the amyloidoses the aggregation of proteins disrupts function either because the aggregates
directly harm cells, tissues and organs (a gain of function), and/or because molecules
sequestered within aggregates are unable to execute their required tasks2432,
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Amyloidogenesis also involves the formation of intermediate assemblies known as
oligomers and protofibrils, which can themselves be highly toxic33.

The molecular structure responsible for the toxicity of amyloid and amyloid intermediates is
not fully understood (Box 1). Contemporary work suggests that a deviation from the
energetically favourable and stable parallel and in-register f-sheet amyloid state is linked to
toxicity3*35, Consistent with this concept, assemblies consisting of out-of-register p-sheets
have been identified as toxic amyloid entities36. There is also evidence that the process of
amyloid formation itself can be harmful to cells3’. Like the prion protein®17:28  other
amyloidogenic proteins also can adopt conformationally distinct amyloid “strains’ (Box 1)
with different biological activities and toxicities32:38:39,

In vivo conditions that promote amyloid formation are: increased concentration of the
culpable protein; mutations that destabilize the native form and allow the amyloid-prone
segments of a protein to interact with each other; exposure and/or de novo generation of
amyloid-prone segments through cleavage of the native protein or aberrant translation;
thermodynamically destabilizing conditions such as conducive pH or temperature; and/or a
deterioration of cellular protein quality control (proteostasis), as occurs with advancing
age332, However, a highly effective way to stimulate amyloid formation is by seeding naive
amyloidogenic protein molecules with p-sheet-rich aggregates of a cognate protein?! (Box
1). Studies in experimental animals provide compelling evidence that some systemic
amyloidoses can be induced in this way*9-44. Moreover, recent research indicates that
amyloidogenic proteins linked to various neurodegenerative diseases also exhibit prion-like
seeded self-propagation in vivo and in vitro.

The prion-like properties of amyloid-B

The amyloid-B protein (Ap) is a normal cleavage product of the AB precursor protein
(APP)*>. The physiological role of AB remains indeterminate, but it is now apparent that Ap
aggregation is a key player in Alzheimer’s disease, the most common cause of
dementia?6-48. The self-propagation of aggregates of AB was predicted decades ago from in
vitro studies?! and from inoculation experiments with nonhuman primates*®. However, it
has only recently been established that Af3 can be induced to deposit in the living brain by a
prion-like mechanism, as a result of experiments using genetically modified rodent models.

Rodent A does not readily form amyloid in vivo; however, transgenic animal models
expressing human APP generate AP plaques and cerebral AB-amyloid angiopathy (CAA) at
predictable ages®0. The intracerebral infusion of dilute AB-amyloid-rich brain extracts from
Alzheimer’s disease patients or from aged APP-transgenic mice stimulates the premature
formation of plaques and CAA in these models®1:52, The pathogenic process is also
inducible in transgenic rodents that express human-sequence AP but do not otherwise
develop AB deposits within their normal lifespans®354 (Box 2). The induction of AR
deposition is dependent both on the concentration of AB seeds in the extract and on the
production of human-sequence AP by the host brain®2. Control brain extracts lacking
aggregated AP do not induce A deposition, and the denaturation of proteins or the selective
removal of Ap completely negates the ability of the extracts to seed A aggregation®2.
Seeding of AP deposition also is abrogated by active or passive immunization of the mice
against Ap®2,

Like prions, AP seeds range in size from small, soluble, protease-sensitive aggregates to
large, insoluble, protease-resistant fibrils®. AB lesions in APP transgenic mice are inducible
by injections of pure, synthetic human A fibrils®6, although (similar to recombinant prion
protein®7), the potency of synthetic Ap seeds is less than that of Ap aggregates formed

Nature. Author manuscript; available in PMC 2014 March 24.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Jucker and Walker

Page 4

within the living brain. The reasons for the relative ineffectiveness of synthetic Ap seeds are
not yet apparent; it may be that additional co-factors or chaperones must participate in their
production (as has been shown for recombinant prions®8), or that A (like PrP) can fold into
polymorphic and polyfunctional strains (Box 1)32:38:52.59 |ndeed, strain-like variations in
the morphology of Ap lesions can be seeded in APP-transgenic mice by the injection of AB-
laden brain extracts from different sources®.

Injection of AB-rich brain extract into one brain region eventually triggers deposits in
axonally coupled regions81, Over time, widespread areas of the brain are involved, including
neocortical and subcortical regions®2, similar to areas affected in Alzheimer’s disease (Fig.
1). In addition, AP deposition is inducible in the brain by the injection of extract into the
peritoneal cavity®3, Taken together, these studies reinforce the hypothesis that the
aggregation of AB can be seeded in susceptible hosts by a mechanism that closely resembles
the molecular templating of prions.

The prion-like properties of tau and a-synuclein

Accumulating experimental data indicate that the seeding principle also applies to other
pathogenic proteins, many of which form amyloid-like inclusions within cells. Tau is a
cytoplasmic protein that normally helps to stabilize microtubules, but it becomes
hyperphosphorylated and prone to aggregation (Fig. 1) in a variety of neurodegenerative
conditions, including Alzheimer’s disease, frontotemporal lobar degeneration, progressive
supranuclear palsy, corticobasal degeneration, chronic traumatic encephalopathy and
others®465, The intracerebral injection of brain extracts containing aggregated tau induces
tauopathy in tau-transgenic host mice, and the induced tau lesions propagate systematically
from the injection site to axonally connected areas, consistent with neuronal uptake,
transport and release of tau seeds®. Unlike Ap lesions, tauopathy can be seeded by
exogenous tau aggregates in non-transgenic (wild-type) mice7-68, indicating that
endogenous murine tau itself is amyloidogenic, even though wild-type mice do not develop
tauopathy spontaneously (Box 2, panel b). Tau aggregation is also inducible by recombinant
tau fibrils in cultured cells®® and in tau-transgenic mice’°. As in the case of AB and
prions9:55, tau seeds are of many sizes, and small, soluble assemblies are effective seeds®’.
Intracerebral injections of brain extracts from various human tauopathies have shown that
tau lesions in mice can be induced to resemble those in the corresponding human diseases®®.
These results exemplify the conformation-dependent templated propagation of tau
multimers, and evoke the hypothesis that specific tau conformers give rise to clinically
distinct tauopathies, reminiscent of prion strains.

In a-synucleinopathies such as Parkinson’s disease and dementia with Lewy bodies,
misfolded a-synuclein assembles into intracellular fibrillar inclusions called Lewy bodies
(Fig. 1) and Lewy neurites’. Clues to the induction of these lesions in vivo emerged from
the surprising discovery that some foetal dopaminergic neurons transplanted into the brains
of Parkinson’s disease patients contain a-synuclein-positive Lewy bodies 11 to 16 years
after transplant surgery’273, Studies in vitro’4=76 and in experimental animals’475.77-79
suggest that the inductive agent probably consists of a-synuclein seeds formed within the
host brain that transfer to the grafted neurons to induce a-synuclein aggregation. Consistent
with such a transfer, intracerebral injection of brain extracts containing aggregated a-
synuclein into young, a-synuclein-transgenic mice stimulates the formation of a-synuclein
lesions in the host’8.79; the lesions then emerge in anatomically linked regions of the
brain’®, suggesting a parallel with the apparent spread of a-synuclein deposits in the human
brain (Fig. 1). Eventually, the mice develop progressive neurodegeneration, signs of
Parkinson’s-disease-like motor dysfunction, and premature death’8.7°. Importantly,
intracerebral injections of synthetic (human or mouse) a-synuclein fibrils (as well as
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autopsy-derived brain extracts from a case of Lewy body disease) also induce Lewy-body-
like pathology and neuronal degeneration in non-transgenic (wild-type) host mice89-81,
Finally, synthetic a-synuclein fibrils are able to induce tauopathy, possibly by a cross-
seeding mechanism82. When synthetic fibrils with distinct proteinase-K cleavage sites are
generated, these variant a-synuclein fibrils differ in their ability to stimulate tauopathy?®2.
Differential proteinase-K cleavage of a-synuclein aggregates is also observed in the brains
of Parkinson’s patients, indicative of alternative a-synuclein conformations82,

The growing family of prion-like proteins

Amyotrophic lateral sclerosis (ALS) and frontotemporal lobar degeneration (FTLD) are two
representatives of a cluster of related brain disorders83:84, Genetic factors play a
conspicuous role in the ontogeny of these diseases, which can result from mutations
involving genes coding for tau, superoxide dismutase-1 (SOD1), TAR DNA-binding protein
43 (TDP-43), fused in sarcoma (FUS), C9orf72, heterogeneous nuclear ribonucleoproteins
(hnRNPs) and others83-86. A commonality among these proteins is their susceptibility to
aggregation, particularly in the context of ribonucleoprotein granules that form in cells as a
result of stress. Several of these proteins include aggregation-prone stretches of amino acids
known as ‘prion-like domains’, which occur in a significant subgroup of RNA-binding
proteins8’. Under stressful conditions, the proteins form an amyloid-like cross-p sheet
conformation that enables them to recruit and structurally convert like molecules, in which
state their function is blocked®8. In some instances, the aggregating proteins trap and thereby
disable other proteins as well8. Importantly, ribonucleoprotein granules can be
disassembled when conditions are more favourable for the cell®8. However, the amyloid-like
cross-p sheet conformations can also convert into stable amyloid conformations either
naturally or by disease-linked mutations in the prion domains, as shown for hnRNPs86 and
probably also for TDP-43 (ref. 88). Indeed, TDP-43 inclusions in sporadic ALS appear in a
sequential pattern consistent with the hypothesis of seeded propagation (Fig. 1). Although it
has not been shown in vivo, a prion-like cell-to-cell propagation of TDP-43 and SOD1
aggregates has been demonstrated in cell cultures®®-92, supporting the hypothesis that the
prion paradigm may also apply to diseases in the ALS—FTLD spectrum?3,

Finally, it is worth noting that diseases involving prion-like seeding mechanisms are likely
to expand beyond the classical amyloidoses and neurodegenerative disorders. The tumour
suppressor protein p53 acts mainly in the nucleus to prevent cells from dividing
uncontrollably, and in many human cancers p53 function is diminished®4. Interestingly, p53
can aggregate into amyloid-like assemblies that seed the further aggregation and
mislocalization of the protein; in this ectopic state, it is thought that p53 loses its ability to
suppress cell proliferation, thus promoting malignant growth95.96,

The spectre of infectivity

A defining feature of prions is their infectivity?; that is, their capacity to cause disease when
transferred from an affected individual to a naive recipient. The ease with which prion
disease is transmissible from animal to animal under ordinary circumstances varies; natural
infection by prions is facile in some nonhuman prionoses, such as chronic wasting disease in
cervids, and scrapie in sheep®’:%8. However, in contemporary humans exogenous
transmission of prion disease is rare, totalling approximately 2,700 documented cases of
kuru among the Fore people of Papua New Guinea between 1957 and 2004 (ref. 99) and
approximately 700 known cases of CJD as of 2012 (ref. 100). Most instances of human
transmission have involved unusual routes of exposure such as ritual cannibalism (for kuru),
treatment with contaminated growth hormone extracted from human pituitaries, or the use of
contaminated dura mater in neurosurgical procedures. With the cessation of cannibalism
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among the Fore in the 1950s, recognition of the prion as the disease agent, and
implementation of preventive measures, the transmission of prion disease to humans has
virtually ceased99:100,

We do not yet know why some proteopathies can move from animal to animal whereas
others do not61:101, To become infectious under natural conditions, pathogenic seeds must
exit the body and travel intact to another organism, where they resume replication. During
this journey, the seeds must resist destruction and overcome a number of biological and
physical barriers. Prions thus owe their infectivity, at least in part, to their durability, their
replication over multiple serial passages from one host to another, and to attributes of the
host that either promote or restrain transmission®11, The precise structure of the infectious
PrP assembly has not yet been solved, although most data point to a -sheet-rich amyloid-
like conformation34. It is conceivable that the infectivity of prions results from a particular
molecular architecture of PrP (Box 1). A comparison of prions with other self-propagating
protein assemblies, including systemic amyloids with transmissible properties?943, could
furnish clues to the features that determine whether or not a proteopathic agent is infectious
under everyday circumstances.

Therapeutic implications

Proteins that aggregate in disparate neurodegenerative disorders share with prions the
molecular properties of nucleation, templating, growth, multiplication and spread. Each of
these phenomena presents potential therapeutic targets. For example, reducing the
production or stimulating the removal of amyloidogenic proteins will lower the
concentration of the protein and thereby impede nucleation and growth32, Another strategy
is to stabilize the native conformation of an amyloidogenic protein, an approach that has
been pioneered to treat transthyretin amyloidosis192. Stabilizing existing aggregates also
could have therapeutic value, by hindering their fragmentation and thus the multiplication of
seeds. Another option may be to exploit structural elements of the cross-f sheet to prevent
the corruptive templating of cognate proteins. This strategy is particularly promising when
the atomic structure of the seed is known, and interfering agents can therefore be designed to
bind distinct amyloid conformations93,

The progressive march of symptoms in neurodegenerative diseases has been proposed to
involve the systematic advance of a pathogen along neuronal pathways®-8: 61, 71,104,105
Imaging studies confirm that the differential vulnerability of brain regions to
neurodegenerative changes is correlated with the strength of neuronal connections among
the affected areas06-109, These patterns could reflect the trafficking of proteopathic seeds
among interconnected brain regions. The discharge of AR110.111 and taul12 into the
extracellular space is regulated by neuronal activity. Accordingly, the progression of disease
may be abrogated either by arresting seeds as they travel between cells!13, or by targeting
the cellular processes of release, uptake and transport/7:92.114-121

Finally, a hallmark of chronic diseases is a long silent phase of pathogenesis preceding the
onset of symptoms!22. In Alzheimer’s disease, the pathological cascade is thought to begin
10 to 20 years or more before the first clinical symptoms appear#’:8. Thus, in addition to
being therapeutic targets, small, soluble proteinaceous seeds in bodily fluids could serve as
early biomarkers for pre-symptomatic disease.

Perspectives

The theoretical and practical implications of the prion paradigm hinge on the resolution of a
number of issues. Perhaps the most pressing need is a precise description of the molecular
structure of the amyloidogenic seeds. The physicochemical and cellular conditions that
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promote the formation, growth and proliferation of seeds in vivo also are still ambiguous.
Another question is whether the clinical and pathological diversity of neurodegenerative
diseases reflects the strain-like structural diversity of the aggregates in vivo. In addition,
different proteopathies often coincide in the ageing brain, and it remains uncertain whether
these diseases result from independent pathologic processes, a coincidental response to a
common instigator, or from the ‘cross-seeding’ of one type of aggregated protein by another.
At present, it seems unlikely that non-prion neurodegenerative diseases are infectious under
ordinary circumstances®1:101 but further epidemiological studies are warranted, particularly
with regard to uncommon routes of exposure5?.

After decades of controversy, the prion now is widely accepted as an unorthodox, but
formidable, agent of disease. On the margins of the prion debate has long been the notion
that prion-like processes might drive the misfolding and aggregation of proteins involved in
other diseases®123, Recent experimental work supports this hypothesis. By establishing
seeded protein aggregation as a cardinal pathogenic principle, the prion paradigm stands to
consolidate and focus treatment strategies for a broad spectrum of diseases.
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Figure 1. Commonalities among age-r elated neur odegener ative diseases

The deposited proteins adopt an amyloid conformation and show prion-like self-propagation
and spreading in experimental settings, consistent with the progressive appearance of the
lesions in the human diseases. a, AP deposits (senile plagues) in the neocortex of a patient
with Alzheimer’s disease. b, Tau inclusion as a neurofibrillary tangle in a neocortical neuron
of a patient with Alzheimer’s disease. ¢, a-Synuclein inclusion (Lewy body) in a neocortical
neuron from a patient with Parkinson’s disease/Lewy body dementia. d, TDP-43 inclusion
in a motoneuron of the spinal cord from a patient with amyotrophic lateral sclerosis. Scale
bars are 50 pm in aand 20 pm in b—d. e-h, Characteristic progression of specific
proteinaceous lesions in neurodegenerative diseases over time (t, black arrows), inferred
from post-mortem analyses of brains. AB deposits and tau inclusions in brains of patients
with Alzheimer’s disease (e and f), a-synuclein inclusions in brains of patients with
Parkinson’s disease (g), and TDP-43 inclusions in brains of patients with amyotrophic
lateral sclerosis (h). Three stages are shown for each disease, with white arrows indicating
the putative spread of the lesions (for details see refs 5-8). Panels e and f are reproduced,
with permission, from ref. 61.
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Box 1. The amyloid state of proteins as a framework to explain prion-like protein seeding

A protein in the amyloid state forms bundles of twisted, unbranched filaments. Each
filament is composed of sheets of B-strands (Panel a). These B-sheets run parallel to the
filament axis, and the strands are nearly perpendicular to the long axis. This structural
arrangement produces a distinctive, cross-p X-ray diffraction pattern that reflects the
characteristic spacing between the p-sheets and the p-strands32. Biophysicists classify
amyloid based on the X-ray diffraction pattern, whereas pathologists define amyloid as
deposits of fibrillar protein in cells or tissues that show reddish/green birefringence under
cross-polarized light after staining with the dye Congo red?2. Part of panel a is modified,
with permission, form ref. 32.

In the most common amyloids, the -sheets consist of parallel $-strands that are hydrogen-
bonded by their backbones. The sheet is “in-register’ when identical side chains are on the
top of each other. The sheets are bonded to each other via amino acid side chains that are
inter-digitated like a zipper. Amyloid “steric zippers’ can be formed from identical or
different B-strands (homosteric versus heterosteric zippers). An amyloid-forming protein
may contribute more than one p-strand segment to the cross-f amyloid backbone (spine)32.
At the molecular level, amyloids can be highly polymorphic; that is, a given p-strand
segment is able to form a variety of distinct cross-p amyloid spines and filamentous
structures (panel b). Such conformational variants are suggested to be the molecular basis of
amyloid ‘strains’, that is, amyloids formed from a particular protein but with different
biological activities16:32,

Amyloid formation (panel c) starts with a slow nucleation phase (the aggregation of the
protein into a seed) that may go through a series of intermediate states until the initial
segment of the amyloid spine is formed?1.124. Monomers or oligomeric structures are then
bonded to the ends of the initial amyloid seed by conformational conversion. With
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increasing length, and depending on the conformational stability of the amyloid spine, the
growing fibril can eventually break, either spontaneously or actively through cellular
processes. In this way, amyloid formation becomes self-propagating through the generation
and spread of new amyloid seeds. The kinetics of amyloid fibril formation are a function of
the rates of nucleation, growth, and fragmentation?1:125, The lag time that precedes protein
aggregation in vitro can be greatly shortened by the addition of pre-formed exogenous seeds
(panel d).
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Box 2. Hypothetical model of seeded cerebral amyloid induction in mice

An endogenous protein (panel a, blue) is not amyloidogenic under physiological conditions.
In this case, the application of a seed (panel a, red) will not induce protein aggregation. A
protein is amyloidogenic but does not aggregate during the lifespan of the mouse (which
ends at the dotted line), either because endogenously formed seeds are removed by an
effective proteostasis network, or because seed formation is inefficient and therefore
unlikely to occur during the mouse’s lifetime (panel b, blue). However, with an appropriate
seed (single inoculation), the onset of protein aggregation is advanced and occurs before the
mouse reaches the end of its lifespan (panel b, red). A protein is highly amyloidogenic and

Nature. Author manuscript; available in PMC 2014 March 24.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Jucker and Walker

Page 17

typically aggregates with ageing of the mouse (panel c, blue). The addition of an appropriate
seed advances the onset of protein aggregation (panel c, red).
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