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SURVEY AND SUMMARY
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ABSTRACT

The study of prions as infectious aggregates dates
several decades. From its original formulation, the
definition of a prion has progressively changed to
the point that many aggregation-prone proteins are
now considered bona fide prions. RNA molecules,
not included in the original ‘protein-only hypothe-
sis’, are also being recognized as important factors
contributing to the ‘prion behaviour’, that implies the
transmissibility of an aberrant fold. In particular, an
association has recently emerged between aggrega-
tion and the assembly of prion-like proteins in RNA-
rich complexes, associated with both physiological
and pathological events. Here, we discuss the his-
torical rising of the concept of prion-like domains,
their relation to RNA and their role in protein ag-
gregation. As a paradigmatic example, we present
the case study of TDP-43, an RNA-binding prion-like
protein associated with amyotrophic lateral sclero-
sis. Through this example, we demonstrate how the
current definition of prions has incorporated quite
different concepts making the meaning of the term
richer and more stimulating. An important message
that emerges from our analysis is the dual role of
RNA in protein aggregation, making RNA, that has
been considered for many years a ‘silent presence’
or the ‘stone guest’ of protein aggregation, an impor-
tant component of the process.

INTRODUCTION

This review deals with the concept of prion-like proteins
and/or domains. This concept dates the 90s when Wick-
ner found proteins in yeast with a behaviour similar to
that observed for vertebrate prions (1). The definition was
then transferred and widened to incorporate also proteins
with properties somewhat different from those originally set
for prions. The most recent interpretation of the prion-like
term includes many different aggregation-prone proteins
that are also often involved in the phenomenon of liquid-
liquid phase separation, a concept of great actuality.

In our review, we retrace the concept of prion-like pro-
teins to understand its meaning, applications and role in
normal and pathologic functions. We explore the concept of
prion-like proteins and their link to RNA-binding proper-
ties and liquid-liquid phase separation. The view that comes
out from our analysis is the richness of meanings that the
prion-like term has now incorporated with a direct link to
essential metabolic pathways that, when altered, may di-
rectly lead to pathology. Using the paradigmatic example of
the TDP-43 protein, we discuss the link between prion-like
proteins and RNA, a component previously banned from
the definition of prions. We could thus say that RNA has
acted in prion and prion-like proteins as the ‘stone guest’ of
the Mozart’s opera Don Giovanni. This metaphorical ex-
pression indicates an impending presence (person or object)
known by all but not explicitly acknowledged, that is invis-
ible, silent and, consequently, rather disturbing and unpre-
dictable. Accordingly, we discuss in this review how the role
of RNA is not unique: we show how it can be both bene-
ficial or detrimental for aggregation depending on the se-
quence and composition of RNA. Keeping this message in
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mind, we suggest that RNA could be used as a powerful way
to interfere with protein self-assembly or aggregation if the
synthax of protein–RNA interactions was fully decoded.

The prion concept

It may be useful for our discussion to briefly trace back the
origin of the prion concept. The term prion was originally
used to describe a proteinaceous particle (PrP) with infec-
tious properties that would exclusively consist of a single
protein without the involvement of a nucleic acid genome
(2). The concept originated from studies of animal and
human diseases, scrapie in sheep, kuru and Creutzfeldt-
Jakob diseases in humans, and spongiform encephalopathy
in cows (mad cow disease) (3–6). The idea made great ru-
mor at the time because it was noticed that all previously
known pathogens, such as bacteria, parasites and viruses,
are able to reproduce themselves through a genetic code and
thus through nucleic acids. Stanley Prusiner showed instead
that the scrapie infectious agent was susceptible to all agents
that disrupt proteins, i.e. proteases, inactivation by chemi-
cal modification, chaotropic salts, urea (2). The hypothesis
was also consistent with the resistance of the scrapie agent
to ionizing and UV irradiation, extreme heat, high pressure
and nucleases that act on nucleic acids, inactivating viruses
and bacteria (2,3,7,8). In 1985, Prusiner and Charles Weiss-
man discovered that a host cellular gene encoded the major
protein found in purified preparations of the scrapie agent,
and that the infectious material lacked the gene encod-
ing the cellular prion protein (PrPC) (9). In the same year,
Bruce Chesebro and Richard Race showed that PrP27–30, a
protease-resistant fragment of infectious PrP (residues 80–
231), is a normal component of both infected and unin-
fected mouse and hamster brain tissues (10,11). In 1993,
Prusiner suggested that the scrapie infectious agent may be
an immunologically inert host encoded protein (PrPC) that
could misfold into a pathologic form (PrPSc), by a confor-
mational change of �-helices into a �-rich structure prone
to undergo a liquid-to-solid phase transition, which is often
called in the field ‘protein aggregation’. These �-rich aggre-
gates were supposed to have structural features similar to
those of ‘amyloids’ found in proteins associated with nu-
merous other protein misfolding disorders (12–14). Amy-
loid fibrils are ordered protein aggregates, which assemble
to form insoluble fibers resistant to degradation and com-
posed predominantly of a �-sheet structure aligned perpen-
dicularly to the fibril axis (cross-� conformation). The con-
version would template the misfold of other natively folded
PrPC and cause a prion disease in susceptible hosts (15).
Thus, two different but interconnected aspects are what
makes prions a prion: the capacity to have a conformational
change toward a �-rich structure (conformational switch)
and the ability to transmit misfolding in a process that could
be described as infectious (16).

A conformational switch

Vertebrate prions are the very benchmark of the concept of
a conformational switch. The conversion of PrPC into the
�-rich (ca. 47% �-sheet content) PrPSc is considered the key
event in the transmission of prion disease or, in other words,

of prion infectivity (17,18). The cellular form of mature hu-
man PrPC comprises 231 residues after deletion of a 22-
residue signal peptide (19). It is a diglycosylated protein, an-
chored to the outer leaflets of plasma membranes via glyco-
sylphosphatidylinositol (GPI) although non-glycosylated
and mono-glycosylated isoforms may co-exist (20,21).

The prion sequence is composed of a intrinsically un-
structured N-terminus and a globular C-terminus (22,23).
The first structure of the C-terminal domain of a vertebrate
PrPC was that of the mouse protein solved by NMR spec-
troscopy in the Wuethrich’s laboratory (24). Many other
structures from the most diverse animals have been solved
since (22,23). They all have similar folds consisting of three
�-helices (H1, H2 and H3) and a short anti-parallel �-sheet
and reflecting the remarkable degree of sequence conserva-
tion observed throughout evolution (Figure 1A).

The hypothesis behind PrPSc propagation is that the mis-
folded protein may create a tightly interdigitated steric zip-
per with the �-sheet of PrPC (25,26) inducing the misfold
of the correctly folded protein (Figure 1B). The structure of
PrPsc has not been proven beyond doubt (27). Only theoret-
ical models are currently available and mostly deduced for
the C-terminal domain (18). The main models are a trian-
gular �-helix surrounded by C-terminal helices, proposed
by the Prusiner’s laboratory (28), another �-helix suggested
by MD simulations consisting in a two-rung model of a left-
handed �-helix (29) and a structure in which H2 and H3 of
PrPC are both converted in a parallel all-� architecture (30).
These models have a high �-content but little else in com-
mon. A prominent role in attempts to find the structure of
PrPsc has been recently played by cryo-EM studies (31,32).
Even if a high-resolution structure of PrPSc remains to be
solved, cryo-electron microscopy data now support a vari-
ety of other approaches in favor of the structure of PrPSc as
a four-rung �-solenoid (32).

One interesting consideration is that most of the at-
tention has remained focused on the structured globular
C-terminus (22,33). This choice was partially dictated by
the fact that it seemed easier to deal with a globular re-
gion of known and well-defined structure to reason about
a conformational switch and to explain crossing species
barriers. Nevertheless, the highly positive charged intrinsi-
cally unstructured N-terminus may have an important role
in protein aggregation. Recently, it was reported that the
N- and C-terminal regions may interact, thus disfavouring
PrP aggregation (34,35). RNA might interfere with this in-
tramolecular docking, although the relative strength of the
interaction would play a decisive role.

The role of RNA in prion conversion

The essentiality of the PrPC to PrPSc structural conversion
is also at the base of the original ‘protein-only’ hypoth-
esis according to which the infectious component of the
prion disease would consist solely of proteins without any
nucleic acid element (36). However, prion deposition and
toxicity profoundly differ among tissues, suggesting that
other factors rather than solely PrPC abundance may in-
tervene in dictating prion accumulation and spread (37,38).
Accordingly, in vitro protein-only aggregates display non-
significant levels of infectivity (39). This evidence led to the
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Figure 1. The structure of the prion protein and model of its aggregation. (A) Schematic architecture of the sequence and representative structures of the
globular domain of PrPC, shown as ribbon models. From left to right: cow (pdb id: 1dwz), mouse (pdb id: 1ag2), and xenopous (pdb id: 1xu0). (B) Model
of prion aggregation based on the templating properties of PrPSc.

suggestion that an additional unknown factor (a ‘protein X’
in Prusiner’s words) could influence the PrPC to PrPSc con-
version (40). The investigation of this phenomenon led to
the hypothesis that PrPC aggregation into infectious PrPSc

could be prompted by nucleic acids, which could act as cat-
alysts for the propagation reaction (41–43) and restore la-
tent infectivity (44). In particular, the idea that non-coding
RNA (ncRNA) may have a regulatory function on other
biomacromolecules brought to the investigation of the po-
tential role that RNAs encoded by the host may play in
the PrPC-to-PrPSc conversion during species transmission
(43,45). There was however a substantial difference: nucleic
acids would not transport genetic information but act as
chaperones to lower the free energy barrier between PrPC

and PrPSc, thus favoring conversion (46,47).
RNA is known to be able to either promote (48) or pre-

vent (49) protein aggregation. Whether different sequences
and structures of RNA could cause different effects on
prion aggregation has been long debated (50,51). Some re-

searchers also suggested that RNA could be at the ba-
sis of the various prion species (strains), either by pro-
moting a liquid-to-solid phase separation or maintaining
oligomers in a soluble phase-separated form (50,52,53). In
other cases, it was reported that RNA, irrespective of struc-
ture and sequence, could affect both extent and rate of
PrP aggregation, according to its concentration (54). No-
ticeably, all RNAs bind selectively to the PrP N-terminus,
the protein low complexity domain (55,56). This is hardly
surprising given the strong net positive charge of this
region (22).

It is interesting to note that, in the end, nucleic acids came
back to the prion equation in one way or the other. The in-
tervention of RNA in acquiring PrPSc infectivity appears
now necessary, although the functional and pathogenic na-
ture of the RNA involvement remains unclear. This link
between RNA-binding and the PrP intrinsically unfolded
N-terminus is also interesting in light of what we shall say
about prion-like sequences.
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The concept of prion-like proteins

A few years after Prusiner (2) put forward the protein-only
hypothesis for scrapie, Wickner (1) proposed that protein
conformational switches could be responsible for inheri-
tance of phenotypes also in yeast. The first characterized
yeast prions were propagating amyloid forms of the Sac-
charomyces cerevisiae proteins Sup35p and Ure2p, indepen-
dently named [PSI] and [URE3] (57). The term prion was
then extended to include proteins from other organisms and
endowed with properties not necessarily directly linked to
prions and with no sequence similarities with either yeast
or vertebrate prions. This is why the term prion-like was in-
troduced (58). Bona fide examples of effective delivery of
infectious particles during cell division were demonstrated
in the laboratories of Weissman (59) and Lindquist (60).

In the attempt to classify prion-like proteins, two condi-
tions were defined as important: a high degree of intrinsic
disorder and low complexity sequence regions enriched in
asparagine, glutamine, tyrosine and glycine residues (61,62).
This compositional bias would promote the formation of
several local weak interactions that would promote misfold-
ing. Interestingly, glutamines and asparagines were found
to have an opposite effect on prion formation: asparagines
promote benign prion formation, whereas a glutamine ex-
cess can lead to toxic non-amyloid aggregates (63). This
signature based on unstructured regions with a bias in se-
quence composition towards low-complexity regions imme-
diately informed the development of software able to pre-
dict prion-like regions in proteins.

Several bioinformatic studies have helped to identify
prion-like domains. In a pioneering search in S. cerevisiae,
the Lindquist group conducted a genome-wide bioinfor-
matics survey using a hidden Markov sequence model to
identify putative candidates on the basis of their composi-
tional similarity to known prion forming domains that were
validated experimentally (64). Many more programs were
then developed and have predicted prions in all life domains
(65), including viruses (66,67) and bacteria (68). Synthetic
design of prions (69) indicated that the prion propensity is
strongly linked to the aggregation propensity that can be
predicted with methods to compute the kinetics of amyloid
fibrils (70).

The compositional content is not an absolute rule: the
[HET-s] prion from the fungus P. anserina (71), for in-
stance, is not glutamine/asparagine-rich nor are the highly
conserved vertebrate prions (72–74). Thus, in the attempt
to cover as many cases as possible an alternative model,
pWALTZ, was formulated which suggests a preferential nu-
cleation promoted by a short amyloidogenic stretch able to
trigger the amyloid conversion of the complete prion pro-
tein (16). The amyloid propensities of the stretch would in
turn be modulated by the structural context.

This redefinition led to the inclusion in the prion-like
term of numerous proteins associated with the formation
of �-rich structures formed as a consequence of a con-
formational switch. It is often assumed that this switch is
similar in all protein aggregation diseases and corresponds
to a change from other conformations (disordered, helical,
mixed) to a �-rich structure (13,14), even though the actual
specific structures may vary widely.

Prion-like RNA-binding proteins in neurodegeneration

The use of software able to search prion-like regions
was particularly helpful in finding functional correlations
amongst prion-like sequences. Gene ontology (GO) anno-
tations indicated that ∼30% of human proteins with prion-
like domains function in RNA binding (70) and ∼33% func-
tion in DNA binding (75). Prion-like domains were found
in ∼240 human RNA- or DNA-binding proteins and are
known to have essential functions in mammals (76–78).
Many of these proteins also contain RNA recognition mo-
tifs (RRM) (75,79). RRM-containing genes represent only
∼1% of the human protein-coding genome, but they com-
prise >10% of all genes containing prion-like domains (80).
When the ability of proteins to aggregate in phase-separated
coacervates was investigated, a co-occurrence of prion-like
and RNA-binding domains was observed (81) (Figure 2A).
The best known example of phase-separated assemblies are
stress granules (SGs) (82), which form in the cytoplasm
upon different physical and chemical insults and include
several proteins such as FUS, TDP-43 and TAF15 (83).

Interestingly, it was also noticed that many of RNA-
binding prion-like proteins are associated to neurodegen-
erative disorders (75,84). The association began with the
identification of a trinucleotide repeat expansion in the gene
encoding ataxin-1 that leads to a polyglutamine protein
product and causes spinocerebellar ataxia type-1 (85). Since
this discovery, several other human RNA-binding proteins
with prion-like domains associated with disease were iden-
tified including, for instance, FUS, TDP-43 and TAF15
that are linked to amyotrophic lateral sclerosis (ALS) and
frontotemporal dementia (FTD) (86) (Figure 2B). Re-
cently, Maharana et al. (2018) (87) explicitly suggested that
prion-like RNA-binding proteins like TDP43 and FUS are
kept soluble in the nucleus by the ‘buffering’ action of
high RNA concentrations. These links indicate that hu-
man proteins with prion-like domains are prone to dele-
terious misfolding events that underpin neurodegenerative
disease.

Prion-like proteins in liquid–liquid phase separation

RNA-binding prion-like proteins have more recently been
linked to processes other than toxicity, such as the forma-
tion of SGs or other non-pathologic coacervates that are in-
volved in the formation of membraneless organelles (82,88).
This is reasonable since a compositional bias towards par-
tially hydrophilic residues, together with a low representa-
tion of bulky hydrophobic ones, would help to reach the del-
icate balance between a protein being soluble but still able
to form aggregates in given conditions.

The observation that proteins with prion-like domains
are also RNA-binding suggests a potential link between
these two motifs and their function (81). Tartaglia and
coworkers, for instance, recently evaluated the co-presence
of experimentally reported RNA-binding proteins (89) and
prion-like motifs (90) in a well-known dataset of biologi-
cal coacervates. These authors focused on one of the best
known membraneless organelles, the SGs of S. cerevisiae
(91) to analyse data from Jain et al. (82). They observed
a >5-fold significant enrichment of RNA-binding proteins
and prion-like domains in proteins associated to SGs as
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Figure 2. How the subsets of prion-like, RNA-binding and phase-separating proteins superpose. (A) Comparison of the sets of prion proteins, RBPs and
proteins involved in phase separation shows a remarkable overlap of the three sets proteome-wide. Phase separating proteins are simultaneously more
likely to comprise also the sets of prion-like domains and RBPs. Fraction of prion-like domains as defined in (90) and RBPs are calculated with respect to
proteins found in stress granules, using rest of the proteome as a control. The enrichments, computed with Fisher exact test, are highly significant (P-values
< 0.001) (81). (B) Block diagrams of prion-like proteins linked to neurodegeneration.

compared to the overall yeast proteome (81). It was thus
hypothesized that the two motifs could cooperate and be
present at the same time in SGs and other phase-separated
assemblies. The cooperation would ensure formation of
transient aggregates able to have storage and protective
functions toward RNA.

Proteins that contain both RNA-binding and prion-like
domains were also quantified both in the human and yeast
proteomes and compared to proteins that contain only one
or none of the two domains (81). In this analysis, the Prion-
Like Amino Acid Composition (PLAAC) algorithm was
used which searches protein sequences to identify probable
prion-like regions using a hidden-Markov model (HMM)
algorithm (64). The Fisher test indicated a significant co-
occurrence in both proteomes (P-values < 0.001) thus sup-
porting a possible cooperation between these domains in
the phase separation process. Finally, it was hypothesized
that the self-interaction capacity of prion-like domains can
lead to solid-like aggregation in given conditions. As a large
poly-anionic molecule involved in the maintenance of fluid-
ity, RNA could counterbalance the effect of prion-like do-
mains, shifting the equilibrium towards a more dynamic or-
ganization (92). Disordered regions are also known to in-
teract with RNAs (89,93). Thus, it could be hypothesized
the intriguing possibility that the disordered prion-like do-

mains establish weak, transient interactions with RNA, es-
pecially in the context of an actively regulated coacervate.
While the prion domain has a clear role in promoting pro-
tein interactions and assembling condensates, RNA binding
could influence the final state. The fine interplay between
protein and RNA interactions regulates the formation of
membrane-less organelles, inducing quick formation of ri-
bonucloprotein assemblies and promoting their fast disag-
gregation (81).

The case study of TDP-43

Let us now analyze in closer details how these concepts
apply to one of the best studied prion-like proteins, TDP-
43, taken as an informative example. TDP-43 is an essen-
tial protein that plays an important role in mRNA splic-
ing, degradation, stabilization, translation and transporta-
tion (94,95). TDP-43 aggregates are observed in the neurons
of ALS and FTD patients. In these pathologies, the protein
mis-localizes from the nucleus where it normally resides to
the cytoplasm where it forms inclusions (96–98). Whether
TDP-43 aggregates are the direct cause of cytotoxicity in
FTD and ALS, or simply accumulate as a response to other
pathogenic events is still debated (99,100), although increas-
ing evidence supports a direct toxic effect (98).
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Figure 3. Effects of RNA binding on the solubility of TDP-43. (A) catGRANULE identifies a region promoting phase separation in the prion-like domain
of TDP-43 (red line; RNA-binding domains are marked in green; the profile is scaled ×10). (B) Kinetics of aggregation of N-RRM1–2 in the absence and
presence of a UG-rich and a AC-rich RNA aptamer (at equimolar stoichiometries) as reported in Zacco et al. (2019). The kinetics were represented
proportionately to the variation of the emission fluorescence of ProteoStat™ as a function of time. (C) Model of how ALS would be triggered. Left panel:
In the nucleus, wild type TDP-43 is kept in its native soluble form by its interactions with nucleic acids. It temporarely shuffles to the cytosol to release the
bound mRNA and it is stable enough to relocate within the nucleus. Middle panel: When mutations that directly compromise its RNA-binding ability or
drastically alter its structure occur, TDP-43 can aggregate in permanent occlusions, such as stress granules, together with other proteins and RNAs. Right
panel: The presence of UG-rich RNA/TG-rich DNA, natural binding partners of TDP-43, may be able to stabilise the protein native structure, preventing
or disruption aberrant aggregation.

The structure of TDP-43 comprises of an N-terminal do-
main linked by an unstructured region to two RRM re-
peats, that are followed by an intrinsically unstructured C-
terminus. The RRM motifs recognize preferentially UG or
TG-rich RNA sequences (101). A relatively short glycine
rich prion-like stretch (342–366) within the C-terminus was
considered for a long time the ‘minimal aggregative seg-
ment’ in that is capable of recapitulating some of the ag-
gregation properties of the whole protein (102). This re-
gion has a strong propensity to promote the aggregation of
TDP43 in phase-separated coacervates, as predicted with
the catGRANULE software (Figure 3A) (103). The pro-
gram predicts phase-separation propensity on the basis of
physico-chemical properties such as structural disorder, nu-
cleic acid binding propensity and amino acid composi-
tion (e.g. arginine-glycine and phenylalanine-glycine enrich-
ment) (81). The prion-like domain is not required for RNA-
or DNA-binding activity, but is critical for alternative splic-
ing of some mRNAs and for protein-protein interactions
(104) The importance of this region for protein aggregation
was reinforced by the observation that many of the ALS-
and FTD-linked TDP-43 mutations lie in or near the prion-

like domain. Several of them promote immediate TDP-43
aggregation and enhance proteotoxicity.

We recently proved that, contrary to what previously pos-
tulated, other regions of TDP-43 are prone to misfolding
and promote the formation of aggregates also in the ab-
sence of the prion-like domain (105,106): constructs con-
taining the two RRM domains or a fragment truncated just
after RRM2 form aggregates with amyloid features. More
in general this lesson tells us that aggregation is often not
under the control of only one region and that modular pro-
teins may often contribute with multiple aggregation-prone
regions (88).

We reasoned that, according to its role as an RNA-
binding protein, aggregation of TDP-43 could be modu-
lated by RNA. This view was comforted by several consid-
erations. We had previously shown that native interactions
could be used as a powerful and specific means to inhibit
protein aggregation (107). Other authors had also already
demonstrated that aggregation of TDP-43 could be influ-
enced by DNA/RNA binding even though the precise role
of nucleic acids was controversial: some studies had indeed
provided evidence that TDP-43 binding to cognates DNA
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Figure 4. Flowchart of the milestones of the prion and prion-like concept.

or RNA sequences could prevent aggregation (108,109) and
that binding of TDP-43 to the 3’ UTR of its cognate mRNA
enhanced its solubility (110,111). Other reports claimed in-
stead that RNA induces TDP-43 fragments to adopt highly
toxic misfolded conformations (84). We have shown instead
that RNA aptamers have a strong influence on aggrega-
tion but the effect is not uniform (106): We proved that,
when incubated with UG-rich sequences, the in vitro aggre-
gation of the TDP-43 construct 1–269 (comprising the N-
terminus up to the end of RRM2) was abrogated already
at equimolar protein:RNA ratio; instead, the presence of
non-UG-rich RNA sequences could induce faster aggrega-
tion of the same protein fragment (Figure 3B). This means
that aptamers that share compositional and sequence sim-
ilarities with natural partners and that have a high affinity
for the protein, have a strong inhibitory effect against ag-
gregation. Conversely, aptamers with no resemblance to the
native partners and low affinity binding can in fact increase
aggregation. This behaviour fits very well with the hypoth-
esis that RNA may direct prion-like RNA-binding proteins
either towards maintenance of their native structure or to-
wards a faster conformational switch, according to its se-
quence and structure. RNA may therefore be the element
that renders the proteins more soluble or prone to aberrant
aggregation.

To support these results, an increasing number of TDP-
43 mutations are being identified in regions other than
the prion-like. Among these, the most interesting ones are
Lys181Glu and Lys263Glu mutants that affect two residues
directly implicated in RNA binding (112). These mutations
appreciably reduce the RNA-binding affinity. We found that
while constructs containing the RRM domains of the wild-
type and mutant proteins have similar aggregation proper-
ties in vitro, aggregates are readily generated with the mu-

tated protein because RNA is unable to contrast protein ag-
gregation.

Together these considerations may help us to understand
the mechanisms going on in the triggering of ALS and how
any misregulation of RNA binding may affect TDP-43 ag-
gregation (Figure 3C). They also suggest a possible new line
of therapeutic intervention: If we could design RNA ap-
tamers able to bind to TDP-43 tightly enough to interfere
with aggregation but not with the native function we could
use these sequences as the bases for lead-compounds able to
halt disease progression.

CONCLUSIONS

In summary, we have given here a historical perspective of
prion-like proteins (Figure 4). We have discussed how the
concept of prions has evolved and covers now almost all
examples of amyloid-prone proteins, extending from TDP-
43 and FUS to cover also other macromolecules involved
in protein aggregation such as A�, �-synuclein and polyg-
lutamine containing proteins, which have not been covered
in this review (16). It is interesting to notice how RNA,
at first banned from the prion concept and remained for
many years the Stone Guest of protein aggregation, has fi-
nally been ‘rehabilitated’: it is now established that RNA
plays an active role both in neurodegenerative diseases and
in important cellular functions (113). Its role is however not
unique and this stands out as an important lesson: RNA
can be both beneficial or detrimental depending on its se-
quence and composition. From an evolutionary point of
view, this implies an exquisite evolutionary fine-tuning and
co-evolution of RNA, proteins and their functional require-
ments that deserves future close attention. It is interesting
to note that Docter et al. (114) have hypothesized that or-
ganisms may use RNA as a molecular chaperone to pre-
vent protein unfolding and aggregation. We also propose to
reconsider the mechanisms that promote protein aggrega-
tion and include a new ‘partner-orphan’ model for prion-
like RNA binding proteins in which their solubility may be
determined by the presence or absence of RNA. This new
concept, reminiscent of previous work on proteins (115–
117), would provide to the cell a powerful means to allow
formation of membraneless organelles or to prevent aggre-
gation depending on the RNA sequence and composition.
This perspective also proposes a new strategy towards the
development of anti-aggregation drugs based on RNA ap-
tamers and sheds new light onto the physical forces that de-
termine protein aggregation.

FUNDING

UK Dementia Research Institute [RE1 3556], which is
funded by the Medical Research Council, Alzheimer’s Soci-
ety and Alzheimer’s Research UK; E.Z. was supported by a
MINDED fellowship from the EU Horizon 2020 research
and innovation program under the Marie Skłodowska-
Curie [754490]. Funding for open access charge: UK De-
mentia Research Institute.
Conflict of interest statement. None declared.



Nucleic Acids Research, 2020, Vol. 48, No. 21 11887

REFERENCES
1. Wickner,R.B. (1994) [URE3] as an altered URE2 protein: evidence

for a prion analog in Saccharomyces cerevisiae. Science, 264,
566–569.

2. Prusiner,S.B. (1982) Novel proteinaceous infectious particles cause
scrapie. Science, 216, 136–144.

3. Alper,T., Cramp,W.A., Haig,D.A. and Clarke,M.C. (1967) Does the
agent of scrapie replicate without nucleic acid? Nature, 214, 764–766.

4. Gajdusek,D.C. (1991) Transthyretin amyloidoses of familial
amyloidotic polyneuropathy as a paradigm for the genetic control of
spontaneous generation of infectious amyloids by patterned
configurational change in host precursors in Creutzfeldt-Jacob
disease. Acta Med. Port., 4, 9S–15S.

5. Prusiner,S.B. (1994) Molecular biology and genetics of prion
diseases. Philos. Trans. R. Soc. London Ser. B, Biol. Sci., 343,
447–463.

6. Kocisko,D.A., Come,J.H., Priola,S.A., Chesebro,B., Raymond,G.J.,
Lansbury,P.T. and Caughey,B. (1994) Cell-free formation of
protease-resistant prion protein. Nature, 370, 471–474.

7. Hunter,G.D. and Millson,G.C. (1964) Further experiments on the
comparative potency of tissue extracts from mice infected with
scrapie. Res. Vet. Sci., 5, 149–153.

8. Alper,T., Haig,D.A. and Clarke,M.C. (1966) The exceptionally
small size of the scrapie agent. Biochem. Biophys. Res. Commun., 22,
278–284.

9. Oesch,B., Westaway,D., Wälchli,M., McKinley,M.P., Kent,S.B.,
Aebersold,R., Barry,R.A., Tempst,P., Teplow,D.B. and Hood,L.E.
(1985) A cellular gene encodes scrapie PrP 27–30 protein. Cell, 40,
735–746.

10. Chesebro,B., Race,R., Wehrly,K., Nishio,J., Bloom,M., Lechner,D.,
Bergstrom,S., Robbins,K., Mayer,L., Keith,J.M. et al. (1985)
Identification of scrapie prion protein-specific mRNA in
scrapie-infected and uninfected brain. Nature, 315, 331–333.

11. Locht,C., Chesebro,B., Race,R. and Keith,J.M. (1986) Molecular
cloning and complete sequence of prion protein cDNA from mouse
brain infected with the scrapie agent. Proc. Natl. Acad. Sci. U.S.A.,
83, 6372–6376.

12. Ke,P.C., Zhou,R., Serpell,L.C., Riek,R., Knowles,T.P.J.,
Lashuel,H.A., Gazit,E., Hamley,I.W., Davis,T.P., Fändrich,M. et al.
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