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Prions are self-templating protein conformers that are naturally transmitted between 

individuals and promote phenotypic change. In yeast, prion-encoded phenotypes can be 

beneficial, neutral or deleterious depending upon genetic background and environmental 

conditions. A distinctive and portable ‘prion domain’ enriched in asparagine, glutamine, 

tyrosine and glycine residues unifies the majority of yeast prion proteins. Deletion of this 

domain precludes prionogenesis and appending this domain to reporter proteins can confer 

prionogenicity. An algorithm designed to detect prion domains has successfully identified 19 

domains that can confer prion behavior. Scouring the human genome with this algorithm 

enriches a select group of RNA-binding proteins harboring a canonical RNA recognition 

motif (RRM) and a putative prion domain. Indeed, of 210 human RRM-bearing proteins, 29 

have a putative prion domain, and 12 of these are in the top 60 prion candidates in the entire 

genome. Startlingly, these RNA-binding prion candidates are inexorably emerging, one by 

one, in the pathology and genetics of devastating neurodegenerative disorders, including: 

amyotrophic lateral sclerosis (ALS), frontotemporal lobar degeneration with ubiquitin-

positive inclusions (FTLD-U), Alzheimer’s disease and Huntington’s disease. For example, 

FUS and TDP-43, which rank 1st and 10th among RRM-bearing prion candidates, form 

cytoplasmic inclusions in the degenerating motor neurons of ALS patients and mutations in 

TDP-43 and FUS cause familial ALS. Recently, perturbed RNA-binding proteostasis of TAF15, 

which is the 2nd ranked RRM-bearing prion candidate, has been connected with ALS and 

FTLD-U. We strongly suspect that we have now merely reached the tip of the iceberg. We 

predict that additional RNA-binding prion candidates identified by our algorithm will soon 

surface as genetic modifiers or causes of diverse neurodegenerative conditions. Indeed, 

simple prion-like transfer mechanisms involving the prion-like domains of RNA-binding 

proteins could underlie the classical non-cell-autonomous emanation of neurodegenerative 

pathology from originating epicenters to neighboring portions of the nervous system. 
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Prions: unusual protein-based genetic elements. 

Even under physiological conditions, it is now clear that certain primary sequences enable 

proteins to adopt a range of alternative structures that are each capable of conformational 

self-replication via templating the conversion of other copies of the same protein (Alberti et 

al., 2009; Gendoo and Harrison, 2011; Goldschmidt et al., 2010; Halfmann et al., 2011; Sawaya 

et al., 2007; Toombs et al., 2010; Wiltzius et al., 2009). Typically, this conversion to a self-

templating form radically alters protein function. Thus, a dramatic change in phenotype 

idiosyncratic to the function of the specific protein in question can rapidly ensue as self-

templating forms deplete other conformers from the population. Sometimes these self-

templating protein conformers can be naturally transmitted between individuals and 

promote phenotypic change. In these cases, the self-templating structures are termed prions 

(Colby and Prusiner, 2011; Cushman et al., 2010; Halfmann and Lindquist, 2010; Shorter, 

2010; Weissmann et al., 2011). 

 

Prions are perhaps most infamous as the etiological agents of infectious neurodegenerative 

diseases in mammals, including bovine spongiform encephalopathy, which can even 

traverse species barriers via the food chain and cause variant Creutzfeldt-Jakob disease in 

humans (Colby and Prusiner, 2011; Collinge and Clarke, 2007; Weissmann et al., 2011). 

Indeed, it is now possible to induce prion disease in wild-type mice by simply inoculating 

recombinant prion protein (PrP) that has been previously folded into a self-templating form 

in the presence of poly-anions and lipid in vitro (Wang et al., 2010; Wang et al., 2011a; Wang 

et al., 2011b). This simple transforming principle helps establish the unfamiliar view of self-

templating protein structures as genetic material (Fink, 2005). 

 

As self-replicating entities, prions are protein-based genetic elements, which are 

inescapably bound by the laws of natural selection. Thus, the concentration of specific self-

templating forms will ebb and flow depending upon their intrinsic ability to self-replicate 

conformation in the prevailing environmental conditions (Duennwald and Shorter, 2010; 

Ghaemmaghami et al., 2009; Li et al., 2010a; Li et al., 2011; Roberts et al., 2009; Shorter, 2010; 

Wang et al., 2008a; Weissmann et al., 2011). In this sense, prion disorders can be viewed as a 

conflict between levels of selection. The initiation of selfish prion replication launches a 
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microevolutionary process in which the prion replicator initially prospers and amplifies but 

ultimately destroys the host. The mammalian nervous system is particularly vulnerable to 

this conflict and can become severely and selectively devastated by prionogenesis (Shorter, 

2010; Weissmann et al., 2011). 

 

Increased awareness of prion-related phenomena in neurodegenerative disease 

In recent years, awareness has increased that a similar microevolutionary process might be 

at work in other neurodegenerative diseases connected with protein misfolding, including 

Alzheimer’s disease, Parkinson’s disease and Huntington’s disease (Shorter, 2010). Indeed, it 

now appears probable that these devastating disorders are also underpinned by the spread 

of self-templating protein conformers. Here, self-templating forms spread from cell to cell 

within contiguous regions of the brains of afflicted individuals, thereby spreading the 

specific neurodegenerative phenotypes distinctive to the protein being converted to the 

self-templating form (Brundin et al., 2010; Cushman et al., 2010; Dunning et al., 2011; 

Goedert et al., 2010; Polymenidou and Cleveland, 2011; Prusiner, 1984; Walker et al., 2006). In 

these instances, transmission is usually restricted to within a tissue or within an individual. 

Transmission between individuals does not seem to occur naturally, but can be induced in 

experimental model systems (Clavaguera et al., 2009; Desplats et al., 2009; Eisele et al., 2010; 

Meyer-Luehmann et al., 2006). This type of phenomena has been termed prion-like and 

Adriano Aguzzi has even coined the term ‘prionoid’ to distinguish these self-templating 

conformers from bona fide prions (Aguzzi, 2009; Aguzzi and Rajendran, 2009). 

 

Prion and prionoid semantics aside, there is a great deal of interest in defining whether 

these types of self-templating cascades are invariably associated with pathology or whether 

they have been captured by cells during evolution and exploited for adaptive purposes. 

Another burning question concerns the definition of primary sequence elements that confer 

the ability to populate self-templating prion or prionoid forms. In this review, we will focus 

on these questions as they relate to an unusual class of emergent RNA-binding proteins. 

 

Yeast prions: good or evil or both? 
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As ever, answers to these critical questions have been rapidly gleaned from the best-

characterized model organism on the planet, the baker’s yeast: Saccharomyces cerevisiae 

(Gitler, 2008). In yeast, multiple proteins can form prions that confer specific heritable 

phenotypes, which are passed from mother to daughter and typically segregate in a 

dominant non-Mendelian fashion (Chien et al., 2004; Shorter and Lindquist, 2005; Tuite and 

Serio, 2010; Wickner et al., 2007). These phenotypes can be advantageous, benign or 

deleterious depending on the genetic background and environmental conditions (Alberti et 

al., 2009; Eaglestone et al., 1999; McGlinchey et al., 2011; Nakayashiki et al., 2005; Namy et al., 

2008; True and Lindquist, 2000; True et al., 2004). Thus, some authors have suggested that 

prions are adaptive bet-hedging devices or evolutionary capacitors that empower survival in 

intermittently stressful and fluctuating environments (Halfmann et al., 2010; Halfmann and 

Lindquist, 2010; Lancaster et al., 2010; Masel and Bergman, 2003; Masel and Griswold, 2009; 

Shorter and Lindquist, 2005; Shorter, 2010; Tuite and Serio, 2010). Conversely, others 

contend that yeast prions are molecular degenerative diseases more akin to mammalian 

neurodegenerative disorders (Wickner et al., 2007; Wickner et al., 2011). However, the fact 

that yeast prions can confer strong selective advantages under defined conditions separates 

them from simple degenerative disorders that are invariably deleterious. 

 

Regardless of this still controversial debate, the specific heritable phenotypes can be 

established in yeast de novo, by transforming prion-free cells with pure self-templating 

conformers of the specific prion protein in question; for example, Sup35, Ure2, Rnq1 or Mot3 

(Alberti et al., 2009; Brachmann et al., 2005; King and Diaz-Avalos, 2004; Patel and Liebman, 

2007; Shorter and Lindquist, 2006; Tanaka et al., 2004). Typically, a loss-of-function 

phenotype idiosyncratic to the prion protein in question arises because the self-templating 

conformation limits functionality (Baxa et al., 2002). However, for some prion proteins, a 

gain of function occurs (Rogoza et al., 2010). Indeed, some evidence suggests that a gain of 

function (increased affinity for RNA) of a prion conformer formed by the RNA-binding 

protein, Cytoplasmic Polyadenylation Element Binding protein (CPEB), which also harbors 

two RNA recognition motifs (RRMs), might even play an adaptive role in long-term memory 

formation in metazoa (Fiumara et al., 2010; Heinrich and Lindquist, 2011; Keleman et al., 

2007; Shorter and Lindquist, 2005; Si et al., 2003; Si et al., 2010). Recently, it has become clear 
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that this unusual tie between RNA-binding modalities and prion formation could contribute 

to neurodegenerative disease (Cushman et al., 2010; Fuentealba et al., 2010; Gitler and 

Shorter, 2011; Udan and Baloh, 2011). 

 

Distinctive, portable prion domains encode yeast prion behavior 

A unifying feature of the majority of known yeast prion proteins is the presence of a 

distinctive prion domain that is enriched in uncharged polar amino acids (particularly 

asparagine, glutamine and tyrosine) and glycine (Alberti et al., 2009; Toombs et al., 2010). 

Typically, yeast prion domains are at least 60 amino acids in length and are primary 

sequences of low complexity that are predicted to be intrinsically unfolded (Alberti et al., 

2009; Toombs et al., 2010). Variations on this theme are beginning to appear. For example, 

Swi1, which accesses a prion conformation that underpins the non-Mendelian state [SWI+] 

(Du et al., 2008), harbors a large predicted N-terminal prion domain (amino acids 1-385) 

(Alberti et al., 2009). It appears, however, that only the N-terminal 37 amino acids, which 

lack glutamine but are enriched for asparagine and threonine are required to drive Swi1 

prionogenesis (Crow et al., 2011). Yeast prion domains can switch between an intrinsically 

unfolded conformation (non-prion form) and an infectious cross-β  conformation (prion 

form) (Alberti et al., 2009; Brachmann et al., 2005; Patel and Liebman, 2007; Serio et al., 2000; 

Sondheimer and Lindquist, 2000; Tanaka et al., 2004; Taylor et al., 1999). Overexpression of 

this domain induces the prion state and deletion of this domain renders the protein unable 

to access the prion conformation (Masison and Wickner, 1995; Masison et al., 1997; Ter-

Avanesyan et al., 1993; Ter-Avanesyan et al., 1994). 

 

Importantly, yeast prion domains are portable (Wickner et al., 2000). For example, 

appending the prion domain of Sup35 to innocuous reporter proteins like beta-galactosidase 

or GFP enables them to access prion states (Li and Lindquist, 2000; Osherovich and 

Weissman, 2001; Tyedmers et al., 2010). This type of prion domain is not found in 

mammalian PrP (Colby and Prusiner, 2011) or in HET-s (Saupe, 2007), a prion protein from 

Podospora anserina, which suggests that other primary sequences can encode prion behavior 

(Taneja et al., 2007). Nonetheless, the presence of such a distinctive prion domain that 
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confers prionogenicity in a portable manner stimulated the development of bioinformatic 

algorithms designed to detect these domains in genomes. 

 

Algorithms designed to detect yeast prion domains 

Characterization of the first prion proteins to be identified in yeast, Sup35 and Ure2, 

revealed the importance of their unusual N-terminal glutamine and asparagine-rich domain 

for prion behavior (Masison and Wickner, 1995; Masison et al., 1997; Ter-Avanesyan et al., 

1993; Ter-Avanesyan et al., 1994). An initial algorithm that simply detected stretches that 

were enriched for glutamine or asparagine  (at least 30 residues in an 80 amino acid stretch 

must be glutamine or asparagine) revealed that this type of domain might be relatively 

common in eukaryotic genomes (~100-400 per genome), but rare in prokaryotes (Michelitsch 

and Weissman, 2000). A later algorithm used binomial probabilities to identify regions 

biased for high glutamine and asparagine content, and also to filter results based on 

subsidiary biases towards glycine, serine, and tyrosine, and against charged or hydrophobic 

residues (Harrison and Gerstein, 2003). Initial surveys found numerous 

glutamine/asparagine-rich domains, which suggested that prion-like phenomena based on 

these determinants might be widespread in eukaryotic clades (Harrison and Gerstein, 2003; 

Michelitsch and Weissman, 2000).  By contrast, the distinctive HET-s prion domain is an 

evolutionary innovation restricted to Sordariomycetes and is not found broadly in 

eukaryotes (Gendoo and Harrison, 2011). 

 

The simple types of algorithm outlined above enabled the identification of the yeast prion 

protein, New1 (Santoso et al., 2000), and the potential CPEB prion in Aplysia (Si et al., 2003). 

Simple BLAST searches with the Sup35 and Ure2 prion domains helped to uncover the Rnq1 

prion protein (Sondheimer and Lindquist, 2000). However, while these simple bioinformatic 

approaches successfully identified candidates with obvious similarities to Sup35 and Ure2, 

relatively few new prions were revealed in this way (Du et al., 2008; Patel et al., 2009; Rogoza 

et al., 2010). 

 

BLAST searches in particular do not exploit the key observation that the amino acid 

composition of the yeast prion domain, rather than any precise linear stretch of primary 
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sequence determinants per se, is largely responsible for prion formation and propagation 

(Ross et al., 2004; Ross et al., 2005). Subsequently, a refined algorithm was developed that 

used a hidden Markov model able to identify regions that have the unusual amino acid 

composition characteristic of known yeast prions (Alberti et al., 2009; Cushman et al., 2010). 

This approach provides a unified probabilistic framework for biases for or against any amino 

acid type, and it parses proteins into sharply defined prion-like and non-prion-like regions. 

Prion-like domains of length ≥60 residues were ranked with a prion-domain score, defined as 

the maximum log-likelihood for the prion-like state versus the non-prion-like state over any 

60 consecutive amino acids within the regions. This algorithm returned ~200 proteins in the 

yeast genome with a candidate prion domain. An extensive experimental analysis of the top 

100 candidates found that 19 domains were able to confer prion behavior in yeast, whereas 

~69% of these candidates were aggregation-prone upon overexpression (Alberti et al., 2009). 

Thus, although the algorithm successfully identifies many aggregation-prone proteins, these 

candidates may not be capable of accessing a self-perpetuating prion form in yeast (Alberti 

et al., 2009). Regardless, the identification of 19 novel prion domains, some of which enable 

advantageous prion behavior, suggests that prions provide yeast with deep reservoirs of 

unplumbed heritable phenotypic variation that might increase the adaptability and 

evolvability of yeast populations in the face of diverse and fluctuating environments (Alberti 

et al., 2009; Halfmann et al., 2010; Halfmann and Lindquist, 2010; Shorter, 2010). 

 

Two interesting questions naturally ensue from these observations. First: what distinguishes 

prion domain candidates that confer aggregation-prone behavior from those that do not? 

Second: what distinguishes prion domain candidates that encode prions from those that 

confer only aggregation-prone behavior? To answer the first question, aggregation-prone 

prion domains were found to be enriched for asparagine, whereas non-aggregating prion 

domains contained more glutamines, charged residues and prolines (Alberti et al., 2009). 

This bias for asparagine over glutamine was unexpected, because they had previously been 

considered equipotent in promoting prion formation (Harrison and Gerstein, 2003; 

Michelitsch and Weissman, 2000; Sondheimer and Lindquist, 2000). The second question is 

more difficult to answer. However, it appears that the spacing of charged residues and 

prolines with the prion domain plays a critical role (Alberti et al., 2009). Moreover, 
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simultaneously replacing asparagines with glutamines, and, glutamines with asparagines 

reveals opposing roles for these two uncharged polar residues in prion domains. Thus, 

glutamines promote the formation of toxic oligomeric species and asparagines promote the 

formation of self-templating prions and reduce proteotoxicity (Halfmann et al., 2011). This 

finding could have important implications for predicting a priori functional prions from 

aggregation-prone proteins that cause disease. 

 

In an effort to more accurately predict which prion domain candidates encode prion 

behavior, Ross and colleagues have developed a method that scores amino acid sequences 

using experimentally-derived prion propensities rather than their inherent similarity to 

known prions (Maclea and Ross, 2011; Toombs et al., 2010). Specifically, a portion of a 

scrambled version of the Sup35 prion domain was substituted with random sequences to 

generate a library of mutants. By comparing the frequencies of the substituted amino acids 

in the mutants that retained prionogenecity in yeast to those that did not, a prion 

propensity score was assigned to each specific amino acid (Toombs et al., 2010). Candidate 

domains that actually encoded prion behavior were distinguished by positive average prion 

propensity scores across extended disordered regions, as predicted by FoldIndex (Prilusky et 

al., 2005). Remarkably, by averaging scores for 41 overlapping windows (each of 41 amino 

acids) this method was able to separate with high accuracy the candidate domains that 

encode prion behavior from those that do not (Toombs et al., 2010). Interestingly, this 

strategy also revealed that hydrophobic residues, which are typically under-represented in 

prion domains, can greatly enhance prion propensity (Toombs et al., 2010). 

 

An abundance of human RNA-binding proteins with prion-like domains 

With these improved prion domain algorithms in hand it is of massive interest to scour the 

human genome for potential prion candidates. Thus, we have identified prion-like regions of 

60 amino acids or longer using the hidden Markov model described above (Alberti et al., 

2009; Couthouis et al., 2011; Cushman et al., 2010). Among the 21,873 human genes analyzed 

(Ensembl GrCh37.59), 246 had prion-like regions and were ranked by prion-domain score 

(Couthouis et al., 2011). Thus, ~1% of human protein-coding genes harbor a candidate prion 

domain. Of this 1%, there is a striking ~12-fold enrichment for proteins that harbor a 
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canonical RNA recognition motif (RRM; PFAM ID PF00076.15) (Haider et al., 2009; Kenan et 

al., 1991). Indeed, ~1% of human protein-coding genes contain an RRM (210 genes). Yet, 

~11.7% of human protein-coding genes that harbor a candidate prion domain also contain an 

RRM. Thus, 29 human RRM-bearing proteins also harbor a putative prion domain (Table 1, 

Figure 1), and 12 of these are in the top 60 prion candidates. Curiously, human CPEB 

isoforms were not among these 29, which might suggest that they are not prone to prion 

behavior in the same way as Aplysia CPEB (Couthouis et al., 2011). Indeed, perhaps other 

RRM-prion candidates play important roles in long-term memory formation in humans. 

Nonetheless, the striking over-representation of RRM-bearing proteins among prion 

candidates suggests that prion-like phenomena or aggregation-prone behavior might be 

rampant among this distinctive class of human RNA-binding proteins. 

 

Next, we asked how many of these 29 RRM-bearing prion candidates also pass the prion 

propensity and predicted disorder requirements of the Toombs et al. algorithm. Remarkably, 

17 of 29 also passed this test, and a number of others were so exceptionally close to passing 

that a single point mutation could take them past the threshold (Table 1, Figure 1). Note also 

that these thresholds should not be regarded as absolute: they were chosen to discriminate 

the candidate yeast genes that passed four assays for prionogenicity in Alberti et al. (2009) 

from those that passed none, and most candidates narrowly missing the thresholds did pass 

some of the assays (Toombs et al., 2010). Moreover these assays were performed under 

controlled conditions in yeast, and it is likely that other factors influence the misfolding and 

aggregation of native proteins in human cells. The prion domain predictions for all 29 RNA-

binding proteins can be found in the supplement (Supplemental material). Taken together, 

these data suggest that, at a minimum, this class of RNA-binding proteins is likely to be 

aggregation prone, and in addition a further subset could even access prion-like forms. 

Disturbingly, however, the misfolding and aberrant homeostasis of these RNA-binding 

proteins is beginning to emerge in connection with a series of devastating and presently 

incurable neurodegenerative disorders (Couthouis et al., 2011; Kwiatkowski et al., 2009; 

Neumann et al., 2006; Neumann et al., 2011; Sreedharan et al., 2008; Vance et al., 2009). We 

suggest that the RNA-binding prion candidates that have not yet emerged in 
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neurodegenerative disease should be investigated as potential causative agents as soon as 

possible (Table 1). 

 

TDP-43: the first of many? 

TDP-43 was the first RNA-binding protein with a prion-like domain (amino acids 277-414, 

Figure 2) to emerge in connection with neurodegenerative disease (Arai et al., 2006; 

Neumann et al., 2006). The TDP-43 prion domain passes the Alberti algorithm, ranking 10th 

among RRM-bearing prion candidates, and narrowly misses the thresholds for the Toombs 

algorithm (Figure 2, Table 1) (Cushman et al., 2010). TDP-43 is a predominantly nuclear 

protein, which shuttles in and out of the nucleus, and functions in transcriptional regulation 

and RNA processing (Buratti and Baralle, 2008; Buratti and Baralle, 2010). Pathology and 

genetics now connect TDP-43 misfolding with amyotrophic lateral sclerosis (ALS) and 

frontotemporal lobar degeneration with ubiquitin-positive inclusions (FTLD-U) (Chen-

Plotkin et al., 2010; Da Cruz and Cleveland, 2011; Neumann et al., 2006). In both these 

disorders, TDP-43 is found in cytoplasmic inclusions and depleted from the nucleus in 

afflicted neurons (Chen-Plotkin et al., 2010; Da Cruz and Cleveland, 2011). Prominent TDP-43 

pathology is also evident in Perry syndrome and inclusion body myopathy and Paget disease 

of the bone (Chen-Plotkin et al., 2010). Remarkably, TDP-43 pathology is a secondary feature 

of several other neurodegenerative disorders including Alzheimer’s disease (over 50% of 

cases), Parkinson’s disease and Huntington’s disease (Chen-Plotkin et al., 2010). These 

findings suggest that TDP-43 misfolding likely contributes to neurodegeneration very 

broadly. 

 

Importantly, the prion-like domain of TDP-43 plays a critical role in TDP-43 misfolding. 

Aggregated C-terminal fragments of TDP-43 containing the prion-like region are 

biochemical signatures of ALS (Lee et al., 2011; Neumann et al., 2006). In isolation, TDP-43 is 

intrinsically aggregation-prone, and deleting the prion-like domain eliminates this behavior 

(Johnson et al., 2009). Indeed, deletion of just one short segment (amino acids 311-320) of the 

prion-like domain can prevent aggregation in vitro (Saini and Chauhan, 2011). Deletion of 

the entire prion-like domain prevents aberrant TDP-43 misfolding events and toxicity in 

several model systems (Ash et al., 2010; Johnson et al., 2008). Conversely, elevated expression 
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of C-terminal fragments of TDP-43 that contain the prion-like domain elicits toxicity and 

cytoplasmic TDP-43 aggregation in diverse settings (Ash et al., 2010; Caccamo et al., 2012; 

Johnson et al., 2008; Pesiridis et al., 2011; Yang et al., 2010; Zhang et al., 2009). Remarkably, 

over forty ALS-linked mutations in TDP-43 have been reported and all but three of these are 

located in the C-terminal prion-like domain (Da Cruz and Cleveland, 2011). These ALS-linked 

TDP-43 variants can be divided into two classes. First, some mutations, including G294A, do 

not accelerate TDP-43 misfolding in vitro and do not promote toxicity in yeast (Johnson et 

al., 2009). These data suggest that some ALS-linked TDP-43 variants may not impact 

misfolding events directly. Second, some mutations, including Q331K and M337V, accelerate 

TDP-43 misfolding in vitro and enhance TDP-43 toxicity in yeast (Johnson et al., 2009). 

Importantly, Q331K is also much more toxic than wild-type TDP-43 in Drosophila (Elden et al., 

2010). Indeed, several groups have observed similar effects of ALS-linked mutations on TDP-

43 in diverse experimental systems ranging from cell culture, flies, chicken embryos, mouse, 

and rat (Barmada et al., 2010; Guo et al., 2011; Kabashi et al., 2010; Li et al., 2010b; Ritson et 

al., 2010; Sreedharan et al., 2008; Zhang et al., 2009). Collectively, these data suggest that 

some ALS-linked TDP-43 variants might cause disease via a gain-of-toxic function 

mechanism (Gitler and Shorter, 2011). 

 

However, does TDP-43 access a prion or prionoid like form? A striking feature of ALS is the 

spread of pathology from initiating epicenters to neighboring regions of the brain, which 

involves multiple cell types and might be underpinned by a prion or prionoid (Cushman et 

al., 2010; Ravits and La Spada, 2009; Udan and Baloh, 2011). For yeast prions, the self-

templating form is undoubtedly a cross-beta amyloid conformer, although not all amyloid 

conformations encode prions (Cushman et al., 2010; Salnikova et al., 2005). Short, synthetic 

TDP-43 peptides derived from the prion-like domain can access toxic amyloid forms (Chen et 

al., 2010; Guo et al., 2011). However, the physiological relevance of these short peptides that 

do not occur naturally is unclear, and practically all proteins harbor short peptides that can 

adopt the amyloid form in isolation (Goldschmidt et al., 2010). By contrast, full-length TDP-

43 purified under native conditions does not appear to access a classic amyloid form in 

isolation (Johnson et al., 2009). This finding is consistent with ALS pathology, which is 

strikingly devoid of amyloid structures recognized by diagnostic dyes such as Congo Red or 
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Thioflavin-T (Kwong et al., 2008). Importantly, in isolation, TDP-43 rapidly populates small 

pore-like oligomers and short fibrils, which cluster together to form large complex 

aggregates that bear remarkable ultrastructural resemblance to TDP-43 inclusions in the 

degenerating motor neurons of ALS patients (Couthouis et al., 2011; Johnson et al., 2009; Sun 

et al., 2011). The small pore-shaped oligomers formed by TDP-43 resemble toxic oligomers 

formed by Aβ42 and α-synuclein, which are highly neurotoxic (Kayed et al., 2003; Lashuel et 

al., 2002). Thus, TDP-43 might get trapped in this particularly toxic oligomeric form and 

cause neurodegeneration. 

 

In contrast to yeast prions, it is less clear whether infectious forms of mammalian PrP must 

invariably be amyloid, even though mammalian prions can form amyloid and seed amyloid 

assembly (Colby and Prusiner, 2011; Shorter and Lindquist, 2005). Indeed, mammalian prion 

disease can present without abundant amyloid deposits (Colby and Prusiner, 2011). For 

example, PrP amyloid plaques are usually not present in Creutzfeldt-Jakob disease though 

PrP immunohistochemistry will nearly always be positive (Bell et al., 1997; Budka et al., 

1995). Moreover, bona fide synthetic mammalian prions can adopt amyloid and non-amyloid 

forms (Colby et al., 2009; Colby et al., 2010; Legname et al., 2004; Piro et al., 2011). Thus, could 

ALS be akin to mammalian prion disorders that do not present with gross amyloid 

pathology? Intriguingly, TDP-43 and C-terminal TDP-43 fragments (193-414) purified under 

denaturing conditions can assemble into fibrillar forms that do not appear to be classic 

amyloid, in that they do not bind Thioflavin-T (Furukawa et al., 2011). Yet, the fibrillar 

species formed by TDP-43 (193-414) appear to be able to seed TDP-43 aggregation in vitro 

and in cell culture (Furukawa et al., 2011). Thus, TDP-43 might populate an unusual self-

templating form that is not a classic amyloid (Furukawa et al., 2011; Johnson et al., 2009), but 

perhaps shares features with synthetic mammalian prions that also do not appear to be 

classic amyloid (Colby et al., 2010; Piro et al., 2011). 

 

Finally, it is important to note that simple TDP-43 misfolding per se is insufficient to cause 

toxicity. Rather, TDP-43 must be competent to engage RNA and aggregate for toxicity (Elden 

et al., 2010; Johnson et al., 2008; Voigt et al., 2010). Thus, TDP-43 aggregates might sequester 

essential RNA molecules and promote neurodegeneration (Polymenidou et al., 2011; 
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Tollervey et al., 2011). Indeed, an interesting possibility is that aggregation might cause TDP-

43 to bind RNA more avidly as is the case with Aplysia CPEB (Si et al., 2003). Alternatively, or 

in addition, RNA might stabilize or divert TDP-43 to adopt specific misfolded forms that are 

highly toxic. Indeed, different RNAs could enable TDP-43 to take on different forms or 

‘strains’. Further studies are needed to distinguish these possibilities and to understand 

TDP-43 misfolding trajectories in fine detail. 

 

It is interesting to note that RNA can enable mammalian PrP to adopt an infectious fold 

(Deleault et al., 2003; Wang et al., 2010; Wang et al., 2011a; Wang et al., 2011b). Thus, perhaps 

RNA enables TDP-43 to access self-templating forms. Curiously, a massive expansion of a 

noncoding GGGGCC hexanucleotide repeat in the first intron of the C9ORF72 gene has 

recently been identified as the major cause of familial FTD (11.7%) and ALS (23.5%) (Al-Sarraj 

et al., 2011; DeJesus-Hernandez et al., 2011; Gijselinck et al., 2012; Murray et al., 2011; Renton 

et al., 2011), and might even be connected to AD (Majounie et al., 2012). The transcribed 

GGGGCC hexanucleotide repeat forms nuclear foci (DeJesus-Hernandez et al., 2011). This 

non-coding RNA might promote the misfolding of RNA-binding proteins with prion-like 

domains into self-templating forms. One interesting candidate is hnRNP A2/B1, which ranks 

6th among human RRM-bearing prion candidates (Table 1), is predicted to engage GGGGCC 

RNA, and is sequestered in RNA foci in the fragile X tremor ataxia syndrome (FXTAS) 

(Iwahashi et al., 2006; Sofola et al., 2007). Future studies will reveal how the GGGGCC 

hexanucleotide repeat might perturb RNA-binding proteostasis. A suggested starting point 

would be to analyze all of the prion-domain containing RRM proteins in Table 1 for 

mislocalization in c9FTD/ALS.  

 

FUS, another RRM-bearing prion candidate implicated in neurodegeneration 

Soon after the discovery of TDP-43’s role in neurodegeneration, the number 1 ranked RRM-

bearing prion candidate, FUS, was connected via genetics and pathology with diverse 

neurodegenerative diseases. The FUS prion-like domain (amino acids 1-238) passes both the 

Alberti and Toombs algorithms (Figure 3, Table 1) (Cushman et al., 2010). Curiously, FUS 

harbors an additional region (amino acids 391-407) that almost satisfies the Alberti 

algorithm (Figure 3) (Cushman et al., 2010; Gitler and Shorter, 2011; Sun et al., 2011). Like 
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TDP-43, FUS is a predominantly nuclear protein, which shuttles in and out of the nucleus, 

and functions in transcriptional regulation and RNA homeostasis (Bertolotti et al., 1996; 

Kasyapa et al., 2005; Zinszner et al., 1997). Mutations in FUS cause familial ALS (Da Cruz and 

Cleveland, 2011; Kwiatkowski et al., 2009; Vance et al., 2009). Additional FUS mutations have 

now also been connected with sporadic ALS and with FTLD-U (Belzil et al., 2009; Blair et al., 

2010; Broustal et al., 2010; Corrado et al., 2010; Da Cruz and Cleveland, 2011; DeJesus-

Hernandez et al., 2010; Drepper et al., 2011; Hewitt et al., 2010; Mackenzie et al., 2010; 

Neumann et al., 2009; Rademakers et al., 2010; Urwin et al., 2010). In these cases, FUS is 

found aggregated in the cytoplasm of degenerating neurons, whereas TDP-43 localization is 

not affected (Mackenzie et al., 2010). FUS aggregation, involving the wild-type protein, is 

connected with several neurodegenerative disorders, including: juvenile ALS, basophilic 

inclusion body disease, some cases of FTLD-U (now called FTLD-FUS), Huntington’s disease, 

and the spinocerebellar ataxias (Doi et al., 2010; Huang et al., 2010; Munoz et al., 2009; Urwin 

et al., 2010; Woulfe et al., 2010). Thus, FUS misfolding contributes broadly to 

neurodegeneration. 

 

Importantly, the prion-like domain of FUS plays a critical role in FUS misfolding. Purified 

FUS is extremely aggregation-prone and aggregates more rapidly than TDP-43 (Couthouis et 

al., 2011; Sun et al., 2011). FUS rapidly forms pore-like oligomeric species similar to toxic 

oligomers formed by other proteins connected with neurodegenerative disease (Couthouis 

et al., 2011; Sun et al., 2011). The FUS prion-like domain is more enriched for glutamine 

(18.1%) than asparagine (3.4%), which might render it more prone to becoming trapped in 

toxic oligomeric forms (Halfmann et al., 2011). However, pure FUS quickly accesses 

filamentous structures that closely resemble the ultrastructure of FUS aggregates in 

degenerating motor neurons of ALS patients (Baumer et al., 2010; Couthouis et al., 2011; 

Huang et al., 2010; Sun et al., 2011). Thus, all the information needed to assemble these 

structures is encoded in the primary sequence of FUS. Deleting the prion-like domain of FUS 

eliminates this behavior (Sun et al., 2011). However, unlike TDP-43, FUS fragments that 

harbor the prion-like domain (amino acids 1-238) do not aggregate, unless they also contain 

a C-terminal RGG domain (amino acids 374-422) (Sun et al., 2011). Intriguingly, this RGG 

domain contains a short region (amino acids 391-407) that is detected by the Alberti 
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algorithm, but does not quite reach significance (Figure 3). Thus, compared to TDP-43 and to 

yeast prion proteins, FUS misfolding and aggregation is a more complex multidomain 

process, which requires communication between N- and C-terminal portions of the protein 

(Gitler and Shorter, 2011; Sun et al., 2011). This complex set of domain requirements is also 

required for the cytoplasmic aggregation and toxicity of FUS in yeast (Fushimi et al., 2011; Ju 

et al., 2011; Kryndushkin et al., 2011; Sun et al., 2011). 

 

Does FUS access self-templating prion or prionoid forms? More experiments are needed to 

address this question, but like TDP-43, FUS does not appear to access a classic amyloid form 

(Fushimi et al., 2011; Ju et al., 2011; Kryndushkin et al., 2011; Sun et al., 2011). However, the 

requirement for N- and C-terminal domains for FUS misfolding hints that an intermolecular 

domain swap might promote polymerization. Intermolecular domain swapping is a common 

mechanism that usually involves domains at the N- and C-terminal ends of proteins and can 

promote the polymerization of filamentous structures in various designed and natural 

proteins (Guo and Eisenberg, 2006; Lee and Eisenberg, 2003; Liu and Eisenberg, 2002; Nelson 

and Eisenberg, 2006; Ogihara et al., 2001). Such a process could in principle yield seeding 

behavior without necessitating an amyloid form. Further experiments are needed to test this 

proposed mechanism of FUS polymerization. 

 

The majority of ALS-linked FUS mutations cluster at the extreme C-terminal region (Da Cruz 

and Cleveland, 2011; Kwiatkowski et al., 2009; Vance et al., 2009) and many of these are 

predicted to disrupt a conserved PY-nuclear localization signal (NLS), which is decoded by 

karyopherin beta2 (Lee et al., 2006; Suel et al., 2008). Indeed, nuclear localization of FUS is 

disrupted by some of these mutations, (e.g. P525L) and the severity of mislocalization 

correlates with the severity of the ALS phenotype (Dormann et al., 2010; Dormann and 

Haass, 2011). Importantly, the C-terminal ALS-linked FUS variants do not accelerate FUS 

misfolding in vitro and do not promote aggregation or toxicity in yeast, which fail to decode 

even the wild-type FUS PY-NLS (Ju et al., 2011; Sun et al., 2011). These data suggest that C-

terminal mutations promote FUS accumulation in the cytoplasm rather than FUS misfolding 

per se. Thus, even though FUS and TDP-43 are similar RNA-binding proteins, the 

mechanisms by which ALS-linked mutations contribute to pathogenesis might be distinct for 
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either protein. However, a large number of FUS mutations connected with ALS and FTLD-U 

have now been uncovered in the N-terminal and C-terminal prion-like portions of FUS (Da 

Cruz and Cleveland, 2011). It will be important to determine whether these mutations 

accelerate FUS misfolding just as some ALS-linked mutations in the prion-like domain of 

TDP-43 accelerate misfolding (Johnson et al., 2009). 

 

Like TDP-43, FUS must aggregate and engage RNA to promote toxicity in yeast (Sun et al., 

2011). Thus, RNA might enable FUS to access specific toxic or self-templating conformers. 

Alternatively, or in addition, FUS might sequester or deplete essential RNAs and promote 

toxicity. Interestingly, recent studies in mammalian cells suggest that FUS appears to bind 

RNA, including most cell-expressed mRNAs, at high frequency, and recognizes AU-rich stem-

loops (Hoell et al., 2011). The repertoire of RNAs engaged by FUS shifts dramatically in ALS-

linked variants that are mislocalized to the cytoplasm (Hoell et al., 2011). This change in 

repertoire might contribute to FUS toxicity (Hoell et al., 2011). Curiously, and in contrast to 

TDP-43 (Polymenidou et al., 2011; Tollervey et al., 2011), no specific RNA elements 

recognized by FUS have emerged (Hoell et al., 2011). 

 

It remains uncertain if TDP-43 and FUS misfolding elicit motor neuron degeneration via 

common or divergent pathways. Studies in Drosophila indicate that FUS and TDP-43 might 

function together in a common genetic pathway in neurons (Wang et al., 2011c). 

Surprisingly, however, genome-wide deletion and overexpresssion screens in yeast revealed 

remarkably little overlap in genetic modifiers of TDP-43 and FUS toxicity (Sun et al., 2011). 

These data suggest that TDP-43 and FUS might cause toxicity by different mechanisms. 

 

TAF15 emerges in ALS and FTLD-U 

Remarkably, RRM-bearing prion candidates continue to emerge in connection with 

neurodegeneration. In 2011, TAF15, the second ranked RRM-bearing prion candidate, has 

been connected to ALS and FTLD-U (Couthouis et al., 2011; Neumann et al., 2011; Ticozzi et 

al., 2011). FUS together with EWSR1 and TAF15 form a protein family (FET), which share a 

common domain architecture (Tan and Manley, 2009). TAF15 harbors a prominent N-

terminal prion-like domain (amino acids 1-149), which passes both Alberti and Toombs 
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algorithms (Figure 4, Table 1) (Alberti et al., 2009; Couthouis et al., 2011; Toombs et al., 2010). 

The TAF15 prion-like domain is more enriched for glutamine (22.3%) than asparagine (5.4%), 

which might render it more prone to becoming trapped in toxic oligomeric forms (Halfmann 

et al., 2011). All FET family proteins are nuclear proteins that associate with the 

transcription factor II D complex and RNA polymerase II (Tan and Manley, 2009). We 

recently uncovered TAF15 in a simple yeast screen as a RNA-binding protein with similar 

properties to TDP-43 and FUS (Couthouis et al., 2011). Thus, TAF15 aggregates in the 

cytoplasm and is toxic to yeast (Couthouis et al., 2011). TAF15 is intrinsically aggregation 

prone in vitro and rapidly assembles in to pore-shaped oligomers and filamentous structures 

(Couthouis et al., 2011). In isolation, TAF15 aggregates more rapidly than TDP-43, but less 

rapidly than FUS (Couthouis et al., 2011). Thus, the relative aggregation kinetics of FUS, 

TAF15 and TDP-43 were foreshadowed by the prion domain algorithm, which ranks FUS 

above TAF15 and TAF15 above TDP-43 (Alberti et al., 2009; Cushman et al., 2010). 

 

Remarkably, sequencing TAF15 in sporadic ALS patients revealed several variants: M368T, 

G391E, R408C, G452E and G473E, that are not found in thousands of control samples. Further 

examination of G391E and R408C revealed that they aggregated more rapidly than wild-type 

TAF15 in vitro (Couthouis et al., 2011). Furthermore, elevated expression of TAF15 caused 

neurodegeneration in Drosophila and G391E or R408C elicited a more severe phenotype 

(Couthouis et al., 2011). Moreover, TAF15 localized to the nucleus when expressed in rat 

motor neurons in culture, whereas M368T, G391E, R408C and G473E formed numerous 

cytoplasmic inclusions (Couthouis et al., 2011). An independent study identified additional 

TAF15 variants in ALS cases (Ticozzi et al., 2011). Finally, TAF15 is found aggregated in the 

cytoplasm and depleted from the nucleus in the degenerating neurons of some ALS 

(Couthouis et al., 2011) and FTLD-U (Neumann et al., 2011) patients. Interestingly, the 

depletion of TAF15 from the nucleus was more severe than the depletion of FUS (Neumann 

et al., 2011). Taken together, these data suggest that TAF15 likely contributes to ALS and 

FTLD-U pathogenesis. It will be important to determine whether the domain requirements 

for TAF15 misfolding and toxicity are similar to those defined for FUS (Couthouis et al., 2011; 

Sun et al., 2011). Moreover, future studies will define whether TAF15 assembles into self-
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templating structures. To date, TAF15 mutations have been connected to sporadic forms, but 

not familial forms of disease. 

 

EWSR1 emerges in FTLD-U 

The final member of the FET family, EWSR1, ranks third among human RRM-prion 

candidates has also recently emerged in FTLD-U pathology (Neumann et al., 2011). In FTLD-

FUS cases, EWSR1 accumulates in cytoplasmic aggregates and is depleted from the nucleus 

(Neumann et al., 2011). The depletion of EWSR1 from the nucleus is not as severe as TAF15 

(Neumann et al., 2011). EWSR1 has a prominent N-terminal prion-like domain (amino acids 

1-280), which passes both the Alberti and Toombs algorithms (Figure 5, Table 1) (Alberti et 

al., 2009) (Toombs et al., 2010). The EWSR1 prion-like domain is more enriched for glutamine 

(17.5%) than asparagine (1.4%), which might render it more prone to becoming trapped in 

toxic oligomeric forms (Halfmann et al., 2011). EWSR1 forms cytoplasmic aggregates and is 

toxic in yeast, although the domain requirements remain to be identified (Couthouis et al., 

2011). Efforts are now underway to identify EWSR1 mutations in neurodegenerative disease 

(O.D.K., A.D.G., and J.S. manuscript in preparation; Ticozzi et al., 2011) and to determine 

whether EWSR1 accesses prionoid forms. 

Prion-like domains in sarcoma and leukemia 

Intriguingly, all of the FET genes are directly involved in deleterious genomic 

rearrangements that cause sarcoma and leukemia (Tan and Manley, 2009). In all of these 

cases, a large portion of the prion-like domain of FUS, TAF15 or EWSR1 is translocated and 

appended to the N-terminal end of a transcription factor (Attwooll et al., 1999; Crozat et al., 

1993; Delattre et al., 1992). Given the portable nature of yeast prion domains (Li and 

Lindquist, 2000; Wickner et al., 2000), it seems highly likely that appending the prion-like 

domain promotes misfolding, aberrant oligomerization and dysfunction of the transcription 

factor, which in turn leads to transformation. 

 

Functional role of prion-like domains? 

If aggregation prone RNA-binding proteins like TDP-43, FUS, and TAF15 and the others pose 

a major threat to neurons and contribute broadly to neurodegenerative disease 

pathogenesis, why are these proteins so well conserved through evolution? Perhaps the 
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aggregation-prone nature of these proteins affords them the ability to perform essential 

cellular functions. One intriguing possibility is that RNA-binding proteins with prion-like 

domains play a role in RNA-based cellular memories or epigenetic states connected to 

transcriptional memory (Shorter and Lindquist, 2005). They might even be involved in long-

term memory formation in a manner akin to Aplysia CPEB (Shorter and Lindquist, 2005; Si et 

al., 2003; Si et al., 2010). Curiously, human and other metazoan CPEB isoforms do not harbor 

a strong prion-like domain like the Aplysia protein. The human CPEBs pass neither the 

Alberti nor the Toombs prion domain algorithm. Perhaps, other RNA-binding proteins with 

prion-like domains have taken over the role of CPEB. Indeed, although TDP-43 and FUS are 

predominantly nuclear proteins, in neurons they are also involved in RNA transport to 

dendrites (Fujii and Takumi, 2005; Wang et al., 2008b). FUS and TDP-43 might affect mRNA 

transport along either actin or microtubule tracks, which could alter dendritic structure 

after excitation and affect long-term synaptic plasticity (Belly et al., 2005; Fujii et al., 2005; 

Fujii and Takumi, 2005; Liu-Yesucevitz et al., 2011; Wang et al., 2008b). 

 

Another role of the prion-like domain could be in rapidly coalescing to form P-bodies and 

stress granules under situations of cellular stress. This is certainly a function of the TIA-1 

prion-like domain, which ranks 11th among human RRM-bearing prion candidates (Table 1) 

(Gilks et al., 2004). Indeed, P-bodies and stress granules are specific types of RNA-binding 

protein aggregates that are used for normal biological processes (Buchan et al., 2008). 

However, as a consequence of having this ability, these proteins are thus poised to wreak 

havoc on neurons, should the quality control mechanisms regulating the assembly and 

disassembly of these RNA granules become corrupted. Under situations of stress, TDP-43, 

FUS, and other RNA-binding proteins translocate from the nucleus to the cytoplasm and 

associate with stress granules (Bosco et al., 2010; Dormann et al., 2010; Liu-Yesucevitz et al., 

2010). When the stress dissipates, the stress granules disaggregate, and the RNA-binding 

proteins return to the nucleus. This repeated cycle of aggregation and disaggregation, over 

the course of a lifetime, perhaps has the chance to become misregulated, leading to a failure 

to restore one or more of these proteins to the nucleus, resulting in cytoplasmic 

accumulation and subsequent disease pathology. Moreover, identifying the human stress 

granule disaggregase machinery could yield potential therapeutic strategies. Curiously, 
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Hsp104, a highly conserved protein disaggregase found in bacteria, fungi, plants, chromista 

and protozoa, is inexplicably absent from metazoa (DeSantis and Shorter, 2012; Shorter, 

2008; Sweeny and Shorter, 2008; Vashist et al., 2010). Recently, however, the mammalian 

protein disaggregase machinery comprising Hsp110, Hsp70 and Hsp40 has been revealed 

(Shorter, 2011), and additional disaggregases are also likely to contribute to metazoan 

proteostasis (Bieschke et al., 2009; Cohen et al., 2006). It will be of great interest to determine 

whether these systems regulate stress granule assembly. 

 

The concept of age-related deficits in stress granule dynamics suggests possible ways in 

which genetic and environmental factors might influence this process and lead to early 

disease onset in some cases, late onset in others, or no disease at all. For example, mutations 

in these RNA-binding proteins, which may accelerate their aggregation (Couthouis et al., 

2011; Johnson et al., 2009), or enhanced environmental stress (for example, exposure to 

toxins, traumatic injury, viral infection (Chio et al., 2005; Cox et al., 2009)) could elicit 

exuberant cellular stress responses and increase the likelihood for RNA-binding proteins to 

inappropriately aggregate and accumulate in the cytoplasm of neurons. Importantly, this 

concept suggests that ALS and related neurodegenerative disease pathogenesis might be 

deeply rooted in core cell biological pathways and therefore a better understanding of the 

regulators of stress granule assembly and disassembly could provide new insight into 

disease mechanisms and suggest novel avenues for therapeutic intervention. 

 

Genetic landscape of ALS and other RNA-binding proteinopathies 

The discoveries of TDP-43 and FUS in ALS have resulted in a paradigm shift in our 

understanding of ALS disease mechanisms (Gitler and Shorter, 2011; Lagier-Tourenne and 

Cleveland, 2009). RNA-binding proteins and defects in RNA metabolism are likely central to 

the pathogenesis of related neurodegenerative disorders, including FTLD-U and Inclusion 

Body Myopathy with Paget Disease of Bone and/or Frontotemporal Dementia (IBMPFD) 

(Johnson et al., 2010; Neumann et al., 2006). In addition to TDP-43 and FUS, we propose that 

many additional RNA-binding proteins with similar properties (e.g. TAF15 and EWSR1) could 

also contribute to these diseases (Couthouis et al., 2011; Neumann et al., 2011; Ticozzi et al., 

2011) (O.D.K., A.D.G., and J.S. manuscript in preparation). It is axiomatic that for complicated 
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human diseases like ALS there will be both common as well as rare genetic risk factors. We 

envision that there may be a delicate balance in RNA processing within susceptible neuronal 

populations (e.g. motor neurons in ALS) such that slight perturbations from any one of 

several different aggregation-prone RNA-binding proteins could lead to neurodegeneration. 

Therefore, mutations in multiple RNA binding proteins could synergize with each other to 

contribute to disease. Moreover, some of these mutations will likely confer strong effects 

and others weaker effects. ALS-causing mutations in FUS help to illustrate this point. Certain 

FUS variants, like P525L and R495X, result in severe ALS clinical phenotypes and very early 

age of disease onset in the teenage years (Bosco et al., 2010; Huang et al., 2010). Perhaps then 

the accumulation of multiple weaker variants in several different aggregation-prone RNA 

binding proteins (e.g. the RNA-binding proteins with high-scoring prion-like domains) 

might be necessary to tip the balance in RNA metabolism towards ALS. Next generation 

sequencing approaches will empower us to test this hypothesis and to better resolve the 

complexities of the ALS genetic landscape. 

 

The tip of the iceberg 

More broadly, we strongly recommend that the RNA-binding prion candidates that have not 

yet emerged in neurodegenerative diseases (Table 1) should be investigated as potential 

causative agents as soon as possible. A combination of gene sequencing and 

histopathological examination of protein localization is warranted. We do not believe it is a 

coincidence that the RRM-bearing prion candidates: FUS, TAF15, EWSR1 and TDP-43, have all 

been connected to neurodegenerative disease. We strongly suspect that other RRM-bearing 

prion candidates will soon come to the fore in diverse neurodegenerative disease settings. 

Stay tuned. 
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Figure 1. Human RNA-binding proteins with prion-like domains. 

All human proteins from Ensembl release GRCh37.59 (78928 proteins including variant 

isoforms) were scanned for prion-like domains. The FoldIndex (Prilusky et al., 2005) and 

prion propensity scores (Toombs et al., 2010) are plotted for each human protein. Only the 

highest scoring protein isoform mapping to any single Ensembl gene ID is shown. RRM-

containing proteins are indicated in red, and other proteins in black. Prion candidates 

contain regions that satisfy both conditions in a way that places them in the grey shaded 

sweet spot in the lower right. Both the FoldIndex and prion propensity scores represent 

averages of scores for 41 consecutive 41 amino acid (AA) windows (Toombs et al., 2010). The 

plotted scores for each protein are based on the consecutive windows that maximize the 

signed distance to the boundary of the grey region, which is positive for regions satisfying 

both conditions and negative otherwise. Proteins containing a region with prion-like amino 

acid composition are indicated by triangles (Alberti et al., 2009). These are defined as 

positive log-likelihood ratio when averaged over the 41 consecutive windows, based on the 

hidden Markov model of Alberti et al. (2009) but without imposing a hard minimum length 

requirement of 60 residues in the Viterbi parse. The prion-like amino acid frequencies were 

set to the average for 19 experimentally verified prion-like domains in S. cerevisiae (Alberti et 

al., 2009), and the background amino acid frequencies were set to the average of the 

proteome-wide amino acid frequencies in S. cerevisiae and H. sapiens. The RRM proteins that 

satisfy the Alberti et al. (2009) criteria are listed and ranked in Table 1. 

 

Figure 2. TDP-43 prion domain prediction. 

The top panel shows the domain architecture of TDP-43. RRM=RNA-recognition motif; G-

rich=Glycine-rich domain. Below the cartoon the probability of each residue belonging to 

the hidden Markov model state prion domain or ‘background’ is plotted; the tracks ‘MAP’ 

and ‘Vit’ illustrate the Maximum a Posteriori and the Viterbi parses of the protein into the 

prion domain or non-prion domain (Alberti et al., 2009). The plots in the middle panel show 

the log-likelihood ratio scores (PrD LLR) from the Alberti et al. algorithm in red (Alberti et 

al., 2009), the predicted prion propensity (PPP) log-odds ratio scores from the Toombs et al. 

algorithm in green (Toombs et al., 2010) and FoldIndex scores in grey (Prilusky et al., 2005), 

each averaged over sliding windows of 41 residues. Note that the curves are rescaled to give 
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similar ranges, and so that negative scores are suggestive of both disorder and prion 

propensity; the rescaled cutoff corresponding to PPP > 0.05 is indicated by the dashed green 

line. The lower part of the panel shows the primary sequence of TDP-43. The Alberti prion 

domain is underlined in red (Alberti et al., 2009), the Toombs prion domain in underlined in 

green (Toombs et al., 2010), and the cyan residues represent the regions that satisfy these 

requirements of disorder and prion propensity of the Toombs algorithm (Toombs et al., 

2010) as well as the amino acid composition requirement of the Alberti algorithm (Alberti et 

al., 2009). Note the lack of cyan residues for TDP-43. 

 

Figure 3. FUS prion-like domain prediction. 

The top panel shows the domain architecture of FUS. QGSY-rich=Glutamine, glycine, serine 

and tyrosine-rich domain; RRM=RNA-recognition motif; G-rich=Glycine-rich domain; 

RRM=RNA-recognition motif; RGG=RGG domain, a domain with repeated Gly-Gly dipeptides 

interspersed with Arg and aromatic residues. Zn=Zinc finger motif. Below the cartoon the 

probability of each residue belonging to the Hidden Markov Model state prion domain or 

‘background’ is plotted; the tracks ‘MAP’ and ‘Vit’ illustrate the Maximum a Posteriori and 

the Viterbi parses of the protein into the prion domain or non-prion domain (Alberti et al., 

2009). The plots in the middle panel show the log-likelihood ratio scores (PrD LLR) from the 

Alberti et al. algorithm in red (Alberti et al., 2009), the predicted prion propensity (PPP) log-

odds ratio scores from the Toombs et al. algorithm in green (Toombs et al., 2010) and 

FoldIndex scores in grey (Prilusky et al., 2005), each averaged over sliding windows of 41 

residues. Note that the curves are rescaled to give similar ranges, and so that negative scores 

are suggestive of both disorder and prion propensity; the rescaled cutoff corresponding to 

PPP > 0.05 is indicated by the dashed green line. The lower part of the panel shows the 

primary sequence of TDP-43. The Alberti prion domain is underlined in red (Alberti et al., 

2009), the centers of windows satisfying the disorder and prion propensity criteria of 

Toombs are underlined in grey and green (Toombs et al., 2010), and the cyan residues 

represent the centers of regions that satisfy both Toombs criteria as well as the amino acid 

composition requirement of the Alberti algorithm. 
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Figure 4. TAF15 prion-like domain prediction. 

The top panel shows the domain architecture of TAF15. QGSY-rich=Glutamine, glycine, 

serine and tyrosine-rich domain; RRM=RNA-recognition motif; G-rich=Glycine-rich domain; 

RRM=RNA-recognition motif; RGG=RGG domain, a domain with repeated Gly-Gly dipeptides 

interspersed with Arg and aromatic residues. Zn=Zinc finger motif. Below the cartoon the 

probability of each residue belonging to the Hidden Markov Model state prion domain or 

‘background’ is plotted; the tracks ‘MAP’ and ‘Vit’ illustrate the Maximum a Posteriori and 

the Viterbi parses of the protein into the prion domain or non-prion domain (Alberti et al., 

2009). The plots in the middle panel show the log-likelihood ratio scores (PrD LLR) from the 

Alberti et al. algorithm in red (Alberti et al., 2009), the predicted prion propensity (PPP) log-

odds ratio scores from the Toombs et al. algorithm in green (Toombs et al., 2010) and 

FoldIndex scores in grey (Prilusky et al., 2005), each averaged over sliding windows of 41 

residues. Note that the curves are rescaled to give similar ranges, and so that negative scores 

are suggestive of both disorder and prion propensity; the rescaled cutoff corresponding to 

PPP > 0.05 is indicated by the dashed green line. The lower part of the panel shows the 

primary sequence of TDP-43. The Alberti prion domain is underlined in red (Alberti et al., 

2009), the centers of windows satisfying the disorder and prion propensity criteria of 

Toombs are underlined in grey and green (Toombs et al., 2010), and the cyan residues 

represent the centers of regions that satisfy both Toombs criteria as well as the amino acid 

composition requirement of the Alberti algorithm. 

 

Figure 5. EWSR1 prion-like domain prediction. 

The top panel shows the domain architecture of EWSR1. QGSY-rich=Glutamine, glycine, 

serine and tyrosine-rich domain; RRM=RNA-recognition motif; G-rich=Glycine-rich domain; 

RRM=RNA-recognition motif; RGG=RGG domain, a domain with repeated Gly-Gly dipeptides 

interspersed with Arg and aromatic residues. Zn=Zinc finger motif. Below the cartoon the 

probability of each residue belonging to the Hidden Markov Model state prion domain or 

‘background’ is plotted; the tracks ‘MAP’ and ‘Vit’ illustrate the Maximum a Posteriori and 

the Viterbi parses of the protein into the prion domain or non-prion domain (Alberti et al., 

2009). The plots in the middle panel show the log-likelihood ratio scores (PrD LLR) from the 

Alberti et al. algorithm in red (Alberti et al., 2009), the predicted prion propensity (PPP) log-
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odds ratio scores from the Toombs et al. algorithm in green (Toombs et al., 2010) and 

FoldIndex scores in grey (Prilusky et al., 2005), each averaged over sliding windows of 41 

residues. Note that the curves are rescaled to give similar ranges, and so that negative scores 

are suggestive of both disorder and prion propensity; the rescaled cutoff corresponding to 

PPP > 0.05 is indicated by the dashed green line. The lower part of the panel shows the 

primary sequence of TDP-43. The Alberti prion domain is underlined in red (Alberti et al., 

2009), the centers of windows satisfying the disorder and prion propensity criteria of 

Toombs are underlined in grey and green (Toombs et al., 2010), and the cyan residues 

represent the centers of regions that satisfy both Toombs criteria as well as the amino acid 

composition requirement of the Alberti algorithm. 
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Table 1. Human RNA-binding proteins with prion-like domains. 

 

Protein Prion 

domain 

rank 

(whole 

genome) 

(Alberti et 

al., 2009) 

Prion 

domain 

rank 

(RRM 

proteins) 

(Alberti et 

al., 2009) 

Prion 

domain 

(core) 

residues 

(Alberti et 

al., 2009) 

Prion 

domain  

central 

residues 

(Toombs 

et al., 

2010) 

Prion 

propensity 

score  

(FoldIndex) 

(Toombs et 

al., 2010) 

Yeast 

overexpression 

phenotype 

(toxicity & 

localization) 

(Couthouis et 

al., 2011) 

FUS 12 1 1-237 

(118-177) 

40-80 0.101 

(-0.211) 

Highly toxic, 

cytoplasmic 

aggregates 

TAF15 22 2 1-152 

(33-92) 

33-73 0.126 

(-0.268) 

Mildly toxic, 

cytoplasmic 

aggregates 

EWSR1 25 3 1-280 

(205-264) 

209-249 0.057 

(-0.277) 

Mildly toxic, 

cytoplasmic 

aggregates 

HNRPDL 27 4 316-420 

(341-400) 

353-393 0.117 

(-0.29) 

Not toxic, 

cytoplasmic 

aggregates 

HNRNPD 29.5 5 262-355 

(281-340) 

292-332 0.164 

(-0.291) 

Mildly toxic, 

diffuse nuclear 

HNRNPA2B1 32 6 197-353 

(276-335) 

274-314 0.043 

(-0.208) 

Highly toxic, 

cytoplasmic 

aggregates 

HNRNPA1 38 7 186-372 

(266-325) 

278-318 0.093 

(-0.092) 

Highly toxic, 

cytoplasmic 

aggregates 

HNRNPAB 39 8 235-327 

(235-294) 

253-293 0.123 

(-0.327) 

ND 

HNRNPA3 41 9 207-378 

(287-346) 

302-342 0.057 

(-0.194) 

No expression 

TDP-43 43 10 277-414 

(301-360) 

361-401 0.043 

(0.001) 

Highly toxic, 

cytoplasmic 

aggregates 
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TIA1 53 11 292-386 

(292-351) 

307-347 0.115 

(-0.079) 

Highly toxic, 

cytoplasmic 

aggregates 

HNRNPA1L2 57 12 198-320 

(243-302) 

227-267 0.052 

(-0.091) 

ND 

HNRNPH1 63 13 382-472 

(388-447) 

407-447 0.137 

(0.039) 

ND 

SFPQ 79 14 41-104 

(41-100) 

638-678 -0.077 

(0.054) 

ND 

HNRNPA0 81 15 206-305 

(206-265) 

228-268 0.079 

(-0.03) 

Highly toxic, 

cytoplasmic 

aggregates 

HNRNPH2 101 16 382-449 

(388-447) 

400-440 0.069 

(-0.023) 

ND 

DAZ2 119 17 211-410 

(235-294) 

390-430 0.067  

(-0.014) 

Highly toxic, 

cytoplasmic 

aggregates 

RBM14 122 18 264-576 

(362-421) 

328-368 0.006 

(0.117) 

Highly toxic, 

cytoplasmic 

aggregates 

CSTF2 126 19 203-288 

(203-262) 

491-531 -0.024 

(0.085) 

ND 

DAZ3 144.5 20.5 211-410 

(235-294) 

390-430 0.067 

(-0.014) 

Mildly toxic, 

cytoplasmic 

aggregates 

DAZ4 144.5 20.5 211-382 

(283-342) 

148-188 0.002 

(0.021) 

No expression 

DAZ1 148 22 541-716 

(565-624) 

696-736 0.067 

(-0.014) 

Highly toxic, 

cytoplasmic 

aggregates 

HNRNPH3 151 23 268-346 

(276-335) 

306-346 0.079 

(-0.037) 

ND 

CSTF2T 153 24 476-568 

(509-568) 

532-572 -0.016 

(0.085) 

No expression 

CELF4 156 25 241-305 

(241-300) 

405-445 -0.04 

(0.066) 

ND 

TIAL1 162 26 301-392 309-349 0.11 ND 
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(314-373) (-0.097) 

RBM33 178 27 591-707 

(591-650) 

873-913 -0.083 

(-0.113) 

No expression 

DAZAP1 203 28 346-407 

(346-405) 

214-254 -0.028  

(0.026) 

Highly toxic, 

cytoplasmic 

aggregates 

PSPC1 231 29 414-523 

(415-474) 

479-519 -0.121 

(-0.103) 

Not toxic, 

cytoplasmic 

aggregates 

 

All human proteins from Ensembl release GRCh37.59 (78928 proteins including variant 

isoforms) were scanned for prion-like domains using the Alberti or Toombs algorithms 

(Alberti et al., 2009; Toombs et al., 2010). Proteins with RRM domains (PFAM ID PF00076.15) 

were identified using BioMart (Haider et al., 2009). 29 of 210 RRM-bearing proteins were 

found to harbor a prion domain according to the Alberti algorithm and are ranked in the 

entire proteome (after restricting to the highest scoring isoform of each protein) and among 

RRM proteins. The location of the prion-like domain and a core region of highest score are 

provided (Alberti et al., 2009). In Toombs et al, yeast proteins were found to have greater 

prion-forming potential if they are predicted to be disordered, i.e. have FoldIndex score < 0 

(Prilusky et al., 2005), and have sequence-based "prion propensity scores" greater than 0.05. 

The central 41 residues of the overlapping windows that most nearly satisfy both conditions 

are given in the table, along with the corresponding score. Scores that pass both thresholds 

are indicated in red. Finally, the toxicity and aggregation phenotype upon overexpression in 

yeast is provided (Couthouis et al., 2011). ND=not determined. 
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Highlights 
 

 We review prion and prionoid phenomena 
 We review algorithms to detect yeast prion domains 
 We report list of top 29 human RRM-bearing prion candidates 
 We review the function of RNA-binding proteins with prion-like domains 
 We review the role of RNA-binding proteins with prion-like domains in disease 


