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Liquidizing FUS via prion-like
domain phosphorylation
James Shorter

FUS is an RNA-binding protein (RBP) with
a prion-like domain (PrLD) that condenses
into functional liquids, which can aber-
rantly phase transition into solid aggre-
gates comprised of pathological fibrils
connected to neurodegenerative disease.
How cells prevent aberrant phase transi-
tions of FUS and other disease-linked RBPs
with PrLDs is poorly understood. In this
issue of The EMBO Journal, Monahan et al
(2017) establish that phosphorylation of
specific serine and threonine residues in
the FUS PrLD inhibits aberrant phase sepa-
ration and toxicity.

See also: Z Monahan et al

A pproximately seventy human RNA-

binding proteins (RBPs) contain a

prion-like domain (PrLD), a type of

low-complexity domain enriched in glycine

and uncharged polar amino acids including

tyrosine, serine, glutamine, and asparagine

(March et al, 2016). This distinctive amino

acid composition resembles that of prion

domains, which enable yeast proteins such

as Sup35 and Swi1 to form prions (March

et al, 2016). Whether human RBPs with

PrLDs form prions remains an open ques-

tion. Regardless, the PrLDs of human RBPs

render them intrinsically aggregation prone,

and an expanding cohort of human RBPs

with PrLDs including ataxin 2, TDP-43, FUS,

TAF15, EWSR1, hnRNPA1, hnRNPA2, and

TIA1 are linked to several fatal neurodegen-

erative diseases, such as amyotrophic lateral

sclerosis (ALS) and frontotemporal dementia

(FTD) (March et al, 2016; Harrison &

Shorter, 2017). An archetypal RBP with a

PrLD is FUS (Fig 1A), which becomes

depleted from the nucleus and mislocalized

to cytoplasmic inclusions in the degenerat-

ing neurons of a subset of ALS and FTD

patients (Harrison & Shorter, 2017). Accu-

mulation of insoluble FUS in the cytoplasm

and simultaneous depletion of FUS from the

nucleus may elicit neurodegeneration via a

gain of toxic function, a loss of function, or

both (Sharma et al, 2016; Harrison &

Shorter, 2017). Strategies to antagonize the

cytoplasmic mislocalization and insolubility

of FUS could have therapeutic utility

(Harrison & Shorter, 2017; Yasuda et al,

2017). In this issue of The EMBO Journal,

elegant studies by Fawzi, Shewmaker, and

colleagues reveal that phosphorylation of

the FUS PrLD can inhibit pathological FUS

aggregation and toxicity (Monahan et al,

2017). Thus, increasing FUS PrLD phospho-

rylation emerges as a novel therapeutic strat-

egy for ALS and FTD (Monahan et al, 2017).

FUS shuttles between the nucleus and

cytoplasm, but is predominantly localized to

the nucleus where it performs critical func-

tions in transcription, pre-mRNA splicing,

RNA processing, and DNA repair (Harrison

& Shorter, 2017). For many of these modali-

ties, FUS likely functions in the concentrated

and specialized microenvironment of a

membraneless organelle or RNP granule

(Patel et al, 2015; Harrison & Shorter, 2017).

Importantly, the uncharged, polar PrLD

enables FUS to undergo liquid–liquid phase

separation (LLPS), which contributes to the

biogenesis of these membraneless organelles

(Fig 1B) (Burke et al, 2015; Murakami et al,

2015; Patel et al, 2015). In these condensed

liquid states, the FUS PrLD adopts a molten,

disordered conformation just as in the

dispersed soluble state, but eventually the

high local concentration of PrLDs promotes

their nucleation into cross-b fibrils (Fig 1B)

(Burke et al, 2015; Patel et al, 2015; Kato &

McKnight, 2017). This aberrant phase transi-

tion is accompanied by a shift in the mate-

rial state of the droplet from liquid to a gel

as cross-b FUS fibrils begin to dominate the

droplet (Fig 1B) (Patel et al, 2015; Kato &

McKnight, 2017). Initially, short cross-b FUS

fibrils may be labile and reversible (Kato &

McKnight, 2017), but ultimately the droplet

converts to a deleterious solid state

comprised of pathological fibrils (Murakami

et al, 2015; Patel et al, 2015). Disease-linked

mutations in the FUS PrLD accelerate this

aberrant phase transition from liquid drops

to pathological fibrils (Murakami et al,

2015; Patel et al, 2015). In ALS and FTD,

this process likely occurs in cytoplasmic

stress granules, which may convert into

pathological aggregates (March et al, 2016).

How cells prevent aberrant phase transitions

of FUS and other disease-linked RBPs with

PrLDs is poorly understood. Monahan et al

(2017) now establish that phosphorylation

of specific serines and threonines in the FUS

PrLD inhibits formation of intra- and inter-

molecular contacts that drive aberrant phase

separation and toxicity.

Building on prior observations (Han et al,

2012), Monahan et al (2017) establish that

the FUS PrLD can be phosphorylated in vitro

and in cells by DNA-dependent protein

kinase (DNA-PK). DNA-PK phosphorylates

the FUS PrLD at multiple consensus S/TQ

sites, including T7, T11, T19, S26, S30, S42,

S61, T68, S84, S87, S117, and S131. Thus, a

complex repertoire of FUS phosphorylation

states is likely populated in vivo, which

could regulate PrLD behavior. Introduction

of negatively charged phosphoserine,

phosphothreonine, or both into the
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predominantly uncharged FUS PrLD would

increase electrostatic repulsion between

PrLDs and restrict self-assembly. Indeed,

negatively charged residues are likely disfa-

vored in PrLDs for this very reason (March

et al, 2016). Importantly, DNA-PK plus ATP

ablated LLPS of a portion of the FUS PrLD

(residues 1–163) in vitro, as did substitution

of all twelve DNA-PK consensus S/T resi-

dues to phosphomimetic glutamate (termed

12E) (Monahan et al, 2017). Intriguingly,

full-length FUS exhibited more complex

phase behavior in vitro indicating the

involvement of additional domains. Initial

LLPS of full-length FUS was unaffected by

DNA-PK plus ATP or by the phospho-

mimetic 12E substitution (Fig 1B) (Monahan

et al, 2017). However, LLPS by the 12E vari-

ant was more readily inhibited by high salt

or high RNA concentrations, indicating

increased dependence on electrostatic

interactions and an altered molecular gram-

mar of LLPS (Monahan et al, 2017). Impor-

tantly, full-length FUS droplets converted to

fibrils, whereas DNA-PK plus ATP or the

12E substitution prevented this aberrant

phase transition and preserved the liquid

droplet state (Fig 1B) (Monahan et al,

2017). Not all twelve phosphomimetic

substitutions were necessary for inhibition

as the 6E variant (with glutamate substitu-

tions at S26, S30, T68, S84, S87, and S117)

formed liquid drops but did not fibrillize

(Monahan et al, 2017). Thus, partial phos-

phorylation of the FUS PrLD likely permits

LLPS but prevents fibrillization.

The specific serine and threonine resi-

dues mutated in 6E likely reside at crucial

junctures of the PrLD involved in inter-

molecular contacts that nucleate or maintain

FUS fibrils. NMR experiments revealed that

the 12E substitutions did not affect the

intrinsically disordered nature the FUS PrLD

but that the variant showed reduced tran-

sient intra- and intermolecular contacts

within or between PrLDs (Monahan et al,

2017). Preventing these contacts likely inhi-

bits nucleation events that drive fibrilliza-

tion (Fig 1B). Importantly, the FUS 6E and

12E variants displayed reduced aggregation

and toxicity in yeast and reduced cytoplas-

mic aggregation in mammalian cells in the

context of the ALS-linked FUSR495X variant

(Monahan et al, 2017). Thus, increased FUS

PrLD phosphorylation likely mitigates aggre-

gation and toxicity.

Collectively, these advances suggest that

strategies to increase FUS PrLD phosphoryla-

tion could have therapeutic utility for ALS

and FTD, which can now be assessed in

more complex disease models including fly,

mouse, and patient-derived neurons. These

exciting studies also inspire several
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Figure 1. Phosphorylation of the FUS PrLD inhibits aberrant phase transitions to pathological fibrils.
(A) Domain architecture of FUS. FUS harbors an N-terminal PrLD (residues 1–239), a RNA-recognition motif (RRM; residues 285–370), two RGG domains (residues 371–421 and
453–500) separated by a zinc-finger domain (ZNF; residues 422–452), and a C-terminal PY-nuclear localization sequence (residues 501–526). (B) The uncharged, polar
PrLD enables FUS to undergo liquid–liquid phase separation (LLPS). In these condensed liquid droplets, the FUS PrLD initially remains intrinsically disordered, but the high
local concentration of PrLDs promotes their nucleation into cross-b fibrils. As stable cross-b fibrils begin to dominate the droplet there is a shift from the liquid state
to a hydrogel state and ultimately to a solid aggregate comprised of pathological fibrils. DNA-PK phosphorylates multiple sites in the FUS PrLD, which permits LLPS
of full-length FUS but prevents the primary nucleation of cross-b fibrils in the liquid droplet and the aberrant phase transition to pathological fibrils.
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questions. For example, the precise role of

FUS phosphorylation in physiology and

pathology remains unknown. Nevertheless,

introduction of multiple negatively charged

residues into PrLDs appears to be a powerful

mechanism to alter the syntax of self-

assembly and promote liquid states over

deleterious solid states (Monahan et al,

2017). However, the FTD-linked FUS vari-

ant, G156E, exhibits accelerated aberrant

phase separation (Patel et al, 2015), which

raises the possibility that phosphorylation of

a single serine or threonine in the FUS PrLD

could promote aberrant phase separation.

Thus, it is critical that the FUS PrLD gets

phosphorylated at multiple sites to mitigate

toxicity (Monahan et al, 2017). It also

remains unclear whether phosphorylation of

the FUS PrLD can drive the dissolution of

preformed FUS fibrils and return the aber-

rant solid aggregates that accumulate in

disease to a liquid droplet phase or to

soluble monomeric species. It will be impor-

tant to determine whether key serine and

threonine residues that may be buried in the

FUS fibril core are accessible to protein

kinases. An interesting possibility is that

protein kinases might work in conjunction

with protein disaggregases to rapidly phos-

phorylate newly disaggregated FUS and

thereby prevent reaggregation (Yasuda et al,

2017).

Another question relates to DNA-PK,

which is localized to the nucleus and likely

prevents aberrant FUS phase transitions in

this compartment. However, in ALS and

FTD, FUS accumulates in the cytoplasm of

degenerating neurons. Thus, a goal would

be to increase FUS PrLD phosphorylation in

the cytoplasm, which may require targeting

another kinase or perhaps inhibiting a phos-

phatase. Precisely how increased FUS PrLD

phosphorylation might be elicited pharmaco-

logically is also unclear. Whether phospho-

rylation of the FUS PrLD negatively

regulates FUS functions in transcription, pre-

mRNA splicing, and RNA processing will

also be critical to determine as it could be

disadvantageous to exacerbate FUS loss of

function in disease. Nonetheless, phosphory-

lation of the FUS PrLD effectively counters

toxicity due to cytoplasmic gain of toxic

function (Monahan et al, 2017), which is

emerging as an important mechanism under-

pinning neurodegeneration in mouse models

(Sharma et al, 2016). Finally, serine, tyro-

sine, and threonine occur commonly in

PrLDs (March et al, 2016). Thus, it will be

enlightening to establish whether specific

phosphorylation events in PrLDs of other

disease-linked RBPs inhibit aberrant phase

separation, which might also be targeted

therapeutically. Regardless, the ground-

breaking discoveries made by Monahan et al

(2017) establish phosphorylation of the FUS

PrLD as an intriguing new therapeutic strat-

egy for diverse FUS proteinopathies.
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