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stress granules. Together these findings highlight how changes with age could contribute to
pathogenesis in neurodegenerative diseases and disruption of RNA homeostasis.
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INTRODUCTION

Anumberofdiseases includingcertainneurode-
generative disorders are characterized by the pres-
ence of pathological highly intractable or “solid”
proteinaggregates formedbyoneorseveraldistinct
proteins.Inthelastdecade,thelistofproteinsidenti-
fied in aggregates associated with disease has been
considerably extended with the addition of several
RNA-binding proteins (RBPs). These include
RBPs such as TDP-43 and FUS observed in aggre-
gates of patients with amyotrophic lateral sclerosis
(ALS) and frontotemporal lobar degeneration
(FTLD).1-3 RBPs associated with disease contain a
low complexity (LC) “prion-like” domain similar
to sequences identified in yeast prion proteins.4,5

Highlighting the importance of this domain, famil-
ial cases of these diseases are frequently related to
aggregation-promoting mutations in the LC prion-
likedomain.6,7 Inanon-diseasecontext,RBPswith
LC prion-like domains are key components of
RNA granules. Depending on their composition,
RNA granules such as stress granules, P-bodies, P-
granules and neuronal granules perform different
functions in the cell. RNA granules are highly
dynamic membrane-less organelles and their
assembly is mediated by association of RBPs
through their LC prion-like domains and subse-
quent recruitment of RNA and associated proteins
by RNA-binding domains.8-10 In particular, weak
interactionsbuiltbetweenLCprion-likedomains in
RBPs promote a liquid-liquid phase separation in
vitro consistent with the observed liquid-like pro-
prieties of RNA granules in vivo.11-14 Considering
the special nature of the interactionsbetweenRBPs
with LC prion-like domains and the growing num-
ber of RBPs forming hallmark aggregates in differ-
ent neurodegenerative disorders, we hypothesized
that aberrant aggregation of RBPs and RNA
granules could be an important problem that the
organism needs to actively avoid especially during
aging.

RBPs with LC Prion-Like Domains and
RNA Granule-Associated Proteins are
Highly Prone to Aggregate with Age in C.
elegans



Importantly, we found that animals with higher
levels of PAB-1 aggregation were smaller, less
motileandshorterlivedthananimalswithoutaggre-
gation.20 These results demonstrate that aggrega-
tion of sgRBPs is potentially toxic and could
acceleratetheagingprocess.

Sustained Stress Granule Formation
Triggers sgRBP Aggregation

In vitro studies have shown that liquid drop-
lets formed by purified RBPs with LC prion-
like domains will eventually transition into a
more solid state over time, thus impairing their
disassembly.11-14 Solidification of liquid drop-
lets and concomitantly the formation of fibrils
was enhanced by disease-related mutations pro-
moting aggregation and repeated cycles of
phase separation.11,13 These findings lead us to
the hypothesis that sustained stress granule for-
mation could enhance their aggregation in
vivo. 24h after continuous mild stress at 25�C,
confocal analysis revealed the formation of
abundant stress granules in day-1-old adults
(Fig. 1A). Already on day 2, these animals

started to form large PAB-1 aggregates visible
at low-magnification. Overall, PAB-1 aggrega-
tion in a population of C. elegans grown at
25�C versus 20�



inclusions of mainly nuclear-localized RBPs.
Therefore RBP mislocalization from the nucleus
to the cytoplasm is a key step toward pathogene-
sis. We investigated whether the aging process
triggers mislocalization of nuclear RBPs. For
this, we selected HRP-1, a nuclear RBP with a
LC prion-like domain, which we identified in our
proteomic analysis to become highly insoluble

with age. Significantly, the human homologs of
HRP-1, hnRNPA1 and hnRNPA3 form aberrant
cytoplasmic inclusions in multisystem proteinop-
athy and they are also found to co-aggregate in
inclusions in C9orf72 mutation-associated ALS/
FTLD.6,23 Using a fluorescent-tagged HRP-1, we
confirmed its primary nuclear localization
(Fig. 1E and 1F) and we observed that HRP-1 is
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not a normal constituent of cytoplasmic stress
granules as it remained in the nucleus upon acute
heat stress (2 hour heat shock at 32�C, data not
shown). Next we tested if aging modulates HRP-
1 localization. In C. elegans maintained in stan-
dard conditions at 20�



but also in other pathological aggregates identi-
fied in Alzheimer disease and Huntington’s dis-
ease.21 Moreover our results strongly suggest
that sgRBPs are not passive players in neurode-
generative disease.

Strategies to Prevent Stress Granule
Aggregation

We found that sgRBP aggregation is effi-
ciently prevented onp3381 vlseaot p338153(idependvent)-549.9lone-
gvitonpatwayss in



and HSP110 chaperones act together to pro-
mote protein disaggregation.34,35
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