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Many compartments in cells carry out important biological 
functions but lack surrounding membranes. Prominent exam-
ples are the nucleolus, stress granules, and P granules. Recently, 
there has been increasing interest in understanding how these 
compartments assemble. Studies suggest that liquid–liquid 
phase separation is at the heart of this problem (Brangwynne 
et al., 2009; Banani et al., 2017): Like the demixing of oil and 
water, certain proteins and RNAs phase separate from the sur-
rounding cytoplasm or nucleoplasm to form liquid-like com-
partments. Considerable research has gone into understanding 
which proteins drive phase separation. It has been suggested 
that certain “scaffold” proteins have the ability to phase sep-
arate into minimal compartments. Other “client” proteins and 
RNAs target into the minimal compartments to modulate bio-
logical function (Banani et al., 2017). Interestingly, after phase 
separation, liquid-like compartments can change their material 
properties to a more solid-like gel state (Patel et al., 2015; Ba-
nani et al., 2017). The obvious difference between a liquid and 
a gel is that the resident proteins in gels rearrange in space much 
more slowly. Because of their varying material properties, these 
compartments have been called “biomolecular condensates.” 
It has been suggested that changes in material properties of 
phase-separated compartments could contribute to the onset of 
neurodegeneration (Banani et al., 2017). The idea stems from 
the observation that mutations associated with neurodegener-
ative diseases promote a considerably faster liquid-to-gel tran-
sition in phase-separated compartments in vitro (Patel et al., 
2015; Banani et al., 2017). Gelation of intracellular compart-
ments may result in neurotoxicity by sequestering key proteins 
and inhibiting their normal function.

A common question one asks students is: Which is big-
ger, the protein or the mRNA from which it is translated? The 
answer of course is that the mRNA is usually much larger. 
However, there has been much less work on the role of RNA 
in phase separation and physiology of non-membrane–bound 
compartments. By binding to specific scaffold proteins, RNA 
lowers the critical concentration of protein required for phase 

separation (Saha et al., 2016; Banani et al., 2017). Interest-
ingly, RNA can also modulate the material properties of phase- 
separated compartments in vitro (Zhang et al., 2015; Banani et 
al., 2017). In their paper, Jain and Vale (2017) show that RNA 
could have a more profound role in organization of phase- 
separated compartments. This is because RNA alone can phase 
separate without the help of proteins, taking on either liquid- or 
gel-like states. This suggests that RNA itself could scaffold the 
formation of compartments, and that the material properties of 
the RNA scaffolds could influence the material properties of the 
compartments themselves (Jain and Vale, 2017).

Jain and Vale (2017) studied RNA molecules that have 
been implicated in neurodegenerative repeat expansion disor-
ders. These disorders are associated with the incorporation of 
long tandem repeats of 3–12 nucleotides within the protein-cod-
ing (exon) or noncoding regions of the genome (La Spada and 
Taylor, 2010). Many diseases have been associated with repeat 
expansion. For instance, healthy individuals contain fewer than 
20 repeats of the trinucleotide CAG in exon 1 of the huntingtin 
(HTT) gene. However, in patients with Huntington’s disease, 
the number increases to more than 35 repeats. Similarly, the 
number of GGG​GCC repeats in intron 1 of the C9orf72 gene 
increases from 2–23 in healthy individuals to 700–1,600 in 
patients with amyotrophic lateral sclerosis (ALS) or fronto-
temporal dementia (FTD). Significant effort has gone into un-
derstanding how these nucleotide repeats could lead to disease 
pathologies, and certain common themes have emerged. It turns 
out that both the RNA and protein products of these repeat-con-
taining regions interfere with cellular homeostasis (La Spada 
and Taylor, 2010). Problems could stem from loss of function 
of the gene associated with repeat expansions. Alternatively, 
in a gain-of-function scenario, the RNA and protein products 
could sequester key cellular proteins that result in disruption 
of normal cellular processes and eventual toxicity. Manifesta-
tion of disease pathology is generally observed only when re-
peat expansions exceed a minimum threshold length. The role 
of repeat expansions in disease has been a mystery. Why are 
repeat-containing RNA molecules more potent disease-causing 
agents compared with non-repeat–containing ones?

Jain and Vale (2017) explored the contribution of RNA in 
repeat expansion disorders by looking at repeats of CAG found 
in Huntington’s disease and spinocerebellar ataxis patients, re-
peats of CUG found in myotonic dystrophy patients, and re-
peats of GGG​GCC found in individuals with familial ALS and 
FTD associated with the C9orf72 gene. The authors focused 
on formation of disease-associated foci in the nucleus. These 

Several neurological disorders are linked to tandem 
nucleotide repeat expansion in the mutated gene. Jain 
and Vale (2017. Nature. https​://doi​.org​/10​.1038​/
nature22386) show that, above a pathological 
threshold repeat number, base pairing interactions 
drive phase separation of RNA into membrane-less 
gels, suggesting that RNA can scaffold the assembly of 
phase-separated compartments that sequester proteins/
RNAs causing toxicity.
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foci are thought to sequester some key RNA-binding proteins 
(e.g., splicing factors) and therefore disrupt their normal func-
tion. Jain and Vale (2017) began by studying repeat-containing 
RNAs in vitro and found that interactions among CAG/CUG/
GGG​GCC repeat-containing regions of RNA are sufficient to 
generate micrometer-scale structures that are reminiscent of 
disease-associated nuclear foci (Fig. 1). Importantly, control 
RNA of equivalent length but with the sequence scrambled 
lost the ability to phase separate. Interactions that support 
phase separation include Watson–Crick base pairing among 
repeats of CAG or CUG or formation of G-quadruplexes via 
noncanonical Hoogsteen base pairing among GGG​GCC re-
peats. Also, interactions among a minimum number of tri- or 
hexa-nucleotide repeats are required, underscoring the impor-
tance of multivalent interactions in driving phase separation 
(Banani et al., 2017). Although it is clear from this work that 
repeat-containing RNA molecules can phase separate in vitro, 
more work is required to understand the role of RNA in scaf-
folding the assembly of nuclear foci in the complex environ-
ment of the nucleus. For instance, treatment with doxorubicin, 
a nucleic acid intercalator, interfered with phase separation 
of exogenously expressed repeat-containing RNA in the nu-
cleus but did not completely disrupt nuclear speckles (Jain and 
Vale, 2017). Nevertheless, it is remarkable that determinants 
of phase separation in terms of RNA sequence correlate well 
with repeat expansion disorders.

The repeat-driven phase-separated RNA condensates 
form gels in vitro. Therefore, a testable hypothesis that emerges 
from the study by Jain and Vale (2017) is that toxicity ensues 

when phase-separated RNA gels sequester key enzymes in 
vivo and thus interfere with their normal function (Fig.  1). 
Evidence for this idea comes from several observations. For 
instance, poly-GGG​GCC localizes to nuclear speckles, a 
common site of mRNA processing, in U2OS cells and poten-
tially converts the liquid-like compartment into a solid-like 
gel (Jain and Vale, 2017).

An exciting part of this study is that Jain and Vale (2017) 
mapped the biophysical data to disease phenotype. As observed 
in myotonic dystrophy patients, nuclear speckles sequestered 
a majority of the repeat-containing RNA molecules and the 
endogenous splicing factor muscleblind-like-1 (MBNL-1) pro-
tein (La Spada and Taylor, 2010). However, unlike in patients, 
these cells did not die but appeared to grow at a normal pace. 
One possibility is that the precise mechanism of poly-GGG​
GCC–dependent toxicity in patients may vary because in 
C9orf72-dependent ALS and FTD patients poly-GGG​GCC 
forms nuclear foci that are distinct from nuclear speckles (Lee 
et al., 2013). Also, it has been estimated that the amount of 
poly-GGG​GCC–containing RNA in C9orf72-dependent ALS 
and FTD patients is limited to 1–10 transcripts per cell (Liu et 
al., 2017). It remains to be established if such a limited pool 
of transcripts could contribute significantly to neurotoxicity 
merely via phase separation. Some studies have shown that 
translation of poly-GGG​GCC–containing RNA is required for 
toxicity (Mizielinska et al., 2014). Being located in the intronic 
region of the C9orf72 gene, poly-GGG​GCC generates toxic 
dipeptide repeat-containing proteins via a noncanonical trans-
lation pathway (Zu et al., 2011). Future research will reveal the 

Figure 1.  Contribution of repeat-containing RNA in neuro-
degenerative disease. (A) Poly-CAG–, poly-CUG–, or poly- 
GGG​GCC–containing RNA (blue) can phase separate into 
solid-like gels in vitro. (B) In healthy cells, RNA (orange) and 
proteins (green) phase separate into nuclear foci that are 
liquid-like. (C) In patients, repeat-containing RNAs enhance 
phase separation resulting in more nuclear foci compared 
with healthy cells. Further, repeat-containing RNAs can trans-
form liquid-like nuclear foci–containing proteins (green) and 
RNA (blue) into a solid-like gel state. Sequestration of key pro-
teins and RNAs in gel-like nuclear foci could disrupt cellular 
homeostasis and result in toxicity.
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relative contributions of RNAs and proteins toward toxicity in 
neurodegenerative repeat expansion disorders. 

The work by Jain and Vale (2017) opens up exciting ave-
nues of future investigation relevant to both fundamental biol-
ogy of intracellular organization and translational research into 
the mechanisms of repeat expansion disorders. For instance, the 
finding that RNA can phase separate without the help of pro-
teins inspires future investigations into the role of long noncod-
ing RNA in assembly of non-membrane–bound paraspeckles in 
the nucleus (Clemson et al., 2009). Jain and Vale (2017) found 
that, in vitro, all of poly-CAG, poly-CUG, and poly-GGG​GCC 
RNAs phase separate into solid-like gels. However, when ex-
pressed in cells, only poly-GGG​GCC RNA was able to main-
tain a solid-like gel state in nuclear speckles. Poly-CAG and 
poly-CUG RNAs also localized in nuclear speckles but existed 
in a liquid-like state. Could this difference be attributed to the 
strength of interactions among the repeats of RNA or specific 
structural features (e.g., hairpins of poly-CAG or poly-CUG vs. 
G-quadruplexes of poly-GGG​GCC)?

In conclusion, the work of Jain and Vale (2017) pro-
vides strong support for the idea that the material state of a 
membrane-less compartment emerges from the interaction 
among its resident proteins and RNAs. Interactions that 
favor a liquid-like state compete with the ones that promote 
a solid-like state, and the material state of the compartment is 
a result of all these interactions. Identification and character-
ization of macromolecules that prevent gelation of poly-CAG 
or poly-CUG in vivo will be of significant interest because 
these may be critical determinants of disease onset in re-
peat expansion disorders.
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