
RNA-BINDING PROTEINS

Amatter of balance
New analyses shift the view that some forms of amyotrophic lateral

sclerosis and frontotemporal dementia are due to defects in a single

RNA-binding protein.

AARON D GITLER AND JOHN D FRYER

A
myotrophic lateral sclerosis (ALS) is a

cruel disease where the death of motor

neurons in the brain and spinal cord

causes loss of mobility, dexterity, speech, and

the ability to swallow. ALS is ultimately fatal,

usually within about three years of the onset of

symptoms (Taylor et al., 2016). In another neu-

rodegenerative disease, frontotemporal demen-

tia (FTD), neurons from the frontal and temporal

lobes of the brain die, leading to a range of cog-

nitive and behavioral symptoms such as person-

ality changes (Ling et al., 2013). The clinical

overlap between ALS and FTD has become

apparent in recent years: for example, clumps of

an RNA-binding protein called TDP-43 build up

in almost all cases of ALS and half of FTD cases

(Neumann et al., 2006). In 2011, the discovery

that a mutation in a gene called C9orf72 is the

most common genetic cause of both ALS and

FTD confirmed the connection between the dis-

eases (DeJesus-Hernandez et al.,

2011; Renton et al., 2011; ).

C9orf72 is a peculiar gene – its name literally

stands for the 72nd open reading frame on

chromosome 9 – and the disease-causing muta-

tion is even stranger. One of the gene’s introns

normally contains between two and 23 repeats

of a six-nucleotide segment (GGGGCC), but this

number can rise to hundreds (or even thousands)

in the mutant gene. This increase in repeat num-

bers could cause disease in several ways: the

repeated segments could, for example, be tran-

scribed into RNA molecules that soak up RNA-

binding proteins and prevent these proteins

from carrying out their functions (Gitler and

Tsuiji, 2016).

Researchers have identified RNA-binding pro-

teins that might be disrupted in this way. In a

previous eLife paper, researchers at Columbia

University reported that one of these proteins,

called hnRNP H, attaches to the repeat RNA in

C9orf72 and forms clumps within the nucleus. In

patients with C9orf72 mutations, this binding

hinders how the protein regulates alternative

splicing, a mechanism where specific portions of

mRNA are edited out or reshuffled

(Conlon et al., 2016). Now, a collaboration

between the Columbia team and researchers at

the New York Genome Center – including Erin

Conlon as first author and James Manley as cor-

responding author – reports a new and unex-

pected twist to the story (Conlon et al., 2018).

The team hoped to use the splicing defects

they identified in the mRNA targets of hnRNP H

to create a ‘signature’ that would help them

identify which cases are caused by mutations in

C9orf72. To begin, they studied 18 of these tar-

gets in 50 postmortem samples from the brains

of people with ALS, FTD, or both. None of the

patients harbored C9orf72 mutations, or any

other known mutation. Unexpectedly, the mRNA

sequences were still dysregulated in more than
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half of the samples: if there was no repeat RNA

to trap hnRNP H, how could this be the case?

To answer this question, Conlon explored the

solubility of hnRNP H in an effort to determine if

it was sequestered or somewhat dysfunctional.

The samples were split into two groups depend-

ing on whether they showed a splicing signature

similar to the one present in C9orf72 mutation

cases. The team found that hnRNP H was twice

as insoluble in the group with the splicing signa-

ture compared to the samples without these

RNA splicing defects. What drives this insolubil-

ity when the mutations in C9orf72 are absent?

Conlon et al. reasoned that hnRNP H could

be corrupted by proteins with similar properties

that had turned insoluble; and indeed, they

discovered three other RNA-binding proteins

which had become less soluble. They then

turned their attention to one of these proteins,

TDP-43, whose loss had been studied before

(Polymenidou et al., 2011; Tollervey et al.,

2011). This protein was distributed similarly in

the brains of all the patients: in other words, his-

topathology (or looking at the samples under

the microscope) was unable to distinguish

between the two groups. However, when mea-

suring the mRNA targets of TDP-43, it appeared

that TDP-43 had lost much more of its function

in the samples with the splicing signature that

matches the C9orf72 mutation carriers. The

insolubility of TDP-43 (how it behaves

Figure 1. Maintaining the balance of RNA-binding proteins. (A) RNA-binding proteins (red, green, orange,

purple, and blue), such as TDP-43 (green), regulate various RNA processing pathways, like the alternative splicing

of mRNA. Many of these proteins are also prone to aggregating and becoming insoluble. As represented by the

seesaw, this means that their concentration, solubility, and interactions with proteins must be controlled to

maintain balance in the cell (right). Under normal conditions, TDP-43 is soluble and is mainly localized in the

nucleus of the cell. (B) A mutation in a gene called C9orf72 can result in a reduction in the solubility of an RNA-

binding protein known as hnRNP H (purple). This can also lead to changes in the concentration and solubility of

other RNA-binding proteins (including TDP-43), which disrupts alternative splicing and other processes in the cell.

The reduction in the solubility of TDP-43 causes it to accumulate in the cytoplasm, which is a hallmark of ALS and

FTD. (C) Other triggers, such as genetic and environmental factors, can change the concentration and solubility of

RNA-binding proteins (unbalanced seesaw); this causes them to misfold, become insoluble and accumulate in the

cytoplasm.
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biochemically) was therefore more important to

identify the two groups.

Collectively, these findings support the idea

that the splicing defects found in ALS and FTD

appear when any of several RNA-binding pro-

teins becomes insoluble. As such, Conlon et al.

infer that we should reconsider how we view

these conditions, and move away from the idea

that they are simply TDP-43 diseases. Their

model predicts the existence of an equilibrium

between an array of RNA-binding proteins, each

at a different concentration and in a physically

distinct state. Even subtle mutations could

change the concentration and the solubility of

any of these proteins, which could tip the scale

and culminate in various defects in RNA process-

ing. Therapeutic interventions that reestablish

the RNA-binding protein balance could signifi-

cantly slow or stop the course of the diseases.

Aaron D Gitler is in the Department of Genetics,

Stanford University School of Medicine, Stanford,

United States

agitler@stanford.edu

http://orcid.org/0000-0001-8603-1526

John D Fryer is in the Department of Neuroscience,

Mayo Clinic, Jacksonville, United States

http://orcid.org/0000-0003-3390-2994

Competing interests: The authors declare that no

competing interests exist.

Published 21 August 2018

References

Conlon EG, Lu L, Sharma A, Yamazaki T, Tang T,
Shneider NA, Manley JL. 2016. The C9ORF72
GGGGCC expansion forms RNA G-quadruplex
inclusions and sequesters hnRNP H to disrupt splicing
in ALS brains. eLife 5:e17820. DOI: https://doi.org/10.
7554/eLife.17820, PMID: 27623008
Conlon EG, Fagegaltier D, Agius P, Davis-Porada J,
Gregory J, Hubbard I, Kang K, Kim D, Phatnani H,
Shneider NA, Manley JL, New York Genome Center
ALS Consortium. 2018. Unexpected similarities
between C9ORF72 and sporadic forms of ALS/FTD
suggest a common disease mechanism. eLife 7:
e37754. DOI: https://doi.org/10.7554/eLife.37754,
PMID: 30003873
DeJesus-Hernandez M, Mackenzie IR, Boeve BF,
Boxer AL, Baker M, Rutherford NJ, Nicholson AM,

Finch NA, Flynn H, Adamson J, Kouri N, Wojtas A,
Sengdy P, Hsiung GY, Karydas A, Seeley WW, Josephs
KA, Coppola G, Geschwind DH, Wszolek ZK, et al.
2011. Expanded GGGGCC hexanucleotide repeat in
noncoding region of C9ORF72 causes chromosome
9p-linked FTD and ALS. Neuron 72:245–256.
DOI: https://doi.org/10.1016/j.neuron.2011.09.011,
PMID: 21944778
Gitler AD, Tsuiji H. 2016. There has been an
awakening: Emerging mechanisms of C9orf72
mutations in FTD/ALS. Brain Research 1647:19–29.
DOI: https://doi.org/10.1016/j.brainres.2016.04.004,
PMID: 27059391
Ling SC, Polymenidou M, Cleveland DW. 2013.
Converging mechanisms in ALS and FTD: Disrupted
RNA and protein homeostasis. Neuron 79:416–438.
DOI: https://doi.org/10.1016/j.neuron.2013.07.033,
PMID: 23931993
Neumann M, Sampathu DM, Kwong LK, Truax AC,
Micsenyi MC, Chou TT, Bruce J, Schuck T, Grossman
M, Clark CM, McCluskey LF, Miller BL, Masliah E,
Mackenzie IR, Feldman H, Feiden W, Kretzschmar HA,
Trojanowski JQ, Lee VM. 2006. Ubiquitinated TDP-43
in frontotemporal lobar degeneration and amyotrophic
lateral sclerosis. Science 314:130–133. DOI: https://
doi.org/10.1126/science.1134108, PMID: 17023659
Polymenidou M, Lagier-Tourenne C, Hutt KR, Huelga
SC, Moran J, Liang TY, Ling SC, Sun E, Wancewicz E,
Mazur C, Kordasiewicz H, Sedaghat Y, Donohue JP,
Shiue L, Bennett CF, Yeo GW, Cleveland DW. 2011.
Long pre-mRNA depletion and RNA missplicing
contribute to neuronal vulnerability from loss of TDP-
43. Nature Neuroscience 14:459–468. DOI: https://doi.
org/10.1038/nn.2779, PMID: 21358643
Renton AE, Majounie E, Waite A, Simón-Sánchez J,
Rollinson S, Gibbs JR, Schymick JC, Laaksovirta H, van
Swieten JC, Myllykangas L, Kalimo H, Paetau A,
Abramzon Y, Remes AM, Kaganovich A, Scholz SW,
Duckworth J, Ding J, Harmer DW, Hernandez DG,
et al. 2011. A hexanucleotide repeat expansion in
C9ORF72 is the cause of chromosome 9p21-linked
ALS-FTD. Neuron 72:257–268. DOI: https://doi.org/
10.1016/j.neuron.2011.09.010, PMID: 21944779
Taylor JP, Brown RH, Cleveland DW. 2016. Decoding
ALS: From genes to mechanism. Nature 539:197–206.
DOI: https://doi.org/10.1038/nature20413, PMID: 27
830784
Tollervey JR, Curk T, Rogelj B, Briese M, Cereda M,
Kayikci M, König J, Hortobágyi T, Nishimura AL,
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