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The formation of RNA foci in repeat expansion disorders is promoted in
molecular crowding conditions
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1. Abstract

Nucleotide repeat expansions cause a number of devastating neurodegenerative diseases. For example, the
expansion of d(GGGGCC) repeats in the C90rf72 gene is the most common genetic cause of amyotrophic lateral
sclerosis (ALS) and frontotemporal dementia (FTD). The transcribed r(GGGGCC) repeats form RNA gels by
phase transition both in vitro and in cells, which are composed of intermolecular non-canonical G-quadruplex
and hairpin structures. In this work, we quantitatively analyzed the process of RNA gelation, and gelation
process was facilitated under molecular crowding condition. Especially in 10 wt% of PEG 8000, the
sedimentation occurred in 1.72 h, much earlier than that in the dilute condition. The results might help us to

understand the pathology of repeat expansion disorders.

2. Introduction
On March 14th, 2018, a famous English physicist,

Gelation process
cosmologist and author Stephen William Hawking p

. 1. RNA accumulation
passed away. He was famous for not only his promoter d(GGGGCC) repeat region
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neurodegeneration disease amyotrophic lateral sclerosis W WM MMMy ™™™y
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death of motor neurons, showing the symptom of f"'d& < :3 Z?[ &

behavioral dysfunction. In 2011, the expansion of 2. RNA gelation T e
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be the most common genetic cause of ALS and Frt

frontotemporal dementia (FTD)," 2 which occur both as 3. sedimentation

familial and sporadic cases. The transcripts from this

gene were reported to form non-canonical G-quadruplex ‘

and hairpin structures.’ Recently, it was found that the '°°"°ida'5tate sedimentation

intermolecular structures of repeats induce RNA gels by Fijgure 1. Repeat-containing RNA folding,

phase transition, related to the long-term toxicity.* Our  gelation, and sedimentation. In our experiments,
r(GGGGCC)s was generated by in vitro
transcription.

former work has shown that a crowded condition, such
as that in cells or that induced in vitro by the presence of
agents such as polyethylene glycol (PEG), can stabilize Hoogsteen base pairing.’ The formation of
non-canonical structures might further affect many biological process, including transcription, translation and
replication.’ In this study, the self-assembly process and sedimentation of RNA gels were considered to be
affected by not only the intermolecular Watson-Crick and Hoogsteen base pairing and stacking but also the
stabilities of colloid particles related to van der Waals forces, electrostatic interactions, hydrophilic and
hydrophobic interacterions, and excluded volume repulsion. However, there is a lack of information about how



these factors influence RNA gelation due to the complexity of the cellular environment. Herein the RNA gelation
process was analyzed in details under dilute and molecular crowding conditions in vitro. Our study brings new
insight to our understanding of the progression and pathogenesis of repeat expansion disorders in the abnormal

neural conditions.

3. The gelation of r(GGGGCC) repeats in dilute condition

The gelation of ((GGGGCC) repeats was firstly
conducted in a dilute condition. The RNA repeats (A)

1. accumulation

c 4
were generated from the transcription of ‘%;: o
correspoding template, and gelation process is shown go.s- 2. gelation
in Figure 1. After the addition of T7 RNA EM‘
polymerase, RNA  transcripts that contain gzs 3. sed’imentation
1(GGGGCC)s are produced. The repeat-containing = by H

transcripts folded into inter- and intramolecular

hairpins and G-quadruplex structures and gradually (B

turbid colloidal with a

sedimentation of large particles at last. The process

gelate into a state
was characterized by UV absorption at 295 nm
(Hoogsteen base pairing in G-quadruplexes) and at
350 nm (turbidity of the solution). Three stages were
distinguished accumulation of
r(GGGGCC)s

absorption at 295 nm (1, 0-3 h), the gelation stage

in Figure 2A:

characterized by the increasing

where the RNA aggregates enhance turbidity (2, 3-6

Red laser light

Tyndall effect

Figure 2. (A) UV-Vis absorption at 295 nm (solid)
and 350 nm (dash) of transcription reactions over
time. Three stages were distinguished from the
absorption: 1. accumulation; 2. gelation; 3.
sedimentation. The photos on the right showed the
status of the solution in each stage. (B) The photo of
the transcription buffer (tube a) and the gelation
solution (tube b) after 6 h of reaction at 37 °C under

h), and the sedimentation stage (3, 6-15 h). Dynamic the illumination of red laser light.

light scattering (DLS) showed that the average
particle size increased with reaction time. The growth
rate was relatively slow at first, and the average particle size reached 1022 nm after 6 h of reaction. The solution
showed the Tyndall effect when illumistrated by a red laser light as tube b in Figure 2B shown. Later, the

particles grew rapidly to 5384 nm after 9 h of incubation, and soon sedimentated, resulted in a clear supernatant.

4. The gelation of r(GGGGCC) repeats in molecular crowding conditions

An important environmental factor might affect the gelation process is the crowded condition of cells. Six
different crowding agents were utilized to mimic the molecular crowding condition in cells, including 10 wt%
glycerol, ethylene glycol (EG), polyethylene glycol (PEG, molecular weight 200 or 8000 g mol'), dextran
(molecular weight 70000 g mol™), or ficoll (molecular weight 70000 g mol"'). The gelation was facilitated
which was observed by naked eyes after 3 h of reaction (Figure 3A). The processes were then quantitatively
characterized by UV absorption at 350 nm for turbidities, and Figure 3B showed the time to reach the maximum
absorption, which suggested the time when sedimentation occurred. The fastest gelation was found in 10 wt% of
PEG8000, the maximum absorption existed after 1.72 h, which was only 29% of 5.92 h in the dilute condition.
Similar facilitation was observed in the characterization of particle sizes by DLS, as shown in Figure 3C. For the
crowding condition provided a low dielectric constant environment, especially 10 wt% of PEG 8000, the
gelation was correlated to the dielectric constant of the condition, in accordance with the Kirkwood’s model and

suggested that the electrostatic interaction was very important for the gelation of RNA repeats.



Considering there are many processes which
might change the dielectric properties of cellular
environment were defected in ALS/FTD neurons
as Figure 3D shown, such as pump dysfunction
and protein overexpression, our study provides a
new insight to the pathology of ALS/FTD.

5. Conclusion

In conclusion, gelation of r(GGGGCC)s was
investigated in vitro. In dilute condition, the
gelation was slow, however it was greatly
facilitated in the molecular crowding conditions.
Our data suggest the importance of electrostatic
interactions in the gelation of RNA repetas, and
improve our understanding of the pathology of

repeat expansion disorders.
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Figure 3. (A) Photos of transcription solutions after 3 h
of reaction. (B) Time to reach the maximum absorption
in dilute solution and different cosolutes. (C) Average
particle sizes after 3 h. (D) The schematic diagram of the
abnormalities in ALS/FTD neurons that might affect the
dielectric properties of cellular environment.
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X, 77 UABEAERNTZT I MMee, SlERS kT I E AW T B A T AAIINRSIZ K
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