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RuvBL1/2 reduce toxic dipeptide repeat protein burden in
multiple models of C9orf72-ALS/FTD
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A G4C2 hexanucleotide repeat expansion in C90rf72 is the most
common cause of amyotrophic lateral sclerosis and fronto-
temporal dementia (C9ALS/FTD). Bidirectional transcription and
subsequent repeat-associated non-AUG (RAN) translation of
sense and antisense transcripts leads to the formation of five
dipeptide repeat (DPR) proteins. These DPRs are toxic in a wide
range of cell and animal models. Therefore, decreasing RAN-DPRs
may be of therapeutic benefit in the context of C9ALS/FTD. In this
study, we found that C9ALS/FTD patients have reduced expres-
sion of the AAA+ family members RuvBL1 and RuvBL2, which have
both been implicated in aggregate clearance. We report that
overexpression of RuvBL1, but to a greater extent RuvBL2, re-
duced C9orf72-associated DPRs in a range of in vitro systems
including cell lines, primary neurons from the C9-500 transgenic
mouse model, and patient-derived iPSC motor neurons. In vivo,
we further demonstrated that RuvBL2 overexpression and con-
sequent DPR reduction in our Drosophila model was sufficient to
rescue a number of DPR-related motor phenotypes. Thus, mod-
ulating RuvBL levels to reduce DPRs may be of therapeutic po-
tential in C9ALS/FTD.
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Introduction

Amyotrophic lateral sclerosis (ALS) and frontotemporal dementia
(FTD) exist on a clinical spectrum of disease collectively termed
ALS/FTD (Ling et al, 2013). The most common genetic cause of ALS/
FTD is an intronic hexanucleotide repeat expansion (HRE) of
GGGGCC (G4C2) within the first intron of C9orf72, referred to as
C9ALS/FTD (Dejesus-Hernandez et al, 2011; Renton et al, 2011). The
complete molecular mechanism by which this expansion leads to
disease is complex. However, three non-mutually exclusive

hypotheses have been proposed: (1) haploinsufficiency of the
C90rf72 protein caused by reduced transcription, (2) the formation
of abnormal G4C2 and G2C4 repeat RNA foci, and (3) repeat-
associated non-AUG (RAN) translation of the repeat into five
toxic sense and antisense dipeptide repeat (DPR) proteins; poly-
(GA), poly(GR), poly(GP), poly(PA), and poly(PR) (as reviewed in
Balendra and Isaacs [2018]). While the exact contribution of each
mechanism towards disease pathogenesis is yet to be elucidated,
evidence suggests that all three mechanisms could be involved.

We and others have previously described a role of the C9orf72
protein in the regulation of autophagy, with C9orf72 hap-
loinsufficiency leading to reduced autophagy induction and im-
paired autophagic clearance (Farg et al, 2014; Amick et al, 2016;
Sellier et al, 2016; Webster et al, 2016; Aoki et al, 2017). In turn, these
autophagy defects appear to exacerbate DPR protein accumulation,
promoting DPR-mediated toxicity both in vitro and in vivo (Boivin
et al, 2020; Zhu et al, 2020). In addition, post-mortem tissue from
COALS/FTD patients reveals DPR-positive inclusions are found
throughout the brain, co-localising with the autophagy receptor
protein SQSTM1/p62 (Cooper-Knock et al, 2012; Mann et al, 2013).
Together, these data support a multi-hit model of disease involving
both loss and gain of function mechanisms. Taken in isolation,
haploinsufficiency of C9orf72 appears insufficient to cause neu-
rodegeneration, instead leading to an autoimmune, inflammatory
phenotype in multiple knockout mouse models (Atanasio et al,
2016; Burberry et al, 2016; Sudria-Lopez et al, 2016). However, in
addition to its role in autophagy, loss of C9orf72 also disrupts
synaptic function, vesicular transport, endocytosis, and in turn,
glutamate receptor trafficking (Aoki et al, 2017; Selvaraj et al, 2018;
Shi et al, 2018; Bauer et al, 2022a), all of which have the potential to
synergize with other C9orf72-associated disease mechanisms, in-
cluding DPRs, to potentiate neurodegeneration.

While it is probable that all three mechanisms are at play,
multiple studies have demonstrated that DPR proteins alone are
sufficient to trigger neurodegeneration (Mizielinska et al, 2014; Wen
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etal, 2014; Tran et al, 2015; West et al, 2020). In particular, numerous
studies demonstrate that arginine containing DPRs, but also poly-
(GA), are likely the most neurotoxic (Kwon et al, 2014; Mizielinska
et al, 2014; Wen et al, 2014; Lopez-Gonzalez et al, 2016; Chitiprolu
et al, 2018; Saberi et al, 2018; Suzuki et al, 2018; Andrade et al, 2020;
Liu et al, 2022). For this reason, methods that alleviate DPR levels
may be beneficial in the treatment of C9ALS/FTD.

RuvBL1and RuvBL2 (also known as RVB1/RVB2, Pontin/Reptin,
and TIP49/TIP48) are members of the AAA+ (ATPase associated
with diverse cellular activities) family of ATPases. RuvBL1 and
RuvBL2 are highly conserved from yeast to mammals, and are
paralogous to the bacterial RuvB helicase. Structural analysis via
X-ray crystallography and electron microscopy indicates RuvBL1
and RuvBL2 monomers oligomerize into hetero and homo
hexameric rings, which can further stack into a double
dodecamer ring structure (Matias et al, 2006; Puri et al, 2007;
Torreira et al, 2008; Lakomek et al, 2015). The organisation of
these oligomeric-hexamers is likely associated with specific
functions of the RuvBL1/2 containing complex and is also
structurally important for the intrinsic ATPase activity of both
RuvBL1 and RuvBL2, which hydrolyse ATP via their conserved
Walker A and B motifs (Gorynia et al, 2011; Lakomek et al, 2015).
The functions of RuvBL1 and RuvBL2 are diverse and complex.
The ATPase activity RuvBL1and RuvBL2 regulates several cellular
processes including nonsense-mediated decay (NMD) (Izumi
et al, 2010), DNA damage repair (Kanemaki et al, 1999; Gorynia
et al, 2011), mTOR activation (Kim et al, 2013; Shin et al, 2020),
chromatin remodelling, and transcriptional regulation (Jha et al,
2013; Zhou et al, 2017; Wang et al, 2022). In many cases, RuvBL1
and RuvBL2 form a scaffold which assists in the organisation of
other proteins within a larger macromolecular complex (Matias
etal, 2006; Puri et al, 2007; Torreira et al, 2008). This is particularly
evident in the chromatin remodelling complexes INO80, SRCAP,
and TIP60 and the co-chaperone complex for HSP90, R2TP
(reviewed in Dauden et al [2021]). Aside from their nuclear
functions, RuvBL1 and RuvBL2 have also been implicated in the
control of protein aggregation, specifically assisting in the
compartmentalisation of misfolded proteins into the aggresome
(zaarur etal, 2015), a cellular storage compartment for misfolded
proteins before their clearance via the autophagy-lysosome
pathway (Johnston et al, 1998; Zaarur et al, 2014). More re-
cently, RuvBL1 and RuvBL2 were shown to be involved in the
disaggregation of large insoluble aggregates to allow their
clearance (Narayanan et al, 2019). By assisting in clearance of
aggregates above a critical threshold, RuvBL1 and RuvBL2 are
able to maintain protein homeostasis, keeping aggregate for-
mation under control (Narayanan et al, 2019). Loss of RuvBL1 and
RuvBL2 prevents the proper formation of the aggresome and also
accelerates aggregate accumulation (Zaarur et al, 2015;
Narayanan et al, 2019). Given that C9orf72-associated DPRs
readily form insoluble aggregates within cells (Mori et al, 2013a,
2013b; Ash et al, 2013; Gendron et al, 2013; Mann et al, 2013;
Mackenzie et al, 2014) and are also autophagy substrates (Boivin
et al, 2020) potentially delivered to the lysosome via the
aggresome, we investigated whether modulating RuvBL1 and
RuvBL2 levels could prove beneficial in the removal of these
toxic DPR protein species.

RuvBL1/2 reduce COALS/FTD DPRs Webster et al.

Here we report that overexpression of the RuvBL proteins is
sufficient to prevent C9orf72-associated DPR formation, which in
Drosophilais able to rescue a number of motor related phenotypes.
These data provide further evidence that modulating DPR levels
could be of therapeutic benefit in the development of treatments
for COALS/FTD.

Results
RuvBL1/2 overexpression reduces DPR protein levels in vitro

C9orf72-associated DPR proteins are known as autophagy sub-
strates (Boivin et al, 2020). However, it is well recognised that the
DPRs have the potential to form large cytoplasmic aggregates (Mori
et al, 2013a, 2013b; Ash et al, 2013; Gendron et al, 2013; Mann et al,
2013; Mackenzie et al, 2014), potentially indicating reduced clear-
ance. The clearance of such aggregates via the autophagy-
lysosome pathway is termed aggrephagy (Lamark & Johansen,
2012). Both RuvBL1 and RuvBL2 are implicated in aggrephagy and
the disaggregation of larger protein aggregates, including amyloid
fibrils, to allow more efficient degradation and clearance (Zaarur
et al, 2015; Narayanan et al, 2019). Given these characteristics, we
sought to determine if overexpression of RuvBL1/2 could be
beneficial in terms of reducing DPR protein levels. To investigate
this, we delivered plasmids expressing AUG-driven synthetic,
codon-optimised, V5-tagged 100 repeats of poly(GA), poly(GR), or
poly(PR) DPRs into Hela cells co-transfected with plasmids
expressing FLAG-tagged RuvBL1 or HA-tagged RuvBL2. A schematic
representation of these synthetic DPR constructs is included in Fig
S1A-C. Overexpression of FLAG-RuvBL1 and HA-RuvBL2 was con-
firmed via immunoblot (Fig 1A-D). Because of the challenge of
reliably detecting these DPR proteins via standard immunoblot that
we experienced previously (Bauer et al, 2022b), V5-DPR levels were
analysed via dot-blot. V5-positive signal was present in poly(GA),
poly(GR), and poly(PR) transfected cells but absent in the empty
vector control transfection indicating these DPRs were readily
detected via dot-blot analysis. Overexpression of FLAG-RuvBL1 and
HA-RuvBL2 led to a significant reduction in the detectable level of
poly(GA) and poly(GR) (Fig 1B and C) but had no effect on poly(PR)
levels (Fig 1D). To ensure that the lack of effect on poly(PR) levels
was not because of a PR100 saturation, we repeated these poly(PR)
experiments, where the level of transfected poly(PR) was titrated
down. Overexpression of FLAG-RuvBL1 and HA-RuvBL2 were still
unable to affect poly(PR) levels even after a threefold 1:2 serial
dilution of total poly(PR) plasmid DNA, suggesting this was not
because of saturated levels of poly(PR) (Fig S2A). We next repeated
these overexpression experiments with constructs containing 45
uninterrupted sense G4C2 repeats (45xG4C2) with V5-tags in all
three frames downstream of the repeats. The orientation of these
repeats and the location of the V5-tags is shown (Fig S3). This
construct is able to produce all 3 sense DPR proteins via RAN
translation (Bauer et al, 2022b; Castelli et al, 2023). Again, over-
expression of RuvBL1 and RuvBL2 significantly reduced the de-
tectable levels of V5-DPRs on dot-blot (Fig 1E), indicating RuvBL1/2
can impact the level of DPRs produced via RAN translation. To
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Figure 1. RuvBL overexpression reduces
C9orf72-associated dipeptide repeat (DPR)
proteins in vitro.

(A, B, C, D) Hela cells transfected with empty
vector control (Ctrl), FLAG-RuvBL1, or HA-
RuvBL2 (A, B, C, D) were co-transfected with
empty vector (A) or AUG-driven synthetic codon-
optimised V5-tagged 100 repeat poly(GA) (B),
poly(GR) (C), or poly(PR) (D) DPR expressing
constructs. RuvBL overexpression was confirmed
via immunoblot with GAPDH indicating equal
loading of samples. Levels of V5-tagged DPRs
were determined via dot-blot. DPR levels were
normalised to GAPDH and plotted relative to
empty vector transfected control (mean + SEM;
one-way ANOVA with Tukey post-test: *P < 0.05,
**P < 0.005, ***P < 0.001; N = 3 independent
experiments). (E) Hela cells transfected with
empty vector control (ev), FLAG-RuvBL1, or HA-
RuvBL2 were co-transfected with empty vector
or with 45 uninterrupted sense GGGGCC repeats
(45xG4C2) with V5-tags in all three reading
frames. RuvBL overexpression was confirmed
via immunoblot with GAPDH indicating equal
loading of samples. Levels of repeat-associated
non-AUG translated V5-DPRs were

determined via dot-blot. DPR levels were
normalised to GAPDH and plotted relative to
empty vector transfected control (mean *

SEM; one-way ANOVA with Tukey post-test: *P <
0.05, ***P < 0.001, ****P < 0.0007; N = 4
independent experiments).

3 of 22


https://doi.org/10.26508/lsa.202402757

»»
»»

S

CC

A

50 —

37—

B

50 —

37—

C

63 —
48 —

35—

RuvBL1/2 reduce COALS/FTD DPRs

RuvBL1

N N

— —

RuvBL1

&y

Q- X
G

Relative RuvBL1 mRNA expression

Life Science Alliance

RuvBLA1

GAPDH

RuvBLA1

GAPDH

RuvBL1

GAPDH

Relative RuvBL2 mRNA expression

1.5
*kokok
1.0 re-ae
0.5
0.0 I T
Ctrl.1  Pat.1
15— ns
| ()
o
-
1.04 [+ '1'
osd | | |1
L]
0.0 r T
Ctrl.1  Pat.A1

Webster et al.

RuvBL2
15
N N 5
& 2
14
63 — E 1.0
o w— RUVBL2 2
48 — 205
©
35 _ —E GAPDH ¢&
0.0
RuvBL2
0 15
R o 3
63— 935 1.0
o
s | RUvVBL2 g
48 — v 05
B
35 __[w———— GAPDH e
0.0
RuvBL2
) > 1.5
63— E
X 10
s | RUVBL2 "_6
48 — s
E 0.5
35 — |——— GAPDH %
0.0
E's
@ 1.5+
o
S skkokk
X
)
S 1.0 e
14
IS
O
Q 0.5
=]
o
o
=
% 0.0 T T
14 Ctrl.2 Pat.2
1.59
skekok

0.5

0.0

£

Relative RuvBL2 mRNA expression

Ctrl.2

1
Pat.2

https://doi.org/10.26508/1sa.202402757  vol 8 | no 2 | €202402757

RuvBL1 RuvBL2
ns
o 18 "
*okkk 2
3
¥ 10
o
®
3
2 05
£
[
14
0.0
& &
RuvBL1 RuvBL2
15
* 3 *
>
e | Zi0] I
o
K}
3
205
©
[5)
o
0.0
o“\{} QQ’& c}‘\r} Q”}Py
RuvBL1 RuvBL2
15
N
* é *kk
3
ooe | Z 10 |
u o
- K]
: 3
205
s
O
[h4
0.0
0&\’?: Qq}‘b o'&{b < o\fb
c
kel
@ 1.5+
o
[N skkokk
X
)
S 1.0 e
14
[S
.
D 0.5
S °
14 s
© -
=
% 0.0 T T
14 Ctrl.3 Pat.3
c
kel
§ 1.5
5 skokokk
X
)
S 104 %
14
[S
N
@
D 0.5
=]
o
o
=
% 0.0 T T
14 Ctrl.3 Pat.3

4 of 22


https://doi.org/10.26508/lsa.202402757

>y D, o . o
s2ep Life Science Alliance

ensure that overexpression of RuvBL1/2 was not affecting protein
translation more generally, we repeated these RuvBL1 and RuvBL2
overexpression experiments with a pEGFP-C2 plasmid and mea-
sured the levels of EGFP. Overexpression of FLAG-RuvBL1 and HA-
RuvBL2 had no significant impact on EGFP levels detected via
immunoblot (Fig S2B). To demonstrate the level of RuvBL1/2
overexpression produced by FLAG-RuvBL1 or HA-RuvBL2 transfec-
tion, we immunoblotted the above samples with anti-RuvBL1 and
anti-RuvBL2 antibodies. Using these antibodies to detect endog-
enous and exogenous RuvBL1 and RuvBL2 indicated a clear over-
expression caused by transfection (Fig Sa).

RuvBL1/2 are differentially expressed in C90rf72 patient cells

The reduced expression of RuvBLT and RuvBL2 prevents aggresome
formation, leading to an increase in cytoplasmic aggregates (Zaarur
et al, 2015). Because RuvBL1/2 appeared to reduce DPR levels when
overexpressed, we questioned whether C9orf72 patients could have
reduced expression of RuvBL1 and RuvBL2. We investigated the
level of RuvBL1/2 expression at the mRNA and protein level in
C90rf72 patient-derived iAstrocyte cells compared with age and
gender matched healthy controls. RuvBL1 protein was found to be
significantly lower in all C9orf72-ALS-derived patient cells com-
pared with their controls (Fig 2A-C), whereas RuvBL2 levels were
significantly reduced in two of the three patient lines (Fig 2B and Q).
A similar pattern was observed in the results of the RT-gPCR
analysis which indicated a reduced level of expression of RuvBL1
mRNAs across all patient lines, and a reduced level of RuvBL2
expression in two of the three patient lines (Fig 2D-F). We next
questioned whether it was the presence of RAN-translated DPRs
that could be affecting RuvBL1/2 expression in C9orf72 patients. To
investigate whether the presence of the repeat expansion could
affect RuvBL1/2 protein levels, we transfected our 45 uninterrupted
sense G4C2 repeats (45xG4C2) construct into Hela cells and de-
termined the effect on endogenous RuvBL levels via immunoblot.
The presence of this 45xG4C2 repeat has no effect on endogenous
RuvBL1 or RuvBL2 (Fig S5A and B).

Loss of RuvBL1/2 does not increase DPR levels in vitro

The reduced expression of RuvBL proteins in C9orf72 patient cells
and the increased DPR reduction when RuvBL1/2 was overex-
pressed led us to investigate whether loss of RuvBL1 or RuvBL2
would lead to an increase in RAN-translated DPRs. To test this, we
reduced RuvBL1 or RuvBL2 expression in Hela cells using pools of
four different siRNAs targeting RuvBL1 or RuvBL2 before delivering
our RAN-DPR producing construct. Hela cells were treated with
non-targeting control siRNA (siCtrl), RuvBL1-targeting siRNA (siR-
uvBL1), or RuvBL2-targeting siRNA (siRuvBL2) before transfecting
cells with our 45 uninterrupted sense G4C2 repeat (45xG4C2)

construct. Knockdown of RuvBL1 and RuvBL2 was confirmed via
immunoblot (Fig S6A and B). We chose to determine the level of
poly(GP) DPRs via our highly sensitive, in-house MSD-ELISA. Poly-
(GP) DPRs are the most abundant DPR formed from the C9orf72-
associated repeat expansion and are also the most readily detected
DPR from our 45xG4C2 construct. Poly(GP) DPRs were detected in all
cell lysates transfected with V5-45xG4C2 constructs. In these assays,
knockdown of RuvBL1 or RuvBL2 had no effect on the level of
poly(GP) DPRs detected via MSD-ELISA (Fig S6C).

RuvBL1/2 overexpression reduces DPRs in primary cortical
neurons from C9-500 BAC mice

We next investigated the effect of RuvBL1/2 overexpression on DPR
levels in a more physiologically relevant in vitro system. The C9-500
BAC transgenic mouse model expresses a human C9orf72 gene with
~500 pathogenic G4C2 repeats (Liu et al, 2016). While the behav-
ioural phenotype has been shown to be variable (Mordes et al, 2020;
Nguyen et al, 2020), this model does reliably recapitulate a number
of the hallmarks specific to C9orf72-related disease including RNA
foci and DPR protein production via RAN translation (Mordes et al,
2020; Nguyen et al, 2020). We therefore used this model to inves-
tigate the effect of RuvBL1/2 overexpression on DPR proteins at the
endogenous, disease relevant, level. Primary cortical neurons were
extracted from E16.5 C9-500 BAC-positive embryos and their WT
siblings. All embryos were genotyped as described in the Materials
and Methods section. To efficiently deliver RuvBL1 and RuvBL2 to
these primary cortical neurons, we produced lentiviruses con-
taining FLAG-RuvBL1 or HA-RuvBL2. Our previous analysis of C9-500
BAC cortical neurons via MSD-ELISA has indicated that poly(GA) and
poly(PR) DPRs are readily produced in these cells, whereas de-
tection of the other DPR species is more challenging. We therefore
investigated whether overexpression of RuvBL1 or RuvBL2 via
lentiviral (LV) transduction could reduce poly(GA) and poly(GP)
levels in these cells. C9-500 BAC primary cortical neurons were
transduced with LV-GFP, LV-RuvBL1, or LV-RuvBL2 at DIV4, before
proteins were harvested at DIV10 and LV transduction confirmed by
immunoblot (Fig 3A-C). Levels of poly(GA) and poly(GP) were
measured by MSD-ELISA (Fig 3D and E). As expected, there was a
significant detection of poly(GA) and poly(GP) signals in the C9-500
BAC neurons compared with the WT controls. After transduction
with LV-RuvBL1 and LV-RuvBL2, we demonstrated that RuvBL1 and
RuvBL2 overexpression significantly reduced poly(GA) DPRs (Fig 3D).
However, only transduction with RuvBL2 was able to significantly
reduced poly(GP) levels in these assays (Fig 4E). Given that RuvBL
levels appeared to be altered in C9orf72 patients, we determined
the level of endogenous RuvBL1 and RuvBL2 in these C9-500 BAC
transgenic neurons via immunoblot. There was no difference
in RuvBL1 levels between C9-500 BAC transgenic neurons and
non-transgenic controls (Fig S7A). However, we did observe a

Figure 2. C9ALS/FTD patient cells have reduced levels of RuvBL proteins.

(A, B, C) RuvBL1 (leftimmunoblot) and RuvBL2 (right immunoblot) protein levels from 3 C9orf72-ALS/FTD patient iNPC lines and their age and sex-matched controls were
determined by immunoblot. Levels of RuvBL1 (left graph) and RuvBL2 (right graph) were normalised to GAPDH and are shown relative to the age and sex-matched control
(mean + SEM; unpaired t test: *P < 0.05, ***P < 0.001, ****P < 0.0001, ns, non-significant; N = 3 independent experiments). (D, E, F) Expression of RuvBL1 (upper graphs) and
RuvBL2 (lower graphs) transcripts were quantified by RT-qPCR using 18S as a housekeeping gene (mean + SEM, N = 3 independent experiments; unpaired t test: **P <

0.005, ***P < 0.001, ****P < 0.0001).

RuvBL1/2 reduce COALS/FTD DPRs Webster et al.

https://doi.org/10.26508/1sa.202402757 vol 8 | no 2 | €202402757 5 of 22


https://doi.org/10.26508/lsa.202402757

(<Y< . . .
s2ep Life Science Alliance

A
Untreated + - + - + -
LV-GFP - + - + - +
25 —
20 — - - GFP
15—
45 | ——— —— — a-Tubulin
Tg1 Tg3 Tg5
B
*kk
20— —
Untreated + - + - + - '8:15 :
LV-RuwBL1 - + - + - + g
e
Sl - = w|RuBLT 2707
48 — 5
Tg1 Tg3 Tg5 04
C UT LV-RuvBL1
5 *
Untreated + - + - + - Tg d .
LV-RuvBL2 - + - + - + S
[§] 3
63 — ke
48 — | - e e e RuvBL2 gz
3 2-
35— —— — — — | GAPDH E; 1
3 14
Tgl Tg3 Tgb &«
0
UIT LV-RuvBL2
D E
*k %%k
*kkkk * ns | ****l ns %k
] 1
3000+ 10000 - . |
Q ¥ Q 8000 £ 3
e e
@ 2000- =
% O ) g 6000 - ol .
~ k)
& 1000 g 4000+
5 % 2000
0 I I I 0 ’f‘ T T
O S QS S
& ¥ & & eé‘ & & &
LV-GFP: - + - - LV-GFP: - + - -
LV-RuvBL1: - -+ - LV-RuvBL1: - -+ -
LV-RuvBL2: - - -+ LV-RuvBL2: - - - +

RuvBL1/2 reduce COALS/FTD DPRs Webster et al.

Figure 3. Lentiviral transduction with RuvBL2
reduces C9orf72-associated dipeptide repeats
(DPRs) in C9-500 BAC primary cortical neurons.
Primary cortical neurons were extracted from E16.5
WT and C9-500 BAC transgenic (Tg) mouse
embryos. At DIV4, Tg neurons were transduced
with LV-GFP, LV-RuvBL1, or LV-RuvBL2 at an MOl of
10. At DIV11, proteins were extracted for
immunoblot analysis and MSD-ELISA. (A, B, C)
Transduction and overexpression of GFP (A),
RuvBL1 (B), and RuvBL2 (C) was assessed by
immunoblot and quantified relative to Tg non-
transduced samples. (D) Levels of poly(GA) DPRs
were assessed by MSD-ELISA (mean + SEM, N =3
independent embryos; one-way ANOVA with
Tukey post-test: *P < 0.05, **P < 0.01, ****P < 0.0001.
ns, non-significant). (E) Levels of poly(GP) DPRs
were assessed by MSD-ELISA (mean + SEM, N =3
independent embryos; one-way ANOVA with Tukey
post-test: **P < 0.01, ***P < 0.001, ****P < 0.0001,
ns, non-significant).
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Figure 4.

Lentiviral transduction with RuvBL2 reduces poly(GA) dipeptide repeats (DPRs) in C90rf72 patient iPSC-derived motor neurons.

(A) A timeline to illustrate the differentiation procedure of the iPSC motor neurons and the timepoint of transduction. iPSC-derived motor neurons from Control (Ctrl:
CS14) and C9orf72 patient (ALS-52) were transduced at DIV28 with LV-GFP, LV-RuvBL1, or LV-RuvBL2 at an MOI of 10. 7 d post transduction proteins were extracted for
analysis via immunoblot and MSD-ELISA. Transduction and overexpression of RuvBL1. (B, C) RA, Retanoic Acid; CHIR, CHIR99021; Pur, Purmophamine; MN, motor neuron (B)
and RuvBL2 (C) were confirmed via immunoblot with GAPDH indicating equal loading. Levels of RuvBL1 or RuvBL2 were quantified relative to Tg GFP-transduced
samples. (D) Levels of poly(GA) DPRs were assessed by MSD-ELISA (mean + SEM, N = 3 independent experiments; one-way ANOVA with Tukey post-test: *P < 0.05, ns, non-
significant). (E) Levels of poly(GP) DPRs were assessed by MSD-ELISA (mean + SEM, N = 3 independent experiments; one-way ANOVA with Tukey post-test: ns, non-

significant).

significant decrease in endogenous RuvBL2 levels in trans-
genic neurons when compared with non-transgenic controls
(Fig S7B).

RuvBL1/2 overexpression reduces poly(GA) DPRs in patient iPSC-
derived motor neurons

Having produced lentiviruses capable of transducing primary
neuronal cells and overexpressing RuvBL1 and RuvBL2, we then
tested these viruses on iPSC motor neurons derived from C9orf72
patients. iPSC MNs were transduced at day 28 of differentiation and

RuvBL1/2 reduce COALS/FTD DPRs Webster et al.

maintained for a further 5 d, at which time proteins were harvested
and LV-mediated RuvBL1 and RuvBL2 overexpression, confirmed by
immunoblot. In these assays, the level of transduction and,
therefore, RuvBL1 and RuvBL2 overexpression was particularly
variable (Fig 4A and B). Similar to the C9-500 BAC primary cortical
neuron experiments, we measured the levels of poly(GA) and
poly(GP) in the protein lysates by MSD-ELISA as these DPRs are the
most abundant, leading to more reliable detection and quantifi-
cation. Overexpression of RuvBL2 led to a significant reduction in
the levels of detectable poly(GA) DPRs compared with the GFP-
transduced control cells (Fig 4C). However, RuvBL2 had no
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significant impact on poly(GP) levels in these assays (Fig 4D). Al-
though LV-RuvBL1 was able to reduce poly(GA) in C9-500 BAC
primary neurons, overexpression of RuvBL1 had no impact on
poly(GA) or poly(GP) levels in these experiments.

RuvBL1/2 overexpression reduces DPR proteins in a Drosophila
model of C9ALS/FTD

After demonstrating that overexpression of RuvBL1 and RuvBL2
were able to reduce DPRs in vitro, including in pathogenically
relevant primary and patient cell models, we next turned to in vivo
studies. To determine the effect of RuvBL overexpression on DPR
production in vivo, we used the previously published Drosophila
models of C9orf72-related dipeptide repeats, which separately
express over 1,000 repeats of either GA, GR, PR, or PA DPRs (West
et al, 2020). The Drosophila genotypes and genetic crosses used in
this study are listed in Tables S1 and S2. Pontin, the Drosophila
orthologue of RuvBL1 (UAS-Pontin: RuvBL1), Reptin, the Drosophila
orthologue of RuvBL2 (UAS-Reptin: RuvBL2) or a Gal& titration
control (mKate [UAS-mKate2.CAAX]) were co-expressed pan-
neuronally (nSyb-Gal4) with each DPR (UAS-PA[1024]eGFP, UAS-
PR[1100]eGFP, UAS-GA[1020]eGFP, UAS-GR[1136]eGFP), or a GFP
control (UAS-mCD8-GFP). 7 days post-eclosion (DPE) proteins were
extracted from fly heads, and levels of each DPR measured by MSD-
ELISA to accurately assess changes in DPR levels between groups.
Co-expression of Pontin with GA and GR had no effect on detectable
DPR levels (Fig 5A and B) but was able to significantly reduce
poly(PR) and poly(PA) levels (Fig 5C and D). Although co-expression
of Reptin had no effect on GA levels (Fig 5A), Reptin co-expression
significantly reduced the levels of poly(GR), poly(PR), and poly(PA)
in these flies (Fig 5B-D). Again, as seen with our previous experi-
ments, the strongest effect in terms of DPR reduction and DPRs
affected was observed with co-expression of Reptin, the orthologue
of RuvBL2.

Reptin co-expression rescues GR(1000)-, PR(1000)-, and
PA(1000)-associated motor phenotypes in Drosophila

Pan-neuronal expression of GR(1000), PR(1000), and PA(1000) have
previously been shown to lead to an impairment of motor function,
characterised by reduced climbing ability (West et al, 2020; Bennett
et al, 2023). Because co-expression of Reptin (RuvBL2) with these
DPRs led to a reduction in their detectable levels, we investigated
whether this reduction in DPR levels translated to a rescue of
impaired motor function. A schematic to illustrate when each assay
was performed post-eclosion is included in Fig S8. We evaluated
motor performance in flies pan-neuronally co-expressing UAS-
PA(1024)eGFP, UAS-PR(1100)eGFP, UAS-GR(1136)eGFP, or UAS-
mCD8-GFP with either UAS-mKate2.CAAX, or UAS-Reptin via a
startle-induced negative geotaxis assay at 7 and 14 DPE. Pan-
neuronal expression of GFP when co-expressed with mKate or
Reptin did not show a decrease in climbing from 7 to 14 DPE (Fig 6A).
In these assays, pan-neuronal expression of PA(1000) and GR(1000)
led to a significant decrease in vertical climbing distance from 7 to
14 DPE in the mKate co-expressing groups (Fig 6B and C). However,
in flies co-expressing Reptin (RuvBL2), no significant decrease in
vertical climbing was observed (Fig 6B and C), with Reptin

RuvBL1/2 reduce COALS/FTD DPRs Webster et al.

significantly rescuing the vertical climbing distance in PA(1000)
expressing flies. These data suggest co-expression of Reptin was
sufficient to rescue this progressive motor phenotype associated
with PA(1000) and GR(1000) expression. Although PR expressing
flies did not exhibit a progressive reduction in climbing between 7
and 14 DPE, co-expression of Reptin in these flies did lead to a
significant increase in climbing distance at both 7 and 14 DPE (Fig
6D).

We next assessed motor function by means of the Drosophila
Activity Monitoring system, an assessment of fly activity which
measures the number of “moves” or infrared beam crosses in a 24-h
period. This provides a readout of basal activity in the absence of a
startle stimulus. Flies from each genotype were analysed at 14 DPE
over 24 h. The average moves per hour in each group are plotted in
Fig 6E. Flies co-expressing mKate with PA(1000), GR(1000), or
PR(1000) displayed a significant reduction in activity compared with
the GFP control (Fig 6E and F). Co-expression of Reptin had no effect
on the activity of GFP expressing flies and was also unable to rescue
the activity defect caused by PA(1000) expression. However, co-
expression of Reptin did lead to a partial rescue of the activity
defect seen in GR(1000) and PR(1000) expressing flies, as measured
by the significant increases in total beam crosses measured over
24 h (Fig 6F). To assess whether these differences were indeed
related to motor function, we further analysed the activity monitor
data to assess sleep patterns in these flies. Sleep was defined as a
temporary stationary period of more than 5 min, as described
previously (Silva et al, 2022). Using the Rtivity software to measure
total time sleeping over the 24-h period, we discovered that both
GR(1000) and PR(1000) flies sleep more during daylight hours (Fig
6G). Co-expression of Reptin was able to rescue this defect in
PR(1000) flies and partially rescue in the GR(1000) flies (Fig 6G). No
difference was observed in the PA(1000) flies. Taking these results
together, these data indicate that increased expression of Reptin
(RuvBL2) can rescue the motor deficits caused by the expression of
C9orf72-associated DPRs of pathogenic lengths in an in vivo Dro-
sophila model of C9orf72-related neurodegeneration.

RuvBL1/2 overexpression slows the rate of DPR production by
affecting repeat RNA levels

The RuvBL proteins have previously been implicated in processing
of amyloid fibres and the formation of the aggresome (Zaarur et al,
2015), the subcellular compartmentalisation of misfolded or ag-
gregate prone proteins destined for clearance by the autophagy/
lysosome system (Fortun et al, 2003; Iwata et al, 2005). Furthermore,
they are also involved in the disassembly of large protein aggre-
gates, acting in a surveillance system to recognise and enhance the
clearance of protein aggregates above a critical size threshold
(Narayanan et al, 2019). Given that DPRs are aggregate prone
proteins capable of forming large insoluble condensates within
cells, we assessed whether the effect of RuvBL overexpression on
DPR levels was because of an increased rate of clearance. Having
already seen a significant reduction in V5-sense DPR levels 48 h
after co-transfection with RuvBL1 and RuvBL2 (Fig 1E), we assessed
how V5-sense DPR levels changed over time in RuvBL1 or RuvBL2
overexpressing cells after the inhibition of protein translation with
cycloheximide (CHX). Hela cells transfected 24 h previously with
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Figure 5. RuvBL co-expression decreases dipeptide repeat levels in a Drosophila model of C9ALS/FTD.

(A, B, C, D) Drosophila pan-neuronally (nSyb-Gal4) co-expressing UAS-mKate2.CAAX (mKate), UAS-Pontin (Pontin), or UAS-Reptin (Reptin) with either UAS-GA(1020)eGFP
(GA1000) (A), UAS-GR(1136)eGFP (GR1000) (B), UAS-PR(1100)eGFP (PR1000) (C), or UAS-PA(1024)eGFP (P1000) (D) were aged to 7 DPE before heads were taken for protein
extraction. Dipeptide repeats were analysed by MSD-ELISA and are presented relative to the mKate control (mean + SEM, N = 3 [PA1000], 4 [GA1000 and PR1000], or 5
[GR1000] independent experiments; one-way ANOVA with Tukey post-test: *P < 0.05, **P < 0.01, ***P < 0.001, ns, non-significant).

control, FLAG-RuvBL1, or HA-RuvBL2 plasmids were transfected
with V5-sense DPR plasmids and protein translation inhibited with
CHX 8 h post transfection. RuvBL1 and RuvBL2 overexpression was
confirmed by immunoblot (Fig 7A). Cyclin D1, having a short half-life
because of rapid turnover, was used as an indicator of translational
inhibition and protein clearance (Fig 7A). In these assays, we again
determined poly(GP) levels via MSD-ELISA to give the most accurate
measure of total DPR proteins (Fig 7B). We discovered that after
translational inhibition with CHX, the total level of poly(GP) DPR
remained stable and showed no significant level of clearance over
the 24-h period studied (Fig 7B). Furthermore, it appeared that the
presence of RuvBL1/2 was not able to affect DPR levels when
protein translation was inhibited, contrary to what we observed
previously in the absence of translational inhibitors (Fig 1A-E).
Given that these DPRs were inherently stable with a long protein
half-life, these results indicated that RuvBL1 and RuvBL2 were
possibly affecting DPR translation and the rate of DPR production
rather than clearance. We therefore followed the rate of poly(GP)
DPR production from the sense construct via MSD-ELISA immedi-
ately following plasmid transfection. Sense plasmids were deliv-
ered to Hela cells which had been transfected 24 h previously with
control, FLAG-RuvBL1 or HA-RuvBL2 plasmids. Proteins were then
harvested at a range of time points over the next 24 h and poly(GP)
levels determined via MSD-ELISA. RuvBL1/2 protein overexpression
was confirmed by immunoblot (Fig 7C). The levels of poly(GP) at
each time point are shown in Fig 7D. The presence of RuvBL1 and
RuvBL2 appeared to slow the rate of DPR production and, indeed,
24-h post DPR transfection there was significantly less poly(GP) in
RuvBL2 overexpressing cells compared with control (Fig 7E).

The RuvBL proteins have been shown to regulate transcription
coupled translation, and mRNA translatability during glucose
starvation and cellular stress (Chen et al, 2022), yet interaction with
the translational machinery and ribosome has not been studied. To

RuvBL1/2 reduce COALS/FTD DPRs Webster et al.

further characterise the role of RuvBL1 and RuvBL2 in translation,
we investigated whether RuvBL1 or RuvBL2 were able to interact
with the translational machinery. To do this, we explored a possible
interaction between the RuvBL proteins and the large ribosomal
subunit, the 60S ribosomal protein L10a (RPL10a). Hela cells were
transfected with control plasmid or FLAG-tagged RPL10a, before
isolating RPL10a with anti-FLAG antibodies and probing the
resulting immunoprecipitate for RuvBL1 and RuvBL2. Endogenous
RuvBL1, and to a greater extent, RuvBL2 were found to specifically
co-immunoprecipitate with RPL10a (Fig 7F and G), suggesting a
possible interaction between RuvBL1/2 and this component of the
large 60S ribosomal subunit.

Of course, differences in rate of production could also be be-
cause of reduced availability of mRNA and reduced transcription
rather than translation. Given the dual roles of RuvBL proteins in
transcription coupled translation, their interactions with mRNA's
and transcriptional initiation (Chen et al, 2022; Wang et al, 2022), in
parallel to these translational assays, we also investigated the
effect of RuvBL1and RuvBL2 overexpression on transcription of the
sense transcript. Using primers against the sequence downstream
of the sense repeat (Illustrated in Fig S9A), we investigated the level
of sense DPR transcription via RT-qPCR in cells co-overexpressing
FLAG-RuvBL1 or HA-RuvBL2. The presence of RuvBL1/2 over-
expression was confirmed via immunoblot (Fig 8A). Normalising to
18S as a housekeeping gene, we discovered overexpression of
RuvBL1T and RuvBL2 had a profound effect on sense DPR tran-
scription (Fig 8B). This effect did not appear to be a reduction in
global transcription as GAPDH and C9orf72 expression was unaf-
fected by FLAG-RuvBL1 or HA-RuvBL2 overexpression (Fig 8C and D).
FLAG-RuvBL1, HA-RuvBL2, and V5-45xG4C2 repeat expression were
all controlled by CMV promoters. To ensure the reduction in V5-
45xG4C2 transcripts caused by overexpression of FLAG-RuvBL1 or
HA-RuvBL2 was not a consequence of CMV promoter usage, we
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repeated these overexpression experiments with a CMV promoter
controlled EGFP expression plasmid, pEGFP-C2. Hela cells were
co-transfected with empty vector control (Ctrl), FLAG-RuvBL1, or
HA-RuvBL2 and either empty vector control (Ctrl), pEGFP-C2, or V5-
45xG4C2 plasmids. RT-gPCR analysis revealed overexpression of
RuvBL1 or RuvBL2 had no effect of EGFP transcript levels (Fig S9B),
whereas V5-45xG4C2 repeat transcripts were again significantly
reduced (Fig S9C). In all these samples, GAPDH transcript levels
remained unchanged (Fig S9D).

Finally, given that C9orf72 patients displayed reduced ex-
pression of RuvBL1/2, we investigated what effect a targeted
reduction in RuvBL1/2 expression would have on G4C2 repeat RNA
transcript levels. Hela cells treated with siCtrl, siRuvBL1, or siR-
uvBL2 were transfected with empty vector control (Ctrl) or V5-
45xG4C2 repeats. RT-gPCR analysis revealed RuvBL1-targeting
SsiRNA led to a significant knockdown of both RuvBL1 and
RuvBL2 transcripts (Fig S10A and B), while RuvBL2-targeting siRNA
significantly reduced RuvBL2 transcripts only (Fig S10B). Knock-
down of RuvBL1or RuvBL2 had no significant effect on G4C2 repeat
RNA expression in these assays (Fig S10C). Thus, these data in-
dicated that overexpression of RuvBL1 and RuvBL2 are able to
reduce transcription of the C9orf72 repeat, leading to reduced DPR
translation, which in Drosophilais sufficient to rescue a number of
neurodegenerative phenotypes.

Discussion

Here, we demonstrate that overexpression of RuvBL1, but pre-
dominantly RuvBL2, are able to reduce C9orf72-associated DPR
levels in a range of in vitro models including cell lines, primary
neurons, and patient-derived iPSC neuron cells, as well as an in vivo
Drosophila model of C9orf72-ALS/FTD (Figs 1, 3-5). Furthermore, the
reduction in DPRs caused by RuvBL2 overexpression in vivo is able
to rescue some of the motor phenotypes associated with DPR
expression, including reduced climbing and reduced activity (Fig 6).
Given the modifying effect on C9orf72-associated disease patho-
genesis, and our discovery that C9orf72 patients display reduced
levels of RuvBL1/2 expression (Fig 2), we propose that modulating
RuvBL1/2 levels could be beneficial in alleviating DPR-associated
disease mechanisms in C90rf72-ALS/FTD. Indeed, when packaged
into an AAV9 vector and delivered to primary cortical neurons, we
observed RuvBL2 overexpression was again able to reduce poly(GP)
DPRs in these cells (data not shown).

RuvBL1 and RuvBL2 are members of the AAA+ (ATPases associ-
ated with diverse cellular activities) protein family and are essential
components of a number of macromolecular complexes. RuvBL1/2

play critical roles in chromatin remodelling as part of the INO80
(Jonsson et al, 2004; Chen et al, 2011), TIP60 (Shen et al, 2000; Cai
et al, 2003), and SRCAP (Shen et al, 2000; Mizuguchi et al, 2004; Cai
et al, 2005) complexes, with these having further roles in tran-
scriptional regulation (Makino et al, 1999; Shen et al, 2000; Wang
et al, 2022) and DNA damage repair (Kanemaki et al, 1999; Gorynia
et al, 2011). Through direct interaction with RPAP3 (Martino et al,
2018; Maurizy et al, 2018), RuvBL1/2 are also involved in the for-
mation of the R2TP complex, a Hsp90 co-chaperone (Boulon et al,
2008, 2010). The scaffold-like function of this R2TP complex,
seemingly mediated by RPAP3, may also recruit Hsp70
(Benbahouche et al, 2014; Henri et al, 2018), which is typically in-
volved in the binding and refolding of misfolded proteins and the
solubilisation and degradation of aggregated proteins (reviewed in
Rosenzweig et al, 2019). By binding and recruiting Hsp70 and Hsp90,
the R2TP complex could assist protein client exchange between
these two chaperones or even between Hsp70 and RuvBL1/2. In-
terestingly, RuvBL proteins themselves display chaperone activity
(Zaarur et al, 2015; Zhou et al, 2017), specifically in the relation to
protein disaggregation and the formation of the aggresome (Zaarur
et al, 2015). RuvBL proteins have also recently been implicated in
the disassembly of large protein aggregates (Narayanan et al, 2019),
a feature previously described for the yeast AAA+ family member,
Hsp104 (as reviewed in Shorter and Southworth [2019]), and
mammalian Hsp110, which works in conjunction with Hsp70 to
promote disaggregation of protein aggregates (Shorter, 2011). RAN
translation of the C9orf72 repeat expansion from sense and anti-
sense transcripts gives rise to 5 DPR proteins which form insoluble
inclusions within C9ALS/FTD neuronal tissue (Mori et al, 2013a; Ash
et al, 2013; Gendron et al, 2013). At least in the case of poly(GA), it
appears that soluble oligomers are able to grow into solid insoluble
fibrillary aggregates once a critical threshold is reached, similar in
nature to amyloid (Brasseur et al, 2020; Marchi et al, 2022). Both
Hsp70 and Hsp110 have been implicated in the removal of C9orf72-
associated DPR aggregates (Zhang et al, 2021; Liu et al, 2022).
Furthermore, given the role of RuvBL in amyloid disaggregation
(Zaarur et al, 2015) and the similarity of some DPRs to amyloid
fibrils, it could be hypothesised that increasing RuvBL expression
promotes clearance either by its own chaperone activity or via
client delivery to the Hsp70-Hsp110 disaggregase machinery. Aside
from the role of Hsp70, there is further precedent for the in-
volvement of the Hsp70/Hsp90 axis in the disaggregation and
clearance of C9orf72-associated DPRs: while Hsp70 and Hsp110
activity appears to promote DPR clearance, pharmacological in-
hibition and knockdown of Hsp90 also promote DPR clearance and
alleviate toxicity (Licata et al, 2022; Lee et al, 2023). Given that in-
hibition of Hsp90 via geldanamycin induces Hsp70 (Shen et al,

Figure 6. RuvBL2 co-expression rescues age related motor impairments in Drosophila pan-neuronally expressing dipeptide repeats.

(A, B, C, D) The vertical distance climbed 5 s after startle-induced negative geotaxis was recorded in Drosophila pan-neuronally (nSyb-Gal4) co-expressing mKate or
Reptin with either mCD8-GFP control (A), PA1000 (B), GR1000 (C), or PR1000 (D), at 7 and 14 DPE. The minimum number of flies in any one group was eight (mean + SEM, flies
were from at least three independent crosses per genotype; one-way ANOVA with Tukey post-test: **P < 0.01, ns, non-significant). (E) The activity of Drosophila pan-
neuronally (nSyb-Gal4) co-expressing mKate or Reptin with either mCD8-GFP control, PA1000, GR1000, or PR1000, was assessed at 14 DPE over a 24-h period. The total
number moves per hour are presented, with the 12-h dark cycle indicated in grey (mean + SEM, a minimum of at least six flies were used per group). (F) The total number of
moves per day per, of each individual animal for each genotype are presented (mean + SEM, flies were from at least three independent crosses per genotype; one-way
ANOVA with Tukey post-test: *P < 0.05, **P < 0.01, ****P < 0.0001). Flies were from at least three independent crosses per genotype. (G) The total time (in hours) each
individual animal was classified as sleeping during daylight hours are presented for each genotype (mean + SEM, flies were from at least three independent crosses per
genotype; one-way ANOVA with Sidak’s multiple comparisons test: *P < 0.05, ****P < 0.0001).
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Figure 7.

RuvBL overexpression slows the rate of dipeptide repeat (DPR) production and interacts with the translational machinery.

(A) Hela cells transfected with empty vector control (Ctrl), FLAG-RuvBL1, or HA-RuvBL2 were co-transfected with empty vector or with 45 uninterrupted sense GGGGCC
repeats (45xG4C2) before treating with cycloheximide (CHX) for the indicated time to block further protein translation. RuvBL overexpression was confirmed via
immunoblot with GAPDH indicating equal loading of samples, and cyclin D demonstrating efficacy of the CHX treatment. (B) Levels of repeat-associated non-AUG
translated poly(GP) DPRs were determined via MSD-ELISA allowing for the monitoring of protein turnover. (C) Hela cells transfected with empty vector control (ev),
FLAG-RuvBL1, or HA-RuvBL2 were co-transfected with empty vector or with V5-tagged 45 uninterrupted sense GGGGCC repeats (V5-45xG4C2). Proteins were harvested at
the indicated times post transfection to follow rate of production. (D) Levels of repeat-associated non-AUG translated poly(GP) DPRs were determined via MSD-ELISA and
are presented relative to the empty control transfected 0 h sample. (E) The level of poly(GP) DPRs at 8 h post transfection with empty vector control, FLAG-RuvBL1, or HA-
RuvBL2. Poly(GP) DPRs are presented relative to the empty vector control (mean + SEM, N = 3 independent experiments; one-way ANOVA with Tukey post-test: *P < 0.05, **P
< 0.01, ***P < 0.001). Lysates from Hela cells transfected with empty vector control or FLAG-tagged RPL10A were subjected to immunoprecipitation with anti-FLAG
antibodies. (F, G) Immune pellets were probed for RuvBL1 (F) and RuvBL2 (G) on immunoblot.
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2005), however, it is likely that this effect is also mediated via the
Hsp70-Hsp110 machinery. It will be important to fully characterise
the relationship between RuvBL overexpression and Hsp70 to gain a
more complete understanding of whether these proteins are
influencing the Hsp70-Hsp110 disaggregase mechanism, in turn
promoting DPR disaggregation and clearance of certain C9orf72-
associated DPRs proteins.

Although RuvBL overexpression was able to reduce detectable
DPRs and appeared to slow their rate of production (Figs 1 and 7),
rather than affecting rate of clearance of poly(GP); it appeared this
was because of changes in transcription and/or translation (Fig 8).
Recent studies have demonstrated the role of RuvBL proteins in
translational repression (Chen et al, 2022). However, RT-qPCR
analysis revealed that it was sense DPR transcription that was
significantly reduced in RuvBL1- or RuvBL2-transfected cells. The
role of RuvBL proteins in transcription and translation is well
characterised given their roles in the chromatin remodelling
complexes of Ino80, TIP60, and SRCAP. However, because these
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complexes are associated with chromatin remodelling to bring
about gene expression, this function of the RuvBL proteins is
typically associated with transcriptional activation. RuvBL2 spe-
cifically is associated with the regulation of Pol Il clusters and the
transcriptional activation of a wide range of genes via its interaction
with a diverse array of transcription factors, playing a critical role in
global transcription (Wang et al, 2022). Indeed, RuvBL proteins are
often found to be overexpressed in certain cancers, potentially
because of overall transcriptional activation promoting cell pro-
liferation (Mao & Houry, 2017). In our hands, RuvBL overexpression
led to a dramatic reduction in C9orf72 sense expression, while
GAPDH, C90rf72, and EGFP transcription remained unchanged (Figs
8 and S9), indicating a specific effect on C9orf72 G4C2 repeat
RNA. RuvBL proteins have previously been shown to repress gene
expression via the regulation of transcription factors such as beta-
catenin and NF-kB (Bauer et al, 2000; Kim et al, 2005). Our as-
sessment that RuvBL2 overexpression had no effect on DPR
stability, turnover, and degradation was only based on our
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observations relating to poly(GP) levels. Of course, RuvBL could
have differing effects on the other C9orf72-associated DPRs.
Having only followed poly(GP) in these assays, it could be
possible that RuvBL is effecting stability and clearance of other
non-poly(GP) C9orf72-associated DPRs.

Our evidence to date suggests that overexpression of RuvBL is
not effecting endogenous C9orf72 expression (Fig 8D) but is in-
stead affecting repeat RNA levels either by modulating tran-
scription or by altering repeat RNA stability or metabolism. In
support of the latter, RuvBL proteins are known to regulate for-
mation of a number of PIKK complexes, and via interaction with
SMG-1may function as part of the NMD pathway (Izumi et al, 2010).
Furthermore, the ATPase activity of RuvBL1 and RuvBL2 may be
required for the assembly of specific factors necessary for NMD
initiation (Lopez-Perrote et al, 2020). Retention of the HRE-
containing first intron in C9orf72 is potentially required for RAN
translation to occur (Tran et al, 2015; Niblock et al, 2016). Yet intron
retention typically leads to mRNA degradation by NMD (Ge &
Porse, 2014). However, the presence of arginine-containing DPR
proteins has been shown to inhibit upstream frameshift-1 (UPF-
1)-mediated NMD mechanisms in C9orf72 patients, potentially as a
result of global translational repression (Xu et al, 2019; Sun et al,
2020). Multiple studies have shown that activation of the NMD
pathway, particularly via activation of UPF-1, can modify C9orf72
neurotoxicity through a reduction in DPR levels, leading to
neuroprotective effects in several in vitro and in vivo models of
COALS/FTD (Xu et al, 2019; Ortega et al, 2020; Sun et al, 2020; Zaepfel
et al, 2021). In our experiments, C9orf72 patients had reduced
expression of RuvBL1/2 (Fig 2) and the presence of a pathogenic
length G4C2 repeat in the C9-500 BAC mouse cortical neurons
appeared to significantly reduce RuvBL2 protein levels (Fig S7).
Given the roles of RuvBL1/2 in NMD and our data showing sig-
nificant effects on HRE RNA, it is possible that by elevating RuvBL
levels one could promote the NMD pathway, similar to the effects
seen with eRF1 and UPF-1 overexpression (Ortega et al, 2020) and
thus reduce the availability of transcripts able to undergo RAN
translation leading to a reduction in C9orf72-associated DPR
proteins. However, in our siRNA assays, RuvBL1/2 silencing did not
lead to an increase in HRE-containing RNA transcripts or an in-
crease in RAN-translated DPR products, suggesting the observed
effects were not exclusively because of modulation of NMD (Figs
S6 and S10). RuvBL1/2 ATPase activity appears to regulate mo-
lecular complex formation necessary for efficient NMD initiation
(Izumi et al, 2010; Lopez-Perrote et al, 2020), and loss of RuvBL1/2
leads to reduced clearance of NMD substrates containing pre-
mature termination codons (PTCs), bona fide NMD substrates. The
HRE-containing transcripts used in our experiments do not
contain PTCs. NMD has also been shown to regulate a number of
so-called normal mRNA transcripts (Nogueira et al, 2021). Thus,
while loss of RuvBL1/2 could affect metabolism of PTC-containing
transcripts, the effect on other NMD substrates is currently un-
clear. Further studies are required to determine whether over-
expression of RuvBL proteins is able to promote NMD and
therefore effect levels of C9orf72 transcripts retaining intron 1.
Alternatively, RuvBL1/2 could be affecting transcription of the
HRE.

RuvBL1/2 reduce COALS/FTD DPRs Webster et al.

A consistent finding across all our assays was that RuvBL2
overexpression had the most, and in some cases the only, signif-
icant effect on DPR reduction. Indeed, in our in vivo Drosophila
studies, we chose only to focus on the effect of Reptin, the Dro-
sophila orthologue of RuvBL2, in terms of phenotypic rescue. This is
somewhat surprising but not entirely unprecedented. RuvBL1 and
RuvBL2 are known interaction partners, with the crystal structure of
the RuvBL1-RuvBL2 complex indicating they exist as hetero-
hexameric rings which stack as a dodecamer (Gorynia et al,
2011). However, it has also been demonstrated that RuvBL1 and
RuvBL2 exist in many different oligomeric conformations, including
homohexamers (Puri et al, 2007; Niewiarowski et al, 2010). These
differences in the structure of the RuvBL1-RuvBL2 complex could
potentially indicate varied functions depending on the cellular
process, in which they are involved (Nano & Houry, 2013). In certain
instances, RuvBL1 and RuvBL2 may even function alone (Magalska
et al, 2014; Zaarur et al, 2015), as was seen in our experiments, where
RuvBL1 or RuvBL2 were overexpressed independently of the other.
Where RuvBL1 and RuvBL2 have also been shown to work inde-
pendently, they often appear to function antagonistically (Bauer
et al, 2000; Kim et al, 2005; Diop et al, 2008). This did not appear to be
the case in our study, as RuvBL1 overexpression often showed a
similar trend to the overexpression of RuvBL2. Given that endog-
enous RuvBL1 and RuvBL2 are present in our assays, it will be
interesting to determine the exact mechanism by which RuvBL2
overexpression exerts a more pronounced effect on C9orf72-
associated DPR levels compared with RuvBL1 and whether this is
indeed independent of RuvBL1.

Finally, we and others have previously demonstrated that
C9orf72-associated DPRs lead to increased levels of DNA double
strand breaks, when also inhibiting the correct DNA damage re-
sponse (DDR) (Farg et al, 2017; Walker et al, 2017; Andrade et al, 2020).
Furthermore, recent studies have indicated that the C9orf72 protein
itself is involved in the DDR, with haploinsufficiency of C9orf72
exacerbating the DNA damage caused by poly(GR) DPRs (He et al,
2023). Thus, genome instability appears to contribute to disease
pathogenesis in C9orf72-ALS/FTD. As part of the chromatin
remodelling complexes, which are necessary for remodelling of the
DNA around damage sites, both RuvBL1 and RuvBL2 are implicated
in DNA damage repair (Shen et al, 2000; Mizuguchi et al, 2004; Jha
et al, 2008). Here again, RuvBL1/2 overexpression could prove
beneficial in the context of C90rf72-ALS/FTD, firstly by reducing the
DPRs that lead to increased DNA damage and dysfunctional repair
and, secondly, by promoting a functional DDR.

While the involvement of RuvBL1/2 in protein disaggregation
and clearance was the initial focus of this study, we present here
novel data indicating RuvBL1 and RuvBL2 may assist in reducing
the pathogenic DPR proteins found in C9orf72-ALS/FTD by mod-
ulating the availability of HRE-containing RNA. This modifying
effect on DPR levels warrants further investigation, and poten-
tially indicates that modulating RuvBL levels could be beneficialin
a COALS/FTD setting. This suggestion is supported by our finding
that COALS/FTD patients may have reduced expression of RuvBL
proteins in the first instance. Future work should use these
findings to explore potential therapeutic avenues relating to
RuvBL1 and RuvBL2.
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Table 1. Thermal cycling conditions for genotyping PCR.

Step Temperature (°C) Time (s) Number of cycles
Initial denaturation 96 180 1
Denaturation 94 45
Annealing 55 45 32
Elongation 72 60
Final elongation 72 360 1

Materials and Methods

Plasmids

pCDNA3.1was used as an empty vector control plasmid (Invitrogen).
PEGFP-C2 was used as a CMV promoter control. pCMV3-N-FLAG-RuvBL1
and pCMV3-N-HA-RuvBL2 were purchased from Sino Biological Inc. To
incorporate 5’-Xhol sites and 3’-Notl sites onto FLAG-RuvBL1, FLAG-
RuvBL1 cDNA was amplified from pCMV3-N-FLAG-RuvBL1 by PCR using
5'-ACGTCTCGAGATGGATTACAAGGATGAC-3" and 5'-ACGTGCGGCCGCT-
TACTTCATGTACTTATC-3" primers. To incorporate 5’-Xhol sites and 3'-
Notl sites onto HA-RuvBL2, HA-RuvBL2 cDNA was amplified from
pCMV3-N-HA-RuvBL2 by PCR using 5'-ACGTCTCGAGATGTATCCT
TACGACGTG-3" and 5'-ACTGGCGGCCGCTTAGGAGGTGTCCATGGT-3'
primers. FLAG-RuvBL1 and HA-RuvBL2 were subcloned into a self-
inactivating lentiviral (SIN-W-PGK) vector containing the multiple
cloning site from pCl-Neo (pLenti-Vos) using the Xhol and Notl re-
striction sites. AUG-driven synthetic, codon-optimised, V5-tagged 100
repeat poly(GA), poly(GR), or poly(PR) DPR constructs in pCl-Neo were
described previously (Bauer et al, 2022b). pcDNA3.1-G4C2x45-3xV5
was described previously (Castelli et al, 2023).

Cell culture and transfection

Hela cells were cultured in DMEM (Sigma-Aldrich) supplemented
with 10% FBS (Labtech) and 1 mM sodium pyruvate (Sigma-Aldrich)
in a humified, 5% CO, atmosphere at 37°C. Cells were transfected
with plasmid DNA using Lipofectamine 2000 (Invitrogen) at a ratio of
2:1 (ul Lipofectamine 2000: pg plasmid DNA) according to the
manufacturer's instructions. Cells were used for experiments
24-48 h after transfection. Hela cells were transfected with siRNA
using Lipofectamine RNA iMax (Invitrogen) according to the man-
ufacturer's instructions. Cells were DNA transfected 3 d post siRNA
transfection and harvested for experimental analysis 4 d post SiRNA
transfection.

Primary cortical neurons were isolated from E16.5 embryos of C9-
500 BAC transgenic mice. Cells were isolated as described previously
(Marrone etal, 2022) and cultured on tissue culture plates pre-coated
with poly-D-lysine in neurobasal medium supplemented with B27
supplement (Invitrogen), 100 IU/ml penicillin, 100 mg/ml strepto-
mycin, and 2 mM L-glutamine.

SiRNA

Non-targeting control siRNA was purchased from Dharmacon.
RuvBL1 and RuvBL2 SMARTpool ON-TARGETplus siRNA's were
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purchased from Dharmacon. The sequences were as follows:
RuvBL1: auaagguggugaacaagua, gggaaggacagcauugaga, cag-
gauaaguacaugaagu, cucaggagcuggguaguaa, RuvBL2: wuaa-
caaggauugagcgaau, cgcaguacaugaaggagua, gaaacgcaaggguacagaa,
gcgagaaagacacgaagca.

Genotyping of E16.5 mouse embryos

Genotyping was performed on genomic DNA that was extracted
from tail tissue taken from the E16.5 embryos after cortical neuron
extraction. Genomic DNA was extracted by incubating tail tissue in
QuickExtract DNA Extraction Solution at 65°C for 30 min, followed
by 4 min at 98°C. Genotyping PCRs were performed in a 25 ul
reaction volume containing both control and transgene primers.
Reactions contained 125 pul NEB Quick-Load Tag Master Mix
(M0271L; NEB), 100 nM of forward and reverse primers for the
control genotyping reaction (Vgll4-F: 5'-TTGGATGGAGAAGGATGGAG-
3’; Vgll4-R: 5'-GTCTCCACAAGCCCATGAGT-3'), 200 nM of forward
and reverse primers for the transgene genotyping reaction
(C9-GT-F:  5'-AGTTGGGTCCATGCTCAACAA-3’;  C9-GT-R: 5'-
ACTGTTCTAGGTACCGGGCT-3’), and 1 ul genomic DNA from the
QuickExtract DNA Extraction protocol. The thermal profile of the
PCRreaction isshown in Table 1. PCR products were resolved on
2% agarose gels in Tris-acetate-EDTA buffer. Control products
were visualized at 589 bp. Transgene products were visualized
at 314 bp. A single band at 589 bp identified non-transgenics.
A band at 314 and 589 bp identified transgenics.

RNA extraction and RT-qPCR quantification

RNA was extracted from Hela and iAstrocyte cell pellets using
TRIzol reagent (Invitrogen) according to the manufacturer’s in-
structions and resuspended in 20 ul nuclease-free water. RNA was
DNasel treated (Roche) and quantified using a NanoDrop (Nano-
DropTechnologies). 2 ug RNA from whole cell extraction was reverse
transcribed into cDNA using M-MLV reverse transcriptase (Invi-
trogen) according to the manufacturer’s instructions. Briefly, 2 ug
RNA was reverse transcribed in a final volume of 20 ul containing
1 ul random hexamers, 1 ul of 10 mM dNTPs, 4 ul of 5x reverse
transcriptase buffer, 2 ul of 0.1 M DTT, and 1 ul of M-MLV reverse
transcriptase. RT-qPCR was performed using a C1000 Touch ther-
mos Cycler using the CFX96 Real-Time System (Bio-Rad). Samples
were amplified in triplicate using the Brilliant Ill Ultra-Fast SYBR
Green QPCR Master Mix (Agilent Technologies) and 250 nM using an
initial denaturation step, and 45 cycles of amplification (95°C for
30 s; 60°C for 30 s; 72°C for 1 min) before recording melting curves.
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Data were analysed using the Bio-Rad CFX Manager software and
relative gene expression determined using the AACt method, with
18S rRNA used as a reference housekeeping gene.

Primer sequences were as follows: 185, FW 5'-CGGA-
CATCTAGGGCATCAC-3’, REV 5'-GTGGAGCGATTTGTCTGGTT-3’; GAPDH,
FW 5'-GGTGGGGCTCATTTGCAGGG-3’, REV 5'-GGGGGCATCAGCA-
GAGGGG-3'; C90rf72, FW 5'-GTTGATAGATTAACACATATAATCCGG-3’,
REV 5’-AGTAAGCATTGGAATAATACTCTGA-3’; RuvBL1, FW 5'-AGAG-
CACTACGAAGACGCAG-3’, REV  5'-TATGACGCCACATGCCTCTC-3;
RuvBL2, FW 5'-AACCGTTACAGCCACAACCA-3’, REV 5'-TTGCGAAGCCTGCC-
GAG-3'; 45xG4(C2 reporter, FW 5'-GGGCCCTTCGAACAAAAACTC-3", REV 5'~
GGGAGGGGCAAACAACAGAT-3'; EGFP, FW 5'-AAGGGCATCGACTTCAAGG-3/,
REV 5'-TGCTTGTCGGCCATGATATAG-3'.

iNPC production and iAstrocyte differentiation

Skin biopsies were obtained from the forearm of subjects after
informed consent, in accordance with guidelines set by the local
ethics committee (Study number STH16573, Research Committee
reference 12/YH/0330). Fibroblast cell cultures were established in
DMEM supplemented with 10% FBS (Labtech), 2 mM glutamine,
50 pg/ml uridine, vitamins, amino acids, and 1 mM sodium pyruvate
in a humified, 5% CO, atmosphere at 37°C. iAstrocytes were dif-
ferentiated from induced neural progenitor cells (iNPCs) as pre-
viously described (Meyer et al, 2014). iNPCs were cultured in DMEM
containing 1% N2 supplement (Life Technologies), 1% B27 supple-
ment, and 20 ng/ml fibroblast growth factor-2 (Preprotech). INPCs
were differentiated into induced astrocytes (iAstrocytes) on 10 cm
dishes coated with fibronectin (5 pug/ml, Millipore) by culturing in
DMEM with 10% FBS and 0.3% N2. iNPCs were differentiated to
iAstrocytes over 8 d.

iPSC-derived motor neuron culture

iPSCs were cultured on vitronectin-coated plates in mTeSR-plus
(Stem Cell Technologies). When they reached 90% confluence they
were passaged 1:1 with Relesr (Stem Cell Technologies) onto a
Matrigel-coated plate in mTeSR-plus supplemented with 10 uM Rho
kinase inhibitor for 24 h. After 24 h, the media was replaced with
basal media (50% neurobasal media, 50% KnockOut TM DMEM/F12,
0.5X N2, 0.5X B27, 1X Glutamax, 1% Penicillin streptomycin) sup-
plemented with 3 UM CHIR, 2 uM DMH1 and 2 pM SB431542 for 6 d,
with full media changes every 24 h. Media was then changed to
basal media supplemented with 1 pyM CHIR, 2 uM DMH1, 2 puM
SB431542, 0.1 uM retinoic acid, and 0.5 pM purmorphamine for 5 d,
with full media changes every 24 h. Cells were then passaged at a
ratio of 1:12 onto Matrigel-coated plates in NPC expansion media
(basal media supplemented with 3 uM CHIR, 2 uM DMH1, 2 uM
SB431542, 0.1 UM retinoic acid, 0.5 yM purmorphamine, and 0.5 uM
valproic acid) supplemented with 10 pM Rho kinase inhibitor for
24 h. Full media changes with NPC expansion media were then
performed every other day. When the NPCs were 100% confluent,
the media was changed to the motor neuron progenitor differ-
entiation media (basal media supplemented with 0.5 uM retinoic
acid and 0.1 uM purmorphamine) for 5 d, with media changes every
other day. The motor neuron progenitors were then passaged and
plated onto Matrigel-coated plates at a density of 130,000 cells/cm
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2 in motor neuron differentiation media (basal media supple-
mented with 0.5 pM retinoic acid, 0.1 UM purmorphamine, 0.1 yM
compound E, 10 ng/ml BDNF, 10 ng/ml CNTF, and 10 ng/ml IGF1)
supplemented with 10 yM Rho kinase inhibitor for 24 h. Media was
then changed every other day for 9 d. Cells were then used for
experiments.

Lentiviral production

Lentiviruses (LV) were propagated in HEK293T cells using the cal-
cium phosphate method (Deglon et al, 2000). Viral titres were
measured by gPCR. Genomic DNA isolated from transduced Hela
cells was used as a template for gPCR with Woodchuck Hepatitis
Virus Posttranscriptional Regulatory Element (WPRE) primers to
assess the number of copies of stably integrated lentiviruses. An LV
carrying GFP of a known biological titre (FACS titration) was used as
a reference.

Lentiviral transduction

Primary cortical neurons from E16.5 C9-500 BAC transgenic mouse
embryos were transduced with the indicated lentiviral vectors at a
MOl of 10 on DIV4. Cells received a 50% media change at DIVZ and
were maintained until DIV10. iPSC-derived motor neurons from
COALS/FTD patients were transduced at day 28 of differentiation
with an MOI of 20. Cells received a 50% media change every other
day and were maintained for a further 5 d.

SDS-PAGE and immunoblot

Unless otherwise stated, cells were washed once with PBS before
lysing directly in ice-cold RIPA buffer (50 mM Tris—-HCl pH 6.8,
150 mM NacCl, T mM EDTA, T mM EGTA, 2% [wt/vol] SDS, 0.5% [wt/vol]
deoxycholic acid, 1% [wt/vol] Triton X-100, and protease inhibitor
cocktail [Thermo Fisher Scientific]). Lysates were incubated on ice
for30 min before being clarified at 17,000g for 20 min at 4°C. Protein
concentrations were determined by BCA assay (Thermo Fisher
Scientific).

Proteins were separated by SDS-PAGE using 4-20% gradient
mini-PROTEAN TGX precast polyacrylamide gels (Bio-Rad). Gels
were run at 150 V for ~1 h. Proteins were transferred to 0.2 ym
nitrocellulose membranes (Whatmann) by electroblotting at 100 V
for 30 min using the Bio-Rad Criterion blotter (Bio-Rad). After
transfer, membranes were blocked for 1 h at RT in TBS with 5% fat-
free milk powder (Sigma-Aldrich) and 0.1% Tween-20. Membranes
were incubated with primary antibodies in blocking buffer for 1 h at
RT or overnight at 4°C. Membranes were washed three times for
10 min in TBS with 0.1% Tween-20 before incubation with secondary
antibodies in block buffer for 1 h at RT. Secondary antibodies used
for immunoblotting were horseradish peroxidase (HRP)-coupled
goat anti-rabbit and goat anti-mouse 1gG (1:5,000; Dako, Agilent
Technologies LDA), or Alexa Fluor 680 donkey anti-rabbit 1gG and
Alexa Fluor 790 donkey anti-mouse IgG (1:50,000; Jackson
ImmunoResearch, Stratech Scientific Ltd.). After HRP-coupled an-
tibody incubation, membranes were washed three times for 10 min
in TBST and prepared for chemiluminescent signal detection with
SuperSignal West Pico Chemiluminescent substrate (Thermo Fisher
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Scientific) according to the manufacturer’s instructions. Chemilu-
minescent signals were detected using an Odyssey Fc imaging
system (LI-COR Biosciences). Fluorescent signals were detected
using an Odyssey Fc imaging system. Signal intensities were
quantified using Image)/Fiji or ImageStudio (LI-COR Biosciences).

Dot-blot

For DPR expression analysis via dot-blot, cells were harvested
directly into 2x concentrated Laemmli loading buffer and passed
through a 25 G needle 20 times before boiling for 5 min at 95°C.
Equal volumes of each sample were spotted to 0.2 um nitrocel-
lulose membrane presoaked in TBST using the 96-well Bio-Dot
Microfiltration apparatus (Bio-Rad) under vacuum. Membranes
were left to dry at RT before processing as a standard immunoblot
as described.

Immunoprecipitation

Hela cells were washed once in PBS before being lysed in ice-cold
BRB80 buffer (80 mM K-PIPES pH 6.8, 1 mM MgCl,, 1 mM EDTA, 1% [wt/
vol] NP-40, and protease inhibitor cocktail) for Th on a roller at 4°C.
Lysates were cleared at 17,000g for 20 min at 4°C and protein
concentrations determined by BCA assay (Thermo Fisher Scientific).
2 mg total protein was incubated with 2 yg anti-FLAG antibodies in
BRB80 buffer for 16 h at 4°C when rotating. Antibodies were cap-
tured by incubation with 10 pl of Protein G-Sepharose magnetic
beads for 2 h at 4°Cwhen rotating. Beads were washed five times in
ice-cold BRB80 buffer before eluting proteins in 2x Laemmli buffer.
Magnetic beads were isolated from solutions using the Extractman
device (Gibson Scientific Ltd).

Antibodies

Primary antibodies used were as follows:
Mouse anti-a-Tubulin (DM1A, WB: 1:10,000; Sigma-Aldrich)
Mouse anti-Flag (M2, WB: 1:2,000; Sigma-Aldrich)
Rabbit anti-GAPDH (14C10, WB: 1:2,000; Cell Signaling)
Mouse anti-GFP (JL8, WB: 1:5,000; Clontech)
Mouse anti-HA (HA-7, WB: 1:2,000; Sigma-Aldrich)
Rabbit anti-HA (H6908, IF: 1:1,000; Sigma-Aldrich)
Mouse anti-V5 (R960, WB: 1:5,000, IF: 1:1,000; Invitrogen)
Rabbit anti-RuvBL1 (A304-716A, WB: 1:2,000; Bethyl Laboratories)
Rabbit anti-RuvBL2 (A302-536A, WB: 1:1,000; Bethyl Laboratories)
Mouse anti-GFP (JL8, WB: 1:5,000; Clontech)

Drosophila stocks and maintenance

Drosophila were raised on standard cornmeal-yeast-sucrose
medium at 25°C on a 12-h light:dark cycle, unless otherwise
stated. UAS-AP(1024)eGFP (Flybase ID FBti0213155), UAS-PR(1100)
eGFP (Flybase ID FBti0213157), UAS-GA(1020)eGFP (Flybase ID
FBti0213158), and UAS-GR(1136)eGFP (Flybase ID FBti0213156) were
described previously (West et al, 2020). UAS-mCD8-GFP (RRID:
BDSC_32184) and UAS-mKate2.CAAX (RRID: BDSC_55091) stocks were
obtained from the Bloomington Drosophila Stock Center (BDSC).
UAS-Pontin (FO00819) and UAS-Reptin (F001385) stocks were
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obtained from the FlyORF Zurich ORFeome stock center (Bischof
et al, 2013). GMR-Gal4 flies were a gift from Sean T. Sweeney
(The University of York, UK). nSyb-gal4 flies were a gift from Chris
Elliott (The University of York, UK). All experiments were per-
formed using flies from at least three independent crosses, per
genotype.

Negative geotaxis assays

Negative geotaxis assays were performed as described previously
(West et al, 2020; Bennett et al, 2023). Flies were placed, without
anesthetization, inside glass boiling tubes within our custom ap-
paratus with a white, backlit background. Flies were banged down
to the bottom of the tubes to elicit the startle-induced negative
geotaxis escape behaviour and videos recorded using a Logitech
web cam using virtualDub software (30 frames per second, 30 s).
Videos were analysed in Image) to determine the distance travelled
over time.

Drosophila activity monitors

Drosophila locomotor activity was measured using the TriKinetics
Drosophila Activity Monitor 5M (DAM5M) system. Individual flies
were placed in transparent glass tubes (~65 x 5 mm) containing
~5 mm of food at one end (5% sucrose, 2% agar) sealed at the food
end with paraffin wax and a cotton wool stopper at the other end.
Tubes were loaded in the DAM5M monitors following the manu-
facturer's instructions (www.trikinetics.com). Activity monitors were
housed in an incubator maintained at 25°C on a 12-h light dark
cycle. Flies were given ~12 h to acclimatise before recording activity
for the subsequent period of 24 h. The DAMSystem3 acquisition
software was used to record DAM5M monitor output using a 1 min
read interval set to acquire “Moves” for each beam and tube.
“Moves” are defined as when a fly enters one beam after exiting
another. After 24 h of active recording flies were returned to
standard fly food vials at 25°C on a 12-h light:dark cycle. Raw
monitor files were scanned using the FileScan program
(www.trikinetics.com) and total number of “moves” plotted for the
24-h active recording period. For sleep analysis, DAM5M monitor
files were analysed using Rtivity (Silva et al, 2022). Sleep was
classified as periods of inactivity 5 min or longer, as described
previously (Shaw et al, 2000).

Protein extraction from Drosophila heads

Flies pan-neuronally (nSyb-Gals) co-expressing UAS-AP(1024)eGFP,
UAS-PR(1100)eGFP, UAS-GA(1020)eGFP, UAS-GR(1136)eGFP, or UAS-
mCD8-GFP with either UAS-mKate2.CAAX, UAS-Pontin, or UAS-Reptin
were aged to 7 DPE, snap frozen on dry ice and heads removed via
vortexing. Frozen heads were ground to powder using a cell-pestle
and lysed in RIPA buffer containing 2% SDS (10 mM Tris-Cl [pH 8.0],
1 mM EDTA, 0.5 mM EGTA, 1% Triton X-100, 0.1% sodium deoxy-
cholate, 2% SDS, 140 mM NaCl) for 20 min. Lysates were cleared via
centrifugation and total protein quantified via BCA assays (Pierce
BCA Protein Assay Kit; #23227; Thermo Fisher Scientific).
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MSD-ELISA

Poly(GA), Poly(GR), Poly(PR), Poly(PA), and Poly(GP) levels were
determined by a Meso Scale Discovery technology sandwich ELISA
using the MSD QUICKPLEX SQ120 platform (Meso Scale Technology).
Purified rabbit polyclonal capture antibodies for Poly(GA), Poly(GR),
Poly(PR), Poly(PA), and Poly(GP) from two rabbits were generated by
custom synthesis from Eurogentec. The poly(DPR)x7-10 peptides
used for custom antibody synthesis were serially diluted to gen-
erate a standard curve (0.125-40 ng/ml) in each assay plate. Op-
timal pairing was established using a second biotinylated Poly(GA),
Poly(GR), Poly(PR), Poly(PA), or Poly(GP) detection antibody with
sulfo-tag streptavidin substrate leading to generation of the
electroluminescent signal read in the MesoScale Discovery in-
strument (following manufacturer’s instructions). Each sample was
prepared in ice-cold RIPA buffer (50 mM Tris-HCl pH 6.8, 150 mM
NaCl, 1 mM EDTA, 1 mM EGTA, 2% [wt/vol] SDS, 0.5% [wt/vol]
deoxycholic acid, 1% [wt/vol] Triton X-100, and protease inhibitor
cocktail [Thermo Fisher Scientific]) and diluted to 1.5 mg/ml. Equal
amounts of protein (100 ng for all Poly(GA), Poly(GR), Poly(PR), and
Poly(GP) assays or 5 ng for Poly(PA) assays from Drosophila heads)
were mixed with capture antibody coated on 96-well plates.
Briefly, multi-array plates were coated overnight with 30 pl
capture antibody (2 pyg/ml) in TBS at 4°C. Plates were then washed
in TBS + 0.2% Tween-20 (TBST) and blocked for 2 h in 3% non-fat milk
in TBST at RT shaking at 700 rpm (lllumina High-Speed Microplate
Shaker), before being washed in TBST and incubated with calibrant
or samples at 4°C overnight at 700 rpm. The plates were washed,
incubated for 2 h at RT 700 rpm with 25 ul biotinylated detection
antibody (2 pg/ml) and 0.5 ng/ml SULFO-TAG streptavidin R32AD-1
in blocking buffer. After the final wash, 150 ul 2x read buffer R92TD
was added and then read. Raw absorbance readings (OD) were
plotted directly or were normalised relative to the control.

Statistical analysis

Calculations and statistical analysis were performed using Excel
(Microsoft Corporation) and Prism 9 software (GraphPad Software
Inc.). Details of statistical analysis can be found in the figure
legends.

Ethics statement
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cedures) Act 1986, under the Project Licenses Azzouz_40/3739 and
P31C8CCID. This experimental work involves studies on genetically
modified viral vectors already approved by the Health and Safety
Executive (Azzouz_GMO_2006-07).

Supplementary Information

Supplementary Information is available at https://doi.org/10.26508/lsa.
202402757.

RuvBL1/2 reduce COALS/FTD DPRs Webster et al.

Acknowledgements

This work was supported by the ARUK award (ARUK-PG2018B-005). This project has
also received funding from the Innovative Medicines Initiative 2 JointUndertaking
(JU) under grant agreement No 945473. The JU receives support from the European
Union’s Horizon 2020 research and innovation programme and EFPIA. M Azzouz is
also supported by JPND-MRC (MR/V000470/1), the European Research Council
grant (ERC Advanced Award no. 294745), MRC DPFS Award (129016), MRC/LifeArc
award (MR/V030140/1), and LifeArc (No. 163978 and P2022-0004, Recipient: 176666)
and CureAP4. GM Hautbergue acknowledges support from the Medical Research
Council (MRC) research grant MR/W00416X/1, the Biotechnology and Biological
Sciences Research Council (BBSRC) grant BB/S005277/1, and LifeArc over the
course of this study. K] De Vos was supported by the Alzheimer's Society project
grant 260 (AS-PG-15-023) and an Alzheimer's Research UK Major project grant
(ARUK-PG2019A-008). RJH West was supported by Alzheimer's Society grants (510
and 611).

Author Contributions

CP Webster: conceptualization, data curation, formal analysis, su-
pervision, investigation, visualization, methodology, project ad-
ministration, and writing—original draft, review, and editing.

B Hall: data curation, formal analysis, and investigation.

OM Crossley: data curation, formal analysis, and investigation.

D Dauletalina: data curation.

M King: data curation and methodology.

Y-H Lin: resources and methodology.

LM Castelli: resources and methodology.

Z-L Yang: data curation and methodology.

| Coldicott: data curation and methodology.

E Kyrgiou-Balli: data curation and methodology.

A Higginbottom: data curation and methodology.

L Ferraiuolo: resources and methodology.

KJ De Vos: resources, methodology, and writing—review and editing.
GM Hautbergue: resources, methodology, and writing—review and
editing.

PJ Shaw: resources and methodology.

RJH West: resources, data curation, formal analysis, investigation,
methodology, and writing—original draft, review, and editing.

M Azzouz: conceptualization, resources, data curation, formal
analysis, supervision, funding acquisition, investigation, method-
ology, project administration, and writing—original draft, review,
and editing.

Conflict of Interest Statement

CP Webster and M Azzouz are coinventors on patents filled in the USA
(US20230038479) and Europe (EP4061933) for the use of gene therapy vectors
containing RuvBL1and/or RuvBL2 “...for the treatment of neurodegenerative
diseases that result from expression of polymorphic repeat expansions of
GGGGCC in the first intron of the C9orf72 gene” (WO/2021/160464). GM
Hautbergue, M Azzouz, and P) Shaw are co-founders of Crucible Therapeutics
Limited. M Azzouz is a co-founder of BlackfinBio Limited.

References

Amick J, Roczniak-Ferguson A, Ferguson SM (2016) C9orf72 binds SMCRS,
localizes to lysosomes, and regulates mTORC1 signaling. Mol Biol Cell
27: 3040-3051. doi:10.1091/ mbc.E16-01-0003

https://doi.org/10.26508/1sa.202402757 vol 8 | no 2 | €202402757 18 of 22


https://doi.org/10.26508/lsa.202402757
https://doi.org/10.26508/lsa.202402757
https://doi.org/10.1091/mbc.E16-01-0003
https://doi.org/10.26508/lsa.202402757

(<Y< . . .
s2ep Life Science Alliance

Andrade NS, Ramic M, Esanov R, Liu W, Rybin M), Gaidosh G, Abdallah A,
Del’Olio S, Huff TC, Chee NT, et al (2020) Dipeptide repeat proteins
inhibit homology-directed DNA double strand break repair in
C90RF72 ALS/FTD. Mol Neurodegener 15: 13. doi:10.1186/513024-020-
00365-9

Aoki Y, Manzano R, Lee Y, Dafinca R, Aoki M, Douglas AGL, Varela MA,
Sathyaprakash C, Scaber J, Barbagallo P, et al (2017) C9orf72 and
RAB7L1 regulate vesicle trafficking in amyotrophic lateral sclerosis
and frontotemporal dementia. Brain 140: 887-897. doi:10.1093/brain/
awx024

Ash PE, Bieniek KF, Gendron TF, Caulfield T, Lin WL, Dejesus-Hernandez M, van
Blitterswijk MM, Jansen-West K, Paul JW 3rd, Rademakers R, et al (2013)
Unconventional translation of COORF72 GGGGCC expansion generates
insoluble polypeptides specific to cOFTD/ALS. Neuron 77: 639-646.
doi:10.1016/j.neuron.2013.02.004

Atanasio A, Decman V, White D, Ramos M, Ikiz B, Lee H-C, Siao C-J, Brydges S,
LaRosa E, Bai Y, et al (2016) C9orf72 ablation causes immune
dysregulation characterized by leukocyte expansion, autoantibody
production, and glomerulonephropathy in mice. Sci Rep 6: 23204.
doi:10.1038/srep23204

Balendra R, Isaacs AM (2018) C9orf72-mediated ALS and FTD: Multiple
pathways to disease. Nat Rev Neurol 14: 544-558. doi:10.1038 /541582~
018-0047-2

Bauer A, Chauvet S, Huber O, Usseglio F, Rothbacher U, Aragnol D, Kemler R,
Pradel J (2000) Pontin52 and reptin52 function as antagonistic
regulators of beta-catenin signalling activity. EMBO J 19: 6121-6130.
doi:10.1093/emboj/19.22.6121

Bauer CS, Cohen RN, Sironi F, Livesey MR, Gillingwater TH, Highley JR,
Fillingham DJ, Coldicott I, Smith EF, Gibson YB, et al (2022a) An
interaction between synapsin and C9orf72 regulates excitatory
synapses and is impaired in ALS/FTD. Acta Neuropathol 144: 437-464.
doi:10.1007/500401-022-02470-2

Bauer CS, Webster CP, Shaw AC, Kok JR, Castelli LM, Lin YH, Smith EF, Illanes-
Alvarez F, Higginbottom A, Shaw PJ, et al (2022b) Loss of TMEM106B
exacerbates COALS/FTD DPR pathology by disrupting autophagosome
maturation. Front Cell Neurosci 16: 1061559. doi:10.3389/
fncel.2022.1061559

Benbahouche NEH, Iliopoulos I, Torok I, Marhold J, Henri J, Kajava AV, Farkas
R, Kempf T, Schnolzer M, Meyer P, et al (2014) Drosophila Spag is the
homolog of RNA polymerase ll-associated protein 3 (RPAP3) and
recruits the heat shock proteins 70 and 90 (Hsp70 and Hsp90) during
the assembly of cellular machineries. ) Biol Chem 289: 6236-6247.
doi:10.1074/jbc.M113.499608

Bennett CL, Dastidar S, Arnold FJ, McKinstry SU, Stockford C, Freibaum BD,
Sopher BL, Wu M, Seidner G, Joiner W, et al (2023) Senataxin helicase,
the causal gene defect in ALS4, is a significant modifier of C9orf72 ALS
G4C2 and arginine-containing dipeptide repeat toxicity. Acta
Neuropathol Commun 11: 164. doi:10.1186/s40478-023-01665-2

Bischof J, Bjorklund M, Furger E, Schertel C, Taipale J, Basler K (2013) A
versatile platform for creating a comprehensive UAS-ORFeome
library in Drosophila. Development 140: 2434-2442. d0i:10.1242 /
dev.088757

Boivin M, Pfister V, Gaucherot A, Ruffenach F, Negroni L, Sellier C, Charlet-
Berguerand N (2020) Reduced autophagy upon C9ORF72 loss
synergizes with dipeptide repeat protein toxicity in G4C2 repeat
expansion disorders. EMBO J 39: €100574. doi:10.15252/
embj.2018100574

Boulon S, Marmier-Gourrier N, Pradet-Balade B, Wurth L, Verheggen C, Jady
BE, Rothe B, Pescia C, Robert MC, Kiss T, et al (2008) The Hsp90
chaperone controls the biogenesis of L7Ae RNPs through conserved
machinery. J Cell Biol 180: 579-595. doi:10.1083/jcb.200708110

Boulon S, Pradet-Balade B, Verheggen C, Molle D, Boireau S, Georgieva M,
Azzag K, Robert MC, Ahmad Y, Neel H, et al (2010) HSP90 and its R2TP/
Prefoldin-like cochaperone are involved in the cytoplasmic assembly

RuvBL1/2 reduce COALS/FTD DPRs Webster et al.

of RNA polymerase II. Mol Cell 39: 912-924. doi:10.1016/
j.molcel.2010.08.023

Brasseur L, Coens A, Waeytens J, Melki R, Bousset L (2020) Dipeptide repeat
derived from C9orf72 hexanucleotide expansions forms amyloids or
natively unfolded structures in vitro. Biochem Biophys Res Commun
526: 410-416. doi:10.1016/j.bbrc.2020.03.108

Burberry A, Suzuki N, Wang J-Y, Moccia R, Mordes DA, Stewart MH, Suzuki-
Uematsu S, Ghosh S, Singh A, Merkle FT, et al (2016) Loss-of-function
mutations in the C9ORF72 mouse ortholog cause fatal autoimmune
disease. Sci Transl Med 8: 347ra93. doi:10.1126/scitranslmed.aaf6038

Cai v, Jin J, Tomomori-Sato C, Sato S, Sorokina I, Parmely TJ, Conaway RC,
Conaway JW (2003) Identification of new subunits of the multiprotein
mammalian TRRAP/TIP60-containing histone acetyltransferase
complex. J Biol Chem 278: 42733-42736. doi:10.1074/jbc.C300389200

Cai VY, Jin J, Florens L, Swanson SK, Kusch T, Li B, Workman JL, Washburn MP,
Conaway RC, Conaway JW (2005) The mammalian YL1 protein is a
shared subunit of the TRRAP/TIP60 histone acetyltransferase and
SRCAP complexes. J Biol Chem 280: 13665-13670. doi:10.1074/
jbc.M500001200

Castelli LM, Lin YH, Sanchez-Martinez A, Gul A, Mohd Imran K, Higginbottom A,
Upadhyay SK, Markus NM, Rua Martins R, Cooper-Knock J, et al (2023) A
cell-penetrant peptide blocking COORF72-repeat RNA nuclear export
reduces the neurotoxic effects of dipeptide repeat proteins. Sci Transl
Med 15: eab03823. doi:10.1126/scitranslmed.abo3823

Chen L, Cai Y, Jin J, Florens L, Swanson SK, Washburn MP, Conaway JW,
Conaway RC (2011) Subunit organization of the human INO80
chromatin remodeling complex: An evolutionarily conserved core
complex catalyzes ATP-dependent nucleosome remodeling. J Biol
Chem 286: 11283-11289. d0i:10.1074/jbc.M111.222505

Chen YS, Hou W, Tracy S, Harvey AT, Harjono V, Xu F, Moresco JJ, Yates JR 3rd,
Zid BM (2022) Rvb1/Rvb2 proteins couple transcription and
translation during glucose starvation. Elife 11: €76965. doi:10.7554/
elife.76965

Chitiprolu M, Jagow C, Tremblay V, Bondy-Chorney E, Paris G, Savard A,
Palidwor G, Barry FA, Zinman L, Keith J, et al (2018) A complex of
C90RF72 and p62 uses arginine methylation to eliminate stress
granules by autophagy. Nat Commun 9: 2794. d0i:10.1038/s41467-018-
05273-7

Cooper-Knock J, Hewitt C, Highley JR, Brockington A, Milano A, Man S,
Martindale J, Hartley J, Walsh T, Gelsthorpe C, et al (2012) Clinico-
pathological features in amyotrophic lateral sclerosis with
expansions in C9ORF72. Brain 135: 751-764. doi:10.1093/brain/awr365

Dauden MI, Lopez-Perrote A, Llorca O (2021) RUVBL1-RUVBL2 AAA-ATPase: A
versatile scaffold for multiple complexes and functions. Curr Opin
Struct Biol 67: 78-85. doi:10.1016/j.5bi.2020.08.010

Deglon N, Tseng JL, Bensadoun JC, Zurn AD, Arsenijevic Y, Pereira de Almeida
L, Zufferey R, Trono D, Aebischer P (2000) Self-inactivating lentiviral
vectors with enhanced transgene expression as potential gene
transfer system in Parkinson’s disease. Hum Gene Ther 11: 179-190.
doi:10.1089/10430340050016256

DeJesus-Hernandez M, Mackenzie IR, Boeve BF, Boxer AL, Baker M, Rutherford
NJ, Nicholson AM, Finch NA, Flynn H, Adamson J, et al (2011) Expanded
GGGGCC hexanucleotide repeat in noncoding region of CO9ORF72
causes chromosome 9p-linked FTD and ALS. Neuron 72: 245-256.
doi:10.1016/j.neuron.2011.09.011

Diop SB, Bertaux K, Vasanthi D, Sarkeshik A, Goirand B, Aragnol D,
Tolwinski NS, Cole MD, Pradel J, Yates JR 3rd, et al (2008) Reptin and
Pontin function antagonistically with PcG and TrxG complexes to
mediate Hox gene control. EMBO Rep 9: 260-266. d0i:10.1038/
embor.2008.8

Farg MA, Sundaramoorthy V, Sultana JM, Yang S, Atkinson RAK, Levina V,
Halloran MA, Gleeson PA, Blair IP, Soo KY, et al (2014) CO9ORF72,
implicated in amytrophic lateral sclerosis and frontotemporal

https://doi.org/10.26508/1sa.202402757  vol 8 | no 2 | €202402757 19 of 22


https://doi.org/10.1186/s13024-020-00365-9
https://doi.org/10.1186/s13024-020-00365-9
https://doi.org/10.1093/brain/awx024
https://doi.org/10.1093/brain/awx024
https://doi.org/10.1016/j.neuron.2013.02.004
https://doi.org/10.1038/srep23204
https://doi.org/10.1038/s41582-018-0047-2
https://doi.org/10.1038/s41582-018-0047-2
https://doi.org/10.1093/emboj/19.22.6121
https://doi.org/10.1007/s00401-022-02470-z
https://doi.org/10.3389/fncel.2022.1061559
https://doi.org/10.3389/fncel.2022.1061559
https://doi.org/10.1074/jbc.M113.499608
https://doi.org/10.1186/s40478-023-01665-z
https://doi.org/10.1242/dev.088757
https://doi.org/10.1242/dev.088757
https://doi.org/10.15252/embj.2018100574
https://doi.org/10.15252/embj.2018100574
https://doi.org/10.1083/jcb.200708110
https://doi.org/10.1016/j.molcel.2010.08.023
https://doi.org/10.1016/j.molcel.2010.08.023
https://doi.org/10.1016/j.bbrc.2020.03.108
https://doi.org/10.1126/scitranslmed.aaf6038
https://doi.org/10.1074/jbc.C300389200
https://doi.org/10.1074/jbc.M500001200
https://doi.org/10.1074/jbc.M500001200
https://doi.org/10.1126/scitranslmed.abo3823
https://doi.org/10.1074/jbc.M111.222505
https://doi.org/10.7554/eLife.76965
https://doi.org/10.7554/eLife.76965
https://doi.org/10.1038/s41467-018-05273-7
https://doi.org/10.1038/s41467-018-05273-7
https://doi.org/10.1093/brain/awr365
https://doi.org/10.1016/j.sbi.2020.08.010
https://doi.org/10.1089/10430340050016256
https://doi.org/10.1016/j.neuron.2011.09.011
https://doi.org/10.1038/embor.2008.8
https://doi.org/10.1038/embor.2008.8
https://doi.org/10.26508/lsa.202402757

(<Y< . . .
s2ep Life Science Alliance

dementia, regulates endosomal trafficking. Hum Mol Genet 23:
3579-3595. doi:10.1093/hmg/ddu068

Farg MA, Konopka A, Soo KY, Ito D, Atkin JD (2017) The DNA damage response
(DDR) is induced by the C90rf72 repeat expansion in amyotrophic
lateral sclerosis. Hum Mol Genet 26: 2882-2896. doi:10.1093/hmg/
ddx170

Fortun J, Dunn WA, Jr, Joy S, Li J, Notterpek L (2003) Emerging role for
autophagy in the removal of aggresomes in Schwann cells. / Neurosci
23: 10672-10680. d0i:10.1523/JNEUROSCI.23-33-10672.2003

Ge Y, Porse BT (2014) The functional consequences of intron retention:
Alternative splicing coupled to NMD as a regulator of gene expression.
Bioessays 36: 236-243. doi:10.1002/bies.201300156

Gendron TF, Bieniek KF, Zhang Y, Jansen-West K, Ash PEA, Caulfield T,
Daughrity L, Dunmore JH, Castanedes-Casey M, Chew J, et al (2013)
Antisense transcripts of the expanded C9ORF72 hexanucleotide
repeat form nuclear RNA foci and undergo repeat-associated non-
ATG translation in cOFTD/ALS. Acta Neuropathol 126: 829-844.
d0i:10.1007/500401-013-1192-8

Gorynia S, Bandeiras TM, Pinho FG, McVey CE, Vonrhein C, Round A,
Svergun DI, Donner P, Matias PM, Carrondo MA (2011) Structural
and functional insights into a dodecameric molecular machine -
the RuvBL1/RuvBL2 complex. J Struct Biol 176: 279-291. d0i:10.1016/
j.jsb.2011.09.001

He L, LiangJ, Chen C, Chen J, Shen Y, Sun S, Li L (2023) C90rf72 functions in the
nucleus to regulate DNA damage repair. Cell Death Differ 30: 716-730.
doi:10.1038/s41418-022-01074-0

Henri J, Chagot ME, Bourguet M, Abel Y, Terral G, Maurizy C, Aigueperse C,
Georgescauld F, Vandermoere F, Saint-Fort R, et al (2018) Deep
structural analysis of RPAP3 and PIH1D1, two components of the
HSP90 co-chaperone R2TP complex. Structure 26: 1196-1209.e8.
doi:10.1016/].5tr.2018.06.002

Iwata A, Christianson JC, Bucci M, Ellerby LM, Nukina N, Forno LS, Kopito RR
(2005) Increased susceptibility of cytoplasmic over nuclear
polyglutamine aggregates to autophagic degradation. Proc Natl Acad
Sci U S A 102: 13135-13140. doi:10.1073/pnas.0505801102

Izumi N, Yamashita A, Iwamatsu A, Kurata R, Nakamura H, Saari B, Hirano H,
Anderson P, Ohno S (2010) AAA+ proteins RUVBL1 and RUVBL2
coordinate PIKK activity and function in nonsense-mediated mRNA
decay. Sci Signal 3: ra27. doi:10.1126/scisignal.2000468

Jha's, Shibata E, Dutta A (2008) Human Rvb1/Tip49 is required for the histone
acetyltransferase activity of Tip60/NuA4 and for the downregulation
of phosphorylation on H2AX after DNA damage. Mol Cell Biol 28:
2690-2700. doi:10.1128/MCB.01983-07

Jha S, Gupta A, Dar A, Dutta A (2013) RVBs are required for assembling a
functional TIP60 complex. Mol Cell Biol 33: 1164-1174. doi:10.1128/
MCB.01567-12

Johnston JA, Ward CL, Kopito RR (1998) Aggresomes: A cellular response to
misfolded proteins. J Cell Biol 143: 1883-1898. d0i:10.1083/
jcb.143.7.1883

Jonsson ZO, Jha S, Wohlschlegel JA, Dutta A (2004) Rvb1p/Rvb2p recruit ArpSp
and assemble a functional Ino80 chromatin remodeling complex. Mol
Cell 16: 465-477. doi:10.1016/j.molcel.2004.09.033

Kanemaki M, Kurokawa Y, Matsu-ura T, Makino Y, Masani A, Okazaki K,
Morishita T, Tamura TA (1999) TIP49b, a new RuvB-like DNA helicase, is
included in a complex together with another RuvB-like DNA helicase,
TIP49a. | Biol Chem 274: 22437-22444. doi:10.1074/jbc.274.32.22437

Kim JH, Kim B, Cai L, Choi HJ, Ohgi KA, Tran C, Chen C, Chung CH, Huber O, Rose
DW, et al (2005) Transcriptional regulation of a metastasis suppressor
gene by Tip60 and beta-catenin complexes. Nature 434: 921-926.
doi:10.1038/nature03452

Kim SG, Hoffman GR, Poulogiannis G, Buel GR, Jang Y}, Lee KW, Kim BY, Erikson
RL, Cantley LC, Choo AY, et al (2013) Metabolic stress controls mTORC1
lysosomal localization and dimerization by regulating the TTT-

RuvBL1/2 reduce COALS/FTD DPRs Webster et al.

RUVBL1/2 complex. Mol Cell 49: 172-185. d0i:10.1016/
j.molcel.2012.10.003

Kwon |, Xiang S, Kato M, Wu L, Theodoropoulos P, Wang T, Kim J, Yun J, Xie Y,
McKnight SL (2014) Poly-dipeptides encoded by the C9ORF72 repeats
bind nucleoli, impede RNA biogenesis, and kill cells. Science 345:
1139-1145. doi:10.1126 /science.1254917.

Lakomek K, Stoehr G, Tosi A, Schmailzl M, Hopfner K-P (2015) Structural basis
for dodecameric assembly states and conformational plasticity of the
full-length AAA+ ATPases Rvb1 - Rvb2. Structure 23: 483-495.
doi:10.1016/j.5tr.2014.12.015

Lamark T, Johansen T (2012) Aggrephagy: Selective disposal of protein
aggregates by macroautophagy. Int J Cell Biol 2012: 736905. doi:10.1155/
2012/736905

Lee S, Jun YW, Linares GR, Butler B, Yuva-Adyemir Y, Moore J, Krishnan G, Ruiz-
Juarez B, Santana M, Pons M, et al (2023) Downregulation of Hsp90 and
the antimicrobial peptide Mtk suppresses poly(GR)-induced
neurotoxicity in COORF72-ALS/FTD. Neuron 111: 1381-1390.e6.
doi:10.1016/j.neuron.2023.02.029

Licata NV, Cristofani R, Salomonsson S, Wilson KM, Kempthorne L, Vaizoglu D,
D'Agostino VG, Pollini D, Loffredo R, Pancher M, et al (2022) C9orf72
ALS/FTD dipeptide repeat protein levels are reduced by small
molecules that inhibit PKA or enhance protein degradation. EMBO J 41:
€105026. doi:10.15252/embj.2020105026

Ling SC, Polymenidou M, Cleveland DW (2013) Converging mechanisms in ALS
and FTD: Disrupted RNA and protein homeostasis. Neuron 79: 416-438.
doi:10.1016/j.neuron.2013.07.033

LiuY, Pattamatta A, Zu T, Reid T, Bardhi O, Borchelt DR, Yachnis AT, Ranum LP
(2016) C90rf72 BAC mouse model with motor deficits and
neurodegenerative features of ALS/FTD. Neuron 90: 521-534.
doi:10.1016/j.neuron.2016.04.005

Liu F, Morderer D, Wren MC, Vettleson-Trutza SA, Wang Y, Rabichow BE,
Salemi MR, Phinney BS, Oskarsson B, Dickson DW, et al (2022)
Proximity proteomics of C9orf72 dipeptide repeat proteins
identifies molecular chaperones as modifiers of poly-GA
aggregation. Acta Neuropathol Commun 10:22. d0i:10.1186/s40478-
022-01322-x

Lopez-Gonzalez R, Lu Y, Gendron TF, Karydas A, Tran H, Yang D, Petrucelli L,
Miller BL, Almeida S, Gao FB (2016) Poly(GR) in COORF72-related ALS/
FTD compromises mitochondrial function and increases oxidative
stress and DNA damage in iPSC-derived motor neurons. Neuron 92:
383-391. d0i:10.1016/j.neuron.2016.09.015

Lopez-Perrote A, Hug N, Gonzalez-Corpas A, Rodriguez CF, Serna M, Garcia-
Martin C, Boskovic J, Fernandez-Leiro R, Caceres JF, Llorca O (2020)
Regulation of RUVBL1-RUVBL2 AAA-ATPases by the nonsense-
mediated mRNA decay factor DHX34, as evidenced by Cryo-EM. Elife 9:
€63042. doi:10.7554/ eLife.63042

Mackenzie IRA, Frick P, Neumann M (2014) The neuropathology associated
with repeat expansions in the C9ORF72 gene. Acta Neuropathol 127:
347-357. doi:10.1007/500401-013-1232-4

Magalska A, Schellhaus AK, Moreno-Andres D, Zanini F, Schooley A, Sachdev
R, Schwarz H, Madlung J, Antonin W (2014) RuvB-like ATPases function
in chromatin decondensation at the end of mitosis. Dev Cell 31:
305-318. doi:10.1016/j.devcel.2014.09.001

Makino Y, Kanemaki M, Kurokawa Y, Koji T, Tamura T (1999) A rat RuvB-like
protein, TIP493, is a germ cell-enriched novel DNA helicase. J Biol
Chem 274: 15329-15335. d0i:10.1074/jbc.274.22.15329

Mann DM, Rollinson S, Robinson A, Bennion Callister J, Thompson JC,
Snowden JS, Gendron T, Petrucelli L, Masuda-Suzukake M, Hasegawa
M, et al (2013) Dipeptide repeat proteins are present in the p62
positive inclusions in patients with frontotemporal lobar
degeneration and motor neurone disease associated with
expansions in C9ORF72. Acta Neuropathol Commun 1: 68. doi:10.1186/
2051-5960-1-68

https://doi.org/10.26508/1sa.202402757 vol 8 | no 2 | €202402757 20 of 22


https://doi.org/10.1093/hmg/ddu068
https://doi.org/10.1093/hmg/ddx170
https://doi.org/10.1093/hmg/ddx170
https://doi.org/10.1523/JNEUROSCI.23-33-10672.2003
https://doi.org/10.1002/bies.201300156
https://doi.org/10.1007/s00401-013-1192-8
https://doi.org/10.1016/j.jsb.2011.09.001
https://doi.org/10.1016/j.jsb.2011.09.001
https://doi.org/10.1038/s41418-022-01074-0
https://doi.org/10.1016/j.str.2018.06.002
https://doi.org/10.1073/pnas.0505801102
https://doi.org/10.1126/scisignal.2000468
https://doi.org/10.1128/MCB.01983-07
https://doi.org/10.1128/MCB.01567-12
https://doi.org/10.1128/MCB.01567-12
https://doi.org/10.1083/jcb.143.7.1883
https://doi.org/10.1083/jcb.143.7.1883
https://doi.org/10.1016/j.molcel.2004.09.033
https://doi.org/10.1074/jbc.274.32.22437
https://doi.org/10.1038/nature03452
https://doi.org/10.1016/j.molcel.2012.10.003
https://doi.org/10.1016/j.molcel.2012.10.003
https://doi.org/10.1126/science.1254917
https://doi.org/10.1016/j.str.2014.12.015
https://doi.org/10.1155/2012/736905
https://doi.org/10.1155/2012/736905
https://doi.org/10.1016/j.neuron.2023.02.029
https://doi.org/10.15252/embj.2020105026
https://doi.org/10.1016/j.neuron.2013.07.033
https://doi.org/10.1016/j.neuron.2016.04.005
https://doi.org/10.1186/s40478-022-01322-x
https://doi.org/10.1186/s40478-022-01322-x
https://doi.org/10.1016/j.neuron.2016.09.015
https://doi.org/10.7554/eLife.63042
https://doi.org/10.1007/s00401-013-1232-4
https://doi.org/10.1016/j.devcel.2014.09.001
https://doi.org/10.1074/jbc.274.22.15329
https://doi.org/10.1186/2051-5960-1-68
https://doi.org/10.1186/2051-5960-1-68
https://doi.org/10.26508/lsa.202402757

(<Y< . . .
s2ep Life Science Alliance

Mao YQ, Houry WA (2017) The role of pontin and reptin in cellular physiology
and cancer etiology. Front Mol Biosci 4: 58. d0i:10.3389/
fmolb.2017.00058

Marchi PM, Marrone L, Brasseur L, Coens A, Webster CP, Bousset L, Destro M,
Smith EF, Walther CG, Alfred V, et al (2022) C9ORF72-derived poly-GA
DPRs undergo endocytic uptake in iAstrocytes and spread to motor
neurons. Life Sci Alliance 5: €202101276. doi:10.26508/1sa.202101276

Marrone L, Marchi PM, Webster CP, Marroccella R, Coldicott |, Reynolds S,
Alves-Cruzeiro J, Yang ZL, Higginbottom A, Khundadze M, et al (2022)
SPG15 protein deficits are at the crossroads between lysosomal
abnormalities, altered lipid metabolism and synaptic dysfunction.
Hum Mol Genet 31: 2693-2710. d0i:10.1093/hmg/ddac063

Martino F, Pal M, Munoz-Hernandez H, Rodriguez CF, Nunez-Ramirez R, Gil-
Carton D, Degliesposti G, Skehel JM, Roe SM, Prodromou C, et al (2018)
RPAP3 provides a flexible scaffold for coupling HSP90 to the human
R2TP co-chaperone complex. Nat Commun 9:1501. d0i:10.1038/s41467-
018-03942-1

Matias PM, Gorynia S, Donner P, Carrondo MA (2006) Crystal structure of the
human AAA+ protein RuvBL1. J Biol Chem 281: 38918-38929.
doi:10.1074/jbc.M605625200

Maurizy C, Quinternet M, Abel Y, Verheggen C, Santo PE, Bourguet M, C F Paiva
A, Bragantini B, Chagot ME, Robert MC, et al (2018) The RPAP3-
Cterminal domain identifies R2TP-like quaternary chaperones. Nat
Commun 9: 2093. doi:10.1038/s41467-018-04431-1

Meyer K, Ferraiuolo L, Miranda CJ, Likhite S, McElroy S, Renusch S, Ditsworth D,
Lagier-Tourenne C, Smith RA, Ravits J, et al (2014) Direct conversion of
patient fibroblasts demonstrates non-cell autonomous toxicity of
astrocytes to motor neurons in familial and sporadic ALS. Proc Natl
Acad Sci U S A 111: 829-832. doi:10.1073/pnas.1314085111

Mizielinska S, Gronke S, Niccoli T, Ridler CE, Clayton EL, Devoy A, Moens T,
Norona FE, Woollacott 10C, Pietrzyk J, et al (2014) C9orf72 repeat
expansions cause neurodegeneration in Drosophila through
arginine-rich proteins. Science 345: 1192-1194. doi:10.1126/
science.1256800

Mizuguchi G, Shen X, Landry J, Wu WH, Sen S, Wu C (2004) ATP-driven
exchange of histone H2AZ variant catalyzed by SWR1 chromatin
remodeling complex. Science 303: 343-348. d0i:10.1126/
science.1090701

Mordes DA, Morrison BM, Ament XH, Cantrell C, Mok J, Eggan P, Xue C, Wang Y,
Eggan K, Rothstein JD (2020) Absence of survival and motor deficits in
500 repeat C9ORF72 BAC mice. Neuron 108: 775-783.e4. d0i:10.1016/
j.neuron.2020.08.009

Mori K, Arzberger T, Grasser FA, Gijselinck I, May S, Rentzsch K, Weng SM,
Schludi MH, Van Der Zee J, Cruts M, et al (2013a) Bidirectional
transcripts of the expanded C9orf72 hexanucleotide repeat are
translated into aggregating dipeptide repeat proteins. Acta
Neuropathol 126: 881-893. doi:10.1007/s00401-013-1189-3

Mori K, Weng S-M, Arzberger T, May S, Rentzsch K, Kremmer E, Schmid B,
Kretzschmar HA, Cruts M, Van Broeckhoven C, et al (2013b) The C9orf72
GGGGCC repeat is translated into aggregating dipeptide-repeat
proteins in FTLD/ALS. Science 339: 1335-1338. d0i:10.1126/
science.1232927

Nano N, Houry WA (2013) Chaperone-like activity of the AAA+ proteins Rvb1
and Rvb2 in the assembly of various complexes. Philos Trans R Soc
Lond B Biol Sci 368: 20110399. d0i:10.1098/rstbh.2011.0399

Narayanan A, Meriin A, Andrews JO, Spille JH, Sherman MY, Cisse Il (2019) A
first order phase transition mechanism underlies protein aggregation
in mammalian cells. Elife 8: €39695. d0i:10.7554/ eLife.39695

Nguyen L, Laboissonniere LA, Guo S, Pilotto F, Scheidegger O, Oestmann A,
Hammond JW, Li H, Hyysalo A, Peltola R, et al (2020) Survival and motor
phenotypes in FVB C9-500 ALS/FTD BAC transgenic mice reproduced
by multiple labs. Neuron 108: 784-796.e3. doi:10.1016/
j.neuron.2020.09.009

RuvBL1/2 reduce COALS/FTD DPRs Webster et al.

Niblock M, Smith BN, Lee YB, Sardone V, Topp S, Troakes C, Al-Sarraj S,
Leblond CS, Dion PA, Rouleau GA, et al (2016) Retention of
hexanucleotide repeat-containing intron in C9orf72 mRNA:
Implications for the pathogenesis of ALS/FTD. Acta Neuropathol
Commun 4: 18. doi:10.1186/s40478-016-0289-4

Niewiarowski A, Bradley AS, Gor ), McKay AR, Perkins SJ, Tsaneva IR (2010)
Oligomeric assembly and interactions within the human RuvB-like
RuvBL1 and RuvBL2 complexes. Biochem J 429: 113-125. d0i:10.1042/
BJ20100489

Nogueira G, Fernandes R, Garcia-Moreno JF, Romao L (2021) Nonsense-
mediated RNA decay and its bipolar function in cancer. Mol Cancer 20:
72. doi:10.1186/512943-021-01364-0

Ortega JA, Daley EL, Kour S, Samani M, Tellez L, Smith HS, Hall EA, Esengul YT,
Tsai YH, Gendron TF, et al (2020) Nucleocytoplasmic proteomic
analysis uncovers eRF1 and nonsense-mediated decay as modifiers
of ALS/FTD C9orf72 toxicity. Neuron 106: 90-107.e13. doi:10.1016/
j.neuron.2020.01.020

Puri T, Wendler P, Sigala B, Saibil H, Tsaneva IR (2007) Dodecameric structure
and ATPase activity of the human TIP48/TIP49 complex. ) Mol Biol 366:
179-192. d0i:10.1016/j.jmb.2006.11.030

Renton AE, Majounie E, Waite A, Simon-Sanchez J, Rollinson S, Gibbs JR,
Schymick JC, Laaksovirta H, van Swieten JC, Myllykangas L, et al (2011) A
hexanucleotide repeat expansion in COORF72 is the cause of
chromosome 9p21-linked ALS-FTD. Neuron 72: 257-268. d0i:10.1016/
j.neuron.2011.09.010

Rosenzweig R, Nillegoda NB, Mayer MP, Bukau B (2019) The Hsp70 chaperone
network. Nat Rev Mol Cell Biol 20: 665-680. doi:10.1038/s41580-019-0133-3

Saberi S, Stauffer JE, Jiang J, Garcia SD, Taylor AE, Schulte D, Ohkubo T,
Schloffman CL, Maldonado M, Baughn M, et al (2018) Sense-encoded
poly-GR dipeptide repeat proteins correlate to neurodegeneration
and uniquely co-localize with TDP-43 in dendrites of repeat-
expanded C9orf72 amyotrophic lateral sclerosis. Acta Neuropathol
135: 459-474. d0i:10.1007/s00401-017-1793-8

Sellier C, Campanari ML, Julie Corbier C, Gaucherot A, Kolb-Cheynel |, Oulad-
Abdelghani M, Ruffenach F, Page A, Ciura S, Kabashi E, et al (2016) Loss
of C9ORF72 impairs autophagy and synergizes with polyQ Ataxin-2 to
induce motor neuron dysfunction and cell death. EMBO J 35:
1276-1297. d0i:10.15252/embj.201593350

Selvaraj BT, Livesey MR, Zhao C, Gregory JM, James OT, Cleary EM, Chouhan AK,
Gane AB, Perkins EM, Dando O, et al (2018) C9ORF72 repeat expansion
causes vulnerability of motor neurons to Ca(2+)-permeable AMPA
receptor-mediated excitotoxicity. Nat Commun 9: 347. doi:10.1038/
S41467-017-02729-0

Shaw PJ, Cirelli C, Greenspan RJ, Tononi G (2000) Correlates of sleep and
waking in Drosophila melanogaster. Science 287: 1834-1837.
doi:10.1126/science.287.5459.1834

Shen X, Mizuguchi G, Hamiche A, Wu C (2000) A chromatin remodelling
complex involved in transcription and DNA processing. Nature 406:
541-544. doi:10.1038/35020123

Shen HY, He JC, Wang Y, Huang QY, Chen JF (2005) Geldanamycin induces heat
shock protein 70 and protects against MPTP-induced dopaminergic
neurotoxicity in mice. J Biol Chem 280: 39962-39969. d0i:10.1074/
jbc.M505524200

Shi, Lin S, Staats KA, Li Y, Chang WH, Hung ST, Hendricks E, Linares GR, Wang
Y, Son EY, et al (2018) Haploinsufficiency leads to neurodegeneration
in COORF72 ALS/FTD human induced motor neurons. Nat Med 24:
313-325. doi:10.1038/nm.4490

Shin SH, Lee JS, Zhang JM, Choi S, Boskovic 2V, Zhao R, Song M, Wang R, Tian J,
Lee MH, et al (2020) Synthetic lethality by targeting the RUVBL1/2-TTT
complex in mTORC1-hyperactive cancer cells. Sci Adv 6: eaay9131.
doi:10.1126/sciadv.aay9131

Shorter J (2011) The mammalian disaggregase machinery: Hsp110 synergizes
with Hsp70 and Hsp40 to catalyze protein disaggregation and

https://doi.org/10.26508/1sa.202402757 vol 8 | no 2 | €202402757 21 of 22


https://doi.org/10.3389/fmolb.2017.00058
https://doi.org/10.3389/fmolb.2017.00058
https://doi.org/10.26508/lsa.202101276
https://doi.org/10.1093/hmg/ddac063
https://doi.org/10.1038/s41467-018-03942-1
https://doi.org/10.1038/s41467-018-03942-1
https://doi.org/10.1074/jbc.M605625200
https://doi.org/10.1038/s41467-018-04431-1
https://doi.org/10.1073/pnas.1314085111
https://doi.org/10.1126/science.1256800
https://doi.org/10.1126/science.1256800
https://doi.org/10.1126/science.1090701
https://doi.org/10.1126/science.1090701
https://doi.org/10.1016/j.neuron.2020.08.009
https://doi.org/10.1016/j.neuron.2020.08.009
https://doi.org/10.1007/s00401-013-1189-3
https://doi.org/10.1126/science.1232927
https://doi.org/10.1126/science.1232927
https://doi.org/10.1098/rstb.2011.0399
https://doi.org/10.7554/eLife.39695
https://doi.org/10.1016/j.neuron.2020.09.009
https://doi.org/10.1016/j.neuron.2020.09.009
https://doi.org/10.1186/s40478-016-0289-4
https://doi.org/10.1042/BJ20100489
https://doi.org/10.1042/BJ20100489
https://doi.org/10.1186/s12943-021-01364-0
https://doi.org/10.1016/j.neuron.2020.01.020
https://doi.org/10.1016/j.neuron.2020.01.020
https://doi.org/10.1016/j.jmb.2006.11.030
https://doi.org/10.1016/j.neuron.2011.09.010
https://doi.org/10.1016/j.neuron.2011.09.010
https://doi.org/10.1038/s41580-019-0133-3
https://doi.org/10.1007/s00401-017-1793-8
https://doi.org/10.15252/embj.201593350
https://doi.org/10.1038/s41467-017-02729-0
https://doi.org/10.1038/s41467-017-02729-0
https://doi.org/10.1126/science.287.5459.1834
https://doi.org/10.1038/35020123
https://doi.org/10.1074/jbc.M505524200
https://doi.org/10.1074/jbc.M505524200
https://doi.org/10.1038/nm.4490
https://doi.org/10.1126/sciadv.aay9131
https://doi.org/10.26508/lsa.202402757

(<Y< . . .
s2ep Life Science Alliance

reactivation in a cell-free system. PLoS One 6: €26319. doi:10.1371/
journal.pone.0026319

Shorter ), Southworth DR (2019) Spiraling in control: Structures and
mechanisms of the Hsp104 disaggregase. Cold Spring Harb Perspect
Biol 11: a034033. doi:10.1101/cshperspect.a034033

Silva RFO, Pinho BR, Monteiro NM, Santos MM, Oliveira JMA (2022) Automated
analysis of activity, sleep, and rhythmic behaviour in various animal
species with the Rtivity software. Sci Rep 12: 4179. d0i:10.1038/541598-
022-08195-z

Sudria-Lopez E, Koppers M, de Wit M, van der Meer C, Westeneng H-J, Zundel
CAC, Youssef SA, Harkema L, de Bruin A, Veldink JH, et al (2016) Full
ablation of C90rf72 in mice causes immune system-related pathology
and neoplastic events but no motor neuron defects. Acta
Neuropathol 132: 145-147. d0i:10.1007/s00401-016-1581-x

Sun 'Y, Eshov A, Zhou J, Isiktas AU, Guo JU (2020) C9orf72 arginine-rich
dipeptide repeats inhibit UPF1-mediated RNA decay via translational
repression. Nat Commun 11: 3354. doi:10.1038/s41467-020-17129-0

Suzuki H, Shibagaki Y, Hattori S, Matsuoka M (2018) The proline-arginine
repeat protein linked to C9-ALS/FTD causes neuronal toxicity by
inhibiting the DEAD-box RNA helicase-mediated ribosome
biogenesis. Cell Death Dis 9: 975. d0i:10.1038/541419-018-1028-5

Torreira E, Jha S, Lopez-Blanco JR, Arias-Palomo E, Chacon P, Canas C, Ayora S,
Dutta A, Llorca O (2008) Architecture of the pontin/reptin complex,
essential in the assembly of several macromolecular complexes.
Structure 16: 1511-1520. d0i:10.1016/].5tr.2008.08.009

Tran H, Almeida S, Moore J, Gendron TF, Chalasani U, Lu Y, Du X, Nickerson JA,
Petrucelli L, Weng Z, et al (2015) Differential toxicity of nuclear RNA foci
versus dipeptide repeat proteins in a Drosophila model of COORF72
FTD/ALS. Neuron 87: 1207-1214. doi:10.1016/j.neuron.2015.09.015

Walker C, Herranz-Martin S, Karyka E, Liao C, Lewis K, Elsayed W, Lukashchuk V,
Chiang SC, Ray S, Mulcahy PJ, et al (2017) C9orf72 expansion disrupts
ATM-mediated chromosomal break repair. Nat Neurosci 20: 1225-1235.
d0i:10.1038/nn.4604

WangH, Li B, Zuo L, Wang B, Yan Y, Tian K, Zhou R, Wang C, Chen X, Jiang Y, et al
(2022) The transcriptional coactivator RUVBL2 regulates Pol II
clustering with diverse transcription factors. Nat Commun 13: 5703.
doi:10.1038/s41467-022-33433-3

Webster CP, Smith EF, Bauer CS, Moller A, Hautbergue GM, Ferraiuolo L,
Myszczynska MA, Higginbottom A, Walsh M), Whitworth AJ, et al (2016)
The C90rf72 protein interacts with Rabla and the ULK1 complex to
regulate initiation of autophagy. EMBO J 35: 1656-1676. d0i:10.15252/
embj.201694401

Wen X, Tan W, Westergard T, Krishnamurthy K, Markandaiah SS, Shi v, Lin' S,
Shneider NA, Monaghan J, Pandey UB, et al (2014) Antisense proline-

RuvBL1/2 reduce COALS/FTD DPRs Webster et al.

arginine RAN dipeptides linked to C9ORF72-ALS/FTD form toxic
nuclear aggregates that initiate in vitro and in vivo neuronal death.
Neuron 84: 1213-1225. doi:10.1016/j.neuron.2014.12.010

West RJH, Sharpe JL, Voelzmann A, Munro AL, Hahn I, Baines RA, Pickering-
Brown S (2020) Co-expression of C9orf72 related dipeptide-repeats
over 1000 repeat units reveals age- and combination-specific
phenotypic profiles in Drosophila. Acta Neuropathol Commun 8: 158.
doi:10.1186/540478-020-01028-y

Xu W, Bao P, Jiang X, Wang H, Qin M, Wang R, Wang T, Yang Y, Lorenzini |, Liao L,
et al (2019) Reactivation of nonsense-mediated mRNA decay protects
against C9orf72 dipeptide-repeat neurotoxicity. Brain 142: 1349-1364.
doi:10.1093/brain/awz070

Zaarur N, Meriin AB, Bejarano E, Xu X, Gabai VL, Cuervo AM, Sherman MY (2014)
Proteasome failure promotes positioning of lysosomes around the
aggresome via local block of microtubule-dependent transport. Mol
Cell Biol 34: 1336-1348. doi:10.1128/MCB.00103-14

Zaarur N, Xu X, Lestienne P, Meriin AB, McComb M, Costello CE, Newnam GP,
Ganti R, Romanova NV, Shanmugasundaram M, et al (2015) RuvbL1and
RuvbL2 enhance aggresome formation and disaggregate amyloid
fibrils. EMBO J 34: 2363-2382. d0i:10.15252/embj.201591245

Zaepfel BL, Zhang Z, Maulding K, Coyne AN, Cheng W, Hayes LR, Lloyd TE, Sun
S, Rothstein JD (2021) UPF1 reduces C9orf72 HRE-induced neurotoxicity
in the absence of nonsense-mediated decay dysfunction. Cell Rep 34:
108925. doi:10.1016/j.celrep.2021.108925

Zhang K, Wang A, Zhong K, Qi S, Wei C, Shu X, Tu WY, Xu W, Xia C, Xiao Y, et al
(2021) UBQLN2-HSP70 axis reduces poly-Gly-Ala aggregates and
alleviates behavioral defects in the C9ORF72 animal model. Neuron
109: 1949-1962.€6. doi:10.1016/j.neuron.2021.04.023

Zhou CY, Stoddard Cl, Johnston JB, Trnka M), Echeverria |, Palovcak E, Sali A,
Burlingame AL, Cheng Y, Narlikar GJ (2017) Regulation of Rvb1/Rvb2 by
a domain within the INO80 chromatin remodeling complex implicates
the yeast Rvbs as protein assembly chaperones. Cell Rep 19:
2033-2044. doi:10.1016/j.celrep.2017.05.029

Zhu Q, JiangJ, Gendron TF, McAlonis-Downes M, Jiang L, Taylor A, Diaz Garcia S,
Ghosh Dastidar S, Rodriguez MJ, King P, et al (2020) Reduced C9ORF72
function exacerbates gain of toxicity from ALS/FTD-causing repeat
expansion in C9orf72. Nat Neurosci 23: 615-624. d0i:10.1038/s41593-
020-0619-5

License: This article is available under a Creative
Commons License (Attribution 4.0 International, as
described at https://creativecommons.org/
licenses/by/4.0/).

https://doi.org/10.26508/1sa.202402757 vol 8 | no 2 | €202402757 22 of 22


https://doi.org/10.1371/journal.pone.0026319
https://doi.org/10.1371/journal.pone.0026319
https://doi.org/10.1101/cshperspect.a034033
https://doi.org/10.1038/s41598-022-08195-z
https://doi.org/10.1038/s41598-022-08195-z
https://doi.org/10.1007/s00401-016-1581-x
https://doi.org/10.1038/s41467-020-17129-0
https://doi.org/10.1038/s41419-018-1028-5
https://doi.org/10.1016/j.str.2008.08.009
https://doi.org/10.1016/j.neuron.2015.09.015
https://doi.org/10.1038/nn.4604
https://doi.org/10.1038/s41467-022-33433-3
https://doi.org/10.15252/embj.201694401
https://doi.org/10.15252/embj.201694401
https://doi.org/10.1016/j.neuron.2014.12.010
https://doi.org/10.1186/s40478-020-01028-y
https://doi.org/10.1093/brain/awz070
https://doi.org/10.1128/MCB.00103-14
https://doi.org/10.15252/embj.201591245
https://doi.org/10.1016/j.celrep.2021.108925
https://doi.org/10.1016/j.neuron.2021.04.023
https://doi.org/10.1016/j.celrep.2017.05.029
https://doi.org/10.1038/s41593-020-0619-5
https://doi.org/10.1038/s41593-020-0619-5
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.26508/lsa.202402757

	RuvBL1/2 reduce toxic dipeptide repeat protein burden in multiple models of C9orf72-ALS/FTD
	Introduction
	Results
	RuvBL1/2 overexpression reduces DPR protein levels in vitro
	RuvBL1/2 are differentially expressed in C9orf72 patient cells
	Loss of RuvBL1/2 does not increase DPR levels in vitro
	RuvBL1/2 overexpression reduces DPRs in primary cortical neurons from C9-500 BAC mice
	RuvBL1/2 overexpression reduces poly(GA) DPRs in patient iPSC-derived motor neurons
	RuvBL1/2 overexpression reduces DPR proteins in a Drosophila model of C9ALS/FTD
	Reptin co-expression rescues GR(1000)-, PR(1000)-, and PA(1000)-associated motor phenotypes in Drosophila
	RuvBL1/2 overexpression slows the rate of DPR production by affecting repeat RNA levels

	Discussion
	Materials and Methods
	Plasmids
	Cell culture and transfection
	siRNA
	Genotyping of E16.5 mouse embryos
	RNA extraction and RT-qPCR quantification
	iNPC production and iAstrocyte differentiation
	iPSC-derived motor neuron culture
	Lentiviral production
	Lentiviral transduction
	SDS–PAGE and immunoblot
	Dot-blot
	Immunoprecipitation
	Antibodies
	Drosophila stocks and maintenance
	Negative geotaxis assays
	Drosophila activity monitors
	Protein extraction from Drosophila heads
	MSD-ELISA
	Statistical analysis
	Ethics statement

	Supplementary Information
	Acknowledgements
	Author Contributions
	Conflict of Interest Statement
	Amick J, Roczniak-Ferguson A, Ferguson SM (2016) C9orf72 binds SMCR8, localizes to lysosomes, and regulates mTORC1 signalin ...


