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SUMMARY

Repeat expansions in C9orf72 are the most common cause of amyotrophic lateral sclerosis and frontotem-
poral dementia. Repeat-associated non-AUG (RAN) translation generates neurotoxic dipeptide repeat pro-
teins (DPRs). To study endogenous DPRs, we inserted the minimal HiBiT luciferase reporter downstream
of sense repeat derived DPRs polyGA or polyGP in C90rf72 patient iPSCs. We show these “DPReporter” lines
sensitively and rapidly report DPR levels in lysed and live cells and optimize screening in iPSC neurons.
Small-molecule screening showed the ERK1/2 activator periplocin dose dependently increases DPR levels.
Consistent with this, ERK1/2 inhibition reduced DPR levels and prolonged survival in C9orf72 repeat expan-
sion flies. CRISPR knockout screening of all human helicases revealed telomere-associated helicases modu-
late DPR expression, suggesting common regulation of telomeric and C90rf72 repeats. These DPReporter
lines allow investigation of DPRs in their endogenous context and provide a template for studying endoge-
nous RAN-translated proteins, at scale, in other repeat expansion disorders.

INTRODUCTION

Expansions of short tandem repeats are associated with several
neurodegenerative and neuromuscular diseases, including amyo-
trophic lateral sclerosis (ALS) and frontotemporal dementia
(FTD),"? fragile X-associated tremor/ataxia syndrome (FXTAS),
myotonic dystrophy type 1 and 2 (DM1, DM2),*° and Huntington’s
disease.® These repeat expansion disorders vary considerably in
disease mechanisms, clinical presentation, repeat length, and
location within the genome.” However, one feature shared by
several of these diseases is the generation of repetitive proteins
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encoded by the repeat expansion through an unconventional pro-
cess known as repeat-associated non-AUG (RAN) translation.
Thus, understanding the mechanisms underlying the generation
and degradation of these repetitive proteins may provide novel in-
sights and yield new therapeutic approaches for repeat expansion
diseases. Large-scale genetic and small-molecule screening
holds great potential for providing such insights but has been
challenging to achieve in physiological systems such as patient-
derived cells. Here, we focused on the repeat expansion in
C9orf72 in order to overcome these challenges and develop a
multimodal screening platform in patient iPSC neurons.
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A G4C, hexanucleotide repeat expansion in intron 1 of the
C9orf72 gene is the most common genetic cause of ALS and
FTD."? The repeat expansion is translated in all reading frames
via RAN translation to generate five distinct dipeptide repeat pro-
teins (DPRs), which accumulate in CNS tissue.?'® PolyGA, pol-
yGP, and polyGR are translated from the sense (GGGGCC)n
RNA and polyGP, polyAP, and polyPR are translated from the
antisense (GGCCCC)n RNA. The arginine-rich DPRs, polyGR
and polyPR, exhibit strong neural toxicity in vivo and
in vitro,"*"" with polyGA also able to cause toxicity.'’ ' Current
evidence suggests that a near-cognate CUG start codon initiates
translation of polyGA and potentially other sense-derived
DPRs.?°* In addition, genetic screening has provided further
insight into the regulation of DPR RAN translation. For example,
the loss of DEAH-box helicase 36 (DHX36) and small ribosomal
protein subunit 25 (RPS25) causes a reduction in DPR levels,
classifying them as RAN translation enhancers.?> In contrast,
overexpression of the DEAD-box helicase 3 X-linked (DDX3X) in-
hibits C90rf72 RAN translation, classifying it as an inhibitor of
C9orf72 repeat RAN translation; however, it has the opposite ef-
fect on CGG-repeats in the FMR1 gene, where it enhances RAN
translation.?®™"

Notably, these genetic screening studies utilized overexpres-
sion of GGGGCC repeat constructs that are shorter than the
repeat expansions typically found in affected individuals and
do not recapitulate the full C9orf72 locus sequence and associ-
ated regulatory elements. Therefore, screening of DPRs in their
endogenous context is needed to fully understand the mecha-
nisms underlying DPR expression and degradation. As DPRs
are most highly expressed in neurons and can cause cell-auton-
omous neuronal toxicity, patient-derived iPSC neurons are an
ideal system to study DPR regulation. However, detection of
endogenous DPRs is limited by low expression levels,
hampering the ability to perform high-throughput screening as-
says. Currently, antibody-based detection methods such as
Meso Scale discovery (MSD) and Simoa immunoassays are
required for sensitive and specific DPR quantification but are
challenging to use in high-throughput screening workflows.*>%°
We therefore developed an approach that allows high-
throughput genetic and small-molecule screening of endoge-
nous C9orf72 DPR levels in iPSC neurons, and which can be
applied to other repeat expansion disorders in the future. We
demonstrate the utility of this system for both CRISPR-based
and small-molecule screening in iPSC neurons to identify modu-
lators of DPR expression and turnover.

RESULTS

Generation of C90rf72 patient i°N DPReporter lines

As our goal was to generate lines amenable to screening in iPSC
neurons, we first generated a C9orf72 patient i°N line. The i°N
system introduces an inducible neurogenin 2 (NGN2) expression
cassette to allow rapid and scalable differentiation into glutama-
tergic neurons.®***” To generate a C90rf72 patient i°N parental
line, we used CRISPR-Cas9 to integrate a cassette encoding
the fluorescent reporter NLS-mApple and doxycycline-inducible
neurogenin 2 (NGN2) into the CLYBL safe harbor locus of a pa-
tient line harboring ~700 repeats (Figure S1A). We confirmed

2 Cell Reports 44, 115695, May 27, 2025

Cell Reports

the expected rapid neuronal differentiation after doxycycline
addition, with >95% of cells expressing the neuronal marker
microtubule-associated protein 2 (Map2), neuron-specific class
Il B-tubulin (Tud1), GABAA receptor, and AMPA receptor subunit
GIuR2, but not pluripotency marker SRY-box2 (SOX2) after
5 days of differentiation (Figures S1B and S1C).

To detect endogenous DPRs generated from the complete
C9orf72 genomic locus, we next used CRISPR-Cas9 to insert
the small, sensitive HiBiT tag downstream of the GGGGCC
repeat expansion into either the polyGA or polyGP frames in
our i®N patient line (Figure 1A), to generate “DPReporter” lines.
We focused on these DPR species as in our experience they
are robustly detected in patient iPSC neurons using MSD immu-
noassay,>®° whereas we are unable to detect polyGR in iPSC
neurons using the same MSD immunoassay approach (Figure
S1D). Genome editing was designed to ensure the absence of
intervening stop codons between the repeats and the tag. We
confirmed integration into the repeat-containing allele by associ-
ation of the HiBIiT tag with the expanded repeat-linked SNP
rs10757668 (Figure S1E) and sequencing of the 3’ end of HiBiT
confirmed integration into the endogenous C9orf72 locus
(Figure S1F). Measurement of C90rf72 RNA and protein levels
showed a significant decrease in C9orf72 protein levels in our
favored i¥N GA-HIBIT line (Figures S1G-S1l), but as the
C9orf72 protein was still visibly present and it passed all other
criteria it was taken forward for further testing.

Measurement of polyGA-HiBIiT and polyGP-HiBiT in day 5 neu-
rons using the Nano-Glo lytic luciferase assay in the i*N GA-HiBiT
and i¥N GP-HiBiT lines exceeded the background levels of the un-
tagged i°N C9 parental line by 130- and 20-fold, respectively
(Figure 1B). We also analyzed a line in which the HiBiT tag had
only been inserted into the unexpanded allele. As expected, this
line showed minimal luminescence signal (Figure 1C), confirming
that the luminescence signal we observe in our DPReporter lines
is due to RAN translation of HiBiT from the expanded allele. To
further validate the specificity of the luciferase signal, we treated
our i¥N DPReporter lines with an antisense oligonucleotide
(ASO) targeting C90rf72 intron 1.“° The C9-ASO reduced pol-
yGA-HIiBIiT and polyGP-HIBIiT levels in both DPReporter lines in
the luciferase assay (Figure 1D) and MSD immunoassay
(Figure 1E) to the same extent, indicating the luminescence signal
we observe is derived from HiBiT-tagged DPRs.

We next investigated whether the HiBiT tag could be used to
detect endogenous DPRs in live iPSC neurons. We transfected
a plasmid encoding the LgBIiT luciferase component into the
i®N C9 parental, i®N GA-HiBiT, and i®N GP-HiBIT lines simulta-
neously with the initiation of neuronal induction. On day 3 of dif-
ferentiation, polyGP-HiBiT and polyGA-HiBIT were successfully
detected by live luminescence reading only in LgBiT-transfected
DPReporter iPSC neurons, but not control wells (Figures S1J and
S1K). Overall, these data show that our i*N DPReporter lines can
sensitively, robustly, and rapidly detect endogenous DPRs in
both lysed and live cells.

We also generated HiBiT tagged versions of our C90rf72 pa-
tient parental line without the NGN2 cassette using a similar
workflow (Figure S2). We then performed a more detailed anal-
ysis of our selected DPReporter lines. We measured the levels
of C9orf72 sense and antisense repeat RNA foci, which we
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Figure 1. Generation of C90rf72 patient iPSC endogenous DPR reporter lines
(A) The 11 amino acid HiBIiT tag, followed by a stop codon, was inserted using CRISPR-Cas9 into C90rf72 exon 1b in either polyGA or polyGP frames to generate

“DPReporter” cell lines.

(B) Detection of HiBiT luminescence in differentiated DPReporter cells reveals sensitive detection of endogenous DPRs with 20- to 130-fold signal-to-noise ratio
when compared with the untagged parental line (*p < 0.01, ***p < 0.0001, one-way ANOVA, N = 3 inductions).
(C) DPR-HIBIT levels are exclusively detected from tagging of the expanded C90rf72 allele (G4C2)Exp, with no signal from insertion into the unexpanded wild-type

(WT) allele (***p < 0.001, one-way ANOVA, N = 3 inductions).

(D and E) Signal specificity was confirmed by treatment with an ASO targeting C9orf72 intron 1. After 3 days, DPR-HIBiT luminescence signal and MSD
immunoassay signal were reduced to the same extent, compared with a non-targeting control (NT) ASO (***p < 0.0001, t test, N = 3 inductions). Data are

presented as mean + SD.

specifically detect in C9orf72 patient lines (Figures S3A-S3G),
antisense RNA transcripts (Figure S3H), and expression of plu-
ripotency markers (Figure S4) and observed small increases in
sense RNA foci in a subset of lines but otherwise no differences
between the original C9orf72 parental line and all subsequently
derived lines. As the HIBIT tag is inserted at the 3’ end of non-
coding exon 1b, we also measured the ratio of exon 1a and
exon 1b usage and found no change as compared with the
parental line, except for the non-i*N GP-HIBIT line, which had
an increased ratio of exon 1b to exon 1a usage (Figure S5).
Genomic integrity was first assessed by gPCR analysis for com-
mon karyotypic abnormalities and sequencing of predicted po-
tential CRISPR off-target sites (Figures S6A-S6L), which showed
no alterations in the iN DPReporter lines. A broader karyotype
analysis across all our lines was then performed using
KaryoStat+ genome-wide comparative genome hybridization,
which has a higher resolution than standard G-banding. Either
one or two microduplications that were too small for detection
by G-banding were identified in all lines (Figure S7), indicating
they were not due to genome editing. We next performed South-
ern blotting to ascertain repeat length (Figures S8A and S8B).
The parental line showed a smear from approximately 400 to
800 repeats and all the edited lines fell within this range except

the non-i®N GA-HIBIT DPReporter line, which had a contraction
to approximately 200 repeats. For further validation, we per-
formed targeted adaptive Oxford Nanopore Technology (ONT)
long-read sequencing. The use of targeted ONT sequencing pro-
vided high read depth (55-150 reads across the repeat), allowing
robust repeat sizing, which was consistent with Southern blot-
ting (Figure S8C). However, the fidelity of reads through the
repeat sequence was not sufficient for us to confirm whether
the HiBIiT tag had integrated into the correct DPR frame. We
therefore performed PacBio long-read sequencing, which pro-
vided enhanced fidelity across the repeat sequence, and
confirmed the expected position of the HiBiT tag downstream
of the expanded repeat (Figure 2). Although predicting the frame
with 100% confidence is not possible as just a single base pair
error over the extensive repeat will alter the frame, the enhanced
fidelity gave us confidence to predict the frame, especially at the
3’ end of the repeat reading into the HiBiT tag. This showed that
our i¥N and non-i®N GA and GP reporter lines were predicted to
have the HiBiT tag in their respective frames (Figures S9A and
S9B). The long-read sequencing also confirmed our short-read
sequencing (Figure S1F), which showed correct insertion of Hi-
BiT at the 3’ insertion site (Figure S9). The long-read sequencing
additionally showed the 5’ insertion site, which we were unable
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Figure 2. Waterfall plots showing repeat length and HiBiT insertion in the DPReporter iPSC lines
PacBio PureTarget long-read C9orf72 sequences were trimmed to 200 bases flanking the hexanucleotide repeat. Each row represents a read, with the x axis
indicating base position along the read and the y axis giving hexanucleotide repeat length. Each base position is colored according to the legend, with the

hexanucleotide repeat highlighted purple and HiBiT tag yellow.

to interrogate with short-read sequencing due to the high GC
content and proximity to the repeat sequence. This revealed
that the GA-HIBIT, GP-HiBiT, and i®N GP-HiBIiT lines had small
deletions or duplications of exon 1b at the 5’ insertion site
(Figure S9B) and HiBIiT insertion into the wild-type allele, also
with small deletions at the 5’ insertion site (Figure S9C). However,
our i¥N GA-HIBIT line showed clean insertion of the HiBiT tag
at both 5" and 3’ insertion sites and no insertion into the wild-
type allele (Figures S9B and S9C). We therefore took this line for-
ward for screening and kept the other lines for validation
experiments.

Utilization of i°N DPReporter lines for high-throughput
small-molecule screening

To determine the utility of the i*N DPReporter system for high-
throughput screening, we optimized culture conditions and lumi-
nescence detection in 384-well format (Figure 3A). We used
C9orf72 ASO treatment to confirm that reduced DPR-HiBiT

4 Cell Reports 44, 115695, May 27, 2025

levels could be robustly detected in i¥N GA-HiBIT neurons after
72 h with favorable screening parameters (CVgrr. = 6.6,
CVgo = 4.9, Z' = 0.75) (Figure S10A). To enhance utility for
high-throughput screening, we optimized multiplexing the lucif-
erase assay with a fluorescence-based toxicity assay, which
did not interfere with DPR detection (Figure S10B). To further
confirm the suitability of our reporter line to identify small-mole-
cule modifiers of DPR levels, we treated i®N GA-HiBIiT neurons
with the nucleoside analog decitabine, as it has previously
been shown to reduce DPR levels in C9orf72 patient iPSC neu-
rons.®® Decitabine reduced polyGA-HiBiT levels in a dose-
dependent manner, confirming that the HiBiT tag had not inter-
fered with the ability to detect DPR modulators (Figure 3B). We
next performed a proof-of-concept high-throughput screen of
a natural product library comprising 1,444 compounds. While
these compounds are relatively unselective and unlikely to yield
candidates for drug development, they allow testing and valida-
tion of the assay for high-throughput screening.
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Figure 3. Small-molecule high-throughput screening of endogenous DPR levels in i°N DPReporter iPSC neurons

(A) Schematic representation of HTS workflow. DPReporter iPSCs are induced for 48 h before replating on 384-well small-molecule library plates (10 pM). Cells
were cultured for 72 or 120 h before determining compound toxicity and polyGA-HIBIT levels.

(B) PolyGA-HIBIT levels are dose dependently decreased by treatment with decitabine (N = 3 inductions, mean + SD, **p < 0.01, one-way ANOVA).

(C) PolyGA-HIBIT levels after 120-h treatment determined by HiBiT assay (red lines = mean + 3xSD window of DMSO treated control wells).

(D) Comparison of compound toxicity and effect on polyGA-HIBIT levels after 120 h (red lines = mean + 3xSD window of DMSO-treated control wells).

(E) Correlation of hit compounds from 72- and 120-h treatment (linear regression).

(F) Nuclear mApple fluorescence intensity is quantified by a semi-automated image analysis pipeline.

(G) Canonical translation levels are reduced upon treatment with translation inhibitor homoharringtonine (HHT), but not DMSO (**p < 0.001, ANOVA).

(H) Quantification of NLS-mApple canonical translation reporter expression for the top 18 compounds (10 pM) that modified polyGA-HIBIT levels in the primary
screen (***p < 0.0001, one-way ANOVA, green line = DMSO median). Data are presented as median unless stated otherwise.

Screens were performed with compounds at 10 pM final con-
centration for either 120 h (Figures 3C and S10C) or 72 h

and showed robust screening parameters (CVpuso = 12). Hit
compounds were defined by polyGA-HIBIT levels 3xSD below

(Figures S10D-S10E) at 37°C. The multiplexed cell toxicity assay
(Figures 3D and S10F) enabled exclusion of toxic compounds,
followed by luminescence detection to identify hit compounds.
The entire screening workflow for 1,444 compounds took <1 h

or above the DMSO-treated control wells, identifying 25 hit com-
pounds that decreased DPR levels and 31 compounds that
increased DPR levels, without causing toxicity. Encouragingly,
hits from the 72- and 120-h treatments showed a very high

Cell Reports 44, 115695, May 27, 2025 5
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correlation (2 = 0.78, p < 0.0001) (Figure 3E), confirming the
reproducibility of the assay.

To determine compound specificity for DPR expression over
global gene expression, fluorescence intensity of the canonically
translated NLS-mApple reporter was quantified using a semi-
automated image analysis pipeline (Figures 3F and S10G). Inhib-
iting canonical translation by treatment with 10 pM homoharring-
tonine significantly reduced mApple levels compared with
DMSO and untreated controls (Figure 3G), confirming the ability
of the assay to identify general inhibitors of translation. Reduc-
tion of DPR levels by ASO treatment did not affect mApple re-
porter expression (Figures S10H and S10l) indicating that
endogenous DPRs are not affecting canonical translation over
the period of the assay. Thus, modulation of DPR levels by the
compounds screened will not affect interpretation of the results.
Next, the effects of the 18 strongest DPR expression enhancers
and inhibitors on canonical translation were determined. Four-
teen compounds affected mApple expression levels, while four
compounds (three inhibitors and one enhancer) did not and
thus specifically altered polyGA-HIBIT levels (Figure 3H). Struc-
tural characterization of the remaining three DPR inhibitors (bio-
chanin A, 4-5-dihydroxyflavone, 4-chlorosalycylic acid) identi-
fied them as pan-assay interference compounds, so were
subsequently excluded from further analysis.”' In contrast, the
DPR expression enhancer, periplocin, belongs to the cardiac
glycosides, which do not possess described assay-interfering
characteristics.*” Periplocin increased polyGA-HIBIT and pol-
yGP-HiBIiT levels in a concentration-dependent manner in the
i®N DPReporter lines (ECso = 0.4 uM) (Figures 4A and S11A).
Importantly, effects were confirmed by MSD immunoassay in
three unedited patient iPSC-derived lines (Figure 4B), confirming
that the effect is not related to the HiBiT tag. Overall, these re-
sults validate the capability of the DPReporter platform to
perform high-throughput small-molecule screening and identify
periplocin as an enhancer of endogenous polyGA and polyGP
levels.

Small-molecule periplocin slows DPR turnover via
ERK1/2 activation

To determine how periplocin affects DPR levels, we developed a
live-labeling protocol for endogenous DPRs in living cells to
track their degradation over time using HiBiT luminescence
(Figure 4C). We introduced a Tet-ON-LgBIT cassette into the pol-
yGA-HIBIT i®N DPReporter cell line to gain temporal control of
LgBiT expression. These DPReporter iPSCs were treated with
doxycycline to simultaneously induce both NPC differentiation
and LgBiT expression to allow subsequent LgBIiT labeling of Hi-
BiT-tagged endogenous DPRs. After the removal of doxycycline,
only LgBiT-labeled DPRs will emit a luminescent signal when as-
sayed while newly generated, unlabeled DPRs remain unde-
tected. Consequently, luminescence directly correlates to levels
of initially labeled DPRs and enables quantification of DPR turn-
over. While endogenous polyGA-HiBIT levels decreased by
~85% after 72 h, there was no decline in polyGA-HIBIT levels
over the same period with periplocin treatment (Figure 4D),
showing that periplocin inhibits DPR turnover (t;,DMSO = 36
h, t1,2 periplocin > 96 h). Periplocin also slowed polyGP-HiBiT
turnover using the live labeling protocol in the i*N GP-HiBIT cell
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line (Figure S11B). C9orf72 RNA transcript levels were unaf-
fected by periplocin treatment (Figures S11C-S11E), but inter-
estingly we observed a small decrease in both sense and anti-
sense RNA foci in the i¥N GA-HiBiT and untagged parental line
after periplocin treatment (Figures S11F-S11l). This indicates
that periplocin could be acting at the RNA level in addition to
reducing DPR protein turnover. These results demonstrate the
utility of our DPR live labeling assay to track the turnover of
endogenous DPRs and show that one action of periplocin is to
slow DPR turnover.

To further interrogate the mechanism of action of periplocin
we investigated its reported roles as an inhibitor of the
unfolded protein response (UPR),*” and as an activator of
the ERK1/2 and AMP kinases.”® We first investigated the
UPR, which consists of three distinct pathways, IRE1-XBP1,
ATF6, and elF2a (Figure S12A).** Periplocin treatment
reduced levels of the spliced/activated isoform of XBP1
(Figures S12B and S12C), showing that the IRE1-XBP1 axis
is inhibited upon periplocin treatment in i*Neurons. In
contrast, periplocin did not affect the ratio of phosphorylated
elF2« to total elF2a protein (Figure S12D), and inhibition of the
ATF6 pathway with the specific inhibitor ceapin (5 pM, ICsq =
0.5 pM)*® did not result in increased polyGA or polyGP levels
in HiBiT assays conducted on the i*N GA-HiBiT and i*N GP-
HiBiT lines, nor in MSD assays of three unedited patient
iPSC-derived lines (Figures S12E and S12F). To determine
whether periplocin’s effect on IRE1-XBP1 is driving the in-
crease in DPRs we used an orthogonal approach by knocking
out ERN1, which encodes IRE1, in i*N GA-HiBiT neurons us-
ing CRISPR-Cas9 (Figure S12G). We achieved effective
reduction of ERN1T mRNA (Figures S12H and S12I), which
reduced spliced XBP1 transcript levels to a similar extent to
periplocin (Figure S12J); however, polyGA-HIBIT levels were
not altered (Figure S12K). These experiments rule out an ef-
fect of periplocin on DPRs via the IRE1 arm of the UPR.

We therefore next assessed the effect of periplocin on ERK1/2
and AMPK activation. Periplocin had no effect on total AMPK
levels (Figures S12L and S12M) or AMPK phosphorylation, which
was undetectable in our i¥N GA-HIBIT line. In contrast, periplocin
dose dependently increased the ratio of phosphorylated ERK1/2
to total ERK1/2 (Figures 4E and 4F). ERK1/2 are directly acti-
vated by MEK1/2 kinase and can be inhibited by MEK1/2 antag-
onists.*® Therefore, to determine whether periplocin’s activation
of the ERK1/2 pathway is responsible for driving its effect on
DPRs, we pre-treated i®N GA-HIBiT neurons with the MEK1/2
inhibitor trametinib, followed by our standard 3-day periplocin
treatment. Trametinib abrogated periplocin’s activation of
ERK1/2 phosphorylation (Figures 4G and 4H) and partially in-
hibited its effect on DPR levels (Figure 4l), indicating that periplo-
cin may be acting in part via ERK1/2 activation to increase DPR
levels.

Next, to investigate this pathway in a different model sys-
tem, we used our established C9orf72 Drosophila model,
which expresses 36 GGGGCC repeats under the control of
an inducible neuron-specific driver and causes dramatically
shortened lifespan.'” Consistent with the data from our DPRe-
porter neurons, trametinib treatment reduced both ERK phos-
phorylation and polyGP levels in adult C9orf72 repeat fly



¢? CellPress

OPEN ACCESS

Cell Reports

. B PolyGA C
GA-HiBiT levels MSD immunoassay

5 4

F— i3N DPR-HIBIT  Differentiation
EC97.5=1.25 uM

+dox LgBIiT  +LgBiT expression

i3N DPR

“HIBIT Labelled ‘old’ DPRs

ko *
.

:

>
@

j

2\ no dox

— —_—

c .’ \\_gBiT
72h dox

B3 i
N JHIBIT
1 P ) "
: : Unlabelled ‘new’ DPRs

3 EC50 = 0.397 uM

....................... i/

~3-7 days

Fold change
N

.

Luminescence
(fold change)

N
[ ]
.
>

Tet-ON-LgBIT

0 T T ‘ T 1 O T T T
0.01 o1 1 10 DMSO EC50 EC97.5
Periplocin (uM) “Periplocin
N . E F
PolyGA-HiBiT live labelling Periplocin Phospho ERK1+2 / total ERK1+2
1.75 DMSO EC50 EC97.5 10
| —
150 -+ DMSO ERKA 8 »
8125 b 0.075 UM ERK2 42kDa o %
81.00 -4 0.15 uM 56
50.75 T4 ng
[}
o Eiain S\ N iz PERK1 240 -,
0.25 pERK2 @ =
R T T T S T S S 350a
GAPDH DMSO EC50 EC97.5
Days of periplocin treatment Periplocin
G .
Phospho ERK1+2 / total ERK1+2 GA-HiBIT levels
6 *k:** 4
ERK . -_ L42kD ° ‘ 03 =
—_— e - S a .
\ 4 g2 & SN0
— T ——— —
GAPDH - Feia 8 85,
pERK1‘ a ‘_ T, o e
—- - 42kDa (<] ES i
pERK2 ‘ |.|.1 3€1 r,,..I‘.;.
GAPDH] S ————— ]_35kDa
T T T T T T T T 0 T T T T T T T T
0 001 01 1 0 001 01 1 0 00101 1 0O 00101 1 0 00101 1 0 00101 1
Trametinib (uM) Trametinib (uM) Trametinib (uM)
+DMSO +Periplocin EC50 +DMSO +Periplocin EC50 +DMSO +Periplocin EC50

Figure 4. Unfolded protein response inhibitor periplocin reduces DPR turnover through activation of ERK1/2

(A) Concentration-dependent increase in endogenous polyGA-HIBIT levels upon periplocin treatment for 3 days in the DPR-HIBIT assay (presented as fold
change over DMSO control, *p < 0.01, ***p < 0.0001, one-way ANOVA, N = 3 inductions). Half-maximal effective concentration (ECsg) is 0.397 uM (non-linear
regression).

(B) Endogenous polyGA levels after 3 days of periplocin treatment at EC5o (0.397 pM) and ECg7 5 (1.25 uM) in neurons of 3 independent patient iPSC lines,
measured by MSD immunoassay (*p < 0.05, one-way ANOVA, N = 3 unedited cell lines).

(C) Overview of live-DPR labeling protocol: a doxycycline-inducible LgBIT expression cassette was introduced in i*N DPR-reporter cells by lentiviral transduction.
Cells are induced into neural progenitor cells by doxycycline treatment while simultaneously triggering LgBiT expression for labeling of DPR-HIBIT proteins. After
baseline luminescence detection (0 h), cells are treated in absence of doxycycline to determine reduction of labeled DPRs over time.

(D) Live labeling of endogenous polyGA-HiBIT enables determination of turnover. Degradation of endogenous polyGA-HIBIT is slowed by periplocin treatment
(**p < 0.001, ***p < 0.0001, two-way repeated measures ANOVA, N = 3 inductions).

(E and F) (E) Western blot and (F) quantification of the phosphorylated to total ERK1/ERK2 ratio in i*N GA-HiBiT neurons after 3 days of treatment with periplocin at
ECsp (0.397 uM) and ECq7 5 (1.25 pM) doses (**p < 0.01, **p < 0.001, one-way ANOVA, N = 3 inductions).

(G and H) (G) Western blot and (H) quantification of the phosphorylated to total ERK1/ERK2 ratio in i*N GA-HiBiT neurons after 6 days of treatment with the MEK1/
2 inhibitor trametinib (0, 0.01, 0.1, 1 pM), followed by an additional 3 days in combination with either DMSO or the ECs, dose of periplocin (***p < 0.001, one-way
ANOVA, N = 3 inductions).

(I) Quantification of polyGA-HiBiT luminescence under the same experimental conditions as described in (G) and (H) (*p < 0.01, **p < 0.001, one-way ANOVA,
N = 3 inductions). Data are presented as mean + SD unless indicated otherwise.

heads (Figures 5A-5D). Trametinib treatment was also suffi-
cient to significantly extend the lifespan of our C9orf72 repeat
flies (Figure 5E), with an even stronger effect when the adult
flies were pre-treated with trametinib for 7 days prior to
inducing expression of the C9orf72 repeats (Figure 5F). These
data confirm that the findings made in our DPReporter lines
translate to other model systems and show that modulating
ERK1/2 activation alters DPR levels in vitro and in vivo.

CRISPRnN screening of all human helicases reveals
telomere-associated helicases modulate DPR
expression

The regulatory mechanisms of RAN translation are not
completely understood. However, previous studies provided ev-
idence that the helicases DHX36 and DDX3X modulate DPR
expression.”>?"*! To determine if more helicases are involved,
we performed an arrayed CRISPR-Cas9 knockout (CRISPRn)
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Figure 5. Trametinib reduces DPR levels and extends survival of C90orf72 repeat expressing Drosophila

(A-D) (A) Drosophila experimental setup: after eclosion, flies were either fed trametinib (Tram) at 15.6 pM concurrently with the induction of the 36 GGGGCC (C9)
repeat transgene, which is controlled by the inducible elavGS neuronal driver, or they were treated prophylactically with trametinib for 7 days before the induction
of the C9 repeat transgene. Fly heads were collected for immunoblotting after 5 days of C9 repeat induction (with continual trametinib feeding). Control flies also
harbor the C9 repeat transgene but are not induced. Western blot (B) and quantification showing the ratio of phosphorylated ERK (pERK) to total ERK (tERK)
(C) and polyGP levels (D) after normalization with tubulin. Trametinib feeding significantly decreased pERK levels in the heads of C9 flies compared with DMSO-
fed C9 flies (*p = 0.0409, uncorrected Fisher’s LSD). Trametinib feeding also significantly decreased the levels of polyGP in C9 flies (**p = 0.0013, uncorrected
Fisher’s LSD). Bar charts show mean + SEM, n = 6 biological replicates per condition with 10 heads per replicate.

(E) Survival curves showing trametinib significantly extends lifespan of C9 flies when drug treatment is initiated at the same time as C9 repeat induction
(**p = 0.0016; log rank test; n = 150).

(F) Survival curves showing that pre-treatment with trametinib for 7 days before inducing C9 repeat expression significantly extends lifespan of C9 flies
(**p = 1.57E-11, log rank test n = 150).

screen with a library comprising all 95 human helicases and 58 the 15 genes, ERCC8, RECQL, RECQL4, RTEL1, and UPF1 did
helicase-domain containing genes with redundant or no charac-  not affect NLS-mApple levels, indicating enhanced specificity
terized function (153 genes in total). Experimental conditions for RAN translation over canonical translation (Figure 7A). More-
were optimized using sgRNAs targeting C9orf72, achieving a  over, knockdown of the aforementioned helicases did not affect
knockout efficiency of 88.5% (Figures S13A-S13D). At 72 h  sense/antisense RNA foci levels (Figures S14A-S14D) or
post-neural induction, ®N GA-HIBiT cells were nucleofected C9orf72 RNA expression levels (Figures S14E and S14F). Inter-
with 3 guide RNAs per gene and recombinant SpCas9 protein  estingly, DNA helicases (RTEL1, RECQL, RECQL4) were non-
by 96-well nucleofection and then split into duplicate plates significantly enriched among screening hits compared with the
for imaging and luminescence/toxicity assays, respectively entire library (60% of screen hits vs. 20% of the library are
(Figure 6A). After 3 days of treatment, imaging plates were DNA helicases, p = 0.057) (Figure 7B).

used to quantify the canonical translation reporter NLS- To identify overlaps in regulatory function, we performed
mApple as described (Figure S10G), with toxicity and luciferase =~ STRING analysis, combined with literature mining. We found
assays performed on the duplicate plate. We performed the that four of five helicase hits (80%, RECQL, RECQL4, RTELT,
screen three times on independent inductions and determined and UPFT) are functionally involved in telomere homeostasis
cell viability and polyGA-HIBIT levels (Figure 6B). Hit genes and maintenance, a significant enrichment compared with all hu-
were defined by reduction of polyGA-HIBIT levels 3xSD below man helicases (9.9%) (Figures 7C and 7D). Knockdown of each
the mean of control wells, without harboring toxicity. Previously  helicase and the consequent reduction in DPR levels were vali-
reported RAN translation modifiers DDX3X and DHX36 did not dated by western blotting (Figure 7E) and MSD immunoassay
fulfill hit gene criteria and did not affect polyGA-HIBiT levels of polyGA (Figure 7F), respectively. Knockdown of each helicase
using orthogonal knockdown or overexpression approaches also reduced polyGP levels in at least two of three independent,
(Figures S13E-S13M). However, we identified 15 hit genes that  unedited patient-derived cell lines (Figure 7G). These data show
decrease polyGA-HIBIT levels upon knockout, with no genes that several telomere-associated helicases modulate the levels
identified that increase polyGA-HiBIT levels (Figure 6C). Five of  of endogenous DPRs, which confirms the ability of our platform
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Figure 6. CRISPRn screening of a helicase
library reveals modifiers of endogenous
RAN translation

(A) Schematic representation of HTS workflow.
DPReporter iPSCs are induced for 72 h before
high-throughput nucleofection with helicase
sgRNA library and recombinant Cas9 protein.
Cells are cultured for 72 h before determining
toxicity and polyGA-HiBIT levels.

(B) PolyGA-HIBIT levels after CRISPRn screening
of the helicase library.

(C) Hit genes reducing polyGA-HiBiT levels in
CRISPRn screen (*p < 0.05, *p < 0.01, **p <
0.001, one-way ANOVA). Data are presented as
mean + SD, N = 3 independent screens, dotted
lines = mean + 3xSD window of control wells.
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read sequencing showed that CRISPR-
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to enable arrayed, genetic CRISPR-based screening to identify
modifiers of endogenous DPR expression.

DISCUSSION

We present a luciferase-based high-throughput screening
method to investigate modulators of endogenous C9orf72 DPR
levels in iPSC-derived neurons. Large-scale approaches to fluo-
rescently tag proteins have shown that low abundance proteins
are not detectable with GFP or mNeonGreen.*’*® Non-canonical
RAN translation is unlikely to be as efficient as canonical transla-
tion and therefore endogenous RAN translated proteins, may be
difficult to detect using a fluorescent tagging approach. There-
fore, an important part of our strategy, which is readily applicable
to studying endogenous RAN translated proteins in other repeat
expansion disorders, is the use of the small and highly sensitive
HiBIT tag, which allowed robust and rapid DPR detection without
utilizing antibodies. We did not attempt to generate lines tagging
endogenous polyGR because we have been unable to detect
polyGR in C9orf72 patient iPSC neurons using MSD immuno-
assay, and so focused on tagging polyGA and polyGP, which
we felt had a higher chance of success. We performed extensive

SUPV3L14

mend using our i*N GA-HiBiT line, which
has a clean HiBiT insertion, as the primary
line for screening. Placing long-read
sequencing higher up in the cell line char-
acterization workflow, now that it is becoming more readily
available for repeat expansions, would also facilitate future
development of repeat expansion reporter lines. Our long-read
sequencing also showed that the sequence immediately down-
stream of the repeat is different for the unexpanded and
expanded alleles, as previously reported,*®°° which is important
to note for future genetic targeting strategies.

A key feature of our platform is the use of the i*Neuron system
to provide rapid generation of neurons in large quantities within
5 days and the ability to multiplex with toxicity and live cell imag-
ing assays to determine effects on cell viability, canonical trans-
lation, and potentially other imaging-based cellular phenotypes.
This now provides a blueprint for studying endogenous RAN-
translated proteins, at scale, in other repeat expansion disor-
ders. We optimized and validated the platform for small-mole-
cule screening in 384-well plate format and, utilizing a 1,444 nat-
ural product library, identified periplocin as an enhancer of DPR
expression. Periplocin is a cardiac glycoside and notably,
several other cardiac glycosides and steroid derivatives were
found to be among the most potent DPR enhancers in our
screen. These additional molecules were excluded due to their
effects on global translation but may point to a relevant

RECQL
RECQL4
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Figure 7. Telomere-associated helicases modulate DPR levels

(A) Quantification of canonical translation reporter NLS-mApple reveals effects of hit genes on global translation. Five of 15 hit genes (UPF1, ERCCS8, RTEL1,
RECQL, RECQL4) do not affect reporter expression (***p < 0.001, one-way ANOVA, red lines = median values, green line = DMSO median).

(B) DNA helicases are non-significantly enriched among screening hits (Fisher’s exact test).

(C and D) Telomere-associated helicases are enriched among screening hits (80%) in comparison to all helicases (15%) (Fisher’s exact test).

(E-G) Effect of knockdown of helicases on polyGA and polyGP levels in 3 independent C9orf72 patient-derived iPSC lines (mean + SD, *p < 0.05, **p < 0.01,
***p < 0.001, one-way ANOVA, N = 3 cell lines, median of 3 technical replicates per line).

structure-function relationship to investigate in the future. We
found that periplocin treatment increased DPRs in a dose-
dependent manner in our DPReporter lines and untagged patient
lines. Periplocin inhibited the IRE1-XBP1 axis of the UPR, result-
ing in reduced XBP1 splicing, but knockdown of IRE1, which also
reduced XBP1 splicing, did not increase DPRs. This indicated
that the effect of periplocin on DPRs is not via XBP1. This was
surprising as overexpression of XBP1 protects against C9orf72
repeat toxicity in flies and mammalian ALS models,®"°? but pre-
sumably via a general positive effect on proteostasis rather than
modulating DPR levels.

Periplocin delayed the degradation of live-labeled endoge-
nous DPRs and this effect correlated with ERK1/2 activation.
Blocking ERK1/2 activation with the MEK1/2 inhibitor trametinib
only partially abrogated periplocin’s effect on DPRs, indicating
that other mechanisms in addition to ERK1/2 activation may
also contribute to periplocin’s ability to increase DPRs. One pos-
sibility is an effect at the RNA level as periplocin also decreased
the levels of both sense and antisense RNA foci. Reduction of
RNA foci could lead to more soluble mRNA transcripts being
available for transport out of the nucleus and subsequent RAN
translation, but this will require further investigation to determine.
However, strikingly, trametinib was able to reduce ERK1/2 acti-
vation, reduce DPRs, and extend lifespan in our well-established
C90rf72 repeat fly model.'”**°* The confirmation of this
pathway in an in vivo model highlights the translatability of find-
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ings from our DPReporter lines, although it is important to note
that the flies have considerably shorter repeats than the patient
neurons, which could complicate a direct comparison. The
mechanism of DPR reduction requires further experimentation,
but one possibility is trametinib’s reported enhancement of auto-
phagy and lysosomal function.®®>°¢ Trametinib treatment was
also shown to be beneficial to female SOD1 mice®” and a trial
in ALS is ongoing (ClinicalTrials.gov ID: NCT04326238). Further
investigation is now warranted to determine if there is potential
for repurposing MEK/ERK inhibitors specifically for COFTD/ALS.

In addition, CRISPRn screening of 153 human helicases iden-
tified ERCC8, RECQL, RECQL4, RTEL1, and UPF1 as enhancers
of endogenous C90rf72 RAN translation. Interestingly, UPF1 has
previously been identified as a modulator of DPR levels, but in
the opposite direction to our findings. Knockdown of UPF1
was shown to increase DPR levels and overexpression to reduce
DPR levels in patient iPSC neurons.®® The reasons for this are un-
clear but there is precedent for the same gene showing opposing
effects on RAN translation in different studies, highlighting the
complexity of the process.”® That both studies independently
identified UPF1 as a DPR modulator strengthens the case for
its role in RAN translation. We did not observe an effect of two
other helicases previously implicated in RAN translation,
DDX3X and DHX36.27:28:3%31 These differences between studies
could be related to the use of different patient lines, different
knockdown methods (siRNA, shRNA, CRISPR-Cas9), different


http://ClinicalTrials.gov

Cell Reports

levels of knockdown, or the different differentiation protocols
used (NGN2 overexpression to make cortical-like neurons vs.
dual SMAD inhibition to generate spinal motor neurons). Encour-
agingly, decitabine, a nucleoside analog previously identified to
reduce DPR levels through a primary screen in iPSC neurons,*®
was replicated in our DPReporter iPSC neurons. This provides
confidence in decitabine as a genuine modifier and also shows
that it is possible to find and replicate robust DPR modifiers in
iPSC neurons.

Four of the five helicase hits are telomere-associated heli-
cases.’® %2 By definition, these telomere-associated helicases
are not specific for RAN translation, and it is unlikely that RAN
translation-specific helicases exist. However, they suggest an
overlap in the regulation of telomeres and the C9orf72 repeat
expansion. Human telomeres are TTAGGG hexanucleotide
repeat sequences present at chromosomal ends that vary in
size and can reach up to several kilobases.®® Telomere short-
ening causes senescence, thus, their maintenance and elonga-
tion are tightly regulated.®*> They commonly form secondary
structures such as T-loops and G-quadruplexes, which are
bound by the telomere-machinery. In addition, similarly to the
C9orf72 repeat expansion, telomeres are transcribed into
telomeric repeat-containing RNA (TERRA).®® TERRAs regulate
telomeric stability, length, and recruit chromatin-modifying en-
zymes.®” Furthermore, a recent study revealed that TERRAs
are translated into poly(valine-arginine) and poly(glycine-leucine)
DPRs, which bind nucleic acids and are associated with replica-
tion forks, suggesting a regulatory function for telomere repeat-
derived DPRs.®® In summary, with their high G-content (50%)
and tendency for secondary structure formation, telomeric
repeats show similarities with C90rf72 repeats. Given these sim-
ilarities, there is a clear basis for C9orf72 GGGGCC repeats to
engage with helicases that also regulate telomeric repeats, but
our helicase-wide screening approach was needed for this rela-
tionship to emerge. Outstanding questions are whether this
interaction affects the normal regulation of telomeres, or whether
telomere-associated helicases are affected by other repeat
expansion disorders. Interestingly, recent evidence suggests
that telomere length is misregulated in individuals with ALS.%°
Al Khleifat and colleagues report an increase in telomere length
in both sporadic and familial ALS patients compared with con-
trols. Telomere length in C9orf72 ALS patients exceeded those
of control individuals but was significantly shorter than in non-
C9orf72 ALS patients. These data suggest that telomere misre-
gulation may be differently affected in C9orf72 ALS patients. In
addition, telomere length is shortened in other repeat expansion
disorders, including HD and FXTAS’®""; however, the molecular
mechanisms and relevance to disease pathogenesis are not
known.

The DPR modulators we identified act similarly on both pol-
yGA and polyGP. This was not necessarily expected as RAN
translation of polyGA has been shown to be initiated by a
near-cognate CUG start codon, whereas the nature of polyGP
translation initiation is less clear.”"?>** As periplocin appears
to reduce turnover of both polyGA and polyGP, this suggests
a common mechanism can degrade both DPRs. While different
mechanisms may be involved in the translation initiation of pol-
yGA and polyGP, the helicases we identified most likely work
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upstream of translation by unwinding DNA to allow transcrip-
tion of the repeat sequence, thus explaining the dual effect on
both DPRs.

Limitations of the study

It is currently unclear whether the endogenous C9orf72
GGGGCC repeat expansion is entirely pure, or whether the
repeat expansion contains small interruptions. This raises a
limitation of the study: in our lines designated as GA-HiBiT or
GP-HiBIT, it is not possible to know whether HiBIiT is tagging
an entirely pure GA or GP repeat, or proteins that are a mixture
of different DPRs. The long-read consensus sequence at the 3’
end of the repeat reading into the HiBiT tag shows a pure repeat
in the expected frame for our reporter lines. However, each in-
dividual read shows interruptions in the repeat sequence, so it
is not possible to know whether individual DPRs are pure or not.
This is consistent with long-read sequencing of COFTD/ALS
patient cerebellar DNA, in which every read from a single
individual showed different interruptions within the repeat.” All
interruptions were motifs containing only Gs and Cs, so it is
currently unclear whether these are genuine interruptions or
sequencing errors. It is therefore possible that the HiBiT-tagged
DPRs contain mixed DPRs, as these have been reported previ-
ously.”? However, most important is that HiBiT is tagging the
endogenous DPRs, so insights into modulation of endogenous
DPRs can be gained, which was the key aim of the study. In
addition, our lines do not allow immediate dissection of DPR
vs. RNA toxicity, so we are unable to make an assessment of
whether DPRs or repeat RNAs are the primary neurotoxic
species in these lines.

All cell lines and protocols will be shared with the research
community to facilitate understanding of C9orf72 DPRs in ALS/
FTD, and for the generation of additional high-throughput
screening platforms for other repeat expansion disorders.

RESOURCE AVAILABILITY

Lead contact
Requests for materials and further information should be made to the lead con-
tact, Adrian M. Isaacs (a.isaacs@ucl.ac.uk).

Materials availability
All cell lines generated in this publication will be shared upon request.

Data and code availability

e Data: long read DNA sequencing data are available at the Sequence
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ERNT Rev: ACATACTCTTGCAGGGTGGC This paper N/A

DHX36 Fwd: ACCTGATGGAGCTGAACGCT This paper N/A

DHX36 Rev: AGCAGCAGAACAGTGCTCCA This paper N/A

DDX3X Fwd: CTTCGCGGTGGAACAAACAC This paper N/A

DDX3X Rev: GGTCTAGGCCAGCAAACTGC This paper N/A

Spliced XBP1 Fwd: GCTGAGTCCGCAGCAGGT This paper N/A

Spliced XBP1 Rev: CTGGGTCCAAGTTGTCCAGAAT This paper N/A

Total XBP1 Fwd: TGAAAAACAGAGTAGCAGCTCAGA This paper N/A

Total XBP1 Rev: CCCAAGCGCTGTCTTAACTC This paper N/A

Exon 1a_F: AGGTGCGTCAAACAGCGACAAGTTCCG This paper N/A

Exon 1b_F: GTTGCGGTGCCTGCGCC This paper N/A

Exon 4_R: CCATTACAGGAATCACTTCTCCAGTAAGCATTGG This paper N/A

Gene Knockout Kit v2 - human - ERN1 - 1.5 nmol Synthego N/A

Negative Control, Scrambled sgRNA#1, mod-sgRNA, 1 nmol Synthego N/A

Recombinant DNA

pLKO.1 - TRC cloning vector Addgene Cat# 10878; RRID:Addgene_10878
psPAX2 plasmid Addgene Cat# 12260; RRID:Addgene_12260
pMD2.G Addgene Cat# 12259; RRID:Addgene_12259
pHAGE-DDX3X plasmid Addgene Cat# 116730; RRID:Addgene_116730
pHR-hSyn-EGFP plasmid Addgene Cat# 114215; RRID:Addgene_114215
pUltraHot-mCherry-DHX36-iso1-WT plasmid Addgene Cat# 206964; RRID:Addgene_206964
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Software and algorithms

GraphPad Prism 8 GraphPad RRID:SCR_002798
Harmony software PerkinElmer RRID:SCR_023543
llastik software Berg et al., 2019 RRID:SCR_015246
Image Lab 6.1 software Bio-Rad RRID:SCR_014210

ImageJ National Institutes of Health RRID:SCR_003070

Long-read repeat sequence analysis code This paper https://doi.org/10.5281/
zenodo.14996789

Other

4D-NucleofectorTM and 96-well ShuttleTM System Lonza N/A

Amersham™ Imager 600 GE Healthcare Life Sciences N/A

CellDiscoverer 7 imaging system Zeiss N/A

ChemiDoc XRS+ System Bio-Rad N/A

Echo® Acoustic Liquid Handler Labcyte N/A

FLUOstar® Omega Microplate Reader BMG Labtech N/A

ImageQuant™ LAS 4000 GE Healthcare N/A

Incucyte® Sartorius N/A

LightCycler® 96 Instrument Roche N/A

Lonza™ P3 Primary Cell 4D-Nucleofector™ X Kit L Lonza Cat# 13429329

LSM880 confocal microscope Zeiss N/A

Opera Phenix™ Plus PerkinElmer N/A

Q800R3 Sonicator QSonica N/A

Trans-Blot Turbo Transfer System Bio-Rad N/A

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

iPSC lines

C90rf72 patient-derived iPSC lines used in this study have been previously reported: line M2IIR2 (male, ALS, ~638 repeats’®); BS6
(C9 parental) (female, ALS/FTD ~700 repeats)’*; BS6 isogenic control (female, 2 repeats)’?; DN19 (male, ALS ~960 repeats).””

Drosophila

All experiments were conducted at 25°C on a 12 h:12 h light cycle at 60% humidity. For survival assays, female UAS-(GGGGCC)36
flies were crossed with elavGS males, and the eggs were collected and transferred into SYA-containing bottles at an equal density.
Following eclosion, adult flies were allowed to mate for 48 h before the female flies were randomly allocated, under CO, anestheti-
zation, to vials at a standard density (n = 15). Each vial contained SYA food media supplemented with RU486 (200 mM) and/or tra-
metinib (15.6 pM), with EtOH and DMSO added as vehicle controls where appropriate. A minimum of 10 vials were used per treatment
condition (n = 150). Three times a week, flies were transferred to new vials, and the number of dead or censored flies was recorded
every one to two days. For survival assays two systems of drug administration were used. Non-delayed induction treatment groups
were supplemented with both transgene inducer RU486 and trametinio/DMSO from day O (eclosion), thus inducing transgene
expression throughout the experiment. Delayed induction groups received trametinib/DMSO supplemented SYA for the first seven
days before the transgene was induced with RU486 for the remainder of the experiment. Log rank test on lifespan data were per-
formed in Microsoft Excel (template available at http://piperlab.org/resources/) and data was plotted using Prism6.

METHOD DETAILS

Culturing and passaging of iPSCs

iPSCs were cultured on Geltrex (Gibco)-coated plates in Essential 8 medium (E8, Gibco) with daily media changes. Upon reaching
~80-90% confluency, cells were washed with 1xPBS (Gibco) and incubated in 500 pM EDTA (Gibco) for 3—-4 min. After aspirating the
supernatant, cells were lifted with 1 mL E8 medium, resuspended once, and distributed to new culturing plates. All cell lines were
routinely karyotyped by an external provider (TDL Genetics) to verify genomic integrity. To further screen for karyotypic alterations
after CRISPR/Cas9 genome editing, we used the gPCR-based hPSC Genetic Analysis Kit (STEMCELL Technologies).
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Generation and induction of i*’Neurons

[®Neuron cell lines were generated as described elsewhere.®’ Briefly, an expression cassette containing NLS-mApple and Tet-ON
NGN2 was introduced into the CLYBL safe harbor locus by CRISPR/Cas9 genome editing. For induction into cortical neurons, iPSCs
were lifted as single cells on day 0 with ACCUTASE (STEMCELL Technologies) and 5x10° cells per well were seeded onto Geltrex-
coated 6-well plates in induction medium (DMEM:F12 Gibco (Thermo) 10565018, N2 supplement Gibco (Thermo) 17502048, non-
essential amino acids Gibco (Thermo) 11140050, 10mM HEPES Gibco (Thermo) 15630056, Glutamax Gibco (Thermo) 35050061,
2uM Doxycycline Hyclate Sigma/Merck D9891, 10 pM ROCK inhibitor Y-27632 Miltenyi 130-103-922). Media was changed on
days 1 and 2. On the third day, neural precursor cells (NPCs) were lifted with ACCUTASE and replated in maintenance medium
(Neurobasal Gibco (Thermo) 12348017, B27 supplement Gibco (Thermo) 17504044, 10 ng/mL BDNF Gibco (Thermo) 10908-010,
10 ng/mL NT-3 Peprotech 450-03, 1 pg/mL laminin Merck Life Science L2020-1MG) onto poly-L-ornithine and laminin coated plates
at the following densities: 5x10° cells/6-well plate, 5x10* cells/96-well plate, 1.5x10* cells/384-well plate. 96-well and 384-well plates
were centrifuged for 5 s at 300xg to improve cell attachment and survival, before sealing with adhesive film (Greiner) to prevent edge
effects. For long-term culturing, 2 media changes were performed every 3-4 days using maintenance medium.

CRISPR/Cas9 tagging of C9orf72 DPRs

For tagging of endogenous DPRs with HiBiT, we designed single-guide RNAs (sgRNAs) to induce double-strand breaks 3’ of C90rf72
exon 1b (AGGCGCAGGCGGTGGCGAGT, Synthego). Single-stranded DNA (ssDNA) donor templates were synthesized (Genscript)
for selective tag integration into either the polyGA or polyGP frame. Lines were generated by introducing sgRNA, ssDNA, and recom-
binant SpCas9 (Synthego) into iPSCs through nucleofection with P3 Primary Cell 4D-Nucleofector X Kit L (Lonza). After clonal expan-
sion, cell lines were characterised as described in the results section. To confirm reporter integration into the correct targeting site,
PCR amplification of HiBiT-C90rf72 (forward primer: TGGCGGCTGTTCAAGAAGATT,; reverse primer: AAGGAGACAGCTCGG
GTACT) was performed using DreamTaq 2x Mastermix (ThermoFisher) according to the manufacturer’s instructions. To determine
whether integration had occurred in the expanded allele, RNA was extracted from reporter lines using the RNeasy extraction kit
(Qiagen) before reverse transcription with SuperScript IV Reverse Transcriptase (Invitrogen). To detect the SNP rs10757668 in re-
porter-containing transcripts, we used a forward primer located in the reporter sequence (TGGCGGCTGTTCAAGAAGATT) and a
reverse primer in exon2 (AGCAATCTCTGTCTTGGCAAC). cDNA was amplified by PCR, extracted using QlIAquick PCR Purification
Kit (Qiagen), and sequenced by an external provider (Source Bioscience) to identify the SNP.

MSD immunoassay

Detection of polyGA and polyGP by MesoScale Discovery (MSD) immunoassay was performed as previously described.*%>°
RNA-FISH for sense and antisense foci

For RNA fluorescent in situ hybridization (RNA-FISH) in i®Neurons, 25,000 NPCs were seeded per well in 96-well plates and treated
with periplocin EC97.50 or DMSO (N = 3 neuronal inductions per line). After 72 h, cells were fixed in 4% PFA (PBS-diluted) for 7 min,
dehydrated in 70% and 100% ethanol, and stored at —80°C in 100% ethanol until further use. Cells were then rehydrated in 70%
ethanol, washed in pre-hybridization buffer (40% formamide, 2x SSC, 10% dextran sulfate, 2 mM vanadyl ribonucleoside complex)
for 5 min at room temperature, and permeabilized with 0.2% Triton X-100 in PBS for 10 min. Following a 30-min blocking step at 66°C
in pre-hybridization buffer. Digoxigenin (DIG)-labelled locked nucleic acid (LNA) probes (Qiagen) were used to detect either sense
(/5DIG/CCCCGGCCCCGGCCCC/3DIG/) or antisense (/5DIG/GGGGCCGGGGCCGGGG/3DIG/) RNA foci. Alternatively, LNA probes
directly labeled with a fluorescent dye were used for RNA-FISH of sense (5’ TYE563-labelled CCCCGGCCCCGGCCCC) or antisense
foci (5' TYE563-labelled GGGGCCGGGGCCGGGG) in iPSCs (Figure S3). Briefly, probes (40 nM, pre-hybridization solution) were de-
natured at 95°C for 10 min and hybridization was then carried out in the dark at 66°C for 3 h, allocating separate wells for either sense
or antisense probes. Post-hybridization, cells were washed sequentially in 0.2% Triton X-100 in 2x SSC (5 min, room temperature)
and in 0.2x SSC (30 min, 66°C, followed by 20 min, 66°C). DIG-labelled probes were detected using a 488-conjugated DIG antibody
(Vector Laboratories, DI-7488-.5, 1:1000 in 0.2x SSC with 1% BSA) incubated overnight at 4°C, followed by a 20-min wash in 0.2
SSC at room temperature. Nuclei were counterstained with Hoechst (1 pg/mL in 0.2x SSC) for 10 min. Cells were maintained in 0.2 x
SSC at 4°C, protected from light. Imaging was performed using the Opera Phenix high-content system (PerkinElmer) with a 40 x1.1
NA objective. RNA foci were detected and quantified using Harmony software (PerkinElmer). A nuclear mask was generated based
on the Hoechst signal, and the percentage of cells containing at least one RNA focus within the nucleus was calculated for each
condition.

Off-target sequencing and genetic integrity

We used the Off-Spotter tool”® to determine the 3 coding regions with the highest risk of off-target cutting by the sgRNA used for
CRISPR editing. The genes (ADAMTSL5, Fam83f, TRAM1) were amplified by gPCR (primers sequences provided in Key Re-
sources Table) and sequenced by an external provider (Source Bioscience). To determine presence of the most common karyo-
typic abnormalities by gPCR, we utilized the hPSC Genetic Analysis Kit (Stemcell Technologies) according to manufacturer’s
instructions.

20  Cell Reports 44, 115695, May 27, 2025



Cell Reports ¢ CellPress

OPEN ACCESS

Karyotyping
Karyostat+ whole-genome chromosomal microarray karyotyping was performed by ThermoFisher.

Long-read sequencing

Genomic DNA was extracted using the Monarch HMW DNA Extraction Kit for Cells and Blood (New England BiolLabs, T3050)
following the manufacturer’s instructions. The DNA quality, quantity and size distribution were assessed using a Qubit fluorometer
with the Qubit dsDNA BR Assay Kit (Thermo Fisher Scientific, Q32850) and a Femto Pulse system with the gDNA 165 kb analysis kit
(Agilent Technologies, FP-1002-0275).

PacBio sequencing

Library preparation and sequencing were conducted using the PacBio PureTarget method (#103-329-400, REV02). Briefly, DNA
ends were dephosphorylated to prevent adapter ligation to non-targeted DNA ends. Cas9 gRNA complexes were formed using
the repeat expansion panel, ahead of dsDNA digestion at targeted regions. dA tails were added to DNA 3’ ends, the indexed
SMRTbell adapters were ligated to the targeted DNA fragments. DNA fragments that had not formed SMRTbell templates were
removed by nuclease treatment. Samples were pooled and cleaned up using SMRTbell cleanup beads. The pooled SMRTbell
templates were washed with SMRT boost beads, then concentrated with SMRTbell cleanup beads. The sequencing primer was
then annealed, the sequencing polymerase bound, and the complexes purified with SMRTbell cleanup beads. The final library
was sequenced on the PacBio Sequel Il system using the Sequel Il Binding Kit 3.2 and the Sequel Il Sequencing Kit 3.2 (PacBio,
102-194-100). Bioinformatics analysis was performed in R using a custom script available at https://github.com/mike-flower.
Circular consensus sequences (CCS) were filtered for quality and then aligned to the C9orf72 reference sequence (NCBI,
203228) using rBLAST. Reads were split into flanking and repeat sequences. Waterfall plots were generated using ggplot2.
Reads were clustered by repeat length using factoextra and NbClust, then consensus sequences were generated using the
msa package.

Nanopore adaptive long-read sequencing

A protocol for sample preparation and nanopore processing was developed by the Genomics England Scientific R&D Team with
some minor modifications. 6-6.4 pg of DNA was fragmented to 10-15 kb using Covaris g-TUBEs (520079, Covaris). Samples
were centrifuged using an Eppendorf 5424 (022620401, Eppendorf) centrifuge for 1 min at 4500-4800 rpm, rotated 180° and centri-
fuged for a further minute at 4500-4800 rpm. Fragments under 5 kb were reduced using the SRE XS kit (SKU 102-208-20,0 PacBio).
An equal volume of Buffer SRE-XS was added to the fragmented DNA sample and centrifuged at 10,000 xg for 30 min before dis-
carding the supernatant. The DNA pellet was washed with 200 pL of 70% ethanol for a total of two ethanol washes. The remaining
ethanol was evaporated off at 37°C for 2-15 min as required. 50 pL of PacBio Buffer EB was used to resuspend the pellet at 37°C for
10-20 min then 4°C overnight. For library preparation 1-1.5 pg of sample in 48 pL of nuclease-free water (NFW) was mixed with 3.5 pL
NEBNext FFPE DNA Repair Buffer, 3.5 uL Ultra Il End-Prep Reaction Buffer, 2 uL NEBNext FFPE DNA Repair Mix (M6630, NEB) and
3 pL Ultra Il End-Prep Enzyme Mix (E7546, NEB) and incubated at 20°C for 10 min followed by 65°C for 10 min. The reaction was then
incubated at room temperature for 10 min on a hula mixer with 60 pL of AMPure XP Beads (A63881, Beckman Coulter). The beads
were pelleted on a magnet and washed with 200 pL of 70% ethanol twice before eluting in 64 uL. NFW at room temperature for 10—
30 min. The library was processed using Oxford Nanopore Technologies (ONT) Ligation Sequencing Kit V14 (SQK-LSK114). 62 uL of
eluted DNA was added to a mix of 25 uL ONT Ligation Buffer, 8 \L NEBNext Quick T4 DNA Ligase (E6056, NEB) and 5 pL ONT Ligation
Adapter and incubated at room temperature for 30 min. 40 pL of AMPure XP beads were added and incubated on a hula mixer at
room temperature for 10 min then pelleted on a magnet. The beads were washed twice with 250 pL ONT Long Fragment Buffer
then eluted in 34 pL ONT Elution Buffer at 37°C for 15 min. 10-15 fmol of library was loaded onto a single PromethlON Flow Cell
(R10.4.1) following manufacturer’s instructions. Adaptive sampling was carried out as described below. The run lasted 72 h with
two 1-h nuclease flushes between 20-24 h and 44-48 h using the ONT Flow Cell Wash Kit (EXP-WSH004) following manufacturer’s
instructions. The library was stored at 4°C during the run and 10-15 fmol of library was loaded after each nuclease flush. For adaptive
sampling and analysis, all code can be found at: https://github.com/rainwala/GlU-rep_exp_blast_finder. Adaptive Sampling was car-
ried out using the Adaptive Sampling option on MinKnow version 24.02.10. The reference genome used was GRCh38.p14 (https://
www.ncbi.nlm.nih.gov/datasets/genome/GCF_000001405.40/) and the co-ordinates were specified in bed format as follows: chr9
27543537 27603536 C9orf72_expansion_region. This corresponds to the file C9orf72_adaptive.bed in the Github repository above.
Once sequencing was complete, the nextflow process rep_exp_blast_finder.nf was run on the sequencing output to generate the
final output.

DPR-HiBIT lytic detection assay

For the detection of DPR-HIBIT, the Nano-Glo HiBiT Lytic Detection System (Promega) was used. In short, Nano-Glo HiBiT Lytic
Buffer was brought to room temperature before adding LgBiT protein 1:100 and Nano-Glo HiBiT detection reagent 1:50. The solution
was mixed and added to culturing plates in a 1:1 ratio. Reactions were incubated on an orbital shaker for 10 min at 600 RPM. Lumi-
nescent signals were quantified with a PHERAstar Microplate Reader (BMG Labtech).
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DPR-HiIBIT live cell assay

To detect DPR-HIBIT in live cells, a plasmid encoding LgBiT (Promega) was introduced into NPCs on day 3 of the differentiation
protocol by nucleofection with the P3 Primary Cell 4D-Nucleofector X Kit S (Lonza). 3 days after nucleofection, we used the Nano-
Glo Live Cell Assay System (Promega). Briefly, Nano-Glo LCS Dilution Buffer was brought to room temperature before adding
Nano-Glo Live Cell Substrate 1:1:20. The solution was mixed and added to culturing plates in a 1:1:4 ratio. Plates were incubated
on an orbital shaker for 15 s at 400 RPM. Luminescent signals were quantified with a PHERAstar Microplate Reader (BMG
Labtech).

DPR-HiBIT live labeling

For live-labelling of endogenous DPRs, DPReporter cell lines were transduced with lentivirus containing a Tet-ON-LgBIT cassette to
generate a stable cell line with inducible LgBiT expression. After clonal expansion and screening to identify successfully edited
clones, cells were induced into NPCs as described. On the third day of differentiation, cells were seeded onto 96-well plates in main-
tenance media with doxycycline. After culturing cells overnight at 37°C, we used the Nano-Glo Live Cell Assay System (Promega) as
described to detect baseline luminescence. Thereafter, all media was removed, and cells were washed with 1x PBS before adding
new maintenance media without doxycycline. Detection of labeled DPRs by Nano-Gio Live Cell Assay was repeated on days 1, 3, 5,
and 7 after replating.

Small molecule screening workflow

Small molecule pilot screening was performed using a natural product library (MedChemExpress) comprising 1,444 molecules. All
compounds were transferred to 384-well plates with an Echo Acoustic Liquid Handler (Labcyte) and screened at a final concentration
of 10 pM. Cells were induced as described until day 2 of the differentiation protocol. On day 2, assay plates, containing the library,
were brought to room temperature, and coated with 10 pg/mL laminin in 12.5 pL maintenance medium for 2 h at 37°C. Thereafter,
DPReporter NPCs were lifted, washed, and counted as described before seeding 1.5x10* cells/well in maintenance medium by add-
ing a further 12.5 pL onto the coating solution. Plates were centrifuged for 5 s at 300xg, sealed with EasySeal plate sealer (Greiner),
and cultured at 37°C for 72-120 h. On the experimental day, plates were brought to room temperature for 30 min before adding 5 pL of
previously prepared CellToxGreen (Promega) solution. Plates were centrifuged for 5 s at 300xg, incubated on an orbital shaker (200
RPM, 5 min), and fluorescence was quantified using a PHERAstar Microplate Reader (BMG Labtech). Thereafter, 25 uL previously
prepared Nano-Glo HiBiT Lytic Detection solution was added to each well followed by centrifugation for 5 s at 300xg, incubation
on an orbital shaker (400 RPM, 10 min), and quantification of luminescent signal (PHERAstar Microplate Reader, BMG Labtech).
We identified toxic compounds by calculation of the 3xSD window of DMSO control wells and excluded every molecule outside
of this range. Similarly, we defined hit compounds amongst the remaining molecules by DPR-HIBIT signals greater or smaller
than the mean + 3xSD of DMSO control wells.

CRISPR screen workflow

CRISPR knockout (CRISPRn) screening was performed using an arrayed screening library for all human helicases (Synthego) con-
taining three sgRNAs per well. The sgRNA library was resuspended in TE buffer as instructed by the manufacturer and transferred to
96-well format (3 pL, 5uM) for storage. On the day of screening, the 96-well library plates were thawed on ice, 0.25 pL recombinant
SpCas9 (Synthego, 20 pM) was added to each well before centrifugation for 1 min at 300xg to induce the formation of RNP com-
plexes. Plates were incubated at room temperature in a sterile hood while 3-day-old NPCs were washed with 1x PBS and lifted
with ACCUTASE as described. 2x10° cells per CRISPR reaction were collected, centrifuged, and resuspended in P3 nucleofection
solution (Lonza). Using a multichannel pipette, 21.5 pL of the cell solution was transferred to the RNP complexes and resuspended
3—-4 times. Then, 23 pL of the RNP-cell mixture were transferred to 96-well Nucleocuvette Plates (Lonza) and nucleofected with a 4D-
Nucleofector and 96-well Shuttle System (Lonza), using program CA137. After nucleofection, 77 pL maintenance medium was added
to each well before incubation at 37°C for 10 min to improve cell viability. Cells were then equally split between PLO/laminin-coated
96-well assay and imaging plates for primary and secondary screening, respectively, before centrifugation for 5 s at 300xg. After
3 days, primary screening was performed by subsequently performing the CellToxGreen Cytotoxicity assay (Promega) and the
Nano-Glo HiBiT Lytic Detection System (Promega). We identified toxic genome editing events as differing by > 3xSD of control wells
with non-targeting sgRNAs in the toxicity assay. Similarly, we defined hit genes by DPR-HIBIT signals lower than the mean -3xSD of
control wells.

Secondary screening workflow

To determine changes in global translation rates, we quantified the expression of a canonically translated NLS-mApple reporter. A
CellDiscoverer 7 imaging system (Zeiss) was used to image 5% (96-well) or 20% (384-well) of each well with 40x magnification. We
then generated a custom image-analysis pipeline by machine learning (ilastik).”® Quantification masks were generated using pixel
classification, to distinguish fluorescence and background signals. Binary segmentation masks were exported and combined with
fluorescent images (quantification mask) for processing in llastik by pixel and object classification. Objects are detected using the
quantification mask and fluorescent intensities per object were measured.
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Pathway analysis

STRING analysis was performed by determining functional and physical protein association at the highest (0.900) or medium (0.400)
confidence for all helicases and hit genes, respectively. After identifying a potential enrichment of telomere-associated helicases, we
mined the available literature of every helicase for telomere-regulating activity, identifying further hit and non-hit genes to be asso-
ciated with telomeres. The entirety of genes identified by STRING and literature mining was used to calculate pathway enrichment
(Fisher‘s Exact Test).

RT-qPCR

RNA was extracted from cultured cells using the RNeasy extraction kit (Qiagen) before reverse transcription with SuperScript IV
Reverse Transcriptase (Invitrogen) according to the manufacturer’s instructions. QPCR was then performed using the LightCycler
480 SYBR Green mix (Roche) on a LightCycler 96 Instrument (Roche) and quantified using the 2-ddCT-method. Primer sequences
provided in Key Resources Table.

Assay for quantification of exon1a/1b usage

RNA was extracted from all iPSC DPReporter lines using the RNeasy extraction kit (Qiagen) before reverse transcription with
SuperScript IV Reverse Transcriptase (Invitrogen). To detect exon 1a and exon 1b, we used specific forward primers for each
exon along with a common reverse primer located on exon 4 (Exon 1a_F: AGGTGCGTCAAACAGCGACAAGTTCCG; Exon 1b_F:
GTTGCGGTGCCTGCGCC; Exon 4_R: CCATTACAGGAATCACTTCTCCAGTAAGCATTGG), which produced amplicons of sufficient
size for subsequent next-generation sequencing. PCR reactions (30 cycles) with the exon 1a and exon 1b forward primers, both
paired with the exon 4 reverse primer, were performed in separate tubes and then combined in a single tube and column purified
(Qiagen). Sequencing was performed by Plasmidsaurus using Oxford Nanopore Technology. FASTQ files were aligned to the
sequence constructed from C90rf72 exons 1a, 1b, and 2 using minimap2’’ with long-read splice-aware alignment parameters
(-x splice). Coverage analysis was performed by intersecting BAM files with a BED file containing exon coordinates using bedtools.”®
The number of reads overlapping each exon, and the percentage of total mapped reads were computed.

Immunocytochemistry

Cells were cultured on coated coverslips and fixed with 4% Paraformaldehyde for 10 min at room temperature. After washing with 1x
PBS, cells were blocked with 5% BSA in 0.3% PBS-TritonX for 1 h at room temperature. Primary antibodies GABAA Receptor (a1
subunit) 1:100 Sigma (G4416); GIuR2 1:100 ThermoFisher (32-0300); Map2 1:500 Millipore (MAB3418); OCT4 1:2000 Cell Signaling
(2750); SOX2 1:100 Cell Signaling (35795); Tud1 1:500 Cell Signaling (5568T) were diluted in 5% BSA in PBS and added to samples for
overnight incubation at 4°C. On the next day, cells were washed 3x for 5 min with 0.3% PBS-T before adding secondary antibodies
(goat anti-mouse IgG2a Alexa Fluor 488 1:1000 Invitrogen (A21131); donkey anti-rabbit IgG Alexa Fluor 488 1:1000 BioLegend
(406416); goat anti-rabbit IgG Alexa Fluor 546 1:1000 ThermoFisher (A11035)) in blocking solution. Samples were washed again
before mounting coverslips with ProLong Gold Antifade Mountant with DAPI (Thermo Fisher). Images were taken on an LSM880
confocal microscope (Zeiss) and analyzed in ImageJ.

Western blotting

Cells were washed with PBS before harvesting in lysis solution: RIPA, 2% SDS, 2x Protease inhibitor (cOmplete, Mini Protease In-
hibitor Cocktail, Roche). Samples were sonicated using a Q800R3 Sonicator (QSonica) before centrifugation for 20 min at 17,000xg
to remove debris. The supernatant was transferred, and protein concentration was determined by Pierce BCA (ThermoFisher) before
loading equilibrated samples on 4-12% NuPAGE Bis Tris gels (ThermoFisher). Blots were transferred to nitrocellulose membranes
using the Trans-Blot Turbo Transfer System (Bio-Rad). Membranes were blocked for 1 h at room temperature before incubation with
primary antibodies: AMPK alpha-1,2 1:1000 ThermoFisher (PA5-36045); C9orf72 1:1,000 GeneTex (GTX634482); elF2a 1:100 Cell
Signaling Technology (D7D3), #62928; ERCC8 1:100 Abcam (ab137033); ERK1/ERK2 1:1000 ThermoFisher (13-6200); GAPDH
(14C10) 1:5000 Cell Signaling Technology (#2118); phospho-elF2a 1:100 Cell Signaling Technology (D9G8), #3398; phospho-
ERK1/ERK2 1:1000 ThermoFisher (MA5-33180); phospho-PKR 1:500 Abcam (AB32036); PKR 1:500 Abcam (AB32506); RECQL
1:100 Abcam (AB150421); RECQL4 1:100 Abcam (AB188125); RTEL1 1:100 Proteintech (25337-1-AP); UPF1 1:1000Proteintech
(66898-1-1g); XBP1s 1:100 Cell Signaling Technology (D2C1F), #12782 in blocking solution overnight at 4°C. On the next day, blots
were washed 5 x 5 minutes before incubation with secondary antibodies (goat anti-mouse HRP 1:10000 ThermoFisher (31430); goat
anti-rabbit HRP 1:10000 ThermoFisher (31460)) for 1 h at room temperature. After further 5 x 5 minute washes, blots were imaged on
an Amersham Imager 600 (GE Healthcare Life Sciences) and quantified using Imaged.

For Drosophila protein extraction, 10 heads per replicate were homogenized in 12.5% trichloroacetic acid (TCA) (Merck) and centri-
fuged for 15 min at 13,000 rpm at 4°C. The pellet was washed with 1M Tris and resuspended in NUPAGE LDS Sample Buffer (4x)
(Thermo Fisher) containing 100 mM DTT. Proteins were denatured for 15 min at 90°C and separated on NUPAGE 4-12% Bis-Tris
precast gels (Thermo Fisher) using MES Running Buffer (Life Technologies). Proteins were transferred to PVYDF membranes, which
were blocked in Tris-buffered saline (TBS) containing 0.05% Tween 20 (TBS-T) and 5% BSA for 1 h at room temperature. Membranes
were then incubated overnight at 4°C in blocking buffer containing the diluted primary antibodies. The following primary antibodies
were used: phospho-Erk (Thr202/Tyr204) (Cell Signaling, 4370, 1:2000), total-Erk (Cell Signaling, 4695, 1:2000), anti-polyGP'’
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(1:2500), and a-tubulin (Merck, T6199, 1:2000). Membranes were then washed three times for 5 min with TBS-T and probed with sec-
ondary antibody (anti-rabbit HRP (ab6721) or anti-mouse HRP (ab6789), Abcam, 1:10,000) in TBS-T for 1 h at room temperature,
followed by three washes with TBS-T for 5 min each. Blots were imaged using Luminata Crescendo (Millipore) and the
ImageQuant LAS 4000 system. Quantification analysis of blot images was carried out using Fiji software.

Antisense oligonucleotide treatment of i*Neurons

Cells were induced into neural precursor cells and replated on day 3 of the protocol as described above. For standard treatments,
ASOs (C9orf72 intron upstream of repeat: 5'-mU*MA* mMC* MA* mG*G*C* T*G*C*G*G* T*T*"G* mU*mU*mU*mC*mC- 3‘; non-targeting
5-mC*mC*mU*mU*mC*C*C*T*G*A*A*G*G*T*T* mC*mC*mU*mC*mC- 3‘; m = 2’0O-methyl RNA bases.

* = phosphorothioate) were added to culturing media directly at concentrations between 1 pM and 10 pM with ' media changes
every 3—4 days. For improved treatments, 0.4 pL Lipofectamine Stem (Thermo) reagent and ASOs were mixed in a reaction tube with
50 pL Opti-MEM for 10 min at room temperature and added to 96-wells with replated i*Neurons. The medium was replaced by main-
tenance medium supplemented with ASOs after 4 h.

Cloning of lentiviral transfer plasmids

The cDNA sequences for DDX3X and DHX36 were individually PCR-amplified from their respective plasmids, sourced from Addgene
(#116730; #206964). Following amplification, each cDNA was cloned into the pHR-hSyn-EGFP lentiviral backbone (Addgene
#114215) using In-Fusion cloning (Takara Bio, #638947) at the BamHI and Notl sites, effectively replacing the EGFP cDNA in the
backbone. For control experiments, the original unmodified pHR-Syn-EGFP was utilized. For the lentivirus-mediated gene knock-
down study, shRNAs targeting DDX3X (clone ID: TRCN0000000001) and DHX36 (clone ID: TRCNO000050705) were inserted into
the lentiviral plasmid backbone pLKO.1 (Addgene #10878) using annealed oligo cloning with Agel and EcoRl restriction sites.

Lentiviral production and transduction

Low passage HEK293T cells were cultured in DMEM supplemented with 10% FBS, 4.5 g/L glucose, 110 mg/L sodium pyruvate, and
1x GlutaMAX. The cells were seeded in T175 flasks at 50% confluency 24 h before transfection. Transfection was performed with
14.1 pg of 2nd generation lentiviral packaging plasmid PAX (Addgene #12260), 9.36 pg of VSV-G envelope expressing plasmid
(Addgene #12259), and 14.1 pg of the lentiviral transfer plasmid of interest, using Lipofectamine 3000 Transfection Reagent (Invitro-
gen) following the manufacturer’s instructions. 48 h post-transfection, the cell media was harvested and centrifuged at 500xg at 4°C
for 10 min to remove cell debris, then incubated overnight at 4°C with Lenti-X concentrator (Clontech) at a 3:1 media to concentrator
ratio. The mixture was centrifuged at 1500xg at 4°C for 45 min, and the resulting concentrated lentiviral pellet was resuspended in
sterile PBS, aliquoted, and stored at —80°C for future use. The lentiviral titer was measured using the Applied Biological Materials
(abm) gPCR Lentivirus Titration Kit (#LV900) as per the manufacturer’s instructions. A physical titer of 2-3 x 10® IU/mL was used
to transduce i°N DPReporter lines (72 h after initiating neural induction), with the vector volume constituting one-tenth of the total
cell culture volume. 4.5 days after transduction, neuron counts were performed using the Incucyte (Sartorius) just before the HiBiT
assay. Fluorescence signal from the NLS-mApple cassette integrated into i*N DPReporter lines was imaged and the Incucyte 2023A
software used to identify and quantify nuclei. This enabled normalization of the HiBiT signal to cell number, as shown in Figures S12K
and S13.

CRISPR-Cas9 mediated ERN1-knockdown

Three sgRNAs from the ERN1 Gene Knockout Kit v2 (Synthego) or a non-targeting control sgRNA (Synthego, scrambled sgRNA#1)
were pre-incubated at room temperature for 20 min with recombinant SpCas9 protein (Synthego) at a 8:1 sgRNA:SpCas9 molar ratio.
48 h after initiating neural induction, 8x10° i®N GA-HIBIiT cells were nucleofected in 100 pL single cuvettes with sgRNAs (300 pmol)
and SpCas9 protein (36 pmol) using the P3 Primary Cell 4D-Nucleofector X Kit L (Lonza). Subsequently, cells were cultured in induc-
tion media in 12-well plates for RT-qPCR and ICE analysis (Synthego), or in 96-well plates for the HiBiT assay and luminescence
signal was normalised to cell number as described above.

Southern blotting

Genomic DNA was extracted from the DPReporter lines using the Qiagen DNeasy Blood & Tissue Kit (Qiagen, cat #69504) as per the
manufacturer’s protocol. Southern blot analysis of the repeat size was undertaken as previously described® with some minor mod-
ifications. Genomic DNA was digested with Alu1/Ddel overnight at 37°C and 12 pg was electrophoresed on a 0.8% agarose gel
alongside the DIG-labelled DNA molecular weight marker VIl (Sigma-Aldrich, cat#11669940910). The DNA was transferred overnight
to a positively charged nylon membrane (Sigma-Aldrich, cat #1141724001) by capillary blotting and was crossed-linked the following
morning by UV. The membrane was prehybridized in Roche DIG Easy Hyb solution (Sigma-Aldrich, cat#11796895001) with the addi-
tion of 100ug/ml denatured salmon sperm (Thermo, cat#15632011) for 3 h at 48°C. The membrane was probed overnight at 48°C with
10 ng/ml of a DIG labeled oligonucleotide comprising of five hexanucleotide repeats (GGGGCC)5 (Integrated DNA technologies).
Following hybridization, the membrane was first washed in a 2x sodium citrate (SSC) and 0.5% sodium dodecyl sulfate for 15 min
while the hybridization oven ramped from 48°C to 65°C. The membrane was then further washed in 2x SSC and 0.5% SDS for
15 min, followed by 15 min washes in 0.5X SSC and 0.5% SDS and 0.15X SSC and 0.5% SDS. Antibody detection was carried
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out following the DIG Application Manual protocol (Roche Applied Science) using the DIG wash and block buffer set (Roche, cat
#11585762001) and ready-to-use CSPD (Sigma-Aldrich, cat#11755633001). Signals were visualised using ChemiDoc XRS+ system
(BioRad). Membranes were exposed for 45 min with images collected every 4-5 min. Hexanucleotide repeat expansions were sized
using Image Lab 6.1 software (BioRad) by comparison to DIG-labelled DNA molecular weight marker VIl and subtraction of the
genomic non repeat region of C9 flanking the Alul/Ddel restriction cut sites (156 bp).

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical tests were performed using GraphPad Prism. A t test was used for comparing two groups and ANOVA for more than two

groups. The specific test used can be found in the figure legends describing the data. Fly lifespan experiments were analyzed using a
log rank test.
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