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High-throughput screen of 100 000 small molecules in
CI90RF72 ALS neurons identifies spliceosome modulators
that mobilize G4C2 repeat RNA into nuclear export and
repeat associated non-canonical translation
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Abstract

Anintronic G4C2 repeat expansion in the C9ORF72 gene is the major known cause for Amyotrophic Lateral Sclerosis (ALS), with current evidence
for both, loss of function and pathological gain of function disease mechanisms. \We screened 96 200 small molecules in C9ORF72 patient iPS
neurons for modulation of nuclear G4C2 RNA foci and identified 82 validated hits, including the Brd4 inhibitor JQ1 as well as novel analogs
of Spliceostatin-A, a known modulator of SF3B1, the branch point binding protein of the U2-snRNP Spliceosome modulation by these SF3B1
targeted compounds recruits SRSF1 to nuclear G4C2 RNA, mobilizing it from RNA foci into nucleocytoplasmic export. This leads to increased
repeat-associated non-canonical (RAN) translation and ultimately, enhanced cell toxicity. Our data (i) provide a new pharmacological entry point
with novel as well as known, publicly available tool compounds for dissection of C9ORF72 pathobiology in C9ORF72 ALS models, (ii) allowing to
differentially modulate RNA foci versus RAN translation, and (iii) suggest that therapeutic RNA foci elimination strategies warrant caution due to
a potential storage function, counteracting translation into toxic dipeptide repeat polyproteins. Instead, our data support modulation of nuclear
export via SRSF1 or SR protein kinases as possible targets for future pharmacological drug discovery.
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Graphical abstract

Introduction

Amyotrophic lateral sclerosis (ALS) is a fatal disease that is
caused by irreversible loss of motor neurons. Patients suffer
from progressive paralysis and typically have a life expectancy
of two to five years after being diagnosed [1]. Developing an
effective therapy has been unsuccessful so far, in part due to
the heterogeneity of genetic causes with ~130 genes linked to
the disease [2], as well as the still largely unresolved molecu-
lar pathology. The most frequent genetic cause of ALS known
to date is a G4C2 hexanucleotide repeat expansion in the
first intron of the COORF72 gene [3, 4]. In Northern Euro-
pean and Northern American populations, this mutation has
been identified in approximately 40 % of patients with familial
ALS (fALS) and 8-10% of sporadic ALS cases (sALS) [5], and
has also been associated with frontotemporal dementia (FTD),
whereas it is less frequent in Asia and other parts of the global
population [3, 4]. While up to 30x G4C2-repeats have been
described in healthy individuals, COORF72 patients carry typ-
ically between 500 and 1200 (in some cases >4000) repeats,
due to either inheritance of a mutant allele or spontaneous ex-
pansion through R-loop formation or other, unknown mech-
anisms [6, 7].

The molecular disease mechanism of the COORF72 mu-
tation remains under debate. COORF72 haplo-insufficiency
and/or a toxic gain of function of the repeat expansion are the
current main hypotheses [8]. The G4C2 repeat RNA is gener-
ated from the C9ORF72 mutant locus [9], folds into a stable
G-quadruplex (G4) structure [10] and accumulates into nu-
clear RNA foci [11]. Many groups have tried to resolve what
exact RNA sequences are found within the RNA foci: abortive
or ineffectively spliced COORF72 transcripts, retained spliced-
out repeat containing introns, non-canonical repeat-initiated
transcripts, and/or mere G4C2 RNA remaining from ineffi-
cient processing of any of these. A study using single molecule
FISH demonstrated that the RNA foci mainly consist of G4C2
containing lariat intermediates from splicing, which are stabi-
lized due to the G4C2 repeat, exported to the cytoplasm and
fed into cap-independent translation [12]. The repeat expan-
sion is also transcribed in the antisense direction, giving rise
to additional formation of C4G2-RNA/antisense repeat foci.

RNA sense and antisense foci are also present in the nuclei of
astrocytes, microglia, oligodendrocytes and fibroblasts [9] as
well as, less frequently, in the cytoplasm of some cells [13].

By analogy with the CUG repeats in myotonic dystrophy
type 1 [14], these RNA foci were proposed to sequester RNA
binding proteins (RBPs), thereby resulting in potentially neu-
rotoxic defects in RNA processing/metabolism [15, 16]. Ex-
tensive efforts have been undertaken to identify “the muscle-
blind protein of COORF72 ALS” in analogy to Myotonic Dys-
trophy Type I (DM1), where loss of function of the splice fac-
tors MBNL-1 (muscleblind-like 1) and CUGBP (CUG binding
protein 1) are well established as major downstream effec-
tors of disease pathophysiology. However, no individual pre-
dominant splice defects have been identified as single patho-
logical cause for C9ORF72 so far. Rather, the opposite was
shown; single cell (nuclear) transcriptome and epigenome
sequencing of autopsied motor and frontal cortices revealed
distinct molecular pathologies across different cell types and
brain regions [17].

G4C2 repeat RNA can be transported to the cytoplasm via
the splice-factor SRSF1 and nuclear export factor NXF1 [18]
and be targeted for RNA decay via the RNA exosome [19].
Additionally, the G4C2 as well as C4G2 repeat RNAs get
translated by a non-canonical, repeat-associated, non-AUG
mechanism [repeat-associated non-canonical (RAN) transla-
tion]. RAN translation occurs in all three reading frames,
thereby creating GA-, GR-, GP-, PR-, and PA dipeptide re-
peat polyproteins (DPRs) [10, 20-26]. These DPRs are prone
to aggregation and, when overexpressed, have been shown to
be toxic in various models [27-32]. DPR overexpression has
been associated with disruption of nucleocytoplasmic traffick-
ing [33, 34], ribosomal RNA biogenesis, mitochondrial func-
tion [35], and pre-mRNA splicing [36-39]. In a mouse model
expressing an expanded hexanucleotide repeat sequence (C9-
BAC mouse), DPR toxicity was reduced by high-affinity hu-
man antibodies targeting GA or GP DPRs [40]. However, a
study demonstrated that DPRs accumulated for decades in an
FTD patient before symptoms appeared [41], and mice with
widespread poly-GP expression did not develop any overt
motor phenotype [42], questioning the role of DPR toxicity
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in the development of ALS/FTD. Finally, the repeat also
epigenetically and transcriptionally alters expression of the
C90ORF72 gene, leading to reduced levels of COORF72 pro-
tein [3, 24, 43]. C9ORF72 haploinsufficiency has been im-
plicated in impaired vesicular trafficking, axonal transport,
autophagy deficits and synaptic dysfunction [44-48] and is
therefore being investigated as an additional potential disease
mechanism. A few articles support a disease mechanism in
ALS/FTD driven by the combined effects of COORF72 loss
of function and the toxic gain of function from the G4C2 re-
peat expansion [47, 48].

Despite all of this progress, it is still not entirely clear how
and to which extent each of these three alterations contribute
to the development of ALS [16]. The major difficulty is to
study RNA toxicity independent of DPR toxicity in patient
cells, since their biogenesis is linked and removing the repeat
RNA inherently leads to loss of DPRs. By over-expression
of non-repetitive constructs that only generate DPRs and no
RNA foci, DPRs were shown to be toxic independent of G4C2
repeat RNA [49]. Also “RNA only” constructs were made,
to address if RNA can be toxic independent of DPRs. These
constructs lack a start codon and have a stop codon every 15
repeats, to prevent DPR formation. Initially these constructs
were found not to be toxic in Drosophila 29, 50] but in later
studies showed some toxicity in zebrafish models [51]. A study
in a small cohort of 63 CIORF72 patients however showed
no correlation between the number of RNA foci and the bur-
den of ALS pathology at autopsy [52].

Recent research on therapeutic strategies for C9ORF72-
related ALS and FTD has focused on antisense oligonu-
cleotides (ASO) targeting the G4C2 RNA either within or
outside the repeat. ASOs targeted to the repeat have been
shown to clear RNA foci effectively, reduce DPR levels, and
improve behavioral deficits in patient cell lines and mouse
models [(53-55), and reviewed in Ly & Miller, 2018 (56)].
Follow up studies with repeated intrathecal delivery of a back-
bone optimized, repeat targeted ASO in a single COORF72
ALS patient was well tolerated, leading to significant reduc-
tions in levels of cerebrospinal fluid poly(GP) [57]. More ad-
vanced ASOs, like WVE-004 by Wave Life Sciences were de-
veloped to selectively reduce repeat-containing transcripts and
DPR levels despite targeting a sequence outside the repeat,
thereby also reducing RAN DPR levels and protecting mo-
tor neurons from toxicity [55]. However, clinical development
of both variant selective ASO candidates tested in Phase 1
C90ORF72 ALS clinical trials so far was discontinued due to
a lack of efficacy and/or safety; BIIBO78, a repeat targeted
ASO developed by Ionis and Biogen, not only reduced the lev-
els of toxic RAN DPR proteins in the cerebrospinal fluid but
also increased neurofilament light chain, a marker of neuronal
damage, and its development was discontinued already after
Phase 1 due to potential safety concerns [58]. WVE-004 [59]
successfully reduced poly-GP levels in the cerebrospinal fluid
and was well tolerated but yet did not demonstrate a thera-
peutic benefit to the patients. These outcomes raise the ques-
tion whether it is sufficient to target the sense G4C2 RNA for
treating C9 ALS/FTD . Researchers are also exploring alterna-
tive ASO approaches and other modalities to treat COORF72-
related ALS. For example, ASOs targeting the antisense strand
(rG2C4) have shown potential in reducing TDP-43 pathology
in patient-derived neurons [60]. Immunotherapies targeting
polyGA DPRs have also demonstrated efficacy in mouse mod-
els, reducing molecular and behavioral deficits without alter-

ing G4C2 repeat RNA levels [61]. Gene editing tools, such as
CRISPR/Cas9, have shown promising results for excising the
G4C2 expansion from the COORF72 gene, potentially restor-
ing normal function of the locus. While proof-of-concept stud-
ies demonstrated successful removal of the repeat expansion
in vitro and in patient-derived motor neurons [61-63], sub-
stantial further preclinical research will be needed to resolve
in particular hurdles of drug delivery for efficient therapeutic
gene editing in relevant tissues and cells.

Efforts to identify small molecules to eliminate RNA foci
have initially focused on small sets of known scaffolds target-
ing either CGG repeat or G-quadruplex RNA and DNA di-
rectly [64, 65]. These compounds were further matured into
chimeric scaffolds to recruit endonucleases to the repeat RNA,
inducing targeted RNA degradation [66], whereas the safety
and thus clinical viability of these aromatic RNA stacking
compounds remains to be investigated. A recent screen of ca.
3300 annotated bioactive molecules using an in vitro RAN
translation assay has identified five validated hits, including
the relatively unspecific intercalator propidium iodide and
two other compounds binding the repeat RNA directly [67].
Furthermore, new strategies to alleviate COORF72 haploin-
sufficiency include small molecule inhibitors of PKIFYVE ki-
nase [68, 69]. While interesting starting points, the mode of ac-
tion, specificity and activity of these compounds in cell-based
models of ALS still remain to be investigated. Thus, despite
exciting progress, there is still a need for potent pharmaco-
logical tools that specifically target distinct regulatory steps in
G4C2-RNA or DPR metabolism to accelerate our progress in
investigating and drugging COORF72 ALS.

Here, we report an unbiased screen of 96 200 compounds
for RNA foci clearance in ALS patient derived neurons, which
identified a set of pharmacological tool compounds to inter-
fere with either expression from the COORF72 locus or G4C2
repeat RNA metabolism. Characterization of the mode of ac-
tion of two prioritized hits establishes a new mechanistic link
between SF3B1 / the U2 snRNP subunit of the spliceosome
and G4C2 repeat RNA foci metabolism and allows to dif-
ferentially modulate nuclear RNA foci versus RAN DPRs. By
further characterizing these tool compounds, our data support
the hypothesis that nuclear RNA foci formation is a measure
to protect neurons against ALS and FTD development by se-
questering the G4C2 RNA, thereby counteracting RAN trans-
lation.

Material and methods

Biological resources
Cell lines

The fibroblast lines ND40063, ND41002 as well as the
lymphoblastoid cell lines ND08980 were obtained from the
NINDS repository at the Coriell Institute for Medical Re-
search. Control fibroblast lines from healthy donors were or-
dered from Invitrogen. An additional C9ORF72 ALS fibrob-
last line was kindly provided by the McGill University. All pri-
mary cell lines are additionally specified in Supplementary
Table S1. All lines were characterized by Southern Blotting.
HeLa (ATCC CCL2),HEK293T,NCI-H23 [H23] lung adeno-
carcinoma cells were obtained from ATCC® (CRL-5800™),
iPSC lines that were differentiated into motor neurons were
derived from skin biopsy fibroblasts, collected under ethi-
cal approval granted by the South Wales Research Ethics
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Committee (WA/12/0186) in the James Martin Stem Cell Fa-
cility, University of Oxford, under standardized protocol. For
details see Dafinca et al. (2020) [70]. Cell line Ed-C9 is the
C902-02 iPS line in which 1000 G4C2 repeats were replaced
by 2 G4C2 repeats using CRISRP-Cas9, for detailed informa-
tion see Ababneh et al. (2020) [71]

Constructs

Human Ngn2 ¢DNA was gene synthesized according to se-
quences available from the Ensembl database (Ensembl Gene
ID ENSG00000178403 or accession number NM_024019.3)
and cloned under the control of TRE tight (Tetracycline Re-
sponse Element) promoter in a PiggyBac/Tet-ON all-in-one
vector. This vector contains a CAG rtTA16 cassette allowing
constitutive expression of Tet-ON system and an Hsv-tkNeo
cassette for generation of stable iPS clones.

For the cell lines expressing 152x G4C2 repeats, a
short 19xGGGGCC-repeat construct was synthesized
by GenewizTM with flanking restriction enzyme sites
to facilitate unlimited exponential GGGGCC-repeat
cloning steps to extend the length of the repeat. The
construct  [AvrII-CCC:GGG(=Smal)GCC-17xG4C2-GGG-
GCC:GGC(=Nael)  GCCACCATG-BstBI] was cloned into the
pTRE3G plasmid (ClontechTM) using AvrlI-BstBI cloning
sites. Subsequent serial G4C2 repeat extending cloning steps
were performed by digesting out the G4C2 repeat insert
with Smal-BstBI whilst also digesting the same longest repeat
construct backbone plasmid with Nael-BstBI. The insert was
then ligated into the repeat containing backbone plasmid
with the blunt Smal and Nael one sites combining into a
perfect GGGGCC sequence and the BstBI sites guaranteeing
directional cloning (sticky end ligation). This guaranteed de-
stroying the original Smal-Nael sites so the same cloning step
can be repeated indefinitely. pTRE3G-152x repeat construct
was recloned in a PiggyBac backbone for generation of stable
iNeuron lines, under selection of puromycin. For the RAN-
expressing HEK293 cells, the construct was further adjusted
by adding Myc, Flag and HA tags in different reading frames
at the end of the 152x repeats.

Oligonucleotides

e ASOs were synthesized by standard solid phase synthe-
sis using 2’MOE-PS-DNA chemistry, and purified by ion
exchange chromatography. A3, C5, and the GAPDH tar-
geted ASO were Gapmers with five bases of 2’MOE-PS
modified DNA bases in the 5" and 3’ flanking regions,
and unmodified DNA at the central 10 nucleotides to al-
low for RNAseH cleavage. A2 was fully 2’MOE-PS mod-
ified (steric blocker). The ASOs were added as a final
concentration of 5 uM to the cell growth media. ASOs
were incubated for 24 or 72 h before the cells were fixed
with 4% PFA and check for RNA foci by FISH. ASOs
were same as in Donnelly et al. (2013) [43]. Sequences:

A2: 5-CCGGCCCCGGCCCCGGCCCC-3
A3: 5'-CCGGCCCCGGCCCCGGLeee-¥
CS (§5'-GCCTTACTCTAGGACCAAGA-3')

® G4C2 oligo’s / bio-RNA IP. RNA oligo’s were synthe-
sized by Microsynth.

(G4C2)4: 5'GGGGCCGGGGCCGGGGCCGGGGCC’3-
biotin

(C4G2)4:  5'CCCCGGCCCCGGCCCCGGCCCCGE’3-
biotin

(A4U2)4: S’TAAAAUUAAAAUUAAAAUUAAAAUU’3-
biotin

(A4U2)4: SAAAAUUAAAAUUAAAAUUAAAAUUS’
(G4C2)4: 5'GGGGCCGGGGCCGGGGCCGGGGCLC3

e Oligos for FCS: unmodified or 5'TMR-C6-modified
RNA oligo’s were obtained from Microsynth.

SRSF1 canonical motif: STMR-AAAUCAGAGGAAAA;
(G4C2)4:5'-GGGGCCGGGGCCGGGGCCGGGGCC-
3 (A4U2)4: 5'-AAAAUUAAAAUUAAAAUUAAAAUU-3;
(G4C2)2: S'TMR-GGGGCCGGGGCC-3’

e RT-qPCR primers / TagMans were ordered from Invit-
rogen

Exon 2-3 junction of COORF72 (Hs00376619_m1)- FAM
Intron after exon 1b (custom design ID: AICSWFV)-FAM
18S-VIC (Catalog #: 4319413E)

e RT-PCR primers

eGFP_qPCR_Fw AGTCCGCCCTGAGCAAAGA
eGFP_qPCR_Rv TCCAGCAGGACCATGTGATC
B-actinFw_intron4 TCTGCCTGACATGAGGGTTA
B-actin_Rv_Exon5 AGCACTGTGTTGGCGTACAG
C9_Exonla_Fw TCAAACAGCGACAAGTTCCG
C9_intronla_Rv GGAGAGAGGGTGGGAAAAAC
18S_Fw TCGAGGCCCTGTAATTGGAA
18S_Rv CTTTAATATACGCTATTGGAGCTGGAA
MCL-1_Fw AGACCTTACGACGGGTTGG
MCL-1_Rv ACCAGCTCCTACTCCAGCAA
C9_Ex_Intrib_F1 ~ CGAGTGGGTGAGTGAGGAG
C9_intron1b_R1 AGTCGCTAGAGGCGAAAGC

e siRNAs

e SMARTpool: ON-TARGETplus NXF1 siRNA (Dhar-
macon, # L-013680-01-0005)

e SMARTpool: ON-TARGETplus SRSF1 siRNA (Dhar-
macon, # L-018672-01-0005)

¢ ON-TARGETplus Non-targeting Pool (Dharmacon #D-
001810-10-05)

e SF3B1 stealth siRNAs (Invitrogen, #HSS146413 and
#HSS146415)

o Stealth RNAiI™ siRNA Negative Control, Med GC (In-
vitrogen #:12 935 300)

Reagents:
Compounds

Compounds used are: SML-1/ Spliceostatin J(1), SML-
2/ Spliceostatin C (2), SML-3/FR901464 (3), SML-4 (4),
Pladienolide B/PlaB (5), Herboxidiene (6), SRPIN340 (7),
Amiloride (8), TG003 (9), and Tautomycin (10)

e Methods for making SML-1/Spliceostatin J (1): In a typ-
ical approach, strain FERM BP-3421 was fermented at
100 L scale in a mannitol-based medium (consisting of
20 g/L mannitol, 2.5 g/L yeast extract, 5 g/L. ammo-
nium sulfate, 4 g/L potassium chloride, 0.2 g/L dipotas-
siumhydrogenphosphate, adjusted to pH 7.4 prior to
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sterilization). After cultivation (7 days at 24°C), the re-
sulting broth was extracted with 120 L ethyl acetate
and the dried organic phase (315 g) distributed between
methanol/water 9:1 and cyclohexane. The methano-
lic phase was evaporated and the thus obtained defat-
ted extract subjected to reversed-phase chromatography
(YMC RP18 ODSA SP, gradient: methanol/water 40:60
— 75:25). Compound 1 enriched fractions were further
purified using RP-18 chromatography (Merck Lichro-
sphere RP-18, gradient: acetonitrile/water (+0.03%
formic acid) 35:65 — 45:55) to yield 3.1 g of pure SML-
1/Spliceostatin J (Supplementary Data 1).

o Screening collection: 96 000 compounds of the Novartis
collection were selected for the screen and preplated at
either 2 mM or 5 mM in 90% DMSO / 10% H2O. These
comprised an unbiased set of ca 67k compounds selected
based on chemical attractiveness and maximising chem-
ical diversity, and a biased set of ca 15k Natural prod-
ucts, ca 4.7k compounds with previous relation to RNA
metabolism, 3k peptidomimetics, 2k compounds not hit-
ting in any other screen (“dark matter”), 960 compounds
with previous relation to known ALS related genes, and
ca 3k compounds with known mode of action.

e Commercial compounds were obtained as follows:
Pladienolide B (Santa Cruz, cat # sc-391691), Her-
boxidiene (Cfm Oskar Tropitzsch), Amiloride (Sigma
Aldrich, cat # A7410-1G), tautomycin (Biovision,
cat # B1237-10).

Antibodies

SRSF1 (Invitrogen #32-4500, 1:250 for ICC and 1:2000 for
WB); SF3B1 (Abcam, ab170854, 1:100 for ICC and 1:1000
for WB); SF3B1 IP (LSBio, (clone 16) LS-C179473, 10 ug
per IP), hnRNPH (Abcam 154 894, 1:5000 WB); B-Actin
(SH10D10) (Cell Signaling, #3700 WB 1:1000); Laminin B1
(Abcam 133 741 (1:5000)

Generation of iPS cells

Reprogramming of all lines were done by using Sendai viruses
expressing Oct3/4, Sox2, KlIf4, c-Myc using CytoTune-iPS Re-
programming Kit (Invitrogen) according to kit instructions.
After 3-4 weeks, colonies with stem cell morphology were se-
lected and manually passaged more than five times. After es-
tablishment, iPSCs were transferred into feeder free conditions
on matrigel (Corning) and maintained in mTeSR1 medium
(Stem Cell Technologies) or in NutriStem hESC XF medium
(Biological Industries cat-# 05-100-1A) with Pen/Strep sup-
plement (Gibco). Cells were dissociated with TrypLE (Gibco)
every 3—4 days, plated at the density of 10 000/cm? for
Nutristem or 20 000/cm? for mTeSR in the presence of 10
uM ROCK inhibitor. The medium was replaced every day
(mTeSR1) or every other day (Nutristem).

The absence of reprogramming vectors was confirmed us-
ing RT-PCR for Sendai virus expressed Oct3/4, Sox2, Klf4
and ¢-Myc as described in CytoTune-iPS Reprogramming
Kit (Invitrogen). IPSC clones were analyzed for expression
of pluripotency markers by scorecard assay (Invitrogen) and
for surface markers SSEA-3, TRA1-81 and SSEA-1 (negative
marker) using fluorochrome conjugated antibodies (BD Bio-
sciences) and fluorescence activated cell sorting using stan-
dard procedures. Karyotype analyses was performed by full-
genome SNP analyses by Life&Brain Gmbh (Bonn). All lines

showed a normal karyotype except of ALS2 in which an
isochromosome 20 could be detected.

Generation and differentiation of Ngn2 neurons

Approx 1 x 10° iPS cells were nucleofected by Amaxa
nuclefector device using Human Stem Cell Nucleofector®
Kit 1 (Lonza #VPH-5012) and Prg#B-016 with 4 ug of
Ngn2 plasmid and 1 ug of the dual helper plasmid. After-
ward cells were replated on matrigel plates with NutriStem
medium containing 10uM of Rock inhibitor. Antibiotic selec-
tion (G418:0.1mg/ml) was applied after 48 h. Stable clones
appear within 1 week.

For differentiation into iNeurons, 1 x 10° of iPS cells
were plated on a 6 cm matrigel plate in proliferation medium
(DMEM/F12 with Glutamax supplemented with 2% B27
(ThermoFisher, cat-# 17504-044) and 1% N2 (ThermoFisher,
cat-# 17502-048), 10 ng/ml hEGF (ThermoFisher, cat-#
PHGO0315), 10 ng/ml hFGF (ThermoFisher cat-# CTP0263),
1% Pen/Strep (ThermoFisher cat-# 15070-063) containing
Rock inhibitor (10uM) for 1d and Doxycycline (1pg/ml) for
3 days. Three days later, induced neurons were frozen or
given to differentiation medium (Neurobasal supplemented
with 2% B27, 1% N2, Pen/Strep, 1 mM Sodium Pyruvate
(ThermoFisher cat-# #11360-039) and the following growth
factors at 10 ng/ml BDNF (Cat.#450-02), GDNF (Cat #450-
10), hNT3 (Cat.#450-03) (all from PeproTech).

RNA FISH

G4C2-RNA FISH was done accordingly: cells were grown
on puClear 384-well plates (Greiner #781 091) or ibiTreat, u-
Plate 96-Wel (Ibidi #89 626). Cells were fixed for 60 min with
4% PFA and after washing permeabilized with 0.2% Triton-
X (Sigma #T8787) in phosphate-buffered saline (PBS) for 15
min at RT. Pre-hybridization was done for 30 s at 67°C Perfect
Hyb buffer (H7033-125ML). FISH probe (Exiqon/Qiagen,
design ID 212097, seq: DigN5/GCCCCGGCCCCG/3DigN
Tm(RNA):87°C; 50uM) as added to hybridization buffer
(miRCURY LNA microRNA ISH Buffer Set (FFPE), 2x,
#9000, Qiagen) at a final concentration of 40 nM. Plate was
sealed with PCR tape (3M) and incubated for 3 h at 67°C.
After incubation, plate was washed for 5 min at 67°C with
2x SSC (Gibco #15 557 044) + 0.1% Triton-X and 3 x §
min at 67°C with 0.1 x SSC. Cells were blocked for 1 h with
1% BSA in PBS at RT and primary anti-DIG antibody (Roche,
Sheep-anti-DIG, #11 333 089 001) was added 1:400 to AB-
Delutent (DAKO, #52022). Plate was incubated O/N at 4°C
and the next day washed 3x with PBS + 0.1% Triton X-100.
Secondary antibody was added 1:700 for 2 h at RT and cells
were washed 1 x 5 min with PBS + 0.1% Triton X-100, in-
cubated with Hoechst (1:1000) for 10 min and washed again,
before imaging.

On average 25 single plane images per 96-well (average
3000 cells per well) with a 20x N/A lens were taken by the
Operetta (Perkin/Elmer). RNA foci quantification was done
with the Harmony analysis software (version 4.1). Nuclear
area was determined by DAPI staining, and the RNA foci were
quantified within the nuclear area. RNA foci numbers per cell
differ from experiment to experiment, depending on the cell
type (iNeurons contain more RNA foci than fibroblasts), pas-
sage, the background levels and foci detection sensitivity de-
termined by signal to noise ratio. Signal-to-noise ratio differs
from FISH to FISH.
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Electrophysiology

All the experiments were performed at room temperature.
Cells were superfused with HEPES buffer saline solution con-
taining (in mM): 140 NaCl, 5 KCl, 10 HEPES, 10 Glucose, 1
MgCly, 2 CaCl,, pH 7.4. Patch electrodes had resistances of
2-4 MQ, and were filled with solution containing (in mM):
140 K Gluconate, 5 HEPES, 2 MgCl,, 1 EGTA, 2 Na,ATP, 3
Na3;GTP, pH7.7, 288 mOsm. Electrical signals were recorded
by a MultiClamp 700B amplifier, a Digidata 1440A converter
and pCLAMP 10 software (Axon). In current clamp config-
uration, all firing curves were obtained with incremental cur-
rent steps of 10 pA from -30 pA to + 100 pA. Current pulses
were 1 s in duration with a 10 s interpulse interval.

Primary screen

iNeurons cells from ALS80/5a Plates were expanded at the
iPS stage to generate one large enough batch for both the pri-
mary screen and validation, and differentiation was induced
by addition of Dox for 3 days in proliferation medium prior to
cryopreservation. Plates were coated with PDL-laminin prior
to seeding of iNeurons. The plates were kept in the fridge for
6-7 h and then at 37°C O/N prior to cell seeding. Around
2200-2700 cells/well were seeded into 1536 well plates at day
3 after Ngn2 induction. After 5 days in differentiation, cells re-
ceived compounds to a final concentration of 8 uM and 0.5%
DMSO and were further incubated for 48 h at 37°C, 5% CO2.
Cells were fixed with PFA (4% final conc), and FISH was per-
formed according to protocol (see FISH section). Five fields
per 1536-well were taken with a 20x N/A lens were taken
by the Opera (Perkin/Elmer # HH10940200). Image analy-
sis was done with AcapellaTM image analysis software. Nu-
clear area was determined by Draq$ staining, RNA foci were
quantified after setting thresholds for size and intensity within
the nuclear area. Plates were normalized using a plate-based
normalization module (to the mean of the whole plate) both
for cell and total spot count. Spots (sum) per Nuclei (sum)
was calculated as ratio of total spot count/cell count in order
to normalize for cell numbers. In primary screening, pattern
correction was applied using RLOGREG module to account
for plate pattern effects. Validation was performed essentially
under the same conditions, without plate pattern correction
and except for plate coating which was done using 4°C cold
Matrigel (1:75) in Neurobasal medium. Each compound was
tested in eight concentrations from 0.001 to 8 uM and four
replicates each.

Counterassay for transcription/translation inhibitors

Two related reporter assays were used with hPEST desta-
bilised Luciferase either transiently transfected into H23 hu-
man lung adenocarcinoma cells (male origin) or stably inte-
grated into DMS-273 human small cell carcinoma cells (fe-
male origin). Both systems contain PEST-sequence destabi-
lized luciferases under a CMV promoter and have a protein
half-life of 60 min thus being able to detect acute suppression
or inhibition of gene expression and to differentiate from gen-
eral toxicity. Luc2P luciferase (Promega) was cloned into the
pDONR221 vector and then subcloned into the M19 destina-
tion vector and transfected into NCI-H23 cells (lung adeno-
carcinoma cells from a 51 year old healthy man). NLucP is a
pE5AgNanoLucP construct from Promega which was trans-
fected into DMS-273 cells (small cell carcinoma cells from a
50 year old healthy woman) using Fugene 6 for 48 h and then

selected on 1 mg/mL G418 for 7-10 days. Luciferase was de-
tected with NanoGlo and SteadyGlo (Promega) in NLucP cells
and Luc2P cells, respectively, and measured on the ViewLux
Multilabel Plate imager (Perkin Elmer). Cells were seeded, in-
cubated overnight, and then treated with the compounds at
different concentrations for 6 h (0.5% DMSO) prior to lu-
ciferase detection. To rule out biochemical inhibition of Lu-
ciferase activity a short-term compound incubation of 15-20
min was performed in addition.

Classification of validated hits MoA annotation for the No-
vartis compounds was done according to M. Schirle and J. L.
Jenkins (2015) [72].

RNA isolation and RT-PCR

RNA from fibroblasts or iNeurons was isolated according to
the Trizol (Invitrogen, #15 596 026) RNA isolation protocol.
RNA was treated with DNAsel from the Turbo DNA free kit
(Invitrogen, cat # AM1907) for 15’ at 37°C and inactivated
by heating for 10 min at 75°C. DNA. DNAse was removed,
either by another Trizol RNA purification, or addition of the
inactivating slurry (cat # AM1907). RNA concentrations were
determined with Nanodrop (2000/2000¢c. Thermofisher). Per
well/qPCR reaction, 5 pg/mL of RNA per sample was added
and RT-qPCR reaction was done according to instructions of
the QuantiTect Multiplex RT-PCR Kit (Qiagen, # 204 643).In
this kit, cDNA is generated from RNA using random primers,
following a qPCR reaction. qQPCR protocol used:

STEP TIME TEMP.
Reverse transcription 20 min 50°C
PCR initial activation step 15 min 95°C
Two-step cycling

Denaturation 30s 94°C
Annealing/extension 30s 60°C

Hybridization probes (Tagmans) spanning either the exon
2-3 junction of C9ORF72 (Hs00376619_m1, Thermofisher
Scientific) or the intron after exon 1b (custom design ID: AIC-
SWFV, Thermofisher Scientific) were used, carrying a FAM
fluorescent label. 18S ribosomal RNA hybridization probes
with a VIC label were used as an internal normalization con-
trol (Hs99999901_s1, Thermofisher Scientific). Within each
well of the qPCR reaction plate, COORF72 and 18S RNA Ct
values were determined. ACt values were calculated by sub-
tracting Ct of 18S from Ct values of C9ORF72 (Ctcoorrr2-
Ctygs). Then AACt was calculated by subtracting ACt wreatment-
ACteonirolpmso and the fold up- or downregulation was cal-
culated with 2-24¢Ct,

RNA-protein binding experiments

Recombinant SRSF1 was prepared essentially as in Samatanga
etal. (2017) [73]. Briefly, SRSF1 RRM1 + 2 ORF correspond-
ing to amino acids 1 to 196 was previously cloned in the
pET24 expression vector [74]. A GB1 tag was fused at the N-
terminal extremity of the protein to increase its solubility and
stability [74]. The protein was overexpressed for 3 h at 37°C
in E. coli BL21 (DE3) codon plus cells in LB medium. Protein
was purified by two successive nickel affinity chromatography
(QIAGEN) steps using an N-terminal 6xHis tag cloned be-
tween GB1 and the N-terminal extremity of the protein, dial-
ysed against 20mM NaHPO4 pH7, 50 mM L-Arg, 50 mM
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L-Glu, 0.05% B-mercaptoethanol buffer and concentrated to
0.1 mM with a 10-kDa molecular mass cutoff Centricon de-
vice (Vivascience). Recombinant hnRNPH was obtained from
Mybiosource (lo t# Y311415).

Binding of SRSF1 or hnRNP-H to 5TMR labeled RNA
was measured by determination of the fluorescence anisotropy
with 2D-FIDA. Briefly, the 5TMR labeled RNA was thermally
denatured for 2 min at 80 °C in assay buffer (20mM NaHPO4
pH7, 100 mM L-Glutamine, 0.05% beta-mercaptoethanol),
refolded by cooling to room temperature, and diluted to 0.5
nM; this ensured an average of <1 fluorescent particles in
the confocal volume in our setup. Fluorescently labeled RNA
was incubated with different concentrations of recombinant
SRSF1 or hnRNPH for at least 15 min at room temperature.
Measurements were performed in 96-well glass-bottom mi-
crotiter plates (Whatman) at ambient temperature (constant
at 23.5°C) on a Clarina2 reader (Perkin Elmer), which is
an Olympus IX70 based instrument equipped with two flu-
orescence detectors, a polarization beam splitter in the flu-
orescence emission path, and an additional linear polariza-
tion filter in the excitation path. A HeNe laser (A = 543 nm,
laser power = 495 wW) was used for fluorescence excitation.
The excitation laser light was blocked from the optical detec-
tion path by an interference barrier filter with optical density
(OD) = 5. TMR in assay buffer (at 0.5 nM) was used for
the adjustment of the confocal pinhole (70 pm) and for the
determination of the G-factor of the instrument. The molec-
ular brightness g was extracted from the 2D-FIDA raw data
for each polarization channel by using the FIDA algorithm.
The G-factor (calculated by using P(iue) TMR = 0.034) was
determined after every 11 measurements. Competition titra-
tions were performed in presence of constant concentrations
of unlabeled (G4C2)4 or (A4U2)4 RNA that was prefolded
in presence or absence of 200 uM KCI. Error bars indicated
Stdev from 10 consecutive FIDA measurements of the same
sample, and data are representative of two independent ex-
periments.

CD spectroscopy

Oligonucleotides were diluted to a concentration of § uM in
different buffers as indicated, heated to 95°C and refolded at
room temperature. Samples were measured on a Jasco J-8135,
with N2 purging (5 L/min) using glass cuvettes of 0.1 mm
path length. Sample measurement was done in 20 mM NaP
pH7, 100mM NaCl and or 100 mM KCI, 100 mM L-Arg,
SmM DTT. An average of three CD scans, over the wavelength
range of 320-180 nm, was acquired at a scan rate of 20 nm
min~! with an 8s response time. CD spectra were corrected
for buffer contributions. Data were collected at 25°C.

RNA-Seq

RNA sequencing libraries were prepared using the Illumina
TruSeq RNA Library Prep Kit v2 following the manufac-
turer’s instructions. Each library was sequenced in paired-end
mode, 2 x 76 bp, using the HiSeq2500 platform. Number of
reads per sample are between 67 million (ALS-P009-SML-4)
and 28 million (FTD_PlaB). Reads were mapped to the hg38
genome and the transcripts from Ensembl version 76 by using
an in-house gene and exon quantification pipelinel. On aver-
age, between 96-76% of the total reads (depending on the li-
brary) were mapped to the genome or the transcripts, and 88—
68% of the aligned reads mapped to expressed sequences. The
genome and the transcript alignments were used to derive gene

counts based on the human Ensembl gene IDs (v38). Gene
counts, which represent the total number of reads aligned
to each gene, were then transformed into counts per million
(CPM; normalization by total number of mapped reads per
sample) and fragments per kilobase of exon per million of
fragments mapped (FPKM; further normalization by effective
gene length). After assessment by principal component anal-
ysis and multidimensional scaling, all samples were retained
for further analysis. Only genes with counts above 1 CPM in
at least three samples were inculded. Differential expression
analysis was performed on the CPMs using a limma/voom
workflow with R [75]. The following test was performed:
Treatment versus control using the donor as a blocking fac-
tor. Results are reported in terms of log2 fold changes and
negative log10 adjusted P values (Benjamini Hochberg false
discovery rate).

Tet-off assay

HeLa cells were seeded on a 96-well Ibidi plate (25.000 per
well) and the next day transfected with 0.5 ul/well Lipo-
fectamin 2000. A total of 200 ng plasmid DNA was added
per well; 160 ng/well of the 152 repeat containing plasmid
(TRE3G-152x-emGFP) and 40 ng/well of the TetOff protein
vector (EF1a-TetOFF3G). 15 h after Lipofectamin transfec-
tion, the compounds were added (Doxycycline 1 pug/ml, PlaB
(50 nM) or both together) for different time points. After 6 h,
cells were fixed with 4% PFA and the RNA foci were checked
by FISH.

RNA bio-IP

The RNA oligo IP was done according Haeusler et al. (2014)
[76]. Briefly, 50 pug of total nuclear protein was used. Af-
ter N/C fractionation, cells were lysed in 10 mM HEPES,
pH 7.0, with 200 mM KCl, 1% Triton X-100, and 10 mM
MgCI2 and 1 mg/ml heparin. Protein concentrations were
measured Pierce BCA protein assay kit (catalog #: 23 225).
RNA oligo’s were folded in different structures, before binding
to the beads. For the G4 structure, RNA in annealing buffer
(10 mM Tris, pH 7.4, 6 and 100 mM KCIl) was heating to 95°C
for 10 min and cooling slowly to RT. For a refolded structure,
denaturing was done in the absence of KCI. 30 ul of RNA
oligo’s (100 uM) were bound to 300 ul Dynabeads™ M-280
Streptavidin (catalog #11205D) for 15min at RT in annealing
buffer. Beads were washed, added to the protein lysate and in-
cubate for 3—4 h under at 4°C constant rotation. Beads were
washed in lysis buffer with increasing concentrations of KClI
(0.4M, 0.8 M and 1.6 M) for 10 min each at 4°C. After wash-
ing, protein loading dye with DTT was added to the beads
and stored at —20°C. The next day, beads with loading dye
were boiled for 10 min at 70°C before loading it to a 4-12%
BisTris gradient gel.

Mass spectrometry

Affinity-purified samples were separated by SDS-PAGE as de-
scribed above. Subsequently, gel lanes were excised in 16
equally sized gel slices and processed for mass spectrometry
by in-gel digestion with a Trypsin/Lys-C mixture (Promega).
Eluates from the gel slices were loaded on a 2 cm x 100 u
trap column (Thermo Easycolumn) and separated by liquid
chromatography on a 15 cm x 75 Easy-Spray column (Ther-
moFisher), coupled to a Q-Exactive mass spectrometer (Ther-
moFisher). Peaklists from the mass spec runs were searched
using Mascot 2.4 (Matrix Science) against a Uniprot human
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database (version 2014). Search results were summarized and
analyzed using Scaffold (v. 4.6.4, Proteome Software). Spec-
tral count was used as a proxy for protein abundance.

SILAC

SILAC HelLa cells were grown in DMEM for SILAC (Ther-
moFisher # 88 364) with 10% dialyzed FBS (ThermoFisher
#26 400 044), 1% P/S and supplemented with heavy
(13C/N) and light (*>C/'N) labeled L-Arg and L-Lys Ther-
moFisher # A33972). Cells divided at least 10 times to allow
for complete change to heavy labelled proteome. Light Hela
cells were treated for 16 h with 25 nM of PlaB). Heavy labeled
HeLas were treated with same amount of DMSO for 16 h. Af-
ter treatment, cell numbers were measured three times with a
countess cell counter (Invitrogen) and 20*10° cells of heavy
and light cells were mixed. Nuclear/cytoplasmic fractionation
was performed (see below methods) and protein concentra-
tion was measured using BCA method. 0.85 mg of nuclear ex-
tract for the SRSF1 (Invitrogen #32-4500) and SF3B1 (LSBio,
LS-C179473) IP was used. 10 mg of cytoplamsic extract was
used for the SRSF1 cytoplasmic IP and 10 ug antibody was
coupled to 100 ul proteinG Dynabeads (Invitrogen #10009D).
Lysate/beads were incubated for 40’ at RT and washed 3 x
10" at RT with IP buffer, and 2 x 10" with LWB (co-IP kit,
Invitrogen #14321D). SILAC samples were analyzed using
MaxQuant v 1.5.8.3 [77] using the same database.

Nuclear/cytoplasmic fractionation was done according to
the protocol of Wang et al. (2006) [78]. Lysis process was
checked by microscopy and nuclei were sonicated (3 x 10”
on ice) in lysis buffer (10 mM HEPES, pH 7.0, with 200 mM
KCl, 1% Triton X-100, and 10 mM MgCI2 and 1 mg/ml hep-
arin) and incubated for 10" before spinning debris down. Su-
pernatant was used for IPs. For cytoplasmic fractions, only the
first two RSB40 fractions were pooled, and the last wash was
discarded. For RNA isolation, intact nuclei were dissociated
in Trizol and RNA was isolated accordingly.

Knockdown experiments

ALS patient fibroblasts were seeded on 96-well Ibidi plates
(3000-5000 per well) and the next day, siRNAs were incu-
bated with RNAiMax lipofectamin (0.3 ul/well) and added to
the cells. siRNAs targeting SF3B1 (10 nM final concentration)
were added and 48 h later replaced by fresh SF3B1 siRNAs in
fresh media. After total incubation of 4 days, cells were fixed
in 4% PFA. siRNAs targeting SRSF1 and NXF1 (50 nM final)
were added once and incubated for 72 h.

Immunocytochemistry for RAN-DPRs

HEK293T cells were grown in 96-well Greiner microclear
plates and fixed with 4% PFA after the indicated treatments.
To visualize DPRs, cells were permeabilized with 0.5% Tri-
ton in PBS for 30min and blocked with a 5% normal goat
serum in PBS solution. Primary antibodies were incubated
for 3 h or overnight at 4°C in blocking solution: a-Myc tag
(Thermo, MA1-980, 1:250); e-HA tag (CellSignaling, #3724,
1:1600); «-Flag tag (Sigma, F3165, 1:400); «x-polyGA (Mil-
lipore, MABN889, 1:500); «-polyGP (Proteintech, 24494-1-
AP, 1:250). The following day, cells were washed with PBS,
incubated with fluorescently-conjugated secondary antibod-
ies (Thermo) for 2h at RT. Cells were then washed, stained
with DAPI to visualize nuclei, and plates were sealed until
imaging. Images in suppemental figures were acquired in high
content settings with an InCell6500 (GE Healthcare), using a

40x objective or with an Olympus IX83 equipped with spec-
tral filters for DAPI, GFP, Cy3, Cy5 and Cy7 and a 40x ob-
jective (UPLXAPO40X NA 0.95). Image analysis of images
generated with the Olympus IX83 was done using the EV-
Analyzer pipeline for cell detection [79]. Images in the main
figure were aquired with Zeis confocal microscope and DPR
quantification was done with the Harmony analysis software
(version 4.1).

Cell proliferation and viability measurements

For live-cell tracking of viability, cells were plated at the same
density (27'500/well) across all wells in Corning microclear
96-well plates or Ibidi plate. The plates were then placed in
an IncuCyte automated live-cell imager (Essen Bioscience), in-
stalled inside an incubator. Images were acquired every 3 h
prior to, and after compound treatments. Two fields per well
were imaged. The IncuCyte S3 analysis software (Essen Bio-
science) was used to quantify the proliferation of live cells
across treatments and throughout the experiment. Data were
exported to Excel to generate graphs (Supplementary Fig. 6¢).
After 24 h of experiment, the Ibidi plate was fixed in 4% PFA
for immunostaining as described above to determine the sub-
cellular presence of DPRs.

Plasmid construction and stable cell line construction for sta-
ble smFISH HEK cell lines

24x cassettes each of PP7 and MS2 stem loops were cloned
into the piggybac plasmid containing the 152x-G4C2 repeats
placed under a TRE3G promoter using ligation free cloning
using NEBuilder (NEB). 2 pg of the cloned construct along
with 2 pg plasmid coding for transposase were transfected
into HEK-293 Tet-off cells (Takara) using Lipofectamine 2000
(Invitrogen). Transfected cells were selected for ten days with
1.5 pg/mL puromycin (Invivogen). Individual colonies were
isolate, grown, and were tested for integration using colony
PCR and restriction digestion.

Single-molecule FISH and image analysis

HEK-293 Tet-off cells were induced upon splitting the cells in
Doxycycline free DMEM supplemented with 10% FBS for 72
h. 4 x 104 cells were seeded on Laminin-Poly-lysine coated
glass coverslips placed in a 12-well tissue culture plate two
days before smFISH was performed. Fresh DMEM + 10%
FBS containing Doxycycline (1 pg/mL) was added for 45
min to shut off transcription. For the Pladienolide B treated
cells, Pladienolide B (25 nM) was added to the cells for 90
min and were also induced for 45 min by Dox. In addition
to the above-mentioned coverslip, a coverslip containing the
non-induced cells was included as control. Subsequently, cells
were fixed using 4% paraformaldehyde (Electron Microscopy
Sciences) in 1x PBS for 10 min. Following fixation cells were
washed twice with 1x PBS before permeabilizing using 70%
ethanol at 4°C. Subsequently, the cells on coverslips were pre-
hybridized in wash buffer (2x SSC (Invitrogen), 10% (v/v)
formamide (Ambion)) twice for 5 min. FISH probes against
the PP7 stem loops in the 3’ UTR (Quasar 570) were then
hybridized with a solution that contained 125 nM of each
FISH probes, 2x SSC, 10% (v/v) formamide and 10% (w/v)
dextran sulfate (Sigma) at 37°C overnight. Cells were washed
twice with above-mentioned wash buffer for 30 min each.
Thereafter, the cells were rinsed twice with PBS before mount-
ing on slides using ProLong Gold Antifade Mountant with
DAPI for counterstaining DNA (Molecular Probes).
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Images were acquired using a wide-field microscope (Zeiss)
with a Plan-APOCHROMAT 100 x 1.4 NA oil objective
equipped with an AxioCam 506 mono camera and an X-Cite
120 EXFO metal halide light source. Optically sectioning of
240 nm z-step was employed, spanning a z-depth of 5 um. Ex-
posure times of 1600 ms was used to acquire images of each
plane in the channel Quasar 570, and 40 ms in the DAPI chan-
nel. For analysis, Z-stack images were Z-projected using max-
imum intensity and the background in the Quasar 570 chan-
nel was subtracted using rolling-ball background subtraction
in Fiji software (2). Subsequently, the region of interest con-
taining individual cells were selected and the total number of
RNAs in each cell was estimated using spot detection algo-
rithm of Trackmate plugin in Fiji (1). The nucleus of each cell
that were previously selected for analysis was segmented us-
ing the DAPI channel and was used as the region of interest to
estimate the number of RNAs in each nucleus. The number of
cytoplasmic RNAs in each cell were calculated by subtracting
the total number of nuclear RNAs from the total number of
cellular RNAs in that cells. The cytoplasmic fraction of RNAs
was calculated by dividing the total cytoplasmic RNAs in each
cell by the corresponding total cellular RNAs. The final results
were visualized in a boxplot using R (3).

Differentiation of iPS cells to motor neurons

The iPS cell lines used in this study were previously described
in Dafinca et al. (2020) [70]. The iPSCs were differentiated
to motor neurons according to previously published methods
[70, 80].

Immunostaining on motor neurons

Motor neurons were fixed with 4% paraformaldehyde-PBS
for 15 min and incubated with 10% donkey serum in
Phosphate-buffered Saline (PBS) with 0.2% Triton-X for 1
h at room temperature. The cells were incubated overnight
at 40C with rabbit anti-cleaved caspase-3 (Cell Signalling,
1/500), mouse anti-?- III Tubulin (Tuj1) (Covance, 1:1000),
or rabbit anti-PABP (Abcam, 1:1000. The cells were washed
with 0.1% TritonX/PBS three times for 10 min and incubated
with Alexa Fluor 488, Alexa Fluor 568 or Alexa Fluor 637
conjugated donkey anti-rabbit and anti-mouse secondary an-
tibodies (Life Technologies) for 1 h at room temperature. Nu-
clei were stained with DAPIL. Fluorescence was visualized using
a Spinning Disc Confocal Microscope Zeiss.

RNA FISH on iPSC-derived MNs

RNA-FISH was performed on iPSC-derived MNs using an
adapted, previously published protocol [9, 81]. Cells were
fixed with 4% Paraformaldehyde for 20 min and then perme-
abilised using 0.1% Triton-X in PBS for 20 min. After three 5
min-washing steps with PBS, the coverslips were dehydrated
by the serial application of 70%, 80% and 100% ethanol, for
1 min each, and then airdried. The cells were then rehydrated
using PBS and briefly washed using 2 x saline-sodium citrate
(SSC). The coverslips were then treated with pre-hybridisation
solution, consisting of 50% Formamide and 2 x SSC, and
incubated at 800C in a hybridisation oven for 30 min. The
pre-hybridisation solution was then replaced with hybridi-
sation solution containing 2xSSC, 0.16% BSA, 0.8 mg/mL
salmon sperm, 0.8 mg/mL tRNA, 50% Formamide, 8% dex-
tran sulphate, 1.6 mM vanadyl ribonucleoside, 5 mM EDTA
and 0.2 ng/uL probe 5Cy3-GGCCCC GGCCCC GGCCCC
GGCCCCQC), and hybridization was performed in a hybridisa-

tion oven at 800C for 2 h. The coverslips were then washed
3x with 50% formamide/0.5xSSC wash solution at 800C, for
30 min each. Hereafter, the cells were washed 3x with 0.5
x SSC at RT, for 10 min each. After another washing step
with PBS, the cells were blocked with 10% donkey serum in
PBS/0.1%Triton-X for 30 min at RT, and then incubated with
a mouse anti-TUJ1 antibody in PBS/0.1% Triton-X (1:500, Bi-
oLegend) at 40C ON. Immunostaining and imaging were con-
tinued as described above.

Statistical information

All error bars represent SDs, as noted in the figure legends.
Significance of most figures was determined by paired One-
Way Anova, and three stars (****) indicates P < 0.0001. Sig-
nificance of Fig. 3E was determined by t-test, and three stars
(***) indicates P < 0.0001. Significance was calculated with
GraphPad Prism (v 8.12). For RNA foci and RT-qPCR with
a biological replicate number of # > 3 in rare occasions, data
points which were clear outliers due to technical artefacts were
excluded from the statistical analysis, provided that the data
were reproduced by at least three independent biological ex-
periments. For most RNA foci and DPR analysis, each dat-
apoint is the average of ~25 images per well, containing on
average 3000 cells per well, or otherwise noted in figure leg-
ends.

Code availability
No custom code availability has been used in this study.

Ethics approval and consent to participate

All primary cells from patient and healthy donors were ob-
tained under full Ethical/Institutional Review Board approval
and patient consent as specified in the “Material and meth-
ods” section.

Results

Large scale (96 200) small molecule screen for
G4C2-RNA foci disassembly in C9ORF72 iPS
neurons identifies spliceosome targeting
compounds

To screen for small molecules interfering with the metabolism
of G4C2-RNA foci in a relevant cellular context, we gen-
erated iPS derived neurons from ALS and FTD patient cells
carrying the COORF72 repeat expansion (750-1100 repeats;
Supplementary Table S1) by insertion of a Doxycycline (Dox)
inducible Neurogenin-2 (Ngn2) expression construct (iNeu-
rons) [82] (Fig. 1A). We confirmed neuronal morphology
by expression of the neuronal marker Tujl and the abil-
ity to fire action potentials (Fig. 1B and Supplementary Fig.
S1A). Southern blotting confirmed that the repeat length was
maintained during reprogramming (Supplementary Fig. S1C).
Consistently, FISH (fluorescent in situ hybridization) demon-
strated that G4C2-RNA foci were maintained after repro-
gramming and differentiation (Fig. 1C and Supplementary
Fig. S1B), whereas a high variability of RNA foci levels was
observed between donors and even between iPS clones and
subclones from the same donor, with no apparent correlation
with repeat lengths (Fig. 1D and Supplementary Fig. S1B).
Consistent with previous reports [3, 24], ALS lines showed
slightly lower expression of COORF72 mRNA but increased
RNA levels of the repeat containing intron compared to HD
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Figure 1. High-throughput screen of 96 000 small molecules for RNA foci clearance in C9orf72 iNeurons. (A) Construct used for stable integration of
inducible Ngn2 expression in HD and ALS iPS cells, adapted from Zhang et al. (2013) [72]. 5'PB and 3'PB: flanking arms for PiggyBac transposase
genome integration. Ngn2: open reading frame of human Neurogenin2. Dox: Doxycyclin. NeoR: Neomycin resistance gene. The reverse
tetracycline-controlled transactivator (rTA) is encoded on the same construct (rTA16: rTetR fused to VP16) and expressed from the CAG (CMV early
enhancer/chicken (3 actin) promoter. (B) Dox induced expression of stably integrated, transgenic Ngn2 in C9orf72 ALS iPS cells results in neuronal
morphology and electrical activity after 8 days and repetitive action potential firing after 28 days. Representative data for one ALS line are shown, data
for HD line are shown in Supplementary Fig. STA. (C) G4C2-RNA foci are retained in C9orf72 ALS patient iNeurons as detected by FISH. Nucleus stain:
DAPI. Left panels, ALS patient cells. Right panels, healthy donor lines (Supplementary Table S1) (D) Quantification of RNA foci in 1536-well format. Single
cell histograms of RNA foci per cell are shown for healthy donor (hDF90) and ALS (ALS80/5a) iNeurons. Each bar represents pooled data for nine wells
on the same plate. (E) Screening paradigm. iPS cells were expanded and Ngn2 expression was induced for 3 days with Dox prior to cryopreservation.
For the HTS, iNeurons were plated into 1536-well plates for additional 5 days and incubated with compounds for 48 h. RNA foci were visualized by FISH
and quantified by automated imaging. (F) Primary screening data. Each dot represents data for one compound at 8 uM and shows % change in RNA foci
and cell number as compared to DMSO controls. SML (splice modulator like) compounds are highlighted within the primary screening data.
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(healthy donor) cells (Intron 1a, Supplementary Fig. S1D).
C90ORF72 mRNA expression was comparable between differ-
entiations, whereas some variability was observed for intronic
RNA (Supplementary Fig. S1D).

iPS cells were differentiated to neurons by induction of
transgenic Ngn2 expression with Doxycycline. After 3 days,
cells were seeded into 1536-well plates in differentiation
medium. Compounds were added on Day9 after Ngn2 in-
duction and incubated with the cells for 48 h prior to fix-
ation and RNA foci detection by FISH (Fig. 1E). RNA foci
were quantified by plate-based imaging of >1000 cells per
well and automated image analysis. For assay development,
we used treatment with repeat targeted ASOs as positive con-
trols [23] (data not shown), however due to the required
longer incubation time (5-7 days) these were not suitable as
internal references for the screen. Instead, we used healthy
donor iPS neurons (DMSO treated) to determine the back-
ground foci detection in the automated image analysis (low
value). Additionally, ALS patient neurons were treated with
DMSO only (high value). These reference samples were in-
cluded in replicates on every plate and used to determine the
dynamic window of RNA foci detection and % DMSO in-
hibition thresholds (Supplementary Fig. S1E and F). A to-
tal of 96 200 small molecules from the Novartis compound
collection, stratified for maximal chemical diversity and in-
cluding approximately 3000 compounds with a known mode
of action, were screened for RNA foci clearance at a single
replicate and a compound concentration of 8 uM. Each data
point in Fig. 1F shows relative changes in RNA foci levels and
cell numbers for individual compounds. Thresholds for pri-
mary hit selection were set at >40 % RNA foci increase / de-
crease and < 40 % reduction in cell number. These thresholds
were set based on the variability between all reference wells
across the screen (Supplementary Fig. S1E). In total, 2952
compounds were selected for validation in a dose response
assay in iNeurons from the same line as in the primary screen,
performed in triplicates and concentrations from 0.1 to 10
uM (Supplementary Fig. S2A). During validation, we deter-
mined IC50 values for RNA foci elimination as well as cell
toxicity (based on nuclear numbers, Supplementary Fig. S2A
and B). As typically observed in high-throughput screens, a
large fraction of primary hits dropped out at this stage due to
either low potencies (IC50 values > 10 uM) and/or cell tox-
icity (Supplementary Fig. S2A and B) or lack of replication
from the primary screen. Hits which did not show a dose re-
sponse were excluded as well (data not shown). Around 261
of the primary hits were finally confirmed to modulate RNA
foci levels in a dose dependent manner and with an IC50 of
< 10 uM, comprising 223 compounds decreasing RNA foci
(Fig. 2A, right panel) and 38 compounds increasing RNA foci
(Fig. 2A, middle panel).

To filter for compounds affecting gene expression in gen-
eral we used two related reporter assays with hPEST desta-
bilized NanoLuc Luciferase in stably engineered HeLa cells
(data not shown). This assay filtered out 122 compounds
that unspecifically interfere with gene expression such as by
blocking transcription, RNA processing or translation ma-
chineries, as well as DNA binders or intercalators, indepen-
dent of the COORF72 repeat. 139 compounds were found to
be G4C2-specific and were further tested in COORF72 lines
from three independent donors, resulting in 82 final validated
hits (Fig. 2A). Among these, we identified the Brd4 inhibitor
JQ1 as a strongly RNA foci increasing compound (Fig. 2B

and C), which is consistent with a previous report [83] and
intrinsically provides a validation for the screen. Testing of
stereopure isomers of JQ1 for RNA foci clearance (Fig. 2B,
Supplementary Fig. S2C and D) confirmed that only the ac-
tive (+) but not the inactive (-) stereoisomer of JQ1 are ac-
tive in RNA foci clearance. Consistent with the known epige-
netic mechanism, JQ1(+) also upregulated COORF72 mRNA,
which was again not observed for JQ1(-) (Supplementary Fig.
S2E). A number of additional, known epigenetic modulators
were found among the validated hits (Fig. 2C). Inhibitors of
Brd4, CREBBP, KDM4B, H3K27 HMT and BPRF1 consis-
tently led to an increase in RNA foci, while HDAC inhibitors
decreased the number of RNA foci. Chemical substructure
clustering (Fig. 2D) revealed that the majority of validated
hits were singletons from different scaffolds, in line with the
fact that the screening deck was stratified based on maximiz-
ing chemical diversity rather than including multiple analogs
of the same pharmacophore. Additionally, 39 scaffolds were
identified with at least two representatives. Two of these com-
pounds caught our attention in particular; although they were
previously undescribed molecules, their structures had high
chemical similarity with Spliceostatin A (SSA), a known mod-
ulator of the core spliceosome that targets the branch point
binding protein SF3B1 (Sap155) of the U2 snRNP [84, 85].
We therefore term these compounds splice modulator like-
1/SML-1 (Spliceostatin J) and SML-2 (Spliceostatin C). The
structures are shown in Fig. 2D, the chemical characterization
is summarized in Supplementary Data 1.

RNA foci elimination by SML compounds is due to
SF3B1 modulation

Since the G4C2 repeat is in an intron, we set out to further in-
vestigate the mode of action of these compounds. We selected
eight additional close analogs of SML-1 and SML-2 from our
compound collection to perform a structure activity relation-
ship analysis (Fig. 3A). Unfortunately, we were not able to
obtain SSA itself for this study. The primary screening hits
SML-1 and SML-2 were confirmed to clear G4C2-RNA foci
within only 6 h in ALS iNeurons (Supplementary Fig. S3A),
whereas only slight cell toxicity was observed up to 16 h treat-
ment (Supplementary Fig. S3B). The compounds showed sim-
ilar RNA foci clearance activity in additional systems, includ-
ing COORF72 primary patient fibroblasts (Supplementary Fig.
S3C). Due to practical considerations, we, therefore, decided
to use patient fibroblasts rather than neurons and with com-
pound treatment for only 8 h for IC50 determination of
all SML analogs. These data revealed a dynamic structure-
activity-relationship (SAR) at the epoxide containing hetero-
cycle (Fig. 3A and Supplementary Fig. S3C), which is simi-
lar to published SAR data for SSA (Spliceostatin A) in splic-
ing inhibition [86]. From this series, we selected SML-3 (also
known in the literature as FR901464 [87] as the most potent
derivative with an IC50 of 2 nM. Remarkably, SML-4, a pre-
viously undescribed compound which only differs from SML-
3 in the opening of the epoxide, was entirely inactive (Fig.
3A and Supplementary Fig. S3C) and was selected as negative
control in subsequent studies. Consistent with the fibroblast
data, SML-3 was also confirmed to clear RNA foci with high
potency (IC50 2 nM) in ALS iNeurons whereas SML-4 was
again inactive (Fig. 3B and C).

We next aimed to confirm that the SML series of com-
pounds indeed also targets the spliceosome. For this purpose,
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Figure 2. Validation and stratification of primary hits reveals pharmacological RNA foci modulation by epigenetic modulators and novel Spliceostatin A
analogs. (A) Screening flowchart (left panel) with classification of the 261 validated hits based on known targets and historical data (right panel). (B)
JQ1(+) results in massive upregulation of both RNA foci as well as C9orf72 mRNA within 6 h, whereas the Brd4 inactive enantiomer JQ1(-) was inactive
also in RNA foci clearance, for quantification see Supplementary Fig. S2C-E. (C) IC50 and % change of RNA foci for small molecules targeting
epigenetic regulatory proteins, as annotated for each of these compounds based on in house data from independent, previous screening and drug
discovery campaigns. Among the validated RNA foci increasing hits, the screen led to de novo identification of the Brd4 inhibitor JQ1, which already had
been previously reported to regulate the C9orf72 locus [73]. (D) Clustering of the 261 validated hits by chemical similarity. Each circle represents one
scaffold. The number of analogs belonging to the same chemical cluster is shown within the center of each circle, numbers on top indicate arbitrary
cluster identities. The cluster number 39, comprising two analogs of the spliceosome modulator Spliceostatin A, SML:-1 and SML-2, is highlighted and
the structures of the compounds are shown.
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Figure 3. SML compounds phenocopy Pladienolide B in alternative splicing and eliminate RNA foci via SF3B1 modulation. (A) SAR (structure activity
relationship) for compounds similar to Spliceostatin A (SSA) with IC50 values of RNA foci clearance in C9orf72 fibroblasts (dose response curves in
Supplementary Fig. S3c). (B) Dose response of SML-3 and SML-4 in RNA foci clearance after 8 h of treatment of ALS iNeurons. Each data point
represents an average of three wells, error bars are SDs. (C) G4C2 FISH (white) of ALS patient iNeurons treated with 50nM of SML=1 or 100 nM of
SMIL:3. ALS iNeurons treated with RNAse and Healthy donor iNeurons are shown as controls for the FISH. Nuclei stain: DAPI. (D) RT-PCR of mc/-7 on
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2. (E-G RNASeq of ALS and healthy donor (HD) fibroblasts with and without treatment with PlaB or DMSO for 4 h. (E) alignment of reads to the mc/-1
gene, showing exon2 skipping and intron retention upon PlaB treatment, confirming the RT-PCR data in (D). (F) Transcriptome wide distribution of
alternatively spliced RNA transcripts in PlaB or SML-3 treated fibroblasts as determined by RNASeq. F-value represents the difference in reads along the
transcripts for each exon compared to DMSO treated samples. The higher the F-value, the stronger this difference, most likely attributed to alternative
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were used for the limma/voom analysis. (G) Principal component analysis of alternatively spliced transcripts, grouping affected intronic sequences by
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shown in Supplementary Fig. S3.
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we used SML-3 as the most potent derivative for side by side
comparison with known analogs. Since SSA was not avail-
able at the time of the study, we used Pladienolide B (PlaB)
as a reference compound, which is another well documented
modulator of SF3B1 and with the same mode of action as
SSA [84, 88-91]. Binding of either SSA or PlaB to SF3B1 does
not block but instead modulates the protein’s function; upon
compound binding, SF3B1 undergoes conformational changes
which allow the U2 snRNP to bind to non-canonical splice
sites, consequently resulting in intron retention and alterna-
tive splicing [89, 92, 93]. Fibroblasts from C9ORF72 ALS pa-
tients and healthy donors were treated with SML-3, SML-4,
PlaB or DMSO followed by total RNA extraction to measure
effects on alternative splicing by RT-PCR and RNA sequenc-
ing. An incubation time of only 4 h was used to avoid sec-
ondary effects of modulated downstream genes. Treatment of
ALS fibroblasts with SML-3 induced skipping of the mcl-1
exon 2, a well-established alternative splicing event induced
by SF3B1 inhibitors [94], while SML-4 showed no effect in
both, RT-PCR (Fig. 3D) as well as RNA sequencing (Fig. 3e).
At the transcriptome wide level more than 2000 transcripts
were alternatively spliced in SML-3 treated cells, as quantified
by the F-value of the limma/voom differential splice test (Fig.
3F). In addition, largely the same transcripts were affected
in PlaB and SML-3 treated cells, shown by the strong corre-
lation of adjusted P values in PlaB and SML-3 treated cells
(Supplementary Fig. S3D), the large overlap of top-ranking
affected transcripts (Supplementary Fig. S3E) and the cluster-
ing in a principal component analysis (Fig. 3G). Furthermore,
SML-4 was confirmed as a true inactive analog and was nearly
identical to DMSO treatment at the transcriptome-wide level
(Fig. 3F and G).

As the newly identified compounds SML-1, SML-2 and
SML-3 thus not only show high chemical similarity to known
SF3B1 modulators but also phenocopied their effects in al-
ternative splicing (demonstrated for SML-3), we next aimed
to confirm whether SF3B1 is indeed the efficacy target also
for RNA foci modulation by these compounds. We therefore
tested whether vice versa, unrelated SF3B1 modulators would
also phenocopy SML compounds in RNA foci clearance. In-
deed, both PlaB as well as Herboxidiene which are both SF3B1
modulators [95] chemically unrelated to the Spliceostatin and
SML scaffolds also cleared RNA foci in fibroblasts (Fig. 4A),
iNeurons (Fig. 4B and C) as well as in motor neurons (Fig. 4D
and Supplementary Fig. S4A), thereby strongly indicating that
SE3B1 modulation is indeed responsible for RNA foci clear-
ance by these compounds.

To further corroborate this, we knocked down SF3B1 by
siRNA transfection of ALS fibroblasts (Fig. 4E, left panel).
Consistent with the previously described gain of function of
SE3B1 in alternative splicing rather than inhibition upon bind-
ing to SSA, PlaB or Herboxidiene, reduced SF3B1 expression
led to an increase rather a decrease in RNA foci (Fig. 4E,
lower left panel for quantification and right panel for images).
This indicates that, even in the absence of SML compounds,
SF3B1 is involved in intrinsic G4C2 RNA metabolism. Ad-
ditionally, we treated SF3B1 depleted cells with PlaB, SML-
3, SML-4 and DMSO and observed a significant reduction
of PlaB activity in ALS patient fibroblasts and a trend for
SML-3, supporting the conclusion that these compounds re-
quire SF3B1 to be present in order to mediate RNA foci
clearance (Supplementary Fig. S4B). Interestingly, and in line
with these data, combining FISH and immunocytochemistry

revealed that G4C2 RNA foci cluster in the periphery of
SF3B1 positive nuclear speckles in ALS neurons (Fig. 4F).

SML compounds induce RNA foci disassembly by a
posttranscriptional mechanism, independent of
C90RF72 gene context and splicing

Interestingly, the RNA sequencing data revealed that
CI90ORF72 itself is one of the targets downregulated upon
both, SML-3 and PlaB treatment, which was not observed
for SML-4 (Supplementary Fig. SSA). This was further
confirmed by quantification of COORF72 processed mRNA
(exon 2-3 junction) levels by RT-qPCR in ALS neurons
(Supplementary Fig. S5B). The CO9ORF72 mRNA down-
regulation was observed in both ALS as well as wild type
cells (Supplementary Fig. S5A), demonstrating that SF3B1
modulating compounds downregulate COORF72 expres-
sion independent of the repeat expansion. Consistently,
no general effects of SML-3 and PlaB were observed on
the expression levels of endogenous transcripts contain-
ing three or moreG4C2 repeats in the RNA-Seq data
(Supplementary Fig. S5C).

The most obvious explanation for how SF3B1 modulation
might mediate RNA foci clearance would therefore be due
to modulation of C9ORF72 pre-mRNA processing and al-
tered splicing of the repeat containing intron. However, we
observed no evidence for alternative splicing of the COORF72
pre-mRNA induced by SML-3 or PlaB in ALS or healthy
donor lines, as assessed by alignment of sequencing reads to
the COORF72 gene (Supplementary Fig. S5D). We therefore
next generated reporter lines to test whether the elimination
of RNA foci by these small molecules is dependent on the
C90RF72 gene context. We engineered stable iNeurons and
HeLa cell lines with 152x G4C2 repeats upstream of an eGFP
coding sequence (Fig. SA). RT-PCR revealed the expression of
RNA transcripts with lengths corresponding to ca. 100x re-
peats, suggesting loss of some repeats during clonal selection
(data not shown). The reporter cells showed nuclear G4C2-
RNA foci with similar levels as our ALS lines (Fig. 5B). In
contrast to what we expected, however, we observed a clear-
ance of the RNA foci after incubation with PlaB and SML-3
in both, HelLa and iNeuron G4C2 reporter cells (Fig. 5C and
Supplementary Fig. SSE). This demonstrates that the SF3B1
compounds can promote G4C2 nuclear RNA foci clearance
independent of the COORF72 gene context. The constructs
used for our 152x G4C2 reporter lines did further not con-
tain any intron/exon context, suggesting that RNA foci clear-
ance is not dependent on splicing of the repeat containing
transcripts in cis either. We observed only a minor change of
eGFP RNA levels upon SML-3 treatment for 4 h, while we
did observe a strong increase of unspliced B-actin pre-mRNA
as a control (Supplementary Fig. SSF), supporting that the re-
porter transcript is not non-canonically spliced or downreg-
ulated through another mechanism upon SF3B1 compound
treatment. Since the reporter constructs are further not under
the control of the endogenous COORF72 promoter, this also
indicates that the compounds do not act at the level of tran-
scription. To unambiguously test whether SF3B1 modulation
affects G4C2-transcription versus the metabolism of RNA
foci, we generated constructs with 152x G4C2 repeats un-
der control of a tetracycline responsive element (TRE) driven
promoter to shut off transcription upon Doxycycline addi-
tion (Tet-off assay, Fig. 5d). This reporter allows measurement
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Figure 4. Pharmacological as well as gene expression modulation of SF3B1 alters G4C2 RNA foci levels. (A-C) RNA foci clearance by orthogonal
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PlaB (Between 3 and 4 fields of view were analyzed (each dot represent a field of view). Number of neurons counted for each condition: DMSO: 349
neurons, PlaB (25 nM, 5 h): 102, PlaB (25 nM, 24 h): 156, Statistical analysis: One-WWay ANOVA with Dunnet’'s multiple comparisons test, error bars: SD).
(E) Left: Western blot of SF3B1 in ALS patient fibroblasts treated twice over a total of 4 days with siRNA targeting sf3b7 or scrambled siRNAs. Loading
control: b-actin. Middle panel: Representative images of G4C2 RNA foci (green dots) in siRNA treated ALS fibroblasts, showing increased number of
RNA-foci in SF3B1 knockdown cells. Right panel: average number of RNA-foci per cell upon SF3B1 knockdown (n = 3 wells, 2500 cells per well, error
bars: SD, significance: two-tailed One-Way Anova, **** indicates P < 0.0001). (F) Detection of RNA foci and SF3B1 in ALS patient iNeurons by confocal
microscopy. Nuclei stain: DAPI. Right panel: 3D reconstruction (Imaris). RNA foci accumulate in the periphery of SF3B1 speckles.
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Figure 5. G4C2-RNA foci are eliminated posttranscriptionally. (A) A construct carrying 1562x G4C2 repeats under expression of the ef7a promoter and a
stop codon upstream of the repeats. The construct was randomly integrated in HD iNeurons with PiggyBac transposase to generate stable 152x G4C2
iNeuron reporter lines. (B) Confocal images confirm the presence of G4C2-RNA foci in the nucleus (DAPI) of reporter lines (left panel). The reporter line,
ALS patient iNeurons (ALS G9) and the healthy donor parent line were analyzed side by side for comparison. A quantification is shown in the right panel.
(C) RNA foci in 152x G4C2 reporter iNeurons, treated with PlaB, SML:3, and SML-4 at different concentrations for 8 h. Each bar represents an average of
three wells (~5000 cells per well) and error bars are SDs. (D) A schematic overview of the TetOFF construct with 1562x G4C2 repeats as used in Fig. 5E.
Upon Doxycycline addition, transcription is turned off. (E) RNA foci in HelLa cells transfected with 152x G4C2 repeats under a TetOFF promoter, were
treated for 0.5-6 h with 50 nM PlaB and/or Dox (n = 3 wells, 15 000 cells/well, error bars represent SDs). Grey dot represents t = 0 (before Dox
addition). (F) RNA foci clearance by SML:3 as a function of time and dose after treatment with SML-3 (FTD patient fibroblasts treated with SML:3 for 0.5,
2,4, and 8 h, n = 3 wells, 300 cells/well, error bars are SDs). Data for SML-4 are shown in Supplementary Fig. S5i. (G) RNA foci in FTD patient
fibroblasts treated with SML:3 (5600 nM), SML:4 (500 nM) or the RNA polymerase I/l inhibitor oc-amanitin (20 ug/ml) for different time points. RNA foci
clearance induced by SML:3 is faster than by blocking transcription by oc-amanitin. The difference between the 8 h time-points for SML:3 and a-amanitin
is statistically significant (P > 0.05 t-test, n = 3 wells 300 cells/well, error bars are SDs).
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of RNA foci half-lives upon transcription inhibition. The
presence of RNA foci after transient expression of this re-
porter in HeLa cells was confirmed by confocal imaging
(Supplementary Fig. S5G). Upon transcription inhibition by
Dox, nuclear RNA foci disappeared with a half live shorter
than 1 h, revealing a high intrinsic turnover rate (Fig. SE and
Supplementary Fig. S5G). Addition of PlaB together with Dox
resulted in an increased rate of RNA foci elimination above
the background of transcriptional inhibition. This shows that
SF3B1 modulating compounds act posttranscriptionally by
accelerating the turnover of nuclear RNA foci. Consistently,
the kinetics of endogenous RNA foci clearance upon SML-3
treatment was fast in COORF72 patient fibroblasts as well,
with a Ty, of ca 2—4 h (Fig. SF) and thus faster than the re-
sponse to global inhibition of RNA Polymerase-II transcrip-
tion by «-amanitin (Fig. 5G). Treatment with o-amanitin led
to a minor dose- and time-dependent loss of cells, whereas
the cell numbers remained stable over increased incubation
time and dose for SML-3, suggesting no significant toxicity
of this compound under the conditions of the experiment
(Supplementary Fig. S5h). SML-4 again showed no activity
(Supplementary Fig. S5i and Fig. 5g). These data demonstrate
that SF3B1 modulating compounds lead to an accelerated
RNA foci elimination rate, thereby further corroborating a
posttranscriptional mechanism.

SF3B1 modulation increases RAN DPR levels and
enhances reduction of cell growth by DPRs

Since nuclear G4C2 RNA foci were eliminated by SML com-
pounds while overall reporter RNA levels were unchanged,
we next tested the effect of these compounds on dipeptide re-
peat proteins (DPRs). Detection of endogenous G4C2 derived
DPRs in C9ORF72 neurons is particularly challenging due to
low expression levels and limited affinities of commercially
available antibodies to the linear, unstructured epitopes. Us-
ing antibodies commercially available at the time of the study,
we were unable to detect RAN DPRs in our patient iPS derived
Ngn2 and motor neurons by western blotting or immuno-
cytochemistry (data not shown). To nevertheless investigate
the effects of SF3B1 modulation on RAN DPRs, we therefore
engineered a stable RAN reporter cell line in HEK293 cells,
expressing 152xG4C2 repeats fused to frameshifted 3xmyc,
3xHA and 3xFLAG tags, in frame with either poly-GA, poly-
GP and poly-GR dipeptide repeat (DPRs) polyproteins, re-
spectively (Fig. 6A). To prevent canonical translation, the con-
structs were engineered without a start codon and by addi-
tionally inserting three upstream stop codons. Upon addition
of Doxycycline, both, poly-GP and poly-GA DPRs were ex-
pressed, whereas the signals for poly-GR were substantially
lower (Fig. 6B). RAN control constructs with the tags only
were not expressed and also not induced by Doxycycline
(Fig. 6A), confirming that RAN translation is dependent on
the repeat RNA. In line with the endogenous localization of
DPRs shown previously [26], the subcellular localization of
the DPRs visualized by the tags was mostly nuclear for GA
and GP, with some inclusions in the cytoplasm, whereas poly-
GR was mostly detected in cytoplasmic inclusions (Fig. 6b,
white arrows). Furthermore, the subcellular localization of the
tags fused to the DPRs differed from the localization of the
tags only expressed from control reporter constructs by ATG-
dependent, canonical translation (Supplementary Fig. S6A),
thereby indicating that the localization is determined by the

DPR. Using antibodies targeting the DPR directly, we again
were not able to obtain a robust signal for either of the
polyGA, polyGP or polyGA DPRs (Supplementary Fig. S6B).
To investigate the effects of SF3B1 compounds on RAN DPRs,
we therefore detected the DPRs indirectly via antibodies to the
myc, HA or FLAG tags. After 24 h of treatment with SML-3 or
PlaB, we observed a massive increase in both GA and GP DPRs
(Fig. 6C for quantification, and Fig. 6D for exemplary images
and additional quantification in Supplementary Fig. S6E and
F), which is contrary to our initial hypothesis that RNA foci
clearance would also result in a reduction of RAN translation
products. We did not detect an increase in GR-DPRs (as mon-
itored by the Flag tags, Supplementary Fig.Fig. S6G); however
this might be due to the generally low levels detected in our
transgenic DPR-expressing lines. DPR levels increased with
time of exposure to SML-3 (Supplementary Fig. S6C), and in
a dose dependent way (Supplementary Fig. S6D). Since sev-
eral independent studies have shown that DPR proteins can
be toxic to cells (e.g. [96]), we tested whether the increased
amounts of DPR induced by SML-3 and PlaB might lead to
an increase in DPR cell toxicity as assessed based on cell num-
bers and growth. RAN reporter cells were treated with PlaB,
SML-3 or SML-4 each with or without Dox-induction over
a course of 96 h and cell confluency was monitored every 3
h. Combining SML-3 or PlaB with DPR induction indeed re-
sulted in significantly decreased cell growth (Fig. 6E, light red
and light blue line) compared to addition of SML-3 or PlaB
alone (Fig. 6EF, red and blue line). No increase in cell toxicity
was observed by SML-4 (Fig. 6E, dark and light green lines).
We would like to note that although Flag, myc and HA tags
have been overexpressed numerous times in HEK cells in other
studies, we cannot entirely exclude any potential contribution
of the tags to the toxicity. Given the continuous development
of improved tools to detect RAN DPRs within the field, fur-
ther experiments assessing the effect of SF3B1 modulators on
native RAN translation in patient cells would be ideal in fol-
low up studies.

SML compounds mobilize G4C2 RNA from nuclear
RNA foci into nuclear export by recruiting SRSF1 to
repeat RNA G-quadruplex structures

The fact that the levels of DPRs are increased rather than de-
creased upon SF3B1 modulator treatment suggests that the
G4C2 repeat transcripts are fed into translation, potentially
by mobilization of RNA from the ‘depot’ of nuclear foci.
This might therefore involve increased export to the cyto-
plasm, where the G4C2-repeat transcripts are translated. In
fact, SF3B1 modulating compounds were shown previously
to induce nuclear export of unspliced RNA [95], which we
also confirmed to be true for the new SF3B1 compounds by
RT-PCR of unspliced B-actin transcripts within nuclear and
cytoplasmic fractions of HeLa cells, pretreated with DMSO,
SML-4, SML-3 and PlaB (Supplementary Fig. S7A and B).
To test whether SML-3 and PlaB also trigger nuclear export
of G4C2 RNA, we introduced 24xPP7 and MS2 stem-loop
elements into our 152xG4C2 reporter (Fig. 7A) and gener-
ated stable transgenic HEK293 cell lines to allow for single-
molecule FISH (smFISH) detection of the repeat RNA. As pre-
viously shown by us and others, the smFISH probes targeted
to the PP7 stem-loops allow for quantitative imaging at single
RNA molecule resolution [97]. After addition of 50 nM PlaB
for 90 min, we observed a significant shift in repeat transcripts
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Figure 6. SML compounds increase DPR levels and enhance DPR toxicity, measured by cell proliferation. (A) Schematic representation of the
Dox-inducible RAN reporter construct used for stable insertion into HEK293 cells, including an upstream Stop codon, no ATG and fusing three reporter
tags in different frames downstream of the repeat. Depending on the reading frame, polyGA DPRs carrying a Myc-tag, polyGP DPRs carrying an HA-tag,
or polyGR DPRs carrying a FLAG-tag are expressed upon Dox induction of reporter transcription. (B) Widefield fluorescent microscopy images showing
expression of the different DPRs (Myc-tag: polyGA; HA-tag: polyGP; Flag-tag: polyGR) in RAN reporter lines upon Dox induction, showing high
expression of polyGA and polyGP DPRs, and very low expression of polyGR. Zoomed-in confocal figures (lower panel) show subcellular localization of
DPR inclusions in the HEK293 152xG4C2 reporter lines, with mostly nuclear localization with some cytoplasmic aggregates for polyGA and polyGP
PolyGR showed mostly cytoplasmic localization (C) Quantification of the images represented in Fig. 5E. Each datapoint is an average of 6 wells, with
approx. 5’000 cells per well. Statistical differences are shown (t test; ****P < 0.0001**P = 0.002). (D) Confocal images of polyGA and polyGP in
HEK293 RAN reporter cells treated with 100 nM of SML=3 and PlaB for 24h, showing an increased production of DPRs induced by SML3 and PlaB
compared to Dox only or Dox + SML=4. Zoomed-in frame (Dox panel) of PlaB + Dox treated HEK293 RAN reporter cells suggests nucleolar polyGA
inclusions, consistent with previous reports [104]. (E) Cell proliferation measured by continuous bright field imaging (Incucyte) for RAN reporter cells
with and without Dox-induced RAN expression and 100 nM SML:3, SML-4 or PlaB treatment for up to 100 h (n = 8 wells and error bars are SD). SML-3
and PlaB treatment significantly enhanced the inhibitory DPR effect on cell proliferation, showing that increased levels of DPRs are inducing reduced cell
proliferation (t test, P < 0.0001).
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Figure 7. Spliceosome modulating compounds induce G4C2 repeat RNA export. (A) Schematic representation of a reporter construct used for
generating stable HEK293 reporter cells with PP7 and MS2 stem loops downstream of 152xG4C2 repeats that allow visualization of single RNA
molecules by FISH. The G4C2 reporter RNA was under control of a TREG3 promoter to allow Tetracyclin induced inhibition of transcription, thereby
preventing transcript accumulation at transcriptional start sites. (B) Confocal images of single molecule FISH against PP7 stem-loop RNA (green) in
HEK293 G4C2 single molecule FISH reporter cells. Nuclei stain: DAPI. A redistribution of G4C2-PP7 RNA molecules in cells treated with PlaB to the
cytoplasm can be observed. (C) Quantification of single molecule FISH against PP7 stem-loop RNA in HEK293 G4C2 single molecule FISH reporter cells
upon compound treatment. Cells were treated for 1.5 h with 50 nM Pladienolide B and 45 min of Dox. Controls: Dox only. A significant difference
between the cytoplasmic and nuclear fractions of G4C2 RNA molecules in control and PlaB treated cells was observed (Welch's t test, P = 0.0028). (D)
MassSpec analysis of proteins co-immunoprecipitated with biotinylated (G4C2)4-RNA in nuclear lysates from PlaB or DMSO pretreated Hela cells.
Selection of top hits and spliceosomal proteins are shown (full data set in Supplementary Data S4). (E) Western blot for SF3B1, SRSF1, export factor
ALY/REF, hnRNPH (positive control), and laminin (loading control) after co-immunoprecipitation with different biotinylated RNA oligonucleotides in
nuclear Hela extracts. (G4C2)4 RNA oligos were pre-folded in different structures prior to the IP KCI or LiCl were used to facilitate or disrupt
G-quadruplex formation, respectively. Hybridization to the complementary strand was used to fold the (G4C2)4 oligos into dsRNA. Confirmation of RNA
secondary structures by CD spectroscopy is shown in Supplementary Fig. S7c. Biotinylated (A4U2)4 or (C4G2)4 RNA oligos were used for comparison.
The blot shows one representative data set out of 15 independent experiments. (F) Western blot for SRSF1, SF3B1, hnRNPH (positive control) and
laminin (loading control) after co-immunoprecipitations with biotinylated (G4C2)4 RNA using nuclear extracts of Hela cells pre-treated for 4 h with PlaB
(50nM) or DMSO prior to lysis. An increased binding of SRSF1 to the G4C2 RNA oligo in lysates from PlaB pretreated cells was observed. (G) Binding of
recombinant SRSF1 to 5'TMR labeled RNA (canonical motif: AAAUCAGAGGAAAA, 0.5 nM) measured by fluorescence correlation spectroscopy
(2D-FIDA). RNA-protein complex formation is monitored based on an increase of the fluorescence anisotropy upon protein binding to the TMR labelled
RNA. Binding of SRSF1 to its canonical motif in presence of unlabelled (G4C2)4 RNA (5 uM) prefolded in absence or presence of 200 uM KCl was fitted
to a model of 1:1 competition. Competition with (A4U2)4 RNA is shown as control for unspecific RNA binding.
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to the cytoplasm as compared to the no compound control
(Fig. 7b and c), confirming that RNA foci disassembly trig-
gered by spliceosome modulating compounds is accompanied
by enhanced export of the transcripts to the cytoplasm.

To gain an insight in the molecular factors involved in RNA
foci clearance and nuclear G4C2 RNA export by SF3B1 mod-
ulation, we performed RNA-protein immunoprecipitation ex-
periments. Biotinylated (G4C2)4 RNA oligonucleotides were
spiked into nuclear lysates from HeLa cells with and without
compound pre-treatment. The co-precipitated proteins were
then analyzed by LC/MS-proteomics for unbiased identifica-
tion of proteins differentially binding the repeat RNA in re-
sponse to SF3B1 compounds. Among the top hits of proteins
that were increased in binding to G4C2 RNA in response to
PlaB treatment we detected the splice factor and nuclear ex-
port adaptor SRSF-1 (also known as ASF/SF2) (Fig. 7D and
Supplementary Data S4). This was particularly interesting as
previous studies have shown that SRSF1 is involved in the nu-
clear export of intron-1-retained COORF72 repeat transcripts,
required for cytoplasmic RAN translation of DPRs [98]. Since
we had also observed that PlaB increased RAN translation
and G4C2-repeat export in our HeLa/HEK293 cells express-
ing 152x G4C2 repeats, we set out to further elucidate the in-
volvement of SRSF1 in the relation between spliceosome mod-
ulation and RNA foci clearance.

G4C2 repeat RNA can fold into stable G quadruplex (G4
structures) in vitro [10], and it has been shown that this
conformation is also predominant in situ within the RNA
foci [99, 100]. We therefore set out to investigate the inter-
action of SRSF1 and synthetic biotinylated (G4C2)s RNA
as a function of RNA folding, as well as in comparison to
other control oligonucleotides by RNA-protein immunopre-
cipitation and western blotting. The splicing factor hnRNPH
was used as a control, since it co-localizes with RNA foci
[36] and was shown to bind (G4C2)4; RNA directly [101].
ALY/REF was included as an additional export factor in-
teracting with the splice machinery [102]. hnRNPH, SF3B1
and SRSF1 were all pulled down with (G4C2)4-RNA but
not with control RNA sequences (A4U2 and C4G2) (Fig.
7E). No pull down of ALY/REF was detected with any of
the biotinylated oligos. A preformed duplex of G4C2/C4G2-
RNA did not pull down hnRNPH, consistent with its known
single stranded RNA binding preference. A strongly dimin-
ished binding of SF3B1 and, to a lesser extent, SRSF1 was
observed to the G4C2/C4G2 duplex. G4 formation is gen-
erally facilitated by potassium and disrupted in presence of
lithium ions, respectively [10], which we confirmed for our bi-
otinylated (G4C2)4 oligos by Circular Dichroism (CD) spec-
troscopy (Supplementary Fig. S7C). Binding of both, SRSF1
and SF3B1 increased when the RNA was pre-folded into G4
structure using potassium chloride, whereas hnRNPH bind-
ing remained unchanged. Consistently, disruption of the G4
RNA structure by lithium chloride resulted in a small de-
crease in both, SF3B1 and SRSF1 binding as compared to
binding with addition of KClI (Fig. 7E). Addition of unbound
(G4C2)4 or (A4U2)4-RNA to the (G4C2)4 RNA-IP did com-
pete in binding for SRSF1, and, to a lesser extent, also SF3B1
(Supplementary Fig. S7D). These data were highly consistent
with the known RNA binding properties of these splice factors
[73] and supported the validity of our RNA-protein interac-
tion assay in nuclear extracts.

To further corroborate the data from the LC-MS pro-
teomics, we additionally tested the effect of PlaB on the bind-

ing capability of SF3B1, SRSF1 and hnRNPH to the biotiny-
lated (G4C2)4 RNA in nuclear extracts of HeLa cells pre-
treated with the compounds (Fig. 7F). PlaB resulted in slightly
increased binding of SF3B1 to (G4C2)4-RNA whereas again a
massively increased binding of SRSF1 to (G4C2)4-RNA upon
PlaB Hela cell pretreatment was observed (Fig. 7F, red arrows),
consistent with the proteomics data. Total nuclear SF3B1 and
SRSF1 levels were unchanged (Fig. 7F grey arrows).

The binding of SRSF1 to G-quadruplex folded (G4C2)4-
RNA induced by PlaB treatment and detected by RNP-
immune precipitation from nuclear lysates could be either
due to a direct binding to the RNA or mediated via other
RBPs. To unambiguously address whether SRSF1 can bind
the G4C2 repeat RNA sequence directly and via its canoni-
cal RNA binding site, we analyzed the interaction of recom-
binant SRSF1 (Supplementary Fig. S7E) with G4C2 repeat
RNA using fluorescence correlation spectroscopy (Fig. 7G,
Supplementary Fig. S7F and G). As a positive control for re-
combinant SRSF1 protein activity, we used its canonical bind-
ing motif (AUCAGAGGAA), fluorescently labeled with TMR,
which was bound by SRSF1 with nanomolar affinity (Kd =
21 + 3 nM; Fig. 7G), similar to published Kd values [73].
Unlabeled (G4C2)4 RNA directly competed with binding of
the canonical RNA motif to SRSF1 revealing an affinity of
Kd < 21 nM. (A4U2)4 RNA showed only weak competition
(Kd ~200 nM). This showed that SRSF1 can bind to repeat
RNA directly in the low nanomolar range, similar to hnRNPH
(Kd 12 nM, Supplementary Fig. S7F). The direct competition
with the AUCAGAGGAA RNA further suggests that (G4C2)4
RNA is bound to the canonical RNA binding pocket of SRSF1.
The affinity for (G4C2)4 RNA slightly increased in presence of
K* (Fig. 7E) and only weak binding to (G4C2)2 was observed
(Supplementary Fig. S7G). Together these data demonstrate
that SRSF1 is able to bind directly to a pre-folded G4-structure
via its canonical RNA binding motif, and that this interaction
is substantially enhanced in response to small molecule mod-
ulation of SF3B1.

Protein-protein interaction between SRSF1 and SF3B1-
containing spliceosomal subcomplexes was previously shown
by immune precipitation and LC/MS proteomics [103]. To
confirm the interaction between SF3B1 and SRSF1 in a cellu-
lar model where SML compounds clear G4C2 RNA foci, we
investigated whether there is a change in SRSF1 and SF3B1
protein complex composition upon PlaB treatment. We sepa-
rately cultured HeLa cells with either heavy isotope labeled
amino acids or normal amino acids and treated these cells
with either DMSO (heavy) or 25 nM PlaB (light) for 16 h.
Heavy and light cells were mixed, lysed and their nuclear
lysate was used in either SRSF1 or SF3B1 IPs. The proteins
pulled down from these lysates were analyzed by mass spec-
trometry (Supplementary Dataset S1 and S2). SF3B1 as well
as SRSF1 were among the proteins with highest peptide count
in the respective immune precipitations, showing that the IP
was successful. Interestingly, a large overlap (approximately
50 %) in co-precipitating proteins that were changed upon
PlaB treatment was observed between SRSF1 and SF3B1 inter-
actomes (Supplementary Fig. S7H). For example, both com-
plexes had reduced binding of the pre-mRNA splice factor
RBM22, the helicases DDX41 and DDXS56 and increased
binding of pre-mRNA splice factor PR38B and the importin
subunit IMA1 upon PlaB treatment (Supplementary Fig. S7I,
Supplementary Dataset S3). Furthermore, log(Heavy/Light)
ratios of SRSF1 and SF3B1 IPs for proteins that are present in
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both samples largely overlapped, as visualized by the highly
significant correlation depicted in Supplementary Fig. S7i
(R? = 0.835). These data demonstrate that the interactome of
SRSF1 and SF3B1 not only largely overlap but also respond
to PlaB treatment to the same extent.

Together, our data show that SF3B1 modulating small
molecules license the G4C2-repeat RNA from nuclear RNA
foci into RAN-translation in the cytoplasm resulting in el-
evated DPR toxicity. Elimination of nuclear RNA foci by
spliceosome modulating compounds is neither a consequence
of halted transcription, nor altered splicing of repeat contain-
ing pre-mRNA or induction of G4C2 RNA decay. Instead,
these compounds alter the canonical spliceosome assembly
in such a way to allow redistribution of nuclear SF3B1 and
SRSF1 to non-canonical G4C2 target RNA, thereby promot-
ing its nuclear export and translation into DPR polyproteins
(Fig. 8). These data support the previously proposed hypothe-
sis that nuclear RNA foci might act as RNA storage granules,
protecting the cell against DPR production and ultimately cell
toxicity [52, 104].

Discussion

We have performed a large G4C2-RNA foci screen of ap-
proximately 100 000 small molecules in COORF72 iNeurons
miniaturized to the 1536 well format, showing a high confir-
mation rate across donors and iPS lines. Our screening cam-
paign proves the feasibility of high-throughput small molecule
screening in primary patient derived neurons and establishes
FISH based RNA foci detection in general as an HTS readout.
Filtering for unspecific gene expression inhibitors turned out
to be essential, since ca 50% of the primary hits were inter-
fering with the canonical gene expression machineries. Our
high hit rate of transcription inhibitors is consistent with a
very recent report of a small screen with a focused library
of 1430 approved drugs for RAN DPR modulation in iPSC
neurons which identified nucleoside analogs resulting in both,
reduction of RAN DPRs as well as G4C2 RNA [100]. Further-
more, we observed that G4C2-repeat containing foci are dy-
namic structures with a high turnover and Ty, of ca. 4 h that
are pharmacologically tractable. We identified several RNA
foci clearing compounds involved in chromatin modification
and C9ORF72 expression regulation, suggesting heavy epi-
genetic and transcriptional control of the COORF72 locus in
ALS patient cells. In addition, we identified compounds tar-
geting proteins that had previously also scored in a genetic
CRISPR-Cas9 screen by Kramer and colleagues [105]. Besides
JQ1, we identified a significant number of epigenetic modu-
lators including BET bromodomain inhibitors in our screen.
This is in line with conclusions from a previously reported
focused small molecule screen of 4125 annotated bioactive
compounds for alleviation of DPR toxicity in a PR20 reporter
assay in U20S cells [106]. All of these compounds and target
proteins might provide additional starting points for follow up
investigations.

Our RNA foci screen further identified SF3B1 modula-
tors which we selected for mechanistic investigation, aim-
ing to gain deeper insight in possible pharmacological en-
try points of the repeat RNA metabolism. SF3B1 modulating
compounds such as Pladienolide B, Spliceostatin or the newly
identified SML compounds lock SF3B1 in an open conforma-
tion, thereby stalling the spliceosome in the A-complex and re-
ducing stringency and affinity of RNA binding [95, 107-109].

This results in alternative splicing or splice inhibition of over
2000 pre-mRNAs, thereby downregulating a large number of
canonically transcribed mRNAs. While the COORF72 mRNA
is among the genes affected by SF3B1 modulators, its down-
regulation is independent of the repeat expansion since it also
occurs in cells from healthy donors, and does not involve al-
tered splicing of the repeat containing C9ORF72 intron as
revealed by RNASeq. Additionally, G4C2 repeat RNA is af-
fected by these SF3B1 targeted compounds independent of the
C90RF72 gene context.

In consequence of SF3B1 modulation, the interactome of
G4C2 RNA is altered, resulting in increased binding of the
splicing and nuclear export factor SRSF1 and facilitating the
movement of G4C2 RNA from nuclear foci to the cytoplasm.
As a result, there is a significant increase in translation into
dipeptide repeats, ultimately leading to cell toxicity (Fig. 8).
Note that while our data show a clear correlation between
DPR increase and cell toxicity, causality of the DPRs them-
selves for the toxicity was not established within our study.
Previous studies have used different approaches to test causal-
ity of DPR for neuronal phenotypic consequences. For ex-
ample, a 152x reporter interrupted by multiple stop codons
was used to prevent long DPR production in a Drosophila eye
degeneration model [110], allowing the investigation of neu-
ronal toxicity driven solely by the repetitive RNA. Using such
a reporter in our system would imply that the DPRs can no
longer be monitored by the tags and instead require antibod-
ies recognizing endogenous DPRs, which were ineffective even
for the non-interrupted reporter (see Supplementary Fig. S6B).
To further establish that toxicity observed upon RNA foci
elimination by SF3B1 modulation not only correlates with in-
crease RAN DPRs but is also mediated by them, further exper-
iments will be required ideally in patient cells, such as by res-
cue experiments with DPR eliminating tools as they become
available.

SF3B1 modulation by SSA or meayamycin was reported to
induce alternative splicing changes similar to those observed
with SF3B1 knockdown [90, 111], which indicates that the
compounds phenocopy SF3B1 loss of function in transcrip-
tome wide splice consequences. Notably, our data reveal op-
posing effects of genetic versus pharmacological modulation
of SF3B1 on RNA foci: SF3B1 knockdown increased RNA
foci levels, whereas small molecule inhibition reduced them.
On one hand these data show that SF3B1 is generally involved
in constitutive RNA foci turnover, thus explaining the RNA
foci increase upon SF3B1 knockdown. On the other hand, the
differential effect of the SF3B1 Imw modulators might indi-
cated that they enhance rather than inhibit this role of SF3B1
in RNA foci turnover, thus explaining the RNA foci elimi-
nation by the SF3B1 targeted compounds. Whereas the exact
mechanism remains to be further investigated, one possibil-
ity might be that they induce a non-canonical gain of func-
tion of SF3B1 irrelevant to transcriptome wide splicing, but
relevant for the turnover of repeat expanded RNA. Such non-
canonical gain of function may involve de novo recognition of
cryptic and potentially non-productive splice sites, which has
been shown to occur in vitro [84, 85].

Our data are consistent with the described role of SRSF1 in
nuclear export of G4C2 repeat RNA [18] and now link this
non-canonical export of a pathological RNA to the canoni-
cal splice machinery. The exact molecular mechanisms of how
SE3B1 modulation recruits SRSF1 to the RNA foci will need
further investigation. Interestingly, in our RNP immune pre-
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Differentiation of patient- and control-derived iPSC
into iNeurons and motor neurons.
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cipitation experiments, we observed an increased binding of
not only SRSF1 but also SRSF4 and SRSF6, while ALY/REF
and hnRNPH were unaffected. This indicates a relatively se-
lective redirection of splice factors to G4C2 RNA and further
supports the central role of SR proteins in nuclear export of
G4C2 RNA reported by other groups. Also, our data reveal
that not only SRSF1 but also SF3B1 binds to the repeat RNA
even in the absence of PlaB/SML induced non-canonical splic-
ing. RNA foci cluster around SF3B1 positive nuclear speckles
and SF3B1 depletion by RNAI results in an increase in RNA
foci. This suggests that not only SRSF1 but a larger spliceo-
somal subunit including SF3B1 contributes to constitutive re-
peat RNA turnover and export. In fact, a study using single
molecule imaging to investigate the spatio-temporal dynam-
ics of G4C2 repeat RNA has demonstrated that repeat con-
taining introns are exported as lariats [12]. This is well in line
with our conclusion that non-canonical spliceosome assem-
bly on the repeat containing RNA promotes G4C2 nuclear
export, and that this is enhanced when reducing spliceosome
stringency by SF3B1 targeted small molecules.

The cytoplasmic metabolism of the repeat RNA upon nu-
clear export elicited by PlaB/SML compounds, and in partic-
ular how the G4C2 repeat RNA is targeted for RAN transla-
tion, represent interesting questions for further investigation.
The increased DPR levels could be a simple consequence of
increased repeat RNA levels available in the cytoplasm as re-
vealed by our single molecule FISH experiments. However,
the relative levels of increased RAN translation products were
higher than the levels of nucleo/cytoplasmic redistribution of
the RNA, suggesting an additional modulation of the cyto-
plasmic RNA fate. SRSF1 was shown to also promote initia-
tion of translation of the exported mRNA 7 cis [112]. Hence,
SRSF1 bound to the repeat RNA could additionally increase
the efficiency of RAN translation.

Previous studies have suggested that RNA foci do not con-
tribute to ALS disease pathology while DPRs do [16, 113].
Yet, the toxicity of DPRs remains debated, as their presence
does not always result in the development of ALS/FTD [42,
114]. On the other hand, the presence of DPRs in the brains
of asymptomatic individuals may still be consistent with the
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hypothesis of RAN DPRs driving the disease rather than RNA
foci since the thresholds required for consequences on mo-
tor neuron function and survival may vary individually. An
important implication of our data is that RNA foci could in
fact even have a protective role, preventing translation into
toxic DPRs, since removal of nuclear RNA foci by SF3B1
modulation worsens rather than alleviates DPR toxicity in cell
growth assays. The typically late disease onset of ALS could
accordingly be explained by increased leakage of repeat RNA
from nuclear “storage” foci into the cytosol over time, due to
an increasingly defective nuclear export pathway caused by
aging [115] and aggravated by the DPR proteins themselves
[33]. This might create a toxic positive feedback loop of re-
peat RNA leakage to the cytosol, increasing DPRs and con-
sequently further damaging the nuclear export pathway, ulti-
mately driving the motor neurons over the “catastrophic cliff”
that has been proposed as trigger for the onset of ALS. Neu-
rons could be particularly sensitive to this toxic loop due to
lack of dilution of the DPR protein levels during cell division.

The SF3B1 modulating compounds identified in this study
now provide both, novel as well as known and commercially
accessible tools to study the relative contributions of RNA
foci and DPRs to the C9ORF72 ALS pathology in a differ-
ential way, as opposed to genetic modulation where repeat
RNA expression and thus RNA foci reduction typically leads
to decreased RAN translation. DPRs are difficult to detect in
patient cells due to their low levels, and phenotypes in ALS pa-
tient cells in2 vitro are typically subtle. Enhancing DPR produc-
tion through RNA foci clearance, without affecting COORF72
transcription, may accelerate the onset of subtle, progressive
and disease relevant phenotypes in iPS derived neurons, which
are increasingly attractive models for ALS drug discovery
[116]. We would like to point out that SF3B1 ligands such
as PlaB, Spliceostatin or SML-3 not only clear G4C2 RNA
foci but have pleiotropic activity in alternative splicing. This
complicates the interpretation of any phenotypic outcomes
and demands careful controls such as isogenically matched
lines as well as additional pharmacological tools targeting dif-
ferent nodes in the same pathway. Our data identify a new
pharmacological entry point into the nuclear export and RNA
metabolism pathway of the G4C2 repeat RNA which will fa-
cilitate further tool compound and drug discovery.

Finally, our data warrant caution to be exercised when us-
ing nuclear RNA foci as a primary readout in the discovery of
C90ORF72 therapeutic candidates. Unless acting through true
RNA degradation, small molecules clearing RNA foci could
in fact worsen ALS disease pathology instead of alleviating it.
The negative results from a Phase 1 clinical trial with an ASO
targeting C9ORF72 (BIIB078) where the drug worsened the
disease in ALS patients, underline the concern that the dis-
ease mechanism is more complex than thought. In light of our
data, using reduction of RNA foci as primary readout for pre-
clinical drug development may indeed overlook the possibility
that the RNA is fed into potentially more harmful pathways.
Going forward, this shifts the bottleneck increasingly towards
the development of truly predictive preclinical models to en-
able the investigation of multiple pharmacological strategies
interfering with COORF72 pathobiology. This will ultimately
help to identify the most promising therapeutic entry points
prior to initiating studies in patients, whereas our data sup-
port the modulation of nuclear G4C2 RNA export by target-
ing SR proteins or SR protein kinases as a promising area for
exploration.

Conclusions

In summary, we report the first pharmacological high-
throughput screen in ALS patient iPS cell derived neurons and
describe how spliceosome modulating compounds can be used
to differentially modulate G4C2 RNA foci and repeat associ-
ated DPRs in C9ORF72 ALS pathology. SF3B1 modulators
eliminate G4C2 RNA foci from the nucleus in at least eight
different cellular models of ALS. Surprisingly, this is neither
due to altered splicing of the repeat containing intron nor
accelerated RNA decay; instead, these compounds alter the
interactome of G4C2 RNA, enhance binding of nuclear ex-
port factors and mobilise the G4C2 RNA from nuclear foci
into the cytoplasm. In consequence, this leads to massively in-
creased translation into dipeptide repeats and ultimately, en-
hanced DPR mediated cell toxicity. These data not only reveal
a new mechanistic link between the canonical splice machin-
ery and non-canonical G4C2 repeat RNA metabolism, but
further provide direct support for the recently proposed hy-
pothesis that RNA foci are not toxic per se and rather act as a
protective storage intermediate, counteracting the formation
of toxic DPRs.

We believe that the new insights into C9ORF72 repeat
RNA biology and the identified RNA foci modulating com-
pounds will be of great interest to the ALS field that is in strong
need for better tools and models to enable therapeutic discov-
ery. In our work we provide tool compounds for controlled
interference with the G4C2 repeat RNA lifecycle, includ-
ing analogs that are commercially available. These tools and
mechanistic insights will greatly facilitate the development of
preclinical models, further dissection of COORF72 pathobiol-
ogy as well as research on related RNA repeat expansion dis-
orders. Importantly, our data warrant caution on therapeutic
strategies targeting the RNA foci due to their potential storage
function, counteracting translation into toxic DPRs. Instead,
our data support modulation of nuclear export via SRSF1 or
SR protein kinases as possible targets for future pharmaco-
logical drug discovery — whereas our screen provides prece-
dence that pharmaceutical high-throughput screens in patient
iPS neurons are feasible.
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