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Abstract

Mutations in the RNA binding protein, Fused in Sarcoma (FUS), lead to amyotrophic lateral
sclerosis (ALS), the most frequent form of motor neuron disease. Cytoplasmic aggregation

and defective DNA repair machinery are etiologically linked to mutant FUS-associated ALS.
Although FUS is involved in numerous aspects of RNA processing, little is understood about the
pathophysiological mechanisms of mutant FUS. Here, we employed RNA-sequencing technology
in Drosophila brains expressing FUS to identify significantly altered genes and pathways involved
in FUS-mediated neurodegeneration. We observed the expression levels of DEAD-Box Helicase
17 (DDX17) to be significantly downregulated in response to mutant FUS in Drosophila and
human cell lines. Mutant FUS recruits nuclear DDX17 into cytoplasmic stress granules and
physically interacts with DDX17 through the RGG1 domain of FUS. Ectopic expression of
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DDX17 reduces cytoplasmic mislocalization and sequestration of mutant FUS into cytoplasmic
stress granules. We identified DDX17 as a novel regulator of the DNA damage response pathway
whose upregulation repairs defective DNA damage repair machinery caused by mutant neuronal
FUS ALS. In addition, we show DDX17 is a novel modifier of FUS-mediated neurodegeneration
in vivo. Our findings indicate DDX17 is downregulated in response to mutant FUS, and
restoration of DDX17 levels suppresses FUS-mediated neuropathogenesis and toxicity in vivo.
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Introduction

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease characterized

by the selective loss of upper and lower motor neurons, resulting in progressive muscle
atrophy [5, 14, 21, 39, 44, 59, 61, 78, 85]. Approximately 5-10% of ALS occurrences

are inherited and referred to as familial ALS (fALS) [16], while the other 90-95% of

cases are sporadic (SALS). Dominant mutations in the gene Fused in sarcoma (FUS) are
the third most common monogenetic cause of ALS accounting for ~ 5% of fALS cases

and ~ 1% of SALS cases [52, 55, 82, 96]. FUS is a member of the FET family of RNA
binding proteins and harbors seven different domains critical for its protein function: An
N-terminal transcriptional activation domain (QGSY-rich domain), three arginine-glycine-
glycine repetitive regions (RGG1-RGG3), an RNA recognition motif, zinc finger (ZnF)
motif, nuclear export signal (NES), and a C-terminus nuclear localization signal (NLS)
[19, 27, 51, 53]. The most common disease-causing FUS mutations are located within the
nuclear localization signal and include positions 521 (R converted to C, G, or H) and 525 (P
mutated to L), which is also the most aggressive form of FUS-mediated ALS with juvenile
onset [23]. The disease-causing NLS mutations of FUS result in nuclear FUS depletion and
toxic cytoplasmic aggregation, which are key pathological hallmarks of ALS [6, 40].

FUS is a multifunctional RNA-binding protein involved in various aspects of RNA
processing and metabolism (RNA transcription, alternative splicing, and RNA trafficking)
[22, 24, 25, 31, 54, 74, 92, 105, 106]. Recent evidence has suggested FUS to be significantly
involved in the DNA Damage Response (DDR) pathway in a PAR polymerase 1 (PARP1)
dependent manner [65, 75, 86, 100]. Upon initial signs of DNA damage, PARP1 is recruited
within seconds to DNA damage sites resulting in the recruitment of FUS [80]. In primary
cortical neurons, FUS interacts with the DNA damage repair protein, histone deacetylase

1 (HDAC1), which is heavily involved in the DNA damage repair processes: homologous
recombination (HR) and non-homologous end joining (NHEJ) [69, 99]. Interestingly, cells
expressing mutant FUS resulted in a decreased interaction of FUS and HDAC1, suggesting
their interaction to be crucial for effective DNA damage repair. This evidence is further
supported by the observations of increased DNA damage in iPSC motor neurons and

in the postmortem motor cortex of patients carrying FUS-R521C and P525L mutations

[75, 99]. In addition, FUS-R521C transgenic mice exhibited evidence of DNA damage in
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cortical neurons and spinal motor neurons [81]. These findings suggest that DNA damage
repair defects are central to the neuropathologies associated with mutant FUS expression
[98]. Despite these advancements, molecular determinants or genetic modifiers to restore
defective DNA damage repair machinery associated with FUS-mediated ALS have not been
explored.

Here, we identified the RNA helicase, Dead-Box-Helicase 17 (DDX17), as a novel regulator
of DNA damage repair and as a genetic modifier of FUS-mediated toxicity in mutant

FUS iPSC neurons and Drosophila. Specifically, we found that disease-causing mutations

in FUS significantly downregulate the levels of DDX17 in multiple models of mutant

FUS, including iPSC neurons. Mutant FUS recruits nuclear DDX17 into cytoplasmic

stress granules via interactions mediated by the FUS RGG1 domain. Ectopic expression

of DDX17 significantly reduces insoluble mutant FUS aggregation and incorporation into
stress granules in HEK cells. Furthermore, we observed that restoration of DDX17 levels
strongly mitigates the DNA damage repair machinery defects exhibited in iPSC neurons
expressing mutant FUS-P525L. Importantly, we observed DDX17 to be involved in the
general DDR pathway, as ShRNA-mediated knockdown of DDX17 is sufficient to cause
DNA double strand breaks, whereas over expression of DDX17 is protective against DNA
damage inducing agents in HEK cells. Furthermore, we observed the DDX17 Drosophila
orthologue, Rm62, as a novel genetic modifier of FUS-associated ALS in Drosophila. These
observations provide insight into the mechanisms of FUS toxicity and uncover the function
of DDX17 in the DDR pathway, which may be useful in the development of potential
therapeutic targets for ALS.

Drosophila lines

The FUS-WT, FUS-R518K, FUS-R521C lines were developed by site-specific insertion of
the transgene (site-specific integration lines) at BestGene Inc. using the (attP2) insertion
vector and were previously described [18, 58]. The information of the DDX fly lines can be
found in Supplemental table 3 (Online resource 4).

Eye degeneration experiments in Drosophila

Utilizing the GAL4-UAS system, flies expressing the glass multiple reporter promoter
element were crossed with flies expressing wild-type and mutant, exogenous, human FUS

at 25 °C. Images of the left eyes of F1 generation, adult female Drosophila were taken at
day 1 (or as indicated for aging experiments) using a Leica M205C dissection microscope
equipped with a Leica DFC450 camera. External eye degeneration was quantified using

a previously published scoring system (58, 18). Statistical analyses were performed using
Prism 6 (GraphPad Software). Statistical comparisons between groups were performed using
One-way ANOVA w/ Turkey’s multiple comparisons.

Drosophila motor function

ELAV-GS (neuron specific driver) was used to express the selected ALS-related genotypes,
FUS-R521C, FUS- R518K, and FUS-WT with and without Rm62 over expression. Adult
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flies were transferred to RU486 drug food and placed in 25 °C for 20 days. 30-35 female
Drosophila were transferred to empty vials and were knocked to the bottom of the vial by
tapping each vial against the laboratory bench three times. A photo/video was taken 3 s after
the third tap; three biological experimental replicates were performed for each group. The
photos were analyzed using Kinovea video player and the ImageJ Cell Counter function was
used to quantify how far the Drosgphila climbed. The marked Drosophila were organized by
genotype, vial number, and video number.

Sample preparation for RNA-seq of Drosophila brains

Adult Drosophilabrains were dissected and placed in TRIzol (Ambion; 15596026) and
RNA was isolated using a phenol-chloroform extraction method. 30-35 Adult Drosophila
brains were dissected in triplicate for each genotype. In total, ~ 500 Adult Drosophila
brains were dissected for sufficient RNA quantities for RNA-sequencing. Following lysis,
chloroform was added, and the samples were centrifuged. The upper, aqueous layer was
isolated, treated with isopropanol, and centrifuged. The resulting RNA pellets were washed
with 75% ethanol, centrifuged, and dried by ambient air. RNA was suspended in RNase-free
water. Quantity and purity (260/280 and 260/230 ratios) were determined using a NanoDrop
ND-1000 spectrophotometer. RNA quality was assessed by 1% agarose gel electrophoresis
using ethidium bromide.

RNA-seq and data analysis

RNA samples were subjected to analysis on an Agilent Bioanalyzer and spectrophotometric
analysis to determine RNA quality. After passing this initial screening 500 ng of total

RNA was used to prepare libraries for sequencing using the Lexogen SENSE mRNA-seq
library kit for lon Torrent. Libraries and amplified for 12 cycles as the final step of library
preparation. Before sequencing, small aliquots of this material were quantified by gqPCR
utilizing the KAPA Library Quantification kit for the lon Torrent. Quantification data from
gPCR was used to balance the barcodes for final pooling before sequencing. Following

this final pooling the library pools were sized to a target size of 300 bp on a Pippin Prep
instrument. The sized libraries were examined on an Agilent High Sensitivity DNA chip,
quantified using real-time PCR, and used for sequencing on the lon Torrent Proton platform.

All fastq file were gathered from the sequencer. Quality assurance was performed using
FASTQC. All reads were trimmed to remove any nucleotide that fails a phred score < Q20.
The trimmed FASTQ files were aligned to the mm10 reference library using RNA STAR.
Once aligned, the SAM files were collected and mined for read count information of each
gene present in the reference file. Read counts were normalized using Counts per Million
(CPM) method across the entire experiment. Principle component analysis and Pearson’s
coefficient plots were performed on the normalized transcriptome profile. A Wilcoxon’s t
test was used to determine significant between conditions. All genes that fail to yield a
p-value greater than 0.05 were removed. Benjamini and Hochberg false discovery rate was
performed on the trimmed gene list. All genes that fail to yield a false discovery rate of less
than 0.05 were removed. The final significant differential gene lists were loaded into R to
generate heatmaps. The targets were loaded into DAVID for pathway analysis, biological
process identification, and disease association.
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HEK Cell Data Set Comparison: Quality controlled FASTQ files were aligned to the
Ensembl Drosophila genome using the STAR aligner (version 2.5.1). Read summarization
was done by feature Counts to produce a matrix of counts. Differential gene expression
analysis between the different conditions was done using DESeq?2 using a model based on
the negative binomial distribution. The resulting P-values were adjusted using the Benjamini
and Hochberg’s approach for controlling the false discovery rate, and differentially
expressed genes were determined at the 5% threshold. Gene set enrichment analysis was
used to assess the statistical enrichment of gene ontologies, and pathways. The FUS
sequencing data from Drosophila were then compared to HEK cell FUS sequencing data
to understand the transcriptome alteration of FUS mutants. The HEK sequencing data
were processed using the same pipeline as Drosophila and the gene lists were compared.
DIOPT-DRSC integrative ortholog prediction tool was used to find the human orthologs to
Drosophila.

Quantitative reverse-transcriptase polymerase chain reaction (QRT-PCR)

Drosophila brains/tissues were lysed using TRIzol (Ambion; 15596026), and RNA was
isolated using a phenol—chloroform extraction method. Following lysis, chloroform was
added, and the samples were centrifuged. The upper, aqueous layer was isolated, treated
with isopropanol, and centrifuged. The resulting RNA pellets were washed with 75%
ethanol, centrifuged, and dried by ambient air. RNA was suspended in RNase-free water.
Quantity and purity (260/280 and 260/230 ratios) were determined using a NanoDrop
ND-1000 spectrophotometer. RNA quality was assessed by 1% agarose gel electrophoresis
using ethidium bromide. The iScript Select cDNA Synthesis Kit (BioRad; 170-8897) was
then used to produce cDNA from the RNA samples in an Omn-E PCR machine (Thermo
Hybaid). Three RNA extractions were performed from each experimental group to produce
cDNA,; a sample lacking reverse transcriptase was used as a control to confirm the absence
of genomic DNA. All cDNA samples were ran on 96-well plates (Applied Biosystems;
4306737) on a 7300 Real-Time PCR System (Applied Biosystems) using the Bio-Rad iQ
Supermix (170-8862). a-tubulin was used as Drosophila and human housekeeping genes,
respectively. A VIC-MGB TagMan probe for actin beta served as normalizer (Thermo Fisher
Scientific, Mm02619580_g1). Cycle threshold (CT) values were recorded and analyzed
following the comparative (CT) method using Prism 6 (GraphPad Software) for statistical
analyses.

All primers for gPCR were designed PrimerQuest primer design tool (Integrated DNA
Technologies). The Primers were designed with the PrimerTime gPCR Assay tool
(Integrated DNA Technologies). IDT PrimeTime qPCR Assays were used as the primer/
probe solutions. The primers and probes used for gPCR assays are listed in Supplemental
table 4 (Online resource 5).

Cell culture and transfections

HEK cells (ATCC® CRL-3216™) were cultured in Advanced DMEM supplemented

with 10% FBS and 1% Glutamax and grown at 37 °C and 5% CO,. HEK cells were
transiently transfected using Lipofectamine 3000 (Invitrogen L3000001) and used 24 h after
transfection.
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FLAG-FUS-WT, RS1, RS2, RS3, and RS4 were a gift from Dr. Jacob Schwartz [79].
HA-FUS-WT, and 4-FL constructs were previously generated in our lab [28]. The pLenti-C-
mGFP-DDX17 plasmid was purchased from Origene (RC200599L4). The lentiviral vector
used to overexpress HA-DDX17 in iPSC neuronal cells, pLV[Exp]-CMV > [HA-DDX17],
was constructed and packaged by VectorBuilder, with the following ID: VB200909-1118dgf.

Immunoblotting

Nitrocellulose membranes were blocked in blocking buffer: 5% milk (BLOT-
QuickBlocker™ EMD Millipore WB57) in TBST followed by overnight incubation with
primary antibody at 4 °C. Membranes were washed with TBST and incubated with
secondary antibody for 1 h at room temperature, followed by washed with TBST. The
membranes were imaged on Odyssey® CLx (LI-COR Biosciences) and quantification of
bands was performed using Image Studio™ (LI-COR Biosciences). Primary and secondary
antibodies were prepared in blocking buffer.

Primary antibodies—Rabbit HA-Tag (1:5000; Cell Signaling C29F4), Rabbit Anti-
FLAG (1:3000; Sigma F7425), Rabbit Anti-FUS (1:3000; Bethyl A300), Mouse Anti-
DDX17 (1:2000; Santa Cruz 271112), and Anti-Laminin B1 (1:1000, Abcam).

Secondary antibodies—Goat anti-mouse Dylight 680 (1:10000; LI-COR 925-68070);
Goat anti-rabbit Dylight 680 (1:10000; Invitrogen 35568); Goat anti-mouse Dylight 800
(1:20000; Invitrogen SA5-10176); Goat anti-rabbit Dylight 800 (1:10000; Invitrogen
SAb5-35571).

Immunofluorescence

HEK or iPSC neuronal cells grown on coverslips were rinsed in PBS (Lonza 17-512F) and
fixed in 4% paraform-aldehyde (Sigma P6148) for 20 min at room temperature. Following
fixation, the samples were washed four times (x 10 min) in PBS and blocked with blocking
buffer: 5% normal goat serum (NGS; Abcam AB7681) in PBS with 0.1% TritonX-100
(PBST). The samples were incubated with primary antibody overnight at 4 °C, washed

four times (x 10 min) with 0.1% PBST, and incubated with secondary antibody for 2 h at
room temperature followed by 0.1% PBST washes. Samples were mounted onto slides using
Fluoroshield (Sigma F6057). Primary and secondary antibodies were prepared in blocking
buffer.

Primary antibodies—Rabbit HA-Tag (1:1000; Cell Signaling C29F4), anti-G3BP1
(1:1000; Proteintech D5444), Rabbit Anti-CC3 (1:1000; Cell Signaling 9661S), Rabbit
Anti-53BP1 (1:1000; Novus Bio NB100-304), Goat anti-MAP2 (1:1,000; Synaptic System
188-004), Chicken anti- beta-111 Tubulin (1:1,000; NOVUS Biologicals NB100-1612).

Secondary antibodies—Alexa fluor-488, —568 and —647 secondary antibodies were
used from Invitrogen.
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Nuclei/cytoplasm fractionation

For cytosol/nuclear fractionation, cells were washed with ice-cold PBS and collected in PBS
1 x . Upon centrifugation, pellet was resuspended in solA (20 mM Tris—HCI pH8.0, 50

mM NaCl, 1% NP40, 1 mM DTT with protease inhibitors), incubated on ice for 10 min,
and centrifuged at 4000 rpm for 5 min. The cytosolic fraction was collected (supernatant),
whereas pellet was resuspended in solB (20 mM Tris—=HCI pH 8.0, 0.4 M NaCL, 1% NP40,
1 mM DTT and protease inhibitor) and incubated on ice for 20 min. Supernatant was
collected upon centrifugation at 12,000 rpm for 10 min (nuclear extract).

Soluble—insoluble fractionation

Cells were lysed and resuspended in NP40 lysis buffer: 0.5% NP40, 10 mM Tris HCI pH
7.8, 10 mM EDTA, 150 mM NacCl, 2.5 mM Na orthovanadate, 1 x protease inhibitor
cocktail (Roche 11836170001). The lysate was sonicated in an ultrasonic bath and
centrifuged at 21000xg for 25 min. The supernatant (soluble fraction) was collected and
boiled in 1X NuPage™ LDS-Sample buffer (Invitrogen, NP0007) at 95 °C for 5 min.
The pellet was washed by resuspending in Washing buffer: 50 mM Tris HCI pH 7.4,

150 mM NacCl, and centrifuged at 21000xg for 5 min. The pellet was then resuspended
in resolubilization buffer: 50 mM Tris HCI pH 6.8, 5% SDS, 10% glycerol followed by
sonication and centrifugation at 12000xg for 10 min. The supernatant (insoluble fraction)
was collected and boiled in 1X NuPage™ LDS-Sample buffer (Invitrogen, NP0007) at 95
°C for 5 min.

Differentiation of FUS iPSCs into neuronal cells

The iPSCs were differentiated into neuronal cells by following the protocol. The iPSCs
were cultured and maintained in mTeSR™ 1 media (STEMCELL technologies) on Matrigel
coated plates. For differentiation, ~ 0.6 million cells were plated and let to grow for up

to 80-90% confluency in mTeSR™ 1 for 2 days. For the first phase of differentiation, the
confluent iPSC cells were grown for 9 days in N2B27 Neurobasal/DMEM-F12 medium (1:1
v/v) containing 1% N2 (Gibco, 17502-048), 2% B27 (Gibco, 17054-044), 1% Glutamax
(Gibco), and non-essential amino acids (NEAA) (Gibco, 11140050) along with 10 uM
SB431542 (STEMCELL technologies), 0.1 uM LDN (Sigma, SML0559), 1 uM retinoic
acid (RA) (Sigma, R2625), 1 uM smoothened agonist (SAG, Cayman chemicals 11914).
For days 9 to 15, cells were grown in N2B27 media supplemented with 1 uM RA, 1 uM
SAG, 10 uM DAPT (Cayman, 13197), 16 pM SU5406 (Cayman, 131825). On day 15,

cells were dissociated using TrypLE/ DNase | (Invitrogen) and cultured on poly-ornithine
and laminin-coated coverslips or plates in neurobasal N2B27 media supplemented with

0.4 mg/ml ascorbic acid (Sigma, A4403), 10 pg/ml human brain-derived neurotrophic
factor (BDNF) (Peprotech, 45002), 10 pg/ml glial cell derived neurotrophic factor (GDNF)
(Peprotech, 45010), 10 pug/ml ciliary neurotrophic factor (CNTF) (Peprotech, 45013), 1%
Glutamax and NEAA. The cells were differentiated into neurons for 28 days and processed
for subsequent Immunofluorescence and Western blot analysis.
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Lentiviral production and transduction

Lentiviral transfer vectors encoding DDX17 were co-transfected with Lenti packaging
plasmids (OriGene) into HEK cells using the Turbofectin transfection reagent (OriGene)
according to manufacturer’s instructions. Following an initial media change, lentiviral
supernatant was collected at 24 and 48 h post-transfection prior to filtration and overnight
incubation at 4 °C with 1X Lenti Concentrator Solution (Ori-Gene). The Lenti Particles
were then centrifuged at 4000x g for 120 min at 4 °C. The resulting pellet was recentrifuged
at 4000x g for 5 min prior to re-suspension in ice-cold, sterile PBS. Pellets were then allowed
to dissolve for 1-2 days at 4 °C. Resuspended lentiviral particles were then aliquoted.
Neuron transductions were performed by diluting lentiviral particles at an MOI of 5 in
neuronal differentiation media. Media changes were performed after 48 h of incubation and
all experiments were initiated at 72-96 h post-transduction.

Treatments and induced DNA damage

Etoposide (Sigma, E1383) was dissolved in DMSO to obtain a 500-uM stock. HEK cells
were treated with a final 2 uM Etoposide for 1 h and then processed for experiments.

Data availability

Results

RNA-sequencing data that support the findings of this study are available in the Gene
Expression Omnibus (GEO) database under accession number GSE173838. Source data are
provided with this paper.

Disease-causing mutations in FUS lead to global transcriptomic alterations in Drosophila

brains

To investigate the global transcriptomic impact of wild-type and mutant FUS in an in vivo
whole animal model, we utilized the inducible gene-switch GAL4 system with a conditional
neuronal specific driver, ELAV-GS, to drive expression of wild-type and mutant FUS-R521C
in Drosophila neurons (Fig. 1a). Using an in-silico approach, we identified the differentially
expressed transcripts (DEGSs) for each condition using a p-value threshold of < 0.05 and

log2 fold change of < 1 and = 1 [Supplemental Table 1 (Online Resource 2)]. We found

a significant number of genes that were downregulated and upregulated in the FUS-R521C
mutant compared to control (Fig. 1b) versus FUS-WT compared to control [Supplemental
Fig. 1a (Online Resource 1)]. Specifically, we found 1322 (64%) downregulated and 753
(36%) upregulated genes in response to FUS-R521C (Fig. 1c), as opposed to only 200 (52%)
downregulated and 188 (48%) upregulated genes in response to FUS-WT [Supplemental
Fig. 1b (Online Resource 1)]. Interestingly, we found 280 upregulated genes to be specific to
FUS-R521C apart from 48 genes specific to FUS-WT and found 131 shared genes that were
upregulated between both FUS-WT and FUS-R521C (Fig. 1d). Furthermore, we identified
most transcripts to be downregulated in response to both FUS-WT and FUS-R521C with
507 downregulated genes being specific to FUS-R521C apart from only 76 genes specific to
FUS-WT (Fig. 1e).
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To further assess the impact of mutant FUS-R521C, we conducted gene ontology and
DAVID (v6.7) pathway analyses of the significantly altered DEGs. Interestingly, we
identified ten downregulated pathways that were significantly enriched (p < 0.05) and

nine upregulated pathways that were significantly enriched (p < 0.05) [Supplemental

Fig. 2a (Online Resource 1)]. We found the most significantly enriched pathways to

be loss of function or downregulated in response to mutant FUS and were associated

with the integral membrane component (GO:0016021), nucleotide binding (GO:0000166),
cellular ribonucleoprotein complex (G0O:0030529), endoplasmic reticulum (GO:0005789),
and ribosomal subunit/translation (GO:0002181).

Comparative transcriptomic analysis of Drosophila and HEK cells reveals DDX17 as a
downregulated target of mutant FUS

To further narrow down the large number of altered DEGs in Drosophila and identify
pathways biologically relevant across multiple FUS-mediated ALS model systems, we used
an unbiased approach and compared our sequencing data with a published mutant FUS
RNA-seq data set in HEK cells [95]. We identified 14 common significantly downregulated
genes of mutant FUS using a p-value threshold of < 0.05 and log2 fold change of

<1and = 1. [Supplemental table 2 (Online Resource 3)]. These 14 DEGs were not
significantly altered in response to FUS-WT alone [Supplemental table 2 (Online Resource
3)]- Heat maps of these 14 DEGs represent a similar downregulated trend in FUS-R521C
expressing flies (Fig. 1f), as well as FUS-R521G expressing human cells (Fig. 1g). For
RNA-seq validation, we selected six common DEGs based on the most significantly
enriched pathways [Supplemental Fig. 2 (Online Resource 1)], Supplemental table 2
(Online Resource 3)]. By qPCR of Drosgphila brains, dmCTNNBI1, DDX17 orthologue
dmMahe, dmFBNZ, dmLRPI1, dmNUP210, and dmSTOMLZ2 [Supplemental Fig. 3 (Online
Resource 1)] were all significantly downregulated in mutant FUS-R521C compared to
control. Out of the 14 common downregulated DEG’s between both FUS mutants, we
identified 3 Drosophila orthologs of the human Dead Box Helicase 17 (DDX17) gene,
dmARm62, dmCG10077, and dmMahe [Supplemental table 2 (Online Resource 3)]. These
three homologs of DDX17 are components of the nucleotide binding pathway which was the
second most significantly enriched pathway in mutant FUS-R521C fly brains.

Based on these results, we explored the link between FUS and DDX17 in HEK cells and
mutant FUS ALS iPSC neurons. We transfected HEK cells with HA-tagged FUS (WT

and mutant) and measured the protein levels by Western blot (Fig. 1h). We found that the
expression levels of FUS were equivalent across FUS-expressing groups (Fig. 1i), while the
levels of endogenous DDX17 were reduced by ~ 20-25% in response to FUS-WT and ~ 50—
60% in mutant FUS (R518K and R521C) expressing HEK cells compared to control (Fig.
1j). To further test the levels of endogenous DDX17 in mutant FUS, we utilized FUS-EGFP
iPSC lines harboring wild-type and mutant P525L [64] and differentiated them into neurons.
We found DDX17 was reduced by ~ 60% in mutant FUS-P525L iPSC neurons as compared
to the isogenic control (Fig. 1k-m). These observations suggest that DDX17 expression is
significantly reduced in response to mutant FUS and prompted us to further explore the link
between DDX17 and FUS in the context of FUS-associated ALS.
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Mutant FUS recruits nuclear DDX17 into cytoplasmic stress granules

Mutant FUS cytoplasmic mislocalization and sequestration into stress granules (SG) are

a well-known pathological hallmark of ALS [12, 33, 45, 52, 73, 96]. In addition, it

has been shown that the incorporation of mutant FUS into SG’s alters SG dynamics

by increased abundance and disrupted turnover [9]. These findings are supported by the
observations that stress granules are formed under pathological or stress conditions resulting
in trapped mRNAs and proteins leading to delays of global translation, as cells shift to
translating essential proteins needed for survival [8, 15, 71]. To assess if DDX17 is being
sequestered into mutant FUS-positive SGs in the cytoplasm, we utilized three different
cellular models analyzing four unique disease-causing mutations in FUS. We transfected
HEK cells with wild-type and mutant FUS (R518K and R521C) to assess the distribution
pattern of endogenous DDX17. We have previously shown that ALS-associated mutations
of FUS are sufficient for cytoplasmic SG formation in the absence of additional cellular
stressors [18]. We found that DDX17 is predominantly nuclear in response to wild-type
FUS expression (Fig. 2a), whereas under mutant FUS conditions, is recruited to the
cytoplasm and colocalizes with mutant FUS-R521C (Fig. 2b) and FUS-R518K (Fig. 2c)
positive stress granules. Furthermore, we found a similar disrupted localization pattern of
DDX17 in response to mutant FUS-R495X expressing H4 neuroglioma cells. In response
to disease-causing mutant FUS-R495X, DDX17 also colocalized with mutant FUS puncta
in the cytoplasm while remaining mostly nuclear in control H4 cells not expressing mutant
FUS (Fig. 2d). Compared to untransfected control and wild-type FUS expressing cells, all
FUS mutants (R521C, R518K, and R495X) displayed a drastic increase in the number

of cytoplasmic FUS puncta (Fig. 2e). In addition, all FUS mutants (R521C, R518K, and
R495X) showed a drastic increase in the number of cytoplasmic FUS puncta that colocalized
with DDX17 compared to wild-type FUS and untransfected control cells (Fig. 2f).

To rule out if the sequestration of DDX17 into FUS-positive cytoplasmic stress granules
was a consequence of mutant FUS over expression, we again turned to human ALS iPSC
neurons harboring wild-type and mutant FUS (P525L). Under native conditions in isogenic
control neurons, both wild-type FUS and endogenous DDX17 are primarily distributed in
the nucleus (Fig. 2g). However, when cells were challenged with sodium arsenite, we found
that both FUS and DDX17 localized to the cytoplasm and sequestered into G3BP1-positve
SGs, suggesting that FUS and DDX17 are components of SGs under stress conditions alone
(Fig. 2g-h). We also examined the subcellular distribution of FUS and DDX17 in neurons
harboring the disease-causing mutation FUS-P525L and found sequestration of mutant FUS
and DDX17 into cytoplasmic G3BP1-positive SGs (Fig. 2g-h). These observations suggest
that mutant FUS alters the subcellular distribution pattern of DDX17 by sequestering
DDX17 into cytoplasmic stress granules, thus disturbing its normal nuclear biological and
physiological processes.

DDX17 physically interacts with FUS and modifies FUS toxicity through the RGG domain in

Vivo

To identify the functional interaction between FUS and DDX17, we transfected HEK
cells with FUS constructs each harboring a disruption of an individual functional domain
of FUS protein (Fig. 3a). Interestingly, DDX17 and FUS both harbor RG/RGG motifs
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which are highly involved in DNA/RNA binding processes [93]. DDX17 is translated

into two isoforms, p72 and p82, with each performing similar functions. p82 is larger

and is translated via a non-AUG start site upstream from the normal canonical translation
initiation site of p72 [48, 94]. Immunoprecipitation revealed a physical interaction between
endogenous DDX17 and wild-type FUS as well as the FUS mutants R518K and R521C
(Fig. 3b). To investigate if this interaction was mediated by the RNA Recognition Motif
(RRM) of FUS, we transfected HEK cells with wild-type and RNA-binding incompetent
FUS 4F-L (F305L, F341L, F359L, F368L) constructs that disrupt the conserved RRM
domain of FUS [28]. Immunoprecipitation revealed a physical interaction between
endogenous DDX17 and FUS in the RRM disrupted FUS 4F-L constructs (Fig. 3c).
Interestingly, the FUS 4F-L mutations are sufficient to abolish RNA binding in both wild-
type FUS 4F-L and FUS 4F-L R518K [28], which implies DDX17 and FUS are interacting
through an RNA-independent manner. Furthermore, to investigate if this interaction was
mediated by the glycine-arginine-rich domains (RGG) of FUS, we transfected HEK cells
with FUS constructs harboring mutated arginine to serine amino acids of each separate
RGG domain, thus disrupting the RGG domains of FUS [79]. Interestingly, disruption of the
RGG1 domain of FUS abolished its interaction with p72, suggesting that the RGG1 domain
is required for mediating interaction between FUS and DDX17 (Fig. 3d).

To further understand the functional consequences of the interaction between DDX17 and
FUS, we performed a candidate genetic screen of other DDX family proteins. Using the
glass multiple reporter (GMR), FUS-WT and FUS-R518K fly lines were crossed with EGFP
control and the following RNAi-mediated DDX Drosophila orthologue fly lines: DDX3,
DDX4, DDX9, DDX18, DDX19, DDX41, DDX49, DDX51 [Supplemental Fig. 4a (Online
Resource 1)], Supplemental table 3 (Online Resource 4)]. Interestingly, only the Drosophila
DDX proteins, DDX3, and DDX4, which harbor RGG motifs, similar to DDX17 [93],
significantly modulated eye degeneration phenotypes associated with wild-type and mutant
FUS [Supplemental Fig. 4b-c (Online Resource 1)]. Based on these results, we suggest the
RGG motif to be crucial for regulating the physical and functional interactions between
DDX17 and FUS.

Ectopic expression of DDX17 reduces insoluble FUS formation and sequestration into
stress granules

The accumulation of toxic insoluble cytoplasmic FUS aggregation has also been linked with
protein toxicity and motor neuron death [4, 28, 68, 80, 102]. Since we assessed DDX17

as a downregulated target of mutant FUS, we hypothesized that restoring DDX17 protein
levels via overexpression may reduce mutant FUS toxicity and incorporation into SGs. To
determine the effect of DDX17 over expression on wild-type and mutant FUS localization
and SG development in HEK cells, we co-transfected HEK cells with FUS (wild-type and
mutant) and control EGFP, or EGFP tagged DDX17. The distribution of FUS and the stress
granule marker, G3BP1, were visualized by fluorescent microscopy with and without over
expression of DDX17 (Fig. 4a). In cells co-transfected with FUS and EGFP control, wild-
type FUS localized to the nucleus, whereas FUS mutants (R518K and R521C) mislocalized
to the cytoplasm and were positive for the stress granule marker G3BP1 (Fig. 4a).
Compared to FUS-WT, both FUS mutants (R518K and R521C) showed a drastic increase
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in the number of cytoplasmic FUS puncta (Fig. 4b) and the number of G3BP1-positive
SGs that sequestered cytoplasmic FUS (Fig. 4c). Interestingly, overexpression of DDX17
significantly reduced the number of cytoplasmic FUS puncta in both FUS mutants and
drastically reduced the percentage of G3BP1-positve puncta sequestering mutant FUS (Fig.
4c). To assess if over expression of DDX17 had any effect on stress granule dynamics alone,
we transfected control HEK cells with EGFP and EGFP tagged DDX17 and challenged the
cells with sodium arsenate. We found that overexpression of DDX17 alone did not have
any effect on the overall dynamics of stress granule formation compared to control cells
[Supplemental Fig. 5 (Online Resource 1)]. These data provide evidence that restoration of
DDX17 levels via over expression modifies FUS toxicity by reducing the recruitment of
mutant FUS into cytoplasmic stress granules.

DEAD-box proteins were also identified as global regulators of phase separated organelles
[42]. Therefore, we reasoned that ectopic expression of DDX17 might be reducing the
recruitment of mutant FUS into SGs by mitigating toxic protein insolubility. To test this
possibility, we co-transfected HEK cells with FUS (wild-type and mutant) and control
EGFP, or EGFP tagged DDX17 [Supplemental Fig. 6 (Online Resource 1)] and analyzed

if overexpression of DDX17 had any effect on the solubility of FUS via NP40 soluble/
insoluble fractionation (Fig. 4d). In cells co-transfected with FUS and EGFP, mutant FUS
(R518K and R521C) proteins were significantly less soluble, with more FUS protein
accumulating in the insoluble fraction (Fig. 4e). Interestingly, over expression of DDX17
significantly increased the solubility of FUS (wild-type and mutant), while drastically
decreasing the formation of toxic insoluble species (Fig. 4¢). In addition, to assess if the
reduced sequestration of mutant FUS into cytoplasmic SGs upon over expression of DDX17
had any effect on the overall levels of FUS, we measured the levels of FUS via gPCR and
Western blot [Supplemental Fig.7a-c (Online Resource 1)]. We found that over expression
of DDX17 significantly reduced the mRNA and protein levels of FUS. Furthermore, we
measured the nuclear and cytoplasmic protein levels of FUS (wild-type and mutant R518K)
in cellular fractions, with and without DDX17 overexpression. In cells co-transfected with
FUS and EGFP, the nuclear/cytoplasmic ratio (N/C ratio) of FUS-R518K was significantly
reduced compared to wild-type FUS. In cells co-transfected with FUS and EGFP tagged
DDX17, the N/C ratio of mutant FUS-R518K was drastically increased [Supplemental Fig.
7d-f (Online Resource 1)]. These data suggest that the reduction of FUS-positive stress
granules in the cytoplasm following over expression of DDX17 may be due to the reduction
of toxic insoluble cytoplasmic mutant FUS formation.

DDX17 suppresses DNA damage in mutant FUS iPSC neurons and is a regulator of DNA
damage repair mechanisms

The increased occurrence of DNA damage and double-strand break (DSB) formation has
been linked in patients with mutant FUS-associated ALS [75, 99] as well as animal models
of FUS [81]. DDX17 has also been implicated as an epigenetic regulator and found to

be recruited to DNA damage sites by microirradiation, suggesting a possible role for
DDX17’s involvement in regulating DNA damage repair [3, 38]. In addition, several key
DNA damage response proteins contain RGG/RG maotifs with many of these proteins being
involved in DSB repair [2, 93]. To assess the role of DDX17 in the DNA damage response
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pathway in the context of mutant FUS pathology, we analyzed if restoration of DDX17
levels has any effect on the defective DNA damage repair machinery exhibited in mutant
FUS iPSC neurons. Therefore, we assessed the occurrence of DSBs in human ALS iPSC
neurons harboring wild-type and mutant FUS (P525L). By immunofluorescence analysis,
we analyzed two markers of DNA damage, yH2AX and tumor suppressor p53-binding
protein 1 (53BP1), in control and mutant FUS-P525L derived neuronal cells (Fig. 5a,

b). We observed significantly more DSBs in the mutant P525L line compared to the
isogenic control line (Fig. 5¢). We also observed approximately 65-70% of mutant FUS
neurons exhibited DSBs compared to only 15% of isogenic control neurons (Fig. 5d).
Next, we utilized a lentiviral expression system to selectively express HA tagged DDX17
[Supplemental Fig. 6 (Online Resource 1)] in the mutant FUS-P525L neuronal cells and
assessed the occurrence of DSBs via yH2AX and 53BP1 (Fig. 5b, e). Interestingly, over
expression of DDX17 significantly reduced the number of DSBs and percentage of mutant
FUS neuronal cells expressing DSBs compared to mutant FUS neuronal cells without
DDX17 over expression (Fig. 5f, g). Furthermore, Western blot confirmed that DDX17 OE
prevents the induction of yH2AX caused by mutant FUS-P525L (Fig. 5h).

Next, we assessed the involvement of DDX17 in the DNA damage response pathway under
non pathological mutant FUS conditions. Under mutant FUS-associated conditions, we
identified a 50-60% significant reduction of DDX17 protein levels (Fig. 1h-m). Mimicking
these conditions, we knocked down DDX17 in control HEK cells [Supplemental Fig. 8a,

b (Online Resource 1)] and tested the occurrence of DNA DSBs via immunofluorescence.
In HEK cells expressing a~ 50% reduction of endogenous DDX17, we found significantly
more DSBs per cell nuclei than scramble control [Supplemental Fig. 8c (Online Resource
1)]. Cells expressing DDX17 shRNA resulted in an average of 5 DNA DSBs per nuclei,
compared to ~ 2.5 DSBs per nuclei for the scrambled control [Supplemental Fig. 8d
(Online Resource 1)]. We were then interested in determining if DDX17 over expression
was also protective against DNA damage-inducing agents. We transduced HEK cells with
and without DDX17 for 48—72 h and treated the cells with etoposide for 1 h (Fig. 5i).
Interestingly, cells treated with etoposide that over expressed DDX17 exhibited a significant
reduction in DNA DSBs per nuclei compared to control cells also treated with etoposide
(Fig. 5j). In addition, DDX17 was also recruited into 53BP1 puncta in both conditions,
suggesting its recruitment to DNA damage sites. These data suggest that the reduction of
DDX17 levels is sufficient to cause DSBs, whereas over expression of DDX17 repairs
defective DNA damage repair machinery in induced DNA damage and pathological mutant
FUS-associated ALS conditions.

Ectopic expression of DDX17 protects against induced cell death of mutant FUS iPSC

neurons

Since we identified that over expression of DDX17 restored defective DNA damage repair
machinery in mutant FUS iPSC neurons, we hypothesized that DDX17 over expression
could also be neuroprotective in mutant FUS iPSC neurons. Increased apoptotic signaling is
often correlated with defects in the DNA damage repair system, as apoptosis is a secondary
response to DNA damage [32, 62]. In addition, mutant FUS patient iPSC neurons have been
shown to exhibit positive markers of apoptotic cell death [64, 75]. Thus, we analyzed if over
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expression of DDX17 had any effect on the induced cell death of mutant FUS iPSC neurons
by immunostaining for the apoptotic cell marker, cleaved-CASPASE3 (CC3) in isogenic
control and mutant FUS-P525L iPSC differentiated neurons. In all neurons labeled with

the neuronal marker g-tubulin 111 (TUJ1), we found a significant increase in the intensity

of CC3 for mutant FUS-P525L neurons compared to isogenic control neurons (Fig. 6a, b).
In addition, we found the percentage of neurons that exhibited apoptotic activity was also
significantly increased in neurons harboring the FUS-P25L mutation (Fig. 6¢). Next, we
overexpressed DDX17 in the same set of mutant FUS-P525L differentiated neurons using
lentiviral transduction (Fig. 6d) Interestingly, we found that over expression of DDX17
significantly reduced the overall intensity of CC3 and drastically reduced the percentage

of mutant FUS-P525L neurons that exhibited apoptotic activity (Fig. 6e, f). In addition to
immunofluorescence, we also assessed the levels of CC3 via Western blot and observed a
significant increase in CC3 protein levels in mutant FUS-P525L neurons compared to the
isogenic control. Upregulation of DDX17 significantly reduced CC3 protein levels in mutant
FUS-P525L neurons, similar to the CC3 levels observed in isogenic control neurons (Fig.
69, h). These results suggest that overexpression of DDX17 in mutant FUS iPSC neurons is
neuroprotective by reducing mutant FUS apoptotic activity.

DDX17 Drosophila ortholog, Rm62, is a novel modifier of FUS toxicity in vivo

Our data suggest that genetic upregulation of DDX17 levels suppresses mutant FUS toxicity
defects in vitro. To investigate this further, we tested if downregulation of DDX17 or
restoration of DDX17 levels via overexpression had any effect on the toxicity of FUS

in vivo. Thus, DDX17 was further analyzed as a modifier of FUS toxicity in Drosophila
using well-established site-specific wild-type and mutant FUS fly lines [18]. Using the
GMR promoter, wild-type and two ALS-linked mutant FUS (R518K and R521C) fly lines
were crossed with EGFP control (to rule out gal4 dilution) and m62 RNAI, LOF, and

over expression lines, which were also generated using site-specific integration (Fig. 7a).
Further reduction of Rmé62 levels around 50% (Fig. 7d) significantly enhanced external eye
degeneration in all FUS-expressing Drosophila compared to control (Fig. 7b). In contrast,
over expression of Rmé62levels increased by around 40% compared to control (Fig. 7d)
significantly suppressed external eye degeneration in all FUS-expressing Drosophila (Fig.
7c¢). Interestingly, knockdown of endogenous Rm62 increased FUS protein levels, indicating
that this effect could be due to an increase in the amount of toxic FUS protein (Fig. 7e,

f). On the other hand, over expression of endogenous Rmé62 decreased FUS protein levels,
indicating that this effect could be due to a decrease in the amount of toxic FUS protein (Fig.
79, h). More importantly, knockdown and overexpression of Rmé62alone in control flies was
well-tolerated and did not cause any external eye degeneration itself (Fig. 7a). To further
assess if DDX17 was a modifier of FUS toxicity in vivo, we crossed an additional DDX17
Drosophila ortholog, CG10077, with wild-type and mutant FUS-R518K and FUS-R521C fly
lines using GMR-gal4 [Supplemental Fig. 9a (Online Resource 1)]. Similar to Rmé62, we
found that knockdown of endogenous CG10077 resulted in significantly enhanced external
eye degeneration in all FUS-expressing groups, while knockdown of CG10077 alone had no
effect on external eye degeneration itself [Supplemental Fig. 9b (Online Resource 1)].
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In addition, it has been shown that degenerative effects associated with FUS toxicity in
Drosophila increase in an age-dependent manner [18, 57, 58]. We tested whether modulation
of Rmé62levels had any effect on FUS-induced external eye degeneration over time
[Supplemental Fig. 10 (Online Resource 1)]. We found that knockdown of Rm62 resulted

in further enhanced external eye degeneration in FUS-expressing flies aged to day 15
compared to day 1. In contrast, over expression of Rm62 over time resulted in almost
complete suppression of external eye degeneration in FUS-expressing groups [Supplemental
Fig. 10 (Online Resource 1)].

To determine if Rm62is a novel modifier of other ALS-linked proteins or specific to
FUS-associated ALS, Rm62fly lines were crossed with fly lines expressing wild-type or
mutant forms of two other ALS linked proteins (TDP-43 and C9orf72). Modulation of Rm62
via knockdown and overexpression did not suppress or enhance the toxicity of TDP-43 and
C9orf72 expressing Drosophila [Supplemental Fig. 11 (Online Resource 1)]. Therefore, the
enhanced and suppressed phenotypes observed with DDX17 appear to be specific to FUS
associated ALS.

As ALS primarily affects motor neurons of the brain, we tested whether restoration of
Rmé62 levels via over expression could ameliorate FUS-associated toxicity in Drosophila
neurons. Wild-type and mutant FUS were expressed in fly neurons using ELAV-GS-gal4
and crossed with control and Rm62 over expressing flies. We assessed the motor climbing
ability using the RING assay [77] and assessed the life span of FUS-expressing flies alone
and FUS-expressing flies that also over expressed Rm62. Ectopic expression of Rmé62alone
in control flies was well-tolerated and did not cause any motor deficits or changes in the
adult survival (Fig. 7i, j). We found that over expression of Rmé62 significantly increased
the motor ability of flies across each FUS-expressing group (Fig. 7i), thereby rescuing
motor function. We also found that over expression of R#m62 drastically increased the adult
survival of each neuronal FUS-expressing group (Fig. 7k-m). Based on these findings, we
propose DrosophilaDDX17 (Rm62and CG10077) as a novel modifier of ALS-associated
FUS toxicity in vivo.

Discussion

Disease-causing FUS mutations are associated with the most aggressive forms of

ALS involving juvenile onset and rapid disease progression [14, 44, 59, 85, 97]. To
comprehensively evaluate the detrimental outcomes of disease-causing FUS mutations in
a whole animal Drosgphila model system, we performed RNA-sequencing on Drosophila
brains exhibiting targeted expression of wild-type and mutant FUS. To narrow down

the significant list of innumerable altered DEGs in Drosophila and identify consistent
gene expression changes across multiple FUS-mediated ALS model systems with

high confidence, we performed comparative transcriptomic analysis on FUS-expressing
Drosophila brains and human cells. Nevertheless, the comparative analysis revealed to be
highly impactful, as we identified many common downregulated targets of mutant FUS
across both species [Supplemental table 2 (Online Resource 3)]. Specifically, we identified
DDX17 as one of the most common and highly significant downregulated targets of mutant
FUS in Drosgphila, human cells, and iPSC neurons (Fig. 1). While DDX17 has never been
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linked directly to driving ALS pathogenesis, proteomic studies have identified DDX17 as an
interactor of the ALS-causing genes, FUS [20, 90] and C9orf72 (Poly-PR) [91], suggesting a
possible role of DDX17 in ALS pathogenesis.

DDX17 is a multifunctional protein of the DEAD box RNA Helicase family and is involved
in many aspects of RNA processing [36, 38] which include: alternative splicing [30, 56],
chromatin modification [30, 36], and transcriptional regulation [17, 30, 36, 56]. There are
two isoforms of DDX17: p72 and p82, with each isoform arising from the DDX17gene
through different in-frame translation initiation codons. p72 is the main canonical isoform
of DDX17 which is translated downstream of p82. Biochemical studies suggest that p72
and p82 have nearly identical properties with equivalent protein expression [36, 41, 48, 94].
DDX17 is predominantly nuclear, but under osmotic and stress conditions, recent studies
have implicated DDX17 as a novel component of cytoplasmic stress granules (SGs) [41, 47,
102]. The response of RNA metabolism to various stressors such as infection, temperature,
and oxidative stress, typically results in the formation of cytoplasmic SGs [7, 15, 83].

In the presence of stress, SGs form through the process of liquid-liquid phase separation
(LLPS) and quickly disassemble through reversible phase transitions once stress is removed
[11, 49]. SG formation is a key pathological hallmark of many neurodegenerative diseases
including FUS-mediated ALS [60, 64, 67, 88, 102]. Under mutant FUS pathological
conditions, we found that DDX17 also becomes trapped in cytoplasmic SGs, thus likely
resulting in inhibition of its normal biological functions (Fig. 2). Although the underlying
mechanism for the recruitment of DDX17 into cytoplasmic FUS positive SGs is not clear,
we hypothesize this recruitment is mediated in an RGG-domain dependent manner, as the
RGG1 motif of FUS is crucial for mutant-FUS mislocalization into SGs [9, 63, 93], and we
found the FUS-DDX17 interaction to be mediated in an RGG-domain dependent manner
[Fig. 3, Supplemental Fig. 4 (Online Resource 1)]. These findings suggest that mutant FUS
impedes the normal processes of DDX17 by its sequestration into FUS-positive cytoplasmic
SGs in an RGG domain dependent manner.

The RGG domain is one of the most evolutionary conserved nucleic acid binding motifs
that has been shown to be involved in telomere maintenance, transcription, translation

of G-quadruplex-containing regions, and suppression of virus replication [1, 10, 35].
Recently studies have demonstrated that FUS recognizes G-quadruplex RNA sequences
within neuronal mRNAs [46, 66]. G-quadruplex folding and unfolding are regulated by
G-quadruplex binding proteins that include several RNA-binding proteins containing RGG
domains such as FUS, heterogenous ribonucleoproteins (RNPs), and others [34, 89].
G-quadruplex’s have been shown to regulate various physiological pathways including
transcription, translation, DNA replication, and histone modifications [13, 66, 72]. Helicase
activity of DDX17 is required for the regulation of both exon inclusion and skipping

[30]. Furthermore, DDX17 cooperates on G-quadruplex structures to regulate splicing
events [30]. Importantly, a recent study showed a specific binding of FUS to RNA G-
quadruplex structures formed by the post-synaptic density protein 95 (PSD-95) and Shank1
MRNAs [46]. The FUS R495X mutation blocks binding to Shank1 and PSD-95 with high
affinity as compared to wild-type FUS [46]. It is possible that DDX17 overexpression
exerts protective effects through the regulation of G-quadruplex structure and function.
Alternatively, since FUS and DDX17 both contain RGG domains, DDX17 over expression
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may have a compensatory function which is sufficient to modulate FUS toxicity. However,
these possibilities remain to be experimentally tested in the future.

Components of cytoplasmic SGs have been shown to modulate phenotypes associated with
various neurodegenerative diseases [18, 26, 29, 50]. In addition, the DEAD-box family of
proteins were shown to be global regulators of RNA-containing-phase-separated organelles
[42]. Thus, we hypothesized that restoration of DDX17 in the background of mutant FUS
may reduce the accumulation of toxic insoluble FUS formation in the cytoplasm. We found
that ectopic expression of DDX17 significantly reduced the incorporation of mutant FUS
into cytoplasmic SGs. More importantly, we see the biochemical properties of FUS are
significantly changed by the mutations, as mutant FUS drastically decreases the overall
protein solubility. Upregulation of DDX17 significantly reduces the formation of insoluble
FUS species and increases the overall protein solubility (Fig. 4). These findings indicate that
upregulation of DDX17 may be reducing the sequestration of mutant FUS into cytoplasmic
stress granules through reduction of toxic insoluble FUS formation.

In Drosophilaand humans, DDX17 is essential for orchestrating transcription and regulating
the splicing profile of cells in early cellular differentiation, as downregulation of DDX17
leads to cell-specific alterations in the splicing profile creating various phenotypic changes
[30, 38]. In addition, several mutations in DDX17 (missense and frameshift) have been
associated with various cancers involving multiple tissue types. These mutations are thought
to lead to disruptions in DDX17 protein function by causing a drastic decrease in the

ability of DDX17 to hydrolyze ATP and interact with other RNAs [37, 76, 84]. This
suggests possible implications of reduced DDX17 protein function contributing to disease
and supports our findings of a loss of function mechanism of DDX17 in FUS-mediated
ALS, as upregulation of DDX17 leads to suppression of FUS toxicity. Since DDX17 is

a multifunctional protein similar to FUS, it is possible DDX17 and FUS regulate similar
cellular pathways, as the complete role of DDX17 in RNA processing is not completely
understood. A more mechanistic understanding of the functions of DDX17 and other related
RNA-binding proteins like FUS is another area of investigation for future studies.

Recent evidence has brought to light the significant involvement of FUS in the DDR
pathway, as multiple documentations of increased DNA damage have been identified in
mutant FUS-associated ALS patient tissues and mutant FUS-expressing transgenic mice
[75, 81, 99]. Recent work highlighting the impairment of proper DNA damage response
signaling caused by mutations in FUS suggests the dire need for possible development

of novel therapies involving DNA damage pathways in FUS-mediated ALS [75, 98].

We hypothesized that upregulation of the epigenetic regulator, DDX17, might play a
significant role in restoration of the defective DNA damage repair machinery exhibited in
FUS-mediated ALS, as DDX17 has been shown to be recruited to DNA damage sites and
strongly interacts with DNA damage repair protein HDAC1 [101]. The close interaction of
DDX17 and HDAC1 further suggests a role for DDX17 in DDR processes, as FUS was also
shown to interact with HDACL1 [99]. Here, we report the first evidence of proof-of-concept
studies showing DDX17s involvement in the DDR pathway, as upregulation of DDX17
restores defective DNA damage repair machinery seen in mutant FUS iPSC neurons (Fig. 5).
In addition, we found that when DDX17 was upregulated in the background of mutant FUS
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iPSC neurons, there was a drastic reduction in apoptotic activity, suggesting repairment of
DNA damage machinery may be neuroprotective (Fig. 6). To gain further insights into the
involvement of DDX17s role in the DDR pathway, we shifted to HEK cells under normal
physiological conditions. We downregulated the levels of endogenous DDX17 in control
cells, comparable to the levels seen in mutant FUS conditions, and found a significant
increase in the number of DSBs in cells expressing ShRNA mediated knockdown of DDX17
compared to scrambled control [Supplemental Fig. 8 (Online Resource 1)]. This may imply
that increased evidence of DNA damage in FUS-mediated ALS could also be a result

of significant downregulation of DDX17 protein. Furthermore, upregulation of DDX17
was also protective against the DNA damage-inducing agent, etoposide, which further
supports the role of DDX17s involvement in the DDR pathway. These findings provide
novel insights into the functions of DDX17 in the DDR pathway and further supports the
proper development of DNA damage repair therapies for FUS-mediated ALS patients.

Collectively, our data support the notion that DDX17 is a novel modifier of FUS toxicity

in FUS-expressing human cells. Our in vivo data confirm this claim as genetic modulation
of the DDX17 Drosophila orthologues, Rmé62 and CG10077, significantly modified the
external eye degeneration caused by expression of wild-type and mutant FUS. In addition,
upregulation of Rmé62 significantly suppressed the motor impairments of FUS-expressing
(wild-type and mutant) flies (Fig. 7). Overexpression of numerous wild-type ALS-linked
RNA binding proteins including FUS are sufficient to recapitulate pathogenetic pathways

in cell and animal models [18, 43, 70, 103, 104]. In addition, upregulation of endogenous
FUS protein in human ALS patients has been shown to cause neurodegenerative symptoms
[87]. As wild-type FUS also leads to mild toxicity in Drosophila and slight downregulation
of endogenous DDX17 in HEK cells, our data suggest restoration of DDX17 via
overexpression may be reducing wild-type FUS toxicity through reducing the levels of wild-
type FUS overexpression. Notably, the genetic modulation of R#m62had no effect on the
other ALS-causing genes, TDP-43 and C9orf72, suggesting the specificity to FUS-mediated
ALS.

In summary, our results are the first to demonstrate that DDX17 may play a significant
role in the pathogenesis of FUS-mediated ALS, as it becomes significantly downregulated
and trapped in cytoplasmic stress granules. In addition, these results highlight the novel
involvements of DDX17 in DNA damage repair and provide a suitable therapeutic target
for restoring defective DNA damage repair machinery found in FUS-mediated ALS. Our
results are the first to show that DDX17 modifies FUS-associated phenotypes in vivo.

In conclusion, our data demonstrate that restoration of DDX17 levels in mutant FUS

ALS patients could be an effective therapeutic strategy for reducing toxic insoluble FUS
formation and repairing the defective DNA damage repair machinery exhibited by mutant
FUS.
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Fig. 1.

M?Jtant FUS downregulates DDX17 in Drosophilabrains and human cells. a Schematic
showing the experimental setting used for sample preparation for RNA-sequencing. Wild-
type and mutant FUS expression in Drosophila brains was achieved by a conditional
neuronal driver, ELAV-GS, under the presence of the RU486 ligand. Drosophila were placed
on treated RU486 drug food for 8 days, followed by brain dissection, RNA extraction,
and RNA sequencing. b Volcano plot showing differentially expressed genes between
FUS-R521C and control. Data for non-significant DEGs are plotted in black. Data for
significant DEGs (FDR adjusted p value < 0.05) are plotted in blue. Data for significant
DEGs (Bonferroni corrected pvalue < 0.05) and log, fold changes less than or equal to —
1 or greater than or equal to 1 are plotted in red. ¢ Pie chart showing the percentage and
number of upregulated and downregulated genes in respect to FUS-R521C vs. control. d
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Venn diagram illustrating the number of upregulated DEGs (FDR adjusted p value < 0.05)
between control, FUS-WT, and FUS-R521C. e Venn diagram illustrating the number of
downregulated DEGs (FDR adjusted p value < 0.05) between control, FUS-WT, and FUS-
R521C. f, g Heat maps of the 14-common downregulated DEGs of FUS-R521C mutation in
Drosophila and FUS-R521G in HEK cells. Protein expression levels of endogenous DDX17
in (h) HEK cells transfected with FUS constructs and (k) FUS iPSC neurons harboring the
FUS-P525L mutation. i, j Quantification of FUS and endogenous DDX17 protein levels
from HEK cells (panel h) normalized to tubulin, indicating equivalent FUS expression in all
groups and downregulated DDX17 protein levels in response to FUS constructs (/7= 4 blots
per condition, One-way ANOVA w/ Turkey’s multiple comparisons). |, m Quantification

of endogenous FUS and DDX17 protein levels from mutant FUS iPSC neurons (panel

k) normalized to the neuronal marker p-tubulin 111 (TUJ1). DDX17 protein levels are
significantly downregulated in mutant FUS-P525L neurons compared to isogenic control (n
= 4 blots, unpaired student t-tesd). Error bars indicate S.E.M. **p < 0.01; ***p < 0.001;
***xn < 0.0001
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Fig. 2.

DI?)Xl? is recruited into cytoplasmic stress granules in response to mutant FUS. HEK or
H4 cells were transfected with the indicated FUS constructs (wild-type, R518K, R521C,

or R495X). a—c For IF in HEK cells, the cells were transfected with HA tagged FUS-WT
and mutants FUS-R521C and FUS-R518K. Representative confocal images showing the
distributions of FUS and endogenous DDX17 in HEK cells. DAPI was used as a nuclear
marker. White arrows indicate representative cytoplasmic FUS puncta in both FUS mutants
that co-localize with DDX17. d For IF in H4 cells, the cells were transfected with EGFP
tagged mutant FUS-R495X. Representative images showing the distributions of EGFP

and endogenous DDX17 in H4 cells. DAPI was used as a nhuclear marker. White arrows
indicate representative cytoplasmic FUS puncta in mutant FUS-R495X that co-localize with
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DDX17. e Quantification of the percentage of cells with cytoplasmic FUS puncta per each
FUS condition (n7=90-100 cells per FUS group). f Quantification of the percentage of
DDX17 positive cytoplasmic FUS puncta. (n7=90-100 cells per FUS group). g Mutant FUS
iPSC neurons expressing endogenous wild-type and mutant FUS with and without stress.
Representative images showing the distributions of endogenous FUS, DDX17, and the stress
granule marker G3BP1. White arrows in the 3rd column indicate cytoplasmic DDX17 in
response to mutant FUS-P525L. White arrows in the last column indicate representative
cytoplasmic colocalization of FUS, DDX17, and G3BP1. h Quantification of the percentage
of neurons with cytoplasmic FUS puncta per each condition (/7= 65—75 neurons per group).
i Quantification of the percentage of G3BP1 positive SG’s that colocalize with both FUS
and DDX17 (n = 65-75 neurons per group)
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Fig. 3.

DI%Xl? and FUS physically interact via the RGG1 domain of FUS. a Schematic illustration
of FUS constructs and DDX17 each harboring RGG domains. Mutated FUS 4F-L (F305L,
F341L, F359L, F368L) disrupts the conserved RRM domain of FUS. Mutated FUS-RSL,
RS2, and RS3 convert all arginine amino acids of each separate RGG domain to serine
amino acids, thus disrupting individual RGG domains of FUS. In mutant FUS-RS4, arginine
amino acids in all RGG domains were converted to serines, thus disrupting all RGG

binding domains of FUS. b Immunoblot of co-immunoprecipitation of HA tagged FUS-WT,
FUS-R518K, and FUS-R521C from HEK cells. Immunoprecipitation with HA antibody
showed endogenous DDX17 (p72) in the input control samples and pulled down with HA-
FUS-WT, FUS-R518K, and FUS-R521C, but absent from the negative control containing
beads only. ¢ Immunoblot of co-immunoprecipitation of HA-FUS-WT, FUS-R518K, FUS
4F-L, and FUS-R518K 4F-L from HEK cells expressing HA-FUS. Immunoprecipitation
with HA antibody showed endogenous DDX17 (p72) in the input control samples and pulled
down with HA-FUS-WT, FUS-R518K, FUS 4F-L, and FUS-R518K 4F-L. d Immunoblot
of co-immunoprecipitation of FLAG-FUS-WT, FUS-RS1, FUS-RS2, FUS-RS3, and FUS-
RS4 from HEK cells expressing FLAG-FUS. Immunoprecipitation with FLAG antibody
showed endogenous DDX17 (p72) in the input control samples and pulled down with
FLAG-FUS-WT, FUS-RS2, and FUS-RS3, but absent from FUS-RS1, FUS-RS4, and the
negative control containing beads only. Interestingly, RGG1 disruption of FUS disrupts the
interaction between FUS and DDX17
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Fig. 4.

E(?topic DDX17 expression reduces insoluble cytoplasmic FUS formation and sequestration
into stress granules. HEK cells were co-transfected with the indicated HA tagged FUS
constructs (wild-type, R518K, or R521C) and either control EGFP or DDX17-EGFP
over expression. a Representative confocal images showing FUS, DDX17 OE, and stress
granule marker G3BP1 distributions in HEK cells. For IF, cells were co-transfected with
HA tagged FUS (wild-type and mutant) and control EGFP, or EGFP tagged DDX17 OE
at equal concentrations. White arrows indicate representative cytoplasmic FUS puncta

in both FUS mutants that also co-localize with the stress granule marker, G3BP1. (b)
Quantification of the average number of cytoplasmic FUS puncta per cell confirms that
over expression of DDX17 significantly reduced the number of cytoplasmic FUS puncta
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in the R518K and R521C FUS mutants. (n7=55-70 cells per FUS group, One-way
ANOVA w/ Turkey’s multiple comparisons). ¢ Quantification of the percentage of G3BP1
positive cytoplasmic stress granules sequestering mutant FUS. Interestingly, overexpression
of DDX17 significantly reduced mutant FUS integration into SGs (7= 55-70 cells per

FUS group, One-way ANOVA w/ Turkey’s multiple comparisons). d Representative blots of
soluble—insoluble fractionation of FUS protein for FUS-WT, FUS-R518K, and FUS-R521C
plus EGFP control and FUS-WT, FUS-R518K, FUS-R521C plus DDX17 OE. Tubulin was
used as a soluble loading control. e Quantification of soluble/insoluble (Sol/Insol) FUS
formation from representative blots shown in panel (d) (/7= 4 blots per condition, One-
way ANOVA w/ Turkey’s multiple comparisons). Over expression of DDX17 significantly
increases the sol/insol fraction of FUS expressing groups. Error bars indicate S.E.M. *p <
0.05, ****p < 0.0001

Acta Neuropathol. Author manuscript; available in PMC 2022 February 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Fortuna et al.

(o]

# of DSBs /

HEK Cells

Isogenic Control

FUS-P525L

Page 32

FUS-P525L + HA-DDX17

FUS

FUS HA-DDX17

FUS

4 ek s ke d «» 100
~ o
3 2 80
. > 60
32 c
c o
5 40
@
1 c
— 5 20
0 =
0
> v
& &

Untransfected Control

# of DSBs /
nuclei
o - N w

100

A OO @
o © o

% of neurons w/ DSB's
N
o

h Isogenic
FUS-|

Control

DDX170E @ 4 =

FUS-P525L

DDX17 _- +

Control + HA-DDX17

0
DDX17

: +

FUS-P525L

P525L

55 kDa B-lI-Tubulin
dek
* %k k
15.0 Fededede
w A
2125 +
3 10.0 B
o 75
E 50 NS =
T 25
oL = wee
o. T T
DDX17 - + = -

Isogenic F
Control

53BP1

Fig. 5.

53BP1 HA-DDX17 [N

# of DSBs /
nuclei
S

0
DDX17

+ 2pM Etoposide, Thr

Upregulation of DDX17 mitigates DNA damage exhibited in mutant FUS iPSC neurons.
Representative confocal images of a isogenic control and b, e mutant FUS iPSC

neurons with and without overexpression of HA-DDX17 from the same set of neuronal
differentiations. Neurons were probed for FUS, the DNA damage and double-strand break
(DSB) markers yH2AX and p53-binding protein 1 (53BP1), HA-DDX17, and the neuronal
marker microtubule-associated protein 2 (MAP2). Nuclei were stained with DAPI. c, d
Quantification of the number of DNA DSBs and the percentage of neurons with DSBs
between control (panel a) and mutant FUS-P525L (panel b) (7= 60-70 neurons, unpaired
students t-test). Mutant FUS-P525L neurons show a significant increase in the number of
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DNA DSBs per neuron compared to control. f, g Quantification of the number of DNA
DSBs and the percentage of neurons with DSBs between mutant FUS-P525L (panel b)

and mutant FUS-P525L with overexpression of HA-DDX17 (panel €) (7= 60-70 neurons,
unpaired students t-test). Mutant FUS-P525L neurons expressing HA-DDX17 show a
significant decrease in the number of DNA DSBs per neuron compared to mutant FUS-
P525L alone. h Representative blots of yH2AX protein in isogenic control and mutant
FUS-P525L neuronal cells with and without overexpression of DDX17. -tubulin 111 was
used as a loading control (n7= 3 blots, One-way ANOVA w/ Turkey’s multiple comparisons).
FUS-P525L neurons showed a significant increase in yH2AX protein levels compared to
FUS-P525L neurons expressing HA-DDX17. i Confocal images of HEK cells exposed to
the DNA damage-inducing agent, etoposide (2 uM), for 1 h after being transduced with

and without HA-DDX17 for 72 h. The cellular distributions of 53BP1, HA-DDX17, and
endogenous DDX17 were assessed. j Quantification of the number of DNA DSBs between
HEK cells exposed to etoposide with and without over expression of HA-DDX17 (n= 70-
80 cells, unpaired students t-test). Cells over expressing DDX17 show a significant decrease
in the number of DNA double-strand breaks per cell compared to control after etoposide
exposure. Error bars indicate S.E.M. **p < 0.01, ****p < 0.0001
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Fig. 6.
Upregulation of DDX17 protects against apoptotic activity of mutant FUS iPSC neurons. a

Representative confocal images of isogenic control and mutant FUS iPSC neurons showing
FUS, the apoptotic marker cleaved caspase 3 (CC3), HA-DDX17, and the neuronal marker
B-tubulin 111 (TUJ1). Nuclei were stained with DAPI. b, ¢ Quantification of integrated
CC3 intensity per cell normalized to the area of each neuron (panel a) and the percentage
of neurons that expressed CC3 signal (panel c¢) between FUS-P525L and control (7=

80 neurons, unpaired students t-test). FUS-P525L neurons showed a drastic increase in
CC3 signal compared to control. d Representative confocal images of the same set of
differentiated ALS mutant FUS-P525L iPSC neurons from (panel a) overexpressing HA-
DDX17. The neurons were probed for the apoptotic marker CC3, the neuronal marker TUJ1,
and DAPI. e, f Quantification of integrated CC3 intensity per cell normalized to the area

of each neuron (panel e) and the percentage of neurons that expressed CC3 signal (panel

f) between FUS-P525L and FUS-P525L with HA-DDX17 expression (/7= 80 neurons,
unpaired students t-test). g Representative blots of CC3 protein in isogenic control and
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mutant FUS-P525L neuronal cells with and without overexpression of DDX17. B-tubulin
I11 was used as a loading control (7= 3 blots, One-way ANOVA w/ Turkey’s multiple
comparisons). h FUS-P525L neurons showed a drastic increase in CC3 protein levels
compared to FUS-P525L neurons overexpressing HA-DDX17. Error bars indicate S.E.M.
*p < 0.05, ****p < 0.0001
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DDX17 Drosophila orthologue, Rm62, is a novel modifier of FUS toxicity in vivo. a
Representative images of Drosophila eyes of wild-type and ALS-linked mutant FUS protein
alone (left column), in combination with RNAi-mediated knockdown of Rm62 (middle left
column), LOF-mediated ”Rm62 (middle right column), or with overexpression of Rm62°F
> (right column). b Quantification of eye degeneration severity from panel (a) confirms
c significant enhancement of FUS toxicity following depletion of Rmé62, and c significant
g suppression of FUS toxicity following overexpression of Rm62 (n= 15-25 Drosophila per
- - -
=z group, One-way ANOVA w/ Turkey’s multiple comparisons). d gPCR of RNA from (n=
g 4 biological replicates of 6 Drosophila heads per group) confirms significant knockdown
S of endogenous /£m62in the RNAI line and significant overexpression in the Rm62CF line
S (One-way ANOVA w/ Turkey’s multiple comparisons). € Western blot analysis showing
- FUS and tubulin (housekeeping control) protein levels in Drosophila eyes expressing wild-
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type and mutant FUS, with and without Rm62knockdown (7= 4 biological replicates of 5
Drosophila heads per group). f Quantification of FUS from panel e normalized to tubulin,
indicating equivalent FUS expression in all FUS alone-expressing groups. Interestingly,
knockdown of Rm62further enhanced FUS protein levels (/7= 4 blots per condition,
One-way ANOVA w/ Turkey’s multiple comparisons). g Western blot analysis showing FUS
and tubulin (housekeeping control) protein levels in Drosophila eyes expressing wild-type
and mutant FUS, with and without #m62 overexpression (7= 4 biological replicates of 5
Drosophila heads per group). h Quantification of FUS from panel g normalized to tubulin,
indicating equivalent FUS expression in all FUS alone-expressing groups. Interestingly,
overexpression of Rm62 significantly reduced FUS protein levels (7= 4 blots per condition,
One-way ANOVA w/ Turkey’s multiple comparisons). i Quantification of the total height
climbed (cm) of adult flies in the first 3 s of RING climbing assay. Over expression of Rmé62
significantly improved the climbing ability of neuronal expressing FUS-WT, FUS-R518K,
and FUS-R521C flies. (n = 30-35 adult flies, One-way ANOVA w/ Turkey’s multiple
comparisons). j—m Kaplan—-Meier survival curve of adult flies conditionally expressing |
control, k FUS-WT, | FUS-R518K, and m FUS-R521C under the neuronal specific driver,
ELAV-GS, with and without R#mé62 over expression. Over expression of £m62 drastically
improved longevity of FUS-WT, FUS-R518K, and FUS-R521C expressing flies. (7= 75
adult flies). Error bars indicate S.E.M. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001
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