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Mitigation of TDP-43 toxic phenotype by an
RGNEF fragment in amyotrophic lateral
sclerosis models
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Aggregation of the RNA-binding protein TAR DNA binding protein (TDP-43) is a hallmark of TDP-proteinopathies in-
cluding amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD). As TDP-43 aggregation and dysregu-
lation are causative of neuronal death, there is a special interest in targeting this protein as a therapeutic approach.
Previously, we found that TDP-43 extensively co-aggregated with the dual function protein GEF (guanine exchange
factor) and RNA-binding protein rho guanine nucleotide exchange factor (RGNEF) in ALS patients. Here, we show
that an N-terminal fragment of RGNEF (NF242) interacts directly with the RNA recognition motifs of TDP-43 compet-
ing with RNA and that the IPT/TIG domain of NF242 is essential for this interaction.

Genetic expression of NF242 in a fruit fly ALS model overexpressing TDP-43 suppressed the neuropathological pheno-
type increasing lifespan, abolishing motor defects and preventing neurodegeneration. Intracerebroventricular injec-
tions of AAV9/NF242 in a severe TDP-43 murine model (rNLS8) improved lifespan and motor phenotype, and
decreased neuroinflammation markers.

Our results demonstrate an innovative way to target TDP-43 proteinopathies using a protein fragment with a strong
affinity for TDP-43 aggregates and a mechanism that includes competition with RNA sequestration, suggesting a
promising therapeutic strategy for TDP-43 proteinopathies such as ALS and FTD.
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Introduction

Amyotrophiclateral sclerosis (ALS), also known as Lou Gehrig’s dis-
ease, is a neurodegenerative disorder characterized by progressive
loss of voluntary muscle function, typically leading to death from
respiratory failure within 3 to 5 years of symptom onset.” To date,
despite multiple efforts, there is no effective therapy that arrests
the progression of ALS because of the complex nature of its path-
ology.? The hallmark of ALS is the presence of unique protein inclu-
sions, the most common of which are composed of RNA-binding
proteins (RBPs)® such as TAR DNA binding protein (TDP-43), fused
in sarcoma/translocated in liposarcoma (FUS/TLS), TATA-Box bind-
ing protein associated factor 15 (TAF 15), Ewing sarcoma breakpoint
region 1 (EWS), RNA binding motif protein 45 (RBM45), heteroge-
neous nuclear ribonucleoprotein Al and A2/B1 (hnRNPA1 and
hnRNPA2B1) and rho guanine nucleotide exchange factor (RGNEF/
P190RhoGEF).**2 Of these proteins, TDP-43 is the most extensively
studied ALS-associated RBP as its dysregulation has been directly as-
sociated with neuronal death in vitro and in vivo'*'* and TDP-43 im-
munoreactive neuronal cytoplasmic inclusions (NCIs) are observed
in 97% of ALS cases.'® TDP-43 is also the main pathological compo-
nent of a group of diseases called TDP-43 proteinopathies, which in-
clude frontotemporal dementia (FTD) and limbic-predominant
age-related TDP-43 encephalopathy (LATE).” Because of this,
there is a special interest in targeting TDP-43 as a therapeutic
approach.’®%0

Previously, we described that RGNEF forms extensive NCIs that
co-aggregate with TDP-43 in motor neurons of ALS patients'>*?
and observed that RGNEF works as a survival factor under stress
conditions in vitro.** Also, we described that the N-terminal frag-
ment of RGNEF, called NF242 (NH,-terminal fragment of 242 amino
acids) in this study, is part of a high molecular weight complex
with TDP-43 in vitro and that both co-localize under metabolic stress
conditions.?

Here, we hypothesized that NF242 works as a modifier of TDP-43
toxicity in vivo. To test this, we studied (i) the mechanism of protein-
protein interaction between NF242 and TDP-43 in vitro and in silico;
(ii) the co-expression of RGNEF or NF242 with TDP-43 in Drosophila
melanogaster; and (iii) the viral ectopic expression of NF242 in an
aggressive murine model of ALS (rNLS8).%

Material and methods

Antibodies and other critical material used in this study are listed in
Supplementary Table 1.

To develop the transgenic flies, the coding regions of TDP-43%*, RGNEF
and flag-NF242 (previously described??) were cloned in the pTW-UASt
vector (Drosophila Genomics Resource Center), generating the
pTW-TDP-43", pTW-RGNEF and pTW-flag-NF242 vectors. For the

luciferase reporter assay, the coding region of TDP-43"* was cloned
into the pcDNA-myc-His-A vector, generating the pcDNA-TDP-
43-myc plasmid. For the complementation reporter assay (NanoBiT),
the coding region of TDP-43"', TDP-43-ANLS (nuclear localization
signal of TDP-43 from amino acids 78 to 84 eliminated by site-directed
mutagenesis), RGNEF and NF242 were cloned into the pBiT1.1-C [TK
LgBiT], pBiT1.1-N [TK LgBiT]|, pBiT2.1-C [TK SmBiT| and pBiT2.1-N
[TK SmBiT] (Promega) vectors. pBiT constructs are detailed in
Supplementary Table 2. For surface plasmon resonance spectroscopy
(SPR) experiments the pQE30-TDP-43-RRM1 and pQE30-TDP-43-RRM2
plasmids used to express His-RRM-1 (amino acids 101 to 191 of
TDP-43) and His-RRM-2 (amino acids 177 to 262 of TDP-43) were
generated. The expression plasmid pQE30-TDP-43"2%° was used to
express His-TDP-43'2%° (amino acids 1to 261 of TDP-43, which include
the N-terminal region and both RNA recognition motifs (RRMs). The
expression plasmid pBAD-HisA-GST-TDP-43Cri was used to express
His-GST-TDP-43"". The expression plasmid pDEST566-RGNEF-275
was used to express His-MBP-RGNEF* 27>,

HEK293T cells (ATCC) were maintained in 25 mM glucose, 1 mM
pyruvate Dulbecco’s modified Eagle medium (Gibco, Life
Technologies) containing 100 U/ml penicillin, 100 U/ml streptomy-
cin (Gibco, Life Technologies), 5 ng/ml plasmocin (InvivoGen) and
10% fetal bovine serum (Gibco, Life Technologies).

Stocks and crosses of Drosophila melanogaster were cultured accord-
ing to standard procedures and on standard fly food (water, yeast,
cornmeal, brown sugar, agar, propionic acid, 10% methylparaben)
(Bloomington Drosophila Stock Center). Flies were raised on 25°C
and 70% humidity at a 12-h day/night cycle.

UAS-TDP-43"", UAS-RGNEF and UAS-flag-NF242 transgenic lines
were generated by random germline insertion into w1118 flies (w")
(BestGene). GMR-Gal4, D42-Gal4 and elav-Gal4 driver lines were ob-
tained from the Bloomington Drosophila Stock Center (Indiana
University, Bloomington, Indiana, USA). The flies from stock centres
used in this study are listed in Supplementary Table 3.

Single transgenic flies homozygous for the transgene were used
in the generation of the double transgenic fly lines, as well as in
crosses with Gal4 drivers. Genotypes of the transgenic flies used
in this study are listed in Supplementary Table 4.

Mice strains B6C3F1/J (JAX: 100010), B6; C3-Tg(NEFH-tTA)8Vle/]
(JAX:025397) and B6; C3-Tg(tetO-TARDBP*)4Vle/] (JAX:014650) were
purchased from The Jackson Laboratory. Experimental double
transgenic mouse B6; C3-Tg(NEFH-tTA)8Vle Tg(tetO-TARDBP*
(rNLS8) was generated after crossing JAX:025397 and JAX:014650.
Double transgenic animals and the breeding pairs were maintained
with doxycycline (Dox, 50 pg/ml) in the drinking water to suppress
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the expression of TDP-43.%> The wild-type (wt) control mice for the
experiments were obtained from the progeny of the crosses be-
tween JAX:025397 and JAX:014650 that were negative for both trans-
genes. For the experiments, rNLS8 males were excluded due to the
observation of a urinary retention problem previously described for
this transgenic line.**

All procedures involving animals, surgeries and animal mainten-
ance were in accordance with the Canadian Council for Animal
Care and the University Council on Animal Care guidelines for re-
search. Ethics review and approval was granted by the Animal
Care Committee of The University of Western Ontario (Protocol
#2020-004). Mice were housed in the ACVS (Animal Care and
Veterinary Services) in a temperature-controlled room (21-23°C)
with a 12-h light-dark cycle. Animals were given free access to
standard rodent chow and were provided with moistened chow on
the cage floor and purified dietary supplement (Clear H20 DietGel
76A), after the Dox was removed from the drinking water.

Cell transfection of the constructs was performed usinglipofectamine
2000 (Invitrogen) for the cytotoxicity assays or Magnetofection™
(OZ Biosciences) for the complementation reporter assay according
to the manufacturer’s protocol.

Protein-protein interaction was analysed using the NanoBit
Protein:Protein Interaction (PPI) System (Promega) according to
the manufacturer’s instructions. Briefly, cells were seeded in white
96-well plates at 10 000 cells/ml per well and 24 h after were trans-
fected with the pBiT constructs listed in Supplementary Table 1.
After 48h, luciferase activity was measured using the Nano-Glo
Live Cell Assay System (Promega) using a Luminometer (Modulus;
Turner Biosystems). The expression of the constructs was evalu-
ated by semi-quantitative PCR using 18S as reference gene. There
was no statistical difference between the expression of all the
NanoBiT constructs used (Supplementary Fig. 1).

His-GST-TDP-43",  His-TDP-43'%%°,  His-RRM-1,  His-RRM-2,
His-TDP-43'9"26! and His-MBP-RGNEF*?> recombinant proteins
were purified from Escherichia coli using the nickel-immobilized metal
affinity chromatography (Ni-IMAC) method. For a detailed protocol,
refer to the Supplementary material, ‘Methods’ section.

Purified His-TDP-43''%? was generously provided by Dr Stanley
Dunn from the Department of Biochemistry at Western University
(London, Canada). His-TDP-43"'%? contains an N-terminal
6xHistidine-Thioredoxin tag followed by the first 102 amino acids
of human TDP-43.

To evaluate the purity of the purified proteins, SDS-PAGE and western
blot were performed (Supplementary Fig. 2). The protein aliquots from
each purification were run in 4-20% Mini-PROTEAN® TGX™ Precast
gradient gels. Gels were stained with Imperial™ Protein Stain
(Thermo Scientific) or transferred to a nitrocellulose membrane. For
the western blot the membrane was blocked in 5% bovine serum albu-
min (BSA) made in 1x TBST and the primary antibody (rabbit TDP-43)
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was incubated at 4°C with shaking overnight followed by horseradish
peroxide (HRP) conjugated secondary antibodies for 60 min, at room
temperature. Immunoblots were visualized using Western Lightning
Plus Chemiluminescence Substrate (Perkin Elmer).

Protein interactions were assessed using a Reichert 2SPR, SR7500DC
System. Standard amine coupling (EDC/NHS chemistry) was used
to capture purified His-MBP-RGNEF"?’® on a carboxymethyl dextran
hydrogel sensor chip (Reichert). The amount of ligand immobilized
ranged from 2000 to 8000 pRIU. TDP-43 analyte proteins were serially
diluted to the concentrations indicated in running buffer.
His-GST-TDP-43"" analysis was carried out using running buffer con-
taining 20 mM HEPES pH 7.5, 50 mM KCl, 0.5 mM MgCl,, 50 mM NacCl
and 0.05% Tween-20. His-TDP-43'"2%°, His-RRM1, His-RRM-2 or
His-TDP-43""%? analysis was carried out in running buffer of 1x PBS
and 0.1% Tween-20. In the experiments, 50-100 pl of TDP-43 analyte
concentrations were injected on both the ligand and reference
channels at 5-20 pl/min for 4-7 min with a 1-8-min dissociation
time at 22°C. His-MBP protein (Supplementary Table 1) was used as
control to evaluate possible unspecific binding. For the competition
experiment, a running buffer containing 10mM Tris pH 8.,
150 mM NaCl, 2 mM MgCl,, 0.05% Tween-20, 1 uM BSA was used.
The RNA oligo 5-GUGUGUGAAUGAAUAAA-3'>® biotinylated at
3’ was bound to a neutravidin planar mSAM chip (neutravidin cova-
lently immobilized on a planar mSAM surface, Reichert). The amount
of RNA immobilized was 80 RIU. His-TDP-43'”*° and His-MBP-
RGNEF*?* were pre-incubated in running buffer 30 min at room tem-
perature before injection. Buffer and His-MBP-RGNEF* %’ injections to
the RNA chip were used as blanks for the experiments. Sensorgrams
analysis and dissociation constant (Kp) calculations were performed
using Reichert SPRAutolink (version 1.1.16), TraceDrawer (version
1.8.1) and GraphPad Prism 9.5 software packages.

The atomic coordinates of RGNEF residues 1-242 were extracted
from the AlphaFold Protein structure database?® under the acces-
sion Q8N1W1. This model was queried for structural similarity
against the entire PDB databank using the DALI protein structure
comparison server.”’ The DALI results were analysed using
DALIview (https:/github.com/rszabla/daliview) to reveal structur-
ally similar domain families.

Constrained and unconstrained molecular docking of RGNEF2#
onto TDP-43%42% were performed using InterEvDock3 and ClusPro,
respectively.”®?° The atomic coordinates of RGNEF*2*? were taken
from the AlphaFold structure database while those of TDP-43 were ta-
ken from the available nuclear magnetic resonance (NMR) structure.?
To generate the dimer model, the sequence of RGNEF*?*? (Uniprot
accession Q8N1W1) and the sequence of full-length TDP-43 (Uniprot
Q13148) were both used as inputs for AlphaFold2, running in complex
prediction mode on ColabFold.***! The top-scoring output model was
used for further structural minimizations. For this, the structure of
TDP-43 in the dimer structure was limited to the two RRM domains
with about eight additional flanking residues on either side (residues
96-269).*> The top-scoring model was used for residue-contact
analysis.
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The relative structural stability of the dimer was quantified by
measuring the conformational spread between all output models.
This was done using a custom PyMOL script that aligned each of
the 1000 output models against the top-scoring model for the dimer
and calculating a root-mean-square deviation (RMSD) value for each
model. The top 50 scoring models for the dimer were deposited to the
ModelArchive database as a multi-model PDB file. For TDP-43742 1
RGNEF*2%2 _, Accession#: ma-hepyb; password: ZcgpOeyLZf.

TDP-43°%29) bound to a 12-mer strand of RNA was also mini-
mized from experimental NMR coordinates®® (PDB accession: 4BS2)

NEFL 3’ wuntranslated region (UTR) stability by TDP-43
(pCDNA-TDP-43-myc) was studied using a luciferase reporter as-
say, as previously described,’> with minor modifications
(pcDNA-flag-NF242 plasmid®® was used for the co-expression of
flag-NF242).

Cells were seeded in white 96-well plates at 9000 cells/ml per well.
Cytotoxicity was measured using the CytoTox-Glo™ Cytotoxicity
Assay kit (Promega) according to the manufacturer’s protocol after
2 days of transfection. To obtain the percentage of cell toxicity, the
values obtained after the stress condition or control were normalized
against total protease activity obtained after cell lysis using digitonin.

To check the expression of the TDP-43, RGNEF, NF242 or green
fluorescent protein (GFP) in our fly models, total RNA from at least
15 flies was isolated using TRIzol™ reagent (Invitrogen). Reverse
transcription was performed using the SuperScript II reverse
transcriptase system (Invitrogen). PCR reactions (Supplementary
Fig. 3) were performed using primers listed in Supplementary Table 5.

F1 male progeny of transgenic flies elav>RGNEF, elav>RGNEF;
TDP-43, elav>NF242;TDP-43, elav>GFP;TDP-43, D42>RGNEF;TDP-43,
D42>NF242,TDP-43 and D42>GFP;TDP-43 were collected and main-
tained in vials in an incubator set to 25°C at 70% humidity with con-
trolled day/night cycles. The number of dead and live flies were
counted every other day. Heterozygote driver lines elav>w™, D42>w",
and non-expressing UAS-RGNEF flies were used as additional controls.

F1 male progeny of transgenic flies elav>RGNEF, elav>RGNEF;TDP-43,
elav>NF242;,TDP-43, elav>GFP;TDP-43, D42>RGNEF;TDP-43,
D42>NF242;TDP-43 and D42>GFP;TDP-43 were collected to evaluate
the negative geotaxis (locomotion) using a climbingassay. To achieve
this, flies were transferred to a graduated cylinder (24 cm height,
3 cm diameter) divided into four vertical quadrants (from the lower
part: Quadrants 1 to 3=5 cm each, Quadrant 4=9 cm) and sealed
with parafilm. Flies were tapped to the bottom of the cylinder and
the number of flies present in each quadrant was recorded at 10
and 20 s. Measurements were repeated a total of four times every
3 days. Climbing index was calculated using the formula:

Climbing score = [Q1 + (Q2 x 2) + (Q3 x 3) + (Q4 x 4)]/Total number of flies
(1)

where Q represents the number of flies in the respective quadrant.®
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F1 male progeny of transgenic flies GMR>RGNEF, GMR>NF242,
GMR>RGNEF;TDP-43, GMR>NF242;TDP-43, GMR>GFP;TDP-43,
GMR>C936R and GMR>w"~ were collected after 5 days of age to cap-
ture images of fly eyes. Flies were anaesthetized with CO, and
then photographed using a Leica S9i Stereomicroscope (Leica
Microsystems Inc.).

The fixation protocol from the Shcherbata group** was performed to
obtain paraffin-embedded adult flies. Whole flies in collars were first
incubated in Carnoy’s solution containing absolute ethanol, chloro-
form and glacial acetic acid 6:3:1 ratio, overnight at 4°C. Flies were
then dehydrated by incubation in 40% ethanol for 20 min, 70% etha-
nol for 20 min and twice in 100% ethanol for 10 min each. Afterwards,
flies were incubated in methylbenzoate and methylbenzoate with
paraffin solution, 1:1 ratio, for 30 min each at 60°C, following which
they were incubated twice in paraffin solution for 60 min each at
60°C. Flies in paraffin were then allowed to solidify at room tempera-
ture overnight before cutting the paraffin-embedded flies into 7 pm
sections (Pathology Core Facility, Robarts Research Institute).
Haematoxylin-eosin staining of selected slides was performed for
checking quality and anatomy visualization.

For slide deparaffinizing, sections of fly brain and eye tissue, mice
brain, or mice spinal cord were first seated on a slide warmer at
60°C for 30 min. Slides were then rehydrated in a series of graded al-
cohols and water. Antigen retrieval was performed in a pressure
cooker for 30 min at 100°C in a buffer containing 10 mM citric acid,
2 mM EDTA and 0.05% Tween-20 pH 6.2 for fly tissues or in 10 mM
sodium citrate, 0.05% Tween, pH 6.0 for mouse tissues. Next, slides
were incubated for 60 min at room temperature in PBS pH 7.2 block-
ing solution with 5% BSA and 0.3% Triton-X 100, and with primary
antibodies at 4°C overnight in a humidifying chamber. After the
washes, slides were incubated with Alexa Fluor secondary anti-
bodies for 60 min at room temperature. Dilutions for primary and
secondary antibodies are indicated in Supplementary Table 6. For
nuclear staining, slides were then incubated with 2 ug/ml Hoechst
for 3 min. Alternatively, for flies, anti-histone H3 antibody and
SPYS555-DNA were used for nuclear staining. After the washes and
once dry, coverslips were mounted to the slides using a fluorescent
mounting media (Dako). Slides were examined using an SP8 lighten-
ing confocal microscopy system (Leica Microsystems Inc.). For the
super-resolution stimulated emission depletion (STED) microscopy
images, a Leica STELLARIS STED microscope (Leica Microsystems
Inc.) was used. The multi-STED method was performed using
Alexa-488 and Alexa-595 fluorophores and the 592 and 775nm
STED depletion lasers for tau-STED analysis. All images were visua-
lized using the LAS X 2.0 software (Leica Microsystems Inc.).

Intensity correlation analysis®® using Image] software was performed
to obtain the co-localization images. Co-localized pixels are shown as
PDM (product of the differences from the mean) images. PDM = (red
intensity — mean red intensity) x (green intensity — mean green in-
tensity). In the co-localization images, blue and purple colours indi-
cate lower level of co-localization while yellow and white indicate a
high level of co-localization.
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Self-complementary adeno-associated viruses (AAVs) serotype 9
for neuronal-specific expression of GFP (AAV9/GFP) and NF242
(AAV9/NF242) were produced to a yield of 2.0x 10" GC/ml and
2.4x 10" GC/ml, respectively (Vector Biolabs) using pscAAV-GFP
and pscAAV-NF242 plasmids.?> Mice were stereotaxically injected
with the AAVs intraventricularly in the brain (injection site:
AP=-0.4 mm; ML=-1.0, +1.0 mm; and DV=2.3 mm from Bregma)
with 2.5 pl (bilateral) of AAVY/GFP or AAV9/NF242 at a rate of 1 pl/min
with a 33-G Hamilton syringe. One week after the surgery Dox was re-
moved from the double transgenic mice to induce the expression of
TDP-43-ANLS.

Motor tests for the mice were performed once per week from Dox
retrieval.

Mice were suspended by the tail ~30 cm above the cage and slowly
lowered. Clasping of both hindlimbs that was maintained for ~30 s
was recorded as a positive response.®®

Front limbs strength was assessed using a Model Grip Strength me-
ter (Columbus Instruments) horizontally mounted. Mice had to grip
a wire bail attached to a force transducer sensing shaft (Chatillon
2LBF AMETEK). The peak force of five trials was the grip strength ex-
pressed in normalized force (N/g).?”-%®

To test motor coordination and balance,? mice were placed on a ro-
tarod apparatus (AccuRotor Rota-Rod, Omnithech electronics, Inc,;
software, Fusion 6.4 AccuRotor edition) at a speed of 4 rpm with in-
creased linearly acceleration up to 40 rpm over 300 s. After the ini-
tial training session, weekly session of four trials were performed
for each animal and the average in the latency to fall of four trials
was calculated.

CatWalk XT® Version 10.6 system by Noldus was used for mice gait
assessment. Tests were conducted in a room with red light and the
analysis was made with the average of two videos per animal. Runs
were analysed using Noldus software.?>*°

Mice were placed in a square arena (20 cm x 20 cm) (AccuScan
Instruments Inc.) and activity for 20 min was recorded by infra-red
photo beams along the x-, y-, z-axes using software Fusion V5
VersaMax Edition. Distance travelled (converted from beam breaks
to cm) was recorded at 5-min blocks.** The results of open field
were not compared with their wild-type counterpart because of
the hypermobility associated with TDP-43 transgenic models,***?
which creates a different basal for transgenic mice when compared
with wild-type mice.
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Disease end stage in mice was defined as: CS 4 (clinical score; func-
tional paralysis of both hindlimbs), CS 4+ (CS 4 plus loss of body
weight > 20% or body condition score <2) and CS 5 (CS 4 plus right-
ing reflex >20).**

Relative fluorescence intensity of TDP-43, GFAP and Ibal stainingin
the ventral horn of the lumbar spinal cord or brain cortex of rNLS8
mice injected with AAV9/GFP and AAV9/NF242 was measured
using LASX 2.0 software (Leica), quantifying the intensity on at
least five different slices (technical replicates) for each animal.

The statistical analyses were performed with GraphPad Prism 9.5
software. Log-rank (Mantel-Cox) test analysis was used to compare
lifespan curves and clasping. For the protein-protein experiments
one-way ANOVA with Dunnett’s post hoc or Student’s t-test were
performed. For the NanoBiT constructs expression analysis one-
way ANOVA with Tukey’s post hoc was performed. For the animal
motor test studies two-way ANOVA analysis comparing the differ-
ence between treatments was performed. For the pathology quan-
tification Student’s t-test were performed. Data were expressed as
mean + standard error of the mean (SEM). Data were judged to be
statistically significant when P < 0.05.

Results

Previously, we observed that RGNEF and TDP-43 co-localize and
co-immunoprecipitate and that NF242, an N-terminal fragment of
RGNEF encompassing its first 242 amino acids, and TDP-43 are
part of a high molecular complex.'*?? To evaluate if the interaction
between RGNEF with TDP-43 is direct, we performed a complemen-
tation reporter assay (NanoBiT)*® in HEK293T cells. We transfected
a series of constructs containing RGNEF, NF242, TDP-43*~"S and
TDP-43"" fused to the large or small subunit of the luciferase
(Supplementary Fig. 4A and B). TDP-43*N"S has previously been de-
scribed to emulate pathological conditions and localizes in the
cytoplasm,*® which we thought would facilitate the interaction
with RGNEF (mainly cytoplasmic’®??). The amino- or C-terminal
end of TDP-43*N'S fused to the large subunit of luciferase showed
interaction with both RGNEF and NF242, but only when the
C-terminal end of the latter proteins was fused to the small subunit
of the luciferase (Supplementary Figs 4C and 5A-D). In experiments
with TDP-43"", we observed interaction only with NF242 and when
both proteins had the luciferase subunit fused to the C-terminal end
(Supplementary Figs 4C and 5E-H). We previously observed that
NF242 localizes both in the nucleus and the cytoplasm in cultured
cells.?? This facilitates its interaction with TDP-43"' and aligns
with our results.

To further validate the interaction between NF242 and TDP-43,
we measured complex formation between the two proteins directly
via SPR. In this assay, NF242 was fixed to the SPR substrate as the
immobilized ligand and TDP-43 was injected as the mobile analyte.
To obtain sufficient amounts of purified protein for the SPR assay,
we used optimized constructs of NF242 and TDP-43, which maxi-
mize recombinant expression and purification efficiency in E. coli.
For TDP-43, we expressed the full-length wild-type protein with
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Figure 1 Interaction between RGNEF/NF242 and TDP-43. (A) Representative SPR sensorgrams showing the interaction between His-GST-TDP-43%*
(analyte) and His-MBP-RGNEF*?° (ligand) at different concentrations of His-GST-TDP-43"". Ky, = 1.78 + 0.49 uM (n = 4). (B) NanoBiT experiment showing
interaction between TDP-43"* (structure detailed) and NF242 (NF) (n = 3; NC = negative control). (C) NanoBiT experiment showing interaction between
TDP-43"7% (structure detailed) and NF242 (NF) (n = 3; NC = negative control). (D) NanoBiT experiment showing interaction between TDP-43%* (struc-
ture detailed) and NF242 (NF) (n = 3; NC = negative control). (E) NanoBiT experiment showing an absence of interaction between TDP-43*ffM12 (stryc-
ture detailed) and NF242 (NF) (n=3; NC = negative control). (F) Representative SPR sensorgrams showing the interaction between His-TDP-43'-2%°
(analyte) and His-MBP-RGNEF*?’* (ligand) at different concentrations of His-TDP-432%°, K, =4.11+1.33 uM (n =3). (G) Representative SPR sensor-
grams demonstrating the absence of interaction between His-TDP-437'%2 (analyte) and His-MBP-RGNEF*?’* (ligand) at different concentrations of
His-TDP-43"7%? (n = 3). (H) NanoBiT experiment showing interaction between TDP-43*R*M! (structure detailed) and NF242 (NF) (n = 3; NC = negative con-
trol). (I) NanoBiT experiment showing the lack of interaction between TDP-43**"M2 (structure detailed) and NF242 (NF) (n = 3; NC = negative control).
(J)) Representative SPR sensorgrams demonstrating the interaction between His-RRM1 (analyte) and His-MBP-RGNEF'?’* (ligand) at different concen-
trations of His-RRM1(n = 4). (K) Representative SPR sensorgrams demonstrating weak interaction (low signal intensity) between His-RRM2 (analyte) and
His-MBP-RGNEF*?’® (ligand) at different concentrations of His-RRM2 (n=4). (L) NanoBiT experiment showing interaction between TDP-4371%2
(structure detailed) and NF242 (NF) (n = 3; NC = negative control). RRM = RNA recognition motif; SPR = surface plasmon resonance spectroscopy.

an N-terminal GST fusion (His-GST-TDP-43""). For NF242, we in-
cluded an N-terminal MBP fusion and extended the C-terminal
truncation boundary of N242 by 33 residues (His-MBP- RGNEF*~27>
or His-NF242). The SPR experiments showed direct interaction be-
tween the proteins (Fig. 1A) with a Kp of 1.78 + 0.49 uM (n =4).
Then, we evaluated which region of TDP-43 was critical for the
interaction with NF242. For NanoBiT assays, we used a series of
TDP-43 constructs with deletions of different domains of the pro-
tein with the luciferase subunits fused to the C-terminal end of
both TDP-43 and NF242, having shown that these constructs

showed the most significant difference to negative control be-
tween TDP-43%* and NF242 (Supplementary Fig. 5H). We observed
that the constructs lacking the C-terminal region of TDP-43
(TDP-43'3% and TDP-43"?"%) maintained the interaction with
NF242 (Fig. 1B-D). However, when the RRM domains were removed
(TDP-43%RRM1-2) 'no interaction was observed (Fig. 1E). SPR experi-
ments using His-TDP-43""2%° as analyte confirmed the importance
of the N-terminal region of TDP-43 (including both RRMs) for the
direct interaction with NF242 (Fig. 1F) with a Kp of 4.11 +1.33 pM
(n=3). When the protein His-TDP-43'"*°>—which lacks both
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measuring TDP-43 stabilizing activity over NEFL 3’ UTR in presence (red; lower curve) of absence (blue; upper curve) of 120 ng of NF242 at increasing
amounts of TDP-43. Displacement of the dose-response curve suggests competition of NF242 and RNA for TDP-43 (n = 3). (C) Competition experiment
between NF242 and RNA for TDP-43 binding using surface plasmon resonance spectroscopy (SPR). A biotinylated RNA oligo was attached to an SPR
neutravidin chip (ligand) and then 100 nM of His-TDP-43%2%° was used as analyte. In the accompanying schematic of the binding of His-TDP-43%2%°
(TDP-43) to the chip (curve i; upper curve in C), the capability of this protein to bind RNA as observed in the sensorgram is illustrated. When
His-TDP-43'72%° (TDP-43) and His-NF242 (NF242) were pre-incubated together at two NF242 concentrations (1 uM or 10 uM; curves ii and iii, middle
and lower curves, respectively) to ensure an effect of NF242 over TDP-43, and this was injected into the SPR machine, a 10% reduction of the signal
in the sensorgram (inhibition) was observed at 1 uM NF242 and 50% at 10 uM NF242 indicating that an important fraction of TDP-43 was bound to
NF242 and not interacting with RNA. This confirms that NF242 blocks the access of TDP-43 to the RNA on the chip through its binding to the same
site that binds RNA in TDP-43. Panel C(i-iii) created with BioRender.com.

RRMs—was used as analyte, no interaction was detected between
the proteins (Fig. 1G).

To evaluate which RRM of TDP-43 was critical for the interaction
with NF242, we created two NanoBiT constructs of TDP-43 lacking
RRM1 (TDP-43*R®M?) or RRM2 (TDP-43*F*M?) The deletion of RRM1
did not alter the interaction between TDP-43 and NF242 (Fig. 1H),
but the deletion of RRM2 completely abolished it (Fig. 1I). SPR using
His-RRM1 and His-RRM2 as ligands showed robust interaction be-
tween His-RRM1 and His-NF242 (Fig. 1J) but weak interaction with
His-RRM2 (Fig. 1K). To reconcile the NanoBiT and SPR results about
the role of RRM1/2 in TDP-43-NF242 interaction, we evaluated if the
C-terminal region of TDP-43*F*™2 was blocking the access of NF242
to the RRM1 domain of the TDP-43 construct (Supplementary Fig.
5I). To do this, we generated a TDP-43'"'°? NanoBiT construct,
which lacks RRM2 and the C-terminal domain of the protein. Our

analysis showed an interaction between TDP-437'°2 and NF242,
confirming the blocking effect by the C-terminal domain of
TDP-43 (Fig. 1L). These results suggest that both RRMs are necessary
for the interaction between TDP-43 and NF242 and that RRM1 is the
domain that has the strongest interaction with NF242.

To study whether the interaction with NF242 had any functional
consequence for TDP-43, we used a luciferase assay that we previ-
ously developed to evaluate the regulation of the stability of NEFL 3’
UTR by TDP-43.> We observed a moderate inhibition of NF242 over
the RNA stabilizing activity of TDP-43, suggesting a competitive ef-
fect between NF242 and RNA for TDP-43 (Fig. 2A and B).

The molecular docking modelling demonstrated the importance
of both RRMs of TDP-43 in the interaction with NF242 and
predicted that NF242 binds to the same TDP-43 site that binds RNA
(Fig. 3A-D). As we also observed a competitive effect between
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Figure 3 Modelling of TDP-43-NF242 interaction. (A) NF242 structure based in the atomic coordinates of RGNEF residues 1-242 (NF242) extracted from
the AlphaFold Protein structure database (accession Q8N1W1). (B) Minimized structure of TDP-43 in complex with AUG12 RNA from experimental NMR
coordinates (PDB accession: 4BS2). (C) Region of high inter-molecular contacts occurring between TDP-43 and RNA. (D) Minimized structure of TDP-43
in the complex with NF242. (E) Region of high intermolecular contacts occurring between TDP-43 and NF242 (yellow square in D) showing the most
important amino acid interactions from the loop 76-81 of NF242 and the interface between RRM1 and RRM2 of TDP-43. (F) Summary of all intermolecu-
lar contacts. (G) Schematic showing the mutants used to study the importance of the loop 76-81 of the TIG domain of NF242 in the interaction with
TDP-43. (H) NanoBiT experiment showing that the mutants NF242-mut 77-79 and NF242-A77-79_P81G, both fused to smBiT in the C-terminal end,
do not interact with TDP-43 (P =0.9636 and P = 0.9644, respectively). The interaction with NF242 is shown as positive control (P < 0.0001). RRM = RNA

recognition motif.

NF242 and RNA for TDP-43 using the luciferase assay (Fig. 2A and B), we
decided to study if NF242 directly binds to the same site of TDP-43 as
RNADby performingan SPRcompetition experiment. First, we observed
that His-TDP-43"%% binds an SPR chip containing bound RNA effi-
ciently at 100 nM of concentration (Fig. 2C). Then, we observed that

when His-NF242 is present, the binding of His-TDP-43%2%° to RNA de-
creases by ~10% and 50% at 1 and 10 uM His-NF242, respectively. The
decrease of the His-TDP-43%%° signal in the sensorgrams indicates
that His-NF242 and RNA compete for the same His-TDP-43'2% bind-
ing site. If NF242 interacted with TDP-43 at a different site than the
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RNA, we would have observed an additive effectin the sensorgrams. If
NF242 and TDP-43 did not interact, we would have observed no
change in the His-TDP-43""2%° SPR signal. The partial inhibitory effect
in the binding of His-TDP-43%2%° to RNA, despite the high molar ratio
between His-NF242 and His-TDP-432%, is explained because of the
difference in the Kp between the binding of His-NF242 and
His-TDP-43"%°, which is in the yM range, and the Ky, for the binding
between RNA and TDP-43, which is the nM range.?

To test if the capability of TDP-43 for RNA binding was a require-
ment for its interaction with NF242, we evaluated by SPR the inter-
action between a fragment of TDP-43 containing only the RRMs
(TDP-43"°1"261) without (control) or with the mutations Phe147/149/
229/231Leu (TDP-43'°"261.F41), which has previously been shown
to completely abolish the binding of RNA.* We observed that
TDP-43'01"261.F4], binds NF242 similarly to the TDP-43°2%! control
(Supplementary Fig. 6A and B), suggesting that the capability of bind-
ing RNA by TDP-43 is not necessary for its interaction with NF242.

The in silico analysis suggested that the amino acids 76 to 81,
corresponding to a loop in the IPT/TIG (immunoglobulin, plexins,
transcription factors-like/transcription factor immunoglobulin)
domain (amino acids 1 to 95) of NF242 (Supplementary Fig. 4A)
are critical for the interaction with TDP-43 in the interface between
the RRM1 and RRM2 domains (Fig. 3E and F). To test this, we gener-
ated two NanoBiT constructs with mutations in the loop region
(Fig. 3G). We observed no interaction between NF242 and TDP-43
when the loop 76-81 of NF242 was disrupted (Fig. 3H).

Taken together, these results, obtained using two different and
complementary techniques, one evaluating protein-protein inter-
action in living cells (NanoBiT) and the other analysing the kinetic
of interaction with purified proteins in vitro (SPR), suggest that the
interaction between NF242 and TDP-43 could have a physiological
effect in vivo using ALS animal models.

After previously determining that RGNEF has a protective effect in
cells under stress,”* we sought to evaluate whether RGNEF exerts
this protection when TDP-43 is overexpressed. We co-transfected
HEK293T cells with plasmids expressing RGNEF and TDP-43""* and
observed that RGNEF decreased TDP-43-induced cytotoxicity com-
pared to TDP-43"" overexpression alone (Supplementary Fig. 7A).
The same result was obtained when NF242 and TDP-43"* were co-
expressed (Supplementary Fig. 7B). This observation and the direct
interaction between NF242 and TDP-43 led us to study the in vivo ef-
fect of the co-expression of either NF242 or RGNEF with TDP-43%*,
We created lines of transgenic Drosophila melanogaster (fruit flies)
co-expressing RGNEF and TDP-43"* or NF242 and TDP-43"" using
the UAS-GAL4 system.*® As neuropathological TDP-43 positive con-
trol for the experiment, we created the GFP;TDP-43"" fly, which in-
corporated GFP under the UAS promoter to compare only double
transgenic flies and account for any possible effect caused by
GAL4 acting over two UAS promoters (Supplementary Fig. 8).

First, we analysed the effect of the expression of RGNEF and
NF242 alone on the lifespan of the flies. When RGNEF was overex-
pressed using the elav pan-neuronal driver (elav>RGNEF line), we
observed an increased lifespan of the flies (average of 72.89 + 1.22
days) compared with the heterozygous driver alone control elav>w™
(elav crossed with the w~ line) (average of 54.95+0.88 days;
P <0.0001; w™ is the parental line for the transgenic flies) and the
RGNEF line without the driver (average of 56.24+1.01 days;
P=0.0035; Fig. 4A). When NF242 was overexpressed using the
same driver (elav>NF242 line), we also observed an increased
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lifespan of the flies (average of 75.66 + 1.08 days) compared with
the control elav>w™ (P <0.0001; w~) and the NF242 line without
the driver (average of 57.26 + 1.24 days; P <0.0001; Fig. 4A). Then,
we evaluated the effect of the co-expression of RGNEF or NF242
with TDP-43 (elav>RGNEF;TDP-43*" and elav>NF242;TDP-43"" lines)
on the flies’ lifespan. When compared with the elav>GFP;TDP-43""
line, which had a shortlifespan (average of 4.27 + 0.13 days) consist-
ent with previous reports,**> both elauv>RGNEF;TDP-43“* and
elav>NF242;TDP-43"" lines showed a significantly longer lifespan
(average of 63.73+2.25 and 69.56 + 1.44 days, respectively; P <
0.0001; Fig. 4B). We obtained similar results using the D42 motor
neuron driver; D42>GFP;TDP-43"" line had a significantly shorter
lifespan (average 14.13 +0.31 days) than D42>NF242,TDP-43"" line
and the heterozygous driver alone control D42>w™ line (average
61.07 + 1.06 and 53.32 + 1.44 days, respectively; P < 0.0001; Fig. 4C).

The effect of RGNEF and NF242 expression in the motor phenotype
induced by TDP-43""in flies was evaluated using a negative geotaxis
assay.”>>® We observed that the toxic motor phenotype induced by
TDP-43"* under the neuron-specific elav driver (elav>GFP;TDP-43"*
line) was suppressed by either RGNEF (elav>RGNEF;TDP-43"" line) or
NF242 (elav>NF242;TDP-43“" line; Fig. 4D and E). Analogous results
were observed when these proteins were expressed only in motor
neurons using the D42 driver (Fig. 4F and G). The effect of TDP-43%",
RGNEF and NF242 expression in the induction of eye degeneration
was studied using the eye-specific GMR driver. GMR>GFP;TDP-43"*
line showed eye degeneration as expected,” but at a lesser extent
than our positive control line expressing 36 C9orf72 expanded re-
peats®*> (GMR>C9-36R). Neither the negative control GMR>w™ nor
the double transgenic line GMR>NF242,TDP-43""* demonstrated evi-
dence of eye degeneration (Fig. 4H). GMR>RGNEF;TDP-43** showed an
eye phenotype different from GMR>GFP;,TDP-43""* or GMR>C9-36R flies,
that was also observed in GMR>RGNEF flies (Supplementary Fig. 9A),
which suggests that this is an effect caused by RGNEF overexpression
and is not related to TDP-43"" toxicity.

Next, we studied the localization of TDP-43"' and NF242 in the
central brain and optical lobes (Supplementary Fig. 9B) of fixed
elav>NF242,TDP-43"" and elav>GFP;TDP-43"" flies, by immunofluores-
cence. We observed that NF242 and TDP-43"* co-aggregate in neurons,
both in the nucleus and the cytosol (Fig. 4I-K and Supplementary Fig.
9C and D). As expected, elauv>GFP;TDP-43“" control flies showed
TDP-43 pathology in neurons (Supplementary Fig. 9E and F). We did
not observe differences in the TDP-43 pathology between elav>GFP;
TDP-43“" and elav>NF242;,TDP-43"" lines (Supplementary Fig. 9G).

These results confirm that RGNEF acts as a survival factor in vivo
and show that RGNEF and NF242 suppress the toxic motor pheno-
type induced by TDP-43"' in flies. Also, it suggests that the
co-aggregation between NF242 and TDP-43 is critical for abolishing
the toxicity generated by TDP-43 overexpression in neurons.

The results using flies suggested a therapeutic potential for NF242.
Given this, we studied the effect of the ectopic expression of NF242
in neurons using intracerebroventricular (ICV) injections of an AAV
(serotype 9) in a severe murine model of ALS (rNLS8) that expresses
human TDP-43*""S under the regulation of a Tet-Off system.”® AAV9
expressing GFP was used as a control.

The rNLS8 mice expressing NF242 showed a significantly longer
lifespan compared with the GFP-expressing animals (NF242 aver-
age: 70.28 +6.12 days; GFP average: 47.92+6.17 days; P=0.0195;
Fig. 5A). We also observed that mice injected with AAV9/NF242
had a significant improvement in clasping occurrence (NF242
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Figure 4 Co-expression of RGNEF or NF242 with TDP-43 in fruit flies. (A) Kaplan-Meier graph showing the survival of elav>RGNEF (elav>R; n=156),
elauv>NF242 (elav>NF; n=101) RGNEF no driver control (R n.e.; n=117), NF242 no driver control (NF n.e.; n=93) and elav>w- (control of driver crossed
with parental line; n=123). The elav>RGNEF line shows an increased lifespan compared to RGNEF no driver control (P=0.0035) and elav>w-—
(P <0.0001) lines. The elav>NF242 line shows an increased lifespan compared to NF242 no driver control (P <0.0001) and elav>w— (P <0.0001) lines.
(B) Kaplan-Meier graph showing the survival of elav>GFP;TDP-43"" (elav>G; T; n=178), elav>RGNEF;TDP-43"" (elav>R; T, n=132) and elav>NF242;
TDP-43“" (elav>NF; T, n=224). The elav>GFP;TDP-43"" line shows a reduced lifespan, an effect that is suppressed in the elau>RGNEF; TDP-43"* (P <
0.0001) and elav>NF242;TDP-43"" (P <0.0001) lines. (C) Kaplan-Meier graph showing the survival of D42>GFP; TDP-43"' (D42>G; T; n=143),
D42>NF242;TDP-43"" (D42>NF; T, n = 181) and D42>w" (control of driver crossed with parental line, n = 98). The D42>GFP;TDP-43""line shows a reduced

(Continued)
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average: 5.83+0.27 weeks; GFP average: 4.08+0.41 weeks; P=
0.0075; Fig. 5B and C). As the animals injected with AAV9/NF242
were visibly more active and healthier (less kyphosis and tremor,
more hydrated) compared to the mice injected with AAV9/GFP
(Supplementary Videos 1-4) in the first 5-6 weeks after Dox was re-
moved from the drinking water, we next quantified locomotor ac-
tivity using an open field test.”® Mice injected with AAV9/NF242
showed an improvement in most of the parameters evaluated for
this test, including total distance travelled (Fig. 5D), horizontal ac-
tivity (Fig. 5E), movement time (Fig. 5F) and resting time (Fig. 5G).
Vertical activity was not different between the groups
(Supplementary Fig. 10A). To assess motor function and coordin-
ation, we used gait analysis (catwalk).”’*® We observed that mice
injected with AAV9/NF242 had an improved gait phenotype
(Fig. SH) and better results in the maximum area for fore and
hindlimbs with values closer to the wild-type controls and
significantly different from the AAV9/GFP injected rNLS8 mice
(Fig. 5I and J). Additionally, swing speed for hindlimbs was
significantly different compared to the AAV9/GFP-injected mice
controls (Fig. 5K). However, the assessment against wild-type
controls showed a different pattern of swing speed in the transgen-
icmice, which is consistent with reports showing alterations in this
parameter in neurodegenerative mice models with altered
locomotion.*®

We did not observe a difference for fore and hindlimbs
stride length (Supplementary Fig. 10B and C) or forelimb swing
speed (Supplementary Fig. 10D). When we analysed the strength
of the mice using a grip force test, we also observed a better per-
formance for mice injected with AAV9/NF242 (Fig. 5L). We did
not observe a difference in the balance using the rotarod test®®
(Supplementary Fig. 10E) or in the weight of the mice injected
with AAV9/NF242 compared to AAV9/GFP (Supplementary
Fig. 10F).

Fluorescence staining showed that the AAV9/GFP and AAVY/
NF242 were efficiently transduced in the brain of wild-type mice
(Supplementary Fig. 11A and B). The same was observed when the
viruses were injected in rNLS8 mice (Supplementary Fig. 11C and D).
When we analysed the spinal cord of rNLS8 mice injected with
AAV9/NF242, we observed a high efficiency of transduction
(Supplementary Fig. 11E). Neurons expressing NF242 in the spinal
cord and brain cortex of rNLS8 mice observed at high magnification
with confocal microscopy or using STED microscopy showed exten-
sive co-localization and co-aggregation with TDP-43*N'S (Fig. 6A and
B). When we analysed the expression of the neuroinflammatory mar-
kers in spinal cord, we observed a significant reduction in the levels of
the astrogliosis marker GFAP (Fig. 6C; reduction of 59.9%; P =0.0033;
Fig. 6E) and the microgliosis marker Ibal (Fig. 6D; reduction of 74.4%;
P =0.0341; Fig. 6F) in the NF242 expressing mice.

These results demonstrate that the ectopic expression of NF242
in neurons of mice brains and spinal cords using AAVs improves

Figure 4 Continued
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the lifespan and motor phenotype of a severe and fast-deteriorating
model of ALS based on TDP-43 dysregulation.

Discussion

Here, we show that the pathological phenotype induced by TDP-43
overexpression is suppressed in flies and ameliorated in mice by
an N-terminal fragment of the RNA-binding protein RGNEF/
P190RhoGEF (NF242). This is the first report of a protein fragment
that is able to bind TDP-43 and has a therapeutic effect that in-
cludes improvement of motor phenotype, increased lifespan and
reduction of neuroinflammatory markers in a murine ALS model.
Our results support that the interaction and specific co-
aggregation between NF242 and TDP-43 are key to the protective ef-
fect of NF242 against the toxicity induced by TDP-43%' and
TDP-43*NS in two in vivo models. As NF242 competes with RNA
for the binding site of TDP-43, NF242 might be blocking the toxic
gain-of-function of TDP-43 generated by sequestering RNA and
other proteins into the aggregates.’®° The evidence that supports
this mechanism includes: (i) the confirmation that the predicted
77-79 loop of NF242 is critical for NF242-TDP-43 interaction using
mutagenesis and protein-protein interaction assays (NanoBiT) in
living cells (Fig. 3H); (ii) the competitive effect observed in living
cells of NF242 over TDP-43 RNA stabilizing activity (Fig. 2A and B);
(iii) the in vitro competition assay that demonstrated that NF242
directly competes with RNA for TDP-43 binding (Fig. 2C); (iv) our
previous observation that under metabolic stress NF242 has a
high propensity to co-aggregate with TDP-43 inclusions?®?; and (v)
the robust effect of NF242 in in vivo models of TDP-43 pathology
without deleterious consequences in controls. The latter suggests
that NF242 has a higher affinity for pathological TDP-43 than for sol-
uble TDP-43 and is supported by the observation that high amounts
of NF242 are needed to inhibit RNA binding to soluble TDP-43. In our
model, we propose that this preference of NF242 for pathological
TDP-43 leads to co-aggregation and blockage of the TDP-43’s gain
of toxic function (Fig. 7). The relevance of our findings is that it is
not necessary to eliminate the aggregates to obtain a therapeutic ef-
fect. Rather, blocking toxic aggregates with an innocuous protein
(co-aggregating) could be as beneficial as eliminating the aggregates.
Considering the evidence we have shown of the interaction be-
tween NF242 and TDP-43, it is intriguing that, to date, RGNEF has
not been found as an interactor of TDP-43 in proteomic analysis.
Technical reasons could explain this absence. There are four studies
that have systematically described TDP-43 interactors. Two of them
mighthave not detected RGNEF because they were based on immuno-
precipitation/pull-down from cell lines with low RGNEF expres-
sion.®®? The other two, because two-hybrid assays were performed
and RGNEF was not included in the analysed library.*** In general,
TDP-43 and RGNEF are observed in different subcellular

lifespan, an effect that is suppressed in the D42>NF242 line (P < 0.0001). The latter also show an increase in lifespan compared to the control D42>

w" line (P < 0.0001). (D and E) Negative geotaxis assay showing the climbing score at Days 3 and 6 for elav>RGNEF;TDP-43"" (elav>R; T, n = 11; 110 flies),
elav>NF242;TDP-43"" (elav>NF; T, n = 12, 120 flies), elav>GFP;TDP-43*" (elav>G; T; with n=12; 120 flies at Day 1) and elav>w™ (n=8; 80 flies) lines. The
elav>GFP;TDP-43"" line shows a severe motor phenotype that is suppressed when RGNEF or NF242 is co-expressed with TDP-43"" in neurons (P <
0.0001). (F and G) Negative geotaxis assay showing the climbing score at Days 6 and 9 for D42>RGNEF;TDP-43"" (D42>R; T, n=12; 120 flies) and
D42>NF242,TDP-43"" (D42>NF; T, n= 16, 160 flies), D42>GFP;TDP-43"" (D42>G; T; n= 14; 140 flies) and D42>w™ (n=9; 90 flies). The D42>GFP; TDP-43"*
line shows a significant motor phenotype that is suppressed when RGNEF or NF242 is co-expressed with TDP-43"" in motor neurons (P < 0.0001).
(H) Representative images showing the eye phenotype of GMR>w~ (negative control), GMR>36R (positive control), GMR>GFP;TDP-43"" and
GMR>NF242;TDP-43"" lines. NF242 co-expression with TDP-43"' suppresses the eye degeneration observed in the GMR>NF242;,TDP-43"" line.
(I) Immunofluorescence of adult elav>NF242;,TDP-43"" fly brain tissue showing the co-localization between NF242 and TDP-43"" in neurons. (J and K)
Confocal images at higher magnification of adult elav>NF242;TDP-43"" fly brain tissue showing the co-aggregation between NF242 and TDP-43%"in neu-
rons. Nuclei are indicated with dashed lines. Arrows show nuclear co-localization and arrowheads cytoplasmic co-localization.
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Figure 5 Ectopic expression of NF242 in rNLS8 mice. (A) Kaplan-Meier graph showing the increased lifespan after doxycycline (Dox) retrieval of INLS8
mice injected with AAV9/GFP (n=12) compared to mice injected with AAV9/NF242 (n=11) (P=0.0195). (B) Representative pictures showing a rNLS8
mouse injected with AAV9/GFP with clasping and a INLS8 mouse injected with AAV9/NF242 after 5 weeks without Dox. (C) Kaplan-Meier graph show-
ing clasping quantification of rNLS8 mice injected with AAV9/GFP (n = 12) or AAV9/NF242 (n=12). AAV9/NF242 injected rNLS8 mice show a significant
delay in clasping occurrence (P =0.0075). (D-G) Open field test comparing rNLS8 mice injected with AAV9/GFP (n=12) or AAV9/NF242 (n=12). AAVY/
NF242 injected rNLS8 mice show an increase in (D) total distance travelled (P=0.0222), (E) horizontal activity (P =0.0488), (F) movement time (P=
0.0105) and (G) a decrease in resting time (P=0.0105). (H) Representative visualizations of gait assessment (Catwalk) that compares the improved
gait pattern of an AAV9/NF242 injected rNLS8 mouse with an AAV9/GFP injected NLS8 mouse at 6 weeks without Dox. Wild-type mouse shows normal
gait. (I-K) Catwalk quantification comparing rNLS8 and wild-type (wt) mice injected with AAV9/GFP or AAV9/NF242 (n =12 for each group of rNLS8
mice; n=6 for each group of wild-type mice). The AAV9/NF242 injected rNLS8 mice show an improvement in (I) the forelimb maximum area (P=
0.0251), (J) the hindlimb maximum area (P =0.0211) and (K) the hindlimb swing speed (P =0.0438). (L) Grip force experiment showing that the AAV9/
NF242 injected rNLS8 mice (n =12) have a slight increase in the force compared to the AAV9/GFP injected mice (n=12) (P =0.0441). Wild-type mice in-
jected with AAVY/GFP (n=6) or AAV9/NF242 (n = 6) are shown as healthy grip force controls. GFP = green fluorescent protein.

compartments and they co-aggregate only under pathological condi-
tions."»'>?2 More recently, it has been shown that 95 genes are
co-regulated by TDP-43 and RGNEF, including axonal guidance genes
(specifically SRGAP3, MPPED2, GREM2 and CFL2), through regulation of
the rate of long-intron processing,®® which suggests that these pro-
teins have complementary functions under basal conditions.

Thus far, the RRMs of TDP-43 have been targeted for potential
therapeutic approaches in a few in vitro and in vivo studies using
flies and mice. This includes studies with small molecules, such
as compounds containing extended planar aromatic moieties,®®
ATP,*” the chemical rTRD01°® and an antibody against the RRM1
of TDP-43.°° These data support our findings demonstrating that
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Figure 6 Pathology of rNLS8 mice expressing ectopic NF242 at Week 3. (A) High magnification confocal images showing the co-localization and
co-aggregation (indicated by white arrows) between NF242 and TDP-43*N'S in the brain cortex (cortical layer II-I1I) and spinal cord of a rNLS8 mouse
injected with AAV9/NF242 after 3 weeks without doxycycline (Dox). (B) Super-resolution stimulated emission depletion (STED) microscopy images
showing in detail the co-aggregation (indicated by white arrows) between NF242 and TDP-43“N'S in the brain cortex (cortical layer II-1I) of a rNLS8
mouse injected with AAV9/NF242 after 3 weeks without Dox. (C and D) Representative immunofluorescences of rNLS8 mice injected with AAV9/
GFP and AAV9/NF242 showing the decrease in the amount of glial fibrillary acidic protein (GFAP) (C) and Ibal (D) in the spinal cord. The anterior
grey horn is separated from the white matter by a dashed white line. (E and F) Quantification showing the reduction of the levels of GFAP (E, P=
0.0033) and Ibal (F, P =0.0341) in the ventral horns of the lumbar spinal cord of rNLS8 mice injected with AAV9/GFP and AAV9/NF242, after 3 weeks

without Dox (n =4). GFP = green fluorescent protein.

targeting the RRM domains of TDP-43 can improve the phenotype
of TDP-43 proteinopathies.

In the rNLS8 mice, a well studied ALS animal model,>>7°7? the
mitigation effect of the AAV9/NF242 over the motor phenotype,
lasted 5-6 weeks on average. The progression of signs thereafter
could be explained by two reasons. First, the high and permanent
expression of TDP-43“N'S in the model and the spreading of the
TDP-43 pathology beyond the cells expressing NF242. Specifically,
we observed a significant increase of TDP-43 pathology in the cor-
tical layer I at 6 weeks without Dox in rNLS8 mice injected with

AAV9/NF242. This increase of TDP-43 pathology was correlated
with anincrease of glial fibrillary acidic protein (GFAP) in the cortical
layers I and II-11I and an extensive co-localization of TDP-43*NtS
with GFAP mainlyin the corticallayerI(Supplementary Fig. 12), sug-
gesting the spreading of TDP-43 pathology to astrocytes after sev-
eral weeks of TDP-43*N'S neuronal expression. Second, the
suppression of the endogenous murine TDP-43 expression in the
rNLS8 mice®?; the loss-of-function is an inherent pathological factor
in the model that cannot be accounted for by our therapeutic
approach.
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Figure 7 Schematic of the proposed mechanism of action for NF242. We hypothesize that under pathological conditions, TDP-43 aggregates sequester
RNAs, other RNA-binding proteins or other proteins that can interact with TDP-43, leading to a toxic gain-of-function. When NF242 is expressed gen-
etically or using adeno-associated viruses, it binds to TDP-43 aggregates and blocks sequestration of RNAs and proteins, thus inhibiting the toxic

gain-of-function. Created with BioRender.com.

Considering that the rNLS8 mice have previously shown resist-
ance to other therapeutic approaches, such as riluzole treatment,**
MMP-9 reduction’® or miR-23a suppression,’® the more encour-
aging evidence that we show in this work highlights the therapeutic
potential of our approach after modifying the phenotype of this se-
vere murine model of ALS.

In conclusion, our study suggests that a therapeutic strategy ex-
pressing NF242 or a biologically active fragment of NF242 could be
promising in humans affected by TDP-43 proteinopathies. While in
this study we described a critical region of NF242 for the interaction
with TDP-43, further work is needed to reduce the size of the protein
used while maintaining its biological activity without altering its
structural conformation. The fact that this approach uses a fragment
of a protein already expressed in humans, suggests that the secondary
effects associated with the use of therapeutic antibodies”>”® could be
minimized or avoided.

A potential treatment using this TDP-43’s gain-of-function tar-
geting approach might need to be combined with drugs that target
its loss-of-function, and potentially with drugs focused on different
targets, such as autophagy.”” Currently, it seems we are on the edge
of anew era for the developing of treatments for neurodegenerative
diseases such as ALS and FTD.
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