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TDP-43 and FUS RNA-binding Proteins Bind Distinct Sets of
Cytoplasmic Messenger RNAs and Differently Regulate Their
Post-transcriptional Fate in Motoneuron-like Cells™
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Background: The RNA-binding proteins TDP-43 and FUS form abnormal aggregates in patients with amyotrophic lateral

sclerosis and frontotemporal lobar dementia.

Results: We identified the mRNAs associated to these proteins in the cytoplasm of NSC-34 cells.
Conclusion: TDP-43 and FUS recognize distinct transcripts and differently regulate their fate.
Significance: Our results clarify TDP-43 and FUS role in neuronal metabolism and neurodegeneration.

The RNA-binding proteins TDP-43 and FUS form abnormal
cytoplasmic aggregates in affected tissues of patients with amy-
otrophic lateral sclerosis and frontotemporal lobar dementia.
TDP-43 and FUS localize mainly in the nucleus where they reg-
ulate pre-mRNA splicing, but they are also involved in mRNA
transport, stability, and translation. To better investigate their
cytoplasmic activities, we applied an RNA immunoprecipitation
and chip analysis to define the mRNAs associated to TDP-43
and FUS in the cytoplasmic ribonucleoprotein complexes from
motoneuronal NSC-34 cells. We found that they bind different
sets of mRNAs although converging on common cellular path-
ways. Bioinformatics analyses identified the (UG), consensus
motif in 80% of 3'-UTR sequences of TDP-43 targets, whereas
for FUS the binding motif was less evident. By in vitro assays we
validated binding to selected target 3'-UTRs, including Vegfa
and Gru for TDP-43, and Vps54, Nvl, and Taf15 for FUS. We
showed that TDP-43 has a destabilizing activity on Vegfa and
Grn mRNAs and may ultimately affect progranulin protein con-
tent, whereas FUS does not affect mRNA stability/translation of
its targets. We also demonstrated that three different point
mutations in TDP-43 did not change the binding affinity for
Vegfa and Grn mRNAs or their protein level. Our data indicate
that TDP-43 and FUS recognize distinct sets of mRNAs and
differently regulate their fate in the cytoplasm of motoneuron-
like cells, therefore suggesting complementary roles in neuronal
RNA metabolism and neurodegeneration.
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The DNA/RNA-binding protein TDP-43 represents the
major component of the intracellular inclusions occurring in
the brain of patients affected by a series of neurodegenerative
diseases, including the majority of both familial and sporadic
amyotrophic lateral sclerosis (ALS)® cases and a subset of Tau-
negative and ubiquitin-positive frontotemporal lobar dementia
(FTLD) cases (1, 2). The genetic findings of causative mutations
in TARDBP, the gene encoding for TDP-43, in 5% of familial
ALS cases further support the pathogenic role of this protein
(3). Abnormal cytoplasmic aggregates of FUS, another DNA/
RNA-binding protein, are observed in a subset of FTLD cases,
which are Tau- and TDP-43-negative, and in 4-5% of familial
ALS cases with mutations in the FUS/TLS gene, suggesting that
dysregulation of RNA metabolism plays an important role in
ALS and FTLD pathogenesis (4, 5).

TDP-43 and FUS are ubiquitously expressed and multifunc-
tional RNA-binding proteins (RBP) with a main localization in
the nucleus, where they are implicated in several steps of RNA
metabolism, such as transcription, pre-mRNA splicing, and
microRNA processing (6, 7). However, they also take part in
other cellular processes in the cytoplasmic compartment,
including mRNA transport, mRNA stability, and translation (8,
9). In fact, shuttling of these two proteins into the cytoplasm has
been described, particularly in neurons, where an activity-de-
pendent translocation of TDP-43 and FUS into dendrites was
observed (10-13). This suggests that these two RBPs partici-
pate also in regulating mRNA transport into neurites and,
likely, local protein synthesis at synapses, two processes that are
essential to neurons for a fast response to stimuli and cell sur-
vival (14). Localization of TDP-43 and mutant FUS in stress

3 The abbreviations used are: ALS, amyotrophic lateral sclerosis; FTLD, fronto-
temporal lobar dementia; RBP, RNA-binding protein; RNP, ribonucleopro-
tein; IP, immunoprecipitation; RIP-chip, RNA immunoprecipitation and
chip analysis; CLIP, cross-linking and immunoprecipitation; PAR-CLIP, pho-
toactivatable ribonucleoside-enhanced CLIP; MEME, multiple expectation
maximization for motif elicitation; RSAT, regulatory sequence analysis
tools; PGRN, progranulin; OPTN, optineurin.
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granules, ribonucleoprotein (RNP) complexes that negatively
control mRNA translation in condition of cellular insults, has
been recently and widely demonstrated (15—17), supporting an
additional role of TDP-43 and FUS in the cytoplasmic compart-
ment in association with translation.

To date, however, disease mechanisms for these two RBPs
have not been clearly elucidated. Mislocalization and aggrega-
tion of TDP-43 and FUS in the cytoplasm of ALS/FTLD-af-
fected neurons are supposed to trigger neurodegeneration by
loss of their biological functions (“loss-of-function” hypothesis)
and/or by acquisition of potentially toxic functions in the cyto-
plasm (“gain-of-function” hypothesis) (18). An important issue
in understanding the pathogenic mechanisms in ALS and
FTLD is certainly the full definition of the transcripts that are
directly bound and post-transcriptionally regulated by TDP-43
and FUS in association with splicing and, in particular in neu-
ronal cells, with mRNA transport, stabilization, and/or transla-
tional processes.

Interestingly, using high throughput RNA/DNA sequencing
technologies coupled to immunoprecipitation (RIP-seq) or
cross-linking and immunoprecipitation (PAR-CLIP/iCLIP/
CLIP-seq), recent papers have identified large sets of putative
TDP-43 and FUS RNA targets in neuronal and non-neuronal
cells (19 -23). These studies revealed that TDP-43 and FUS are
mainly involved in pre-mRNA splicing, as target sequences
were preferentially localized in long intronic regions and near
splice site acceptors, respectively. From these findings, how-
ever, it emerged that about 5-16% of all TDP-43 and FUS target
sequences also mapped in exonic regions, with a high enrich-
mentin 3'- untranslated region (UTR) sequences (3—12%) (19—
23). In general, regulatory cis-acting elements, usually present
in the 3’-UTR but sometimes also located in the 5'-UTR or in
the coding sequence of target mRNAs, are responsible for RBP-
mediated transport of mRNAs and post-transcriptional regula-
tion of gene expression together with miRNA trans-acting fac-
tors (24). The importance of TDP-43 and FUS binding to
3’-UTR regulatory sequences has been highlighted by the
observation that TDP-43 can auto-regulate its own protein lev-
els by binding to its 3'-UTR sequence in a negative feedback
loop (25), whereas FUS was shown to transport the actin-re-
lated Nd1-L mRNA into dendrites by binding to its 3'-UTR
(12).

As TDP-43 and FUS share many common functional and
biochemical features, we performed a RIP-chip analysis to iden-
tify and compare the biological mRNA targets of these two
RBPs associated with RNP complexes in the cytoplasm of
motoneuronal NSC-34 cells with the final aim of unraveling
their potential role in mRNA transport, stability, and transla-
tion in neurons.

EXPERIMENTAL PROCEDURES

Cell Culture—The mouse motoneuronal cell line NSC-34 (a
kind gift of N. R. Cashman, University of British Columbia,
Vancouver, Canada) was cultured in DMEM supplemented
with 5% fetal bovine serum, 1 mm sodium pyruvate, 100
units/ml penicillin, and 100 ug/ml streptomycin as previously
reported (26). All reagents were purchased from Sigma.
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RNP Isolation and RNA Immunoprecipitation (RIP)—Isola-
tion of endogenous RNP complexes for RIP-chip analysis was
conducted as already described (26). Briefly, 8 X 10° NSC-34
cells were harvested and resuspended in RNP buffer (100 mm
KCl, 5 mm MgCl,, 10 mm HEPES, pH 7.4, 0.5% Nonidet P-40, 10
uM DTT) plus 400 units of RNase inhibitor (Promega) and a
protease inhibitory mixture (Roche Applied Science). NSC-34
lysate (1.2 mg) was incubated for 2 h at room temperature in
NT2 buffer (50 mm Tris-HCI, pH 7.4, 150 mm NaCl, 1 mm
MgCl,, 1 mm DTT, 20 mm EDTA, 0.05% Nonidet P-40)
together with protein G-Sepharose beads (GE Healthcare) pre-
coated overnight with 8 pg of anti-TDP-43 (ProteinTech
Group), anti-FUS (Abcam), or anti-IgG (Santa Cruz Biotech-
nology) antibodies. After washes with ice-cold NT2 buffer,
mRNA was phenol-chloroform-extracted from immunopre-
cipitated RNPs after digestion with proteinase K for 30 min. In
parallel, proteins recovered from immunoprecipitated RNPs
were analyzed by Western blotting.

Western Blotting—NSC-34 cells were homogenized in lysis
buffer (150 mm NaCl, 20 mm Tris-HCI, pH 7.4, 1% Triton
X-100, protease inhibitor mixture) and incubated for 15 min on
ice. Protein lysates (30 ug) were resolved on 10% SDS-PAGE
and transferred to nitrocellulose membrane. The nuclear frac-
tion was obtained by the Proteo]JET Cytoplasmic and Nuclear
Protein Extraction kit (Fermentas Life Sciences). Immunoblots
were performed with anti-TDP-43, VPS54, and ATXN2 (Pro-
teinTech Group), FUS (BD Transduction Laboratories), VEGF
(Millipore), Progranulin (PGRN; R&D Systems), Optineurin
(OPTN; Abcam), and Histone H1 and a-Tubulin (Santa Cruz
Biotechnology) antibodies. The ECL Plus kit (GE Healthcare)
was used for chemiluminescence detection. Densitometric
analyses were performed using QuantityOne software
(Bio-Rad).

Chip Analysis—Phenol-chloroform-extracted mRNA (~100
ng) from RIP experiments in triplicate was amplified and bioti-
nylated using the TotalPrep RNA Amplification kit (Ambion)
according to the manufacturer’s directions. Briefly, first- and
second-strand reverse transcription steps were performed fol-
lowed by a single in vitro transcription amplification step to
generate biotin-16-UTP-labeled cRNA. RNA integrity was
evaluated before and after labeling using the Agilent 2100 Bio-
analyzer (Agilent Technologies). 750 ng of cRNA per sample
were hybridized to the Illumina MouseRef-8 v2.0 BeadChips
(Ilumina), containing about 25,600 well-annotated RefSeq
transcripts. BeadChips were scanned using the BeadArray
Reader (Illumina). The GenomeStudio software (Illumina) was
used to extract raw data for statistical analysis. Data were nor-
malized using the quantile normalization method, and a multi-
ple testing correction using Benjamini and Hochberg False Dis-
covery Rate was applied. Genes in the TDP-43- or FUS-IP
samples presenting with a q-value <0.05 were considered sig-
nificantly different compared with control samples immuno-
precipitated with an irrelevant antibody. A bona fide enrich-
ment of specific transcripts in TDP-43-/FUS-IP versus
control-IP was obtained when stringent conditions were
applied (-fold change >3). Microarray data are available at GEO
data base (ncbi.nlm.nih.gov) under the accession number
GSE33159.

VOLUME 287+NUMBER 19-MAY 4, 2012



Bioinformatic Analysis—Functional annotation study of RIP-
chip data were conducted using the on-line DAVID analysis
tool (david.abcc.ncifcrf.gov), and only Gene Ontology catego-
ries with a p value <0.05 were considered significantly
represented.

We used MEME (Multiple EM for Motif Elicitation)-Chip
Version 4.6.1 (27), a section of the MEME local search method
(28), for discovering motifs in the large sets of RIP-chip identi-
fied sequences, as there is no upper limit on the number or size
of the submitted FASTA nucleotides. We focused on the
3'-UTR of TDP-43 or FUS mRNA targets retrieving Refseqs
from the UTRdb data base (67). MEME was instructed to
report the top 6 motifs between 6 and 20 bases in length. We
accepted motifs that showed an e value <1.0e—006. Predic-
tion of over-represented cis-regulatory elements shared by
TDP-43 or FUS bound mRNAs was also obtained by RSAT
(Regulatory Sequence Analysis Tools), a word-enumeration
algorithm, which was also used to match for specific func-
tional motifs (accepted score =0.89 with 1-2 allowed mis-
matches). The research of the GGUG element in the
3'-UTRs of FUS targets was performed by RSAT “pattern
matching” with 0 mismatches.

Plasmid Constructs—The 3'-UTR sequences of the RIP-
identified targets were RT-PCR-amplified from mouse NSC-34
total RNA (primer sequences are available in supplemental
Table 6) and subsequently cloned into pCRII vector (Invitro-
gen) or pJetl.2/blunt vector (Fermentas Life Science) for in
vitro transcription. For luciferase reporter assays, the full-
length Vegfa and Grun 3'-UTR sequences were cloned into the
pmirGLO dual-luciferase vector (Promega) at the 3’ end of the
firefly gene. All clones and their orientation were validated by
DNA sequencing. The FLAG-tagged wild-type and deleted
(ARRM1) human TDP-43 (hWTDP-43) plasmids were previously
described (29). The FLAG-tagged mutant (p.Q331K, p.M337V,
p-A382T) TDP-43 constructs were a kind gift of W. Rossoll
(Emory University School of Medicine, Atlanta, GA).

In Vitro Transcription, UV Cross-linking and IP (UV-CLIP)—
Radiolabeled riboprobes were obtained by i vitro transcription of
0.5 g of restriction enzyme-linearized 3’-UTR DNA construct
using 20 uCi of [@-**P]UTP per reaction. The resulting riboprobes
were purified on ProbeQuant G-50 microcolumns (GE Health-
care). UV-CLIP experiments with transfected and non-trans-
fected NSC-34 protein lysates were performed as previously
described (26) using anti-TDP-43, anti-FUS (Abcam), anti-FLAG
(Sigma), or the irrelevant anti-IgG antibodies for immunoprecipi-
tation (IP).

For competition assays, 1 X 10° cpm **P-labeled riboprobe
were incubated with 500 ng of the recombinant GST-TDP-43
protein, obtained as previously described (30), and increasing
amounts (2.5, 10, and 100 ng) of unlabeled (UG), or scrambled
N, , ribonucleotides for 10 min at room temperature in 25 ul of
binding buffer (1.3 mm MgCl,, 19 mm HEPES-KOH, pH 7.4, 1.5
mM ATP, 19 mm creatine phosphate). After irradiation with UV
(Stratalinker, Stratagene) for 5 min on ice and RNase A treat-
ment (25 units) for 30 min, samples were then resolved on 10%
SDS-PAGE and visualized by autoradiography.

Gene Silencing and Cell Treatments—For gene silencing
experiments the following siRNA duplexes were used: 5'-CG-
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AUGAACCCAUUGAAAUAATAT-3" for mouse TDP-43
(Mission siRNA, Sigma), a mix of 5'-GAAUUCUCUGGGAA-
UCCUAAdTAT-3" and 5'-GUGGUUAUGGCAAUCAGGAJdT-
dT-3" for mouse FUS (Mission siRNA; Sigma), and Stealth
siRNA low GC (Invitrogen) as a negative control. NSC-34 cells
were transfected with 40 nm concentrations of the indicated
siRNA duplexes in a double round of transfection using Lipo-
fectamine 2000 (Invitrogen) according to the manufacturer’s
instructions. After a 48- or 96-h gene silencing for FUS and
TDP-43, respectively, both target gene and control
siRNA-treated cells were harvested or exposed to 50 um 5,6-
dichlorobenzamidazole riboside (Sigma) for the indicated
times.

TDP-43 Overexpression and Rescue Experiments—NSC-34
cells were mock- or FLAG-hTDP-43- transfected for 48 h using
Lipofectamine 2000. For rescue experiments, after 48-h of
TDP-43 gene silencing, NSC-34 cells were retransfected with
FLAG-hTDP-43 construct and recovered after 24 h for protein
analysis.

Real Time Quantitative PCR—Total RNA from NSC-34 cells
was extracted by TRIzol reagent (Invitrogen) according to the
manufacturer’s recommendations. Retro-transcription of
mRNA was performed after DNase I (Roche Applied Science)
treatment using SuperScriptIl RT (Invitrogen) and oligo(dT)
primers. Oligonucleotide pairs for each gene were designed
with Primer Express 3.0 software (Applied Biosystems) on exon
boundaries (for primer sequences, see supplemental Table 7).
Real time PCR was performed for 45 cycles with SYBR Green
PCR Master mix (Applied Biosystems) and processed on ABI
Prism 7900HT (Applied Biosystems). Reactions were run in
triplicate for each sample, and a dissociation curve was gener-
ated at the end. Threshold cycles (C,) for each tested gene were
normalized on the housekeeping Rpl/10a gene value (AC,), and
every experimental sample was referred to its control (AAC,).
For mRNA decay assay, AC, at each indicated time was referred
to AC, at time 0. Fold change values were expressed as 2~ 24,

Luciferase Assay—For luciferase experiments NSC-34 cells
were plated in duplicate for each experimental condition, and
after 48 h of TDP-43- or control-siRNA transfection, cells were
retransfected with 500 ng of each firefly luciferase-3’'-UTR con-
struct (pmirGLO-Vegfa and pmirGLO-Grun) using Lipo-
fectamine 2000. Measurement of the luciferase activity was per-
formed using the Dual Luciferase Reporter Assay System
(Promega) 72 h after the initial siRNA transfection. The firefly
luciferase activity of Vegfa and Grn 3'-UTR constructs was nor-
malized against the Renilla luciferase output of the same pmir-
GLO constructs.

Statistical Analysis—Statistical analysis was conducted with
PRISM software (GraphPad) using two-tailed Student’s ¢ test or
one-way analysis of variance.

RESULTS

Identification of TDP-43 and FUS mRNA Targets by RIP-chip
Analysis—RIP-chip analysis of cytoplasmic RNP complexes
from motoneuron-like NSC-34 cells was carried out to define
the mRNA targets of TDP-43 and FUS in the cytoplasmic com-
partment, which are likely to be transported into neurites
and/or locally translated at synapses. We first confirmed that
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FIGURE 1. Isolation of the cytoplasmic RNP complexes containing TDP-43
and FUS. A, shown is immunoblot analysis with Histone H1 antibody as a
nuclear marker. B, shown is a representative Western blot of RNP complexes
immunopurified from cytoplasmic fraction with anti-TDP-43 (upper inset) and
anti-FUS (lower inset) antibodies in NSC-34 cells. The irrelevant IgG antibody
was used as negative control for IP assays. Total cell lysate was loaded as a
positive control (Ctrl).

our extraction method allowed the isolation of the cytoplasmic
RNP complexes with no contamination of nuclear components
using the Histone H1 as a nuclear marker in immunoblot anal-
ysis (Fig. 14). We also tested the specificity of the IP assays for
TDP-43 and FUS proteins by immunoblotting an aliquot of
each experiment before proceeding with the chip analysis. We
proved that the endogenous RNP complexes were efficiently
isolated and that TDP-43 and FUS proteins did not usually
associate in the same RNP particle, being their co-localization
rarely observed (Fig. 1B; data not shown). To identify the tran-
scripts contained and bound in such RNP complexes, a chip
analysis was performed using the recovered mRNAs from RIP
experiments in triplicate.

Statistical analysis of the data showed that all the TDP-43-IP
samples, the FUS-IP samples, and the control-IP samples
clearly fell into distinct hierarchical clusters (data not shown).
With regard to TDP-43, a set of 204 genes significantly enriched
in TDP-43-IP versus control-IP (g < 0.05) was identified. Inter-
estingly, 194 of 204 were enriched by more than 2-fold (fold
change >2) in TDP-43 IP versus control IP, confirming the
enrichment in TDP-43 targets using our RIP procedure. When
we applied more stringent conditions and arbitrarily assigned a
fold change >3, a pool of 168 distinct genes were defined as
bona fide TDP-43 mRNA targets (supplemental Table 1) and
used for subsequent bioinformatics analyses. We found over-
lapping with some genes recently identified by RIP-seq and
CLIP-seq approaches by other groups (supplemental Table 1)
(19-21).

In parallel, statistical analysis of FUS-IP samples identified a
set of 777 transcripts significantly enriched versus control-IP
(fold change >3; g < 0.05) (supplemental Table 2). Comparison
of our RIP-chip data with FUS RNA targets recently defined by
PAR-CLIP assay revealed that 486/777 (63%) were in common
in motoneuronal NSC-34 and non-neuronal HEK293 cells
(supplemental Table 2) (23).

Functional Annotation Analysis of RIP-chip Identified
Targets—Although TDP-43 and FUS RBPs share many bio-
chemical features and functional similarities, no common
mRNA targets were identified in our analyses. However, in
silico functional annotation analysis by DAVID program
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TABLE 1
Functional annotation analysis of TDP-43 and FUS mRNA targets
1A. Functional categories for TDP-43 mRNA targets
GO Categories GO Term (?:::t p-value
Biological process
whnt receptor signaling pathway G0:0016055 5 2.06E-02
regulation of transcription* G0:0045449 27 2.78E-02
neuron differentiation G0:0030182 8 4.15E-02
- dendrite development G0:0016358 4 3.72E-03
Molecular Function
GTPase regulator activity* [ G0:0030695 10 3.43E-03
purine ribonucleotide binding* | G0:0032555 24 2.51E-02
1B. Functional categories for FUS mRNA targets
GO Categories GO Term g:::t p-value
Biological process
regulation of transcription* G0:0045449 142 2.53E-12
- negative regulation of transcription G0:0000122 15 4. 17E-02
from
RNA polymerase |l promoter
cell cycle G0:0007049 54 2.80E-09
- mitosis G0:0007067 15 9.31E-03
ribonucleoprotein complex biogenesis G0:0022613 22 2.08E-08
- ribosome biogenesis GO0:0042254 16 1.21E-05
- rRNA processing GO0:0006364 8 1.74E-02
- spliceosome assembly G0:0000245 4 1.55E-02
RNA processing GO0:0006396 41 6.63E-08
- RNA splicing G0:0008380 25 2.79E-07
cellular response to stress GO0:0033554 35 4.39E-06
- DNA repair G0:0006281 22 5.73E-05
proteolysis involved in cellular protein G0:0051603 41 1.08E-05
catabolic process
- ubiquitin-dependent protein GO0:0006511 17 5.09E-05
catabolic process
chromosome organization GO0:0051276 34 1.14E-05
- chromatin modification G0:0016568 24 1.59E-05
methylation G0:0032259 9 7.66E-03
Molecular Function
purine ribonucleotide binding* G0:0032555 107 4.30E-07
- ATP binding G0:0005524 93 9.90E-08
translation initiation factor activity G0:0003743 10 4.30E-04
double-stranded RNA binding G0:0003725 7 1.39E-03
helicase activity G0:0004386 14 9.84E-04
- ATP-dependent helicase activity G0:0008026 11 1.26E-03
protein serine/threonine kinase activity G0:0004674 30 9.95E-04
GTPase regulator activity* GO0:0030695 26 2.03E-03
- Ras GTPase activator activity GO0:0005099 7 3.28E-02
- Rab GTPase activator activity G0:0005097 6 2.06E-02

* Common Gene Ontology categories for TDP-43 and FUS.

revealed that some TDP-43 and FUS targets belonged to com-
mon Gene Ontology categories, including regulation of tran-
scription, GTPase regulator activity, and purine ribonucleotide
binding (Table 1). TDP-43 mRNA targets were particularly
enriched for Gene Ontology terms related to neuron differen-
tiation and dendrite development as well as Wnt receptor sig-
naling pathway (Table 1A), whereas FUS targets to cell cycle,
ribonucleoprotein complex biogenesis (ribosome biogenesis
and spliceosome assembly), RNA processing and splicing,
cellular response to stress and DNA repair, ubiquitin-depen-
dent proteolysis, chromosome organization and methylation
(Table 1B). Also the KEGG (Kyoto Encyclopedia of Genes
and Genomes) data base revealed that FUS mRNA targets
were significantly represented in two pathways, the spliceo-
some (supplemental Fig. 1) and the ubiquitin-mediated pro-
teolysis. In particular, the FUS mRNA targets involved in the
latter pathway included five different Cullins (1-5) that con-
tribute to form the multisubunit RING-finger type ubiqui-
tin-ligase E3 (supplemental Fig. 2).

Search for Consensus Binding Motifs in 3'-UTR Sequences of
RIP-chip-identified Targets—Because the 3’-UTR sequences
usually contain cis-acting regulatory elements responsible of
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FIGURE 2. Identification of consensus sequence motifs in the 3’-UTR of
TDP-43 and FUS mRNA targets. A, shown is the consensus sequence logo as
predicted by MEME analysis of the 3'-UTR sequences of TDP-43 targets. The
(TG),, motif (e value <1.0e—100; p value<<1.0e—07) is present in 80% of RIP-
identified targets. B, shown is the consensus sequence logo predicted for FUS
targets (e value <1.0e—007; p value <1.0e—05) and identified in only 9.6% of
3’-UTR sequences. In each column, all letters with observed frequencies
greater than 0.2 are shown. Single letters match that letter.

RBP binding, we analyzed TDP-43 and FUS mRNA targets
identified by RIP-chip for the presence of significantly enriched
sequence motifs in such regions. The 3'-UTR lengths ranged
from 59 bp (Cfp) to 6,350 bp (UncS5c) for TDP-43 targets and
from 58 bp (Dnajc2) to 14,162 bp (Strbp) for FUS targets.

We performed in silico motif-based sequence analysis using
the MEME-ChIP program, which applies the expectation max-
imization algorithm to find the maximum likelihood motif esti-
mation and directly processes large input datasets. The soft-
ware identified the (TG),, motif (e value <1.0e—100; p value
<1.0e—07), the already known and well established sequence
signature for TDP-43 (30, 31), among the 3'-UTRs of TDP-43
targets identified by RIP-chip (Fig. 24). RSAT pattern matching
analysis allowed determination of the occurrence of this cis-
acting element in 79.8% (134/168) of the submitted TDP-43
mRNA targets (supplemental Table 3). In particular, (TG),,
repeats (n = 6 —10) were present in 124 different sequences and
the related motif (TG),, TA(TG),, (n = 0-5;m = 0-5) (19) in 10
additional 3'-UTRs. MEME analysis revealed other two signif-
icantly enriched motifs, although with lower e values, consist-
ing of an A-rich element (e value <1.0e—010; p value
<1.0e—05) and a T-rich element (e value <1.0e—006; p value
<1.0e—05) in smaller subsets of targets (35.7 and 26.7%,
respectively), often co-existing with the (TG),, motif (data not
shown). The “motif discovery” tool by RSAT, which uses a non-
probabilistic algorithm to search for de novo consensus motifs,
confirmed that all the three pattern sequences discovered by
MEME were significantly over-represented in the 3’-UTR of
TDP-43 ligands.

Concerning the FUS mRNA targets identified by RIP-chip,
the MEME-ChIP algorithm found one weakly enriched motif
endowed with G/C nucleotides (e value <1.0e—007; p value
<1.0e—05) that was present in 9.6% of the analyzed sequences
(Fig. 2B), suggesting that particular conformational structures
of the target mRNAs rather than specific sequence motifs are
likely needed for FUS binding, as already hypothesized (12, 23).
By RSAT we also tested the enrichment of the GGUG motif,
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previously reported to be recognized by FUS (32), but we did
not find such motif to be significantly represented in the
3'-UTR of our RIP-chip-identified set of transcripts.

Validation of TDP-43 and FUS Binding to Their Target
3'-UTR Sequences—Our RIP-chip data for TDP-43 and FUS
have confirmed some of the RNA targets recently identified by
other groups with different experimental approaches (supple-
mental Tables 1 and 2) (19-21, 23). However, such RNA targets
were neither unambiguously identified, nor was the binding site
precisely mapped also using high throughput RNA-sequencing,
highlighting the limits of each experimental approach used
(supplemental Table 4). To definitively prove that our RIP-
chip-identified transcripts represented specific ligands and that
the 3’-UTR was really responsible of this binding, we selected
some targets to be validated by means of protein/RNA binding
assays.

On the basis of their already reported genetic association to
ALS or FTLD diseases, Vegfa (vascular endothelial growth fac-
tor a) and Grn (progranulin) transcripts were considered
among all the TDP-43 targets (33—35), whereas Atxn2 (Ataxin
2), Optn (optineurin), Taf15 (TBP-associated factor 15 RNA-
polymerase II), and Vps54 (vacuolar protein sorting 54) tran-
scripts were chosen for FUS (36 —39) (Fig. 34). Additionally, we
considered also Gemin7 and Nrp (neural regeneration protein)
for TDP-43 and NvI (nuclear VCP-like) for FUS because of their
potential or already documented involvement in neuronal
metabolism (40 —42) (Fig. 3A). As regards the selected TDP-43
mRNA targets, Vegf and Grn were identified also by other
groups (supplemental Table 4), whereas for FUS all the selected
targets but one (Optn) have been recently identified also by
Hoell et al. (23) (supplemental Table 5).

Radiolabeled riboprobes corresponding to the selected target
3'-UTR sequences were used in UV-CLIP experiments using
NSC-34 protein lysates. In this way, we confirmed TDP-43
binding to all the tested transcripts (Fig. 3B), including Gemin7
and Nrp, which in contrast to Vegfa and Grn did not contain the
consensus (TG),, binding repeat. On the other hand, FUS was
shown to bind to Vps54, Nvl, and Taf15 3'-UTRs (Fig. 3C) but
not to Atxn2 and Optn (data not shown).

Mapping of TDP-43 Binding Site in Vegfa and Grn 3'-UTR
Sequences—Because the RRM1 (RNA recognition motif 1)
domain of TDP-43 is responsible of RNA binding (30), we
investigated whether its disruption might determine a defective
Vegfa and Grn mRNA binding. We transfected NSC-34 cells
with FLAG-tagged wild-type or ARRM1 (lacking the entire
RRM1 domain) TDP-43 construct (Fig. 44). UV-CLIP assays
were performed using such cell lysates, radiolabeled Vegfa and
Grn 3'-UTR riboprobes, and anti-FLAG antibody to immuno-
precipitate recombinant TDP-43 proteins. Using this approach
we demonstrated that the RRM1 domain was responsible of
TDP-43 binding to both Vegfa and Grn 3'-UTR sequences
because its deletion abolished binding of these targets (Fig. 4B).

Because Vegfa and Grn mRNAs contained the consensus
(TG),, binding motif in their 3'-UTR sequence, we tested
whether TDP-43 binding was specific by competition experi-
ments. We performed UV cross-linking assays using recombi-
nant TDP-43 protein and radiolabeled Vegfa and Grn 3’-UTR
riboprobes in the presence of increasing amounts of unlabeled
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A
Gene Symbol RefSeq ID TDP-43-IP | FUS-IP | Neurodegenerative | References
FC FC disease

Vascular endothelial 33
growth factor a Vegfa NM_001025250.3 3.2 ALS 3
Neural regeneration Nep NM_001013372.2 5.5 41

protein
34
Progranulin Grn NM_008175.4 7.9 ALS, FTLD 35
44
Gemin 7 Gemin7 NM_027189.2 10.6 SMA 40
Optineurin Optn NM_181848.4 4.4 ALS 37
Nuclear VCP-like Ml NM_026171 4.5 42
Vacuolar protein Vpss4 NM_139061 5.9 ALS 39

sorting 54 P - .

Ataxin 2 Atxn2 NM_009125 7.7 ALS, SCA2 36
s Tafls NM_027427 83 ALS 38
polymerase II

B C
IP P
TDP-43 + + + + FUS + + +
I9G + + + + IgG + + +
kDa |
<

Vegfa Gm

Nrp

Gemin7

: > -, 5.
Nvl  Vps54 Taf15

FIGURE 3. Validation of TDP-43 and FUS binding to selected mRNA targets by UV-CLIP assays. A, shown is a list of the RIP-chip-identified targets of TDP-43
and FUS selected for further validation. FC, fold change value corresponding to the enrichment value for TDP-43-IP or FUS-IP compared with control IgG-IP;
SCA2, spinocerebellar ataxia 2. B, shown is SDS-PAGE of UV-CLIP experiment with TDP-43 antibody and radiolabeled Vegfa (first lane), Grn (third lane), Gemin7
(fifth lane), or Nrp (seventh lane) 3'-UTR riboprobes; the isotypic IgG antibody was used as a negative control (second, fourth, sixth, and eighth lanes). C, shown
is SDS-PAGE of the UV-CLIP experiment with FUS antibody and radiolabeled Vps54 (first lane), Nvl (third lane), or Taf15 (fifth lane) 3'-UTRs; the isotypic IgG
antibody was used as a negative control (second, fourth, and sixth lanes). The arrow indicates a FUS-containing RNP complex with an apparent molecular mass

of 65 kDa. The 3'-UTR riboprobes in B and C were generated according to the GenBan

(UG), or scrambled (N, ,) oligoribonucleotides. We found that
only the (UG), oligoribonucleotide was able to compete with
the target sequences for binding to TDP-43 protein (Fig. 4C).
As Vegfa and Grn are genetically associated to ALS and FTLD
as susceptibility and causative genes, respectively (33-35, 43,
44), we mapped TDP-43 binding site more precisely to investi-
gate whether and how TDP-43 binding to Vegfa and Grn
3'-UTRs might also contribute, by post-transcriptional regula-
tory mechanisms, to influence their gene expression.
According to the presence of putative (TG),, consensus bind-
ing sequences, we generated distinct radiolabeled deletion frag-
ments of Vegfa and Grn 3'-UTRs (Figs. 4, D and F), which were
then used in UV-CLIP assays with NSC-34 protein lysates.
Using this approach, we demonstrated that TDP-43 binding to
Vegfa 3'-UTR mapped within a 154-nucleotide-long sequence
endowed with a canonical (TG),, repeat (Fig. 4E). Similarly,
TDP-43 binding to Grn 3'-UTR mapped to a 72-nucleotide-
long sequence containing a canonical (TG), repeat within a
larger consecutive 26-nucleotide-long region enriched in G/T
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k™ Reference Sequences indicated in A.

nucleotides (Fig. 4G). Interestingly, Vegfa and Grn 3'-UTR
sequences are highly conserved between mouse and man (84
and 80%, respectively), including the Grn 26-nucleotide-long
region containing the (T G), motif (supplemental Fig. 3). On the
contrary, the murine Vegfa (TG),, repeat is not conserved in
humans, although a canonical (TG)4 motif within a 24-nucleo-
tide-long sequence with an interrupted (TG),, repeat was pres-
ent 230 nucleotides upstream if compared with the murine
orthologous gene (supplemental Fig. 4).

Finally, we also checked whether TDP-43 binding to Grn
3’-UTR might potentially interfere with the binding of other
recognized trans-acting factors, such as miR-29b and miR-659,
two highly conserved microRNAs already reported to inhibit
post-transcriptionally Grn expression (45, 46). The recognition
binding sites of miR-29b and miR-659 did not seem to overlap
with TDP-43 binding site (supplemental Fig. 3).

Effect of TDP-43 and FUS on Stability of Their Target mRNAs—
Our and previous findings of TDP-43 and FUS binding not only to
introns but also to regulatory 3'-UTR sequences (12, 25, 47) and
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FIGURE 4. TDP-43 specifically binds (UG),, motifs in Vegfa and Grn 3'-UTR sequences. A, shown is a representative Western blot of TDP-43 in cell lysates of
mock, wt, or ARRM1 FLAG-hTDP-43-transfected NSC-34 cells (the arrowhead indicates FLAG-hTDP-43 protein). Tub, tubulin. B, shown is SDS-PAGE of UV-CLIP
experiment with wt or ARRM1 FLAG-hTDP-43 and the radiolabeled Vegfa (left panel) and Grn (right panel) 3'-UTR riboprobes. The isotypic IgG antibody was
used as a negative control. C, shown are SDS-PAGE of UV cross-linking assays using GST-hTDP-43 protein and radiolabeled Vegfa and Grn 3'-UTR riboprobes
(first lanes) in the presence of increasing amounts (2.5, 10, and 100 ng) of unlabeled (UG), (second, third, and fourth lanes) or scrambled (N,,) (fifth, sixth, and
seventh lanes) oligoribonucleotides. D, shown is a schematic representation of the 3’ terminal portion of Vegfa 3'-UTR containing the (TG),, repeat. Different
deletion fragments were generated (A-D) where only fragment C contained the TDP-43 consensus motif (TG),,. £, shown is SDS-PAGE of UV-CLIP with TDP-43
antibody and the four different radiolabeled Vegfa 3'-UTR fragments described in D. F, shown is a schematic representation of Grn 3'-UTR. A deletion fragment
(del) without the TDP-43 consensus motif (TG)s was generated. G, shown is SDS-PAGE of UV-CLIP with TDP-43 antibody and radiolabeled full length (FL) or

deletion (del) Grn 3’-UTR fragments.

their localization in stress granules (15—17) strongly suggest that
TDP-43 and FUS may participate also in controlling mRNA sta-
bility and/or translation.

To evaluate whether TDP-43 and FUS binding to their target
3'-UTR sequences had any influence on mRNA stability, deg-
radation kinetics were determined after inhibition of transcrip-
tion by dichlorobenzamidazole riboside agent in condition of
TDP-43 or FUS knockdown. TDP-43 gene silencing in NSC-34
cells reduced both its protein and mRNA levels to 16% when com-
pared with control samples (Fig. 5, A-C). Similarly, knockdown of
FUS resulted in 15 and 21% of protein and mRNA content, respec-
tively, compared with control samples (Fig. 5, A-C).

Decay curves showed a slower degradation kinetics for both
Vegfa and Grn mRNAs upon TDP-43 depletion (Fig. 5D), sug-
gesting that in normal conditions TDP-43 has a destabilizing
effect on these transcripts. Conversely, the decay curves for
Vps54, Nvi, and Taf15 did not significantly change in condi-
tions of FUS knockdown (Fig. 5E), suggesting that FUS does not
control mRNA stability, as already reported for another previ-
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ously identified target, NdI-L transcript (12). We also studied
the degradation kinetics of Atxn2 and Optn, although, as previ-
ously showed, we had no evidence of FUS binding to their
3'-UTR sequence. No significant changes of the decay curves of
these two mRNAs were found upon FUS gene silencing (data
not shown).

Effect of TDP-43 on VEGF and Progranulin Protein Content—
Because we found that TDP-43 controlled the mRNA stability of
its targets, we evaluated whether loss of TDP-43 activity, poten-
tially associated to TDP-43 sequestration into cytoplasmic aggre-
gates in ALS and FTLD tissues, may ultimately affect VEGF and
PGRN protein contents, which have been reported to be altered in
ALS brains and cerebrospinal fluid (48, 49).

When we evaluated the endogenous levels of VEGF and
PGRN proteins in NSC-34 cells after TDP-43 gene silencing,
PGRN amount significantly increased (36%; n = 5; p < 0.05),
whereas VEGF did not significantly differ versus control (Fig.
6A). We found that the steady-state levels of Vegfa (1.36 * 0.08;
mean and S.E.; # = 5) and Gru (1.20 = 0.18) mRNAs were both
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FIGURE 5. Effect of TDP-43 and FUS on the mRNA stability of their targets. A, shown is a representative Western blot of TDP-43 and FUS in cell lysates of
parental (NT), mock-transfected (siCTRL), and FUS- and TDP-43-silenced (siFUS and siTDP-43, respectively) NSC-34 cells. a-Tubulin (a-Tub) was used for sample
normalization. B, shown is densitometric analysis of normalized Western blot data for TDP-43 (upper inset) and FUS (lower inset) (mean = S.E,; n = 5; one-way
analysis of variance and Tukey post hoc test; ***, p < 0.001 versus NT and siCTRL). C, shown is real time PCR analysis of Tardbp (upper inset) and Fus (lower inset)
mRNAs in parental (NT), siCTRL, and siTDP-43 or siFUS cells. Fold change values for each gene were calculated versus siCTRL cells (mean = S.E.; n = 5; one-way
analysis of variance and Tukey post hoc test; ***, p < 0.001 versus NT and siCTRL). D and E, mRNA content of the indicated gene was quantified by real time PCR
in siCTRL and siTDP-43 or si-FUS NSC-34 cells after the indicated time of dichlorobenzamidazole riboside treatment. For each analyzed gene, the mMRNA amount

at each time point was compared with its initial mMRNA level (100%) (n = 5; mean = S.E.).

slightly up-regulated in conditions of TDP-43 depletion,
although only Vegfa showed a significant increase versus con-
trol (p < 0.05) (Fig. 6B). To further investigate the effect of
TDP-43 down-regulation on VEGF and PGRN protein synthe-
sis, we performed luciferase assays with reporter constructs
containing full-length Vegfa and Grn 3'-UTRs. We observed
that luciferase values were significantly increased for both
Vegfa (1.33 £ 0.18; n = 7; p < 0.01) and Grn (1.86 = 0.26; n =
7; p < 0.05) 3'-UTR reporter constructs upon TDP-43 gene
silencing in NSC-34 cells (Fig. 6C). This finding may be
explained by the fact that the reporter construct is highly
expressed in luciferase assays and may escape the finely tuned
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post-transcriptional regulation occurring physiologically on
the long Vegfa mRNA.

We also evaluated the effect of TDP-43 overexpression on
VEGF and PGRN protein levels. The overexpression of
FLAG-tagged hTDP-43 determined a 2-fold increase in total
TDP-43 content in NSC-34 cells (Fig. 7A). Under this con-
dition PGRN protein levels significantly diminished to 76%
in comparison to mock-transfected cells (n = 4; p < 0.05),
whereas VEGF amount did not significantly vary (Fig. 74).
The steady-state levels of Vegfa and Grn mRNAs had com-
parable values in hTDP-43-over-expressing cells and in con-
trols (Fig. 7B).
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FIGURE 6. Effect of TDP-43 on the translatability of Vegfa and Grn
mRNAs. A, shown is a representative Western blot of VEGF and PGRN in
cell lysates of siCTRL and siTDP-43 NSC-34 cells (96-h silencing) (left). a-Tu-
bulin (a-Tub) was used for sample normalization, and densitometric data
are reported (right) (mean = S.E.; n = 5; paired t test analysis; *, p < 0.05).
B, real time PCR analysis of Vegfa and Grn mRNAs in siCTRL and siTDP-43
NSC-34 cells is shown. Fold change values for each gene were calculated
versus siCTRL samples (mean = S.E.; n = 5; paired t test analysis; *, p <
0.05). C, luciferase activity of Vegfa- and Grn-3'-UTR firefly constructs in
siCTRL and siTDP-43 NSC-34 cells is shown. Normalized firefly luciferase
activity was represented relative to siCTRL-transfected cells (mean = S.E.;
n = 8; paired t test analysis; ¥, p < 0.05; **, p < 0.01).

As we found that TDP-43 is able to determine PGRN but
not VEGF levels, rescue experiments were carried out to
confirm such TDP-43-dependent post-transcriptional regu-
lation of Grn mRNA. After TDP-43 knockdown, its gene
expression was restored by transfection with the FLAG-
hTDP-43 plasmid and PGRN protein content evaluated (Fig.
7C). We observed that the re-expression of TDP-43 restored
PGRN content to a level comparable with that of mock-
transfected cells (Fig. 7C).

Asregards FUS, although our experimental data did not indi-
cate any effect on its mRNA target stability, we investigated
whether FUS depletion had any influence on the protein con-
tent of Vps54, whose mRNA we showed to be bound by FUS in
its 3’-UTR sequence. We found that VPS54 protein levels did
not change upon FUS gene-silencing in NSC-34 cells (supple-
mental Fig. 5).

Post-transcriptional Regulatory Effects of TDP-43 Mutants—
To evaluate whether TDP-43 mutations may affect Vegfa and
Grn mRNA binding, we tested the TDP-43 missense muta-
tions Q331K, M337V, and A382T, previously reported in
ALS patients (3, 50). Protein lysates from wild-type and
mutant FLAG-hTDP-43-transfected NSC-34 cells were used
in UV-CLIP experiments (Fig. 84), and expression of the
mutant recombinant proteins was assessed by Western blot

MAY 4,2012+VOLUME 287+NUMBER 19

TDP-43 and FUS mRNA Targets in Cytoplasmic RNPs

B
E’ =amock =amock
o == flag-hTDP-43 = flag-hTDP-43
£ 125 o 1.25
2 100 * 2100
[ ]
a8 75 _s 0.75
g 3 o0
% 2 © 0.25
o-Tub T o Y 00
o VEGF PGRN Vegfa Grn
. = siCTRL
siCTRL — mm SiTDP-43
-+ + siTDP-43 [ == siTDP-43 + flag-hTDP-43
- -+ flag-hTDP-43 2 * %
125y — o
8 75
- T TDP-43 Q s0
B 25
S - Tub T o
o (4
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normalization.
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FIGURE 8. Effect of TDP-43 mutants on the post-transcriptional regu-
lation of Vegfa and Grn target mRNAs. A, shown is a SDS-PAGE of UV-
CLIP assay with wt or mutant (Q331K, M337V, A382T) FLAG-hTDP-43 and
radiolabeled Vegfa (left) and Grn (right) 3'-UTR riboprobes. The isotypic
IgG antibody was used as a negative control. B, shown is a representative
Western blot of VEGF and PGRN in wt or mutant FLAG-hTDP-43-trans-
fected NSC-34 cells (the arrowhead indicates FLAG-hTDP-43 protein).
a-Tub, a-tubulin. C, shown is densitometric analysis of Western blot data
(mean £ S.E.; n = 5; paired t test analysis).

assay (Fig. 8B). All the TDP-43 mutants analyzed showed no
differences in the ability of binding Vegfa and Grn 3’-UTRs
compared with the wild-type TDP-43 (Fig. 84). By Western
blot assays we also observed no differences in VEGF and
PGRN protein levels in mutant TDP-43-transfected cells
compared with the wild-type TDP-43 (Fig. 8B).

JOURNAL OF BIOLOGICAL CHEMISTRY 15643


http://www.jbc.org/cgi/content/full/M111.333450/DC1
http://www.jbc.org/cgi/content/full/M111.333450/DC1

TDP-43 and FUS mRNA Targets in Cytoplasmic RNPs

DISCUSSION

In this study, by utilizing a RIP-chip analysis, we defined and
compared the mature mRNA targets or “targetome” of TDP-43
and FUS in the cytoplasmic compartment of motoneuron-like
cells, which probably reflects a role of these two RBPs in RNA
granule transport and local translation. Two distinct targe-
tomes were identified for TDP-43 and FUS, and different post-
transcriptional regulatory activities on their mRNA targets
were demonstrated, suggesting that these two RBPs have dis-
tinct roles in neuronal RNA metabolism.

Importantly, recent findings have contributed to better
understanding the role of TDP-43 and FUS in the pathogenesis
of ALS and FTLD. Disease models in yeast and Drosophila indi-
cate that these two proteins may have distinct and complemen-
tary roles in triggering cell toxicity and neurodegeneration (18,
51-54), although the issue of whether they have common or
distinct functions in the brain is still open. Certainly, the full
definition of their biological role and, therefore, of their RNA
targets in neuronal cells may help understand why their dys-
function, probably associated to their mislocalization and
aggregation in the cytoplasm, leads to selective neuronal death
in ALS and FTLD.

The recent massive sequencing approaches utilized to iden-
tify the RNA targets of TDP-43 and FUS in brain tissues or in
non-neural cells have confirmed and reinforced the role of
these two RBPs mainly in pre-mRNA splicing activity. TDP-43
was found to recognize long intronic sequences endowed with
(UQG),, repeats (19 -21), whereas FUS preferentially bound near
splice site acceptors (23). However, the evidence that a smaller
proportion of TDP-43 and FUS target sequences resides in the
exonic and, more precisely, in the 3'-UTR sequences, also sug-
gests that these two proteins may have additional roles in neu-
ronal cells. In fact, similarly to the SMN protein, whose absence
is causative of the infantile spinal muscular atrophy (SMA),
TDP-43, and FUS RBPs, may have not only a nuclear activity
associated to pre-mRNA splicing but also a role in mRNA
transport and local translation in neurites, which may better
account for neuronal cell death in ALS and FTLD diseases.

Several experimental findings already suggest that these two
RBPs participate to transport of RNA granules in neurons
and/or may control mRNA stability and translation. TDP-43
was described to bind and transport B-actin and calmodulin
kinase II mRNAs to dendrites upon depolarization of hip-
pocampal primary neurons and to regulate the stability of Nf
and its own transcript by binding to their 3’-UTR sequences
(10, 25, 47). Similarly, FUS was shown to bind Nd1-L mRNA in
its 3'-UTR and to move into dendrites upon NMDA stimula-
tion (11, 12). The involvement of TDP-43 in controlling mRNA
translation is based on the indirect evidence that it can be part
of stress granules (15), the RNA triage site forming upon trans-
lational arrest induced by different cell stressors and containing
stalled ribosomes, translation factors, and mRNAs as well as
several RBPs (55). On the other hand, FUS forms stress granules
only when it is mutated (16, 17, 56), and this supports the recent
evidence that mutant FUS proteins, upon translocation into the
cytoplasm, changes their targetome and preferentially binds
3'-UTR sequences (23).
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TDP-43 has been described to co-localize with FUS mainly in
nuclear complexes, and this interaction, which seems to be
restricted to only 10% of cells, is greatly enhanced by mutant
TDP-43 (57, 58). TDP-43 and FUS were reported to co-localize
also in cytoplasmic RNPs (57), although the association of these
proteins in the same RNP particle was rarely observed in our
assays. Moreover, our RIP-chip data indicate that in the cyto-
plasm, TDP-43 and FUS recognize and bind distinct sets of
mRNAs, suggesting that these two RBPs take part in distinct
RNP complexes. Interestingly, we found that TDP-43 targets
are enriched in transcripts associated to neuron-specific activ-
ities, whereas FUS targets are related to more general cellular
activities, including DNA repair, cell cycle, and RNA process-
ing, which have already been associated to FUS (59, 60).
Although no common transcripts were identified from our
analyses, the fact that some targets belonged to common GO
categories indicates that TDP-43- and FUS-mediated post-
transcriptional regulation may converge on the same cellular
pathways.

In general, bioinformatics analyses of our data set revealed
that the well known (UG), consensus binding sequence for
TDP-43 was present in the 3'-UTR of our RIP-chip-identified
targets in about 80% of cases. However, other exonic regions
may be responsible for TDP-43 binding, as already shown for
Hdac6 mRNA (61), and other consensus binding motifs may be
present in such 3’-UTR sequences, as also supported by our
computational analyses. The issue is more complicated for FUS
because the MEME-identified binding motif was represented
only in a very small subset of 3'-UTR target sequences, and the
short GGUG consensus motif, previously identified by a SELEX
analysis (32), was not consistently observed in our data set. It is
also likely that FUS binding needs a particular folding and con-
formational structure of the target mRNA rather than a mere
consensus sequence motif, as already suggested (12, 23). None-
theless, by in vitro binding assays we have confirmed binding of
FUS to the 3'-UTR of RIP-chip-identified targets in 3/5 selected
cases, leaving again open the possibility of other exonic
sequences being recognized and bound by FUS in these
transcripts.

The RIP-chip analysis was suitable to our purpose to define
the mRNA composition of TDP-43- and FUS-containing RNPs
in the cytoplasmic compartment of NSC-34 cells. We con-
firmed some TDP-43 and FUS targets recently identified by
other approaches and roughly mapped in exonic regions (19—
21, 23), further suggesting that TDP-43 and FUS bind them as
mature mRNAs. However, the targetomes we defined for
TDP-43 and FUS may represent a subgroup of all their real
targets. In fact, the discrepancy observed in the number of tar-
gets identified for TDP-43 and FUS might not reflect a differ-
ence in their RNA binding properties but more probably the
different efficiency of the commercial antibodies used to recog-
nize and immunoprecipitate these two proteins when they are
complexed into RNP particles, as also observed in CLIP exper-
iments (21, 22). This could also explain the reason why we did
not identify some recently demonstrated TDP-43 and FUS tar-
gets as mature mRNAs (10, 25, 47, 61). Notwithstanding these
caveats, the data emerging from our work undoubtedly contrib-
ute to better define the cytoplasmic targetome of TDP-43 and
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FUS, aresult that will certainly represent an important referen-
tial source to begin to unravel the pathogenic mechanisms
involved in ALS and FTLD diseases. Nonetheless, as shown by
our in vitro analyses, all these “-omics” data need to be carefully
handled and to be experimentally validated in biological
models.

In keeping with this consideration, in this work we have fur-
ther investigated the role played by TDP-43 in regulating post-
transcriptionally Vegfa and Gru, as they are genetically related
to ALS and FTLD (33-35, 43, 44) and their reduced protein
levels have been shown to trigger neuronal death (62, 63). We
found that TDP-43, by binding to Vegfa and Grn 3'-UTR
sequences, may control their mRNA stability and ultimately
determine the content of PGRN protein. Also, the most com-
mon TDP-43 mutations reported in ALS patients (Q331K,
M337V, A382T) had no effect on its binding activity of Vegfa
and Grn target mRNAs.

Conversely, FUS binding to Taf15, Nvl, and Vps54 3'-UTRs
seems to regulate neither the stability of its bound targets nor
the content of VPS54 protein, for which an immunoblot was
possible. Interestingly, this observation about FUS was already
reported for the NdI-L target, which was described to be trans-
ported into dendrites by FUS with no regulation of its mRNA
stability (12).

Importantly, an increase in PGRN protein levels and no
changes in VEGF content were also detected in post-mortem
spinal cord tissues from ALS patients (48, 49), similarly to what
we observed in our in vitro model of TDP-43 “loss of function”
condition. Indeed, in “TDP-43 proteinopathy” the nuclear
clearance of TDP-43 together with its sequestration into aggre-
gates may determine reduced levels of its soluble and active
form (64). Therefore, our experimental data provide a mecha-
nistic explanation of what is observed in affected tissues of spo-
radic ALS and FTLD patients. Moreover, our results indicate
that changes of TDP-43 levels may in turn change PGRN con-
tent, which needs to be strictly regulated to avoid neurodegen-
eration or cancer (65). We also postulate that the observed
unchanged levels of endogenous VEGF upon TDP-43 depletion
or overexpression may be determined by the delicate balance of
different trans-acting factors, including miRNAs and the stabi-
lizing ELAV RBPs (66), which exert a complex post-transcrip-
tional regulation on the long Vegfa 3'-UTR.

In conclusion, the findings emerging from our work further
support the idea that TDP-43 and FUS have different, but prob-
ably complementary, functions in the cytoplasmic compart-
ment of neuronal cells, such as controlling mRNA transport,
stability, and probably translation in the case of TDP-43 and
mRNA transport into neuronal processes in the case of FUS.
Post-transcriptional regulation of gene expression is a particu-
larly complex and articulated mechanism, above all in highly
specialized cells such as neurons, where an efficient and tight
control of mRNA fate in the nucleus and in the cytoplasm
together with its transport into neurites for local translation is
important for their demanding metabolism. But most impor-
tantly, our study further highlights the potential importance of
aberrant RNA metabolism as a direct cause of disease. In fact,
considering the sheer number of potentially mysregulated tar-
gets/pathways after changes in cellular distribution of TDP-43
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and FUS protein, it is very likely that even small alterations in
the relative quantity of these proteins in the nucleus/cytoplasm
might cause neurodegeneration over a long period of time
(especially if we consider that the ability of cells to compensate
for even small changes from normality gradually diminishes
with age). One of the key research questions that studies such as
ours will open up in the near future will be to correctly catego-
rize and classify these aberrant events in terms of severity/im-
portance with regard to the neurodegeneration process. This
will in turn help to prioritize areas of therapeutic intervention.
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