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TDP-43 has been found in inclusion bodies of multiple neurological disorders, including amyotrophic lateral
sclerosis, frontotemporal dementia, Parkinson’s disease and Alzheimer’s disease. Mutations in the TDP-43
encoding gene, TARDBP, have been subsequently reported in sporadic and familial ALS patients. In order to
investigate the pathogenic nature of these mutants, the effects of three consistently reported TARDBP
mutations (A315T, G348C and A382T) were tested in cell lines, primary cultured motor neurons and living zeb-
rafish embryos. Each of the three mutants and wild-type (WT) human TDP-43 localized to nuclei when
expressed in COS1 and Neuro2A cells by transient transfection. However, when expressed in motor neurons
from dissociated spinal cord cultures these mutant TARDBP alleles, but less so for WT TARDBP, were neuro-
toxic, concomitant with perinuclear localization and aggregation of TDP-43. Finally, overexpression of mutant,
but less so of WT, human TARDBP caused a motor phenotype in zebrafish (Danio rerio) embryos consisting of
shorter motor neuronal axons, premature and excessive branching as well as swimming deficits. Interestingly,
knock-down of zebrafisth tardbp led to a similar phenotype, which was rescued by co-expressing WT but not
mutant human TARDBP. Together these approaches showed that TARDBP mutations cause motor neuron
defects and toxicity, suggesting that both a toxic gain of function as well as a novel loss of function may be
involved in the molecular mechanism by which mutant TDP-43 contributes to disease pathogenesis.

INTRODUCTION

Amyotrophic lateral sclerosis (ALS) or Lou Gehrig’s disease
is a neurodegenerative disorder characterized by loss of
upper and lower motor neurons. It is the third most common
neurological disorder with an incidence of 1-2 people in
100 000, prevalence of 4—6 in 100 000 and a lifetime risk as
high as 1 in 1000 (1,2). Generally, the onset of ALS occurs
during mid-life (50—60 years) and death occurs generally
within 1-5 years. Approximately 10% of ALS patients have
a familial history for this disease (FALS), whereas the
majority (90%) of cases appears to be of a sporadic nature
(SALS) (3). Copper/Zinc Superoxide Dismutase (SODI) was
the first causative gene identified in ALS and its mutations

underlie 10-20% of FALS (4). The in vivo expression of
mutant SOD1 has been shown to cause a motor neuron dis-
order in several model organisms, including mouse (5), rat
(6) and zebrafish (Danio rerio) (7). Experiments in these
models jointly have helped to better understand the mechan-
isms of ALS pathogenesis caused by mutant SOD1 (2,8).
Over the years, a number of other genes have been linked to
ALS, including Alsin (9), vesicle associated protein B (VAPB)
(10), senataxin (11), vascular endothelial growth factor
(VEGF) (12), angiogenin (13) and the most recently identified,
fused in sarcoma/translated in liposarcoma (FUS/TLS) and
TAR DNA Binding Protein (TARDBP). TDP-43, the protein
coded by the TARDBP gene, was initially identified as a novel
cellular protein that binds specifically to pyrimidine-rich
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Figure 1. Schematic representation of TDP-43 and overexpression of WT and mutant 7Z4RDBP in cell lines. (A) A schematic representation of TDP-43 protein
showing the functional domains, localization of FLAG (3 kDa) and myc tags (12 kDa), and sites where mutations found in ALS patients (A315T, G348C and
A382T) were introduced by site-directed mutagenesis. (B) Triple immunocytochemical labeling using myc, TDP-43 and the nuclear marker, DAPI showing that
TDP-43 were localized mainly in the nucleus. Cytosolic labeling and TDP-43-containing inclusions were very rare in cells overexpressing WT or mutant TDP-43
in cell lines. (C) Western blot analysis of cell lines overxpressing WT and mutant TDP-43 showed that the major band were the full-length of FLAG/TARDBP/
myc (58 kDa) and endogeneous TDP-43 (43 kDa). Two minor bands at 45 and 35 were also observed.

motifs in the regulatory element of human immunodeficiency
virus 1 (HIV-1) known as TAR DNA sequence motifs and to
act as a transcriptional repressor of HIV-1 (14). TDP-43 has
two RNA-binding motifs (RRM1 and RRM?2) that bind to intro-
nic TG repeats, recruit heterogeneous nuclear ribonucleopro-
teins (hnRNPs) (represented in Fig. 1A) (15) and promote
exon splicing or exon inclusion of a number of mRNAs, includ-
ing survival motor neuron 2 (SMN2) (16), cystic fibrosis trans-
membrane receptor (CFTR) (17) and apolipoprotein A-II
(Apo-All) (18), each of which has been previously implicated
in neurodegenerative disorders; confirming the important role
that TDP-43 plays in neuronal homeostasis and degeneration.
In 2006, a breakthrough study by Neumann et al. (19) utilized
proteomic methods to identify a serine phosphorylated C-
terminal protein fragment of TDP-43 in preparations of
detergent-insoluble inclusion bodies prepared from affected
central nervous system tissue of ALS and FTD patients. Such
inclusion bodies, which are ubiquitin-positive, have been the
pathological hallmark of a broad range of neurodegenerative dis-
orders for decades and multiple recent studies have confirmed
the presence of TDP-43 within these inclusions (19-22).
However, it is unclear whether TDP-43 is simply a pathological
marker, or if mislocation and sequestration in inclusion bodies
directly participates in the development of these diseases (23).

A new appreciation of the causative nature of TDP-43 in
neurodegeneration was provided by several groups, including
ours, who reported mutations in the TARDBP gene in FALS
and SALS cases (24-26). To date, 14 reports have described
33 missense mutations and one truncating mutations in 29
FALS and 31 SALS cases (Supplementary Material,
Table S1) (24-34). Except for a DI169G mutation, all
mutations are located in the glycine-rich domain (GRD) of
the C-terminal region of the protein (25). While genetic and
pathological evidence supports a role for TDP-43 in ALS,
the underlying mechanisms of toxicity conferred by these
mutations remain to be elucidated. An unusual amount of trun-
cated TDP-43, reminiscent of the truncated fragment contain-
ing the C-terminus reported earlier in inclusion bodies (19,20),
can be observed in whole cell homogenates derived from lym-
phoblasts of ALS patients with TARDBP mutations (25,27,29).
In fact, truncated TDP-43 has a tendency to aggregate since it
is selectively enriched in the detergent-insoluble fraction rela-
tive to the detergent-soluble fraction, and it further accumu-
lates upon inhibition of proteasome activity (25,27).
Additionally, levels of truncated TDP-43 containing the C-
terminus accumulated when mutant M337V TARDBP, but
less when WT TARDBP, were overexpressed in cell lines
(26). Also, expression of two mutations (M3337V and
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G294A), but not WT human TARDBP, in the spinal cord of
chick embryos led to arrested development due to increased
apoptosis (26). Further in vitro work has demonstrated that
expression of progranulin, through caspase activation, also
leads to the appearance of truncated TDP-43 products,
leading to translocation of WT TDP-43 from the nucleus to
the cytosol (35). Interestingly both progranulin (PGRN) and
TARDBP mRNAs are up-regulated in the cytosol of mouse
motor neurons following sciatic axotomies (36). However,
the WT TDP-43 transported from the nucleus to the cytoplasm
in these motor neurons is not truncated, suggesting that C-
terminal truncation is not necessary for cytosolic translocation
and subsequent toxicity (36). Altogether these studies indicate
a toxic gain of function due to TDP-43 translocation from the
nucleus to the cytosol may lead to formation of inclusion
bodies. However, a possible loss of function phenotype (e.g.
due to loss of expression in the nucleus) remains an untested
possibility.

In this study we validated the pathogenicity of three
recently described ALS-associated T7ARDBP mutations
(A315T, G348C and A382T) in order to determine their patho-
genicity. We first conducted experiments to test whether the
expression of mutant TDP-43 in neuronal (Neuro2A) and non-
neuronal (COS1) cell lines would lead to truncation, misloca-
lization or aggregation of TDP-43, or cell-specific toxicity. We
also expressed mutant 7ARDBP specifically in motor neurons
from primary dissociated spinal cord cultures to assess prefer-
ential toxicity in motor neurons by intranuclear injection of
plasmid expression vector. This method has been used pre-
viously to create primary culture models of other motor
neuron diseases, including FALS1 due to mutations in SODI
(37,38). Mutant human SODI1 preferentially aggregated into
inclusions and induced cell death in these cultured motor
neurons and this model has been utilized in multiple studies
of pathogenesis and therapeutic assessment (37,38). Further,
using an in vivo zebrafish (Danio renio) embryo model, we
determined whether expression mutant human TARDBP or
suppression of zebrafish fardbp is associated with selective
motor neuron vulnerability early in development. Zebrafish
are a well-established model used to study developmental
biology because of their accessibility, optical transparency
and rapid development (39,40). Over the past few years, this
model organism has progressively become more common for
the investigation of neurodegenerative disorders (41). A
major advantage of this vertebrate model is the high homology
to human genes. The zebrafish fardbp (NM_201476) has a
74% nucleotide and 72% amino acid identity with its human
TARDBP orthologue (NM_007375) and contains both RNA
binding motifs as well as a very high identity to the C-
terminus region of TDP-43 (42). This genetic homology
allows to effectively knock down (KD) specific mRNAs
with antisense morpholino oligonucleotides (AMO) to test
for loss of function or to overexpress mutant human
TARDBP mRNAs to test for rescue or gain of function. We
and others have used zebrafish to develop ALS models, includ-
ing overexpression of mutant SOD/ (7) and KD of Alsin (43)
using AMOs. Thus, we established zebrafish models to
examine whether TARDBP mutations directly cause a motor
neuronal phenotype in vivo and to assess the potential involve-
ment of gain and/or loss of function.
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RESULTS

Characteristics of TARDBP mutations and cloning
strategy

In order to evaluate the pathogenicity underlying TARDBP
mutations found in ALS patients, three previously reported
missense variants were selected (A315T, G348C and
A382T) based on their being reported in more than one
patient and by more than one group (Supplementary Material,
Table S1) (24,25,28,29,31,34). The A3I15T variant was
observed by our group in both a classic FALS case and by
Gitcho ef al. (24) in an individual affected by a familial
lower motor neuron disease resembling ALS; in both cases
the mutation segregated with the disease (24,25 #307). We
observed the G348C mutation in four SALS cases from
France (25), and recently it was also reported in German
and Belgian FALS cases (31,34). Finally, our group identified
the A382T mutation in two FALS cases from France (25), as
well as it was reported in three more FALS and six more
SALS from Italy (29,31).

To conduct tests for expression, mislocalization, aggrega-
tion and toxicity, FLAG and myc (six chains) were incorpor-
ated at the N- and C-termini of the WT TARDBP cDNA
sequence, respectively (Fig. 1). A FLAG tag was fused to
the N-terminus and six myc chains to the C-terminus portion
of WT TDP-43 protein and the A315T, G348C and A382T
mutations were generated subsequently by site-directed muta-
genesis. Taken together, these two tags add only 15 kDa to the
overall TDP-43 protein M.W. (FLAG ~3 kDa and 6*myc
~12kDa) and therefore are expected to have minimal
impact on the normal function of TDP-43. Both N- and
C-termini tags were incorporated in order to identify both
full length and cleaved species of TDP-43. In pathological
inclusions from ALS and FTD patients, C-terminal fragments
of TDP-43 were identified (with cleavage at amino acid 208)
(47,48) (Fig. 1A). Furthermore, truncated forms cleaved at
amino acids 89 and 219 (caspase 3 cleavage sites) have been
described recently and associated with cell toxicity in vitro
(49) (Fig. 1A). Similar to TDP-43 detected in inclusion
bodies, these caspase-cleaved forms of TDP-43 are hyperpho-
sphorylated, ubiquitinated and detergent-insoluble. (35). We
therefore hypothesized that mutant TDP-43 would be
cleaved, thus containing the myc chains, but not the FLAG
tag. This cleavage would increase the cytosolic localization
of TDP-43 and could induce cytotoxicity.

Neither WT nor TDP-43 mutants are toxic when expressed
in Neuro2A or COSI1 cell lines

Neuro2A cells were differentiated to develop neurites and
neuronal-like properties through retinoic acid treatment.
After transient transfection, expression of plasmid-derived
WT human TDP-43 was similar to the endogenous TDP-43;
the localization of WT or the three TDP-43 mutants was
essentially nuclear. (Fig. 1B and Supplementary Material,
Fig. S1). A similar pattern was also observed in COSI cells
transfected with WT and mutant TARDBP (Supplementary
Material, Fig. S2). In rare occasions, WT and mutant
TDP-43 were localized in the cytosol (Supplementary
Material, Fig. S2; see arrows) and quantified in Supplementary
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Figure 2. Mutant 7DP-43 expression in motor neurons leads to selective toxicity. Motor neurons from primary murine spinal cord-DRG cultures were micro-
injected (intranuclear) with the same vectors introduced in Figure 1 and 70 kDa dextran-FITC as a vital marker. (A) Immunocytochemical labeling revealed
aggregation of TDP-43 in the perinuclear or neuritic compartments of neurons expressing in the more toxic mutants (A315T and G348C; see arrows) correspond-
ing with a reduction of expression in dendritic and axonal processes in microinjected motor neurons with A315T and G348C mutants, but not WT TARDBP, or
the least toxic, A382T mutant. (B) Viability of of motor neurons was measured over a period of 6 days by counting living cells containing the dextran-FITC and
exhibiting an intact nucleus and neuritic processes. A315T, G348C and A382T were significantly more toxic compared with WT TARDBP cDNA injection. (C)
Nuclear, axonal and dendritic expression of plasmid-derived TDP-43 was assessed following immunocytochemistry with antibodies to the C- (FLAG: green) and
N- (myc:red) termini tags. Fluorescence was quantified using the Image J program. A significant decrease of both N- and C- termini labeling of TDP-43 was
measured in dendrites and axonal processes, but not in nuclei (data not shown), of motor neurons overexpressing G348C and A315T mutants when compared

with WT and the A382T TARDBP mutant (*P < 0.05, **P < 0.01).

Material, Figure S3A. Using immunoblotting analysis, the
transient expression of mutant and WT TDP-43 was deter-
mined in the Triton-X 100 soluble and insoluble fractions of
COSI1 cells 72 h post-transfection (Fig. 1C) and in differen-
tiated Neuro2A cells (data not shown). A major band of
58 kDa that represents full-length TDP-43 with both N- and
C-termini tags was detected using antibodies to TDP-43
(Fig. 1C) as well as myc, and FLAG (Supplementary Material,
Fig. S4; upper and middle panels) antibodies. Another major
band of ~45 kDa was detected using the myc and TDP-43
antibodies (Fig. 1C and Supplementary Material, Fig. S4),
but not FLAG antibody (Supplementary Material, Fig. S4),
both in the soluble and insoluble fraction of WT and mutant
TDP-43; this band may represent a truncated TDP-43
product of ~35kDa lacking the N-terminus. Finally, a
minor band immunodetected with myc and TDP-43, but not
FLAG was enriched in the insoluble extract of mutant
TDP-43 expressing cells at ~30—35 kDa, thus possibly repre-
senting the C-terminal region of TDP-43 at 18-25kDa
(Fig. 1C). Regardless, neither WT nor TDP-43 mutants
appeared toxic to COSI1 cells (Supplementary Material,
Fig. S3B) or Neuro2A cells (data not shown) following cell

counts and assessing nuclear envelope homogeneity by
DAPI labeling.

Mutant TARDBP expression leads to selective toxicity
in motor neurons

The WT and mutant TARDBP constructs described in Figure 1
were expressed in motor neurons of primary murine spinal
cord-DRG cultures by intranuclear microinjection, with
dextran-FITC being included in the injectate to follow these
neurons in the living state by epifluorescence microscopy
(37,38). In contrast to findings in cell lines (vide supra), the
A315T, G348C and A382T TARDBP mutations were toxic
to motor neurons relative to WT TARDBP (Fig. 2A) At 6
days post-microinjection the percentage of motor neurons
lost relative to the number counted on day 1, was A315T:
48%, G348C: 44%, A382T: 31% and WT TARDBP: 23% of
motor neurons dead (A315T versus WT P =0.001; G348C
versus WT P=0.01; A382T versus WT P=0.03)
(Fig. 2B). In order to determine whether the 23% toxicity
resulting from overexpression of WT TARDBP was signifi-
cant, an empty plasmid containing both FLAG and myc tags
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Figure 3. Expression of mutant 7ZARDBP leads to a similar motor phenotype. (A) Deficit in the swimming response evoked by touch when 48 hpf zebrafish were
injected with A315T (2nd panel), G348C (3rd panel) and A382T (4th panel) mutant TARDBP RNAs compared with zebrafish injected with WT TARDBP RNA
(1st panel). (B) Expression of G348C and A382T mutant 7ZARDBP RNA also led to excessive and premature branching and shorter motor axons (see arrows),
whereas this phenotype was not as obvious in larvae expressing the A315T mutation. (C) The touch-evoked swimming phenotype was significantly increased
when the A315T, G348C and A382T mutant RNAs were injected. (D) Motor axons of zebrafish injected with G348C and A382T TARDP RNA were significantly
shorter than in zebrafish inected with WT and A315T TARDBP RNAs. Axon branching of embryos injected with G348C mutant TARDBP RNA, but not A315T
or A382T, was significantly increased when compared with axonal branching in zebrafish expressing WT TARDBP RNA (*significantly different from WT

TARDBP RNA; **significantly different from WT and G348C TARDBP RNAs).

was injected in primary motor neurons at the same concen-
tration (25 ng/pl). A similar (P =0.61) level of motor
neuron death (18%) was measured at this concentration
(Fig. 2B), indicating a non-specific basal lethality due to injec-
tion of constructs.

The intracellular distribution of plasmid-derived TDP-43
was determined by immunolabeling cultures with antibodies
against the C-terminal myc and N-terminal FLAG tags.
Total TDP-43 was visualized using TDP-43-specific anti-
bodies. As previously reported in cultured hippocampal
neurons (50), TDP-43 was detected in both nuclear and cyto-
solic compartments of the perikaryon as well as in dendritic
and axonal processes (Fig. 2A). Cytosolic TDP-43 is thought
to play an important role in RNA transport, formation of
RNA granules and as an activity-dependent signaling factor
in dendrites (50). Upon expression of WT TARDBP or the
least toxic mutant A382T, both C- (FLAG: green) and
N-termini (myc: red) tags were diffusely localized in the
nucleus, cytosol and neuronal processes (Fig. 2A). On the
other hand, perinuclear localization and aggregation of

TDP-43 was observed in motor neurons injected with
A315T and G348C mutant cDNA (Fig. 2A; see arrows), remi-
niscent of TDP-43 inclusions in motor neurons of ALS
patients. Green (FLAG) and red (myc) fluorescence was quan-
tified in nuclei, axonal and dendritic processes of these motor
neurons as described in Materials and Methods. Though no
change in fluorescence was observed in nuclear expression
(data not shown), dendritic and axonal expression of N- and
C-termini were significantly reduced in motor neurons injected
with A315T and G348C mutants when compared with WT,
and the least toxic mutant A382T (Fig. 2C). Finally,
whereas for WT and the A382T mutant, labeling is similar
with FLAG and myc antibodies, overexpression of the
A315T and G348C TARDBP mutations induces a different
distribution of FLAG and myc suggesting cleavage of
TDP-43 could confer motor neuron toxicity. Thus, expression
of mutant TDP-43 in motor neurons causes increased motor
neuron death, and this cellular toxicity is associated with
decreased expression in neurites, perinuclear accumulation
and aggregation of mutant TDP-43.
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Mutant TDP-43 overexpression causes a motor phenotype
in zebrafish

The data from experiments in culture pointed to preferential
vulnerability of motor neurons to toxicity of TDP-43
mutants. This was validated in vivo using the zebrafish
model. The embryos normally respond to a touch with a vig-
orous contraction that initiates a bout of swimming.
Expression of mutated human 7ARDBP resulted in embryos
with a curly tail, their spontaneous coiling ability at 24 hpf
was severely impaired (data not shown) and at 48 hpf were
unable and/or were delayed to swim away following a touch
(Fig. 3A; second row), indicating that there was a motor but
not a sensory deficit. The phenotype was dose-dependent
and most consistent, with minimal lethality, at a concentration
of 25ng/wl and at this concentration we observed the
phenotype (Fig. 3A; third row) within 24 hpf in 57% of zebra-
fish embryos injected with G348C TARDBP mutant RNA,
47% of those injected with the A315T mutation and in 39%
of those injected with the A382T mutation but only in 17%
of those injected with WT TARDBP mRNA (A315T versus
WT P =0.01; A382T versus WT P =0.03; Fig. 3C and
Table 1). No significant (P = 0.22) motor phenotype was
observed upon injection of a mismatched morpholino (11%)
when compared with WT TARDBP mRNA (17%) (Table 1).
No changes in TDP-43 protein expression were observed
upon injection of WT and mutant TARDBP RNAs as
determined by western blot analysis (Supplementary
Material, Fig. S5). This phenotype was not observed in zeb-
rafish embryos injected with dye only or non-injected
(Table 1). We also observed shorter and disorganized axons
with excessive branching from motor neurons as measured
by labeling with SV2 antibody, a marker of synaptic vesicles
(Fig. 3B) or with acetylated tubulin, a marker growing axons
(data not shown). The length of the motor axons (P < 0.001)
was decreased and motor axon branching (P = 0.02) was
increased when fish injected solely with G348C and A315T
TARDBP RNA were compared with fish injected with WT
TARDBP RNA (Fig. 3B and D), whereas injection of A382T
TARDBP caused a significant change in motor axon length
(P =0.01), but no significant changes in axon branching
when compared with fish injected with WT TARDBP RNA
(P =0.30).

Knockdown of tardbp causes a loss of function motor
phenotype in zebrafish

We designed an AMO to specifically bind and block trans-
lation of fardbp (NM_201476). Microinjection of this AMO
caused a dose-dependent phenotype and at a relatively low
concentration (0.1 mm) there was minimal lethality and a
motor phenotype similar to that described earlier for overex-
pression of mutant human TARDBP was observed (delay or
absence of touch-evoked escape response). Specifically,
more than 60% of embryos injected with tardbp AMO had a
curly tail phenotype and their coiling ability was severely
impaired (Fig. 4A and Table 1). We observed shorter and
disorganized motor neuronal axons following labeling with
antibody against the synaptic vesicle marker, SV2, but no
changes in the number of interneurons labeled by Pax2

Table 1. Profile of the phenotype profile in zebrafish injected with tardbp
AMO and/or TARDBP RNA

Condition Motor Normal Delayed
phenotype (Monster)

Non-injected (680; 21) 0 94.1 53
Mismatch AMO (109; 3) 11.3 84.1 4.6
TDP-43 AMO (638; 15) 63.7 24.6 9.4
Rescue wthTDP-43 (205; 5) 13 68.8 20.7
Rescue A315T TDP-43 (149; 4)  55.6 22.7 224
Rescue G348C TDP-43 (155;4) 73.3 8.8 18
Rescue A382T TDP-43 (167;5)  46.5 327 12.4
wthTDP-43 (163; 5) 17.2 68.9 13.9
A315T TDP-43 (161; 5) 35.4 37.6 26.5
G348C TDP-43 (153; 5) 57.3 27.9 14.8
A382T TDP-43 (152; 4) 472 29.9 22.7

(Fig. 4B). No significant changes in the total number of
motor axons and their respective somites were measured in
embryos injected with TDO-43 AMO and/or overexpressing
mutant 7TARDBP, indicating that there was no motor neuron
death in these embryos. The effectiveness of the AMO was
confirmed via western blotting (Fig. 4C). As a control, a mis-
match AMO of the tardbp AMO with four nucleotide substi-
tutions was injected at the same concentration that did not
affect TDP-43 protein levels (Fig. 4C) and no coiling
defects were observed. No coiling defects were also observed
upon injection of an AMO that would bind and block the
translation of the tardbp-like gene (NM_198364) (data not
shown), which has high homology to the N-terminus portion
(including the RRM1 and 2), but has very little homology to
the portion that encodes the C-terminus of TDP-43. These
data suggest that the phenotype observed in zebrafish where
tardbp was KD is specific to the motor behavior and could
be due to down-regulation of the C-terminal region of
TDP-43.

At 48 hpf, zebrafish injected with tardbp AMO were unable
to swim away following a touch, even though they were
sensitive to touch (Fig. 5A; second row). This phenotype
was not observed in zebrafish embryos injected with dye
only or non-injected (Fig. 5A; first row) and was rarely
observed in embryos injected with a mismatched AMO
(Table 1). The motor neuron specific phenotype caused by
tardbp AMO was significantly reduced by co-injecting WT
human 7ARDBP RNA (Fig. 5A; third row) from 58 to 13%
(P < 0.001) (Table 1 and Fig. 5C). Similarly, a small percen-
tage of fish (17%; P < 0.001) had this phenotype in zebrafish
embryos upon microinjection of WT TARDBP RNA (Fig. 5A;
fourth row); thus both co-injection of tdp-43 AMO and WT
TARDBP RNA as well as injection of WT TARDBP RNA
alone led to virtually indistinguishable percentages with over
70% of the fish injected appearing completely normal
(Table 1). Further, labeling of motor neurons with antibodies
to SV2 (Fig. 5B) and acetylated-tubulin (data not shown)
showed premature, disorganized and excessive branching of
motor axons and slightly shorter motor axons at 24 and
48 hpf. The motor axon length was significantly reduced by
~30% and axonal branching was significantly increased by
almost 2-fold in tardbp AMO embryos when compared with
non-injected embryos at 48 h hpf (P < 0.001) (Fig. 5D).
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Figure 4. KD of tardbp causes developmental defects in zebrafish. A specific AMO was designed to specifically bind and inhibit the translation of fardbp RNA.
(A) Zebrafish injected with tardbp AMO 24 h post-fertilization have deficits in the coiling behavior as compared with non-injected fish (Non-inj). (B) These
defects were accompanied by a decrease in length and an increase in branching of axons from motor neurons as measured by labeling with an SV2 antibody,
whereas the number of interneurons as labeled by Pax2 was not affected. (C) Immunoblot analysis of protein extracts from zebrafish injected with tardbp AMO,
mismatch AMO and non-injected demonstrates that TDP-43 expression was dramatically reduced specifically in the fish that were injected with tardbp AMO.

Co-injection of WT TARDBP RNA as well as the injection of
WT TARDBP RNA alone rescued significantly the length of
the motor axons (P < 0.001) and the branching pattern in zeb-
rafish (WT TARDBP Rescue P = 0.003; WT TARDBP P =
0.02) (Fig. 5D) Therefore, expression of WT human
TARDBP RNA is able to partially rescue the swimming and
coiling phenotype as well as the axonal length and branching
from zebrafish motor neurons induced by tdp-43 AMO. These
results indicate a specific loss of function phenotype upon KD
of tardbp.

Mutant TARDBP fails to rescue the KD phenotype

In contrast to the rescue by WT TARDBP, the motor neuron
phenotype caused by KD of fardbp was not rescued by
co-injection of A315T mutant TARDBP RNA (Fig. 6A;
second row), G348C mutant TARDBP RNA (Fig. 6A; third
row) or A382T mutant TARDBP RNA (Fig. 6A; fourth row).
The phenotype caused by KD of tardbp expression in
65% of fish injected was comparable to the 56, 73 and 47%
phenotype observed following co-injection of fardbp AMO
with A315T, G348C and A382T mutant human TARDBP
RNAs, respectively (Table 1; Fig. 6C). For each of the three
mutants RNAs co-injected with tardbp AMO, the phenotype

was significantly different from embryos co-injected with
WT TARDBP RNA and tardbp AMO (A315T versus WT
P < 0.001; G348C versus WT P <0.001; A382T versus
WT P =0.01). In fact, co-injection of tardbp AMO and
G348C TARDBP RNA caused a slightly more pronounced
phenotype in zebrafish embryo (Table 1 and Fig. 6C). In the
case of each mutant, the motor axon and branching phenotype
was not significantly altered from the embryos only injected
with tardbp AMO, but the length of the motor axons was sig-
nificantly shorter (A315T versus WT P < 0.001; G348C
versus WT P < 0.001; A382T versus WT P < 0.001) and
the branching significantly increased (A315T versus WT
P < 0.001; G348C versus WT P <0.001; A382T versus
WT P =0.03) (Fig. 6D) when each of the three mutant
TARDBP RNAs co-injected with tardbp AMO (Fig. 6B;
second to fourth image) was compared with fish co-injected
with WT TARDBP RNA and ftardbp AMO (Fig. 6B; first
image). Overall, these results suggest that TDP-43 expression
plays an important role in motor neuron development. Further-
more, only WT, but not mutant TDP-43, is able to functionally
replace tardbp KD in zebrafish. These data indicate that a loss
of function might contribute to the motor disorder induced by
the mutants as a result of impaired function of the endogenous
WT protein.
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Figure 5. KD of tardbp leads to a motor phenotype in zebrafish. (A) Zebrafish develop a touch-evoked escape response by 48 hpf as observed in non-injected
larvae (1st panel). This swim escape response was severely impaired in zebrafish injected with fardbp AMO (2nd panel). This phenotype could be rescued by
co-injection of WT TARDBP RNA and tardbp AMO (3rd panel) and was not impaired by injection of WT TARDBP RNA alone (4th panel). (B) Immunocyto-
chemical labeling of motor axons by SV2 antibody revealed a premature and excessive branching and shortening of the motor axons in fish injected with tardbp
AMO. (C) A significant increase in the swimming phenotype was only observed when fardbp AMO was injected, which was observed to a much lesser extent in
zebrafish co-injected with TARDBP RNA and tardbp AMO or injected with WT TARDBP RNA alone. (D) Quantification of the motor axon length and branching
demonstrated that only fish injected with tardbp AMO had a significant shortening of the motor axons and a significant increase of axonal branching (*P < 0.05).

DISCUSSION

Several dominantly inherited mutations in 7ARDBP have been
reported in more than one patient and by more than one group,
corroborates their causative role in disease pathogenesis (Sup-
plementary Material, Table S1) (24,25,28,29,31,34), but it
remains to be proved whether these mutants can induce a
motor neuronal phenotype and to determine the mechanism
of toxicity. In this study, the role of three new TARDBP
mutations (A315T, G348C and A382T) was investigated
using well-established in vitro (primary motor neurons and
cell lines) and in vivo (zebrafish) experimental models. The
data validate that these mutations confer toxic properties to
the protein, TDP-43, of which motor neurons are particularly
vulnerable, and that their expression causes a motor phenotype
in zebrafish embryos. In neuronal (Neuro2A) and non-

neuronal (COS1) cell lines expression of mutant TDP-43 did
not induce toxicity and aggregation was not observed. In con-
trast, in primary motor neurons derived from murine spinal
cord cultures, expression of A315T and G348C TARDBP
mutations caused toxicity and abnormal redistribution relative
to the similarly expressed WT TDP-43 protein. Finally, over-
expression of the TARDBP mutations or KD of the native
tardbp in zebrafish embryos led to similar swimming and
motor neuron axonal phenotypes. However, the embryos
remained sensitive to touch, and the number of interneurons
in the spinal cord was not affected upon KD, suggesting that
motor neurons are specifically affected. Both the swimming
and motor axon phenotypes were partially rescued upon KD
by expression of WT TARDBP RNA, but not when each of
the three TARDBP mutant RNAs were expressed. These
results indicate that mutant TDP-43 caused motor neuron
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Figure 6. Mutant TARDBP RNA does not rescue the fardbp KD motor specific phenotype. (A) The touch-evoked swim-escape response of zebrafish at 48 hpf
could be rescued when fardbp AMO was co-injected with WT TARDBP RNA (1st panel). However, the A315T (2nd panel), G348C (3rd panel) and A382T (4th
panel) were unable to rescue the phenotype as quantified in (D). (B) The excessive and premature branching as well as the shortening of the motor axon observed
in zebrafish injected with tardbp AMO was also evident in the embryos co-injected with all three mutants (A315T, G348C and A382T) RNAs, but was rescued

upon co-injection of WT TARDBP RNA as quantified in (D) (*P < 0.05).

abnormalities in zebrafish through molecular mechanisms
involving simultaneously a toxic gain and a novel loss of
function.

TDP-43 acts as a transcription repressor and recruits hnRNP
to bind and splice the RNA of a variety of genes linked to neu-
rodegenerative disorders, including SMN2 (16), CFTR (17)
and Apo-AIl (18). Thus it is thought to play an important
role in neuronal developmental and degenerative processes.
In concordance to this, expression of mutant TDP-43 in
chick embryos led to arrested development and knock-out of
the Drosophila homologue of TDP-43 caused deficient loco-
motive behaviors, reduced life span and defects at the neuro-
muscular junctions of a variety of neurons, including motor
neurons (51). TDP-43 is involved in nuclear-cytoplasmic shut-
tling of RNA granules including NFL, NFH and B-actin
mRNAs to the neurites (52). Furthermore, TDP-43 translo-

cates to these RNA granules in dendrites following neuronal
depolarization via KCI stimuli (50). Our results using both
motor neuron cultures and zebrafish embryos indicate that
mutant TDP-43 expression could genuinely cause the loss of
these neuronal specific functions. Indeed, expression of
mutant TDP-43 was selectively reduced in the axonal and den-
dritic processes of cultured motor neuron cultures. Further,
mutant TDP-43 expression in zebrafish embryos led to a short-
ening of the motor axon with increased, premature and disor-
ganized branching. Very recently, two groups reported that
mutations of the FUS/TLS gene were found in FALS
(53,54). Interestingly, similar to TDP-43, FUS/TLS plays an
important role in transcriptional regulation as a protein that
interacts with several hnRNP, and is known to bind, splice,
translate and transport RNAs (55). Further studies are
needed to determine whether TDP-43 and FUS/TLS play a

220z 1snbny 9| uo 1sanb Aq 896609/ L9//6 L/81o1e/Bwiy/wod dno olwspede//:sdiy woly pepeojumoq



680 Human Molecular Genetics, 2010, Vol. 19, No. 4

complementary role in RNA granules and nucleo-cytoplasmic
RNA shuttling and whether these functions are affected upon
expression of mutant TDP-43 and FUS/TLS.

Here we show for the first time that mutant TDP-43 can
cause motor neuron toxicity in primary motor neuron in
culture as well as both a loss and gain of function motor phe-
notype and abnormal development of motor axons in zebra-
fish. The molecular mechanism through which mutant
TDP-43 is toxic to motor neuron is still not understood and
a better understanding of the molecular partners of TDP-43
as well as its function in motor neurons is required. Expression
of the G348C mutant alone caused a strong motor phenotype,
whereas expression of A315T and A382T led to a less pro-
nounced, but still significant phenotype when compared with
zebrafish injected with WT TARDBP RNA. This toxic gain
of function associated with mutant TDP-43 expression could
be similar to the role that mutant SOD1 plays in ALS patho-
genesis. Thus, several of the pathogenic functions associated
with mutant SODI1, including protein misfolding (56—58), glu-
tamate excitoxicity (59), oxidative stress (56) as well as axonal
transport deficits (60) could participate in mutant TDP-43
pathogenic mechanisms. However, unlike TARDBP, it is com-
monly assumed that a loss of function is not implicated in
dominantly inherited FALS because of expression of a
normal allele. This is particularly so in the case of FALSI
caused by mutant SODI, since knock-out of Sodl/ in mice
does not lead to a motor neuron phenotype (61). However
KD of tardbp did lead to a deficit in motor neuron develop-
ment and a motor deficit in zebrafish embryos, supporting
the possibility of a loss of function mechanism of toxicity.
Similar to the results presented in this report, huntingtin, the
gene responsible for HD through an expansion of polygluta-
mine repeats leads to pathogenic mechanisms through a
toxic gain of function or loss of function depending on the
location of the stretch of polyglutamine repeats (62). In fact
similar to TDP-43 results reported here, both KD of huntingtin
(63) as well as overexpression of expanded polyglutamine
repeats (64) in zebrafish embryos lead to impaired neuronal
development arguing that both loss and toxic gain of function
may be involved in the molecular pathways that lead to neuro-
degeneration in these diseases. Furthermore, a number of bio-
chemical and genetic studies suggest that other genes that
cause neurodegeneration through polyglutamine expansion,
including Ataxin 1 (65,66) and androgen receptor (67), con-
tribute to disease by both gain of function and a partial loss
of function mechanisms.

The knowledge obtained from the zebrafish embryo is
useful to understand pathogenic mechanisms of mutant
TDP-43, but certain limitations arise from the use of this
developmental model in the case of ALS which has an appar-
ent mid-life onset in patients. It is interesting to note that alter-
ing expression in zebrafish of several genes related to
early-onset [SMNI (68) and ALS2 (43)] as well as late-onset
motor degeneration [SODI (7), HSPS8 (45), TAU (69)] and
here TARDBP all result in shorter, more highly branched
motor axons and similar deficits in early swimming. This evi-
dence indicates that a common developmental and possibly
degenerative pathway is affected. It will be important to
eventually study adult zebrafish expressing mutant TDP-43
and follow these fish throughout their lifespan for a motor

neuron disorder in order to further understand pathogenic pro-
cesses of motor neuron degeneration. Our transient transgenic
in vivo model nonetheless suggests the preferential targeting of
motor neurons by mutant TDP-43 is consistent with
other ALS-causing mutant proteins and a role in disease
pathogenesis.

MATERIALS AND METHODS
Plasmids and vectors

Human TARDBP ¢DNA (untagged) was obtained from Open
Biosystems. Site-directed mutagenesis to introduce mutations
in the apg}ropriate vectors was performed using a
QuikChange ™ XL Site-Directed Mutagenesis Kit (Stratagene,
#200516) as previously described (44,45). To evaluate the
consequences of TARDBP mutations, we have generated
cDNA constructs encoding N- (FLAG) and C-termini (myc)
tagged WT and three TARDBP mutations, A315T, G348C
and A382T subcloned into pCS2+ plasmid vectors. These
constructs were used in all the experiments described here.

Cell lines

Neuro2A and Cosl cell lines were maintained in Dulbecco’s
minimal essential medium (DMEM) enriched with 10% fetal
calf serum (FCS) and 1% penicillin/ streptomycin/neomycin
(PSN). To differentiate into neuronal-like cells and to extend
neurites, 50% confluent Neuro2A cells were treated with
retinoic acid by replacing the feeding medium with DMEM
supplemented with 2% FCS and 20 pwwm all-trans-retinoic
acid (Sigma) as it has been previously reported (46). Transient
transfection experiments were performed in 60 mm plates
using 1 pg of DNA combined with DNA Plus and Lipofecta-
mine reagents. Cells were fixed with 4% paraformaldehyde
and/or lysed with PBS supplied with 0.2% Triton-X 100 36,
48 and 72 h post-transfection. For immunocytochemical label-
ing, cells were cultured on glass coverslips and processed as
previously described (44). Lysed cells were maintained on
ice and sonicated, centrifuged for 15 min at 13 000 rpm and
separated into soluble and insoluble fractions. SDS/PAGE
western blotting of both fractions were carried out as pre-
viously described (25), using monoclonal antibodies against
myc (Invitrogen), FLAG (Clone M2; Sigma) and actin
(Clone C4; ICN BIOMEDICALS, Inc.), as well as a polyclo-
nal antibodies against TDP-43 (ProteinTech).

Motor neuron cultures

Cultures were prepared from embryonic day 13 CDI1 mice
(Charles River Laboratories) as previously described (37,38).
In brief, spinal cords were removed from the embryos and dis-
sociation by mincing and incubating with trypsin (Invitrogen),
murine spinal cord cells were plated onto 18-mm glass cover-
slips in 12-well culture dishes at a density of 350 000—
400 000. Coverslips were pre-coated with 10 pg/ml
poly-pD-lysine (Sigma). The culture medium was composed
of MEM supplemented with 5 g/l glucose, 10 ng/ml nerve
growth factor (BD Biosciences Clontech), 10 pwg/ml bovine
serum albumin [(BSA), Invitrogen], 26 ng/ml selenium
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(Sigma), 20 pg/ml triiodothyronine (Sigma), 10 pg/ml insulin
(Sigma), 200 pwg/ml apo-transferrin  (Sigma), 32 pg/ml
putrescine (Sigma), 9.1 ng/ml hydrocortisone (Sigma), 13 ng/
ml progesterone (Sigma) and 2% horse serum (Invitrogen).
The plating medium also contained 5% FCS and 1% PSN.
When the cells reached ~90% confluency (4—6 days from
initial plating), cultures were treated with 1.4 wg/ml
cytosine-@-p-arabinoside (Calbiochem) for 4-5 days to
arrest division of nonneuronal cells. Cultures were used in
experiments at 3—6 weeks after plating. Plasmids were
expressed in motor neurons by intranuclear microinjection.
Motor neurons were identified based on size and other mor-
phological properties as described previously (37,38). Both
WT TARDBP and three ALS-causing mutants (A315T,
G348C, A382T) were microinjected at the final concentrations
of 25 pwg/ml in 5 mm Tris/0.5 mm EDTA and immunocyto-
chemical analysis was performed to ascertain that similar
levels of mutant and WT TDP-43 were expressed. 70 kDa
dextran-fluorescein isothiocyanate (Molecular Probes, Invitro-
gen) was included in the injectate at 20 pwg/pl to identify
microinjected cells in living cultures. Plasmid-derived
protein expression derived from each was detected by 72 h
by immunolabeling with the FLAG and myc antibodies. The
intensity of immunolabeling of cells for mutant and WT
TDP-43 indicated similar levels of expression. Z-stacks
images of labeled motor neurons were obtained using a
Leica confocal TCS SP5 and images were converted to
16-bit grayscale. The nucleus and 3—-5 neurites (including
several dendrites and the axon) of each immunolabeled
motor neuron were traced to their first branching point and
their pixilated volume was measured and quantified using
the Image J program in relation to background.

Zebrafish (Danio renio)

Zebrafish were raised from a colony maintained according to
established procedures and all procedures described here
were carried out in compliance with the Canadian Council
for Animal Care.

Injections in 1—4 cell stage blastulae were performed as
previously described (42). TARDBP WT and mutant mRNAs
were transcribed from Notl-linearized pCS2+ using SP6 poly-
merase with the mMESSAGE Machine Kit (Ambion). This
was followed by a phenol-chloroform purification and
ethanol precipitation, and diluted in nuclease-free water
(Ambion). The mRNA was diluted in nuclease free water
(Ambion) with 0.05% Fast Green vital dye (Sigma, St Louis,
MO) at a concentration of 25 ng/pl and was pulse-injected
into early embryos using a Picospritzer III (General Valve,
Fairfield, NJ) pressure ejector. The zebrafish TARDBP gene
orthologue, fardbp (NM_201476) was identified using the
Ensembl’s gene homology prediction program (http://www.
ensembl.org) (42). An  AMO (TGCACTCCTC-
CATCCTCCGTCACGA) (Gene Tools, OR, USA) sequence
was designed complimentary to the region of translational
initiation of the fardbp (ggaaacagttagcacagctcgegeattcggtg-
taatc [(ATG)ACGGAGTGCTATATTCGTGTGG]) in order
to inhibit protein translation. We also tested, as a control, a
mismatched AMO with the sequence GTAGATCTCCGC-
GATCTTTGCTGAG. An AMO was also designed that
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would bind and block the translation tardbp-like (tardbpl)
gene (42). A dose-dependence curve of AMO toxicity was per-
formed and AMOs were injected at a concentration of 0.1 mMm
to minimize morpholino-induced developmental delay and
toxicity and to yield a consistent phenotype. Morphology
and behavioral touch responses were assessed with a stereomi-
croscope (Zeiss, Oberkochen, Germany). For escape swim-
ming at 48 hpf, embryos were touched lightly at the tails
with a pair of blunt forceps and their responses were recorded
using a Photron (San Diego, CA) Fastcam PCI high-speed
video camera at 125 frames/s. The sensory response was
measured using the mustard oil test as it has been previously
described. For immunohistochemical analysis of axonal pro-
jections of motor neurons, a monoclonal antibody anti-SV2
(Developmental Studies Hybridoma) was used.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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