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A

myotrophic lateral sclerosis (ALS) is a progressive and lethal motor neuron disease that most often arises sporadically, but can be inherited in 10–15% of patients (1). Many of the
genes implicated in familial ALS (fALS) encode RNA-binding
proteins, including fused in sarcoma (FUS), transactive response
element DNA/RNA-binding protein of 43 kDa (TDP43), and
heteronuclear ribonuclear proteins (hnRNPs) (2), emphasizing
RNA-based toxicity as a fundamental mechanism contributing to
motor neuron degeneration in ALS.
More than 40 different mutations in the TDP43 gene (TARDBP)
have now been associated with fALS (3). Disease-associated mutations in TARDBP affect the turnover (4), amount (5), and subcellular
localization of TDP43 (6, 7), in many cases resulting in cytoplasmic
TDP43 inclusions. Affected neurons in sporadic ALS (sALS) exhibit
identical inclusions containing wild-type (WT) TDP43 (8), and WT
TDP43 accumulation causes neurodegeneration in cellular and animal models (6, 9, 10), providing a pathogenic link between fALS
and sALS. FUS mutations have also been linked to fALS (11, 12).
Unlike TDP43, FUS-related pathology is limited to fALS due to
FUS mutations (13). FUS and TDP43 bind largely nonoverlapping
RNA targets (14), leading to the unexpected conclusion that, despite
their homology and involvement in fALS, TDP43 and FUS have
distinct roles in RNA metabolism.
TDP43 regulates its own expression through a negative feedback loop (15), but the mechanism by which it does so remains unclear. Conflicting data suggest that TDP43 autoregulation involves
nonsense-mediated decay (NMD) (16) or exosome-mediated
www.pnas.org/cgi/doi/10.1073/pnas.1509744112

degradation (15). Excess TDP43 enhances splicing in the
TARDBP 3′UTR, potentially targeting the transcript for NMD,
whereas deficiencies in human up-frameshift protein 1 (hUPF1),
an essential component of NMD (17), result in elevated TARDBP
mRNA levels (16). As with TDP43, FUS also binds to its own premRNA (14), reducing exon 7 inclusion and shifting the translational reading frame so that a premature termination codon
appears in exon 8 (18). The resulting transcript is targeted for
NMD, indicating that NMD might be a conserved mechanism
for TDP43 and FUS regulation.
ECM2, a yeast homolog of hUPF1, and hUPF1 itself demonstrated cytoprotective properties in a yeast model of ALS involving FUS overexpression (19). We wondered if hUPF1 could
prevent TDP43-related toxicity, and whether it was capable of
doing so in mammalian neurons. Here, we show that hUPF1 can
indeed rescue neurons from both FUS- and TDP43-associated
toxicity through an NMD-dependent mechanism.
Results
hUPF1 Improves Survival in Neuronal Models of ALS. Primary rodent

cortical neurons were transfected with WT TDP43 or FUS, or
fALS-associated mutant versions of each protein. Each was fused
at the carboxyl terminus to the red fluorescent protein, mApple,
or enhanced green fluorescent protein (EGFP), facilitating in
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Over 30% of patients with amyotrophic lateral sclerosis (ALS) exhibit
cognitive deficits indicative of frontotemporal dementia (FTD),
suggesting a common pathogenesis for both diseases. Consistent
with this hypothesis, neuronal and glial inclusions rich in TDP43, an
essential RNA-binding protein, are found in the majority of those
with ALS and FTD, and mutations in TDP43 and a related RNAbinding protein, FUS, cause familial ALS and FTD. TDP43 and FUS
affect the splicing of thousands of transcripts, in some cases triggering nonsense-mediated mRNA decay (NMD), a highly conserved RNA
degradation pathway. Here, we take advantage of a faithful primary
neuronal model of ALS and FTD to investigate and characterize the
role of human up-frameshift protein 1 (hUPF1), an RNA helicase and
master regulator of NMD, in these disorders. We show that hUPF1
significantly protects mammalian neurons from both TDP43- and
FUS-related toxicity. Expression of hUPF2, another essential component of NMD, also improves survival, whereas inhibiting NMD
prevents rescue by hUPF1, suggesting that hUPF1 acts through
NMD to enhance survival. These studies emphasize the importance
of RNA metabolism in ALS and FTD, and identify a uniquely effective therapeutic strategy for these disorders.

situ assessment of protein expression in living neurons at a single-cell level (Fig. 1A). Transfected neurons exhibited a 2-fold
increase in anti-TDP43 or -FUS antibody reactivity by quantitative immunocytochemistry (ICC) (Fig. S1). We then imaged the
neurons with a fully automated longitudinal fluorescence microscopy (LFM) system (6, 20) (Fig. 1B). Neurons were cotransfected
with an untagged, diffusely localized fluorophore, enabling the determination of cell death by dissolution of the soma or loss of
fluorescence (red arrows, Fig. 1B). In previous studies, these criteria
proved to be at least as sensitive as annexin-V staining or methods
based on the detection of intracellular enzymes (21). Kaplan–Meier
survival plots (Fig. S1), hazard plots (Fig. 1C) depicting the cumulative risk of death, and hazard ratios (HRs) representing the relative risk of death were calculated for each population using Cox
hazards analysis. We noted significant increases in the risk of
death for neurons expressing WT and mutant TDP43 or FUS, in
comparison with control neurons (Fig. 1C). Interestingly, WT

Fig. 1. hUPF1 rescues neuron loss in ALS models. (A) Primary neurons transfected with TDP43-EGFP and FUS-EGFP were probed using anti-TDP43 and -FUS
antibodies, demonstrating selective overexpression in transfected (arrow) vs.
untransfected (arrowhead) neurons. (B) Time of death, represented by the
last time the cell was observed alive (red arrows), was used to create cumulative hazard plots (C) depicting risk of death over time. *P < 0.05, **P <
0.0001, ***P ≤ 1 × 10−10, by Cox hazards analysis. n = 98–139 neurons per
genotype. (D) Immunocytochemistry using an anti-UPF1 antibody confirmed
UPF1 overexpression in transfected (arrow) vs. untransfected (arrowhead)
neurons. (E–H) The survival of neurons coexpressing hUPF1 and TDP43(WT) (E),
TDP43(A315T) (F), FUS(WT) (G), or FUS(P525L) (H) was determined using
LFM. In E and F, n = 1,150–1,205 neurons per genotype; *P < 1 × 10−9. In
G and H, n = 312–595 neurons per genotype; *P < 0.01. ns, not significant, by
Cox hazards analysis. Results pooled from three or more independent experiments. (Scale bars in A, B, and D, 50 μm.)
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and mutant TDP43 appeared to be substantially more toxic than
WT and mutant FUS, consistent with recent studies demonstrating the stark dose-dependent neurotoxicity of TDP43 (4).
We next asked if hUPF1 could improve survival in primary
neurons expressing TDP43 and FUS. We coexpressed hUPF1 in
neurons transfected with WT and mutant TDP43 or FUS (Fig. 1D),
and confirmed an approximate 3-fold increase in anti-UPF1 antibody reactivity in transfected cells (Fig. S2). We then tracked
neuronal survival using LFM (Fig. 1 E–H). Coexpression of hUPF1
had a striking effect on the toxicity of WT and mutant TDP43,
effectively reducing the risk of death by ∼50% in neurons transfected with TDP43(WT) and ∼40% in those expressing mutant
(A315T) TDP43. In neurons expressing FUS(WT), hUPF1 transfection reduced the risk of death by ∼30%, whereas in cells
expressing mutant (P525L) FUS, hUPF1 improved survival by
∼20%. Thus, hUPF1 potently prevents cell death due to WT and
mutant TDP43 or FUS in mammalian neurons, extending prior
results from yeast (19) and suggesting that hUPF1’s effects are
conserved across highly divergent species. Moreover, the data imply
that TDP43 and FUS act through at least one shared pathway and,
importantly, modulation of this pathway by hUPF1 counteracts the
toxicity of disease-associated TARDBP and FUS mutations.
The Amount of hUPF1 Is Critical for Neuroprotection. Elevated
hUPF1 levels can repress translation (22) and trigger cell death, yet
we observed improved survival in neurons overexpressing hUPF1,
leading us to believe that the relationship between hUPF1 levels
and survival is complex. Because protein amount is directly proportional to the intensity of the fluorophore to which it is fused (20),
we labeled hUPF1 with EGFP and estimated TDP43-mApple and
hUPF1-EGFP levels by measuring fluorescence intensity in the
RFP and GFP channels, respectively. We then used Cox hazards
analysis to relate hUPF1-EGFP levels to neuronal survival with
penalized spline modeling. These models apply a penalty function
to nonparametric regression analyses, thereby maximizing accuracy
when fitting noisy observations to a curve (23). Notably, such
methods have been successfully used to illustrate the dose-dependent toxicity of mutant huntingtin in neurons (24). In control
neurons expressing mApple, hazard is unaffected by mApple levels
(Fig. 2A). For TDP43(A315T)-mApple, a steady increase in hazard
was observed with rising RFP intensities (Fig. 2B). These data are
consistent with prior results showing that TDP43 levels strongly
predict survival times in transfected neurons (4, 6).
In neurons expressing hUPF1-EGFP, we noted a muted increase in the risk of death with rising GFP intensities, indicative
of mild dose-dependent toxicity (Fig. 2C). The shape of the spline
was different in cells coexpressing TDP43(A315T)-mApple, however, with a prominent drop in hazard at low expression levels (Fig.
2D). To better illustrate this relationship, we combined splines
for hUPF1-EGFP in neurons expressing either mApple or TDP43
(A315T)-mApple (Fig. 2E); in this plot, the y axis represents the
risk of death relative to the zero point (i.e., undetectable hUPF1EGFP expression) for each population. Neuroprotection by
hUPF1-EGFP in cells expressing TDP43(A315T)-mApple is evident at low expression levels, but toxicity ensues as GFP intensity
rises above 2,000 a.u. At this point, neuroprotection might be
masked by inherent toxicity of hUPF1-EGFP. We investigated
this possibility further by splitting the TDP43(A315T)-mApple +
hUPF1-EGFP cohort into five quintiles based upon single-cell
GFP intensity (Fig. 2F). The risk of death was reduced in quintiles
1–4, representing neurons with GFP intensities <1,800 a.u., but
not in quintile 5, confirming the dose-limiting toxicity of hUPF1EGFP. Quintile 5 contained cells exhibiting GFP intensities >1,800
a.u., corresponding to an approximate 10-fold increase in antiUPF1 antibody reactivity (Fig. S2). Thus, a “therapeutic window” for
hUPF1 exists at less than 10-fold endogenous UPF1 levels—at higher
levels, hUPF1 enhances the risk of death, instead of reducing it.
Barmada et al.

en-TDP43 function, because hUPF1 rescues the former but
not the latter.
We were concerned that the observed neuroprotection by hUPF1
might represent an artifact of the model system, based upon
hUPF1 overexpression. We therefore sought to determine if
en-UPF1 is capable of protecting neurons from TDP43-induced
cell death. Using shRNAs (Fig. 3 E and F), we knocked down
en-UPF1 in primary mouse cortical neurons, then coexpressed
TDP43(WT) in these cells and imaged them by LFM (Fig. 3G).
For these experiments, we expressed TDP43(WT) at a low dose
(4), to better discriminate modulation of TDP43-dependent
toxicity by en-UPF1. Knockdown of en-UPF1 was itself toxic
(HR 1.56, P = 7 × 10−5), and en-UPF1 deficiency exacerbated
the toxicity of TDP43(WT) (HR 2.42, P = 1 × 10−15), indicating
that both endogenous and exogenous UPF1 can protect neurons
from TDP43-mediated toxicity.
hUPF1 Specifically Rescues Toxicity Related to RNA-Binding Proteins.

We next wondered if hUPF1 might be broadly therapeutic and
nonspecific in its neuroprotective properties. Expression of hUPF1
failed to improve neuronal survival in control neurons (Fig. 4A),
arguing against this hypothesis and indicating that hUPF1 expression fails to affect baseline viability. Could hUPF1 protect neurons
more generally from aggregate-prone proteins such as TDP43 and
FUS? To test this idea, we tested hUPF1 in a neuronal model of
Huntington’s disease, a neurodegenerative condition that, like

Fig. 2. The amount of hUPF1 is critical for neuroprotection. (A) mApple
levels were unrelated to survival (n = 193, plinear = 0.94, pnonlinear = 0.53), but
increasing amounts of TDP43(A315T)-mApple (B) magnified hazard (n = 164,
plinear = 1 × 10−9, pnonlinear = 0.01). In control neurons (C), hUPF1-EGFP levels
and hazard were linearly related (n = 193, plinear = 1 × 10−6, pnonlinear = 0.2),
indicative of dose-dependent toxicity. In TDP43(A315T)-mApple transfected
neurons, low levels of hUPF1-EGFP (D) reduced hazard, whereas high levels
were toxic (n = 164, plinear = 0.005, pnonlinear = 0.3). (E) Splines for hUPF1EGFP in neurons expressing mApple or TDP43(A315T)-mApple emphasize
hUPF1’s neuroprotective properties at low levels. (F) Neurons expressing
TDP43(A315T)-mApple and hUPF1-EGFP were separated into quintiles based
upon GFP intensity, and survival was analyzed by LFM. *P < 0.04; ns, not significant, Cox hazards analysis. Dotted lines in A–D, 95% confidence interval.

Absence of TDP43 is lethal (25), and TDP43 knockdown recapitulates motor neuron loss in animal models (26). In addition, nuclear clearing of TDP43 is characteristic of ALS (27),
and TDP43 overexpression triggers a reduction in endogenous
(en)-TDP43 through autoregulation (15, 28), suggesting that
TDP43 overexpression may cause toxicity through a paradoxical reduction in en-TDP43. We noted downregulation of TDP43
upon expression of WT and mutant TDP43-EGFP in ∼25% of
transfected primary neurons, indicative of en-TDP43 autoregulation in these cells (Fig. 3A). If TDP43 overexpression induces toxicity by reducing en-TDP43, then hUPF1 should be
able to rescue cell death caused by en-TDP43 knockdown. To
address this hypothesis, we knocked down en-TDP43 in mouse
neurons using shRNA (Fig. 3B) or artificial microRNAs (26)
(data not shown), achieving 40–60% reduction of en-TDP43 in
transfected neurons (Fig. 3C). We then coexpressed hUPF1EGFP in these neurons and used LFM to determine neuronal
survival (Fig. 3D). Knockdown of en-TDP43 was toxic (HR 1.82,
P = 1 × 10−11), consistent with prior results (25). However, there
was no protective effect of hUPF1-EGFP in en-TDP43 knockdown neurons, implying that hUPF1 cannot prevent cell death
due to en-TDP43 deficiency. These results also show that
TDP43-mediated toxicity in our model is unrelated to a loss of
Barmada et al.
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hUPF1 Expression Does Not Rescue Toxicity from Loss of TDP43.

Fig. 3. hUPF1 rescues cell death arising from TDP43 overexpression but not
knockdown. (A) Expression of TDP43(WT) (n = 136) and TDP43(A315T) (n =
111) down-regulated en-TDP43 in 15–36% of transfected neurons, as judged
by anti-TDP43 antibody reactivity. (B and C) Knockdown of en-TDP43 or enUPF1 in mouse primary neurons using shRNAs. (Scale bar, 25 μm.) (D) en-TDP43
knockdown increased the risk of death in primary neurons, as determined by
LFM, but survival was unaffected by hUPF1. Reduction of 40–50% in en-UPF1
(E) exacerbated neurodegeneration due to TDP43 overexpression (F). In C and
E, *P < 0.05, ANOVA with Dunnett’s test. In D, n = 305–513 neurons per genotype. In F, n = 249–332 neurons per genotype. For both D and F, ns, P > 0.05;
*P < 0.006, **P < 2 × 10−7, Cox hazards analysis. Results were pooled from 8 to
24 wells per condition, in duplicate.
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overexpression (Fig. 4E), but two helicases (MOV10 and
IGHMBP2) improved survival in TDP43(A315T)-transfected
neurons (for MOV10, HR 0.75, P = 0.01; for IGHMBP2, HR
0.73, P = 0.007) (Fig. 4). These observations suggest that the
neuroprotective properties of SF1 helicases are unique, with
hUPF1 improving the survival of both WT and mutant TDP43,
whereas MOV10 and IGHMBP2 protect against toxicity associated with mutant but not WT TDP43.
hUPF1 Acts Through Nonsense-Mediated mRNA Decay to Improve
Neuron Survival. TDP43 levels and localization are significant

Fig. 4. SF1 helicases partially rescue TDP43-mediated neurodegeneration.
(A) hUPF1 had no effect on the survival of control neurons expressing EGFP
alone. n = 862–893 neurons per genotype. (B) Ex1-Htt-97Q increased neuronal risk of death, regardless of hUPF1 expression. n = 197–266 neurons
per genotype. (C) hUPF1 expression also failed to improve survival in cells
expressing SOD1(G85R). n = 253–1028 neurons per genotype. SF1 helicases
were safe in control neurons (D), but none prevent cell death due to TDP43(WT)
overexpression (E). In contrast, IGHMBP2 and MOV10 mitigated TDP43(A315T)mediated toxicity (F). *P < 0.02, ns, not significant, by Cox hazards analysis.
In D–F, n = 145–198 neurons per genotype. Results were pooled from eight
wells per condition, performed in triplicate.

ALS, is characterized pathologically by neuronal inclusions (29).
Neurons expressing an N-terminal fragment of mutant huntingtin
(htt) carrying a 97-residue polyglutamine expansion (Ex1-Htt-97Q)
(Fig. S3) displayed an elevated risk of death compared with control
neurons (20) (Fig. 4B). Expression of hUPF1 failed to rescue
toxicity from Ex1-Htt-97Q, suggesting that hUPF1’s actions
may be specific to mechanisms of neurodegeneration in ALS.
If this were the case, then hUPF1 might prevent cell death from
genetic causes of ALS that are independent of the RNA-binding
proteins TDP43 and FUS. To test this hypothesis, we examined the
survival of neurons expressing mutant superoxide dismutase 1
(mSOD1) associated with fALS (2). Overexpression of mSOD1
(G93A) (Fig. S3) significantly increased the risk of death in transfected neurons compared with the control (Fig. 4C), but we did not
observe an improvement in survival with hUPF1 expression. These
data have two important implications: first, hUPF1 effectively reduces toxicity caused by TDP43 or FUS, but not SOD1; and second,
mSOD1 and the RNA-binding proteins TDP43 and FUS cause
disease through at least partly distinct mechanisms.
Superfamily-1 Helicases Exhibit Limited Neuroprotective Properties.

hUPF1 is a member of the superfamily-1 (SF1) group of DNA/
RNA helicases that also includes senataxin (SETX), Maloney
leukemia virus 10 homolog (MOV10), and Ig helicase mu binding
protein 2 (IGHMBP2) (30). We wondered if other SF1 helicases
might act analogously to hUPF1 in protecting neurons from
TDP43-mediated toxicity. To answer this question, we transfected
primary neurons with WT or mutant TDP43, along with SETX,
IGHMBP2, or MOV10, then imaged with LFM. Control neurons
(Fig. 4D) transfected with MOV10 survived significantly better
than controls (HR 0.53, P = 1 × 10−5), but survival was unaffected
by other SF1 helicases. None reduced toxicity from TDP43(WT)
7824 | www.pnas.org/cgi/doi/10.1073/pnas.1509744112

predictors of death in ALS models (6), but neither was affected
by hUPF1 (Fig. S4), arguing against promoter competition or
effects on protein levels or localization as a means of rescue.
hUPF1 functions in NMD, and data show that both TDP43 and
FUS negatively regulate their own mRNAs via NMD (16, 18).
Given this potential connection between TDP43, FUS, and hUPF1,
we next asked whether hUPF1-mediated neuroprotection depends upon NMD. We expressed TDP43(WT)- or TDP43(A315T)mApple in primary neurons together with hUPF1-EGFP and
treated the cells with NMD inhibitor 1 (NMDI), a compound
that blocks NMD by preventing dephosphorylation of UPF1
(31). We then followed the survival of transfected neurons using
LFM (Fig. 5 A and B). NMDI by itself was not toxic (Fig. S5) but
attenuated the rescue of WT and mutant TDP43-dependent

Fig. 5. Neuroprotection by hUPF1 requires helicase activity and involves
NMD. hUPF1 improved survival in cells expressing TDP43(WT) (A) and
TDP43(A315T) (B), but helicase-null hUPF1(R844C) was ineffective, and rescue
was attenuated with the addition of NMDI-1, an inhibitor of NMD. (C) hUPF2
also improved survival in neurons expressing TDP43(WT) and TDP43(A315T).
(D) Expression of both hUPF1 and hUPF2 further reduced the risk of death in
neurons transfected with TDP43(WT). In A and B, *P < 0.01; in C, *P = 0.02,
**P ≤ 1 × 10−4; in D, *P = 0.02, **P < 0.001, ***P < 1 × 10−5; ns, not significant by Cox hazards analysis. In A and B, n = 360–686 neurons per genotype. In C and D, n = 87–258 neurons per genotype. Results were pooled
from eight wells per condition, in three or more experiments. (E) Binding of
TDP43 to the TARDBP 3′UTR triggers splicing and RNA decay of a fluorescent
reporter. (F) TDP43(WT) (n = 104) and hUPF1 (n = 56) effectively reduce singlecell reporter intensity, compared with EGFP (n = 130). *P ≤ 0.05, Kolmogorov–
Smirnov test. Results pooled from 8–16 wells per experiment, in duplicate.
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Discussion
In vitro and in vivo models of ALS provide compelling evidence
that accumulation of either TDP43 or FUS causes neurodegeneration and motor neuron disease (6, 35–37). In healthy cells,
TDP43 (16) and FUS (18) are tightly regulated by a negative
feedback loop involving NMD, preventing otherwise toxic protein deficiency or accumulation. Here, we show that hUPF1, a
requisite factor for NMD, improves survival in neuronal models of
ALS. Neuroprotection by hUPF1 is specific for neurodegenerative
diseases caused by the accumulation of the RNA-binding proteins
TDP43 and FUS, requires hUPF1 helicase activity, and is blocked
by inhibition of NMD. Our results therefore implicate NMD as a
previously unidentified therapeutic target in ALS.
Using nonparametric models (23, 24) we observed optimal
survival at moderate to low amounts of hUPF1. In contrast,
hUPF1 expression in excess of ∼10-fold endogenous levels was
associated with enhanced toxicity. High-level hUPF1 overexpression and phosphorylation enhance the interaction between
hUPF1 and eIF3, preventing the 60S ribosomal subunit from
joining with the 40S ribosomal subunit at initiation codons and
Barmada et al.

down-regulating translation on a global scale (22). Consistent
with these results, neuroprotection waned and hazard increased
in neurons expressing the highest amounts of hUPF1.
hUPF1 expression had little effect upon control neurons, and
it likewise failed to reduce toxicity in a model of Huntington’s
disease. Furthermore, neuroprotection by hUPF1 was limited to
ALS models involving the RNA-binding proteins TDP43 and
FUS, and did not extend to mSOD1-mediated neurodegeneration. The specificity of hUPF1’s rescue has several important
implications for potential disease mechanisms in ALS and therapy
development. First, hUPF1 reduces toxicity associated with both
WT and mutant RNA-binding proteins. Because the accumulation
of WT TDP43 is a hallmark of sALS (27), hUPF1 may be beneficial for both sALS and fALS due to TARBDP or FUS mutations.
The large majority of ALS occurs sporadically (1), making it essential that therapeutic strategies show efficacy in models of sALS
as well as fALS. Second, hUPF1 affects a conserved pathway in
TDP43- and FUS-related disease, a particularly salient observation given the disparate roles played by these proteins in RNA
metabolism (14). Lastly, neuron loss in mSOD1-associated ALS
may occur through mechanisms that are fundamentally dissimilar
to those involving TDP43 and FUS. Considering that >90% of
ALS exhibits TDP43-based pathology (27), these observations
may partially explain the poor efficacy of therapies originally developed and tested in transgenic mSOD1 mice.
TDP43 and FUS bind to and trigger alternative splicing of their
own pre-mRNA transcripts. In each case, the alternative splicing
event results in transcripts that are substrates for NMD (14, 16,
18). Because both TDP43 and FUS are regulated by similar
mechanisms, hUPF1 is intricately poised to affect their expression
through NMD and therefore represents a potential therapeutic
target for ALS associated with either TDP43 or FUS deposition.
Nuclear exclusion of TDP43 and FUS in ALS occurs concomitantly with cytoplasmic accumulation of the proteins (27),
raising the question of whether neurodegeneration is primarily
due to loss of nuclear function, gain of cytoplasmic function, or a
combination of both. Overexpression of TDP43 or FUS is sufficient to induce neurodegeneration in cellular and animal models
of ALS (6, 37). Moreover, induced pluripotent stem cell (iPSC)derived neurons and neuroprogenitor cells from patients with
fALS harboring TARDBP mutations exhibit increased levels of
total and cytoplasmic TDP43 relative to control neurons (5, 7),
consistent with gain of function toxicity. Still, exogenous TDP43
effectively down-regulates en-TDP43 (15, 28), raising the possibility that even in overexpression models, toxicity arises from a
loss of en-TDP43 function. Whereas hUPF1 effectively rescued
neurons from TDP43 overexpression, it failed to affect survival in
TDP43 knockdown neurons. These results provide strong evidence
that loss of en-TDP43 is not responsible for toxicity associated with
TDP43 overexpression and imply that distinct mechanisms cause
cell death from absence or overabundance of TDP43.
Null mutations in UPF1 are embryonic lethal (38), and knocking down UPF1 in mature neurons is likewise toxic, testifying to
the essential nature of the protein. hUPF1 is a member of the SF1
helicases containing homologous ATPase and RNA helicase domains (30). Mutations affecting the helicase domain of two SF1
members, IGHMBP2 and SETX, cause motor neuron disease (39,
40), indicating a selective vulnerability of motor neurons to functional deficiencies in certain RNA helicases. IGHMBP2 participates
in mRNA decay, transcription, and translation (41, 42), whereas
SETX functions in transcription and the DNA damage response
(43). MOV10 localizes to P-bodies, cytoplasmic sites of RNA processing (44), and directly promotes NMD by unwinding pre-mRNA
transcripts and removing bound proteins (45). Of the SF1 helicases,
all but SETX participate in RNA decay, and are capable of reducing mutant TDP43-mediated toxicity. Our results therefore
emphasize RNA clearance as a necessary property of neuroprotective SF1 helicases in this model.
PNAS | June 23, 2015 | vol. 112 | no. 25 | 7825
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toxicity by hUPF1, suggesting that the beneficial effect of hUPF1
depends at least in part on NMD.
hUPF1 possesses RNA helicase activity that is necessary for
disassembly of RNA particles, displacement of RNA-binding proteins, and efficient NMD (32, 33). To determine if helicase ctivity is
required for neuroprotection by hUPF1, we transfected primary
rodent cortical neurons with WT or mutant TDP43-mApple and a
helicase-null variant of hUPF1, hUPF1(R844C) (34), then imaged
the cells using LFM (Fig. 5 A and B). Unlike WT hUPF1, expression
of hUPF1(R844C) failed to improve neuronal survival. The level of
mutant hUPF1(R844C) in transfected neurons was slightly lower
than that of hUPF1(WT) (Fig. S5), but given the steep relationship
between hUPF1 levels and neuroprotection seen in Fig. 2, we would
have expected a more pronounced reduction in toxicity if hUPF1
(R844C) acted similarly to hUPF1(WT). The absence of neuroprotection by hUPF1(R844C) implies that RNA helicase activity is
required for rescue by hUPF1.
If hUPF1 acts through NMD to reduce toxicity, then additional NMD effectors might be equally protective. We tested this
hypothesis by expressing hUPF2, a protein that activates NMD
by derepressing hUPF1 (32), in neurons that were transfected
with WT and mutant TDP43 (Fig. 5C). hUPF2 expression improved survival in neurons transfected with TDP43(WT) (HR
0.68, P = 0.003) and TDP43(A315T) (HR 0.63, P = 0.001),
suggesting that NMD modulation is indeed an effective strategy
for preventing TDP43-related toxicity. Because NMD requires
both hUPF1 and hUPF2 (32), we wondered if coexpression of
both factors would be even more beneficial. Indeed, coexpressing
hUPF1 and hUPF2 in neurons transfected with TDP43(WT)
(Fig. 5D) produced an even greater reduction in the risk of death
than either hUPF1 or hUPF2 alone (hUPF1, HR 0.70, P = 0.01;
hUPF2, HR 0.59, P = 0.001; hUPF1 + hUPF2, HR 0.51, P = 1 ×
10−5). Taken together, these data indicate that hUPF1 mitigates
the toxicity of TDP43 through its role in NMD.
TDP43 negatively regulates itself by binding to its pre-mRNA
transcript and triggering RNA decay (15, 16). We surmised that
hUPF1 might be accelerating this process. To answer this question,
we constructed a fluorescent reporter of TARDBP mRNA decay
(Fig. 5 E and F) by amplifying and inserting 3 kb of the human
TARDBP 3′UTR, including several TDP43 binding sites (15),
downstream of the mCherry ORF. We tested the reporter in primary neurons by measuring red fluorescence intensity on a singlecell basis in response to cotransfection with TDP43 or hUPF1 (Fig.
5 E and F). As expected, expression of WT TDP43 significantly
reduced the intensity of the mCherry-TARDBP reporter. hUPF1
also effectively reduced reporter intensity, indicating that hUPF1 is
indeed capable of enhancing the decay of TARDBP mRNA.

ALS is a progressive and ultimately lethal neurodegenerative
disease. More effective therapies are urgently needed, but the
results of human clinical trials involving candidate therapies have
so far been disappointing (46). Here, we showed that hUPF1
dramatically improves neuronal survival in ALS models through
a mechanism involving NMD. In related work (47), hUPF1
demonstrated therapeutic effects in a rat sALS model, providing
valuable in vivo confirmation of the neuroprotective activity of
hUPF1. Because accumulations of TDP43 or FUS account for
the large majority of disease burden in ALS, it is our hope that
strategies based on hUPF1 might prove successful in halting the
inevitable progression of ALS.
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