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(Background: TDP-1 is the worm ortholog of TARDBP, which is a key protein in human neurodegeneration, including ALS

Results: Loss of TDP-1 alleviates proteotoxicity in worm models and extends life span.
Conclusion: TDP-1 has a function in regulating protein homeostasis and aging.
Significance: Learning the novel functions of TDP-1 may advance understanding of the role of RNA processing in protein
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Transactive response DNA-binding protein (TARDBP/TDP-
43), a heterogeneous nuclear ribonucleoprotein (hnRNP) with
diverse activities, is a common denominator in several neurode-
generative disorders, including amyotrophic lateral sclerosis
and frontotemporal lobar degeneration. Orthologs of TDP-43
exist in animals ranging from mammals to invertebrates. Here,
we systematically studied mutant Caenorhabditis elegans lack-
ing the nematode TDP-43 ortholog, TDP-1. Heterologous
expression of human TDP-43 rescued the defects in C. elegans
lacking TDP-1, suggesting their functions are conserved.
Although the tdp-1 mutants exhibited deficits in fertility,
growth, and locomotion, loss of tdp-1 attenuated defects in sev-
eral C. elegans models of proteotoxicity. Loss of tdp-1 sup-
pressed defects in transgenic C. elegans expressing TDP-43 or
CuZn superoxide dismutase, both of which are associated with
proteotoxicity in neurodegenerative diseases. Loss of tdp-1 also
reduced defects in mutant animals lacking the heat shock factor
HSEF-1. Transcriptional profiling demonstrated that the loss of
TDP-1 altered expression of genes functioning in RNA process-
ing and protein folding. Furthermore, the absence of tdp-1
extended the life span in C. elegans. The life span extension
required a FOXO transcriptional factor DAF-16 but not HSF-1.
These results suggest that the C. elegans TDP-1 has a role in the
regulation of protein homeostasis and aging.

Adult-onset neurodegenerative diseases are characterized
by age-dependent and progressive loss of neurons. Protein-
aceous inclusions are a common pathological hallmark in
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many neurodegenerative diseases. From amyloid-f peptides
in Alzheimer disease (1) to many aggregation-prone proteins in
different neurodegenerative diseases, there is much evidence
suggesting that the maintenance of proteostasis is critical for
these diseases (2). As a risk factor for neurodegenerative dis-
eases, aging is also associated with regulation of protein home-
ostasis. In Caenorhabditis elegans, aging is dependent on heat
shock factor 1 that controls the expression of molecular chap-
erones important for protein folding (3, 4). In addition, insulin/
IGF-1 signaling, a conserved pathway known to influence life
span, has been shown to influence protein aggregation and neu-
rodegeneration in animal models (3, 5, 6). Therefore, altera-
tions in protein quality control appear to be a mechanism that
links aging to neurodegeneration.

ALS? is an age-dependent neurodegenerative disease charac-
terized by progressive degeneration of motor neurons, with
~10% of all cases considered familial. To date, several genes
have been linked to familial ALS, including CuZn superoxide
dismutase (SOD1) (7), alsin (8, 9), dynactin (10), senataxin (11),
VAMP-associated protein B (12), transactive response DNA-
binding protein (TARDBP/TDP-43) (13, 14), fused in sarcoma/
translocated in sarcoma (FUS/TLS) (15, 16), optineurin (17),
valosin-containing protein (VCP) (18), ubiquilin 2 (19), and a
hexanucleotide repeat expansion in the gene C9orf72 (20, 21).
Two themes have emerged among these ALS genes. First, per-
turbation of RNA processing might be implicated in ALS cases
linked to TARDBP/TDP-43, FUS, and the hexanucleotide
repeat expansion in C9orf72 (20-23). Second, proteinaceous
inclusions have been reported as a common pathology in ALS
cases linked to SODI (24, 25), TARDBP/TDP-43 (13, 14), FUS
(15, 16), optineurin (17), VCP (18), and ubiquilin 2 (19).

TDP-43-positive proteinaceous inclusions are also observed
in other neurodegenerative disorders, including FTLD,
Alzheimer, Parkinson, and Pick disease (22, 23). In ALS and
FTLD, the TDP-43-positive inclusions and concurrent deple-

2 The abbreviations used are: ALS, amyotrophic lateral sclerosis; FTLD, fronto-
temporal lobar degeneration; RRM, RNA recognition motif; If, loss of func-
tion; FC, fold change; Q-PCR, quantitative PCR; hnRNP, heterogeneous
nuclear ribonucleoprotein.
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tion of nuclear TDP-43 represent a major pathology of the
degenerating tissues (13). Linkage of over 30 TDP-43 mutations
to ALS has confirmed the pathogenic role of TDP-43 in neuro-
degeneration (22). However, it remains unclear whether
TDP-43 contributes to neurodegeneration through a gain of
toxicity or through loss of its normal function (22, 23).

TDP-43 has protein domains that are characteristic of
hnRNP proteins, which were originally defined as a set of pro-
teins that bind to nascent transcripts to form protein-RNA
complexes (26). TDP-43 is reported to regulate the transcrip-
tion of the HIV-1 genome and the SP-10 mouse promoter (27,
28). TDP-43 also plays a role in RNA splicing, including pro-
moting exon skipping during the alternative splicing of the cys-
tic fibrosis transmembrane regulator and apolipoprotein A-II
transcripts, as well as promoting exon inclusion during the
splicing of the spinal muscular atrophy protein transcript (29,
30). Primarily a nuclear protein, TDP-43 has also been localized
to cytoplasmic RNA granules under stress (31-33). TDP-43 has
been shown to stabilize the transcripts of low molecular weight
neurofilament, histone deacetylase 6, and Atg7 (34-36).
TDP-43 also binds to its own transcript and autoregulates its
protein levels (37-39). Despite recent studies uncovering roles
of TDP-43 in pre-mRNA processing and gene expression reg-
ulation (40), the full range of multifaceted TDP-43 functions
remains to be elucidated, and their relevance in the neurode-
generative diseases is unclear (22, 23).

Overexpression of TDP-43 causes severe toxicity in many
experimental model organisms, including yeast, worm, fly,
zebrafish, mouse, and rat (41-53). TDP-43 is highly conserved
from mammals to lower metazoans. Knock-out studies sug-
gested that TDP-43 and its orthologs were required in early
embryonic development of animals from mouse to Drosophila
(35, 54-56). However, the C. elegans ortholog of TDP-43,
TDP-1, is dispensable for survival. The physiological function
of TDP-1 in C. elegans is currently unknown.

Here, we have systematically characterized loss-of-function
tdp-1 mutants to explore the function of TDP-1. We demon-
strate that human TDP-43 and C. elegans TDP-1 are function-
ally conserved. Combining genetic analysis and expression pro-
filing of the loss-of-function tdp-1 mutants, we describe the
role of C. elegans TDP-1 in regulating protein homeostasis and
aging. In several models of proteotoxicity, loss of TDP-1 allevi-
ated lethality, protein aggregation, and neuronal dysfunction.
Loss of TDP-1 also extended life span. These findings may con-
tribute to understanding of the function of this class of hnRNP
proteins in protein homeostasis and aging.

EXPERIMENTAL PROCEDURES

C. elegans Strains—N2 Bristol and mutant C. elegans strains
were cultured using standard conditions at 20 °C unless indi-
cated otherwise. The mutant strains obtained from the
Caenorhabditis Genetics Center were as follows: RB929 (tdp-
1(0k803)), VC549 (tdp-1(0k781)), PS3551 (hsf-1(sy441)), CX51
(dyn-1(ky51)), and CF1038 (daf-16(mu86)). The strain FX4439
(fust-1(tm4439)) was received from the National Bioresource
Project of Japan. The tdp-1(0k803) and tdp-1(0k781) animals
were backcrossed with N2 at least four times. Integrated lines
expressing human TDP-C25-YFP (iwls22), human SODI-
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G85R-YFP (iwlis8), or YFP only (iwls25) driven by the snb-1
promoter have been described previously (6).

The human TDP-43 transgenic iwEx21gf strain was made by
injecting 20 ug/ml plasmid Ptdp-1::TDP-43 with 76 ug/ml of a
1-kb ladder DNA and 4 pg/ml Pmyo-2:RFP. The expression of
human TDP-43 by Ptdp-1:TDP-43 was driven by the worm
tdp-1 promoter, which is defined as a 291-bp genomic DNA
fragment between the start codon and the neighboring 5’ gene
F44G4.3. This 291-base fragment followed by the human
TDP-43 complementary DNA was cloned into the pPD30.38
vector (Fire Lab Vector, Addgene) using HindIII and Xhol sites
to generate Ptdp-1:"TDP-43. Pmyo-2:RFP was cloned by insert-
ing the red fluorescent protein coding sequence into the
pPD132.102 vector (Fire Lab Vector, Addgene) with a myo-2
promoter to drive pharyngeal expression of red fluorescent
protein. One line containing the iwEx21gf extrachromosomal
array was further treated with 30 ug/ml trimethylpsoralen
(Sigma) and two doses of 300 ] of 365-nm UV light, and the
resulting integrant iwls21gf that stably expressed the transgene
was isolated. The iwls21 integrated line was backcrossed with
the N2 strain four times. The iwEx2Igf and iwls21gf strains
showed similar phenotypes. Additionally, a Ptdp-1::YFP extra-
chromosomal array was generated using the same methods and
conditions.

Prediction of Protein Domains—Predictions of nuclear local-
ization signal and nuclear export signal for C. elegans TDP-1
were made based upon the criteria of bipartite nuclear localiza-
tion signal with two clusters of basic amino acids separated by a
linker of greater than 10 amino acids and the class 2 nuclear
export signal consensus pattern ¢X¢X,pX¢p, in which the
hydrophobic residue (¢) may be Leu, Ile, Val, Met, or Phe and
preferably at least two of the four hydrophobic residues are Leu
or Ile, respectively (see detailed information in the supplemen-
tal material). Prediction of RRM domains was based on their
homology to human TDP-43 RRM domains (22).

Egg Laying at 25 °C and Hatching—C. elegans strains were
cultured at 20 °C until they grew to the L4 larval stage. L4 larvae
were individually transferred to new plates and then cultured
further at 25 °C. These adults were allowed to lay eggs at 25 °C
and were then transferred to new plates every 24 h thereafter
until they stopped producing eggs (3 days). The number of
hatched larvae and dead eggs was counted after 24 h of incuba-
tion at 20 °C following the transfer of adults.

Growth Speed at 25 “C—Twenty five synchronized C. elegans
eggs laid within a 3-h period at 20 °C were transferred to 25 °C.
The number of animals that had reached adulthood was
counted after 48, 72, and 96 h.

Locomotor Assay—C. elegans at the L4 larval stage were
transferred to M9 buffer (3 mg/ml KH,PO,, 6 mg/ml
Na,HPO,, 5 mg/ml NaCl, and 1 mm MgSO,) to observe their
thrashing movements. To quantitate their relative motility, the
number of the thrashes was counted for 1 min after 1 min of
adaptation. A thrash was counted when both the head and the
tail bent more than 45° away from the anterior-posterior axis.

Microscopy—For C. elegans low magnification imaging, Leica
M165 EC stereo microscope, Leica DFC310 FX camera, and
Leica Application Suite were used. For high magnification
imaging, animals were immobilized with 100 mm muscimol and

VOLUME 287 +NUMBER 11+MARCH 9, 2012


http://www.jbc.org/cgi/content/full/M111.311977/DC1
http://www.jbc.org/cgi/content/full/M111.311977/DC1

examined with a Zeiss AxioObserver Z1 with Apotome imaging
system. For nuclear staining, C. elegans were fixed in 500 ul of
methanol on dry ice for 5 min. Following three washes of PBS
with 0.1% Tween 20 (PBST), the fixed worms were mounted
onto microscope slides in a solution of 2.5% 1,4-diazobicy-
clo[2,2,2]-octane in 100 mm Tris, pH 8.8, with 50% glycerol and
0.2 pg/ml 4',6'-diamidino-2-phenylindole dihydrochloride
(DAPI). For the quantitation of the fluorescent protein aggre-
gates, the overall fluorescence of the inclusion bodies was meas-
ured by Image] software (National Institutes of Health).

Protein Aggregate Extraction Assay—C. elegans were col-
lected by washing them off the NGM plates using M9 buffer.
After five further washes with M9 buffer, worm pellets were
resuspended in 200 ul of extraction buffer (10 mm Tris-HCI, pH
8.0, with 1 mm EDTA, 100 mm NaCl, and 0.5% Nonidet P-40)
supplemented with mini-EDTA protease inhibitor mixture
(Roche Applied Science) and 50 mMm iodoacetamide (Sigma)
and then homogenized by sonication on ice. The lysates were
then transferred to an Airfuge (Beckman Coulter) and centri-
fuged at 25 p.s.i. (~130,000 X g) for 5 min. The supernatant was
saved as the “S1” fraction. The remaining pellets were sonicated
again in the extraction buffer and ultracentrifuged
(~130,000 X g) for 5 min. The final pellet “P2” samples were
resuspended in 100 ul of buffer containing 10 mm Tris-HCI, pH
8.0, with 1 mm EDTA, 100 mMm NaCl, 0.5% Nonidet P-40, 0.5%
deoxycholic acid, and 2% SDS. The S1 and P2 fractions were
subjected to SDS-PAGE. The immunoblotting analyses were
performed using 1:2,000 anti-YFP (BD Biosciences) and 1:1,000
anti-TDP-43 (Proteintech Group, Chicago) antibodies. Pro-
teins were visualized using enhanced chemiluminescence.

Microarray—Total RNAs were extracted with TRIzol (Invit-
rogen) from triplicates of N2 and outcrossed tdp-1(0k803If) C.
elegans and purified with the RNeasy kit (Qiagen). The RNAs
were labeled using the 3" IVT Express labeling protocol
described by Affymetrix. Briefly, 100 ng of total RNA was used
to synthesize first strand cDNA using T7 oligo(dT) oligonu-
cleotides and first strand enzyme mix (Affymetrix). The result-
ing single strand cDNA was subsequently converted into dou-
ble strand cDNA using DNA polymerase and RNase H. The
double strand cDNA was used to generate and label linearly
amplified RNA through in vitro transcription followed by puri-
fication using magnetic beads. 15 pg of the labeled amplified
RNA was fragmented and hybridized to the Affymetrix C.
elegans genome array. Affymetrix Fluidics Station 450 was used
to wash and stain the chips, removing the nonhybridized target
and incubating with a streptavidin-phycoerythrin conjugate to
stain the biotinylated amplified RNA. The staining was further
amplified using a biotinylated anti-streptavidin antibody, fol-
lowed by a second staining step with a streptavidin-phycoeryth-
rin conjugate. Fluorescence was detected using the Affymetrix
G3000 GeneArray Scanner, and image analysis of each
GeneChip was performed through the Affymetrix GeneChip
Command Console version 3.4 software.

The management and statistical analysis of the microarray
data were performed using the Partek Genomic Suite (Partek
Inc., St. Louis) and Spotfire DecisionSite software (TIBCO Soft-
ware Inc., Palo Alto, CA). For the Gene Ontology analysis, the
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annotation file for the C. elegans genome was downloaded from
the website of the Gene Ontology Consortium August, 2011.

The microarray data were also analyzed through the use of
Ingenuity Pathways Analysis (Ingenuity Systems). For the net-
work analysis, the microarray data set containing C. elegans
gene identifiers and expression values was uploaded into the
application. Each identifier was mapped to its corresponding
gene product in the Ingenuity Knowledge Base. The molecules
that met the selection criteria (e.g. expression fold changes
above a threshold) were overlaid onto a global molecular net-
work developed from information contained in the Ingenuity
Knowledge Base. The relevant networks of selected molecules
were then algorithmically generated based on their connectiv-
ity. Similarly, for the functional analysis, selected molecules
that were associated with biological functions in the Ingenuity
Knowledge Base were analyzed to identify the biological func-
tions that were most significant to the data set. The raw data of
the present microarray analysis can be found at the NCBI gene
expression and hybridization array data repository (GEO,
www.ncbinlm.nih.gov, accession number GSE34113).

Quantitative Reverse Transcription and Q-PCR—C. elegans
was harvested, and RNA was isolated using a phenol/chloro-
form extraction with TRIzol reagent (Invitrogen), followed by
purification using RNeasy mini kit (Qiagen). A two-step RT-
PCR was employed to assess relative changes in transgenic
transcripts using iScript cDNA synthesis kit and SYBR Green
Supermix (Bio-Rad). Standard curves were generated for all
primers used, and the worm gdh-1 gene was used as the control.

Life Span Assay—Synchronized C. elegans eggs were isolated
within a 3-h period of egg laying for life span assay. Animals
were considered dead if they showed no response when probed
with a platinum pick. At least 90 animals were used for each
experiment. The animals were censored if they crawled out of
the plate, had a ruptured vulva, or died as “bags of worms” with
larvae hatching inside the adults. For ksf-1(sy4411f) mutants,
which die at a high frequency as bags of worms, 100 ug/ml
5-fluorodeoxyuridine (Sigma) was included in the medium to
prevent reproduction. Synchronized late L4 larvae were trans-
ferred from normal NGM plates to NGM plates containing
5-fluorodeoxyuridine. The life span data were analyzed with
Prism 3 software.

Statistical Analysis—p values for all phenotypic analyses
were obtained using Student’s ¢ test, with the exception of the
life span data, for which the log rank test was used. For the
microarray data, Student’s ¢ test was used to analyze the gene
expressions. For the analysis of the transcriptome profiles using
Gene Ontology and Ingenuity Pathways Analysis, Fisher’s exact
test was used.

RESULTS

C. elegans tdp-1 Is Required for Optimal Fertility, Growth,
and Locomotion—Our bioinformatic analyses and searches in
gene homology databases suggested that tdp-1 (sequence name
F44G4.4) is the sole ortholog of human TDP-43 in the C.
elegans genome (Fig. 1A and supplemental Fig. S1). C. elegans
tdp-1 encodes a protein that has the same length, 414 amino
acids, as its human ortholog. Human TDP-43 and C. elegans
TDP-1 share the same alignment of protein domains character-
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FIGURE 1. C. elegans TDP-1 and human TDP-43 are functionally conserved. A, schematic diagram of C. elegans TDP-1 and human TDP-43 proteins.
Predictions of domains are described under “Experimental Procedures.” Loss of TDP-1 protein regions caused by tdp-1 mutant alleles, 0k803 and 0k781, are
indicated. NLS, nuclear localization signal; NES, nuclear export signal. B-F, loss of C. elegans TDP-1 (0k803 or 0k781) and expression of human TDP-43 (iwls21)
rescue each other’s phenotypic defects in egg-laying, growth, and locomotion. B, mean number of eggs (solid bars) and corresponding larvae (hatched bars)
produced when parental hermaphrodites at the L4 stage were transferred from 20 to 25 °C (= S.E;;n = 10). *, p < 0.0001. C, mean fraction of eggs laid at 20 °C
reaching adulthood after 48 (solid bars) or 72 h (hatched bars) of growth at 25 °C (= S.E.; n = 5).*, p < 0.02. D, mean locomotor activity of L4 larvae, as indicated
by the number of thrashes per min in liquid (= S.E.; n = 25) following culture at 20 °C (solid bars) and 25 °C (hatched bars). *, p < 0.0001. E and F, representative

images of animals grown at 20 and 25 °C for 3 days. G, total TDP-43 protein level in TDP-43(iwls21gf) animals is not affected by tdp-1(0k803lIf).

istic of an hnRNP protein, including two RRM domains, a
nuclear localization signal proximate to the N terminus, and a
nuclear export signal embedded in the second RRM domain.
We obtained two mutant alleles of C. elegans tdp-1, 0k803
and 0k781, each of which remove ~1.2 kb from tdp-1, including
the two RRM domains and the nuclear export signal (Fig. 14
and supplemental Fig. S1). Both deletions are probably null
mutations. These C. elegans tdp-1 loss-of-function (If) mutants
exhibited discernible defects in fertility, growth, and locomo-
tion. Most of the tdp-1(1f) data shown here were obtained using
0k803, and the results were verified using the other allele 0k781.
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First, loss of tdp-1 led to lower fertility in C. elegans. The tdp-
1(0k803lf) hermaphrodites generated only half as many eggs as
N2 wild-type (WT) animals, likely as a result of an early deple-
tion of sperm (Fig. 1B and supplemental Fig. S2). Second, loss of
function of tdp-1 led to slower growth. At 48 h after egg laying,
~75% of tdp-1(0k803lf) animals had reached adulthood, as
compared with ~91% of N2 WT animals (Fig. 1C). Finally, loss
of tdp-1 led to alocomotor deficit, which was exacerbated when
the animals were cultured at 25 °C. Specifically the rate of
thrashing by tdp-1(0k803If) animals was ~74% that of N2 WT
animals (Fig. 1D). Thus, intact tdp-1 is required for optimal
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developmental and physiological processes in C. elegans,
including fertility, growth, and locomotion.

Human TDP-43 and C. elegans TDP-1 Are Functionally
Conserved—To examine whether human TDP-43 could func-
tionally replace TDP-1 in C. elegans, we expressed human
TDP-43 under the control of the endogenous tdp-1 promoter.
Following generation of extrachromosomal transgenic arrays
expressing human TDP-43, we further developed a stable inte-
grated transgene iwls21. Next, we constructed strains contain-
ing both the gain-of-function TDP-43(iwls21gf) transgene and
tdp-1(lf) mutations. The TDP-43(iwls21gf) transgene moder-
ately improved the fertility defects in the tdp-1(0k8031f) mutant
(Fig. 1B, p = 0.10). Moreover, the human TDP-43(iwls21gf)
transgene rescued the slow growth phenotype in loss-of-func-
tion mutant tdp-1(0k803) (Fig. 1C). In addition, the TDP-
43(iwls21gf) transgene rescued the locomotor deficit caused by
the tdp-1(0k803If) mutation at 25 °C (Fig. 1D). These data dem-
onstrated that human TDP-43 could substitute for C. elegans
TDP-1, indicating that they are functional orthologs.

Transgenic expression of human TDP-43 in C. elegans can
induce locomotor and developmental defects. The TDP-
43(iwls21gf) transgenic C. elegans exhibited locomotor defects
as compared with WT animals. The rate of thrashing by the
TDP-43(iwls21) animals was ~70% that of WT animals at 25 °C
(Fig. 1D). Notably, the TDP-43(iwls21gf) transgene caused pro-
found temperature-dependent developmental defects. When
parental hermaphrodites harboring the TDP-43(iwls21gf)
transgene were transferred from 20 to 25 °C, most offspring
died during embryogenesis (Fig. 1B), and many surviving larvae
failed to grow to adulthood (Fig. 1E). By comparison, if the
temperature elevation occurred after the parental hermaphro-
dites laid eggs at 20 °C, most of the offspring could grow to
adulthood, albeit at a slower rate than the N2 WT animals (Fig.
1C). For example, when eggs laid at 20 °C were hatched subse-
quently at 25°C, ~60% of TDP-43(iwls21) animals reached
adulthood at 48 h after egg laying, as compared with ~91% of
WT animals (Fig. 1C). By a series of 25 °C incubations of varying
duration administered at several time points during develop-
ment, elevation of temperature for 2-3 h near the time of fer-
tilization was found to be sufficient and necessary to induce
embryonic arrest (supplemental Fig. S3). This temperature-de-
pendent phenotype was solely dependent on the TDP-43 trans-
gene but not its chromosomal integration site, because exami-
nation of extrachromosomal array transgenic animals
demonstrated similar defects. The profound temperature-sen-
sitive developmental defect in TDP-43(iwls21gf) animals is
consistent with the notion that the toxicity of TDP-43 protein is
dependent on its misfolding (6), which can be exacerbated by
rapid temperature elevation.

Next, we examined the expression pattern of the tdp-1 gene.
The promoter region of the tdp-1 gene was cloned to drive
expression of a YFP reporter. With the engineered tdp-1 pro-
moter, the YFP reporter was expressed in embryos before
hatching. In both larvae and adults, the reporter expression was
found in multiple C. elegans tissues, including body wall mus-
cles, pharynx, and neurons (supplemental Fig. S4). It should be
noted that the endogenous expression of tdp-1 that is not reca-
pitulated by the engineered promoter is still possible.
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A diverse set of model organisms was shown to be sensitive to
elevated levels of TDP-43 expression (41-53). If human
TDP-43 is functionally redundant with TDP-1, lowering the
level of endogenous TDP-1 would attenuate the toxicity of the
TDP-43 transgene in C. elegans. Indeed, the tdp-1(0k803If)
mutation suppressed the observed defects in the TDP-
43(iwls21gf) animals. First, loss of tdp-1 attenuated the embry-
onic lethality and slow growth phenotype observed in trans-
genic TDP-43(iwls21gf) animals at 25 °C (Fig. 1, B, C, and E).
Second, loss of tdp-1 also suppressed the locomotor deficit
observed in TDP-43(iwls21gf) animals (Fig. 1D). Finally,
another independent loss-of-function mutation tdp-1(0k7811f)
suppressed the developmental defects caused by TDP-
43(iwls21gf) at 25 °C (Fig. 1F). The protein expression level of
TDP-43 was not changed by the presence of the tdp-1(0k803lf)
mutation (Fig. 1G). The insoluble protein aggregates in TDP-
43(iwls21) were not detected. These results showed that human
TDP-43 can substitute for TDP-1 and that the removal of
TDP-1 alleviates the toxicity of elevated levels of TDP-43, sug-
gesting that human TDP-43 and C. elegans TDP-1 are function-
ally conserved.

Loss of tdp-1 Attenuates Neurotoxicity of Aggregation-prone
Proteins—Next, we investigated whether loss of tdp-1 confers
any protection against the toxicity of TDP-C25, which is a
25-kDa carboxyl fragment of TDP-43 and a signature compo-
nent of the TDP-43 positive inclusions in brain tissues from
ALS and FTLD patients (13). TDP-C25 exhibits an unusually
high propensity to form protein aggregates (6). In transgenic
TDP-C25(iwls22gf) C. elegans stably expressing the TDP-C25-
YFP fusion protein under the pan-neuronal promoter of the
snb-1 synaptobrevin gene, TDP-C25-YFP forms discrete fluo-
rescent protein aggregates in neuronal somas and axons (Fig.
2B) (6). TDP-C25(iwls22gf) transgenic C. elegans exhibited
severe locomotor deficits, which resulted from neurotoxicity of
the misfolded proteins (6). Interestingly, loss of tdp-1 signifi-
cantly ameliorated the locomotor defects caused by TDP-
C25(iwls22gf) (Fig. 2A), suggesting a strong suppression of the
neurotoxicity. In addition, the amount of fluorescent TDP-
C25-YFP aggregates in neurons was reduced in TDP-
C25(iwls22gf);tdp-1(0k8031f) animals, as compared with ani-
mals carrying the TDP-C25(iwls22gf) transgene alone (Fig. 2, C
and D). Similar amelioration of TDP-C25 protein aggregation
was also observed in animals carrying the independent loss-of-
function mutation tdp-1(0k781) and the TDP-C25(iwls22gf)
transgene (supplemental Fig. S5). To examine the effect of loss
of tdp-1 on TDP-C25 aggregation, an aggregate extraction
assay was used as described previously (6). When compared
with the protein aggregates in animals carrying only the TDP-
C25(iwls22gf) transgene, insoluble TDP-C25 aggregates were
significantly reduced in animals carrying both the TDP-
C25(iwls22gf) transgene and the loss-of-function mutation
tdp-1(0k803) (Fig. 2E), but no change in soluble TDP-C25 pro-
tein levels was detected. These data suggest that loss of tdp-1
may alleviate TDP-C25-associated neurotoxicity by suppress-
ing protein aggregation.

We then asked whether the protective effect of loss of tdp-1
on neurotoxicity associated with protein misfolding and aggre-
gation was specific to the TDP-43 polypeptides. Mutations in
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G85R(iwlis8gf). A and F, relative locomotor activity of 1-day-old adults as indicated by thrashing rates in liquid normalized against control strains expressing
YFP only (£ S.E; n = 32).% p < 0.0001. Band G, cytoplasmic protein aggregates indicated by YFP fluorescence and nuclei by DAPI staining (blue) in neurons
expressing TDP-C25-YFP (iwls22gf) or SOD1-G85R-YFP (iwls8gf). Scale bar, 5 um. C and H, protein aggregates indicated by YFP fluorescence in head neurons
expressing TDP-C25-YFP or SOD1-G85R-YFP from live C. elegans animals are compared between WT and loss-of-function tdp-1(0k803If) backgrounds. Scale bar,
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CuZn superoxide dismutase (SOD1) have been implicated in  substitution at amino acid 85 (G85R) renders SOD1 particu-
~20% of familial ALS cases, and many of these mutations lead larly aggregation-prone, and the C. elegans-stable transgene
to increased protein aggregation (57). A glycine-to-arginine iwls8 expressing an SOD1-G85R-YFP fusion protein under the

8376 JOURNAL OF BIOLOGICAL CHEMISTRY YASBMB\  VOLUME 287-NUMBER 11-MARCH 9, 2012



snb-1 pan-neuronal promoter causes pronounced locomotor
defects and formation of protein aggregates in neurons (Fig.
2G) (58). The loss-of-function tdp-1(0k803) mutation was
found to significantly improve locomotor activity and reduce
fluorescent aggregates in animals carrying the SODI1-
G85R(iwls8gf) transgene (Fig. 2, F, H, and I). Detergent extrac-
tion assay further indicated reduction in SOD1-G85R-YFP pro-
tein aggregate levels in C. elegans carrying both the transgene
SOD1-G85R(iwls8gf) and the loss-of-function mutation tdp-
1(0k803), as compared with animals carrying the SODI-
G85R(iwls8gf) transgene alone (Fig. 2J). Thus, loss of tdp-1 may
alleviate the neurotoxicity caused by TDP-43 and SODI1
through a shared mechanism.

We also tested whether the effects of TDP-1 on protein
aggregation could be seen in another RNA-binding protein.
Similar to TDP-43, FUS is also an hnRNP protein that has been
implicated in the neurodegenerative diseases ALS and FTLD.
Mutations in FUS were linked to familial ALS, and its protein
products were found in ubiquitin-positive inclusions in the
central nervous system of a subset of ALS and FTLD patients
(15,16). The C. elegans ortholog of FUS is fust-1(C27H5.3), and
a large deletion allele, t714439, is probably a null allele of fust-1.
We generated C. elegans carrying both the loss-of-function
mutation  fust-1(¢m4439) and the transgenic TDP-
C25(iwls22gf). Our examination indicated no alleviating effects
of fust-1(tm4439) on the protein aggregation pathology. The
amount of fluorescent TDP-C25-YFP aggregates in neurons
was similar between animals carrying TDP-C25(iwls22gf);tdp-
1(0k803lf) and those carrying the TDP-C25(iwls22gf) trans-
gene alone (supplemental Fig. S6). Although fust-1 may poten-
tially differ from tdp-I in many aspects, including their
temporal and spatial expressions, this result suggested that the
role in suppressing protein aggregation may be specific for
tdp-1.

Loss of tdp-1 Alleviates Defects in the Absence of Heat Shock
Factor 1—The observation that loss of tdp-1 suppressed pro-
teotoxicity and aggregation of distinct proteins such as TDP-43
and SOD1 suggested that tdp-1(If) might suppress defects
caused by mutations that interfere with overall protein quality
control. In response to heat-induced stress, heat shock factor 1
induces transcription of many genes, including molecular
chaperones responsible for protection from protein misfolding
and aggregation (59). A loss-of-function mutation of the C.
elegans heat shock factor 1, hsf-1(sy4411f), causes temperature-
dependent growth and egg-laying defects (60). Therefore, we
used the mutant &sf-1(sy44.11f) animals as a model for compro-
mised protein quality control independent of ectopic transgene
expressions. To test whether loss of tdp-1 improves the com-
promised protein quality control in the absence of &sf-1, ani-
mals carrying both /sf-1(sy4411f) and tdp-1(0k803lf) were con-
structed and examined. The hsf-1(sy4411f);tdp-1(0k803lf)
double mutant animals showed significant improvement in
growth and egg laying as compared with the /sf-1(sy4411f) sin-
gle mutant animals (Fig. 3, A and B). Next, to address whether
the protective effect of tdp-1(0k8031f) was general to all temper-
ature-sensitive mutants, we examined another temperature-
sensitive mutant, the dynamin GTPase dyn-1(ky511f), previ-
ously shown to be influenced by proteotoxicity (61). Unlike
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hsf-1(sy4411f), the locomotor and egg-laying defects of dyn-
1(ky511f) were not alleviated but worsened by tdp-1(0k803lf)
(supplemental Fig. S7). These data indicated that loss of tdp-1
specifically protected against the defects caused by the absence
of normal HSF-1 in C. elegans.

To further test the effects of loss of tdp-1 on hsf-1-dependent
proteotoxicity, we used the transgene SOD1-G85R (iwls8gf) as a
reporter. Loss-of-function hsf-1(sy44.11f) mutant alone signifi-
cantly worsened the protein aggregation and locomotor defects
caused by the transgene SOD1-G85R(iw/s8gf). In the presence
of homozygous hsf-1(sy4411f), most animals homozygous for
the transgene SOD1-G85R(iwls8gf) were too sick to grow to
adulthood, so we used animals hemizygous for the transgene
SOD1-G85R(iwlis8gf) for our analysis. Specifically, we con-
structed and compared a triple mutant that is hemizygous for
SOD1-G85R(iwls8gf) and homozygous for hsf-1(sy441lf);tdp-
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1(0k803lf) with a double mutant that is hemizygous for SOD1-
G85R(iwls8gf) and homozygous for hsf-1(sy4411f). The pres-
ence of tdp-1(0k803lf) attenuated the protein aggregation and
locomotor defects in the triple mutant animals, as compared
with the double mutant animals (Fig. 3, C—E).Thus, tdp-1 may
act downstream of /sf-1 or in a parallel pathway to influence
proteotoxicity. Together, these results support a role for C.
elegans tdp-1 in regulating protein quality control.

Transcriptional Profiling of tdp-1 Loss-of-function Mutant—
To examine the global gene expression changes induced by loss of
tdp-1, C. elegans transcriptomes were compared between N2 W'T
animals and tdp-1(0k8031f) mutant animals. Messenger RNAs
were isolated from triplicate samples of WT or tdp-1(0k803lf) C.
elegans, and linearly amplified RNA probes were used to hybridize
to the Affymetrix C. elegans genome array that probes over 22,500
gene transcripts. Q-PCR was used to verify the gene expression
data from the microarrays. Correlation analysis indicated that the
microarray data were highly reproducible with the Q-PCR assay.
Opverall, the microarray and Q-PCR values exhibited a good linear
correlation for 29 representative genes tested (R > 0.90). In the
absence of TDP-1, there were more genes down-regulated than
those up-regulated. If the threshold was set at a fold change (FC) of
1.5 by the microarray measurement, 712 genes (3.15%) were dif-
ferentially regulated (485 down and 227 up) in the tdp-1(lf)
mutant. If the threshold was set at FC of 1.2, 4381 genes (19.3%)
were differentially regulated (2600 down and 1781 up) in the tdp-
1(If) mutant (supplemental Table S1).

To examine biological processes that are significantly
affected in the tdp-1(0k803lf) mutant, we conducted gene
ontology analysis on the transcriptome profiling results using
annotation from the Gene Ontology Consortium (62). We
asked which biological processes as defined by Gene Ontology
terms were most significantly represented by the top 712 differ-
entially regulated genes in the C. elegans genome. This analysis
indicated that the most significantly affected biological pro-
cesses in tdp-1(0k803lf) were those involving molting cycle,
growth, locomotion, determination of adult life span, and endo-
plasmic reticulum unfolded protein response (Fig. 4B and sup-
plemental Table S2). These top-ranked biological processes
matched well with the phenotypes observed in the tdp-I(1f)
mutant C. elegans. For example, 98 out of 1466 genes related to
locomotion were represented in the differentially expressed set
(p < 10"?) (supplemental Table S2). Consistently, locomotor
defects were observed in the tdp-1(If) mutant (Fig. 1). Also, 132
out of 2329 genes related to growth were represented in the
differentially expressed set (p < 10~ 7) (supplemental Table S2),
and loss of tdp-1 caused growth defects in the mutant C. elegans
(Fig. 1). Finally, there was a trend of down-regulation for the
genes that encode molecular chaperones (supplemental Table
S2). Q-PCR assays confirmed the trend of down-regulation for
a few molecular chaperones in the tdp-1(lf) mutant (supple-
mental Fig. S84), suggesting that there is a reduced burden on
protein quality control in these mutants.

To further understand the molecular consequences of loss of
tdp-1 at the molecular level, we analyzed the differentially reg-
ulated genes using the Ingenuity Pathways Analysis from Inge-
nuity Systems, which is supported by a repository of evidence-
based biological interactions and functional annotations. The
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differentially regulated genes were highly enriched in several
functional categories that involve protein post-translational
and RNA post-transcriptional modifications (Fig. 4, C-E). For
the top 712 differentially regulated genes (FC >1.5), the most
relevant molecular network included proteins that function in
protein conformational modification and mRNA processing
(Fig. 4C and supplemental Table S3). Additionally, the Ingenu-
ity Pathways Analysis of over-represented molecular functions
pointed to a few cellular functions, including protein folding
(Fig. 4D and supplemental Table S4). To gain a full picture of
expression of genes involved in protein quality control, the
genes involved in protein folding and ubiquitination were
selected with a lower threshold of expression fold changes (FC
>1.2) (Table S5). At this threshold (FC >1.2), RNA modifica-
tion was the top-ranked molecular function represented by the
differentially regulated genes (Fig. 4E and supplemental Table
S6). The loss of tdp-1 had pleiotrophic consequences on the
expression of diverse RNA-processing proteins, including
those functioning in the processing and splicing of messenger
RNA, ribosomal RNA, transfer RNA, and small noncoding
RNA (supplemental Table S6). For example, the loss of tdp-1
altered the expression of hnRNP genes, including the C. elegans
homolog of hnRNPA1, hrp-2 (supplemental Fig. S8B). The
expression of genes involved in RNA splicing, such as sur-5,
which encodes a small nuclear ribonucleoprotein, was also
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FIGURE 5. tdp-1(If) mutation leads to a life span extension that is depend-
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affected (supplemental Fig. S8B). Together, the transcriptome
profiling of the tdp-1 loss-of-function mutant showed a
prominent change in the expression of genes involved in
protein post-translational and RNA post-transcriptional
modifications.

TDP-1 Regulates Life Span via a Pathway Requiring DAF-16
but Independent of HSF-1—The transcriptional profiling anal-
ysis also showed that genes functioning in the determination of
adult life span were differentially regulated in the tdp-1(If)
mutant (Fig. 4B and supplemental Table S2). Like neurodegen-
eration, aging has been linked to deleterious effects of protein
misfolding (3, 4). Reasoning that the improved protein homeo-
stasis resulting from tdp-1(1f) might be associated with altered
life span, we examined the life span of tdp-1(If) mutants. Inter-
estingly, the loss-of-function tdp-1(0k803) mutants lived ~20%
longer than the N2 wild-type animals when cultured at 20 °C
(Fig. 54). An independent loss-of-function allele, tdp-1(0k781),
also extended the life span of C. elegans to a similar extent (Fig.
5B). Our combined results indicate that C. elegans TDP-1 is a
negative regulator of aging.

There are two characterized transcriptional factors, encoded
by hsf-1 and daf-16, that regulate both aging and protein home-
ostasis (3, 4). Because ksf-1 and daf-16 are two key genes that
positively regulate life span, we asked whether the life span
extension conferred by tdp-1(If) requires the normal function
of hisf-1 or daf-16. We observed that hsf-1(sy44.1);tdp-1(0k803lf)
double mutants lived longer than the single mutant hsf-
1(sy441), suggesting that tdp-1(lf) influenced life span at least
through some mechanisms independent of &sf-1 (Fig. 5C). In
contrast, a loss-of-function mutant daf-16(mu86lf) completely
blocked the life span-extending effects of tdp-1(0k803lf) (Fig.
5D), indicating that the long lived phenotype conferred by loss
of tdp-1 required intact daf-16.
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DISCUSSION

In this study, we systematically investigated the function of
TDP-1 in C. elegans. TDP-1 shares significant homology with
its mammalian ortholog TDP-43. The genetic interactions
between TDP-1 and TDP-43 suggest that they are functionally
conserved. Loss of TDP-1 appeared to increase the tolerance of
C. elegans to proteotoxicity. Furthermore, loss of TDP-1
extended life span in C. elegans. Together, these results suggest
a novel role for a conserved RNA-processing protein in the
regulation of protein homeostasis and life span.

C. elegans TDP-1 is highly homologous to mammalian TDP-
43. TDP-1 has the same protein domains as mammalian
TDP-43 (Fig. 1). Although the C-terminal region of TDP-1 is
not as glycine-rich as mammalian TDP-43, there is significant
homology in this region, and the C-terminal part of TDP-1 can
replace its mammalian counterpart and maintain the RNA
splicing activity of the mammalian protein (46). The genetic
interactions between C. elegans TDP-1 and human TDP-43
suggest that they are functionally conserved. For example, het-
erologous expression of human TDP-43 in C. elegans is able to
suppress the defects caused by loss of tdp-1 (Fig. 1). C. elegans
TDP-1 is not required for survival, unlike other TDP-43
orthologs in more complex metazoans from Drosophila to mice
(35,54 —56). Although it is likely that TDP-43 in higher animals
may have acquired distinct properties compared with TDP-1, it
is also possible that their conserved function is required for
survival of complex organisms but not for survival of relatively
simple C. elegans. Such low stringency of requirement for sur-
vival in C. elegans as compared with mammals has been
observed in loss-of-function studies of many other genes. For
example, loss of the type III RNase Dicerl leads to lethality early
in mouse development (63), but C. elegans lacking the ortholog
DCR-1 are viable (64). Thus, the nonlethal phenotype of C.
elegans lacking TDP-1 provides a simple system to study the
conserved functions of this family of proteins.

RNA-processing proteins such as hnRNPs have multiple
roles in RNA metabolism, including transcription, splicing, and
nucleocytoplasmic transport of RNAs (26). The function of
TDP-1, like its mammalian ortholog TDP-43 (40), is probably
multifaceted. Loss of TDP-1 caused changes in expression lev-
els of many RNA-processing genes, including orthologs of
hnRNP proteins and splicing factors (supplemental Table S6
and Fig. S8). The effect of loss of TDP-1 on RNA processing
could lead to the observed pleiotrophic phenotypes in C.
elegans, including defects in fertility, growth, and locomotion
(Fig. 1). Consistent with these observations, gene ontology anal-
ysis of the transcriptome profiles indicated altered expression
of genes that have related functions such as growth and loco-
motion (Fig. 4B).

Furthermore, our characterization of tdp-1 loss-of-func-
tion mutant suggested a role for TDP-1 in the regulation of
protein homeostasis and life span in C. elegans. Loss of
TDP-1 increased the solubility of an aggregation-prone
C-terminal fragment of TDP-43 as well as that of a mutant
SODL1. Loss of TDP-1 also conferred resistance to HSF-1
depletion in C. elegans. These data suggested that long term
reduction in the function of TDP-1 led to a resistance to
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stress on proteostasis. In accordance with our whole-animal
observations from C. elegans, a recent study showed that
knockdown of the Drosophila ortholog of TDP-43 protected
against the neurotoxicity of overexpressed mutant VCP, an
AAA™ ATPase functioning in protein quality control, in a
transgenic fly model (65). The molecular mechanisms
through which TDP-1 regulates proteostasis in C. elegans
remain to be elucidated. We propose three potential models
that are not mutually exclusive. First, the removal of the
TDP-1 protein itself may lessen the burden on the protein
folding machinery in the cell. This model is supported by
recent observations that the TDP-43 protein is highly prone
to misfold and aggregate in vitro and in vivo (6, 66) and that
a TDP-43 fragment can form amyloid fibrils (67). Second,
diverse activities of TDP-1in RNA processing may allow it to
act as an orchestrator to adapt to proteotoxic stress through
the regulation of RNA. RNA processing could affect all
aspects of protein homeostasis, from protein synthesis to
degradation. Loss of TDP-1 may alter global RNA levels and
in turn protein homeostasis, resulting in adaptation of the
cell to stress on protein quality control systems. Consistent
with this model, the microarray analysis showed a trend of
decreasing mRNA levels (supplemental Table S1). Finally,
TDP-1 may regulate proteostasis through specific pathways.
Our analysis of the life span extension in the tdp-1 loss-of-
function mutant suggested that the phenotype required
intact DAF-16 but not HSF-1 (Fig. 5). Therefore, the tran-
scriptional factor DAF-16, which is known to promote pro-
tein homeostasis (3, 6), may be an important player mediat-
ing the effect of TDP-1 on proteostasis.

Our finding that loss of TDP-1 reduces proteotoxicity is
consistent with the observation that the loss-of-function
mutant animals had extended life span. Although the molec-
ular connections between aging and protein homeostasis are
not fully understood, two pathways have been found to reg-
ulate both aging and protein homeostasis, i.e. the heat shock
response and the insulin/IGF-1 signaling (3, 4). HSF-1 and
DAF-16 are the master transcriptional factors that mediate
the heat shock response and the insulin/IGF-1 signaling,
respectively. Whereas reduced activity in TDP-1 reversed
the defects in a loss-of-function mutant of HSF-1 (Fig. 3), the
depletion of HSF-1 did not block the life span-extending
effects of the TDP-1 reduction (Fig. 5). By contrast, the loss
of DAF-16 completely blocked the life span-extending
effects of the TDP-1 reduction. In simplest genetic interpre-
tations, TDP-1 acts upstream of DAF-16 but independently
of HSF-1 to influence life span (supplemental Fig. S9). How-
ever, complex networks rather than the linear pathways are
possible. Nevertheless, the life span extension in the absence
of TDP-1 requires intact DAF-16, an evolutionarily con-
served FOXO family transcriptional factor at the intersec-
tion of regulations of aging, immunity, and stress responses
(68).

In summary, we identified a new function of TDP-1 in regu-
lating protein homeostasis and life span. Given the established
functions of the TDP-1 homologs in RNA processing, this study
suggests a layer of regulation of proteostasis and aging imparted
by RNA-processing proteins. Further studies on these new
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functions of TDP-1 may help understand the conserved func-
tion of this class of RNA-processing proteins in metazoan
evolution.
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