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TDP-43 is more toxic in respiring than in non-respiring cells, but respiration is not absolutely required for

TDP-43 toxicity.
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Highlights
e TDP-43 toxicity and aggregation is enhanced when yeast are grown in media that requires
respiration.
e Respiration is not the sole target of TDP-43 toxicity because TDP-43 still aggregates and is toxic in
cells that are not respiring.
e Hydrogen peroxide enhances TDP-43 toxicity in the absence of respiration suggesting that reactive
oxygen species (ROS) produced by respiration may likewise enhance TDP-43 toxicity.

e ROS could activate TDP-43 to become more toxic or make TDP-43 targets more vulnerable.
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Abstract

The trans-activating response DNA-binding protein 43 (TDP-43) is a transcriptional repressor and splicing
factor. TDP-43 is normally mostly in the nucleus, although it shuttles to the cytoplasm. Mutations in TDP-43
are one cause of familial amyotrophic lateral sclerosis (ALS). In neurons of these patients, TDP-43 forms
cytoplasmic aggregates. In addition, wild-type TDP-43 is also frequently found in neuronal cytoplasmic
aggregates in patients with neurodegenerative diseases not caused by TDP-43 mutations. TDP-43 expressed
in yeast causes toxicity and forms cytoplasmic aggregates. This disease model has been validated because
genetic modifiers of TDP-43 toxicity in yeast have led to the discovery that conserved genes in humans are
ALS genetic risk factors. While it is still unknown how TDP-43 is associated with toxicity, several studies find
that TDP-43 alters mitochondrial function. We now report that TDP-43 is much more toxic when yeast is
grown in non-fermentable media requiring respiration than when grown on fermentable carbon sources.
However, we also establish that TDP-43 remains toxic in the absence of respiration. Thus, there is a TDP-43
toxicity target in yeast distinct from respiration and respiration is not required for this toxicity. Since we find
that H,Ozincreases the toxicity of TDP-43, the free oxygen radicals associated with respiration could likewise
enhance the toxicity of TDP-43. In this case, the TDP-43 toxicity targets in the presence or absence of
respiration could be identical, with the free radical oxygen species produced by respiration activating TDP-43

to become more toxic or making TDP-43 targets more vulnerable.

Abbreviations: trans-activating response DNA-binding protein 43 (TDP-43); amyotrophic lateral sclerosis

(ALS); dextrose (Dex); galactose (Gal); doxycycline (Dox); copper sulfate (CuSO4); hydrogen peroxide (H,0;)
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Communication

The trans-activating response DNA-binding protein 43 (TDP-43) is a nucleic acid binding protein that
functions as a transcriptional repressor, splicing factor and in translational regulation. TDP-43 is normally
found mostly in the nucleus, although it shuttles between the nucleus and the cytoplasm. Mutations in
TARDBP, the gene encoding TDP-43, are one cause of familial amyotrophic lateral sclerosis (ALS) and
frontotemporal dementia (FTD). In neurons of these patients, TDP-43 is no longer found in the nucleus, but
instead forms cytoplasmic aggregates. In addition, wild-type TDP-43 is also frequently found in cytoplasmic
aggregates in neurons of patients with other neurodegenerative diseases or with ALS/FTD not caused by

TDP-43 mutations % 34,

How TDP-43 aggregates are associated with toxicity is the subject of intense research. Evidence links TDP-43
toxicity with both inhibition of the ubiquitin proteasome system?®, and inhibition of lysosome and endosomal

activity® 7. Also, several studies find that TDP-43 alters mitochondrial function.

Expression of overexpressed TDP-43 in a number of model organisms causes neurodegeneration similar to
that seen in ALS patients. In motor neurons of TDP-43 transgenic mice, mitochondria were found in
cytoplasmic inclusions or in abnormal juxtanuclear aggregates and were missing in motor axon termini® % 10,
In mammalian neuron-like cell culture, TDP-43 localized to mitochondria and caused mitophagy®!. Likewise,
in a mouse model, TDP-43 co-localization with motor neuron mitochondria was enhanced by TDP-43 ALS
mutations and this co-localization was associated with inhibited mitochondrial function? 3, Also,
overexpressed TDP-43 in human cell culture binds to, and inhibits maturation of, mitochondrial RNA causing
a phenotype similar to that seen in cells deficient in mitochondrial RNase P4, Finally, mutations in the
mitochondrial intermembrane protein, CHCHD10 (yeast homolog MIX17) have recently been associated with

sporadic and familial ALS and FDT 1% 16:17:18;19;20:21 3 n 4 functional CHCHD10 appears to help keep TDP-43 in

the nucleus away from mitochondria?2.
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There is also evidence that TDP-43 expression in yeast causes mitochondrion-dependent apoptosis and that
TDP-43 toxicity requires respiratory capacity?3. TDP-43 expressed in yeast causes toxicity and forms
cytoplasmic aggregates?®. Furthermore, conserved genetic modifiers of this toxicity have been validated in
higher organisms and have led to the discovery of human ALS genetic risk factors®. This confirms the

usefulness of the yeast model.

To test the idea that the primary source of TDP-43 toxicity in yeast is mitochondria, we used the fact that
yeast turns off respiration in fermentable media where it instead uses glycolysis to grow. We found that
TDP-43-GFP expressed with a TET promoter aggregated in yeast cells whether grown on fermentable, e.g.
glucose or non-fermentable, e.g. galactose media. However, toxicity was only detected on non-fermentable
media requiring respiration for growth and cell elongation and TDP-43 aggregation was much more
pronounced on non-fermentable vs. fermentable media (Fig. 1ab). Furthermore, this difference is not due
to increased TDP-43 expression on the non-fermentable media (Fig. 1c). One explanation is that TDP-43
inhibits respiration which only has an effect when cells use respiration to grow. Alternatively, respiration

itself could enhance TDP-43 toxicity.

By expressing TDP-43 from integrated vectors with the CUP1 promoter which caused higher levels of TDP-
43, we were able to detect TDP-43 toxicity in the absence of respiration on glucose (Fig.2). Since yeast
lacking functional mitochondria are viable we overexpressed TDP-43 in isogenic cells containing ([RHO"]) or
lacking ([rho?]) functional mitochondria. We found similar levels of TDP-43 toxicity, expression and
aggregation in the [RHO'] and the [rho°] cells (Fig. 2). Also as we reported previously® TDP-43 is more toxic
in the presence of the [PIN*] prion (Fig. 2a). Since the [rho?] cells can never respire and the [RHO"] cells do
not respire on glucose, this clearly establishes that there is a TDP-43 toxicity target in yeast distinct from

respiration and that respiration is not required for this TDP-43 toxicity.

To test the idea that increased levels of free oxygen radicals associated with respiration could be the cause
of the observed increase in TDP-43 toxicity in the presence of respiration, we looked at the effect of H,0,, a

source of oxygen derived free radicals, on TDP-43 toxicity. We saw no toxicity either for 2mM H,0, without
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TDP-43 (Fig. 3 left) or for expression of TDP-43 with 250 UM CuSOs in glucose medium without H,0,
expression (Fig. 3 right rows marked 0). However, the combination of 2mM H,0, and induction of TDP-43
with 250 pM CuSO,4 was toxic (Fig. 3 right row marked 2). This was true in both [RHO*] or [rho"] cells. Since
H,0:increases the toxicity of TDP-43, the free oxygen radicals associated with respiration could likewise
enhance the toxicity of TDP-43. In this case, the TDP-43 toxicity targets in the presence or absence of
respiration could be identical with the radical oxygen species produced by respiration activating TDP-43 to
become more toxic or making TDP-43 targets more vulnerable. For example, free radical oxygen stress
causes an increase in protein aggregation®® 2’ which could cause an increased burden on the proteasome.
However, it is unclear if the lower level of protein aggregation associated with normal respiration would

likewise enhance protein aggregation thereby increasing the toxicity of TDP-43.
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Figure Legends

Fig. 1. TDP-43 overexpression causes more toxicity and cell elongation in cells grown in non-fermentable
media than in cells grown in fermentable media. (a) Yeast cells (L2910 [pin’] 74D-694) transformed with
TET-regulated CEN TDP-43-YFP TRP1 (p2223), or vector control (p1576) plasmid were obtained on plasmid
selective glucose plates with 10 pg/ml of doxycycline (Dox) to inhibit expression of TDP-43-YFP. Normalized
suspensions of cells were 10X serially diluted in water and were spotted on plasmid selective 2% dextrose
(Dex), 2% galactose (Gal), 2% glycerol (Gly), and 2% ethanol (EtOH) plates without doxycycline (0) and with
10 pg/ml of doxycycline to respectively express or not express TDP-43-YFP. The plates were photographed
after 4 (dextrose) or 6 (galactose) d of incubation at 30°C. (b) TDP-43 aggregates in both galactose (Gal) and
glucose (Dex) but causes more aggregation and cell elongation in galactose vs. glucose media. Cells from
TDP-43-YFP inducing plates in (a) were imaged with a fluorescence microscope.. Bright field images show
control cells with no TDP-43-YFP expression. (c) Expression of TET controlled TDP-43-YFP is not enhanced on
galactose medium. The level of TDP-43-YFP was compared in L2910 transformants with TET-regulated TDP-
43-YFP (p2223) grown in 2% glucose (Dex) vs. 2% raffinose + 2% galactose (SRGal) plasmid selective media.
Cells grown overnight in medium containing 8 ug/ml of doxycycline were diluted to ODgy=0.5 in plasmid
selective Dex or SRGal without doxycycline, grown for 24 or 48 h, harvested, and lysed for immunoblotting?.
Normalized cell lysates boiled for 5 mins with 2% SDS in 80 mM DTT sample buffer were resolved on 10%
SDS-PAGE followed by immunoblotting with rabbit polyclonal a-TDP-43 antibody (1:3000, Proteintech
Group). Also, PGK, yeast 3-Phosphoglycerate Kinase, was detected with anti PGK antibodies (1:10,000,
Novex) as an internal control (3c upper). Immunoblot signals for TDP-43-YFP and PGK were quantified and
converted into % ratios of TDP43-YFP to PGK (3c lower). Gateway destination vector p1576 was made by

dropping reading frame B gateway cassette (http://www.lifetechnologies.com) into pCM 18428, TDP-43-YFP

from entry vector pDONR TDP-43-YFP (Addgene plasmid # 27470) was then cloned into p1576 using an LR

reaction, creating TET-regulated CEN TDP-43-YFP TRP1 (p2223).
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Fig. 2. TDP-43-YFP is still toxic in cells lacking functional mitochondria. (a) Spot test measure of TDP-43-YFP
toxicity. CUP1-TDP-43-YFP in p2261 (pAG305 CUP1::TDP43-EYFP) was integrated at the LEU2 locus in [RHO"]
[PIN*] and [RHO"] [pin’] 74D-694 cells. Isogenic [rho®] versions of the CUP1-TDP-43-YFP integrants were
acquired by growing [RHO*] CUP1-TDP-43-YFP integrants on YPD with 0.4 mg/ml ethidium bromide. The lack
of functional mitochondria was verified as cells failed to grow on glycerol medium. To assay for TDP-43-YFP
toxicity, three independent [RHO'] and [rho°] CUP1-TDP-43-YFP integrants and control empty integrants
grown on glucose medium without CuSO4 were normalized, 1/10 serially diluted and spotted on dextrose
(Dex) and galactose (Gal) plates including 0, 100, and 250 uM CuSOQ,. Plates were scanned after 4 d for Dex
and 6 d for Gal. Reduced growth indicated toxicity. As expected [rho?] cells failed to grow on Gal. The
integrants were constructed by transforming cells with purified linear integrating vector pCUP1-TDP-43-YFP
(p2261) that had been cut in the LEU2 gene with Bstxl and control integration vector without TDP-43-YFP,
pAG305 GAL1-ccdB (Addgene plasmid #14137) that was cut similarly, and selecting for transformants on
integrant selective glucose plates. Integration was verified by observing TDP-43-YFP aggregation in
transformants in glucose medium with 50 uM CuSO.. To generate p2261, the Hpal-Pmel fragment
containing the TET promoter from pAG305 TET-TDP-43-EYFP (p2237) was switched with the CUP1 promoter
from p1988 (pCUP1-SOD1-GFP) cut with the same restriction site. Plasmid pAG305 TET-TDP-43-EYFP (p2237)
was made by replacing the GAL promoter in pAG305 GAL-ccdB (Addgene plasmid # 14137) with PCR
amplified Hpal-Xbal TET promotor from pCM184. (b) Clonogenicity measure of TDP-43-YFP toxicity.
Cytotoxicity of the CUP1 driven TDP-43-YFP in both [RHO] and [rho?] cells was determined by colony
forming units®. Overnight cultures of TDP-43-YFP integrant or vector controls grown without CuSO4 were
inoculated into synthetic glucose media with 0, 50 or 100 puM CuSO, to a final ODsggo of 0.5. Samples were
taken thereafter at 8, 24, 48, and 72 h and colony forming units determined on synthetic glucose plates
lacking CuSO4. The number of colonies grown after 3 d of incubation at 30°C were counted and converted
into clonogenicity (%) calculated as ratio of cells grown in TDP-43-YFP inducing media (with 50 or 100 puM

CuS04) over cells grown in non-inducing media (0 UM CuSQs). Error bars present the standard error
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calculated from 3 independent integrants. (c) No significant difference in levels of TDP43-YFP expression in
[RHO] vs. [rho®] CUP1-TDP-43-YFP integrated strains. Fresh cells taken from glucose plates were inoculated
into 50 ml glucose containing 0, 50, or 100 uM CuSO4to an ODggo of 0.5. Cells were harvested and lysed at 24
and 48 h. Normalized cell lysates were boiled for 5 min with 2% SDS in 80 mM DTT sample buffer, and
resolved on 10% SDS-PAGE followed by immunoblotting with rabbit polyclonal a-TDP-43 antibody (1:3000,
Proteintech Group) and anti-PGK (1:10,000, Novex) as an internal loading control (upper). The intensity of
each protein band was scanned and the ratio between TDP-43-YFP and PGK was calculated (lower). (d) TDP-
43-YFP aggregates similarly in [RHO*] and [rho®] CUP1-TDP-43-YFP integrated strains. Samples from 2b were

visualized with fluorescent microscope.

Fig. 3. H,0, enhances TDP-43 toxicity. [RHO*] and [rho°] versions of strain 74D-694 with integrated CUP1-
TDP-43-YFP (TTDP—43), or CUP1-YFP (No TDP-43), were grown to ODep=0.5 in synthetic glucose non-
inducing medium and then for an additional 24 h after the addition of CuSO4to 250 uM to induce TDP-43-
YFP or YFP expression and H,0, to the concentrations listed. Serial dilutions of cells were then spotted on

plates lacking CuSOsand H,0..
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