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Abstract: When human TDP-43 is overexpressed in yeast it is toxic and forms cytoplasmic aggregates.
The mechanism of this toxicity is unknown. Genetic screens for TDP-43 toxicity modifiers in the
yeast system previously identified proteins, including PBP1, that enhance TDP-43 toxicity. The
determination in yeast that deletion of PBP1 reduces TDP-43 toxicity while overexpression enhances
toxicity, led to the discovery that its human homolog, ATXN2, is associated with ALS risk. Thus,
the yeast system has relevance to human disease. We now show that deletion of a new yeast gene,
tip41∆, likewise suppresses TDP-43 toxicity. We also found that TDP-43 overexpression and toxicity is
associated with reduced autophagy. This is consistent with findings in other systems that increasing
autophagy reduces TDP-43 toxicity and is in contrast to a report of enhanced autophagy when TDP-43
was overexpressed in yeast. Interestingly, we found that deletions of PBP1 and TIP41, which reduced
TDP-43 toxicity, eliminated TDP-43′s inhibition of autophagy. This suggests that toxicity of TDP-43
expressed in yeast is in part due to its inhibition of autophagy and that deletions of PBP1 and TIP41
may reduce TDP-43 toxicity by preventing TDP-43 from inhibiting autophagy.
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1. Introduction

Yeast has been useful in the study of human proteins that form amyloid or prion-
like aggregates associated with certain diseases [1–7]. When wild-type human TDP-43,
which frequently aggregates in sporadic ALS [8], is overexpressed in yeast, it is toxic and
forms cytoplasmic aggregates [3]. Mutants in TDP-43 associated with familial ALS cause
toxicity at a lower level of expression than does wild-type TDP-43 [8,9]. Since TDP-43 is not
normally present in yeast, this model only looks at positive effects of TDP-43 on toxicity,
although loss of TDP-43 function in higher cells is now also known to be pathogenic [10].

Genetic screens for modifiers of TDP-43 toxicity in the yeast system identified proteins
involved in TDP-43 on toxicity [3,11–15]. Indeed, the finding that deletion or overexpression
of PBP1, respectively reduces or enhances TDP-43 toxicity led to the discovery that PBP1′s
human homolog, ATXN2, is associated with ALS risk. Research shows that an increase in
the size of the polyglutamine expansions in ATXN2, within the normal range, is associated
with enhanced risk for ALS [16,17]. Furthermore, reduced expression of ATXN2 extends
life and reduces toxicity in a model of TDP-43 proteinopathy in mice [18]. The ability of the
yeast screen to identify a mammalian protein that effects ALS risk in humans and TDP-43
toxicity in mice indicates that the yeast model is relevant to human disease.

It is unknown how PBP1/ATXN2 affects TDP-43 toxicity [19]. However, PBP1 is one of
five yeast genes (CCT6, SSB1, ICY1, TIP41, PBP1) with similar phenotypes: overexpression
of any of the proteins they encode rescues yeast with non-functional mitochondria (“pe-
tites”) from death caused by inefficient mitochondrial import of proteins [20]. In addition,
deletion of any of these genes is lethal in petites [20]. Because of their phenotypic similarity
to PBP1, we asked if deletions of SSB1, ICY1, or TIP41 likewise effect toxicity of TDP-43,

Viruses 2022, 14, 2264. https://doi.org/10.3390/v14102264 https://www.mdpi.com/journal/viruses

https://doi.org/10.3390/v14102264
https://doi.org/10.3390/v14102264
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/viruses
https://www.mdpi.com
https://doi.org/10.3390/v14102264
https://www.mdpi.com/journal/viruses
https://www.mdpi.com/article/10.3390/v14102264?type=check_update&version=1


Viruses 2022, 14, 2264 2 of 9

excluding CCT6 because it is essential. Our results show that that indeed, tip41∆, like
pbp1∆, suppresses TDP-43 toxicity while no effects were seen for the other deletions.

Recently Yang et al. [21] showed that overexpression of PBP1, or amino acid starvation,
causes PBP1 to form a liquid-like gel when yeast are grown under conditions requiring
respiration. They also show that this PBP1 gel inhibits TORC1 under these conditions,
thereby turning on autophagy.

Since TDP-43 was reported to increase autophagy in yeast [22], we wondered if the
stress of TDP-43 toxicity, like amino acid starvation, induced PBP1 to form a gel and
enhance autophagy. To test this, we planned to ask if deletion of PBP1 or TIP41 would
reduce the enhanced autophagy associated with TDP-43 overexpression. If so, it might
mean that enhanced autophagy is part of the cause of TDP-43 toxicity and reduction of
TDP-43 toxicity by pbp1∆ or tip41∆ could be due to a lowering of autophagy.

To our surprise we found TDP-43 overexpression and toxicity was associated with
reduced, not enhanced, autophagy. This is consistent with experiments in other systems
that show autophagy reduces TDP-43 toxicity [23,24] and TDP-43 aggregates inhibit au-
tophagy [25–28]. Finally, we found that deletions of PBP1 and TIP41, which reduced
TDP-43 toxicity, also eliminated TDP-43′s inhibition of autophagy.

2. Materials and Methods

Strains and Plasmids: Yeast strain BY4741 (L3270) ([PIN+] MATa his3∆1 leu2∆0 met15∆0
ura3∆0), and isogenic deletions from the yeast deletion library made in this strain, were
obtained from Open Biosystems, Huntsville, AL; Cat # YSC1053 [29]. Plasmid pGAL1-TDP-
43 (alias p2368, pAG415 GAL1-TDP-43, LEU2, CEN) was used to overexpress TDP-43 [30].
Its vector control is pAG415 GAL1-ccdB (alias p2245, Addgene #14145 donated by A. Gitler).
Plasmid phER (alias p798; pHCA/GAL4(1–93) ER.VP16, HIS3, CEN Addgene # 108216
donated by D. Picard) was used to induce expression of GAL1 controlled TDP-43 on
dextrose media upon the addition of 2 µM β-estradiol. phER contains the human estrogen
receptor hormone-binding domain fused to the GAL4 DNA binding domain and the VP16
viral transcriptional activator (hER). Plasmid pCUP1-GFP-ATG8 (alias p2571 URA3, CEN,
Addgene #49423 from D. Klionsky’s lab) was used to measure autophagy.

An independent TIP41 deletion strain (shown as tip41∆* on Figure 1a) was recon-
structed in the same parent strain used for the deletion, BY4741. DNA from the deletion
library strain with kanMX4 replacing TIP41 was amplified with the 45 uptag (TGACC-
TAAGGGCAGCTTTAGACACAACAGCTCCCCAGAAAAAATG) and downtag (GACGT-
GTATGTATTTGTACGTATTGTTTTGTATATTTGATTGTTA) primers surrounding the dis-
ruption. The amplicon was transformed into BY4741 and new tip41∆ kanMX4 disruptions
were selected on YPD supplemented with 200 mg/L geneticin (G418). The new presumptive
kanMX4 resistant TIP41 deletion was confirmed by comparing its PCR products with PCR
products from the bona fide TIP41 deletion strain and a wild-type control using confirmation
primers (A=CATGGCTTCTTTTGACTATCTGTTT; B=ATGATATTTAAGGAATCGTCGTTCA;
C= GAATCCAAGGAATTTGAAGGTAAAT and D= TAGACATCTTGTACCAGTGAACGTG).

We constructed pGAL-TIP41 with Gateway cloning [31]. We made the TIP41 entry
clone with a BP reaction between pDONR221 and a PCR amplified TIP41 fragment con-
taining a stop codon. We made the pGAL1-TIP41 construct (p2683) with a LR reaction
between the TIP41 entry clone (p2676) and the yeast destination vector, pAG413 GAL-ccdB
(Addgene #14141).

Scoring for growth: Cells were grown in standard yeast media [32]. To examine the
effects of TDP-43 on growth, independent transformants of each type were suspended
in sterile water, normalized to 4 OD600, serially diluted 10-fold, and spotted on plasmid
selective synthetic dextrose medium with and without 2 µM β-estradiol or on plasmid
selective galactose medium supplemented with 1% raffinose using a MC48 (Dan-kar Corp,
MA) spotter (Figure 1a). Plates were scanned after incubation at 30 ◦C for 3 days for glucose
media and after 6–7 days for galactose media.
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Figure 1. TIP41 is a new modifier of TDP-43 toxicity that reverses inhibition of growth and autoph-
agy caused by TDP-43. BY4741 (WT), along with deletions of pbp1∆, tip41∆ or atg6∆ made in BY4741 
were triple transformed with: pGAL1-TDP-43 (TDP-43 or T) which enables overexpression of TDP-
43 or its empty vector (vector or v), pCUP1-GFP-ATG8 to measure autophagy, and phER which 
enables expression of GAL1 controlled TDP-43 on dextrose media upon the addition of 2 µM β-
estradiol. Addition of 50 µM Cu++, which induced GFP-ATG8, caused fluorescence but had no effect 
on cell morphology or growth rate. Expression of TDP-43 on galactose, or dextrose with β-estradiol, 
was confirmed by the presence of elongated cell shapes [13]. (a) Growth inhibitory effects due to 
TDP-43 overexpression are partially relieved by deletion of PBP1 or TIP41. To examine the effects 
of TDP-43 on growth, four independent transformants of each type grown in plasmid selective me-
dia were normalized to 4 OD600, serially diluted 10-fold, and spotted on plasmid selective synthetic 
dextrose medium with and without 2 µM β-estradiol or on plasmid selective galactose medium 
supplemented with 1% raffinose. All media contained 50 µM Cu++. Plates were scanned after incu-
bation at 30 °C for 3 days for glucose media and after 6–7 days for galactose media. The deletion 
strains were from the Open Biosystems yeast deletion library except for tip41∆* which is a new 
deletion remade in BY4741 for this study. (b) Cytotoxicity of the GAL1 driven TDP-43 in WT, pbp1∆, 
tip41∆ and atg6∆ cells. Samples of cultures of triple transformants grown in plasmid selective 2% 
galactose with 2% raffinose liquid medium for 18 hrs to induce TDP-43 expression were stained 
with trypan blue and imaged. Raffinose was added to improve growth. The % of dead cells was 
calculated as the ratio of dead blue cells among total blue and white cells. Error bars present stand-
ard error of the mean (SEM) calculated from three independent transformants. (c) TDP-43 inhibits 
autophagy and pbp1∆ or tip41∆ reverse this effect. Autophagy is seen as the ratio of cleaved GFP to 

Figure 1. TIP41 is a new modifier of TDP-43 toxicity that reverses inhibition of growth and autophagy
caused by TDP-43. BY4741 (WT), along with deletions of pbp1∆, tip41∆ or atg6∆ made in BY4741
were triple transformed with: pGAL1-TDP-43 (TDP-43 or T) which enables overexpression of TDP-43
or its empty vector (vector or v), pCUP1-GFP-ATG8 to measure autophagy, and phER which enables
expression of GAL1 controlled TDP-43 on dextrose media upon the addition of 2 µM β-estradiol.
Addition of 50 µM Cu++, which induced GFP-ATG8, caused fluorescence but had no effect on cell
morphology or growth rate. Expression of TDP-43 on galactose, or dextrose with β-estradiol, was
confirmed by the presence of elongated cell shapes [13]. (a) Growth inhibitory effects due to TDP-43
overexpression are partially relieved by deletion of PBP1 or TIP41. To examine the effects of TDP-43
on growth, four independent transformants of each type grown in plasmid selective media were
normalized to 4 OD600, serially diluted 10-fold, and spotted on plasmid selective synthetic dextrose
medium with and without 2 µM β-estradiol or on plasmid selective galactose medium supplemented
with 1% raffinose. All media contained 50 µM Cu++. Plates were scanned after incubation at 30 ◦C
for 3 days for glucose media and after 6–7 days for galactose media. The deletion strains were from
the Open Biosystems yeast deletion library except for tip41∆* which is a new deletion remade in
BY4741 for this study. (b) Cytotoxicity of the GAL1 driven TDP-43 in WT, pbp1∆, tip41∆ and atg6∆
cells. Samples of cultures of triple transformants grown in plasmid selective 2% galactose with 2%
raffinose liquid medium for 18 hrs to induce TDP-43 expression were stained with trypan blue and
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imaged. Raffinose was added to improve growth. The % of dead cells was calculated as the ratio of
dead blue cells among total blue and white cells. Error bars present standard error of the mean (SEM)
calculated from three independent transformants. (c) TDP-43 inhibits autophagy and pbp1∆ or tip41∆
reverse this effect. Autophagy is seen as the ratio of cleaved GFP to uncleaved GFP-ATG8 imaged
with α-GFP (1:5000, F. Hoffmann-La Roche AG, Basil, Switzerland. Above is one representative gel.
Below is average and SEM of an image J analysis of the ratio of the density of GFP to GFP-Atg8
bands in gels from three independent transformants. R indicates the addition of 200 nM rapamycin
in plasmid selective TDP-43 and GFP-ATG8 overexpression media. ** indicates p < 0.05 using paired
t-test. (d) The ability of pbp1∆, tip41∆, or atg6∆ to alter TDP-43 toxicity is not mediated by changing
the cellular level of TDP-43. Immunoblot analysis established the level of TDP-43 in the transformants
using α-TDP-43 (1:3000; Proteintech Group) and the level of the internal loading control, PGK1 using
α-PGK (yeast 3-phosphoglycerate kinase, 1:10,000, Novex).

Scoring for viability: Cells grown in liquid plasmid selective 2% galactose medium
supplemented with 2% raffinose and 50 µM Cu++ (galactose) for 18 hrs at 30 ◦C with
shaking were then resuspended in 1/10th volume TE and 1.5 µL were mixed on slides
with 1.5 µL 0.4% trypan blue. The number of blue (dead) vs. unstained (viable) cells were
counted blind in different fields of photographed cells imaged with a Nikon Eclipse E600
fluorescent microscope (100× oil immersion). Between 820 and 1106 cells were counted for
each sample.

Scoring for autophagy: Triple transformants with pGAL1-TDP-43, pCUP1-GFP-ATG8,
and phER, and were selected on synthetic dextrose (2%) plates lacking leucine, uracil, and
histidine (SD -Leu -Ura -His). To confirm that transformants could overexpress TDP-43 and
express GFP-ATG8 these plates were replica-plated to SRGal (2% galactose) -Leu -Ura -His
supplemented with 1% raffinose and 50 µM Cu++ where the GAL1 and CUP1 promoters
were induced. Replica-plated colonies were checked for cell elongation to confirm over-
expression of TDP-43 [12], and for GFP-ATG8 fluorescence. These colonies were used to
determine either the amount of GFP-ATG8 cleavage (measured by immunoblotting) or the
cellular location of GFP (measured by microscopic evaluation as described below) to report
on the level of autophagy.

To determine the level of cleavage of GFP-ATG8 cells were grown in plasmid selective
glucose media (SD -Leu -Ura -His), harvested, washed, normalized to 0.2 OD600 and spread
on TDP-43 and GFP-ATG8 overexpressing plasmid selective galactose media (SRGal -Leu-
Ura -His) with 1% raffinose and 50 µM CuSO4 without or with of 200 nM rapamycin [33].
Cells were washed off plates after overnight incubation (18 hrs) at 30 ◦C and resuspended
in 250 µL of lysis buffer (80 mM Tris, 300 mM KCl, 10 mM MgCl2 and 20% glycerol), 1:50
diluted protease inhibitor cocktail (Sigma), and 5 mM phenylmethylsulfonylfluoride (PMSF)
at pH 7.6. Cells were then lysed with 0.5 mm glass beads in a Biospec mini-beater 5X at high
speed for 45 s each, separated by 1 min cooling in ice. Lysates cleared by centrifugation at
10,000× g for 5 min at 4 ◦C, were normalized so that 55 µg of total protein would be loaded
on the gel lane, boiled for 5 min in sample buffer [4% SDS, 10% glycerol, 50 mM Tris-Cl
pH6.8, 1 mM EDTA, 80 mM DTT, 0.05% (w/v) bromophenyl blue dye], and resolved on
10% SDS-PAGE followed by immunoblotting with α-GFP (1:5000, Roche) to compare the
level of uncleaved GFP-ATG8 and cleaved GFP, with α-TDP-43 (1:3000; Proteintech Group)
to measure the level of TDP-43, and with α-Pgk (yeast 3-phosphoglycerate kinase, 1:10,000,
Novex) for an internal loading control. The ratio of cleaved GFP to uncleaved GFP-ATG8
measures autophagy. To compare the level of TDP-43 present in WT vs. deletion strains the
internal PGK control was used.

The cellular location of GFP-ATG8 determined by microscopy was also used to mea-
sure autophagy. Triple transformants verified in Figure 1a were grown in 2% dextrose
plasmid selective media, normalized, reinoculated at 0.02 OD600 into 2% galactose medium
supplemented with 2% raffinose, 50 µM Cu++ and 1.6 nM FM4-64 (Sigma, T3166, dis-
solved in DMSO) and grown for 18 hrs with shaking at 30 ◦C to visualize cell membranes
and vacuoles. Fluorescence was visualized with a Nikon Eclipse E600 fluorescent micro-
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scope (100× oil immersion) equipped with GFP and mCh filters. Cells were examined
for GFP-ATG8 fluorescence, FM4-64 staining, and trypan blue staining. Cells with diffuse
fluorescence in the cytoplasm without a concentration of fluorescence in the vacuole, or
fluorescence in cytoplasmic foci even if accumulation of fluorescence in the vacuole, were
scored as exhibiting inhibited autophagy. Cells with a concentration of fluorescence in the
vacuole without punctate cytoplasmic foci, or live cells with no fluorescence, were scored
as having undergone autophagy. Dead cells were detected with trypan blue staining seen
in bright field.

3. Results
3.1. Deletion of TIP41 Reduces Toxicity of TDP-43

Initial screening showed that deletions of ICY1 and SSB1 did not affect toxicity as-
sociated with galactose induced overexpression of TDP43, while deletion of TIP41 had a
big effect. Thus, we focused on TIP41. The effect of overexpression of TDP-43 on growth
and cell viability was compared in yeast strain BY4741 and isogenic deletions of TIP41,
PBP1 and ATG6 made in that strain background. These three strains were transformed with
pGAL-TDP-43 (or its empty vector control) to allow for overexpression of TDP-43 on galac-
tose, phER to allow the addition of 2 µM β-estradiol to induce overexpression of TDP-43
from pGAL-TDP-43 in dextrose media, and pCUP1-GFP-ATG8 to express GFP-ATG8 in the
presence of 50 µM Cu++ to enable measurement of autophagy. Growth of spots of serial
dilutions of at least four independent transformants was compared on plates and the frac-
tion of dead cells was determined in liquid cultures (Figure 1a,b). As seen previously [16],
overexpression of TDP-43 caused reduced growth and cell viability and these effects were
ameliorated by deletion of PBP1. We found that deletion of TIP41 likewise reduced these
toxic effects of TDP-43 overexpression (Figure 1a,b). This finding was confirmed by using
an independently made deletion of TIP41 (Figure 1a). The effects of pbp1∆ and tip41∆ on
TDP-43 toxicity were not caused by reducing the level of TDP-43 in the cell (Figure 1d).

3.2. Overexpression of TDP-43 Reduces Autophagy but Only in the Presence of PBP1 and TIP41

The level of autophagy was compared in cells with or without overexpression of
TDP-43, otherwise grown under identical conditions. Cells deficient in autophagy due to
mutation (atg6∆) were used as controls. Autophagy was assayed by observing the break-
down or location of the autophagy reporter, GFP-ATG8, using both and immunoblotting
(Figure 1c) and quantitative whole cell imaging (Figure 2a,b).

The level of autophagy in the presence of TDP-43 measured on immunoblots was about
50% of that seen in the absence of TDP-43 overexpression, while atg6∆ reduced autophagy
to 40% compared to wild-type whether or not TDP-43 was overexpressed (Figure 1c). As
expected, addition of the TORC1 inhibitor, rapamycin [33], enhanced autophagy (Figure 1c).
Overexpression of TDP-43 had no significant effect on autophagy in the pbp1∆ or tip41∆
strains (Figure 1c).

For whole cell imaging, GFP-ATG8 fluorescence of viable cells that exhibited diffuse
fluorescence in the cytoplasm without a concentration of fluorescence in the vacuole, or
fluorescence in the cytoplasm in foci even if accumulation in the vacuole, were scored as
having delayed or blocked autophagy. Cells with fluorescence in the vacuole without cyto-
plasmic punctate foci, or live cells with no fluorescence, were scored as having autophagy
(Figure 2a). Using this assay, autophagy was seen in about 85% of wild-type cells without
TDP-43 overexpression, 45% of wild-type cells with TDP-43 overexpression, and less than
40% of atg6∆ cells with or without TDP-43 overexpression (Figure 2b). Unlike in wild-type
cells, TDP-43 did not reduce autophagy in pbp1∆ and tip41∆ cells (Figure 2b). Overexpres-
sion of TIP41 did not affect cell viability whether or not TDP-43 was present (Figure 2c). As
reported previously [34] autophagy was enhanced by TIP41 overexpression but we found
that overexpression of TDP-43 reduced TIP41 enhanced autophagy (Figure 2c).
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Figure 2. Microscopic assay showing TDP-43 overexpression reduces autophagy. Triple transformants
analyzed in Figure 1a were inoculated at 0.02 OD600 in the presence of 1.6 nM FM4-64 to visualize
cell membranes and vacuoles in plasmid selective galactose supplemented with 2% raffinose and
50 µM Cu++ for 18 hrs at 30 ◦C with shaking. Cells were scored for autophagy using the CUP1
controlled GFP-ATG8 reporter by microscopic determination of the location of the fluorescence.
(a) FM4-64 staining, trypan blue staining and GFP fluorescence of cells expressing GFP-ATG8 are
shown in representative cells to illustrate scoring. Cells with accumulation of diffuse fluorescence in
the cytoplasm without a concentration of fluorescence in the vacuole, or fluorescence in the cytoplasm
in foci even with accumulation in the vacuole, were scored as having delayed or blocked autophagy
(-). Cells with fluorescence in the vacuole without punctate cytoplasmic foci, or live cells with no
fluorescence, were scored as having autophagy (+). Dead cells were detected with trypan blue
staining seen in bright field. (b) The fraction of WT, pbp1∆, tip41∆, or atg6∆ cells exhibiting autophagy.
The cells shown in Figure 2a are representative examples of what cells looked like when scored as
indicated. All types of cells were found in all the strains examined. Still, we have listed the strains
the cells shown were found in for completeness. (c) The fraction of WT cells exhibiting autophagy
and alive with and without overexpression of TDP-43. Cells were grown on selective galactose plates
supplemented with 1.6 nM FM4-64, 1% raffinose, and 50 µM Cu++ for 18 hrs at 30 ◦C and scored for
autophagy as described in (a). The fraction of dead cells was determined as in Figure 1b. Error bars
represent the SEM calculated from three independent transformants. About 150-700 cells were scored
for each transformant. ** indicates p < 0.05 in two-tailed t-test.

4. Discussion

It has long been speculated that autophagy and proteolysis are intimately involved
in neurodegenerative diseases. Indeed, a series of experiments show that pathological
TDP-43 aggregation alters control of autophagy and that increasing the level of autophagy
reduces TDP-43 pathology. For example, several chemical activators of autophagy promote
loss of TDP-43 aggregates and reduce TDP-43 associated death of neurons both in vitro
and in vivo [23,24,35,36]. Additionally, mutations in genes involved in autophagy such as
UBQLN2, OPTN, p62, and VCP, are linked to ALS [35].

A previous report in yeast was inconsistent with the above-mentioned results in
neurons, calling into question the idea that increased autophagy is a viable therapeutic
approach for TDP-43 toxicity. While this paper [22] primarily examined the effect of
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the lysosomal pathway on TDP-43 toxicity in yeast, it tangentially reported that TDP-43
enhanced autophagy and that inhibition of autophagy reduced TDP-43 toxicity. Here,
using different strains, vectors and growth conditions, we focus on autophagy and TDP-
43 toxicity in yeast. Using two distinct assays we find that TDP-43 expression inhibits
autophagy. This supports the hypothesis of increased autophagy as a therapeutic.

It has been known for some time that deletion of PBP1 reduces TDP-43 toxicity in
yeast [16]. We show here for the first time that deletion of the related gene, TIP41, also
rescues TDP-43 toxicity. PBP1 and TIP41 are related because deletion of either is lethal in
petites and overexpression of either suppresses the petite lethality of mutations reducing
import of mitochondrial proteins [20].

Both proteins are involved in autophagy. PBP1 in a liquid-like gel turns on autophagy
by inhibiting TORC1 [21,37]. TIP41 activates the SIT4 phosphatase which dephosphorylates
TAP42 allowing it to turn on autophagy [34,38]. Different from these papers, we grew
cells on synthetic galactose media. Under these conditions we did not detect any effect of
deletion of PBP1 or TIP41 on autophagy.

Our data suggest that TDP-43 requires both PBP1 and TIP41 for it to inhibit autophagy
and be toxic. The mechanism is unknown although their common effect on rescuing
petites from inefficient mitochondrial import of proteins may not be the cause since other
deletions with that phenotype (SSB1 or ICY1) did not inhibit TDP-43 toxicity. Recalling
that, in our conditions, deletion of PBP1 or TIP41 only effected autophagy in the presence
of TDP-43 overexpression (Figure 2b), we consider the following three hypotheses. One
idea is that PBP1 and TIP41 are required for TDP-43 to change into its toxic form which is
required for it to inhibit autophagy. Alternatively, PBP1 and TIP41 could encourage cellular
processes needed for TDP-43 toxicity and inhibition of autophagy. Finally, TDP-43 together
with PBP1 and TIP41 could work through some cellular target to both cause toxicity and
inhibit autophagy.

Here, we speculate on the last possibility, postulating TORC1 as the TDP-43 cellular
target that causes toxicity and inhibits autophagy. In this scenario, in the absence of TDP-43,
some TORC1 could be inactivated by being sequestered into stress granules or the TOROID
structure [39] thereby enhancing autophagy. Expression of TDP-43 could promote the PBP1
and TIP41 dependent release and activation of TORC1, turning autophagy off.
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