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A key pathological hallmark in >97% of all Amyotrophic Lateral Sclerosis (ALS) cases is the
cytoplasmic mislocalization and aggregation of a nuclear RNA binding protein, TDP-43. Driving
clearance of cytoplasmic TDP-43 reduces toxicity in various ALS models, though how TDP-43
clearance is regulated remains controversial. To address this, we conducted an unbiased yeast
genome-wide screen using high-throughput dot blots to identify genes that affect TDP-43 levels.
Our screen identified ESCRT complex factors, which induce membrane invagination
(particularly at multi-vesicular bodies; MVBs) and K63-linked ubiquitination as key facilitators
of TDP-43 endolysosomal clearance. TDP-43 co-localized and bound RspS/NEDD4 and ESCRT
proteins, and perturbations to either increased TDP-43 aggregation and accumulation. NEDD4
also ubiquitinates TDP-43. Lastly, TDP-43 accumulation caused formation of “giant” MVBs
which could reflect a pathological consequence of TDP-43 pertinent to ALS. Our studies shed
light on endolysosomal-mediated cytoplasmic protein degradation, which likely impacts multiple

substrates, and may be a target for novel ALS therapeutic strategies.
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Introduction

Amyotrophic lateral sclerosis (ALS) is an age-related neurodegenerative disease that
affects motor neurons and support cells (e.g., glia and astrocytes) of the brain and spinal cord.
ALS is characterized by progressive degeneration and death of motor neurons, muscle weakness,
and fatal paralysis due to respiratory failure that typically occurs 2-5 years post-diagnosis. While
~10% of cases exhibit a hereditary component, most ALS cases are sporadic in nature and are
not associated with a specific gene mutation. Many familial ALS gene mutations are in genes
that impact RNA metabolism and proteostasis, indicating a likely role for these in ALS
pathology. However, the molecular mechanisms underlying ALS onset and disease progression
are still unknown and no effective treatments for ALS currently exist®.

Regardless of disease etiology, a common pathological feature that unites >97% of all
ALS cases is the cytoplasmic mislocalization, accumulation, and often aggregation of a nuclear
RNA binding protein, TDP-43 (TAR DNA-binding protein 43)2. TDP-43 preferentially binds
UG-rich sequences, and functions in many RNA-related processes including regulation of
alternative splicing, transcription, mMRNA localization, translation, mMRNA decay, and miRNA
biogenesis. TDP-43 mislocalization and accumulation within the cytoplasm results in a toxic
gain-of-function, which could reflect TDP-43 aggregates sequestering key RNAs and proteins, as
well as a nuclear loss-of-function, in which TDP-43 nuclear depletion may impair the
performance of its various nuclear roles?®.

Failure to effectively clear cytoplasmic TDP-43 may facilitate the pathology of ALS.
Indeed, many proteins involved in proteostasis mechanisms such as autophagy and the ubiquitin-
proteasome system (UPS), including SQSTM14, VCP®, UBQLN25, and OPTN?, are mutated in
rare familial ALS cases. Also, ALS disease phenotypes can be recapitulated by overexpressing

TDP-43 in numerous models (yeast?, flies®, and human cells'®) indicating that accumulation of
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TDP-43 is pathogenic. Additionally, increasing TDP-43 degradation by driving bulk, non-
selective autophagy can reverse toxicity associated with TDP-43 accumulation and/or
mislocalization'?. Therefore, increasing clearance of TDP-43 may be a broadly applicable
therapeutic strategy for diseases with cytoplasmic TDP-43 proteinopathy.

The mechanisms by which TDP-43 is degraded remain highly debated. Prior studies have
postulated that insoluble TDP-43 aggregates and oligomers are targeted for clearance via
autophagy and soluble TDP-43 is degraded via the UPS*>14, However, these studies often relied
upon chemical means of blocking autophagy (Bafilomycin A1, Wortmannin, 3-methyladenine,
Chloroquine, etc.) which also impair other lysosomal trafficking pathways (e.g., endolysosomal
trafficking), or lysosome function generally, making the interpretation of results difficult. Several
E3-ubiquitin ligases can ubiquitinate TDP-43, but the effects of these ubiquitination events are
often not correlated to TDP-43 clearance> 8,

We and others have shown in yeast, human cell culture, and iPSC ALS patient derived
motor neurons that cytoplasmic TDP-43 clearance and toxicity are strongly dependent on an
autophagy-independent endolysosomal degradation pathway %22, Notably, blocks to autophagy
and the proteasome showed minimal effects on TDP-43 clearance and toxicity in yeast models.
In yeast and human cell models, impairment of endolysosomal flux caused increased TDP-43
accumulation, aggregation, and toxicity, whereas enhancing endolysosomal flux suppressed
these phenotypes. In a TDP-43 fly model of ALS, genetic defects in endocytosis exacerbated
motor neuron dysfunction whereas enhancement of endocytosis suppressed such dysfunction.
Lastly, expression of cytoplasmic TDP-43, in particular aggregation prone mutants, inhibits
endocytosist®?°,

Given the lack of consensus on how TDP-43 is cleared, and which clearance pathways

are most relevant to ALS phenotypes, we performed an unbiased genetic screen in S. cerevisiae


https://doi.org/10.1101/2022.12.05.519172
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.05.519172; this version posted December 5, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

to determine genes that alter TDP-43 abundance. We discovered additional conserved proteins
that regulate TDP-43 toxicity, aggregation, and protein stability by targeting TDP-43 for
endolysosomal clearance, specifically Endosomal Sorting Complexes Required for Transport
(ESCRT) proteins, and the E3 ubiquitin ligase, Rsp5 (yeast)/NEDD4 (human). NEDD4 also
binds, ubiquitinates and destabilizes TDP-43. Finally, mild TDP-43 over-expression (2-fold
including endogenous TDP-43) causes accumulation of giant MVB-like organelles, within which
TDP-43 accumulates in a NEDD4-driven manner. Collectively, these data and prior work
suggest that cytoplasmic TDP-43 is cleared by an endolysosomal mechanism, and that

pathological accumulation of TDP-43 can also disrupt endolysosomal trafficking.

Results
A dot-blot genetic screen in yeast identifies genes regulating TDP-43 steady-state levels

To our knowledge, an unbiased genetic screen to identify regulators of TDP-43
abundance has not been conducted in any model system. Such a screen could identify regulators
of both TDP-43 synthesis and degradation, and in turn novel therapeutic targets for diseases
characterized by TDP-43 proteinopathy. Therefore, we designed a dot blot genetic screen, a
refinement of a previously published method?3, that allowed us to measure steady-state TDP-43
protein levels in each strain of the yeast non-essential gene deletion library (Figure 1A; see
Materials and Methods). To control for variations in expression due to intrinsic or extrinsic
noise, four control strains were utilized in two different locations on each 384-well dot blot plate.
First, a wild-type (WT) strain containing TDP-43-YFP plasmid was included to act as the
standard to which all other strains were normalized. Second, a bre54 strain containing TDP-43-

YFP plasmid was used to ensure that strains with lower TDP-43 protein levels were detectable.
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We previously reported that the bre54 strain (a deubiquitinase co-factor) exhibits significantly
reduced TDP-43 protein levels at steady-state?®. Third, a WT strain containing a high-copy
TDP-43-GFP plasmid was also included to ensure strains with higher TDP-43 protein levels
were detectable. Lastly, a WT strain containing an empty vector was included to ensure that
nonspecific binding of the a-GFP/YFP antibody was minimal (Figure 1B). Besides a-GFP/YFP
labeling, blots were also probed with an a-GAPDH antibody, which allowed normalization of
each dot blot and mitigated variable detection caused by variable strain growth rates or lysis
efficiencies (Figure 1B).

Altogether, this screen generated 196 hits total with 44 strains exhibiting significantly
increased TDP-43 abundance (>1.5-fold increase, p-value < 0.05) and 152 strains exhibiting
significantly decreased TDP-43 abundance (<0.5 fold decrease, p-value <0.05; Supplementary
Table 1). Encouragingly, our screen re-identified previously known regulators of TDP-43
abundance in yeast such as bre54 (30% of WT)?, Other expected regulators of TDP-43
abundance obtained in the screen included regulators of carbon metabolism, consistent with the
GAL1-driven nature of the TDP-43 construct utilized. Furthermore, two separate rim84 strains,
present twice in the deletion library owing to a gene annotation error, were both identified as hits
with very similar levels of TDP-43 accumulation (5.0- and 5.5-fold accumulation).

Overall, gene ontology analysis indicated that terms most significantly enriched among
the hits from the screen included K63-linked ubiquitination, vacuolar proton-transporting V-type
ATPase complex assembly, and protein localization to endosomes (Figure 1C). Interestingly,
among the top 10 hits with increased TDP-43 abundance were rim84, mms24, vps284,
ygrl22wA, and rad6A strains, which we validated manually via western blotting (Figure 1D).
Rim8 is an adaptor in the endolysosomal pathway for the E3 ligase Rsp5, which facilitates

targeting of Rsp5 to its substrates for ubiquitination®*. Rim8 also binds the ESCRT-I complex to
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target its substrates (typically transmembrane proteins) for eventual degradation in the vacuole?®®.
Mms2 and Rad6 are E2 ubiquitin-conjugating enzymes that both function in K63-linked protein
ubiquitination®®?7, VVps28 is a core component of the ESCRT-1 complex involved in sorting
cargoes into MVBs?. Ygr122w is a protein of unclear function that binds the ESCRT-I1II
complex factor Snf7, and negatively genetically interacts with Rsp52°. Together, combined with
our prior work*®29, this led us to a working model that TDP-43 is subject to K63-linked
ubiquitination via Rsp5, which then ultimately targets it to the ESCRT complex for

internalization into MVBs.

TDP-43 clearance and aggregation depend on ESCRT function

Previously, we showed that mutations in ESCRT genes increase TDP-43 toxicity®®. To
verify the defects in TDP-43 clearance in ESCRT mutants as suggested by our screen, we
measured protein levels of TDP-43 in mutants of each ESCRT subcomplex via western blotting
and found that almost all these mutant strains had significantly increased steady-state levels of
TDP-43 when compared to a wild-type strain (Figure 2A). We then sought to determine if these
increased levels of total TDP-43 protein correlated with an increase in TDP-43 aggregation via
fluorescence microscopy. Indeed, relative to WT, strains that exhibited small increases in TDP-
43 abundance also had small increases in TDP-43 foci per cell (vps44 and vps24), while strains
that had large increases in TDP-43 abundance had significantly increased TDP-43 foci per cell
(vps284, vps364, and vps274; Figure 2B). Additionally, to determine whether increases in TDP-
43 abundance were a result of improper clearance, rather than altered synthesis, we performed
cycloheximide chase assays where global protein synthesis was halted by the addition of
cycloheximide and then yeast whole cell lysate was collected at different timepoints over 24

hours to determine how quickly TDP-43 is cleared. In these assays, TDP-43 stability was
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significantly increased in the ESCRT mutant strains vps364 and vps44 (Figure 2C). TDP-43
foci also colocalized with the core ESCRT factors Vps28, Vps36, and VVps4 indicating a potential
physical interaction between TDP-43 and the ESCRT complex (Figure 2D). To assess this, we
performed immunoprecipitations of GFP-tagged ESCRT factors Vps28 (ESCRT-I) and Vps36
(ESCRT-II) to determine if TDP-43 can interact with these proteins. We found that TDP-43 co-
immunoprecipitated with both VVps28 and Vps36 indicating that TDP-43 can indeed interact with
the ESCRT complex in yeast cells (Figure 2E). Altogether, these data strongly suggest that

TDP-43 clearance in yeast is dependent upon the ESCRT complex.

TDP-43 toxicity, aggregation, and clearance depend on the E3-ubiquitin ligase Rsp5

Since factors related to K63 ubiquitination and known Rsp5 interactors were among the
top hits of our dot blot screen, we decided to investigate the role of the E3 ubiquitin-ligase Rsp5
in the toxicity, aggregation, and clearance of TDP-43. Rsp5 is one of the major endolysosomal
E3 ubiquitin-ligases in yeast responsible for K63-linked ubiquitination and has many functions in
regulating protein turnover and trafficking®. Importantly, RSP5 is an essential gene, thus we
utilized a commonly used temperature-sensitive (ts) mutant, rsp5-3, which possesses three
missense point mutations, T104A, E673G, and Q716P, that inhibit Rsp5’s catalytic activity at
elevated temperatures®l. TDP-43 toxicity, evidenced via serial dilution spotting assays, was
greatly exacerbated by partial inactivation of rsp5-3 by temperature shift to 30°C (Figure 3A).
Surprisingly, even at the “permissive” temperature of 25°C, the rsp5-3 strain exhibited greater
growth defects from TDP-43 expression, which may reflect partially defective Rsp5 function.
Next, we examined if enhanced TDP-43 toxicity in the rsp5-3 strain correlated with an increase
in TDP-43 accumulation and aggregation. As expected, we saw an increase in TDP-43

aggregation when rsp5-3 was strongly inactivated by shifting the temperature to 35°C while
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comparable amounts were seen at the permissive temperature of 25°C (Figure 3B). We next
sought to determine whether Rsp5 function is important for the clearance of TDP-43 by
performing cycloheximide chase assays. In the wild-type and rsp5-3 strains grown at 25°C,
TDP-43 abundance decreased similarly over a 24hr time course. However, when strains were
shifted to 35°C, the rsp5-3 strain exhibited significantly greater TDP-43 stability than the wild-
type strain (Figure 3C). Additionally, Rsp5 co-localizes in TDP-43 cytoplasmic foci (Figure
3D) and a physical interaction between both proteins was detected via immunoprecipitation
(Figure 3E). Notably, when we overexpressed Rsp5 in a WT strain, TDP-43 toxicity and steady-
state protein levels were significantly reduced (Figures 3F, 3G).

Rsp5 substrate specificity often requires adaptor proteins of the arrestin-related
trafficking adaptor family®. Among the best-known Rsp5 adaptors are Rim8, Earl, and Ssh4
which are also all involved in helping sort Rsp5 substrates to the endolysosomal pathway?°.
Rim8 was a top repeated hit in our dot blot screen, having a >5-fold increase in TDP-43
abundance (Supplementary Table 1). Earl and Ssh4 often function redundantly but both are
involved in cargo sorting of proteins delivered to MVBs and were therefore of interest to our
study. TDP-43 colocalizes with all three of these Rsp5 adaptor proteins via fluorescence
microscopy (Figure 3D). To comprehensively address the importance of all Rsp5 adaptors in
regulation of TDP-43 levels, we performed steady state western blotting of TDP-43 abundance in
all 21 Rsp5 adaptor nulls. Only rim84 showed a significant effect on TDP-43 clearance (Figure
S1). In summary, Rsp5 regulates TDP-43 turnover and toxicity in our yeast model, aided in part

by the adaptor Rim8.

Dominant negative VPS4E228Q increases TDP-43 stability and promotes cytoplasmic

mislocalization
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To examine the role of ESCRT-dependent turnover of TDP-43 in human cells, we
utilized HEK293A cells and a dominant negative mutant of the core ESCRT protein, VPS4. This
mutant possesses a point mutation, E228Q, that prevents ATP-hydrolysis and greatly hinders
ESCRT functions®2. We first determined whether EGFP-VPS4E228Q expression affected the
turnover of endogenous TDP-43 by performing cycloheximide chase assays. We found that
endogenous TDP-43 in cells transfected with EGFP-VPS48228Q was significantly more stable
than untreated WT cells (Figure 4A). Since TDP-43 colocalized with VPS4 in yeast, we
investigated whether TDP-43 colocalized with EGFP-VPS4E228Q by performing
immunofluorescence of endogenous TDP-43. We observed strong colocalization of TDP-43 with
EGFP-VPS4E22Q in large cytoplasmic foci some of which took on vesicular-like patterns of
colocalization (Figure 4B; see middle row). Endogenous TDP-43 levels in both nuclei and the
cytoplasm also increased significantly in the VPS4 E228Q hackground (Figure 4B-C) TDP-43 was
significantly more likely to form cytoplasmic foci in cells transfected with EGFP-VPS48228Q
versus WT cells (Figure 4D). Lastly, we observed that the decreased cell viability associated
with overexpression of TDP-43-GFP and or the C-terminal fragment (CTF) and disease-
associated isoform, TDP-35-GFP, was significantly exacerbated by expression of VPS4E228Q
(Figure 4E). Collectively, these data suggest that the ESCRT complex facilitates TDP-43

turnover and in turn regulates TDP-43 toxicity.

NEDD4 regulates TDP-43 stability and ubiquitination

We next determined if NEDD4, the Rsp5 homolog in humans, affects clearance of TDP-
43 in a mild overexpression context. We utilized HEK293A cells stably expressing TDP-43-GFP
at comparable levels to endogenous TDP-43 in HEK293A cells; this also results in a slight

increase in cytoplasmic TDP-43 localization®®. By performing a cycloheximide chase assay, we
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found that TDP-43-GFP stability was significantly increased in cells where NEDD4 expression
was knocked down approximately 50-60% (depending on the timepoint) versus WT (Figure
5A). Additionally, overexpression of NEDD4 via NEDD4-mCherry plasmid transfection
significantly lowered the steady-state levels of TDP-43-GFP (Figure 5B). Taken together, these
data indicate that TDP-43 stability and abundance are regulated by NEDD4. TDP-43
cytoplasmic abundance tends to correlate with induced cellular toxicity, therefore we
investigated whether altering TDP-43 levels and stability by overexpression or knockdown of
NEDD4 affected cell viability. We found that the decreased cell viability associated with
overexpression of TDP-43-GFP and TDP-35-GFP was significantly rescued by overexpression
of NEDD4 (Figure 5C). When NEDD4 was knocked down we found that TDP-43-GFP and
TDP-35-GFP expression significantly reduced cell viability (Figure 5C). Thus, NEDD4 is a
regulator of TDP-43 toxicity.

To determine whether the effects of NEDD4 overexpression involved interaction with
TDP-43, we initially performed live-cell fluorescence microscopy of cells overexpressing
NEDD4-mCherry and TDP-43-GFP. We found that NEDD4-mCherry and TDP-43-GFP
colocalize in cytoplasmic foci (Figure 5D). In vivo binding of NEDD4-mCherry and TDP-43-
GFP was also detected via immunoprecipitation (Figure 5E). Finally, since NEDD4 is an E3
ligase, and ubiquitination is commonly involved in protein degradation, we performed a
ubiquitination assessment of immunopurified TDP-43-GFP from cells with NEDD4
overexpression or NEDD4 knockdown. In NEDD4 overexpression cells, we observed an
increase in the ubiquitination of TDP-43-GFP versus control (Figure 5F). Conversely, in
NEDD4 siRNA knockdown cells, TDP-43-GFP ubiquitination was markedly decreased (Figure
5F). Altogether, these data indicate that NEDD4 interacts with and likely ubiquitinates TDP-43

to regulate its turnover and toxicity.
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TDP-43 accumulation causes enlargement of MVBs

Since our working model of TDP-43 clearance via the ESCRT machinery suggests TDP-
43 localizes within MVBs, we decided to investigate this via immunofluorescence microscopy
using the common MVB marker, Rab7. Surprisingly, we discovered that TDP-43-GFP and TDP-
35-GFP cell lines developed “giant MVBs” (Figure 6A). Where typically MVBs reach about
0.5-1um in diameter®, we commonly observed Rab7 structures that were much larger in
diameter. These giant MVBs, defined as Rab7 structures with diameters >2.5um, were
significantly enriched in TDP-43-GFP and TDP-35-GFP cells versus parental HEK293A cells
(Figure 6B) and averaged 4.5-5um in diameter (Figure 6C). Rab7-positive MVBs in our TDP-
43-GFP expressing cell lines are highly variable in size with some reaching as large as >10um in
diameter (Figure S2A).

To further investigate the compositional nature of the giant MVBs in TDP-43-GFP and
TDP-35-GFP cells, we performed co-immunostaining of Rab7 along with LC3B, Rab5, or
LAMPL1 to determine if these were possibly hybrid compartments with autophagosomes, early
endosomes, or lysosomes, respectively (Figure 6D and Figure S2B). None of these markers
strongly colocalized with Rab7 MVB membrane signal, although we did sometimes observe
weak colocalization of each marker (most commonly LC3B) with small sections of the MVB
membrane (Figure 6D, Insets). Regardless, our giant Rab7-positive vesicular structures appear

to predominantly resemble MVBs from a compositional perspective.

Giant MVBs are proteolytically active compartments
Since our TDP-43-GFP and TDP-35-GFP expressing cells did not show striking GFP

signal within giant MV Bs, we postulated that these organelles may be proteolytically active and
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therefore once TDP-43/35-GFP is internalized it is quickly degraded by the resident proteases.
Additionally, the lower pH environment of an MVB may impair GFP fluorescence which is
sensitive to acidic pH3*. To address both these issues, we utilized the lysosomotropic agent
chloroquine (CHQ), which increases pH within endolysosomal compartments. CHQ could
increase detection of any GFP signal within MVBs by increasing GFP fluorescence and
impairing resident proteases (as well as fusion with and possible turnover by lysosomes). Indeed,
when we treated TDP-43-GFP and TDP-35-GFP cells with CHQ, the GFP signal within giant
MV Bs became readily apparent (Figure 7A, Figure S3A). While some MVBs exhibited
relatively uniform accumulation of TDP-43-GFP (Figure 7A, row 2), we imaged some MVBs in
which TDP-43-GFP signal appeared in invagination-like structures around the perimeter of the
MVB membrane (Figure 7A, row 3). Additionally, when we transfected TDP-43-GFP and TDP-
35-GFP cells with NEDD4-mCherry and then treated the cells with CHQ, we found NEDD4-
mCherry colocalized with the TDP-43-GFP and TDP-35-GFP invagination events around the
MVB membrane (Figure S3B).

We next determined whether NEDD4 knockdown prevented TDP-43 accumulation
within giant MVBs. We knocked down NEDD4 in TDP-43-GFP cells and then treated them with
CHQ before performing immunofluorescence of Rab7. We found that NEDD4 knockdown
significantly decreased the percentage of cells with TDP-43-GFP within MVBs after CHQ
treatment (Figure 7B and 7C). This data supports our model that TDP-43 is ubiquitinated by

NEDD4 which targets it for internalization into MVBs by the ESCRT complex.

Discussion
A key question is how TDP-43 interactions with RspS/NEDD4 and the ESCRT complex

result in its endolysosomal-mediated degradation. Based on our data, and prior work discussed
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below, we hypothesize that TDP-43, possibly aided by E3-ligase adaptor function (e.g., Rim8 in
yeast), is ubiquitinated by Rsp5/NEDD4 which facilitates TDP-43 interaction with various
ESCRT complex subunits via their Ub-binding domains. TDP-43 is then incorporated within
MVB intraluminal vesicles via ESCRT-mediated invagination. TDP-43 could be degraded either
in MVBs, or following subsequent trafficking to vacuoles/lysosomes (Figure 8). Conceptually,
this resembles endosomal microautophagy (eMl), which has been described for some cytosolic
soluble proteins in human cells, fruit flies, fission yeast (S. pombe), but not (at least until now)
budding yeast (S. cerevisiae)%¢-3. eMI usually involves the Hsc70 chaperone binding a KFERQ-
like motif within the substrate protein, which then targets it to the MVB via Hsc70 binding of
phosphatidylserine residues on the MVVB membrane3°. Substrates are then internalized into
intraluminal vesicles in a manner reliant on components of ESCRT-I, Il and 111 complexes and
Vps449-42, Interestingly, under starvation conditions, Hsc70 and ESCRT-1 become dispensable
for eMI“3. Notably, knockdown of Tsg101 (ESCRT-1) and Vps24 (ESCRT-III) in HeLa cells
results in the accumulation of TDP-43 cytoplasmic aggregates, though this was assumed to
reflect macroautophagic defects*. TDP-43 also harbors a KFERQ motif and is bound by
Hsc70%. In S. pombe, transport of cytosolic hydrolases to vacuoles occurs via a macroautophagy
independent, ESCRT and Ubiquitination-dependent mechanism termed the Nbrl-mediated
vacuolar targeting pathway (NVT)*. Specifically, Nbrl, three E3 Ub-ligases (two of which are
Rsp5 homologs), and a Ub-binding domain within the ESCRT-0 protein Vps27, aid this vacuolar
targeting process. Collectively, these studies provide additional support for our model, and
highlight the importance of assessing the role of Hsc70, TDP-43’s KFERQ motif and ESCRT
Ub-binding functions in future work.

Alternative models of TDP-43 endolysosomal clearance merit consideration. KFERQ

motifs and Hsc70 binding are also generally required for chaperone-mediated autophagy (CMA),


https://doi.org/10.1101/2022.12.05.519172
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.05.519172; this version posted December 5, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

in which unfolded proteins are directly translocated across the lysosomal membrane through a
LAMP2A translocation pore. While clearance of TDP-43 by CMA has recently been reported*’,
this pathway is absent in yeast, and makes no use of ESCRT components in human cells, thus it
is unlikely to relate to the turnover mechanism described in our studies®®®. In contrast, the
ESCRT complex, aided by Rsp5 and the Ssh4 adaptor, can also drive vacuole membrane
invagination and degradation of vacuolar membrane proteins in yeast*®. However, ssh44 yeast
cells do not show altered TDP-43 levels (Figure S1, despite co-localizing in TDP-43 aggregates
(Figure 3D). Also, TDP-43 accumulation within Rab7 positive, LAMP1 negative organelles
(Figure 7, Figure S3) is more consistent with a MVB than lysosomal (vacuolar equivalent)
targeting.

Endolysosomal dysfunction may play a key role in the ALS disease mechanism, and
possibly contributes to cytoplasmic TDP-43 pathology. Several genes mutated in familial ALS
cases (ALS24950 F1G4°t, CHMP2B5%%3) have clear endolysosomal functions with ALS2 being a
Rab5 guanine exchange factor (GEF), FIG4 being involved in PI1(3)P synthesis (critical for early
endosome, and autophagosome, biogenesis), and CHMP2B being an ESCRT-I11 complex factor.
Another familial ALS gene and kinase, TBK1%4%, phosphorylates endosomal proteins (including
Rab7), may modulate Rab7 GTPase activity®8, co-localizes with early endosome markers®” and
leads to severe defects in endolysosomal trafficking and lysosomal acidification when absent in
motor neurons??. Also, the most common familial ALS mutant gene, COORF72, harbors a
DENN domain which is associated with Guanine exchange factors (GEFs) for Rab GTPases®8,
C9orf72 also colocalizes with early endosome and MVB markers (including in ALS patient
motor neurons) and its depletion impairs endolysosomal flux>%#-4%, Finally, partial impairment
of TBK1 activity via an ALS-associated R228H point mutation, combined with (GA)100 peptide

expression (C9ORF72 dipeptide mimic), showed increased TDP-43 pathology and defects in
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endolysosomal flux®. It is worth noting that TBK1 and C9ORF72 have also been linked to
macroautophagic activities®®6163, Regardless, these studies indicate that endolysosomal
dysfunction may lead to cytoplasmic TDP-43 pathology, likely due to impaired TDP-43
clearance.

Simultaneously, a certain cytoplasmic threshold of TDP-43 pathology may also inhibit
endolysosomal flux. Overexpression of TDP-43 alleles increasingly prone to cytoplasmic mis-
localization and aggregation correlates closely with endocytosis rate defects 6495, Cytoplasmic
TDP-43 aggregation causes dysregulation and lowered abundance of Hsc70-4 at neuromuscular
junctions, which drives synaptic vesicle recycling, and endocytosis-dependent process®. This
could underlie ALS motor neuron defects such as glutamate excitotoxicity, where elevated
concentrations of glutamate receptors at synapses are observed®’. Additionally, Bio-1D proximity
labeling data specific to aggregation-prone TDP-43 C-terminal fragments exhibited strong
interaction with vesicular transport proteins (most significant of all GO-term categories
identified), including endolysosomal and Golgi-ER related pathways®. Here, and in our prior
work, microscopy confirms that numerous endolysosomal trafficking proteins are sequestered in
yeast TDP-43 cytoplasmic aggregates®. Thus, while endolysosomal clearance of TDP-43 may
be a common response to keep cytoplasmic TDP-43 pathology in check, this pathway might be
overwhelmed by accumulation of TDP-43 above a certain cytoplasmic threshold, leading to
sequestration of key endolysosomal factors in TDP-43 aggregates. This could lead to a positive
feedback loop of further impairment of TDP-43 clearance, and greater sequestration of
endolysosomal factors, possibly resulting in compensatory clearance mechanisms being induced
(e.g., autophagy) as recently suggested??.

The appearance of giant Rab7-positive MVB-like structures in our HEK293 TDP-43-

GFP and TDP-35-GFP models further supports a defective endolysosomal trafficking process
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related to TDP-43 pathology. Interestingly, other giant (>2um) vesicular structures of presumed
endolysosomal origin have been observed in ALS relevant contexts. These include FIG4 mutant
mouse fibroblasts, where giant LAMP-2 positive organelles were seen in approximately 40% of
cells (versus 5% in WT)®, In “wobbler” mutant mice, which develop a progressive ALS-like
motor neuron degeneration phenotype due to homozygous Vps54 Q967L mutations (impairs
endosome-Golgi trafficking), giant endosomal vesicles were observed in motor neurons, which
were Rab7-positive and mostly LC3-negative, mimicking our observations. Amyloid-Precusor
Protein (APP; implicated in Alzheimer’s) also co-localized in these structures. These giant
endosomal vesicles were also observed in almost half of spinal motor cord neurons from
sporadic ALS patients’. Finally, in the cortex cells of mice over-expressing a (GA)100 peptide,
which also exhibited TDP-43 pathology, both EEA1 (early endosome marker) and Rab7 (MVB
marker) positive giant endosomes were observed. The frequency of these vesicles was increased
further in a TBK1 hypomorphic background, consistent with the previously discussed
endolysosomal trafficking defects of TBK1 mutants. While we have not examined LAMP2,
EEAL or APP here, these studies all point to a gross defect in endolysosomal trafficking in
various ALS models and ALS patient samples. Consistent with the notion that TDP-43
cytoplasmic accumulation may be involved, giant MVBs are observed in >30% of HEK293 cells
where endogenous TDP-43 and TDP-43-GFP are co-expressed (2-fold WT levels), whereas WT
HEK?293 cells display this in <5% of cells (Figure 6B). Determining whether simple
sequestration of endolysosomal factors within TDP-43 cytoplasmic aggregates, or other TDP-43
mediated inhibitory mechanisms impact endolysosomal trafficking, and in particular giant MVB
formation (see® and below) are areas of future interest.

Approximately 600-700 E3 ligases exist in human cells, several of which (Parkin, Cul2,

RNF4, Znf179) have been previously linked via candidate-based studies to TDP-43
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ubiquitination. Overexpression of both TDP-43 and Parkin in rat brains led to co-localization of
both proteins in cortical neurons, though Parkin expression actually increased cytoplasmic TDP-
43 mislocalization. Additionally, while Parkin could ubiquitinate TDP-43 in vitro with both K48
and K63-linked Ub chains, in vivo data did not reveal any impact on TDP-43 ubiquitination nor
TDP-43 protein levels’™. The VHL/Cul2 E3 ligase complex ubiquitinates the 35kDa CTF TDP-
43 in vitro, co-localizes with TDP-43 inclusions in HEK293 and in ALS patient
oligodendrocytes, and facilitates proteasomal-dependent turnover of CTFs in vivo based on
genetic studies!’. No impact of VHL/Cul2 on full length TDP-43 levels was observed. RNF4
binds TDP-43 when both proteins are overexpressed. Under heat stress conditions, endogenous
TDP-43 exhibits in vivo ubiquitination that decreases following RNF4 knockdown, though again
no impact on TDP-43 levels was observed. Finally, in mice and N2a cells, Znf179 binds and
ubiquitinates TDP-43 in vivo and in vitro based on genetic data, and aids turnover of endogenous
or over-expressed TDP-43 when over-expressed. An increase in cytoplasmic TDP-43 aggregates
was also observed in Znf179 KO mice brain tissue'®. To our knowledge, Rsp5/NEDD4 is the
first E3 ligase identified via unbiased methods to impact TDP-43 pathology. Besides
demonstrating that RspS/NEDD4 regulates TDP-43 levels, stability and aggregation and
ubiquitination status, NEDDA4 is also the first E3 ligase shown to impact TDP-43 toxicity and
targeting to a specific organelle (giant MVBs). Thus, NEDD4 appears to be a consequential
regulator of TDP-43 proteostasis, though we cannot rule out that TDP-43 clearance, and other
functions, may be regulated by multiple E3 ligases and adaptors.

Like TDP-43, a-synuclein, a Lewy body component present in Parkinson’s, Dementia
with Lewy bodies and Multiple System Atrophy, also degrades in yeast and human cell culture
models via an autophagy and proteasomal independent mechanism. This too relies on ESCRT

and Rsp5/NEDD4 function, with NEDD4-mediated K63-ubiquitination of a-synuclein having


https://doi.org/10.1101/2022.12.05.519172
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.05.519172; this version posted December 5, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

been demonstrated’? 3. Fly and rat models of Parkinson’s, featuring ectopic a-synuclein
expression, show suppression and enhancement of a-synuclein pathological effects with Nedd4
over-expression or knockdown respectively’. We speculate that many proteins besides TDP-43
and a-synuclein are likely cleared via an Rsp5/NEDD4 and ESCRT-regulated endolysosomal
pathway.

Distinct TDP-43 protein isoforms arising from ALS-associated mutations, alternative
splicing or post-translational cleavage exhibit divergent protein half-lives from WT TDP-
43757677-80 "implying distinct clearance pathways are likely used. Thus, TDP-43 isoform,
misfolding, aggregation and modification status are likely determining factors for utilization of
the endolysosomal clearance pathway. This could be regulated in part by VCP/p97, a Ub-
segregase and AAA-ATPase chaperone, which also facilitates TDP-43 clearance®, and which
can facilitate entry of ubiquitinated substrates into MVBs®-84, Addressing how distinct isoforms
of TDP-43 are degraded is an important area of future research as it may allow selective turnover
of critical disease-associated isoforms while preserving normal TDP-43 and its associated

cellular functions.

Materials and Methods

Yeast strains and growth conditions

Untransformed yeast strains were cultured at 30°C with yeast extract-peptone-dextrose (YPD)
medium. Strains transformed with plasmids were grown in synthetic defined (SD) medium with
appropriate nutrients for plasmid selection. In liquid culture, strains expressing GAL1-driven
TDP-43 from a plasmid (or vector control) were initially cultured overnight in 2% sucrose and
then back diluted to an optical density at 600 nm (ODsno) of 0.1-0.15 in 0.25% galactose and

1.75% sucrose medium, followed by growth at 30°C to mid-logarithmic growth phase (ODsoo,
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0.4 to 0.7). Transformations were performed by a standard lithium acetate method. All yeast

strain and plasmids utilized in the study are listed in Supplemental Table 3.

Dot blot genetic screen

To identify genes that affect TDP-43 protein levels, we developed a yeast genetic screening
method utilizing high throughput yeast colony dot blots. The yeast gene deletion library was
transformed via a high-throughput transformation approach 8 with a single-copy plasmid
encoding TDP-43-YFP under the control of a galactose regulatable promoter. An outgrowth of
transformants was then performed in 96-well suspension culture plates for 4 days following
transformation in SD media lacking uracil and supplemented with 2% glucose. These yeast
strains were then pinned in 384-well format onto agar plates containing the appropriate selection
with 2% sucrose as the carbon source using a Singer ROTOR HDA. After growing for 48 hours
at 30°C, the yeast colonies were then re-pinned in 384-well format onto agar plates that had been
overlaid with nitrocellulose. These nitrocellulose-coated agar plates contained appropriate
plasmid selection and 1.75% sucrose and 0.25% galactose to induce the expression of TDP-43-
YFP. After growth for 8 hours at 30°C, the nitrocellulose was removed from the agar plate and
placed onto filter paper that had been soaked in lysis buffer (350mM NaOH, 0.1% SDS, and 1%
2-mercaptoethanol) for 15 minutes to lyse the cells in situ. Blots were then washed three times
with 1x TBS+0.1% Tween-20 to remove cell debris. Blots were then blocked using 5% non-fat
dry milk (NFDM) for 45 minutes at room temperature and incubated with primary antibodies:
anti-GFP (catalog number ab290; Abcam; dilution 1:5000) and anti-GAPDH (catalog number
MAJ5-15738; Invitrogen; dilution 1:5000) for 16 hours at 4°C. Blots were then washed three
times with 1x TBS+0.1% Tween-20 for 5 minutes each. Blots were incubated with secondary

antibodies: IRDye 800CW goat anti-rabbit (catalog number 925-32211; LI-COR; dilution
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1:20000) and IRDye 680RD donkey anti-mouse (catalog number 926-68072; LI-COR; dilution
1:20000) at room temperature for 1 hour. Blots were then washed four times with 1x TBS+0.1%
Tween-20 for 5 minutes each. Blots were then kept in 1x PBS until being imaged using a LI-

COR Odyssey infrared imaging system.

Western blotting

Western blotting was conducted as described previously?. Primary antibodies were as follows:
anti-GFP (catalog number: QAB10298; enQuirebio; dilution 1:5000), anti-GAPDH (anti-
glyceraldehyde-3-phosphate dehydrogenase; catalog number MA5-15738; Invitrogen; dilution
1:5000), anti-TDP-43 (catalog number 10782-2-AP; Proteintech; dilution 1:5000), anti-NEDD4
(catalog number 21698-1-AP; Proteintech; dilution 1:1000), anti-Ubiquitin (catalog number sc-
8017; Santa Cruz; dilution 1:1000), and anti-mCherry (catalog number ab167453, Abcam;
dilution 1:1000). The results of the quantification of key Western blotting datasets from

throughout the paper are listed in Supplementary Table 2.

Cycloheximide chase assays

For TDP-43 protein stability assays in yeast, TDP-43 expression was halted by the addition of
cycloheximide at 0.2 mg/ml to the growth media. Protein lysates were obtained via a standard
NaOH method and examined via Western blot. For TDP-43-GFP protein stability assays in
HEK293A cells, TDP-43-GFP expression was halted by the addition of cycloheximide at 0.3
mg/ml to the growth media. Protein lysates were generated by resuspending cell pellets in a
standard SDS loading buffer followed by incubation at 95°C for 10 minutes and examined via

Western blot.
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Yeast fluorescence microscopy

The methods have been described previously?. Briefly, mid-log live yeast cells (ODgoo 0.4-0.7)
were rapidly examined at room temperature on glass slides (Globe Scientific, cat:1301) with 1.5
coverslips (VWR, cat: 48366-227) using a DeltaVision Elite microscope with a x100 oil-
immersion (1.515; Cargille, cat: 16245) objective (NA 1.40), and 15-bit PCO Edge sSCMOS
camera. Z-stack data (10 slices, 0.4um each) was collected. Images were subject to
deconvolution using standard parameters (Enhanced ratio, 10 cycles, medium filtering) using
Softworx 7.0.0 (Deltavision software), followed by maximum intensity Z-stack projection.

All image analysis was done using Fiji software®?. TDP-43 foci co-localization with different
proteins and TDP-43 foci per cell was scored manually, in a blind manner, in a minimum of 50
cells (in which each cell may contain multiple foci). Cell and foci counts for all microscopy data
(yeast and human) are listed in Supplementary Table 2. All shown images are representative of
>3 biological replicates, in which each biological replicate involves analysis of a minimum of 50

cells.

Immunoprecipitation analyses

For immunoprecipitation analyses in yeast cells, 10 ODs of mid-logarithmic growth phase yeast
were pelleted by centrifugation at 13,000 x g at 4°C and resuspended in 1 ml of
radioimmunoprecipitation assay cell lysis buffer. 50% volume of disruption beads was added,
and the cells were vortexed for 2 min before being incubated on ice for 3 min. This process was
repeated twice. The cells were centrifuged at 17,000 x g for 10 min at 4°C to separate unlysed
cells and insoluble cell debris. Supernatants were applied to GFP-Trap magnetic agarose beads
(catalog number: gtma, ChromoTek) and nutated for 2 hours at 4°C. Beads were then washed 4

times with wash buffer before being resuspended in standard SDS loading buffer, boiled at 95°C
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for 10 minutes, and examined via Western blot. For immunoprecipitation analysis in HEK293A
cells, 10cm dishes of cells stably expressing TDP-43-GFP were transfected with NEDD4-
mCherry or mock control and grown to 80-90% confluence over 2 days. Cells were collected via
centrifugation and washed in cold 1x DPBS twice before being resuspended in
radioimmunoprecipitation assay cell lysis buffer. The cells were centrifuged at 17,000 x g for
10mins at 4°C to separate insoluble cell debris. Supernatants were applied to RFP-Trap magnetic
agarose beads (catalog number: rtma, ChromoTek) and nutated for 2 hours at 4°C. Beads were
then washed 4 times with wash buffer before being resuspended in standard SDS loading buffer,

boiled at 95°C for 10 minutes, and examined via Western blot

Yeast serial dilution growth assays

Yeast strains transformed with plasmids expressing TDP-43 or an empty vector were grown
overnight as described above, back diluted to an ODeoo 0f 0.2, serially diluted (1:5 dilutions), and
spotted onto identical agar media. All images are representative of those from a minimum of

three biological replicates imaged on the same day.

Culture of HEK293A cells and HEK293A cells expressing TDP-43—-GFP or TDP-35-GFP
TDP-43-GFP and a 35kDa C-terminal TDP-43 fragment (TDP-35-GFP; amino acids 90 to 414,
a cytoplasmic aggregation-prone allele mimicking TDP-43 cleavage by caspases®) were stably
integrated by retroviral means (pQCXIH vector, Hygromycin selection) were stably integrated
into HEK293A ells by retroviral means as previously described!®. Resulting expression of TDP-
43-GFP and TDP-35-GFP are comparable to the level of endogenous TDP-43, meaning both
lines have about double the amount of TDP-43 species (endogenous and GFP-tagged versions)

when compared to HEK293A WT cells. HEK293A WT, HEK-TDP-43-GFP, and HEK-TDP-35-
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GFP cells were cultured at 37°C in Dulbecco modified Eagle medium (catalog number 10-013-
CV; Corning) with 10% fetal bovine serum (catalog number 26140079; Gibco), and 50 U/ml
penicillin and 50 pg/ml streptomycin (catalog number 15140-122; Gibco). Plasmid transfections
were performed using Lipofectamine 3000 according to the manufacturer’s protocol (catalog
number L3000008; Thermo Scientific). SIRNA transfections were performed using
Lipofectamine RNAIMAX according to the manufacturer’s protocol (catalog number 13778100;

Thermo Scientific).

Cell line viability assessment

HEK293A, HEK-TDP-43-GFP and HEK-TDP-35-GFP cells were seeded in 6-well plates at

1x10° cells per well. Cells were then transfected with 2.5ug NEDD4-mCherry or VPS4F228Q

plasmid, or 25 pmol NEDD4 siRNA, or appropriate controls and incubated for 48 hours. Cell
numbers were manually counted using a hemocytometer and normalized to the WT control

wells.

Ubiquitination assay via immunoprecipitation

To assess TDP-43-GFP ubiquitination in HEK-TDP-43-GFP cells, 10cm dishes of cells were
transfected with NEDD4-mCherry, siRNAs targeting NEDD4, or mock control and grown to 80-
90% confluence over 3 days. Cells were collected via centrifugation and washed in cold 1x
DPBS twice before being resuspended in urea lysis buffer (8M urea, 50mM Tris-HCI pH 8.0,
75mM NaCl, 100mM N-ethylmaleimide, 1mM B-glycerophosphate, 1mM NaF, 1mM NaV, and
EDTA-free protease inhibitor cocktail (Roche Diagnostics). Lysates were applied to GFP-Trap

magnetic agarose beads and nutated for 2 hours at 4°C. Beads were then washed 4 times with
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urea lysis buffer before being resuspended in standard SDS loading buffer, boiled at 95°C for 10

minutes, and examined via Western blot.

Cell line immunofluorescence

Cells were cultured for 24 h in 8-well chamber slides (catalog number 80821; Ibidi), fixed with
4% paraformaldehyde for 15 minutes, and permeabilized with 0.1% Triton X-100 for 15 min.
Cells were incubated with indicated primary antibodies overnight at 4°C after blocking with 5%
bovine serum albumin. Cells were then incubated with Alexa fluor conjugated secondary
antibody (Thermo Fisher Scientific, 1:1000 dilution) for 1 h at room temperature. After three
washes with PBS, cells were stained with 0.5 pg/ml DAPI (catalog number P36931; Thermo
Fisher Scientific) and imaged using a Deltavision Elite microscope. Primary antibodies used for
the immunofluorescence were: Rab7 (ab137029; Abcam, dilution: 1:200), Rab5 (ab109534;
Abcam, dilution: 1:200), LC3B (3868S; Cell Signaling, dilution 1:500), LAMP1 (21997-1-AP;
Proteintech, dilution 1:200), and TDP-43 (catalog number 10782-2-AP; Proteintech; dilution
1:200). All shown images are representative of 3 biological replicates, except for Figure 7B

which images shown are representative of 2 biological replicates.
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Figure 1: A dot-blot genetic screen in yeast identifies genes regulating TDP-43 steady-state
levels. (A) Schematic representation of the dot-blot genetic screen. (B) Example dot-blot with
control strains and placement indicated. (C) Gene ontology terms of biological functions
significantly enriched within the hits from the dot-blot genetic screen. (D) Indicated strains were
transformed with TDP-43-mRuby?2 plasmid and grown to mid-logarithmic growth phase and
TDP-43-mRuby?2 was detected by western blot using anti-TDP-43 antibody. TDP-43 levels were
normalized to GAPDH loading control. *, P < 0.05; **, P < 0.01; ***, P < 0.001 by analysis of

variance with Tukey’s post hoc test; N = 3
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Figure 2: TDP-43 clearance and aggregation depend on ESCRT function. (A) Indicated strains
were transformed with TDP-43-mRuby?2 plasmid and grown to mid-logarithmic growth phase
and TDP-43-mRuby?2 was detected by western blot using anti-TDP-43 antibody. TDP-43 levels
were normalized to GAPDH loading control. *, P < 0.05 by analysis of variance with Tukey’s
post hoc test; N = 3 (B) Indicated strains were transformed with TDP-43-mRuby?2 plasmid and
imaged in mid-logarithmic growth phase with foci/cell quantification below. P < 0.001 analysis
of variance with Tukey’s post hoc test; N = 3; Bar, 5 um. (C) Indicated strains were transformed
with TDP-43-mRuby2 plasmid and grown to mid-logarithmic growth phase before being treated
with 0.2 mg/ml cycloheximide for 0, 6, 12, and 24 hours. TDP-43-mRuby?2 levels were detected

by western blot using anti-TDP-43 antibody and normalized to GAPDH loading control. *, P <
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0.05; *** P < 0.001 analysis of variance with Tukey’s post hoc test; N = 3. (D) Strains
endogenously expressing GFP-Vps28, GFP-Vps36, and GFP-Vps4 were transformed with a
TDP-43-mRuby?2 plasmid and imaged at mid-log phase growth. Percentage values indicate
colocalization frequency of TDP-43-mRuby?2 foci with GFP foci. N = 3; Bar, 5 um (E) Strains
with endogenously expressed GFP-Vps28 or GFP-Vps36 and the isogenic WT strain were
transformed with TDP-43-mRuby2 and grown to mid-logarithmic growth phase before GFP

immunoprecipitation was performed. N = 3.
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Figure 3: TDP-43 toxicity, aggregation, and toxicity depend on the E3 ligase Rsp5. (A)
Representative serial dilution growth assay of WT and rsp5-3 strains transformed with the empty
vector or untagged TDP-43 plasmid grown at 25°C or 30°C as indicated. N = 3 (B) WT and rsp5-
3 strains were transformed with TDP-43-mRuby2 plasmid and grown to mid-logarithmic growth
phase at 25°C and samples were imaged. Cultures were then incubated at 35°C for 16 hours and
imaged again. **, P <0.01 by analysis of variance with Tukey’s post hoc test; N = 3; Bar, 5 um

(C) WT and rsp5-3 strains were transformed with TDP-43-mRuby2 plasmid and grown to mid-
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logarithmic growth phase at 25°C before being treated with 0.2 mg/ml cycloheximide for 0, 6,
12, and 24 hours. At time 0 cultures were either shifted to 35°C or kept at 25°C for the remainder
of the time course. TDP-43-mRuby?2 levels were detected by western blot using anti-TDP-43
antibody and normalized to GAPDH loading control. *, P < 0.05 by analysis of variance with
Tukey’s post hoc test; N = 3 (D) Strains endogenously expressing GFP-Rsp5, GFP-Rim8, GFP-
Ssh4 and GFP-Earl were transformed with a TDP-43-mRuby?2 plasmid and imaged at mid-log
phase growth. Percentage values indicate colocalization frequency of TDP-43-mRuby?2 foci with
GFP foci. N = 3; Bar, 5 um (E) A strain endogenously expressing GFP-Rsp5 and the isogenic
WT strain were transformed with TDP-43-mRuby?2 and grown to mid-logarithmic growth phase
before GFP immunoprecipitation was performed. N = 3 (F) Representative serial dilution growth
assay of WT strain transformed with an empty vector control or untagged TDP-43 plasmid, and
with the empty vector control or Rsp5 overexpression plasmid. N = 3 (G) WT strain was
transformed with TDP-43-mRuby?2 and then also transformed with Rsp5 overexpression or
empty vector control plasmid and grown to mid-logarithmic growth phase. TDP-43-mRuby2 was
detected by western blot using anti-TDP-43 antibody. TDP-43 levels were normalized to

GAPDH loading control. *, P < 0.05 by analysis of variance with Tukey’s post hoc test. N = 3
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Figure 4: VPS45228Q increases TDP-43 stability and promotes cytoplasmic mislocalization. (A)
HEK293A WT cells were transfected with EGFP-VPS4E228Q plasmid or empty vector control

and grown in normal conditions for 48 hours. Cells were then treated with 0.3 mg/ml
cycloheximide for the indicated amounts of time and TDP-43 levels were detected by western
blot with anti-TDP-43 antibodies and normalized to the level of the GAPDH loading control. *,

P <0.05; *** P <0.001 by analysis of variance with Tukey’s post hoc test; N = 3 (B) HEK293A
WT cells were transfected with empty vector control (top row) or EGFP-VPS4E228Q plasmid

(next two rows, to show phenotypic diversity) and grown in normal conditions for 48 hours
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before being fixed and immunostained with anti-TDP-43 antibodies. N = 3; Bar, 10 um (C)
Quantification of mean nuclear and cytoplasmic TDP-43 signal intensities in HEK293A WT
cells and cells transfected with EGFP-VPS4E228Q plasmid. ***, P < 0.001 by analysis of variance
with Tukey’s post hoc test; N = 30 (D) Quantification of the percentage of cells with cytoplasmic
TDP-43 foci in HEK293A WT cells and cells transfected with EGFP-VPS4E228Q plasmid. **, P
<0.01 by student’s two-tailed T-test; N = 3 (E) HEK293A, HEK-TDP-43-GFP, and HEK-TDP-
35-GFP cells were seeded at equal cell numbers and transfected with VPS4E228Q plasmid or
empty vector control and cell viability was compared after 48 hours. ***, P < 0.001 by analysis

of variance with Tukey’s post hoc test; N = 3
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Figure 5: NEDD4 regulates TDP-43 turnover, toxicity, and ubiquitination. (A) HEK-TDP-43-

GFP cells were transfected with siRNAs targeting NEDD4 or non-coding control and grown in


https://doi.org/10.1101/2022.12.05.519172
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.05.519172; this version posted December 5, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

normal conditions for 3 days. Cells were then treated with 0.3 mg/ml cycloheximide for the
indicated amounts of time and TDP-43-GFP levels were detected by western blot with anti-GFP
antibodies and normalized to the level of the GAPDH loading control. **, P < 0.01 by analysis
of variance with Tukey’s post hoc test; N = 3 (B) HEK-TDP-43-GFP cells were transfected with
NEDD4-mCherry plasmid and grown in normal conditions for 3 days. TDP-43-GFP levels were
detected by western blot with anti-GFP antibodies and normalized to the level of the GAPDH
loading control. *, P < 0.05; by student’s two-tailed T-test; N = 3. (C) HEK293A, HEK-TDP-43-
GFP, and HEK-TDP-35-GFP cells were seeded at equal cell numbers and transfected with
NEDD4-mCherry or empty vector control (left), or sSiRNA targeting NEDD4 or non-coding
control (right) and cell viability was compared after 48 hours. **, P < 0.01; ***, P < 0.001 by
analysis of variance with Tukey’s post hoc test; N = 3 (D) HEK-TDP-43-GFP cells were
transfected with NEDD4-mCherry plasmid and incubated for 24 hours before being imaged.
Percentage value indicates colocalization frequency of cytoplasmic TDP-43-GFP foci with
NEDD4-mCherry foci. N = 3; Bar, 10 um (E) HEK-TDP-43-GFP cells were transfected with
NEDD4-mCherry plasmid or empty vector and incubated for 48 hours before mCherry was
immunoprecipitated and TDP-43-GFP binding was assessed via western blot using anti-TDP-43
antibodies. (F) HEK-TDP-43-GFP cells were transfected with sSiRNAs targeting NEDDA4,
NEDD4-mCherry plasmid, or a mock control and grown for 3 days before TDP-43-GFP was

immunoprecipitated under denaturing conditions (See Materials and Methods).


https://doi.org/10.1101/2022.12.05.519172
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.05.519172; this version posted December 5, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

(o)

o o0 o

= A NN W WS
oo

n
)
=35
£
c 0o
T O
Ec
5o
o +
o5
DS
o
X E
o
=)

o o o o
|
=
=

TDP-43-GFP
o

5]

»
[

- WT
== TDP-43
== TDP-35

Average diameter of giant
Rab7+ endosomes (um)
ES

O TDP-35-GFP

TDP-43-GFP

LC3B

Figure 6: TDP-43 accumulation causes enlargement of MVBs. (A) HEK293A WT, HEK-TDP-
43-GFP, and HEK-TDP-35-GFP cells were grown in normal conditions before being fixed and
immunostained for Rab7. N = 3; Bar, 10 um (B) Quantification of the frequency of giant
endosomes in HEK293A WT, HEK-TDP-43-GFP, and HEK-TDP-35-GFP cells. **, P < 0.01;
*** P <0.001 by analysis of variance with Tukey’s post hoc test; N = 3 (C) Quantification of
the average size of giant endosomes in HEK293A WT, HEK-TDP-43-GFP, and HEK-TDP-35-

GFP cells. ***, P < 0.001 by analysis of variance with Tukey’s post hoc test; N = 3 (D) HEK-
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TDP-43-GFP (pseudocolored white) cells were grown in normal conditions before being fixed
and immunostained for Rab5, LC3B, or LAMP1 (pseudocolored green) and then successively

immunostained for Rab7 (pseudocolored red). N = 3; Bar, 10 um
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Figure 7: Giant MVBs are proteolytically active compartments (A) HEK-TDP-43-GFP cells
were grown in media containing solvent control (DMSO) or 100uM CHQ for 18 hours before
being fixed and immunostained for Rab7. N = 3; Bar, 10 um (B) HEK-TDP-43-GFP cells were

transfected with siRNAs targeting NEDD4 or non-coding control and grown in normal
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conditions for 48 hours. Cells were then treated with solvent control (DMSO) or 100uM CHQ
for 18 hours before being fixed and immunostained for Rab7. N = 3; Bar, 10 um (C)
Quantification of data from (B) showing percentage of cells with enriched TDP-43-GFP signal
within Rab7-stained MVBs. ***, P <0.001 by analysis of variance with Tukey’s post hoc test; N

=2; Bar, 10 um
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Figure 8: Potential model of Rsp5/NEDD4 and ESCRT-dependent clearance of cytoplasmic

TDP-43.
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Figure S1: Knockout of the Rsp5 adaptor Rim8 increases TDP-43-YFP levels. Indicated strains
were transformed with TDP-43-YFP plasmid and grown to mid-logarithmic growth phase. TDP-
43-YFP levels were detected by western blot using anti-TDP-43 antibody and normalized to
GAPDH loading control; quantification shown here. *, P < 0.05; ***, P < 0.001 analysis of
variance with Tukey’s post hoc test; N = 3, except for strains art2-44, art84, art104, bsd24,

sna34, bull-24 (N = 2).
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Figure S2: HEK-TDP-43-GFP and HEK-TDP-35-GFP cell lines develop giant MVBs (A)
Distribution of giant MVB diameters from WT, HEK-TDP-43-GFP, and HEK-TDP-35-GFP cell
lines. Quantification was determined by manually measuring diameter of giant MV Bs using Fiji
software. N = 3 (B) HEK-TDP-35-GFP (pseudocolored white) cells were grown in normal
conditions before being fixed and immunostained for Rab5, LC3B, or LAMP1 (pseudocolored

green) and then successively immunostained for Rab7 (pseudocolored red). N = 3; Bar, 10 um
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Figure S3: Giant MVBs are proteolytically active compartments (A) HEK-TDP-35-GFP cells
were grown in media containing solvent control (DMSO; top row) or 100uM CHQ for 18 hours
(next 2 rows, to show phenotypic diversity) before being fixed and immunostained for Rab7.
Arrowheads indicate TDP-35 within Rab7-positive giant MVBs. N = 3; Bar, 10 um (B) HEK-
TDP-43-GFP and HEK-TDP-35-GFP cells were transfected with NEDD4-mCherry plasmid and
grown in normal conditions for 24 hours. Cells were then treated with 100uM CHQ and
incubated for 18 hours before being fixed and immunostained for Rab7. Arrowheads indicate
TDP-45 and TDP-35-GFP signal co-localized with NEDD4-mCh within Rab7-positive giant

MVBs N = 3; Bar, 10 um
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