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ABSTRACT: The RNA-binding proteins TDP-43 and FUS are tied as the third #

[
[T

leading known genetic cause for amyotrophic lateral sclerosis (ALS), and TDP-43 :r(:‘j: ;::terac;::(s — il
proteopathies are found in nearly all ALS patients. Both the natural function and TDP-43 (right)  FUS  TDP-43
contribution to pathology for TDP-43 remain unclear. The intersection of  ypin n=318 n=28 n=13  TDP-43
functions between TDP-43 and FUS can focus attention for those natural functions ~ ©teesid !

mostly likely to be relevant to disease. Here, we compare the role played by TDP-

43 and FUS, maintaining chromatin stability for dividing HEK293T cells. We also - @
determine and compare the interactomes of TDP-43 and FUS, quantitating w
changes in those before and after DNA damage. Finally, selected interactions with 1 =

known importance to DNA damage repair were validated by co-immunoprecipi- | ¥ - _ = FUS
tation assays. This study uncovered TDP-43 and FUS binding to several factors etoposize ~ - I

important to DNA repair mechanisms that can be replication-dependent,

-independent, or both. These results provide further evidence that TDP-43 has an important role in DNA stability and
provide new ways that TDP-43 can bind to the machinery that guards DNA integrity in cells.
KEYWORDS: TDP-43, FUS, DNA damage repair, transcription, amyotrophic lateral sclerosis, frontal temporal dementia

B INTRODUCTION Our original hypothesis was that one activity in which TDP-

The 43 kDa RNA-binding protein TAR DNA-binding protein 43 might hav.e in common with ].FUS is in contributing to DNA
(TDP-43) has a role in regulating all levels of RNA metabolism, damage repair. We performed siRNA knockdown of TDP-43,

including transcription, splicing, trafficking, and translation.' ™ WhiCh resulted in unexpected levfe Is of instability in Chrom}? 5o
’ g ’ DNA. During th this study, tw:
TDP-43 dysfunction is also closely associated with several ma Hring The coutse o Tus SUCY, WO BroPs Mot

] ] > reported these same findings following the loss of TDP-43."%"!
neurodegenerative diseases.” ” TDP-43 and another RNA- We then performed an interactome analysis of TDP-43 and

binding protein, fused in sarcoma (FUS), are tied as the third FUS, with and without treatment of the DNA damaging agent
1eading5 17<n0wn genetic cause of amyotrophic lateral sclerosis etoposide. We found that TDP-43 and FUS both interact with
(ALS).”" TDP-43 aggregates are also found in the central numerous factors that have known ties to both replication-
nervous system tissues of almost all patients with ALS.® TDP-43 dependent and -independent pathways of DNA repair.

aggregation, the second most common pathology found in

frontal temporal dementia (FTD), occurs in the brain in 40% of B MATERIALS AND METHODS
patients.”> TDP-43 pathology has also been associated with

traumatic brain injury and a majority of Alzheimer’s patients, Cell Culture

according to some studies.”” HEK293T/17 cells were obtained from the ATCC (catalogi#
The role of TDP-43 in neurodegenerative disease places this CRL-11268). HeLa-Kyoto cells stably expressing LAP-FUS,

RNA-binding protein in the company of several disease- LAP-TDP-43, and LAP-SARS were obtained as gifts from the
associated and causative proteins associated with DNA damage laboratory of A. Hyman (Max Planck Institute of Molecular Cell
repair.'~'* Most prominent among these is FUS, a key factor Biology and Genetics). HeLa reporter cells for negative controls
recruited to sites of DNA damage.”™'> Other genes that have were obtained from Cell Biolabs (catalog# AKR-213). Cells
functions relating to DNA damage repair may contain ALS- were treated with up to S uM etoposide (EMD Millipore)

causing mutations such as p65/SQSTM1I, VCP, OPTN, SETX, freshly diluted into phosphate-buffered saline from stock
and SPG11.'7% Indeed, recent studies have strengthened the
connection between TDP-43 function and chromosome Received: August 25, 2019
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solutions in dimethyl sulfoxide (DMSO) before adding to cell
media.

Antibodies

Western analyses were performed with the following antibodies:
anti-TDP-43 polyclonal (Proteintech, catalog# 10782-2-AP),
anti-FUS 4H11 (Santa Cruz, catalog# sc-47711), anti-f-tubulin
(Sigma-Aldrich, catalog# T5201), anti-topoisomerase I (TOP1,
Bethyl Laboratories, A302-589A), anti-KU80 C-terminal
(Abcam, ab181435), anti-RFC3 (Abcam, ab182143), anti-
NPMI1 NA24 (Thermo Scientific, MAS-12508), and normal
mouse IgG (EMD Millipore, catalog# 12-371).

siRNA Transfection

siRNA sequences from previously published works were used.
Their forward strand sequences were as follows: siFUS (25 nM,
CGGACAUGGCCUCAAACGACTAT), siTDP1 (50 nM,
GCGGGAAAAGUAAAAGAUGUU), and siTDP2 (S0 nM,
GGAUGAGACAGAUGCUUCAUU). siRNAs were trans-
fected into HEK293T/17 cells as previously described, with
the RNAiMax transfection reagent (Invitrogen, catalog#
13778150), and cells were harvested at 72 h. The cells were
lysed in 50 mM Tris-HCI, pH 8.0, 250 mM NaCl, 0.5% NP-40, 1
mM EDTA, 1 mM DTT, and 1X protease inhibitors (Gold
Biotechnology, catalog# GB-108-5). Lysates were analyzed by
western blotting.

Comet Tail Assays

Comet tail assays were performed with the OxiSelect Comet
Assay Kit (Thermo Scientific) as per the manufacturer’s
instructions. Briefly, after treatment with DMSO or etoposide,
cells were harvested with trypsin and counted. The cells were
resuspended in freshly prepared 1% low-melting agarose
(Sigma-Aldrich, A4018) at a density of 1 X 10* per mL and
applied to slides. After lysis, the slides were subjected to
electrophoresis at 15 V for 15 min, dried, and stained with
VISTA green (Cell BioLabs, Inc). Slides were imaged through
confocal microscopy (Intelligent Imaging Innovations, Inc.).
The number of cells displaying comet tails with lengths of more
than three times the width of the head was assessed from 40 to
150 cells per biological replicate.

Affinity Enrichment Mass Spectrometry

Affinity enrichment was performed from HeLa-Kyoto cells
harvested from confluent 150 mm diameter dishes and
resuspended in lysis/IP buffer (1 mM Tris pH 7.5, 150 mM
NaCl, 0.5 mM EDTA, and 0.5% NP-40). Lysis buffer was
supplemented with protease inhibitors (Complete, Mini,
EDTA-free, Roche) and 50 U benzonase (EMD Millipore).
One milligram of the protein for each lysate was incubated for 1
h with 250 uL. GFP-Trap beads (ChromoTek). The beads were
washed three times with lysis/IP buffer without NP-40, and the
protein was eluted with 200 mM glycine, TCA precipitated,
resuspended in 8 M urea for reduction and alkylation with 10
mM TCEP and 40 mM chloroacetamide, respectively. Lysates
were diluted to 4 M urea for LysC (Wako) digestion rocking at
ambient for 4 h. Lysates were further diluted to ~1 M urea for
trypsin (Pierce) digestion rocking overnight at ambient
conditions. Digested peptides were then desalted using an
Oasis HLB cartridge (Waters) according to the manufacturer’s
instructions.

Samples were suspended in 7 uL of 3% (v/v) acetonitrile/
0.1% (v/v) trifluoroacetic acid, and 1 uL was directly injected on
a CI8 1.7 ym, 130 A, 75 um X 250 mm M-class column
(Waters), using a Waters M-class UPLC. Tryptic peptides were
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eluted at 300 nL/min using a gradient from 3 to 20% acetonitrile
over 100 min into an Orbitrap Fusion mass spectrometer
(Thermo Scientific). Precursor mass spectra (MS1) were
acquired at a resolution of 120000 from 380 to 1500 m/z
with an AGC target of 4.0 X 10° and a maximum injection time
of 60 ms. Dynamics exclusion was set for 30 s with a mass
tolerance of +10 ppm. Precursor peptide ion isolation width for
MS?2 fragment scans was 1.6 Da using the quadrupole, and the
most intense ions were sequenced using top speed with a 3 s
cycle time. All MS2 sequencing procedures were performed
using higher energy collision dissociation at 35% collision energy
and scanning in the linear ion trap. An AGC target of 1.0 X 10*
and 35 s maximum injection time was used. Rawfiles were
searched against the Uniprot Human database using Maxquant
version 1.5.2.8 with cysteine carbamidomethylation as a fixed
modification.”>”** Methionine oxidation and protein N-
terminal acetylation were searched as variable modifications.
All peptides and proteins were thresholded at a 1% false
discovery rate (FDR).

Quantification of Affinity Enrichment Mass Spectrometry
Data and Gene Ontology

Potential interactors were identified from proteins detected
whose adjusted quantified values for four biological replicates
and two treatments summed to 15 or more for either FUS or
TDP-43 enrichments. Interactors of TDP-43, FUS, or both were
called if averaged label-free quantitation (LFQ) signals were
greater than those for both LAP-SARS and GFP controls and
with the p-value < 0.05 (Student’s t-test). The fold change was
calculated for etoposide-treated samples over DMSO-treated
samples. Ontology analysis was performed using Cytoscape v.
3.7.1 and the BiNGO tool set v. 3.0.3.*° Associated ontology
terms were determined with the hypergeometric test with the
Benjamini and Hochberg FDR correction.

Co-Immunoprecipitation Assays

Proteins interacting with LAP-TDP-43 and LAP-FUS were
pulled down from HeLa-Kyoto cells as described in the above
affinity enrichment mass spectrometry (AE-MS) protocol and
then eluted with 0.1 M NaHCOj; and 1% sodium dodecyl sulfate
at 90 °C for 10 min. The eluted proteins were detected by
western analysis and quantified in Image] 1.50 g (http://imagej.
nih.gov). The amounts of eluted protein detected were
normalized to input samples, and the amounts of eluted LAP-
TDP-43 or LAP-FUS were detected with anti-GFP antibodies
for each biological replicate.

B RESULTS

TDP-43 is Required for the Stability of Chromosomal DNA

We hypothesized that TDP-43 and FUS might share a role in
DNA damage repair. To test this possibility, we generated
siRNAs to knock down TDP-43 (siTDP-1 and siTDP-2). By
western analysis, we determined that siTDP-1 and siTDP-2
knocked down the TDP-43 protein in HEK293T cells, as
compared with either a negative control-scrambled siRNA
sequence (SCR) or our previously published siRNA for FUS
knockdown (siFUS) (Figure 1A).

We tested whether the knockdown of TDP-43 or FUS in
HEK293T cells might reduce the capacity to repair DNA after
treatment with the topoisomerase poison etoposide. Recent
studies have used comet tail assay to show DNA damage
occurring after loss of TDP-43 by siRNA knockdown.'”"" To
assess DNA stability, we used alkaline comet tail assays, which

DOI: 10.1021/acs.jproteome.9b00575
J. Proteome Res. 2020, 19, 360—370


http://imagej.nih.gov
http://imagej.nih.gov
http://dx.doi.org/10.1021/acs.jproteome.9b00575

Journal of Proteome Research

A.

N

LRI L
e KK
& & & &

TDP-43 ‘\ —

FUS‘_———‘ |

B-tubulin |— ——— — —-—l

N 2

oq 0? '%

Electric Field

C.

DMSO

% cells
with tails

Figure 1. TDP-43 knockdown leads to chromatin instability. (A) By
western analysis, TDP-43 protein levels were found to be lower in
HEK293 cells after targeted by two siRNAs: siTDP-1 and siTDP-2.
Knockdown of TDP-43 did not affect the FUS expression, nor did FUS
knockdown with siFUS affect TDP-43 protein levels. Knockdown
results were compared with those after transfection of an siRNA with a
scrambled sequence, SCR. (B) Comet tail assays were performed for
SCR, siTDP-1, siTDP-2, and siFUS-treated HEK293 cells after
treatment with etoposide or DMSO as a vehicle control. Comet tails
comprising fragmented DNA were observed for siTDP-1 and siTDP-2
knockdowns after DMSO or 5 #M etoposide treatment for 1 h. Comet
tails were also observed after etoposide treatment of cells with FUS
knocked down with siFUS. (C) For each treatment, the percentage of
cells with comet tails was counted from 40 to 140 cells and three
biological replicates. Error bars indicate the standard error about the
mean of replicates. * indicates p < 0.05 and ** indicates p < 0.005 with
Student’s ¢-test assuming equal variances and compared to the SCR-
treated samples.

measure fragmented DNA as it is electrophoresed from cells
harvested after 1 h of treatment with DMSO or 5 M etoposide
and embedded in an agarose gel. Alkaline comet tail assay can
reveal damage from either single or double stranded breaks.””
Without addition of etoposide, both siTDP-1 and siTDP-2
produced a significant increase in the percentage of cells with
fragmented DNA, as compared with SCR controls (p = 0.01 and
0.02 respectively, Student’s t-test, N = 3. Figure 1B). Treatment
with etoposide increased the number of siTDP-treated cells with
fragmented DNA (Figure 1C). Significantly more DNA
fragmentation was found in cells treated with etoposide and
siTDP-2 than in SCR-treated cells (p = 0.001, Student’s t-test, N
= 3). Treatment with siTDP-1 and the knockdown of FUS
produced more damage, but the results of comet tail assays were
not significantly different from those of SCR controls (N =3, p >
0.0, Student’s t-test, Figure 1C). Because etoposide treatment
raised comet tails observed for SCR and TDP-43 or FUS
knockdown, these results suggest that the effect of aloss of TDP-
43 or FUS on chromatin stability is independent of the damage
added by etoposide treatment.
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TDP-43 and FUS Share Interactors before and after DNA
Damage

We asked whether TDP-43 and FUS might share binding
partners whose interactions are affected by DNA damage. We
used HeLa-Kyoto cells stably expressing localization and affinity
purification (LAP)-tagged TDP-43 (LAP-TDP43) or FUS
(LAP-FUS) and then performed AE-MS.”*7*' LAP-TDP43
and LAP-FUS were driven by a relatively weak phosphoglycerate
kinase promoter. Fluorescence microscopy revealed the LAP-
tagged proteins to be localized to the nucleus similar to their
endogenous counterparts (Figure 1A). LFQ analysis revealed
changes to protein abundance enriched by LAP-FUS or LAP-
TDP43 pulldown. For negative controls, we used HeLa cells
stably expressing either GFP, which makes up part of the LAP
tag or a LAP-tagged seryl-tRNA synthetase, SARS (LAP-SARS).
The SARS control protein was included to differentiate the
effects of nonspecific interactors that might interact with RNA-
binding proteins. SARS is a cytoplasmic protein, which we
reasoned would be unlikely to have shared interactions with the
nuclear proteins FUS and TDP-43.

We treated cells for 1 h with either DMSO or S uM etoposide.
Cells were lysed and treated with benzonase to break apart
interactions tethered by large nucleic acids rather than protein/
protein interactions. Interacting proteins were affinity-enriched
with anti-GFP nanobody beads (Figure 2A). Expression of
tagged proteins, LAP-FUS and LAP-TDP43, was confirmed by
western analysis and also that 1 h treatment of etoposide did not
alter levels of the tagged or endogenous proteins (Figure 2B).
Eluates from four biological replicates for each treatment were
digested in solution and subjected to mass spectrometry
analysis. By LFQ_ analysis, we determined enrichment over
both GFP and LAP-SARS controls, as well as enrichment in
etoposide-treated samples compared with DMSO controls.

We found 316 proteins significantly enriched over controls for
both TDP-43 and FUS in either DMSO or etoposide-treated
samples (Figure 2C). Because they are found in sizable and
heterogeneous cellular granules, we expected TDP-43 and FUS
to interact with a broad assortment of proteins.”*”>* An
additional 289 proteins were enriched only in FUS samples, and
139 were enriched only in TDP-43 samples. TDP-43 was
significantly enriched in FUS pulldowns (p = 0.03, Student’s t-
test), but TDP-43 enrichment of FUS did not reach significance.

We compared proteins identified by our analysis with those
found in the previously published literature. Of the 262
previously published TDP-43 interactors, 180 were identified
as significantly enriched in our AE-MS experiments.”” * Of
these, SS were significantly enriched for FUS rather than TDP-
43, Overall, 320 new interactions were found for TDP-43 and
significantly enriched above controls, in addition to enrichment
of 48% of previously published TDP-43 interactors. Many of the
novel interactors provided a more complete list of members in
protein complexes previously reported to bind TDP-43. The
majority of published interactors not enriched in our study were
recovered with TDP-43 but below significance compared to
controls. Our results for FUS identified 89% of the 323

previously reported FUS interactors.”” >’

FUS is Recruited to Interactions Shared with TDP-43 after
DNA Damage

We quantified changes in the enrichment of TDP-43 and FUS
interactors after DNA damage. We observed that those
interactions that were most affected were those shared by FUS
and TDP-43 (Figure 2C, left). Of these interactions, 38% of FUS
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Figure 2. Interactions of FUS and TDP-43 are affected by DNA damage. (A) AE-MS was performed on HeLa-Kyoto cells stably expressing LAP-
tagged TDP-43 or FUS and treated with either DMSO or 5 uM etoposide for 1 h. After enrichment with anti-GFP camelid antibodies, interactors were
digested in solution for LC—MS/MS. LFQ analysis was used to determine enrichment above GFP or LAP-SARS control proteins (p < 0.05, Student’s ¢-
test; N = 4 for each treatment and control). (B) Stable LAP-FUS (left) or LAP-TDP43 (right) cell lines were found by western analysis to express the
tagged proteins below the endogenous levels and neither the tagged nor endogenous protein levels were affected by 1 h of etoposide treatment. (C)
Heat maps show changes to interactions shared by both TDP-43 and FUS (left, N = 316), FUS only (center, N = 289), or TDP-43 only (right, N =
139). Fold changes are shown as increases (green) or decreases (red). Blue bars to the right of each heat map indicate significant changes (p < 0.0,
Student’s t-test). The Venn diagram summarizes the number of interactors shared by TDP-43 or FUS or unique to those enrichments. (D) Complex
network analysis was performed for interactors with either TDP-43 (left, red) or FUS (blue, right). The log,, of the p-value for the significance of
enrichment is plotted for each GO term. A list of interactors for each GO term can be found in Table 1.

interactions were significantly changed (N = 119, p < 0.05), and
20% were highly significant (N =63, p <0.01). In contrast, 6% of
TDP-43 interactions were significantly changed (N = 19, p <
0.05). Whereas DNA damage affected only a small number of
TDP-43 interactions in common with FUS, FUS interactions
generally showed greater enrichment after DNA damage (Figure
2C). Of these interactions, 12% showed >2-fold (N = 39)
increase in enrichment, whereas 1% were decreased by 2-fold (N
= 3). For TDP-43, the enrichment for 7% of interactors
identified were increased and 3% were decreased by a fold
change >2 (N = 20 and 10, respectively).

Of the 289 interactions significantly enriched with FUS but
not TDP-43, 20% (N = 61) were significantly changed after
DNA damage with etoposide (Figure 2C, center). These
changes were fairly evenly distributed: 7% increased and 5%
decreased with a fold change >2 (N = 23 and 17, respectively).
As seen for factors binding both TDP-43 and FUS, few
interactors that were significantly enriched for only TDP-43
were affected by DNA damage (N = 12, p < 0.05) (Figure 2C,
right).

In summary, the TDP-43 changes after DNA damage were
fewer and smaller in magnitude. Most of the interactions
affected involved FUS and tended to be strengthened among
factors also bound to TDP-43. This finding led us to consider
that interactions of TDP-43 relevant to DNA damage might
already have formed in the absence of damage. In contrast, FUS
was required to be mobilized and form or strengthen many of its
interactions upon DNA damage.

Complex Network Analysis of TDP-43 and FUS Interactions

We performed a complex network analysis to group and classify
TDP-43 and FUS interactors according to gene ontology (GO)
terms. The largest group of interactors shared by FUS and TDP-
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43 was ribosomal proteins (Figure 2D). Unexpectedly, these
interactors included proteins specific to the mitochondrial
ribosome (Table 1). The second most significant group of
interactors was spliceosome proteins. These interactions were
consistent with previously published results. Additional classes
of interactors that confirmed findings from previously published
studies were protein components of the heterogeneous nuclear
ribonucleoprotein (hnRNP) complex, nuclear speckles, and
stress granules.

Several novel interactions that we identified provided a more
comprehensive list of the members within cellular complexes
that had been reported or inferred by previous publications,
enhancing the significance quantified of those findings.*>*”** In
addition to the RNP complexes described above, we identified
interactions with nucleolar proteins, nearly every member of the
nuclear RNA exosome and every member of the DNA
replication fork complex C (RFC) (Figure 2D). Among the
interactors for TDP-43 that were not found for FUS were five
associated with G-protein-coupled receptor functions, as well as
other membrane-anchored proteins (Table 1).

TDP-43 and FUS Interact with Transcription-Coupled
Repair Proteins

We completed our analysis by determining quantitative changes
among TDP-43 and FUS interactors either grouped by GO
associations or established in the published literature. Among
interactions shared between FUS and TDP-43, nuclear speckle
proteins, small nucleolar RNA proteins, and hnRNP proteins
showed little change after DNA damage (Table 1). Interactions
shared with FUS and TDP-43 and affected by DNA damage
included the nuclear RNA exosome, the ribosome, chromatin-
associated proteins, and transcription-coupled DNA repair
proteins. Members of the RNA exosome and transcription-
coupled DNA repair showed significantly more enrichment with
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FUS, and, though trending in the same direction, few changes
achieved significance for TDP-43 (Figure 3A,B). TDP-43
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Figure 3. Interactions with DNA repair proteins are affected by DNA
damage. Changes in enrichment determined by LFQ analysis are shown
as volcano plots with the log;, of the fold change after etoposide
treatment (x-axis) vs the logy, of p-values of the change for interactors
shared by TDP-43 (A) and FUS (B). At the top are changes in all shared
interactors detected at levels significantly above controls. Second,
interactors are superimposed from the RNA exosome and tran-
scription-coupled nucleotide repair machinery, including the RFC
complex. Third, interactors that are members of the cytosolic and
mitochondrial ribosomes are shown. Last are proteins classified as
chromatin-bound and the few transcription-related proteins shared by
FUS and TDP-43. The identity of the interactors plotted is found in
Table 1. Interactors unique to TDP-43 or FUS are included in Figure
1B,C and Table 1.

shared interactors

interactions with ribosomal protein and chromatin- and
transcription-associated proteins did not reveal a significant
change in either direction (Figure 3A). In contrast, FUS
interactions became significantly more enriched for ribosomal
and chromatin-associated proteins (Figure 3B).

Transcription machinery not included in the excision repair
pathway and shared by TDP-43 and FUS were not substantially
affected by etoposide treatment (Figure 3A,B). However,
transcription machinery proteins bound only to FUS, as well
as several hnRNP and small nuclear RNA proteins, were
significantly decreased in their enrichment by DNA damage
(Figure 1B,C and Table 1). Among the interactors uniquely
associating with TDP-43, G-protein coupled receptors were
increased in enrichment with TDP-43 after DNA damage by
etoposide.

We selected a collection of interactors to validate with co-
immunoprecipitation (co-IP) assays. The chosen interactors
were also known to be associated with DNA damage repair
mechanisms. We first targeted TOP1. A small but significant 1.4-
fold increase was found in the LFQ analysis of AE-MS data for
FUS (p = 0.03), and no change was found for TDP-43. Our co-
IP assays confirmed an interaction for FUS and TDP-43 with
TOP1, as well as more TOP1 in a FUS co-IP after DNA damage
(Figure 4A). Another protein closely associated with DNA
damage repair, Ku80, showed high AE-MS signals for FUS and
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biological replicates.

TDP-43 samples, although the TDP-43 signals did not reach
significance over the controls. Nevertheless, we did find that
TDP-43 bound to Ku80 before and after DNA damage in our
co-IP assays (Figure 4B). We also confirmed an average 1.6-fold
decrease for Ku80 in the FUS co-IP, a result similar to the 1.8-
fold decrease found in AE-MS.

The RFC complex was the most affected among the
interactors by DNA damage from AE-MS. All six known
members of the RFC complex were significantly enriched
among FUS and TDP-43 samples. The enrichment of all RFC
members but REC4 was increased for FUS, whereas no changes
were found for TDP-43. One member, RFC3, was not detected
before DNA damage. We tested whether the interactions for this
member of the RFC complex were affected for both FUS and
TDP-43. Our co-IP analysis revealed that RFC3 was bound by
both FUS and TDP-43 (Figure 4C). The changes in REC3 levels
observed after DNA damage mirrored those for the rest of the
complex members: a 2-fold increase in RFC3 was observed in
the FUS co-IP, and no change was observed for TDP-43. Finally,
the nucleolar protein NPM1 had especially high signals in AE-
MS. We likewise observed strong recovery of NPM1 for FUS
and TDP-43 (Figure 4D). Again, FUS co-IP recovered 1.4-fold
more NPM], as found in AE-MS, whereas TDP-43 showed no
change.

Recent reports have suggested an unexpected role for TDP-43
during DNA damage repair. Here, in a direct comparison and in
the same cell line, we found that TDP-43 appears to be more
essential to genomic stability and DNA damage repair than FUS.
FUS and TDP-43 are tied as the third leading causes of ALS.
Moreover, TDP-43 disruption is ubiquitous in nearly all patients
with ALS. This connection between TDP-43 and FUS suggests
convergence toward a shared biological pathway.
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B DISCUSSION

The RNA-binding proteins TDP-43 and FUS share roles in
neurodegenerative disease, including ALS and FTD,*** thus
potentially suggesting that their functions may overlap. Here, we
have tested the ability of TDP-43 to affect DNA damage repair
and found evidence of its importance in this vital cellular
function. We observed significant DNA damage in HEK293 cells
after a loss of TDP-43, even without the addition of the DNA
damage agent etoposide (Figure 1C). Adding to recent reports
also reporting TDP-43 involvement in DNA damage repair for
dividing cells and nondividing neurons, we have provided a
broader list of interactors and the changes to those interactions
induced by DNA damage.'*""*>*

The effects of FUS knockdown on DNA damage repair were
used as a benchmark to assess the effects of loss of TDP-43. The
effects of TPD-43 and FUS on transcription and RNA splicing
have been widely reported, and those mechanisms are
undergoing vigorous investigation.*””*> Interestingly, TDP-43
has been reported to affect DNA damage through prevention of
RNA/DNA hybrids, referred to as R-loops.'”"" Indeed, nascent
RNAs stripped of the protection provided by hnRNP proteins
and splicing factors have a higher propensity to form R-loops
during transcription. 12,46

HEK293T cells used in this study are dividing and able to
employ replication-associated DNA repair pathways.*”** FUS
has a role in DNA damage repair that spans both replication and
nonreplication-associated repair pathways.*”** Breaks induced
by etoposide, as performed in our study, can be repaired by
mechanisms either associated with cell cycle or independent of
this.”"* It is notable that DNA damage was already found in
cells without the etoposide treatment. This can imply that these
originate from damage occurring during cycle or other
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consequences of the loss of FUS or TDP-43, such as changes to
transcription or chromatin (Figure 1C).>”** While many factors
bound to TDP-43 and FUS in our study have connections to
transcription-coupled repair, which is used by nondividing cells
such as neurons, some of those and additional interactors also
have known roles in DNA repair mechanisms that occur during
cell division.

Because of the importance of FUS and TDP-43 to
transcription regulation, a connection with transcription-
coupled DNA repair may seem natural or expected. Tran-
scription-coupled DNA repair has a role in nucleotide excision
repair.”>>* However, the influence of transcription on DNA
repair has recently been suggested to also encompass base
exchange repair, nonhomologous end joining (NHEJ), and
homologous recombination repair.'>***>7>” Our study revealed
that the RNA-binding proteins TDP-43 and FUS to bind a
number of factors with known connections to transcription-
coupled DNA repair, including factors central to resolving
RNA/DNA hybrids or R-loops, XRN2, DHX9, and AQR
(Figure 5).>* Factors were found that are important to either
nucleotide or base excision repair, such as DDB1, the COPS9
complex, and APEX1.’® Other factors were found that are
important to repair broken DNA in mechanisms associated or
independent of cell replication, including XRCC1, TOP]I,
PARP1, and the RFC complex. Additional factors were found
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Figure S. Summary of TDP-43 and FUS interactors associated in
transcription-coupled DNA repair. Several of the key factors in the
transcription-coupled repair pathway are depicted and interactors
identified by AE-MS are highlighted as red for those bound to TDP-43,
blue for those bound to FUS, and green for those bound to both.
Additional key factors not found in AE-MS to be enriched above
controls are indicated by the gray text. The top diagram indicates factors
that interact with or recruited by the stalled polymerase at sites of DNA
damage. Below that are factors subsequently recruited to repair the
damaged DNA. Also shown are the bound complexes Ku70/Ku80 and
condensin that are known to play important roles in several DNA repair
pathways but their association with transcription-coupled repair
remains unclear.
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that have yet undetermined connections to transcription during
DNA repair: such as Ku70/Ku80 and the SMC3/SMC4
condensin complex (Figure S).

TOP1 is a key factor in repairing the DNA damage induced by
R-loops. Through co-IP, we confirmed the interaction of TOP1
with TDP-43 and FUS that was revealed in our AE-MS analysis
(Figure 4A).°” The REC complex binds and helps to recruit the
DNA polymerase durmg transcription-coupled DNA repair
triggered by R-loops.”” We were able to identify every member
of the RFC complex bound to TDP-43, FUS, or both (Table 1).
We also confirmed the interaction of RFC3 by co-IP (Figure
4C). Both our results and those from previous reports find an
interaction of FUS and TDP-43 with the Ku complex (Figure
4B). Although our observations concerning Ku70/Ku80 may
differ from previous reports, there are important differences in
experimental designs. First, previous reports used primary
neurons, neuron progenitor cells, and differentiated neurons or
SH-SYSY cells, which depend heavily on NHE].'%**®" Second,
we treated with S M etoposide for 1 h and previous reports
used higher doses and longer treatments, such as 10 uM and 4 h
treatment.'****> The RFC complex is known to bind the DNA
polymerase. However, we did not detect other factors in the
NHE]J machinery that have been previously reoported to bind
TDP-43, such as XRCC4, LIG4, or Pol 6 or y.

The DNA damage after TDP-43 knockdown was greater than
that after FUS knockdown (Figure 1C), whereas DNA damage
had greater effects on FUS interactions than TDP-43
interactions (Figure 2A). The first potential explanation for
this result would be that more total interactors were identified
for FUS and with higher LFQ values; consequently, some
number of changes in TDP-43 interactions might fall below
significance thresholds set by the negative controls in our
experiments. If not a technical reason, other explanations can
include that TDP-43 may need no more interactors to exert its
effect on DNA damage repair than it would maintain
constitutively in the absence of DNA damage. A third
explanation would be that in comparison to FUS, TDP-43
may maintain relatively few interactions that are sufficient for
TDP-43 to play its role in DNA repair, which make up a small
subset of the total TDP-43 interactions that include functions
not limited to the maintenance of chromatin integrity.

Numerous interactions found in this study are likely to be
important in functions other than chromatin stability and DNA
damage repair. First among these are interactions with the
ribosome. The finding that interactions with the ribosome were
significantly affected by DNA damage suggest that these
associations may be biologically meaningful because they are
subject to regulation during a cellular response (Figure 3A,B).
Besides adding validity, these findings do not suggest an obvious
connection between ribosome interactions and DNA damage
repair. Multiple studies have reported effects on translation from
the mutation or loss of TDP-43, which, as an RNA processing
factor, is not required to directly interact with translating
ribosomes or polysomes. 636% Moreover, because TDP-43 and
FUS are such robustly nuclear proteins, a direct mechanism is
difficult to rationalize. We did observe FUS and TDP-43
interactions with nucleolar proteins, such as NPM1, thus
potentially indicating that interactions may occur during
ribosome assembly within the nucleus (Figure 4D).

An unexpected number of mitochondria-specific proteins
were found among TDP-43 interactors. This finding supports
reports of the TDP-43 function within and localization to
mitochondria.*> ™%’ Among the TDP-43 and FUS interactors,
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the mitochondrial polymerase POLRMT and the mitochondrial
ribosome are notable as having no known function outside of
mitochondria. Our interactors identified by AE-MS included 21
of the 51 members of the mitochondrial ribosome (Table 1).
These include four of the seven mitochondrial ribosome
proteins previously reported to bind TDP-43.

DNA damage is broadly associated with both neuro-
degeneration and aging.””®® A relationship between TDP-43
and DNA damage has particular relevance to disease because of
questions surrounding TDP-43 pathology, diseases of neurons,
and aging. How does dysfunction of a ubiquitous protein such as
TDP-43 or FUS, which are highly abundant in all cells and
tissues, produce pathology late in life that is specific to neurons,
such as motor neurons? DNA damage has an important place in
the study of these questions because neurons do not divide and
therefore lack several DNA repair pathways available to cells that
are replenished over time. Because the chromosomes of a
neuron must be maintained for a lifetime, a small deficit in their
repair need not produce immediate catastrophe early in life but
could hasten their eventual decay to produce the age association
of neurodegeneration.”>**~"°

In conclusion, we uncovered a role of TDP-43 in DNA
damage repair with parallels to the role of FUS. First, these
findings provide new insights into how transcription and RNA
processing factors contribute to DNA damage repair. Second,
the relationship that these proteins share with neurodegenera-
tion may renew interest in links that connect DNA damage to
diseases such as ALS, FTD, AD, and traumatic brain injury.
Future research into the mechanism through which TDP-43
influences DNA damage repair can be expected to reveal aspects
of this important cellular process that are both novel and provide
new avenues to determine their contributions to disease.
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