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ABSTRACT

Cytoplasmic aggregation and nuclear depletion of TAR DNA-binding protein 43 (TDP-43) is a hallmark pathology of several neu-
rodegenerative diseases including amyotrophic lateral sclerosis (ALS), frontotemporal lobar degeneration (FTLD) and limbic-
predominant age-related TDP-43 encephalopathy (LATE). However, the protein interactome of TDP-43 remains incompletely
defined. In this study, we aimed to identify putative TDP-43 protein partners within the nucleus and the cytoplasm and with
different disease models of TDP-43 by comparing TDP-43 interaction partners in three different cell lines. We verified the levels
of interaction of protein partners under stress conditions as well as after introducing TDP-43 variants containing ALS missense
mutations (G294V and A315T). Overall, we identified 58 putative wild-type TDP-43 interactors, including novel binding part-
ners responsible for RNA metabolism and splicing. Oxidative stress exposure broadly led to changes in TDP-43WT interactions
with proteins involved in mRNA metabolism, suggesting a dysregulation of the transcriptional machinery early in disease.
Conversely, although G294V and A315T mutations are both located in the C-terminal domain of TDP-43, both mutants presented
different interactome profiles with most interaction partners involved in translational and transcriptional machinery. Overall,
by correlating different cell lines and disease-simulating interventions, we provide a list of high-confidence TDP-43 interaction
partners, including novel and previously reported proteins. Understanding pathological changes to TDP-43 and its specific inter-
action partners in different models of stress is critical to better understand TDP-43 proteinopathies and provide novel potential
therapeutic targets and biomarkers.

Abbreviations: ALS, amyotrophic Lateral Sclerosis; BioID, proximity-dependent Biotin; DMEM, Dulbecco's Modified Eagle's Medium; DMSO, diMethylsulfoxide;
FA, formic acid; FBS, fetal bovine albumin; FDR, false discovery rate; FTLD, frontotemporal lobar degeneration; HBSS, Hank's balanced salt solution; IP,
immunoprecipitation; LATE-NC, limbic-predominant age-related TDP-43 encephalopathy neuropathological change; LC-MS/MS, liquid chromatography-tandem
mass spectrometry; LSB, low salt buffer; MND, motor neuron disease; NaAsO,, sodium arsenite; RRID, Research Resource Identifier (see scicrunch.org); RT, room
temperature; TBS, tris-buffered saline; WT, wild-type.
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1 | Introduction

Amyotrophic lateral sclerosis (ALS), the most common form of
motor neuron disease (MND), is a devastating neurodegenera-
tive disease characterised by the progressive loss of upper motor
neurons in the brain and lower motor neurons in the spinal cord
(Hardiman et al. 2017). ALS subtypes are generally grouped into
two categories: familial ALS (fALS), where the disease can be
inherited in a Mendelian pattern, and sporadic ALS (SALS), rep-
resenting >90% of ALS cases with no currently identified causes
(Masrori and Van Damme 2020).

Cytoplasmic aggregation and nuclear depletion of Tar DNA-
binding Protein 43 (TDP-43) are a hallmark pathology of MND,
observed in ~97% of ALS and ~45% of frontotemporal lobar
degeneration (FTLD) cases (Ling et al. 2013; Tan et al. 2017).
In addition to being mislocalised to the cytoplasm in affected
neurons in ALS and FTLD postmortem tissues, TDP-43 is hy-
perphosphorylated, ubiquitinated and often cleaved, generating
C-terminal fragments (Arai et al. 2010; Neumann et al. 2006).
The estimated lifetime risk of developing ALS is estimated to be
1:350 in men and 1:400 in women (Kiernan et al. 2011; Masrori
and Van Damme 2020; Ryan et al. 2019; Strong et al. 2017).
TDP-43 pathology is also the most common hallmark in LATE/
LATE-NC (Limbic-predominant age-related TDP-43 encepha-
lopathy), a brain disorder introduced by Nelson et al. (2019) to
describe TDP-43 proteinopathy of advanced age, especially in
subjects older than age 80 (Cheng et al. 2024; Nelson et al. 2019).
In alarge study cohort, more than 20% of subjects over the age of
80 were identified to have pathological features consistent with
LATE-NC (Nelson et al. 2019).

Structurally, TDP-43 is composed of a N-terminal domain with
a nuclear localisation sequence, two RNA-recognition motifs,
and a glycine-rich sequence at the C-terminus that mediates
protein—protein interactions (Francois-Moutal et al. 2019). The
N-terminal domain promotes self-oligomerisation required for
RNA splicing activity (Chang et al. 2012; Oiwa et al. 2023). The
nuclear localisation sequence facilitates TDP-43 to shuttle into
the nucleus, and mutation or deletion of this signal sequence
leads to cytoplasmic localisation of TDP-43 in cells and ani-
mal models (Barmada et al. 2010; Walker et al. 2015; Winton
et al. 2008). The RNA-recognition motifs 1 and 2 are considered
to bind UG/TG-rich single-stranded or double-stranded DNA/
RNA to undertake a range of functions related to RNA metab-
olism (Dunker et al. 2021; Francois-Moutal et al. 2019; Kuo
et al. 2009; Lagier-Tourenne et al. 2010; Lukavsky et al. 2013).
The C-terminal is critical for liquid-liquid phase separation,
mRNA splicing and protein-protein interactions (Conicella
et al. 2016; Li et al. 2018). Missense mutations in TARDBP in
ALS are found in around ~3% of fALS and 2% of sALS cases,
with most of these mutations located in the glycine-rich C-
terminal domain (Prasad et al. 2019; Radford et al. 2015) and
FTD cases (Kabashi et al. 2008; Williams et al. 2009).

In a significant majority of ALS cases, motor neurons exhibit
pathologic accumulation of insoluble cytoplasmic and nuclear
inclusions containing TDP-43 (Arai et al. 2006; Neumann
et al. 2006). On the other hand, TDP-43 undergoes demix-
ing in the cell and forms biomolecular condensates through
phase separation, a process where proteins and nucleic acids

come together to form dense, membraneless structures in cells
(Koehler et al. 2022; Scherer et al. 2024; Wang et al. 2018). This
can occur under certain conditions, such as stress or changes in
the cellular environment, and TDP-43 responds to such events
by altering its localisation, such as relocating into the cytoplasm
or being recruited into stress granules (Jung et al. 2023; Udan-
Johns et al. 2014). Although we now have a more comprehen-
sive understanding of end-stage TDP-43 pathologies through
postmortem tissue studies, there remains limited knowledge
regarding the protein-interaction changes of TDP-43 within the
nucleus and under stress conditions, which play an important
role in further defining disease characteristics.

Previous studies have sought to elucidate the binding partners of
TDP-43 to better understand the molecular mechanisms respon-
sible for the aggregation propensities of TDP-43. These studies
used biochemical techniques such as immunoprecipitations (IP)
(Evangelista et al. 2023) or proximity labeling techniques like
proximity-dependent biotin identification (BioID) followed by
liquid chromatography-tandem mass spectrometry (LC-MS/MS)
(Chou et al. 2018). Immunoprecipitation uses primary antibodies
that bind to a specific antigenic site on protein(s) for enrichment.
When coupled with LC-MS/MS, it allows for the identification
of cointeractors of the target protein, giving us insights into the
network of protein—protein interactions (interactome). However,
this method does not necessarily capture the protein interactions
that occur at different stages and may fail to identify transient
interaction partners, as well as weak binding partners that can
be lost during sample processing. Conversely, IP LC-MS/MS may
also identify nonspecific protein-protein interactions that may
occur post lysis that would not normally occur.

To address such limitations in IP LC-MS/MS, BiolD was devel-
oped (Roux et al. 2012) to enable the identification of the proteins
near the protein-of-interest under native cellular conditions. This
method utilises a DNA plasmid of a biotin ligase (BirA) in frame
with the protein-of-interest, and when expressed together with
exogenously added biotin in live cells, this ligase biotinylates
proteins in close proximity. These biotinylated interacting pro-
teins can be subsequently pulled down using streptavidin-coated
beads and washed stringently under higher detergent conditions,
followed by LC-MS/MS identification (Rayner et al. 2020; Sears
et al. 2019). One limitation of BioID is its labeling kinetics, rely-
ing on the activity of BirA over a period of hours. An improved
technique called APEX represents a significant advancement,
where these kinetics are reduced to <1 millisecond by catalys-
ing the oxidation of biotin using added hydrogen peroxide—en-
abling precise temporal control of labeling binding partners at a
specific point in time (Rhee et al. 2013). APEX was employed by
Yu et al. (2021) to identify TDP-43 interaction partners within
TDP-43 anisosomes formed in age-related neurodegenerative
diseases (Yu et al. 2021). Another study also generated high-
confidence interactors of TDP-43 identified using APEX in order
to compare it with another proximity-dependent biotinylation
technique using biotin ligase (Schreiber et al. 2024).

While these studies provided important insights into the TDP-
43 interactome, the aim of this study was to identify a common
suite of interactors in one of the most commonly employed
human cell lines (human embryonic kidney HEK293) and two
mouse neuronal cell lines (mouse neuroblastoma neuro2A and
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mouse primary neurons) and compare TDP-43 protein interac-
tors in the cytoplasm and the nucleus when mutated or under
stress conditions. We selected the non-neuronal HEK293 cell
line for our mechanistic and interaction studies because of its
high transfection efficiency, strong growth characteristics, and
capacity to express recombinant proteins. These attributes were
essential for our investigation into TDP-43 interactors. Although
neuro2A cells more closely mimic neuronal environments,
using fundamentally different cell lines enabled us to identify
common TDP-43 interactors, reinforcing our confidence in the
relevance of these interactors across three distinct cell model
systems. Identified putative interactors were further examined
in neuro2A cells expressing wild-type TDP-43 (TDP-43%T) after
oxidative stress. We also compared the protein interactions of
the missense mutations G294V and A315T. In summary, we per-
formed a cross-analysis across multiple cell models to compile a
comprehensive and high-confidence list of TDP-43 interactors,
including novel binding partners. Our analysis provides evi-
dence that specific proteins involved in translational and tran-
scriptional regulation show altered affinity for TDP-43 when
mutated or under stress, conceivably contributing to neurode-
generation over time.

2 | Method and Materials
2.1 | Ethics Statement

All experiments were carried out in accordance with the
Australian Code of Practice for the Care and Use of Animals for
Scientific Purposes. Mice were housed in a specified pathogen-
free (SPF) animal facility with a 12h light/dark cycle (lights on
at 06:00h) with the room temperature at 21°C+1°C and hu-
midity maintained at 55% + 5%. Animal experiments were con-
ducted with approval from the Animal Ethics Committee of The
University of Queensland (QBI/131/18).

2.2 | Plasmids and Cloning

Expression constructs encoding wild-type TDP-43 fused to a
C-terminal flag-APEX2 (TDP-43-APEX) or green fluorescence
protein (GFP) (TDP-43-GFP) fluorophore were cloned into
PcDNAS5/FRT/TO (cat. no. V601020, Thermo Fisher Scientific).
Mutations (G294V and A315T) were introduced into the plas-
mids by GenScript.

Expression lentiviral constructs encoding wild-type hTDP-43 fused
to a C-terminal DYKDDDDK(Flag)-tag-(GGS)x3-linker-APEX2
were cloned into pLenti wild-type hTDP-43-mGFP reported previ-
ously (Keating et al. 2023). Synthesis of the APEX2 gene, subclon-
ing into the pLenti-TDP-43 WT backbone, and mutations (G294V,
A315T) to the plasmids were conducted by Genscript.

2.3 | Cell Culture

We generated stably transfected cell lines, Flp-In T-Rex-293
(T-Rex, RRID:CVCL U427, cat. no. R78007, Thermo Fisher
Scientific) expressing TDP-43WT-GFP and control GFP alone, as
previously done by Rayner et al. (2020).

Neuro2A cells (RRID:CVCL_0470, cat. no. CCL-131, ATCC)
were grown and maintained in Dulbecco's modified Eagle's
medium (DMEM, cat. no. 11965092, Gibco) supplemented with
10% (v/v) heat-inactivated fetal bovine serum (FBS, cat. no.
A5670801, Gibco). The stable T-Rex cells were grown and main-
tained in the same conditions with the addition of 15 ug/mL blas-
ticidin (cat. no. ant-bl, Invivogen) and 100 ug/mL hygromycin B
Gold (cat. no. ant-hg, Invivogen). Cells were incubated in a 37°C
heat-jacked humidified incubator under a 5% CO, atmosphere.
Routine mycoplasma testing confirmed negative contamination
using the MycoStrip Detection Kit (cat. no. rep-mys, Invivogen).

In neuro2A cells, TDP-43WT-APEX was transiently transfected
using lipofectamine 2000 (cat. no. 11668019, Invitrogen) accord-
ing to the manufacturer's instructions for 24h. Empty vector
GFP was used as the negative control, similarly to a TDP-43
BioID experiment conducted on neuro2A to eliminate any false-
positive hits (Chou et al. 2018). Expression of the TDP-43WT-GFP
and control GFP alone was induced in T-Rex cells by adding
0.1pg/mL tetracycline (cat. no. T7660, Sigma) in DMEM for
24h.

The maximum number of passages was 25 from the original
cell line passage obtained from the manufacturer. The neuro2A
and Flp-In T-Rex-293 cell lines were purchased from ATCC and
Thermo Fisher Scientific, respectively, and were not further
authenticated upon receipt. In addition, these cell lines are not
listed as commonly misidentified cell lines by the International
Cell Line Authentication Committee (ICLAC; http://iclac.org/
databases/cross-contaminations/).

2.4 | Lentivirus Production

Flag-(GGS)x3-APEX2 tagged lentiviral plasmids, for TDP-
43WT disease mutants A315T and G294V and control were
complexed alongside lentiviral packaging constructs Gag and
Pol (pMDLg/pRRE, RRID:Addgene_12251), Rev. (pRSV-
Rev, RRID:Addgene_12253) and VSV-G envelope (pMD2.G,
RRID:Addgene_12259) in Opti-MEM Reduced Serum Medium
(cat. no. 31985088, Gibco) and introduced to HEK293T cells
(RRID:CVCL_0063) using TransIT-Lenti transfection reagent
(cat. no. 6600, Mirus MIR). Viral supernatants were collected at
48h post transfection, cleared of cell debris with centrifugation
at 1500 rpm for 5 min at 4°C, and virus particles concentrated by
ultracentrifugation at 25000 rpm for 2h at 4°C (cat. no. Optima
L-100 XP, rotor cat. no. SW32Ti, Beckman) through 20% su-
crose/PBS cushion (cat. no. S0389S, Sigma). Pelleted virus was
resuspended overnight at 4°C in Neurobasal Medium, aliquoted,
snap frozen and stored at —80°C. HEK293T cells were trans-
duced to assess transduction efficiency of prepared lentivirus in
a serial titration of virus in DMEM/F12-10%/Polybrene-10ug/
mL (cat. no. H9268, Sigma). Cells were collected, and immuno-
blot and GFP imaging performed to determine optimal trans-
duction levels.

Time-mated female C57BL/6]J mice were euthanised at
15days by cervical dislocation, followed by embryo collection.
Recovered embryos were euthanised by fetal decapitation then
transferred into cold Hibernate E medium (cat. no. A1247601,
Gibco) + 1% penicillin-streptomycin (cat. no. 15140122, Gibco).

3 0of 21


https://scicrunch.org/resolver/RRID:CVCL
http://iclac.org/databases/cross-contaminations/)
http://iclac.org/databases/cross-contaminations/)

Cortical neuronal culture dissection and fixation were per-
formed based on previous studies (Kaech and Banker 2006;
Sahu et al. 2019). In brief, the embryonic brains were micro-
dissected, the meninges carefully removed, and the cortical
regions isolated. Biological replicates were produced from neu-
rons isolated from pooled embryos from each pregnant dam.
Comparison samples were produced in each biological repli-
cate to compare across cultures. Cortex tissue from up to eight
embryos was pooled into 1.5mL tubes containing Hank's bal-
anced salt solution (HBSS) (cat. no. 14170-112, Gibco), rinsed
twice with fresh HBSS, then resuspended into 270 uL of HBSS.
The tissue was subsequently digested using 0.25% (v/v) trypsin
(cat. no. 15090046, Gibco) and incubated at 37°C for 15min.
Trypsinisation was stopped by adding horse serum (cat. no.
26050070, Gibco) to a final concentration of 30% (v/v). DNA was
then digested using 0.1% (w/v) DNase I (cat. no. DN25, Sigma),
followed by incubation at 37°C for 10min. Mechanical tritura-
tion was performed to achieve cell dissociation. The resulting
cell suspension was centrifuged at room temperature for 7 min
at 1500 rpm. The cell pellet was resuspended in neuronal plating
medium, consisting of Neurobasal Medium (cat. no. 21103049,
Gibco) supplemented with 10% (v/v) fetal bovine serum (cat. no.
10099141, Gibco), 2mM L-glutamine (cat. no. 25030081, Gibco)
and 1% v/v penicillin/streptomycin. The medium was prepared
and equilibrated overnight at 37°C in a CO, incubator. Cell
counts were conducted, and neurons were seeded in neuronal
plating medium onto 24-well plates (5x10* cells/well) for im-
munohistochemistry or 10cm (3 x 10° cells/plate) for protein in-
teraction analysis to achieve endpoint cell viability and required
protein yields from a total of 8 pregnant dams or 51 embryos.
The plates were precoated with poly-L-lysine hydrobromide (cat.
no. P2636, Sigma) at a concentration of 1 mg/mL for glass cover-
slips or 0.1 mg/mL for plastic surfaces. Cells were incubated for
4hat37°Cina CO, incubator to promote attachment. Lentiviral
transduction of neuronal cultures was performed during the
media change at 4h postplating, using neuronal maintenance
medium (Neurobasal Medium supplemented with 2% (v/v) B27
supplement (cat. no. 17504044, Gibco), 2mM L-glutamine, and
1% v/v penicillin/streptomycin) containing lentiviral particles
for either pLenti construct expressing TDP-43WT or associated
mutants. Cultures were subsequently maintained with a half-
medium exchange at DIV 3-4 prior to Biotin-APEX-proximity
labeling and cell harvest at DIV 8. Comparison samples were
produced in each biological replicate to compare across cultures.

2.5 | Cellular In Vivo biotin—-APEX-Proximity
Labeling

Biotin-APEX-proximity labeling was performed based on pre-
vious studies (Hung et al. 2016) in live neuro2A cells and DIV8
primary neurons expressing APEX constructs. Cultures re-
quiring treatment to induce oxidative stress were treated with
0.5mM sodium arsenite (NaAsO,, cat. no. S7400, Sigma) in cul-
ture media (CM) at 37°C for 1h. To initiate biotinylation of pro-
teins, cells were incubated in the substrate biotin phenol (cat. no.
SML2135, Sigma) at a final concentration of 0.5mM (Stock bio-
tin phenol 500 mM) in DMSO (cat. no. D2650, Sigma) for 30 min
at 37°C in CM. Biotin phenol/CM was removed and the bioti-
nylating reaction catalysed with the addition of 1 mM hydrogen
peroxide (H,0,, cat. no. 1072980500, Sigma) in CM for 1 min at

room temperature (RT). H,0, media was then removed and bi-
otinylation halted with 3x washes in quenching solution [10 mM
sodium ascorbate (cat. no. A4034, Sigma), 5mM Trolox (cat. no.
93510, Sigma) and 10 mM sodium azide (cat. no. S2002, Sigma)].
Cells were harvested in ice-cold PBS, pelleted at 500 rcf for 5
min at 4°C and cell pellets stored at —80°C until further analy-
sis. Confirmation of APEX biotinylation of cellular proteins was
assessed by immunoblotting.

2.6 | Nuclear-Cytoplasmic Fractionation

To separate the cytoplasmic and nuclear fractions, frozen pellets
from a T75 flask were resuspended in 400 uL of low salt buffer
(LSB;20mM HEPES pH 7.3 [cat. no. H3375, Sigma], 1 mM EDTA
(cat. no. E4884, Sigma), 1 mM EGTA |[cat. no. 324626, Sigma],
phosphate [cat. no. 4906845001, Sigma] and protease [cat. no.
11697498001, Sigma] inhibitors) and incubated for 20 min with
brief pipetting on ice. The mixture was then centrifuged at
14000 rcf for 1min at 4°C. The supernatant was collected and
centrifuged again at 14000 rcf for 1min at 4°C to obtain the
clarified cytoplasmic fraction. The pellets from the first cen-
trifugation step were rinsed with 500uL LSB and centrifuged
at 14000 rcf for 1 min at 4°C. This washing step was repeated
twice more. The pellets were resuspended in 200 uL RIPA buf-
fer (5S0mM Tris—-HCI] pH 7.4 [cat. no. 10812846001, Sigma], 1%
Nonidet P-40 [cat. no. 74385, Sigma], 0.25% Na-deoxycholate
[cat. no. D6750, Sigma], 150mM NacCl [cat. no. S9888, Sigmal],
1mM EDTA, phosphate and protease inhibitors) and incubated
for 30 min on ice. The samples were sonicated for 10s on Setting
3 (Sonic Ruptor 250, Omni International), then centrifuged at
14000 rcf for 20 min at 4°C. The supernatant was transferred
to a new tube. Protein concentration in the cytoplasmic and nu-
cleic fractions were determined using the Pierce BCA protein
quantification kit (cat. no. 23225, Thermo Fisher Scientific).

2.7 | Total Cell Lysis

For global proteomics and for immunoprecipitation, frozen pel-
lets were resuspended in NP-40 lysis buffer (Tris-buffered sa-
line [TBS], 1% (v/v) Nonidet P-40, 2mM EDTA, phosphate and
protease inhibitors). After vortexing, cells were probe sonicated
for 10s on Setting 3 (Sonic Ruptor 250, Omni International). To
remove cell debris, the cell lysates were centrifuged at 14000
rcf for 15 min at 4°C. Protein concentration was determined
using the Pierce BCA protein quantification kit (cat. no. 23225,
Thermo Fisher Scientific).

2.8 | Streptavidin Pulldown
and Immunoprecipitation

Streptavidin pulldown was performed on equal amounts of cel-
lular protein by incubation at 4°C with 20uL of streptavidin-
coated magnetic beads (cat. no. 88816, Thermo Fisher Scientific)
overnight. Beads were washed twice in RIPA buffer, once with
1M KCI (cat. no. P3911, Sigma), once with 0.1M Na,CO, (cat.
no. 223530, Sigma), once with 2M urea (cat. no. U5128, Sigma)
in 10mM Tris-HCI pH 8.0 and twice with RIPA buffer on a mag-
netic rack.
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Immunoprecipitation was performed on 500ug of whole cell
protein lysate by incubation at 4°C with 20uL of GFP mag-
netic beads (cat. no. gtma, Chromotek) for 1h. GFP beads
were washed three times in 1 mL NP-40 lysis buffer on a
magnetic rack.

Finally, beads were boiled at 95°C for 10 min in 1x loading buf-
fer (cat. no. 1610747, BioRad) containing 1x reducing reagent
(cat. no. NP0004, Invitrogen). Approximately 20% of the eluate
was used for validation by immunoblotting.

2.9 | In-Gel Trypsin Digestion

The remaining 80% of the eluted proteins and 20ug of initial
protein lysates were subject to in-gel digestion following the pro-
tocol (Cheng et al. 2021). In short, the proteins were run 1-3cm
into a 4%-12% SDS-PAGE gel (cat. no. WG1402BOX, Invitrogen)
and excised from the gel into three fractions for whole cell lysate
global proteomics or into a single fraction for IP or streptavidin
pulldown samples. Proteins were reduced and alkylated with
10mM dithiothreitol (cat. no. D0632, Sigma) and 55mM iodoac-
etamide (cat. no. 11149, Sigma), respectively, and digested with
trypsin (1:50, enzyme: protein) (cat. no. 90057, Thermo Fisher
Scientific) overnight at 37°C. The digestion was inactivated by
the addition of formic acid (FA, cat. no. 5330020050, Sigma) to
a final concentration of 1%. Tryptic peptides were desalted on
a preequilibrated C18 Omix tip (cat. no. A57003100K, Agilent)
and eluted in 50% (v/v) acetonitrile (ACN, cat. no. 1000292500),
0.1% (v/v) FA, and dried under vacuum centrifugation. The pep-
tides were resuspended in 0.1% FA, bath sonicated for 15 min
and centrifuged at 14000 rcf for 15 min at 4°C to remove any
insoluble debris. The clarified peptides were transferred into
glass vials for liquid chromatography-tandem mass spectrom-
etry (LC-MS/MS) analysis.

2.10 | Reverse Phase Liquid Chromatography-
Tandem Mass Spectrometry (LC-MS/MS)

The tryptic peptides were separated on an Ultimate 3000 na-
no-LC (Thermo Fisher Scientific), fitted with the Acclaim
PepMap C,, reversed-phase column (15cm length, 75um di-
ameter and 2um particle size, cat. no. 164534, Thermo Fisher
Scientific) and eluted with a linear gradient from 2% to 80%
ACN containing 0.1% (FA) for 60 min. Eluted peptides were
subsequently ionised into the Q-Exactive Plus mass spectrome-
ter (Thermo Fisher Scientific). Precursor ions were selected for
MS/MS fragmentation using a data-dependent “Top 10’ method
operating in Fourier transform (FT) acquisition mode with
higher-energy C-trap dissociation (HCD) fragmentation. FT-MS
analysis on the Q-Exactive Plus was carried out at 70000 resolu-
tions and an automated gain control (AGC) target of 3 X 10° ions
in full MS. MS/MS scans were carried out at 17500 resolutions
with an AGC target of 2 x 10° ions. Maximum injection times are
set to 50 and 45 ms, respectively. The charge exclusion was set to
unassigned and 1+ charged state with a dynamic exclusion of
20s. The ion selection threshold for triggering MS/MS fragmen-
tation was set to 44000 counts, and an isolation width of 2.0m/z
was used to perform HCD fragmentation with a normalised col-
lision energy of 27.

2.11 | Data Analysis

Raw spectra files were processed using the Proteome Discoverer
software 2.2 (Thermo Fisher Scientific) incorporating the
SEQUEST search algorithm. Peptide identifications were de-
termined using a 20-ppm precursor ion tolerance and a 0.1-Da
MS/MS fragment ion tolerance for FT-MS and HCD fragmen-
tation. Carbamidomethylation modification (+57.021Da) of
cysteines was considered a static modification while oxidation
(+15.995Da) of methionine, biotin (+226.078 Da) of lysine and
acetyl (+42.011 Da) modification on N-terminal residues were set
as variable modifications allowing for a maximum of two missed
cleavages. The data were processed through Percolator to estimate
false discovery rates (FDR). Protein identifications were validated
employing a g-value of 0.01. Label-free quantitation (LFQ) using
intensity-based quantification was carried out according to de-
fault parameter settings in the Proteome Discoverer 2.2 software.
Briefly, peptide spectral matches (PSM) were filtered using a max-
imum delta Cn of 0.05, rank of 0, and delta mass of 0ppm. PSMs
and peptides were validated using a strict FDR for PSMs of 0.01
and 0.05 for a relaxed FDR, respectively. Peptides shorter than six
amino acids were filtered out. PSMs were chromatographically
aligned for each input file in a sample set with a mass tolerance
of 10ppm and a maximum retention time shift of 10 min. Peptide
groups used for protein quantification were analysed using the de-
fault parameters which set a peptide as unique if it is included in
only one protein group. The quantification was processed using
unique and razor peptides (peptides shared among multiple pro-
teins group or proteins) with the precursor abundance based on
the intensity. Protein abundance was calculated as a sum of the
individual peptide group abundances, and the ratio was based on
a pairwise ratio using a geometric median of the peptide group
ratios. A student -test was used for the hypothesis test and used
the background population of ratios for all peptides and proteins
to determine whether any given single peptide or protein is signifi-
cantly changing relative to that background, and the p-value was
adjusted using Benjamini-Hochberg correction. The MS proteom-
ics data have been deposited to the ProteomeXchange Consortium
via the PRIDE (Perez-Riverol et al. 2022) partner repository with
the dataset identifier PXD054023 and 10.6019/PXD054023.

2.12 | Immunoblotting

Confirmation of APEX biotinylation of cellular proteins was
assessed by immunoblotting of 1% NP-40 cytosol extracts.
Equal amounts of protein were loaded onto a 4%-12% or 10%
Bis-Tris SDS-PAGE gel. The separated proteins were then trans-
ferred onto a nitrocellulose membrane (cat. no. 88018, Thermo
Fisher Scientific) using a Bio-Rad Trans-blot Turbo semi-dry
transfer cell (Settings: 2.5 A, 25V, 10 min) or Mini Trans-
Blot Cell (Settings: 100V, 60 min) in transfer buffer (300 mM
Tris pH9.0, 300mM Glycine [cat. no. G7126, Sigma], 0.05%
SDS [cat. no. 436143, Sigma], 20% Methanol [cat. no. 179957,
Sigma]). The membrane was blocked with 3% bovine serum
albumin (BSA, cat. no. A4737, Sigma) in tris-buffered saline
containing Tween-20 (TBST, cat. no. P1379, Sigma) for 30 min.
Subsequently, the membrane was incubated with primary anti-
bodies overnight at4°C or 1 h at RT. The primary antibodies used
in this study were IRDye-800-Streptavidin (1:1000 dilution, cat.
no. 926-32230, LI-COR Biosciences), anti-GFP (1:1000 dilution,
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RRID:AB_259941), NSUN2 (1:500, RRID:AB_10670532),
anti-EFTUD2 (1:1000 dilution, RRID:AB_2095834) and anti-
HNRNPM (1:1000 dilution, RRID:AB_2880673).

Following the primary antibody incubation, the membrane
was washed 3x10 min with TBST. Then, either fluorescently
labelled IRDye 800CW Goat Anti-Rabbit IgG Secondary
Antibody (1:10000 dilution, RRID:AB_2651127) or IRDye
680RD Goat anti-Mouse IgG Secondary Antibody (1:10000 di-
lution, RRID:AB_2651128) was applied to the membrane for 30
min at RT, depending on the primary antibody used. Finally, the
immunoblots were imaged using a LI-COR Biosciences Odyssey
CLx imaging system at the appropriate wavelength.

2.13 | Immunocytochemistry

Immunocytochemistry was performed on 4% Paraformaldehyde
(PFA, cat. no. 15710, Electron Microscopy Sciences) fixed APEX
biotinylated DIVS cultures and neuro2A cells plated to cover-
slips. Fixed cells were permeabilised using 0.2% Triton X-100 in
1X PBS for 10 min, washed with 1X PBS and blocked in 5% nor-
mal goat serum in 1X PBS for 60 min. The cells were stained for
Flag (RRID:AB_262044), NSUN2 (1:500, RRID:AB_10670532),
Streptavidin (cat. no. S112233, Thermo Fisher Scientific), Alexa
Fluor 488 conjugate antibody (antimouse, RRID:AB_141607),
AlexaFluor 594 conjugateantibody(antimouse, RRID:AB_2535789
or antirabbit, RRID:AB_141637) and MAP2 (polyclonal anti-
body 17028, gifted from Professor Virginia Lee, University of
Pennsylvania), DAPI (cat. no. 62247, Thermo Fisher Scientific) for
nuclei visualisation and imaged using confocal microscopy (cat.
no. LSM510, Zeiss or cat. no. LSM880, Zeiss).

2.14 | Colocalisation Analysis

For image analysis, Fiji (ImageJ) was used to establish macros to
process each channel and generate masks and regions of interest
(ROI) across replicates. Channels were split and processed using
the maximum, median and mean filters, convoluted background
subtraction, and watershed irregular feature function. Masks
were then generated through Li thresholding to obtain cell body
and nuclear regions from the green and blue channel, respectively.
These regions were used to create nuclear ROIs of transfected cells
which were subsequently analysed for colocalisation. The Coloc2
module of Fiji (ImageJ) was used to compute pixel intensity-based
colocalisation through Manders' correlation, following Costes
threshold regression. The resulting thresholded Manders' coeffi-
cients were plotted using GraphPad Prism and statistically ana-
lysed using a nonparametric ¢-test with a Kolmogorov—Smirnov
posttest to compare cumulative distribution.

3 | Results

3.1 | Identification of 58 Putative Interaction
Partners of TDP-43WT

To compare TDP-43 interactors between different cell lines,
we first performed global proteomics on lysates from mouse
and human cell lines expressing TDP-43WT. We used two cell

lines, neuroblastoma (neuro2A) cells that were transiently
transfected with TDP-43%T-APEX and human kidney Flp-In
T-Rex-293 (T-Rex) cells that were treated with 0.1 ug/mL of
tetracycline to induce expression of TDP-43WT-GFP (Figure 1).
At 24h post-transfection/induction, APEX-proximity labeling
was performed in neuro2A, and cells were harvested, lysed
and analysed using LC-MS/MS. Raw files were searched using
Proteome discoverer 2.2 (Thermo Fisher Scientific) and pro-
tein identifications were filtered with FDR confidence equal to
‘high’ (g-value <0.01) for subsequent analysis (Tables S1 and
S2). Proteomics analysis identified 5292 proteins in neuro2A
and 4080 proteins in T-Rex cell lysates. 2043 proteins (38.6%)
were unique to neuro2A, 831 (20.4%) proteins were unique to
T-Rex, and 3,249 proteins were shared between the two cell
lines (Table S3).

To characterise TDP-43 interactome, neuro2A cells were tran-
siently transfected with either TDP-43WT-APEX or GFP only
(empty) control for 24h. APEX biotinylation was performed
before harvesting the cells. Nuclear and cytoplasmic fractions
of neuro2A cells were separated, and streptavidin pulldowns
were done on each fraction before subjecting them to LC-MS/
MS analysis (Tables S5 and S6). Using the same filtering criteria
(g-value <0.01) with the addition of a ratio cut-off (TDP-43WT/
Control) higher or equal to 1.5, we identified 435 putative inter-
actors with TDP-43WT-APEX in neuro2A cells, with 294 and 141
proteins uniquely found in the nuclear and cytoplasmic frac-
tions respectively, and 25 proteins shared between the two cel-
lular compartments (Figure 2A blue and orange circles).

Even though APEX labeling has a small labeling radius (< 20nm)
(Bendayan 2001; Mayer and Bendayan 1997), proteins in close
proximity are not necessarily direct interactors of the protein of
interest, with one reason being due to molecular crowding in
the cellular environment. To eliminate false positive TDP-43WT
interactors, we next performed IP on the same T-Rex cell lysates
used for global proteomics (Figure 1) and compared the result-
ing dataset with the one obtained from the APEX-proximity la-
beling on neuro2A cells . T-Rex cells were treated with 0.1ug/
mL tetracycline in DMEM for 24 h to induce expression of either
TDP-43%WT-GFP or the GFP only (empty) control. Cells were har-
vested and GFP IP was performed on the lysates. Eluted proteins
were processed for proteomics and analysed using LC-MS/MS
(Table S4). We identified 384 proteins that were found to inter-
act with TDP-43WT-GFP in T-Rex cells using the same high-
confidence filtering criteria as mentioned above (Figure 2A
green circle).

Both dataset generated using IP from T-Rex cells and streptavi-
din pulldown from neuro2A cells were compared, and between
these two datasets, 58 putative interactors were found to be in
common (Figure 2A, Table 1). From those 58 proteins, we vali-
dated EFTUD2 and HNRNPM by immunoblotting in the T-Rex
lysates (Figure 2B) and NSUN?2 in lysates from neuro2A cells
transiently expressing TDP43WT-GFP or the GFP only control
(Figure 2C).

To further interrogate the common 58 putative interac-
tors of TDP-43 found in both cell lines using the tradi-
tional IP and biotin-APEX labeling methods, the proteins
were subjected to Gene Ontology (GO) annotation using
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TDP-43WT/mutants Bjotin APEX-proximity labelling coupled with LC-MS/MS in neuro2A and primary neurons

—> > >
Add streptavidin Wash and
Cytoplasm beads elute
Nuclear

284

Add GFP beads

Wash and

LC-MS/MS

FIGURE1 | Schematicillustrating the workflow used in this study. Traditional immunoprecipitation coupled with LC-MS/MS was performed in
T-Rex cells stably expressing human TDP-43WT to identify its in vitro interactome. Interactors were validated in neuro2A cells using Biotin-APEX-
proximity labeling coupled with LC-MS/MS.
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FIGURE2 | (A)Venndiagram showing the number of proteins found and common interactors between mouse neuro2A (n =4) and human T-Rex
cells (n=3) expressing TDP-43¥T and control in the cytoplasmic and nuclear compartments. (B) Western blot analysis representing the IP eluted
proteins from T-Rex cells expressing TDP-43VT-GFP and control GFP. This shows EFTUD2 and HNRNPM as binding partners of TDP-43, which do
not immunoprecipitate with the GFP control. (C) Western blot representing the IP eluted proteins from neuro2A cell expressing TDP-43WT-GFP and
control GFP. We show the binding of NSUN2 with TDP-43, which does not immunoprecipitate with the GFP control.
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TABLE1 | TDP-43 putative interactors, found in both IP and biotin-APEX labeling in T-Rex and neuro2A cells expressing TDP-43WT,

Gene
symbol Protein name Nuclear Cytoplasmic Reference
ALDHI1B1 Aldehyde dehydrogenase Yes No
X, mitochondrial
ATP5ME ATP synthase subunit e, mitochondrial Yes No
CAPZA1 F-Actin-capping protein subunit alpha-1 Yes No
DYNC1I2 Cytoplasmic dynein 1 Yes No (Feneberg et al. 2020)
intermediate chain 2
EFTUD2 116 kDa U5 small nuclear Yes No Freibaum et al. (2010), Blokhuis
ribonucleoprotein component et al. (2016), Chou et al. (2018)
GRSF1 G-rich sequence factor 1 Yes No Freibaum et al. (2010)
HNRNPD Heterogeneous nuclear Yes No Freibaum et al. (2010), Blokhuis
ribonucleoprotein DO et al. (2016), Feneberg et al. (2020),
Schreiber et al. (2024), Chou et al. (2018)
HNRNPDL Heterogeneous nuclear Yes No Freibaum et al. (2010), Schreiber
ribonucleoprotein D-like et al. (2024), Chou et al. (2018)
LRRC47 Leucine-rich repeat- Yes No
containing protein 47
NDUFA10 NADH dehydrogenase Yes No
(ubiquinone) 1 alpha subcomplex
subunit 10, mitochondrial
PABPC1 Polyadenylate-binding protein 1 Yes No Freibaum et al. (2010), Blokhuis
et al. (2016), Feneberg et al. (2020),
Riemenschneider et al. (2021)
PCNA Proliferating cell nuclear antigen Yes No Feneberg et al. (2020)
PSMC2 26S proteasome regulatory subunit 7 Yes No Riemenschneider et al. (2021)
PTCD3 pentatricopeptide repeat domain- Yes No
containing protein 3, mitochondrial
RAB21 Ras-related protein Rab-21 Yes No
RPL32 60S ribosomal protein L32 Yes No Freibaum et al. (2010)
SF3B1 splicing factor 3B subunit 1 Yes No Blokhuis et al. (2016), Chou et al. (2018)
SLC25A3 Phosphate carrier protein, Yes No Feneberg et al. (2020)
mitochondrial
TMX1 Thioredoxin-related Yes No
transmembrane protein 1
TP53 Cellular tumour antigen p53 Yes No
TRMT2A tRNA (uracil-5-)-methyltransferase Yes No
homologue A
YLPM1 YLP motif-containing protein 1 Yes No Schreiber et al. (2024), Chou et al. (2018)
EIF4A1 Eukaryotic initiation factor 4A-I Yes Yes Freibaum et al. (2010), Blokhuis
et al. (2016), Feneberg et al. (2020)
TARDBP TAR DNA-binding protein 43 Yes Yes Freibaum et al. (2010), Schreiber
et al. (2024), Chou et al. (2018)
ACLY ATP-citrate synthase No Yes Feneberg et al. (2020)
(Continues)
8 of 21 Journal of Neurochemistry, 2025



TABLE1 | (Continued)
Gene
symbol Protein name Nuclear Cytoplasmic Reference
ALDH16A1 Aldehyde dehydrogenase No Yes
family 16 member A1l
ARHGEF2 Rho guanine nucleotide No Yes
exchange factor 2
COPG1 Coatomer subunit gamma-1 No Yes Chou et al. (2018)
EEF1D Elongation factor 1-delta No Yes Feneberg et al. (2020)
EIF4G1 Eukaryotic translation No Yes Freibaum et al. (2010), Blokhuis
initiation factor 4 gamma 1 et al. (2016), Chou et al. (2018)
EPRS1 Bifunctional glutamate/ No Yes
proline-tRNA ligase
FUS RNA-binding protein FUS No Yes Freibaum et al. (2010),
Schreiber et al. (2024)
GPHN Gephyrin No Yes
HNRNPF Heterogeneous nuclear No Yes Blokhuis et al. (2016),
ribonucleoprotein F Schreiber et al. (2024)
HNRNPM Heterogeneous nuclear No Yes Freibaum et al. (2010), Blokhuis
ribonucleoprotein M et al. (2016), Feneberg et al. (2020),
Schreiber et al. (2024), Chou et al. (2018)
HNRNPU Heterogeneous nuclear No Yes Freibaum et al. (2010), Blokhuis
ribonucleoprotein U et al. (2016), Schreiber et al. (2024)
MAP1B Microtubule-associated protein 1B No Yes Freibaum et al. (2010)
MCM6 DNA replication licencing factor MCM6 No Yes
MCM7 DNA replication licencing factor MCM7 No Yes Feneberg et al. (2020),
Schreiber et al. (2024)
NSUN2 tRNA No Yes
(Cytosine(34)-C(5))-methyltransferase
PFKP ATP-dependent 6-phosphofructokinase, No Yes Chou et al. (2018)
platelet type
PSMC3 26S proteasome regulatory subunit 6A No Yes Riemenschneider et al. (2021)
PSMC6 26S proteasome regulatory subunit 10B No Yes Riemenschneider et al. (2021)
PSME3 Proteasome activator complex subunit 3 No Yes
RANBP1 Ran-specific GTPase-activating protein No Yes Feneberg et al. (2020)
RARS1 Arginine-tRNA ligase, cytoplasmic No Yes
RPL12 60S ribosomal protein L12 No Yes Freibaum et al. (2010)
RPL4 60S ribosomal protein L4 No Yes Freibaum et al. (2010),
Feneberg et al. (2020)
RPL6 60S ribosomal protein L6 No Yes Freibaum et al. (2010),
Feneberg et al. (2020)
RPS16 40S ribosomal protein S16 No Yes Freibaum et al. (2010), Blokhuis
et al. (2016), Feneberg et al. (2020)
RPS17 40S ribosomal protein S17 No Yes Freibaum et al. (2010),

Blokhuis et al. (2016)

(Continues)
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TABLE1 | (Continued)

Gene

symbol Protein name Nuclear Cytoplasmic Reference

RPSA 40S ribosomal protein SA No Yes Freibaum et al. (2010),
Blokhuis et al. (2016)

RUVBL1 RuvB-like 1 No Yes Chou et al. (2018)

SQSTM1 Sequestosome-1 No Yes Taniji et al. (2012)

TCP1 T-complex protein 1 subunit alpha No Yes Chou et al. (2018)

TRAP1 Heat shock protein 75kDa, No Yes

mitochondrial
TRIM28 Transcription intermediary factor 1-beta No Yes Freibaum et al. (2010), Chou et al. (2018)
VARS1 Valine-tRNA ligase No Yes

Note: Novel interactors are written in red, green highlights proteins only found in the nucleus, yellow shows protein only found in the cytoplasm, and blue are the

proteins found in both nucleus and cytoplasm.

Translational protein (PC00263) Protein modifying enzyme (PC00260)

Molecular function
Structural molecular activity

RPL12 ribosomal protein(PC00202) PSMC6 protease(PC00190)
EIF4G1 translation initiation factor(PC00224) PSMC2 protease(PC00190) . (7%)
RPL6  ribosomal protein(PC00202) TRIM28  ubiquitin-protein ligase(PC00234) ATP-dependent activity (8%)
RPL32  ribosomal protein(PC00202) PSMC3  protease(PC00190) Maolecular adaptor activity (19)
RPS17  ribosomal protein(PC00202) DNA metabolism protein (PC00009) Molecular function regulator
EFTUD2  translation elongation factor(PC00222) YLPM1  DNA metabolism protein(PC00009) activity (6%)
VARST  aminoacyl-tRNA synthetase(PC00047) MCM6  DNA metabolism protein(PC00009) Transcription regulator [ Binding (45%)
RPSA  ribosomal protein(PC00202) MCM7  DNAmetabolism protein(PC00009) activity (3%) -
RPL4  ribosomal protein(PC00202) PCNA  DNA polymerase processivity factor(PCo0015)  17@nslation regulator activity -/
RARS1 aminoacyl-tRNA synthetase(PC00047) Chaperone (PC00072) (4%) - Catalytic
3 : Transporter activity (1%) F
EPRS1T  aminoacyl-tRNA synthetase(PC00047) TRAP1  Hsp90 family chaperone(PC00028) activity (24%)
EEF1D translation elongation factor(PC00222) TCP1 chaperonin(PC00073)
LRRC47  aminoacyl-tRNA syr 00047) Cy protein (PC00085)
RPS16  ribosomal protein(PC00202) DYNC112 Microtubule/microtubule-binding cytoskeletal protein(PC00157)
RNA metabolism protein (PC00031) CAPZA1 non-motor actin binding protein(PC00165) Pathway name p
SF3B1  RNA splicing factor(PC00148) MAP1B  non-motor microtubule binding protein(PC00166) Funtington disease (P00029)
HNRNPDL RNA metabolism protein(PC00031) Transporter (PC00227)

TARDBP RNA metabolism protein(PC00031) SLC25A3 mitochondrial carrier protein(PC00158)
TRMT2A  RNA methyltransferase(PC00033) ATPSME ATP synthase(PC00002)
PABPC1 RNA metabolism protein(PC00031) Scaffold/adaptor protein (PC00226)

HNRNPD RNA metabolism protein(PC00031) RANBP1 scaffold/adaptor protein(PC00226)

HNRNPF  RNA splicing factor(PC00148) Membrane traffic protein (PC00150)

FUS RNA metabolism protein(PC00031) COPG1 vesicle coat protein(PC00235)
GRSF1 RNA splicing factor(PC00148) Protein-binding activity modulator (PC00095)
EIF4A1 RNA helicase(PC00032) RAB21  small GTPase(PC00208)

Gene-specific transcriptional regulator (PC00264)

NSUN2 RNA methyltransferase(PC00033)
ite it i TP53 P53-like transcription factor(PC00253)

yme (PC00262)
NDUFA10 nucleotide kinase(PC00172)

PFKP carbohydrate kinase(PC00065)

ACLY transferase(PC00220)

ALDH16A1 dehydrogenase(PC00092)

ALDH1B1 dehydrogenase(PC00092)

FIGURE3 |
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nt signaling pathway (P00057)
p53 pathway feedback loops 2 (P04398)
|pS3 pathway by glucose deprivation (P04397)
[Heme biosynthesis (P02746)
[DNA replication (P00017)
P53 pathway feedback loops 1 (P04392)

RN (R PN N NN D [N BN ISR (S P R BN IS Y

Gene Oncology annotation of the 58 putative interactors of TDP-43 found in both T-Rex and neuro2A cells using two different meth-

ods (IP and biotin-APEX labeling). Proteins annotated by protein class (left), molecular function (top right) and pathway (bottom right). Novel puta-

tive TDP-43 interactors found in this study are highlighted in red. Proteins with no PANTHER category assigned are excluded.

PANTHER.db (Figure 3). Most proteins were found to be
classified as translational proteins (PC00263), RNA metab-
olism proteins (PC00031) and protein modifying enzymes
(PC00260). 34 out of 58 proteins belong to a protein-containing
complex (G0O:0032991) such as a ribonucleoprotein complex
(12 proteins, GO:1990904), a catalytic complex (12 proteins,
G0:1902494) and an intracellular protein-containing complex
(7 proteins, GO:0140535). 32 out of 58 can bind to organic cy-
clic compounds (GO:0097159) or proteins (GO:0005515) and a
few pathways were assigned to those putative interactors, with
the main one being Huntington disease (DYNC1I2 and TP53,
P00029) and 5-hydroxytryptamine degradation (ALDH16A1
and ALDH1B1, P04372).

Finally, we compared the proteins found in previous TDP-
43 interactome studies (Blokhuis et al. 2016; Chou et al. 2018;
Evangelista et al. 2023; Feneberg et al. 2020; Freibaum
et al. 2010; Riemenschneider et al. 2021) to our list and identified
20 previously unreported interactors of TDP-43 (Table 1—high-
lighted in red).

3.2 | The TDP-43WT Interactome Changes Under
Oxidative Stress Conditions

Given the incomplete understanding of the temporal changes
of TDP-43 interaction partners, we next aimed to explore how
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an induced stressor alters the TDP-43 interactome in the nu-
cleus and the cytoplasm. We overexpressed TDP-43WT-APEX in
neuro2A cells for 24h and treated the cells with an oxidative
stressor, 0.5mM of NaAsO, for 1h to induce TDP-43 aggrega-
tion. As shown in Figure 4A, upon exposure to sodium arsenite
treatment, TDP-43WT formed condensate/aggregate-like struc-
tures. While we have not further characterised these TDP-43
clusters, for the purpose of this manuscript, we refer to them as
condensates. Proteins in close proximity to TDP-43 were bioti-
nylated and nuclear-cytoplasmic fractionation was performed
on the harvested cells (Figure 4B). Biotinylated proteins were
enriched using streptavidin-coated magnetic beads (Figure 4C)
and eluted proteins were analysed using LC-MS/MS. We ap-
plied the same protein identification filtering criteria (as above)
to obtain a refined list of TDP-43%T interactors upon acute oxi-
dative stress (Tables S7 and S8).

From the 714 proteins found specifically in the nucleus, we iden-
tified 18 putative interactors that were differentially bound (ei-
ther >1.5- or <-1.5-fold) to TDP-43WT during oxidative stress.

TDP-43 NSUN2

UNT

SA

NSUN2

UNT

B Da
75 -

Cytoplasmic Nuclear
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PTCD3, PFKP, COPG1, PABPC1, NDUFA10 and TRAP1 were
found to bind less (<-1.5-fold) to TDP-43,WT while MCMS6,
RAB21, EFTUD2, PSMC2, NSUN2, HNRNPDL, ALDH1B1,
RPL32, SF3B1, MCM7, RANBP1 and TDP-43 itself were found
to bind more (>1.5-fold) to TDP-43WT. In the cytoplasmic frac-
tion, when treated with sodium arsenite, 868 proteins were iden-
tified to change their level of interaction with TDP-43%T, From
those proteins, putative interactors such as HNRNPD, TRIM28,
RANBP1, TP53, SQSTM1, HNRNPU, HNRNPF and HNRNPM
were found to lose binding to TDP-43WT.

We conducted microscopy to assess the interaction between
NSUN2 and TDP-43WT-GFP in neuro2A cells upon oxidative
stress. Under normal conditions, no statistically significant dif-
ference in colocalisation between NSUN2 and the GFP control,
or NSUN2 and TDP-43VT-GFP, was observed. However, after
oxidative stress, there was a statistically significant increase in
interaction between NSUN2 and TDP-43WT-GFP compared to
the GFP control (Figure 4D). Given the advantages of APEX-
proximity labeling and IP, which can capture transient and

Initial lysate
C N

e
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FIGURE4 | (A)Immunofluorescence images of neuro2A cells expressing TDP-43WT-GFP or GFP control stained with DAPI (blue) and NSUN2
to assess colocalisation with TDP-43WT-GFP or GFP control. UNT represents vehicle control and SA represents 0.5mM NaAsO, treatment for 1h
to induce TDP-43 aggregation in the nucleus. All images were acquired through confocal microscopy at 100X magnification. (B) Western blot
representing the initial lysates of neuro2A cells expressing a vector control or TDP-43%T-Flag-APEX untreated or treated with 0.5mM NaAsO,
(SA). Immunoblotted with anti-Lamin B1 (nuclear marker), anti-Flag for TDP-43WT-Flag-APEX and anti-Tubulin (cytoplasmic marker) antibodies.
(C) Western blot probed with streptavidin antibody showing the biotinylation profile of the cytoplasmic and nuclear fractions from neuro2A cells
expressing TDP-43WT-APEX untreated (UNT) or treated with 0.5mM NaAsO, (SA). (C—cytoplasmic fraction, N—nuclear fraction, SP—strepta-
vidin pulled down proteins). (D) Mean +standard deviation of thresholded Manders coefficient over neuro2A cells untreated (UNT) or treated
with 0.5mM NaAsO, for 1h (SA), in the presence of GFP control or TDP-43WT-GFP. Statistical analysis: Kolmogorov-Smirnov t-test, n=3, D-

statistic=0.5, ****p <0.0001.
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low-affinity protein-protein interactions, we speculate that im-
munocytochemistry using a confocal microscopy approach may
not capture the same interaction given the time and transient
nature of these protein—protein interactions. Nevertheless, im-
munofluorescence microscopy confirmed the enhanced interac-
tion between NSUN2 and TDP-43WT-GFP, validating the same
observation as APEX-proximity labeling.

3.3 | Arsenite Treatment Alters TDP-43
Interactions and Induces Specific Cell Signaling
Pathways

To determine whether the change of TDP-43 interactome af-
fected by acute oxidative stress is due to differential expression
of proteins, we performed quantitative label-free LC-MS/MS
on neuro2A cells expressing TDP-43WT-APEX treated with or
without NaAsO,. In total, we identified 5629 proteins (q-value
<0.01) (Table S9), of which 206 dysregulated proteins (protein
abundance cut-off of <-2- or >2-fold with an adjusted p-value
<0.05). From the 25 proteins found to bind TDP-43%VT differ-
ently when exposed to sodium arsenite treatment, none of them
were found to be dysregulated (Table S9). This suggests to us
that the loss or gain of interaction with TDP-43%T is oxidative
stress-dependent and not expression dependent.

Of the 206 dysregulated proteins, we further analysed them
by Ingenuity Pathway Analysis (IPA, Qiagen) and 113 were
found downregulated and 93 upregulated in response to acute
oxidative stress with NaAsO,. Based on this information, IPA
predicted that pathway regulations, such as mitochondrial dys-
function and activation of the ribonucleotide reductase signal-
ling pathway (Figure 5), are driven by significant changes in
proteins associated with the intrinsic apoptosis pathways and
ROS accumulation (Figure S1). This IPA analysis predicted

N positive z-score z-xore =0 M negative z-score

pathways such as p38 MAPK and JNK activation that have been
previously reported (Namgung and Xia 2000) that contribute to
the activation of apoptosis (Figure S1).

3.4 | Mutations in the C-Terminal Domain Affect
TDP-43 Binding With Putative Interactors

TARDBP missense mutations in ALS are commonly found
to cluster in the glycine-rich C-terminal domain, which is a
necessary domain for protein-protein interactions, including
HNRNPs, as well as liquid-liquid phase separation (Conicella
etal. 2016; Liet al. 2018; Scherer et al. 2024). To evaluate whether
mutations in this region affected the interaction of specific pro-
teins (and potentially downstream processes), we next tran-
siently transfected neuro2A cells with TDP-43WT, TDP-436294V
and TDP-43A3T-APEX for 24h. The TDP-43%294V mutation is
found in both sALS and fALS patient cases, while the TDP-
434315T mutation is mostly found in fALS patient cases. After
performing APEX biotinylation, the nuclear and cytoplasmic
fractions were separated, followed by streptavidin pulldowns
and LC-MS/MS analysis (Tables S10 and S11). Using the same
filtering criteria as described above, we focused solely on the pu-
tative TDP-43%VT interactors and high-confidence proteins with
an abundance ratio (TDP-43mutant/TDP-43WT) equal or higher
than 1.5-fold (binding more to mutant TDP-43) or equal or lower
than —1.5-fold (binding less to mutant TDP-43).

To assess TDP-43 mutants protein interactors in the subcellular
locations, we compared our above identified TDP-43WT putative
interactors with this new list of interactors. Out of the 58 previ-
ously identified putative interactors, 19 proteins were found to
have a higher binding affinity to TDP-4362°4V in the cytoplasm
(Figure 6). These proteins include PABPC1, LRRC47, PCNA,
RANBPI1, EIF4G1, RUVBL1, ACLY, PSME3, RPS16, PSMC2,
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FIGURE 5 | Ingenuity pathway analysis of the label-free global proteomics on neuro2A cells expressing TDP-43WT-APEX treated with 0.5mM
NaAsO2 for 1h revealed activation of the intrinsic pathway of apoptosis and ROS accumulation.
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FIGURE 6 | Venn diagram showing mutant TDP-434315T and TDP-43%2°4V interactomes in primary mouse neurons (n=3) and neuro2A (n=4).
Proteins in red or green present weaker or stronger affinity to TDP-43. Underlined are proteins that were consistently altered for both mutations in

either primary mouse neurons or Neuro2A cells.

VARS1, MCM7, RPL6, EPRS1, HNRNPU, RPSA, RARSI,
FUS and NSUN2. For TDP-434315T, 6 proteins (PCNA, FUS,
RANBP1, RPS16, PSMC2 and RPL6) demonstrated increased
binding in the cytoplasm, while 8 proteins (PFKP, HNRNPF,
EIF4A1, RUVBLI1, COPG1, PSMC6, HNRNPM and NSUN2)
showed decreased binding in the cytoplasm.

In the nucleus of neuro2A cells, TRMT2A, DYNCI1I2 and
HNRNPDL were found to bind more to TDP-436294V while
PCNA, PSMC2, TMX1 and RPS16 showed less binding. PFKP
exhibited increased binding to TDP-43A315T in the nucleus,
whereas PSMC2, PABPC1, CAPZA1, GRSF1 and TMX1 showed
decreased binding in the nucleus.

To validate this data, we performed the same proteomic analysis
for mouse primary neurons expressing TDP-43VT, TDP-436294V
and TDP-434315T_APEX (lentiviral transduction; Tables S12 and
S13). Transduction of TDP-43WT and TDP-436294V_.APEX was
confirmed using immunofluorescence (Figure 7A,C) and bioti-
nylation labeling was validated using western blot (Figure 7B).
The presence of a strong streptavidin staining in FLAG-negative
cells shown in Figure 7A is possibly due to nonspecific bind-
ing of streptavidin to other molecules or structures of the cells
or endogenous biotinylated proteins leading to false positives,
as previously reported (Mount and Cooper 2001). The false-
positive hits were eliminated using a negative control (EV-GFP)
and by cross-comparing with a different protein-protein inter-
action technique such as immunoprecipitation, as described in
the method section.

Of the 58 putative interactors identified previously, in the cyto-
plasm, 4 proteins (TCP1, EPRS1, HNRNPU and PABPC1) were
found to be binding more to TDP-43%2°4V in mouse primary

neurons, and 6 proteins (GPHN, ACLY, HNRNPM, EIF4Al,
HNRNPD and TRIM28) were found to bind less to TDP-436294V
in the cytoplasm (Table S14 and Figure 6). A similar pattern was
found for HNRNPU, EPRS1 and PABPC1 in neuro2A cells. 2
proteins were found to bind more to TDP-434315T in the cyto-
plasm (HNRNPF and EPRS1) with 5 proteins (GPHN, EIF4A1,
HNRNPD, HNRNPM and TRIM28) binding less to TDP-43 in
the cytoplasm. EIF4A1 and HNRNPM were also found to bind
less to TDP-434315T in neuro2A cells.

In the nucleus of mouse primary neurons, eight of these pro-
teins (PTCD3, RANBP1, RPSA, TCP1, PSMC6, DYNC112,
COPGI1 and ACLY) were found to bind more to TDP-436294V
and eight proteins (NDUFA10, RPL6, HNRNPU, HNRNPF,
RPL4, ATP5ME, RPS17 and RPS16) bound less to TDP-436294V
in the nucleus. A similar pattern was found with DYNC112
and RPS16 in neuro2A cells. Seven proteins (YLPMI,
RANBP1, EIF4A1, PSMC6, ACLY, HNRNPDL and DYNC112)
had enhanced binding to TDP-434315T in the nucleus, while
seven other proteins (NDUFA10, RPS17, RPS16, RPLS6,
GPHN, RUVBL1 and RPL4) showed weaker interactions with
TDP-43A315T,

3.5 | Mutating the Nuclear Localisation Signal
of TDP-43 Reveals Different TDP-43 Interactome
Profile

In addition to looking at the two missense ALS-linked muta-
tions G294V and A315T, we also analysed the interactome of
an NLS mutated form of TDP-43 which mimics the mislocal-
isation of TDP-43. TDP-432NLS_APEX was transfected in neu-
ro2A cells for 24h. APEX biotinylation was performed followed
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FIGURE7 | (A)Immunofluorescence of primary cortical neurons transduced with TDP-43 WT-Flag-APEX and stained with Flag to detect TDP-
43 WT_Flag-APEX, Streptavidin for biotin detection and DAPI (blue) for nuclei visualisation (B) Western blot showing the biotinylation profile of the
cytosolic extract from primary neuronal culture transduced with TDP-43WT-Flag-APEX or GFP as control (C) Immunofluorescence of mouse pri-
mary neuronal cells transduced with TDP-43WT- and 62°4V-APEX and stained with MAP2-594 for neuron-specific cytoskeletal visualisation, Flag to

detect TDP-43 -Flag-APEX and DAPI (Blue) for nuclei visualisation.

by nuclear-cytoplasmic fractionation on the harvested cells.
Biotinylated proteins were enriched using streptavidin-coated
magnetic beads for each fraction and eluted proteins were an-
alysed using LC-MS/MS. We applied the same protein identi-
fications filtering criteria (as previously mentioned) to obtain
a list of TDP-434NLS interactors (Tables S10 and S11). In the
cytoplasm, TDP-432NLS was found to have a different binding
profile with 165 proteins, including 17 that are classified as pu-
tative interactors in this study. From those 17 proteins, PABPC1,
RPS16, EIF4G1 and TDP-43 itself were found to bind more to
TDP-432NLS i the cytoplasm. The remaining 13 were found
to bind less TDP-432NLS jn the cytoplasm (RPS17, FUS, PFKP,
PSMC3, RPL4, HNRNPU, TRIM28, HNRNPF, COPG1, MCM6,
RUVBLI1, PSMC6 and HNRNPM). 357 proteins were found
to bind less to TDP-434NLS in the nucleus with eight of them
being found as putative interactors. TRMT2A and DYNCI1I2
were found to bind more to TDP-43NLS in the nucleus whereas
GRSF1, TP53, CAPZA1, PTCD2, YLPM1 and PSMC2 were
found to bind less to TDP-434NLS in the nucleus.

4 | Discussion

In this study, we combined a traditional IP approach with a
targeted biotinylation labeling (APEX) in three different cell
lines (HEK 293, neuro2A and mouse primary neurons) to iden-
tify matching interactors. APEX was chosen as a fast-labeling
approach to evaluate the early interactome changes of TDP-
43. We analysed the nuclear and cytoplasmic fractions sep-
arately and revealed 58 putative interactors, of which most
were translational proteins, RNA metabolism proteins and
protein-modifying enzymes. Oxidative stress experiments to
recapitulate TDP-43 aggregation and to identify changes in
TDP-43 protein interactors under stress conditions showed a
higher amount of TDP-43 interaction changes in the nucleus
compared to the cytoplasm, suggesting an initial dysfunction
of nuclear TDP-43 under stress conditions. However, further
validation is needed to identify which specific interactions are
the primary contributors to TDP-43 pathogenesis. Overall, this
study provides a list of high-confidence interaction partners
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of TDP-43, including previously unreported interactors, thus
providing valuable insights into the dynamically changing
TDP-43 interactome in response to mutations and to stressors.
By focusing on these interactions, we can gain a deeper un-
derstanding of how they contribute to the cascade of cellular
events leading to the formation of TDP-43 pathology and ul-
timately neurodegeneration. Investigating these relationships
may reveal critical insights into the mechanisms driving neu-
ronal cell death, ultimately contributing to the knowledge for
improved therapeutic strategies.

4.1 | Limitations of Previous Approaches to
Identify TDP-43 Interactors

Previous studies have already reported TDP-43 interactors
involved in transcription, splicing and translation (Blokhuis
et al. 2016; Chou et al. 2018; Freibaum et al. 2010; Kawaguchi
et al. 2020). However, generally, these approaches were car-
ried out in whole cell lysates, which do not allow discrimi-
nation of the different interaction partners of TDP-43 within
the nucleus and cytoplasm, respectively. Chou and colleagues
used a BioID approach to identify 254 interactors within live
cells and to characterise TDP-43 aggregation in neuro2a, with
64 proteins being in common with the cytoplasmic and nu-
clear APEX data set and 13 proteins being in common with
the 58 putative TDP-43 interactors found in this current study
(Chou et al. 2018). Similarly, the majority of the interactors
found in Chou et al. (2018) study are classified as RNA me-
tabolism proteins (PC00031, 20.5%), protein modifying en-
zyme (PC00260, 9.3%), metabolite interconversion enzyme
(PC00262, 8.5%) and translational protein (PC00263, 8.5%).
One difference of this BioID approach is the longer labeling
time (>18h) required to achieve sufficient biotinylation lev-
els, and therefore, it is likely to capture common and unique
TDP-43 interactors based on the different labeling dynamics.
This can also increase the amount of false-positive proteins
and does not allow researchers to study the rapidly occurring
protein interactions that govern many cellular processes. Two
other studies utilised APEX labeling to identify wild-type
TDP-43 or TDP-43 within anisosomes interaction partners
(Schreiber et al. 2024; Yu et al. 2021). Here, we sought to dive
further into the TDP-43 interactome of wild-type and mutant
forms as well as determine the interactors within each cellular
compartment.

4.2 | Combining Immunoprecipitation and APEX
Labeling in T-Rex and neuro2A Cells Reveals
Known and Novel Interactors

We demonstrated that the list of TDP-43 protein interactors dif-
fered between IP from T-Rex cells and streptavidin pulldown
from neuro2A cells, indicating that a single method is insuffi-
cient to validate putative interactors within live cells. Therefore,
by combining both methods and examining nuclear and cyto-
plasmic fractions separately, we increased the confidence that
the identified proteins were likely to bind and interact with
human TDP-43 in both human and mouse cell models. A bot-
tleneck with all such studies is the extensive validation that is
required to confidently validate these interactors.

Not surprisingly, proteomic profiling of both neuro2a and T-Rex
models revealed differences in their proteomes (Figure 2A).
This was anticipated due to the different cell types (neuroblas-
toma and kidney, respectively) and species (mouse and human,
respectively). Despite these differences, TDP-43 was found to
interact with 58 mutual proteins in both mouse and human cell
lines using the two different approaches for identifying protein-
protein interactions. Ingenuity pathway analysis revealed that
these interactors were classified into RNA metabolism proteins,
including the RNA splicing factors like HNRNPF, EFTUD?2,
SF3B1 and GRSF1, with the latter three interacting with TDP-
43 only in the nucleus. Translational proteins such as ribosomal
proteins and translation initiation factors (e.g., RPL12, EIFG1,
RPL6, RPS17, VARS1, RPSA, RARS1, EPRS1, EEF1D and
RPS16) were found to have increased affinity with TDP-43 in
the cytoplasm. EPRS1, RARS1 and VARSI1 are aminoacyl-tRNA
synthetases that are essential to the correct synthesis of pro-
teins by coupling the correct amino acid and tRNA molecules.
However, they are also known to associate in higher-order com-
plexes with proteins involved in other processes such as splicing,
apoptosis, DNA damage response and regulation of transcrip-
tion (Gupta et al. 2023; Lambowitz and Perlman 1990).

Twenty novels interactors were found in this study while the
38 other proteins were consistent with previous TDP-43 in-
teractome studies (Chou et al. 2018; Feneberg et al. 2020;
Freibaum et al. 2010; Riemenschneider et al. 2021; Schreiber
et al. 2024). Among all these identified interactors, 40 identified
in this study (e.g., NSUN2, EFTUD2 and HNRNPM) were pre-
viously reported to be enriched in insoluble TDP-43 aggregates
(Evangelista et al. 2023), suggesting they may be promising can-
didates for future investigation.

4.3 | Alternative Interactions of Pathological
TDP-43

The purpose of this study was to investigate interactors of TDP-
43 after exposure to oxidative stress. While we acknowledge the
limitations inherent to our cell models, the cells provide an ex-
cellent model to perform targeted characterisation of their in-
teractors at specific time points. Various studies examining the
role of stress granules in TDP-43 proteinopathy used acute high-
dosage treatment of sodium arsenite between 0.25-5mM for
0.5-1h for stress granule formation (Liu-Yesucevitz et al. 2010;
Ratti et al. 2020). Our results confirmed that acute arsenite
treatment induced rapid condensation of TDP-43%T (within 1h)
in the nucleus. Similarly to previous studies, arsenite stress has
been shown to induce nuclear aggregation of TDP-43, exhibit-
ing a distinct granular appearance in both overexpressed and
endogenous forms within the nucleus (Cohen et al. 2015; Huang
et al. 2024; Walker et al. 2013). This nuclear TDP-43 pathology
was shown to be an early event, occurring prior to cytoplas-
mic accumulation, leading to the loss of interactions with its
protein binding partners and disrupting its splicing function,
as evidenced by concurrent STMNZ cryptic splicing pathology
(Spence et al. 2024).

Using this approach, we were able to identify changes in the
interactions of TDP-43%T in the nucleus and cytoplasm under
stress conditions. Specifically, several proteins have been shown
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to be affected in our analysis. HNRNPs are known RNA-
binding proteins involved in nucleic acid metabolism including
alternative splicing, mRNA stabilisation, mRNA transporta-
tion and transcriptional and translational regulation (Geuens
et al. 2016; Hovhannisyan and Carstens 2007) and shuttle be-
tween the nucleus and cytoplasm to exert their biological func-
tions. Interestingly, in the cytoplasm, under stress conditions,
TDP-43 was found to have a weaker affinity to HNRNPD,
HNRNPU, HNRNPM and HNRNPF. Another protein that lost
its binding affinity to TDP-43 in the cytoplasm under stress con-
ditions is SQSTM1, also known as p62. P62 possesses a dual role
in directing substrates to degradation via autophagy and the
UPS, including the degradation of fragmented TDP-43 formed
under stress conditions (Tanji et al. 2012). Reduced binding of
p62 to full-length TDP-43 was also reported in a p62 immuno-
precipitation study in the brains of patients with FTLD-TDP
(Tanji et al. 2012), suggesting that this disrupted interaction
may contribute to the pathogenesis of TDP-43. In the nucleus
and under stress conditions, TDP-43 was found to bind more
to proteins classified as RNA metabolism proteins (HNRNPDL
and NSUN2) and proteins involved in mRNA splicing factors
(EFTUD2), suggesting a dysregulation of the transcriptional
machinery, conceivably before the mislocalisation of TDP-43.

We have further confirmed the enhanced interaction of NSUN2, a
novel putative interactor found in this study, with TDP-43%T upon
arsenite treatment by immunofluorescence microscopy. This pro-
tein was selected due to the important role of N6-methyladenosine
(m6A) RNA methylation, one of the most abundant RNA modi-
fications, in regulating RNA stability, transport and translation.
Additionally, the cytoplasmic mislocalisation and nuclear de-
pletion of TDP-43 in ALS are closely associated with RNA mis-
splicing, impaired translation and widespread RNA instability
(Melamed et al. 2019). Dysregulation of the RNA methyltransfer-
ase NSUN2 has been implicated in triggering stress responses and
neuronal apoptosis (Blanco and Frye 2014), a substantial reduc-
tion in global translation (Tuorto et al. 2012) and the misregula-
tion of miRNAs, which are critical regulators of translation, as
well as RNA-binding proteins (Komara et al. 2015).

We explored the interactome of cytoplasmically accumulated
TDP-43 using APEX biotin labeling, as a model to investigate the
implication of the increased level of cytoplasmic TDP-43 level
as seen in postmortem ALS and FTD patient tissues (Neumann
et al. 2006). We observed that increased cytoplasmic TDP-43 al-
ters its protein binding capabilities. Specifically, TDP-43 shows
a reduced affinity to RPS17 and RPL4 and a stronger affinity
to EIF4G1 and RPS16, all of which are translational proteins.
Since TDP-43 is mainly located in the nucleus and is involved in
mRNA translation, splicing and cryptic exon retention, this data
may suggest that, along with the loss of its nuclear functions, in
addition to the loss of the nuclear functions, mislocalisation and
elevation of cytoplasmic TDP-43 levels might disrupt the trans-
lational, leading to the dysregulation of specific protein levels.

4.4 | Alternative Interactions of Mutant TDP-43 in
Early Disease Stage

Despite extensive in vitro and in vivo studies, the precise mech-
anisms through which TDP-43 mutations contribute to ALS

remain unclear. Recent evidence shows that TDP-43 monomer-
isation plays an essential role in inducing TDP-43 pathology in
ALS, an event that precedes TDP-43 mislocalisation, solubility
changes and phosphorylation (Oiwa et al. 2023). The authors
suggested that spliceosomal integrity is essential for TDP-43
multimerisation under stress conditions; however, the mecha-
nism behind this remains unknown.

Given that most TDP-43 mutations found in ALS patients are
in the C-terminal domain, a domain known to be important for
protein—protein interactions, it raises the question of whether al-
terations in the TDP-43 interactome might be an early trigger for
downstream defects that eventually lead to disease pathogene-
sis. This is particularly relevant when trying to understand why
mutations persist over long periods without immediately causing
motor neuron defects. We sought to investigate the binding ability
of the putative interactors with the mutant variants TDP-4362%4V
and TDP-434315T across two different cell lines. Overexpression
of these variants did not result in the cytoplasmic mislocalisa-
tion of TDP-43, similar to previous in vitro and in vivo reports
(Herdewyn et al. 2014; Kreiter et al. 2018; Sabatelli et al. 2015;
Scherer et al. 2024; Wegorzewska et al. 2009). However, some
studies highlighted that the A315T mutation led to increasing
size and the distribution density of TDP-43 RNA granules in
neuronal processes during stress (Liu-Yesucevitz et al. 2014), as
opposed to G294V presenting no significant alteration in the nu-
clear condensates compared to WT.

Our proteomic analysis identified two HNRNPs as potential con-
tributors to TDP-43 pathology, HNRNPU and HNRNPM, which
were both also found to bind differently to TDP-43 under stress
conditions. TDP-43%2°4V was found to bind more to HNRNPU
and TDP-434315T was found to bind less to HNRNPM. TDP-43 is
a member of the HNRNP protein family and like many members
of this family, the C-terminal region contains glycine-rich se-
quences that may be essential to recruit cellular factors that can
modulate TDP-43 function (Ayala et al. 2005; Buratti et al. 2005;
D'’Ambrogio et al. 2009). In addition, HNRNPs are also known
to suppress cryptic exon inclusions (Bampton et al. 2021) and
can often regulate TDP-43 RNA targets when TDP-43 is either
absent of dysfunctional (Koike et al. 2023). While no studies
have yet demonstrated the functional significance of TDP-43's
interaction with the two mentioned HNRNPs, further analysis
is needed to determine whether this interaction plays a role in
regulating RNA splicing.

Cargo transport along the cytoplasmic microtubular network
is essential for neuronal function, and cytoplasmic dynein-1 is
an established molecular motor that is critical for neurogene-
sis and homeostasis (Ansar et al. 2019). DYNCI1I2 encodes for
an important component of the cytoplasmic dynein 1 complex,
which plays a role in cell cycle regulation via mitotic spindle or-
ganisation in neurodevelopment and was found to be binding
more to TDP-4362%4V which may hinder its function in the cy-
toplasm. Similar to Feneberg et al. (2020), who looked at the in-
teractome of TDP-43M337V we also found a reduction of EIF4A1
interaction with TDP-434315T, suggesting translational dysregu-
lation in pathology (Feneberg et al. 2020). A proteomics analysis
of the TDP-43-associated insoluble fraction from mouse brain
tissue identified EPRS1 as one of the proteins associated with
TDP-43 aggregates (Dunlop et al. 2024), a protein that we also
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identified to show increased binding to TDP-4362°4V in the cyto-
plasm. EPRS1 is a multifunctional aminoacyl-tRNA synthetase
that catalyses the aminoacylation of glutamic acid and proline
tRNA species, and the increased binding with TDP-43 in the cy-
toplasm may suggest that EPRS1 might be sequestered or have
its function altered in ALS. Lastly, PABPC1, an RNA-binding
protein involved in various aspects of RNA metabolism, was
observed to be mislocalised into robust cytoplasmic inclusions
(Prpar Mihevc et al. 2016) and TDP-43 and PABPC1 were shown
to colocalise in stress granules, leading to translation repression
(Dammer et al. 2012; Fang et al. 2019).

Given the high heterogeneity of MND, mutations in TDP-
43, such as A315T and G294V, may serve as risk factors that
heighten susceptibility to the disease. These mutations likely
disrupt interactions with proteins essential for regulating trans-
lation and transcription. Over time, this disruption could result
in the nuclear loss of TDP-43, eventually leading to the forma-
tion of aggregates observed in the end stage of the disease.

Previous research has demonstrated that TDP-43 ALS vari-
ants, such as D169G and M337V, exhibit defects in stress-
induced nuclear condensation compared with the wild-type
form. Additionally, repetitive stress results in a persistent loss
of splicing function and chronic depletion of the normal form
of STMN2 mRNA and protein, contributing to the disease hall-
mark (Huang et al. 2024). Since D169G and M337V did not
significantly impact RNA-binding under normal conditions
(Chiang et al. 2016; Grese et al. 2021), investigating TDP-43
ALS-linked mutants' interactors following arsenite treatment
could provide valuable insights into the specific dysregulated
proteins in mutant TDP-43-expressing cells under oxidative
stress, and this expanded comparison should be explored in
future research.

5 | Conclusion

A major hypothesis of TDP-43 dysfunction is the loss of its
nuclear functions, resulting in aberrant splicing and the emer-
gence of cryptic exons (Agra Almeida Quadros et al. 2024;
Ayuso et al. 2023; Baughn et al. 2023; Cao and Scotter 2022).
As previously shown, genetic and environmental factors can
lead to nuclear loss of TDP-43 followed by the formation of ag-
gregates; however, the exact mechanisms leading to these hall-
mark pathologies remain unclear. By combining cell models to
compare the interactome of TDP-43, specifically by evaluating
the different cellular compartments of TDP-43 mutants and
under stress conditions, we were able to identify 58 putative
interactors occurring within cells. We extended this valida-
tion to cellular models aiming to model pathological features
(such as stress responses and disease-related mutations) and
matched putative interactors and pathways between these dif-
ferent scenarios.

This approach allowed us to explore changes of the TDP-43 in-
teractome when mutated or when subjected to acute arsenite
treatment to provide insights into ALS and FTLD mechanisms.
Like in any model system, we have identified certain limitations
that may impact the accuracy of identifying TDP-43 interactors.
For example, while NaAsO, does induce TDP-43 aggregation in

the nucleus, it also activates many other pathways. Additionally,
APEX labeling requires a 1-minute incubation in H,0,, and de-
spite being brief, this exposure can cause oxidative stress (Ransy
et al. 2020).

Nevertheless, insights into the interaction partners of TDP-43
in their respective compartments or disease scenarios will un-
doubtedly help to provide insights into disease mechanisms, as
well as potential therapeutic targets or future biomarkers.
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