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Abstract 

Amyotrophic Lateral Sclerosis (ALS) and Frontotemporal Dementia (FTD) are overwhelmingly linked to TDP-43 
dysfunction. Mutations in TDP-43 are rare, indicating that the progressive accumulation of exogenous factors – such 
as cellular stressors – converge on TDP-43 to play a key role in disease pathogenesis. Post translational modifications 
such as SUMOylation play essential roles in response to such exogenous stressors. We therefore set out to under‑
stand how SUMOylation may regulate TDP-43 in health and disease. We find that TDP-43 is regulated dynamically 
via SUMOylation in response to cellular stressors. When this process is blocked in vivo, we note age-dependent 
TDP-43 pathology and sex-specific behavioral deficits linking TDP-43 SUMOylation with aging and disease. We further 
find that SUMOylation is correlated with human aging and disease states. Collectively, this work presents TDP-43 
SUMOylation as an early physiological response to cellular stress, disruption of which may confer a risk for TDP-43 
proteinopathy.
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Introduction
Altered proteostasis is one of the key hallmarks of aging 
and is particularly prevalent in neurodegenerative dis-
eases [1]. Despite the highly heterogenous nature of neu-
rodegenerative diseases – likely owing to the extreme 
genetic and environmental diversity acting upon individ-
uals – a select few proteins are recurringly implicated in 
pathology [2]. TDP-43 is an essential RNA binding pro-
tein notorious for its involvement in neurodegenerative 
diseases including Amyotrophic Lateral Sclerosis (ALS) 
and Frontotemporal Dementia (FTD). In a diseased 
state, TDP-43 is found mislocalized from the nucleus 
and aggregated in the cytoplasm of neurons within the 
central nervous system (CNS) in ~ 97% and ~ 45% of ALS 
and FTD cases, respectively [3, 4]. Additionally, ALS and 
FTD exist on a clinical and genetic spectrum linked by 
TDP-43 dysfunction often referred together as ALS/FTD 
[5]. Beyond ALS/FTD, TDP-43 pathology is increasingly 

†Jenny L. Zhang and Trina T. Nguyen contributed equally to this work.

*Correspondence:
Maxime W. C. Rousseaux
max.rousseaux@uottawa.ca
1 University of Ottawa Brain and Mind Research Institute, Ottawa, ON, 
Canada
2 Department of Cellular and Molecular Medicine, University of Ottawa, 
Ottawa, ON, Canada
3 Eric Poulin Center for Neuromuscular Diseases, Ottawa, ON, Canada
4 Ottawa Institute of Systems Biology, Ottawa, ON, Canada
5 Tanz Centre for Research in Neurodegenerative Diseases, University 
of Toronto, Toronto, ON, Canada
6 The Ottawa Hospital Research Institute, the Ottawa Hospital, Ottawa, 
ON, Canada
7 Department of Pathology and Laboratory Medicine, University 
of Ottawa, Ottawa, ON, Canada
8 Department of Biochemistry, Microbiology, and Immunology, University 
of Ottawa, Ottawa, ON, Canada

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13024-025-00826-z&domain=pdf
http://orcid.org/0000-0002-2737-6193


Page 2 of 30Suk et al. Molecular Neurodegeneration           (2025) 20:38 

linked to other neurological disorders including Lim-
bic-predominant Age-related TDP-43 Encephalopathy 
(LATE), Alzheimer’s Disease (AD), Chronic Traumatic 
Encephalopathy (CTE), and Stroke [6–9]. Thus, TDP-43 
pathology has garnered much attention to better under-
stand the causes of these diseases and to uncover poten-
tial routes of therapeutic intervention.

The accumulation of cytoplasmic TDP-43 aggregates 
is considered a late-stage event in neurodegeneration. 
Increasing evidence suggests that the partial mislocaliza-
tion or complete depletion of TDP-43 from the nucleus 
to the cytoplasm is an early event in ALS/FTD patho-
genesis, functioning independently – however tightly 
associated – with aggregation [10–16]. As a result, 
recent efforts have focused on the outcomes of TDP-
43 mislocalization as early markers of dysfunction and/
or mechanisms driving disease. Indeed, loss of function 
due to mislocalization of TDP-43 causes aberrant cryp-
tic splicing in genes including STMN2 and UNC13A that 
drive the progression of ALS [12–15, 17]. To wit, cryptic 
mis-splicing of STMN2 was recently found to correlate 
strongly with TDP-43 pathology [18, 19]. Additionally, 
once in the cytoplasm, TDP-43 can exert additional tox-
icity through gain of function effects by sequestering crit-
ical proteins into cytoplasmic aggregates thus disrupting 
crucial pathways leading to cellular demise [11, 20]. 
Together, dysregulation of TDP-43 is sufficient to drive 
neuronal dysfunction ultimately leading to neurodegen-
eration. However, the mechanisms instigating TDP-43 
pathogenesis remain convoluted.

Despite the overwhelming prevalence of TDP-43 
pathology in ALS/FTD and related diseases, mutations in 
the gene encoding TDP-43 (TARDBP) are only present in 
less than 1% of all ALS and FTD cases [21]. It is becoming 
evident that not one, but many genetic and/or environ-
mental factors affect pathways converging on TDP-43 in 
ALS/FTD. Many ALS/FTD causative genes exert toxicity 
by disruption of key pathways such as nucleocytoplasmic 
transport and cellular stress responses [22]. The cellular 
stress response is a critical pathway tightly linked to ALS/
FTD and TDP-43 supported via genetic, experimental, 
and epidemiological evidence [23–36]. On the one hand, 
ALS/FTD-linked mutations disrupting various steps of 
the stress response pathways converge on the dysregula-
tion of TDP-43 resulting in pathology [23–25, 30–33, 36]. 
On the other hand, exogenous insults such as aging, head 
injuries, viral infections, and other exposures may confer 
susceptibility or precipitate ALS/FTD and can serve as 
pre-clinical models of TDP-43 proteinopathy [8, 37–39]. 
Motor neurons, the primary vulnerable cell type in ALS, 
are thought to be particularly susceptible to stress due to 
the high levels of excitotoxicity experienced throughout 
one’s lifetime [40]. Indeed, prolonged cellular stress due 

to chronic stress exposure or failures in stress recovery 
can result in TDP-43 pathology [28, 41]. However, much 
less is known about the molecular pathways acting upon 
TDP-43 in the cell stress response and how they might 
be linked to age-related neurodegeneration. Uncovering 
these mechanisms will help to better understand how 
environmental insults that occur throughout aging con-
verge on TDP-43 and cause susceptibility to disease.

Post translational modifications (PTMs) play key roles 
in regulating protein function and have been tightly 
linked to TDP-43 (dys)function and disease. TDP-43 is 
modified by an array of PTMs including phosphorylation, 
ubiquitination, acetylation, and polyADP-ribosylation 
[42–46]. Abnormal TDP-43 phosphorylation and ubiqui-
tination are pathognomonic of ALS and TDP-43 related 
FTD [42]. Recent studies have suggested that SUMOyla-
tion – the covalent conjugation of a Small Ubiquitin-like 
Modifier (SUMO) to target lysine residues [47, 48] – by 
SUMO1 may have a role in regulating TDP-43 nucleocy-
toplasmic transport and RNA binding [49–51]. SUMO1 
is best characterized for its roles in nucleocytoplasmic 
shuttling [52]. SUMO2 however is the only essential 
SUMO paralog and selectively plays roles in orchestrat-
ing cellular stress responses [53, 54]. SUMO2 has previ-
ously been observed in TDP-43 aggregates in  vitro and 
is related with TDP-43 insolubility [55, 56]. However, it 
is unclear whether TDP-43 is a direct target of SUMO2 
and what the implications are on TDP-43 function and 
disease pathogenesis.

Here, we show that TDP-43 is modified by SUMO2 
selectively in response to cellular stressors. TDP-43 
becomes SUMOylated within the nucleus early in 
response to stress, upstream of TDP-43 aggregation. 
Modification by SUMO2 is further correlated with dos-
age and duration of cellular stress and peaks during the 
recovery phase before it is cleared through the ubiqui-
tin proteosome system. We further identified four E3 
SUMO ligases that can modulate the levels of TDP-43 
SUMOylation. We found that TDP-43 is SUMOylated by 
SUMO2 in a conserved region of the C-terminal domain 
at lysine (K) 408 directly adjacent to phosphorylation 
residues serine (S) 409/410 characteristically phospho-
rylated in TDP-43 aggregates. To understand the physio-
logical consequences of blocking TDP-43 SUMOylation, 
we generated a knock in mouse model bearing a p.K408R 
point mutation in endogenous mouse Tardbp allele. Cor-
tical neurons cultured from these mice display impaired 
stress recovery and accumulation of nuclear TDP-43. 
These mice do not show abnormalities in development 
but develop mild social and cognitive deficits as they 
age. Pathologically, we observe TDP-43 mislocalization 
and accumulation of phosphorylated TDP-43 in the spi-
nal cord and significant denervation of neuromuscular 
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junctions in aged mice. As SUMOylation of TDP-43 
plays a protective role in mice during aging, we assessed 
human brain samples and observed a positive correla-
tion between global SUMOylation and age inferring an 
increased demand on SUMO-related pathways during 
aging. Finally, we observed significant increase in TDP-
43 and SUMO2 interactions in the prefrontal cortex 
from individuals diagnosed with ALS/FTD compared to 
unaffected controls suggesting SUMOylation is actively 
engaged in regulating TDP-43 in disease states.

Results
TDP‑43 is SUMOylated in the nucleus in a context specific 
manner
Various acute stressors including oxidative (sodium 
arsenite, NaAsO2), hyperosmotic (D-sorbitol and sodium 
chloride), and heat shock have been demonstrated to 
induce TDP-43 mislocalization and aggregation in vitro, 
helping to uncover key mechanisms affected in disease 
[24, 57, 58]. As sodium arsenite is a commonly used 
stressor to interrogate TDP-43 alterations, we examined 
whether TDP-43 became SUMOylated in response to 
sodium arsenite treatment. Using an immunoprecipita-
tion assay (“SUMOylation Assay”, Fig.  1A) to immuno-
precipitate HA-SUMO bound proteins under denaturing 
conditions to disrupt non-covalent protein interactions, 
we found that TDP-43 becomes SUMOylated by SUMO2 
and can form polySUMO chains specifically in response 
to stress (Fig.  1B). Interestingly we found that sodium 
arsenite and heat shock stressors, but not hyperosmotic 
stress, induced TDP-43 SUMOylation suggesting that 
SUMOylation is a context specific modifier of TDP-43 
(Fig. S1A). However, it remains unclear whether TDP-
43 SUMOylation functions down a pathway shared by 

sodium arsenite and heat shock, or whether TDP-43 
SUMOylation responds to a specific stress burden not 
met under hyperosmotic stress despite the formation of 
stress granules.

Previous reports have suggested that TDP-43 is 
SUMOylated under native conditions by SUMO1 to 
regulate nucleocytoplasmic transport and RNA bind-
ing [49]. Strikingly, we found that TDP-43 SUMOylation 
was modified by SUMO2 and SUMO3 specifically under 
stressed conditions; consistent with the conserved roles 
of SUMO2 and SUMO3 in response to stress (Fig. S1B). 
Mature (covalently bound) SUMO2 and SUMO3 share 
nearly 100% amino acid homology making them difficult 
to differentiate and thus referred together as SUMO2/3. 
Since SUMO2 is the only essential and most abundantly 
expressed SUMO paralog in the CNS and sodium arsen-
ite is commonly used to study TDP-43 pathobiology, 
we focused on TDP-43 SUMOylation by SUMO2 in 
response to sodium arsenite stress [53, 59].

To test whether TDP-43 SUMOylation is linked 
with disease-like states, we expressed ALS-linked 
mutant TDP-43 (TDP-43Q331K) and found that TDP-
43 SUMOylation was significantly increased compared 
to wild type TDP-43 (Fig. S1C). Next, we disrupted the 
nuclear localization sequence in TDP-43 (TDP-43NLSmut) 
to mislocalize TDP-43 to the cytoplasm and found that 
in response to sodium arsenite, TDP-43NLSmut blocks 
SUMOylation indicating that nuclear localization is 
essential for TDP-43 SUMOylation (Fig.  1C,D). Clas-
sically, lysine (K) residues, in addition to arginine (R) 
residues, are critical components of a traditional NLS to 
enable the interaction with importins to facilitate nuclear 
import of proteins; but they may also be direct targets of 
SUMOylation [60]. To determine whether loss of TDP-43 

(See figure on next page.)
Fig. 1  SUMOylation dynamically regulates nuclear TDP-43 in a stress-responsive manner. A Schematic of immunoprecipitation assays to detect 
TDP-43 SUMOylation. B Representative SUMOylation Assay western blot in HEK293T cells detecting TDP-43 SUMOylation specifically in response 
to 1 h sodium arsenite (250 µM) stress. * = SUMOylated TDP-43, ** = PolySUMOylated TDP-43. C Schematic of TDP-43-GFP Nuclear Localization 
Sequence (NLS) variants and representative florescent microscopy analysis of their subcellular localization. (Scale bar = 10 µm). Yellow amino acids 
represent those critical for PY-NLS function. Teal arginine residue was mutated from the native HNRNPA1. D Representative GFP-trap SUMOylation 
assay in HEK293T cells detecting loss of SUMOylation in response to TDP-43 mislocalization in response to 1 h sodium arsenite stress (250 µM). 
(N = 3) RM One-Way ANOVA with Fisher’s LSD test. Data presented as mean ± SEM relative to stressed TDP-43-GFP (WT) condition, * p < 0.05, ** 
p < 0.005, *** p < 0.0005. Grey bar = Unstressed, Cyan bar = Stressed. E Representative image and quantification of relative proximity ligation signal 
between TDP-43 and SUMO2/3 in murine primary cortical neuron cultures (7 DIV) in response to 1 h sodium arsenite (250 µM) treatment. Scale 
bar = 20 μm. (N = 4 per condition) Unpaired T-test data presented as mean ± SEM, *** p < 0.0005 F Representative SUMOylation Assay in HEK293T 
cells of TDP-43 SUMOylation dynamics during stress (250 µM sodium arsenite) and recovery demonstrating a dependency on the ubiquitin 
proteosome for clearance of polySUMOylated TDP-43 by treatment with proteasome inhibitor MG132 (2 µM). (N = 3) RM One-Way ANOVA 
with Fisher’s LSD test. Data presented as mean ± SEM relative to 1 h stressed condition, * p < 0.05, ** p < 0.005, *** p < 0.0005, **** p < 0.0001. Grey 
Bar = Unstressed, Cyan Bar = Stressed, Yellow Bar = Post stress recovery, Red Bar = MG132 inhibitor added. G Schematic and representative GFP-Trap 
SUMOylation assay in HEK293T cells screening for potential E3 ligases regulating TDP-43 SUMOylation in response to 1 h sodium arsenite stress (250 
µM). (N = 3) RM One-Way ANOVA with Fisher’s LSD test. Data presented as mean ± SEM relative to stressed control without sgRNA, *** p < 0.0005, 
**** p < 0.0001. Light Grey Bar = Control or insignificant change from stressed condition, Dark Grey Bar = Positive control, Cyan Bar = Significantly 
different than stressed condition
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Fig. 1  (See legend on previous page.)
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SUMOylation is mediated through loss of nuclear locali-
zation or disruption of lysine (K) residues in the NLS, we 
sought to restore TDP-43 localization to rescue TDP-43 
SUMOylation. We surveyed the literature to identify a 
NLS that functions independent of lysine (K) residues. 
Previous studies have demonstrated that the RNA bind-
ing protein HNRNPA1 contains a non-conventional 
PY-NLS to facilitate nuclear localization [61, 62]. We 
expressed a chimeric TDP-43 where the native NLS was 
replaced with an HNRNPA1 PY-NLS (TDP-43PY−NLS) 
and found that TDP-43PY−NLS localizes to the nucleus 
reflecting wild type TDP-43 (Fig.  1C). By performing a 
GFP-Trap SUMOylation assay we found that TDP-43PY−
NLS rescues the loss of SUMOylation observed when 
expressing TDP-43NLSmut indicating that nuclear locali-
zation, and not the lysine (K) residues within the NLS, 
is required for stress-dependent TDP-43 SUMOylation 
(Fig. 1D).

Finally, we aimed  to validate our findings and visu-
alize the interaction between TDP-43 and SUMO2 in 
primary cortical neurons. As TDP-43 and SUMO2 are 
widely expressed throughout the nucleus, co-localization 
analysis is challenging to infer SUMOylation events (Fig. 
S1D). To visualize the interaction between TDP-43 and 
SUMO2/3 we performed a proximity ligation assay (PLA) 
in murine primary cortical neurons cultures (Fig. 1E, Fig. 
S1E). We found that in response to sodium arsenite there 
is a significant increase in PLA signal between endog-
enous TDP-43 and SUMO2/3 in the nucleus. Taken 
together, SUMOylation may be an important mechanism 
regulating nuclear TDP-43 upstream of mislocalization 
in response to stress.

SUMOylation is an early event in response to stress 
and helps clear TDP‑43 through the ubiquitin proteasome 
system during recovery
Prolonged cellular stress in  vitro leads to mislocaliza-
tion of TDP-43 and progressive transition into insoluble 
aggregates resembling aspects of pathology observed 
in disease [16, 28, 31, 33, 63]. As TDP-43 SUMOylation 
occurs within the nucleus upstream of nuclear egress, 
we postulated that SUMOylation would occur upstream 
of aggregation during prolonged sodium arsenite stress. 
To test this hypothesis, we performed a time course assay 
to characterize the dynamics of TDP-43 SUMOylation 
during prolonged treatment with sodium arsenite. We 
observed that TDP-43 becomes readily SUMOylated in 
the first 15–30 min of the acute stress response upstream 
of the accumulation of RIPA-insoluble, phosphorylated 
TDP-43 (Fig. S1F). Furthermore, we observed an increase 
in TDP-43 SUMOylation that linearly correlated with the 
duration of stress (R2 = 0.6922, p < 0.0001). To determine 
whether SUMOylation occurs in response to relative 

stress intensity, we performed a dose response assay and 
found that TDP-43 SUMOylation is proportional to rela-
tive stress intensity (Fig. S1G). Therefore, the increase in 
TDP-43 SUMOylation during prolonged stress is likely 
due to an increased stress burden over time.

To determine the fate of SUMOylated TDP-43, we 
performed a stress-recovery time-course assay where 
cells were stressed with sodium arsenite for up to 1 h, 
then allowed cells to recover after washout. For the first 
hour during stress recovery, we observed an ~ threefold 
increase in TDP-43 SUMOylation indicating that TDP-
43 continues to be SUMOylated and polySUMOylated 
during the early stages of stress recovery (Fig.  1F). Fur-
thermore, SUMOylated TDP-43 was not detectable after 
3 h of recovery, suggesting that most of the clearance 
occurs between 2–3 h post stress. TDP-43 is known to 
interact with the SUMO-Targeted Ubiquitin Ligase RNF4 
which can polyUbiquitinate SUMOylated proteins to be 
degraded through the UPS [64]. To determine whether 
the UPS functions to clear SUMOylated TDP-43 dur-
ing stress recovery, we treated cells with the proteasome 
inhibitor MG132 and monitored TDP-43 SUMOylation 
during stress and recovery. We observed that inhibiting 
the UPS system by MG132 treatment prevented clear-
ance of SUMOylated TDP-43 during post-stress recov-
ery indicating that SUMOylated TDP-43 is marked for 
degradation by the UPS pathway. Importantly, treat-
ment with MG132 for 1 or 4 h was not sufficient to 
induce TDP-43 SUMOylation by itself, consistent with 
the stress-selective nature inducing TDP-43 SUMOyla-
tion. Taken together, TDP-43 SUMOylation occurs early 
in the stress response which then leads to ubiquitin-
targeted clearance during stress recovery demonstrating 
SUMOylation may be an important mechanism regulat-
ing nuclear TDP-43 proteostasis.

Stress‑dependent TDP‑43 SUMOylation is mediated 
by select E3 SUMO ligases
E3 SUMO ligases are important mediators for SUMOyla-
tion of select substrates and enable spatiotemporal reg-
ulation of this modification. Thus, they may represent 
critical modulators of TDP-43 SUMOylation. To iden-
tify potential E3 SUMO ligases that may regulate TDP-
43 SUMOylation, we first performed a literature search 
to identify potential ligases with evidence of mediating 
SUMOylation. We prioritized 15 candidate E3 SUMO 
ligases and using a dual sgRNA/Cas9 approach gener-
ated knockout cell lines for each of the candidate ligases 
and performed GFP-Trap SUMOylation assays to test 
the effects on TDP-43 SUMOylation (Fig.  1G) [65–79]. 
As a positive control, we knocked out the sole E2 SUMO 
ligase, UBC9 (encoded by UBE2I), which led to a near 
complete loss of TDP-43 SUMOylation demonstrating 
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the functionality of the approach. We identified four 
SUMO E3 ligases whose knockout consistently reduced 
the levels of stress-induced TDP-43 SUMOylation: 
EGR2 (KROX20), PIAS1, TRIM28 (KAP1), and ZNF451 
(ZATT). EGR2 is linked to the neuromuscular disorder 
Charcot Marie Tooth Disease and is an immediate early 
gene rapidly reacting to external cellular stimuli align-
ing with the early response of TDP-43 SUMOylation 
upon stress [66, 80]. PIAS1 is a canonical, highly con-
served E3 SUMO ligase known to play roles in cellular 
stress responses [81]. TRIM28 is also a well character-
ized E3 SUMO ligase which is a predicted interactor of 
SUMOylated TDP-43 based on the GPS-SUMO2.0 algo-
rithm [77, 82, 83]. ZNF451 is characterized as a stress 
dependent E3 SUMO ligase specifically promoting poly-
SUMOylation with SUMO2/3. It is sometimes referred to 
as an “E4 SUMO elongase” which complements our data 
that TDP-43 is polySUMOylated in response to stress 
[68, 79]. Identification of these putative TDP-43 SUMO 
ligases supports the robustness of stress-induced TDP-43 
SUMOylation and adds layers of nuance into the regula-
tion of TDP-43 with variable routes of modulating TDP-
43 functions.

TDP‑43 SUMOylation occurs in a conserved region 
of the C‑terminal domain
SUMOylation occurs at lysine (K) residues often resid-
ing within a consensus SUMOylation motif, Ψ-K-x-D/E 
(Ψ = large hydrophobic residue, x = any amino acid), 
however it is increasingly recognized that SUMOylation 
at lysine residues in non-consensus motifs is not uncom-
mon and plays significant roles in regulating protein 
function [82]. Using GPS-SUMO (https://​sumo.​biocu​
ckoo.​cn/) to predict likely SUMOylation sites on TDP-
43, we identified a consensus SUMOylation motif within 
the first RNA recognition motif at K136 – thought to 
be the site targeted by SUMO1 – and a non-consensus 
SUMOylation motif within the C-terminal domain at 
K408 [82, 83].

To map the residue of stress induced TDP-43 
SUMOylation, we expressed TDP-43 mutating the candi-
date lysine (K) residues to arginine (R) residues to main-
tain similar charge and structure of the native amino acid 
sequence while blocking SUMOylation: K136R, K408R, 
and K136R/K408R “2KR”. By performing a GFP-trap 
SUMOylation assay, we observed that TDP-43K136R did 
not block sodium arsenite-induced TDP-43 SUMOyla-
tion (Fig.  2A). Through fluorescent microscopy, we 
observed that TDP-43K136R formed nuclear puncta with 
resemblance to RNA-binding deficient TDP-43 (5FL) 
(Fig. S2A). We predicted the structure of TDP-43 and 
TDP-43K136R with AlphaFold3 in the presence of UG 
repeated RNA and found that K136R is predicted to 

slightly alter the tertiary structure of TDP-43 and affect 
the interaction with RNA (Fig. S2B and S2C). Thus, phe-
notypes observed in TDP-43K136R, as reported by oth-
ers, may be facilitated by loss of RNA binding functions 
independent of loss of SUMOylation [49–51]. In con-
trast, through GFP-trap SUMOylation assays we found 
that TDP-43K408R mutant significantly reduced TDP-
43 SUMOylation by ~ 50%, suggesting K408 is a major 
site of SUMOylation in response to sodium arsenite 
stress (Fig.  2A). Importantly, mining two independent 
unbiased mass spectrometry studies identifying sites 
of SUMOylation across the proteome in stressed and 
unstressed conditions also uncovered TDP-43 SUMOyla-
tion at K408, supporting our findings [84, 85]. Through 
florescent microscopy analysis, we found that expression 
of TDP-43K408R did not induce nuclear TDP-43 puncta 
but instead led to a slight, albeit insignificant, increase 
in cells presenting with mislocalized TDP-43 (Fig. S3D). 
However, overexpression of TDP-43K408R did not uni-
formly induce mislocalization in all cells, consistent with 
the dynamic nature of TDP-43 SUMOylation and the 
requirement of stress to introduce TDP-43 SUMOyla-
tion responses. Finally, TDP-432KR significantly reduced 
TDP-43 SUMOylation to the same extent as TDP43K408R 
suggesting that K408 and not K136 is a target of stress-
induced SUMOylation (Fig.  2A). We further observed 
that TDP-432KR expression is less stable than TDP-
43K408R likely due to the structural changes mediated by 
K136R. Taken together, K408 is a major target of stress-
induced SUMOylation.

To address the evolutionary conservation of TDP-
43 SUMOylation at K408, we aligned the amino acid 
sequences of TDP-43 with 300 orthologs from OrthoDB 
and found that human K408 is nearly completely con-
served throughout jawed-vertebrates concurrent with the 
evolution of the C-terminal domain (Fig.  2B, Table  S1). 
While this domain harbors the majority of ALS/FTD 
causing mutations, the residues surrounding K408 dis-
play considerably high levels of conservation (~ 86% 
pairwise identity) indicating that this motif may play 
important roles in regulating TDP-43 in vertebrates that 
may be altered by disease causing mutations (Fig.  2C, 
Table  S1). Consistent with these findings, no missense 
variants have been identified that disrupt the SUMOyla-
tion motif (based on gnomAD v4.0 [86]) supporting its 
robust conservation in the healthy human population.

The residues surrounding TDP-43 K408, specifi-
cally S403, S404, S409, and S410 are characteristically 
phosphorylated in patients with TDP-43 proteinopathy 
[42]. To determine whether phosphorylation of TDP-
43 at these serine residues interact with SUMOylation 
at K408, we expressed phospho-dead “4SA” TDP-43 
(S403/404/409/410A) and observed that TDP-434SA does 

https://sumo.biocuckoo.cn/
https://sumo.biocuckoo.cn/


Page 7 of 30Suk et al. Molecular Neurodegeneration           (2025) 20:38 	

Fig. 2  TDP-43 is SUMOylated at K408 in a conserved region of the C-terminal domain. A Representative GFP-Trap SUMOylation assay in HEK293T 
cells to map the site of TDP-43 SUMOylation in response to 1 h sodium arsenite (250 μM) stress. One-Way ANOVA with Fisher’s LSD test. Data 
presented as mean ± SEM relative to stressed TDP-43-GFP (WT) condition, ** p < 0.005, **** p < 0.0001. Grey Bar = Unstressed, Cyan Bar = Stressed. 
B Phylogenetic representation from alignment of representative TDP-43 paralogs highlighting the emergence and conservation of [human] K408 
(Blue). C Pairwise identity of the [human] TDP-43 C-terminal domain from MUSCLE alignment of 300 amino acid sequences for TDP-43 paralogs 
from Humans to Actinopterygii from OrthoDB. Red represents the TDP-43 C-terminal domain (Intrinsically disordered domain). Cyan represents 
PTM- enriched region at the extreme C-terminus. D Representative GFP-Trap SUMOylation assay in HEK293T cells with phospho-dead TDP-43 “4SA” 
(S403/404/409/410A) highlighting antagonism between SUMOylation and phosphorylation. (N = 3) Unpaired T-test data presented as mean ± SEM. 
E Schematic and sanger sequencing of the TDP-43K408R knock in mouse line. F Schematic of endogenous SUMOylation assay from embryonic 
mouse brains. G Validation of loss of stress-induced TDP-43 SUMOylation in the brains of embryonic TDP-43K408R mice ex vivo. All mice presented 
are either wild type (WT) or homozygous for K408R (K408R/K408R). 2-Way ANOVA with Fisher’s LSD test. Data presented as mean ± SEM relative 
to stressed WT condition, **** p < 0.0001
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not lead to loss of SUMOylation following stress but 
rather appeared to promote an increase in its SUMOyla-
tion (Fig. 2D). Whether phosphorylation functions allos-
terically to remove SUMO2/3 at K408 or antagonistically 
to block the SUMOylation recognition site remains 
unclear. The independent modification by either phos-
phorylation or SUMOylation may serve as a mechanism 
to differentially regulate TDP-43 function independently 
or sequentially in response to stimuli. Thus, while TDP-
43 phosphorylation has gained significant attention since 
its initial discovery [42] – in part due to the availability 
of phospho-specific antibodies – we now show that the 
C-terminal domain contains a conserved “PTM-enriched 
region” where SUMOylation at K408 may precede phos-
phorylation, revealing additional complexity and nuance 
to the stimulus-induced regulation of TDP-43.

C‑terminal SUMO‑mimetic destabilizes TDP‑43
Promoting specific protein SUMOylation is rather diffi-
cult given the size of the SUMO molecule and the plei-
otropy resulting from overexpressing SUMO proteins 
and their related machinery. To overcome this limita-
tion and to mimic SUMOylation at K408, we expressed 
TDP-43-HA and TDP-43 with a C-terminal SUMO2 
fusion (TDP-SUMO2-HA) in HEK293T cells. By western 
blot we found that C-terminal fusion of SUMO2 led to 
a significant reduction in TDP-43 levels (Fig. S3A). The 
reduction in TDP-43-SUMO2-HA suggesting that C-ter-
minal fusion of SUMO2 destabilizes TDP-43 levels  is 
consistent with our data showing that prolonged TDP-43 
SUMOylation leads to its polyubiquitination and degra-
dation (Fig. 1F). We further observed that overexpression 
of TDP-43-HA and TDP-43-SUMO2-HA both signifi-
cantly increased phosphorylation of eIF2α compared to 
non-transfected controls despite significantly lower levels 
of TDP-43-SUMO2-HA.

Next, we aimed to gain insight into how C-terminal 
fusion of SUMO effects TDP-43 localization and stress 
response. We did not observe constitutive changes in 
TDP-43 localization suggesting that SUMO2 fusion does 
not drive TDP-43 nuclear export (Fig. S3B). By stress-
ing cells for 1 h with sodium arsenite we observed that 
TDP-43-SUMO-HA cells could elicit a stress response 
and form stress granules similar to the TDP-43-HA 
counterpart (Fig. S3B). However, we found that stress 
granules were significantly larger in cells expressing TDP-
43-SUMO2-HA compared to TDP-43-SUMO2-HA (Fig. 
S3B). In addition, we were surprised to find a significant 
increase in the proportion of stress granules colocaliz-
ing with TDP-43-SUMO2-HA compared to TDP-43-HA 
alone. Taken together this suggests that SUMOylation of 
TDP-43 at the C-terminus converges on stress response 
pathways involving stress granules and the integrated 

stress response (i.e. eIF2α pathway). However, whether 
TDP-43 SUMOylation is involved in the upstream reg-
ulation or downstream modulation of these pathways 
remains unclear.

Endogenous mutation of murine TDP‑43 at K408 blocks 
stress‑responsive TDP‑43 SUMOylation in the mouse brain
To understand the cellular and physiological roles of 
TDP-43 SUMOylation at K408, we generated a knock 
in mouse model harboring a missense (c.1223 A > G) 
point mutation in the endogenous mouse Tardbp locus 
resulting in the expression of Tdp-43 bearing a p.K408R 
missense mutation (Fig.  2E, Fig. S4A,B). For simplicity 
herein, all genes/proteins will be referred to following 
their human nomenclature (e.g. mouse Tdp-43 versus 
human TDP-43, collectively “TDP-43”). Although TDP-
43 and SUMO2 are independently essential for embry-
onic development, the “TDP-43K408R” mice are born at 
normal mendelian ratios without gross impairment indi-
cating that TDP-43 SUMOylation at K408 is not essential 
for murine development (Fig. S4C) [53, 87].

In order to validate that mutation of endogenous TDP-
43 K408 blocks stress responsive TDP-43 SUMOylation 
in TDP-43K408R mice, we designed an ex vivo approach to 
test endogenous stress responsive TDP-43 SUMOylation 
in the mouse brain (Fig. 2F). Briefly, we dissected mouse 
embryos at E14.5 and divided each brain into two hemi-
spheres. Both hemispheres were maintained in neuroba-
sal complete media for one hour, with one hemisphere at 
37 °C as a control, and the complementary hemisphere 
was heat shocked at 42 °C. The brain hemispheres were 
lysed under denaturing conditions and endogenously 
SUMOylated proteins were immunoprecipitated using 
antibodies targeted against endogenous SUMO2/3. 
SUMOylated proteins were eluted using a synthetic pep-
tide reflecting the antibody epitope to competitively elute 
SUMOylated proteins. We observed that this approach 
reliably detects endogenous TDP-43 SUMOylation in 
response to heat shock yielding a doublet band at ~ 65 
kDa and a corresponding decrease by ~ 50% in TDP-
43K408R animals reflecting previous results in HEK293T 
cells (Figs.  1B,  2G). Thus, stress-induced TDP-43 
SUMOylation is impaired in the TDP-43K408R mouse 
brain.

TDP‑43 SUMOylation at K408 supports cellular stress 
response and recovery in neurons
As TDP-43 SUMOylation responds to, and is cleared dur-
ing cellular stress and recovery respectively, we posited 
that SUMOylated TDP-43 plays key roles in responding 
and recovering from stress. We cultured murine TDP-
43+/+ and TDP-43K408R/K408R primary cortical neurons 
and performed stress and recovery assays to determine 
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how the cell stress response may be affected. Since TDP-
43 is critical for the formation of G3BP1 positive stress 
granules, we examined their formation and resolution fol-
lowing stress and recovery [88, 89]. We found that stress 
granules could form in TDP-43K408R/K408R neurons to the 
same degree as TDP-43+/+ neurons, but there was a sig-
nificant delay in stress granule clearance during recovery 
(Fig. 3A, Fig. S5A-C). When assessing TDP-43 solubility, 
we also observed a significant increase in RIPA insoluble 
phosphorylated TDP-43 at 1 h recovery that was cleared 
by 3 h post-stress recovery (Fig. 3B, S6A). Based on our 
previous results that SUMOylation is cleared by the UPS 
pathway and phosphorylation may function antagonisti-
cally with SUMOylation, the increase in phosphorylation 
during recovery may serve as an alternative method of 
proteostasis to compensate for loss of SUMOylation. We 
further observed a significant increase in nuclear TDP-
43 foci that were specific to the recovery phase and were 
exacerbated after 3 h recovery in the TDP-43K408R/K408R 
neurons (Fig. 3C). Various forms of nuclear TDP-43 bod-
ies are increasingly recognized to be aberrantly regulated 
in disease and stress states [19, 90–92]. We tested several 
likely markers of nuclear foci related to cell stress and 
recovery and found that these foci are neither anisosomes 
nor paraspeckles and they do not colocalize with Ubiqui-
tin (Fig. S6B-D). Thus, these TDP-43 foci may represent a 
unique recovery body in the nucleus to be further investi-
gated. Together, TDP-43K408R/K408R neurons appropriately 
respond to, but not efficiently resolve acute cellular stress 
which may render cells vulnerable to further insult.

Following the idea that SUMOylation of TDP-43 
helps facilitate efficient recovery to protect cells from 
subsequent insults, we questioned whether multiple 
short insults exacerbate the stress response in neu-
rons. We designed a paradigm where primary cortical 
neurons were stressed for 30 min with sodium arsenite 
then allowed to recover for 30 min before receiving sub-
sequent insults. We stressed and recovered the same 
neurons a total of 3 times over 3 h and assessed stress 
granule dynamics in SUMO-competent (TDP-43+/+) 
and SUMOylation-deficient (TDP-43K408R/K408R) neu-
rons. In TDP-43+/+ neurons we observed that during 
the first stress phase, stress granules formed in a propor-
tion of neurons which were then retained during the first 
recovery (Fig.  3D). Subsequent rounds of stress further 
increased the proportion of cells containing stress gran-
ules which were roughly maintained or decreased during 
subsequent rounds of recovery suggesting that recov-
ery pathways are being engaged and subsequent stress 
induces an additive effect without full recovery. In TDP-
43K408R/K408R neurons however we observed the initiation 
of stress granule formation in the first 30 min of stress 
that followed by inappropriate reactivation and recovery 

following subsequent rounds of stress. This supports that 
stress responses related to stress granule dynamics are 
altered in TDP-43K408R/K408R likely related to inefficient 
recovery. Additionally, we observed a striking increase in 
the proportion of cells presenting with nuclear TDP-43 
foci after the third round of stress and recovery (Fig. 3E), 
though increases in TDP-43 mislocalization in this 
experimental paradigm were rather marginal and did not 
reach significance(Fig. S6E).

To better determine how blocking TDP-43 SUMOyla-
tion may respond to mild chronic stress, we treated 
neurons with low dose of sodium arsenite for 30 h then 
allowed them to recovery for 3 days and assessed bio-
chemical changes in TDP-43 solubility. In TDP-43+/+ 
neurons we observed a significant decrease in RIPA sol-
uble TDP-43 after chronic stress followed by a marked 
increase in phosphorylated TDP-35 fragments in the 
urea-fraction (Fig. S6F). Upon recovery these frag-
ments were cleared and insoluble TDP-43 returned to 
unstressed levels by 72 h recovery. In TDP-43K408R/K408R 
neurons however, we observed the same changes in 
response to chronic stress, however during recovery we 
observed significantly lower soluble TDP-43 levels and 
significantly increased phosphorylated TDP-35 frag-
ments in the urea-fraction. Furthermore, we observed 
significant shift in the solubility of Ubiquitinated pro-
teins during recovery. Taken together, blocking TDP-43 
SUMOylation impairs the ability for cells to recover from 
cellular stress and may shift to other pathways involving 
phosphorylation or cleavage to regulate TDP-43.

Blocking TDP‑43 SUMOylation in vivo leads 
to female‑specific social and cognitive deficits
Following on our findings that blocking TDP-43 
SUMOylation affect neurons abilities to recover from 
repeated or mild cellular stress, we posited that block-
ing TDP-43 SUMOylation in aging may render long 
lived cells (i.e. neurons) vulnerable across aging as mild 
life stresses accumulate over time [1]. Thus, we aimed 
to comprehensively characterize the TDP-43K408R mice 
across their lifespan to uncover the baseline phenotypic 
changes that occur with aging as an innate stress upon 
cells. As TDP-43 SUMOylation is involved in supporting 
the normal cellular stress response and maintaining TDP-
43 proteostasis, we hypothesized that disrupting this 
process leads to age-dependent physiological changes 
accelerated by impaired stress responses and TDP-43 
accumulation. To ensure that the K408R mutation did 
not lead to post gestational developmental changes that 
would confound the presentation of age-related impair-
ment, we assessed the weights and motor abilities of pups 
at P21. We did not observe any significant differences 
between TDP-43+/+ and TDP-43K408R/K408R with respect 
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Fig. 3  Blocking TDP-43 SUMOylation at K408 impairs the cellular stress response in neurons. A Representative images and quantification of G3BP1 
stress granule dynamics in mouse primary cortical neurons (7 DIV) during stress (1 h 250 μM sodium arsenite) and recovery. G3BP1 contrast 
was set for optimal visualization of stress granules. Scale bar = 25 μm (N = 5), 2-Way ANOVA with Fisher’s LSD test data presented as mean ± SEM, 
* p < 0.05, ** p < 0.005. B Representative western blot and quantification of RIPA and UREA fractions from mouse primary cortical neurons (7 DIV) 
during stress (1 h 250 μM sodium arsenite) and recovery. Quantification found in Fig. S6A. C Representative images and quantification of TDP-43 
nuclear foci formation in mouse primary cortical neurons (7 DIV) during stress (1 h 250 μM sodium arsenite) and recovery. Cyan arrowheads 
denote cells with nuclear TDP-43 foci. Scale bar = 25 μm. (N = 5), 2-Way ANOVA with Fisher’s LSD test data presented as mean ± SEM, ** p < 0.005. 
D Representative images and quantification of G3BP1 stress granule dynamics in mouse primary cortical neurons (7 DIV) during repeated stress 
(30-min 250 μM sodium arsenite treatment) and recovery (30-min washout), repeated 3 times. Scale bar = 25 μm. (N = 3), 2-Way ANOVA with Fisher’s 
LSD test data presented as mean ± SEM, * p < 0.05, ** p < 0.005. E Representative images and quantification of TDP-43 nuclear foci formation 
in mouse primary cortical neurons (7 DIV) during repeated stress (30-min 250 μM sodium arsenite treatment) and recovery (30-min washout), 
repeated 3 times. Cyan arrowheads denote cells with nuclear TDP-43 foci. Scale bar = 25 μm. (N = 3), 2-Way ANOVA with Fisher’s LSD test data 
presented as mean ± SEM, ****p < 0.0001. For all immunofluorescent assays at least 50 cells were imaged and quantified per replicate (N = 3–5). All 
assays present wild type mice in grey and K408R/K408R mice in purple
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to body weight or motor abilities indicating that blocking 
TDP-43 SUMOylation does not lead to gross develop-
mental abnormalities (Fig. S7A-C).To determine whether 
blocking TDP-43 SUMOylation leads to phenotypes in 
an age-dependent manner, we assessed general wellness 
biweekly, including measuring body weight and hindlimb 
clasping scores, and performed a battery of 14 behavio-
ral tests focusing on motor, social, and cognitive function 
related to ALS and FTD at three time points (2, 9 and 16 
months, Fig. S7D-F, S8-10). Of note: TDP-43K408R/+ mice 
are generally omitted from figures for clarity to avoid 
confounding variables that may arise due to asymmet-
ric regulation of wild type and K408R alleles due to the 
autoregulatory nature of TDP-43 (i.e. potential dominant 
negative effects conferred by the mutation and not partial 
loss of SUMOylation), but are accessible in Table S2 and 
typically exhibit a milder phenotype than TDP-43K408R/

K408R.
We were surprised to observe that blocking TDP-43 

SUMOylation in TDP-43K408R mice resulted in sex-
specific cognitive and social deficits selective to female 
animals. Starting around 2 months of age, we observed 
significant barbering in female mice leading to alope-
cia in the K408R mutants (Fig. 4A). Consistent with this 

finding, we found that aged female TDP-43K408R/K408R 
mice were significantly more submissive to their TDP-
43+/+ counterparts in the tube test (Fig. 4B). Thus, block-
ing TDP-43 SUMOylation leads to social abnormalities 
in female mice. In assessing the cognitive behaviors, we 
observed significant risk taking and hyperactivity in the 
open field test at 2 months of age (Fig. 4C). This hyper-
activity was age-dependent and selectively affected young 
female mice as they were significantly less active than 
their TDP-43+/+ counterparts at 9 months of age in the 
open field tests (Fig. 4C). Additionally, these female TDP-
43K408R/K408R mice presented with significant impair-
ment during habituation at 9 months in the beam break 
test (Fig. 4D). As there was no change in motor abilities 
in the rotarod and digigait tests (Fig. S9C,D), we ration-
alized that the activity abnormalities were likely due to 
cognitive and anxiety impairments as opposed to motor 
impairments. By 16 months of age, female TDP-43K408R/

K408R mice performed significantly worse than TDP-43+/+ 
mice in the spontaneous Y-maze, inferring age-depend-
ent cognitive decline in the domain of working memory 
(Fig.  4E). Together, female mice present with social and 
cognitive impairment in early age with slight impair-
ments in cognitive performance with aging. There were 

Fig. 4  Blocking TDP-43 SUMOylation at K408 in vivo leads to sex-specific social and cognitive impairment in female mice. A Representative 
image of a barbered female mouse and quantification of cumulative barbering probability. 2-Way ANOVA with Tukey’s Multiple Comparisons, *** 
p < 0.0005. B Tube test of social dominance at 16 months of age (16MO) displaying the total head-to-head battles and win percentage by genotype 
comparing wild type against K408R (K408R/ + and K408R/K408R animals). Binomial Test of Observed vs. Expected with Expected due to random 
chance set to 50%, * p < 0.05. C Quantification of total distance traveled (cm) and total time in center (s) in the open field test of female mice. 
Mixed Effects Analysis with Tukey’s multiple comparison data presented as mean ± SEM, *** p < 0.0005, * p < 0.05. D Quantification of percent 
alternations in the spontaneous Y-maze test of female mice at 2, 9, and 16 months of age (2MO, 9MO, 16MO, respectively). Mixed-Effects Analysis 
with Tukey’s multiple comparison data presented as mean ± SEM, * p < 0.05. E Quantification of relative ambulatory activity normalized to wild type 
at 1 h of female mice at 2, 9, and 16 months of age (2MO, 9MO, and 16MO, respectively). Grey shading between hours 2 and 14 indicate “lights off” 
with respect to day/night light cycle. 2-Way ANOVA with Tukey’s multiple comparison data presented as mean ± SEM, * p < 0.05. All assays present 
wild type mice in grey and K408R/K408R mice in purple
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no significant cognitive effects in male TDP-43K408R/

K408R mice, however mild impairments were observed 
on the rotarod test at 9 months of age (2-way ANOVA 
p = 0.0273, Table  S2). This deficiency was not observed 
at 16 months of age, largely due to all mice perform-
ing significantly worse at the rotarod task, limiting the 
interpretation of this assay [93]. Taken together, the age-
dependent cognitive and social impairment observed in 
female TDP-43 SUMO-deficient mutants highlight inter-
esting and unexplored aspects of TDP-43 with important 
implications for understanding sex-specific roles of TDP-
43 SUMOylation.

TDP‑43K408R mice present with distinct features of TDP‑43 
pathology related to ALS and FTD
Next, we aimed to characterize regions of the nervous 
system vulnerable in ALS/FTD to determine how loss 
of TDP-43 SUMOylation impacts these regions across 
aging. We did not observe significant differences in corti-
cal thickness of the primary motor cortex nor prefrontal 
cortex in male or female mice across all timepoints sug-
gesting that loss of TDP-43 SUMOylation does not lead 
to widespread cortical degeneration occurring during 
normal aging (Fig. S11A,B). To gain an additional layer 
of granularity into vulnerable neuron subpopulations in 
the cortex, we stained for CTIP2 to highlight neurons 
in layer V, including upper motor neurons, in the cor-
tex and did not observe significant differences in neuron 
quantity across aging (Fig. S11C,D). We further stained 
for CUX1 as a marker of layer II/III neurons which can 
be vulnerable to TDP-43 pathology in FTD and degen-
eration in Alzheimer’s disease. Again, we did not observe 
significant changes in male nor female mice across the 
mouse lifespan supporting the absence of cortical degen-
eration in TDP-43K408R animals during native aging (Fig. 
S11C,D). To determine if blocking TDP-43 SUMOylation 
results in neuroinflammation, we probed for the reactive 
astrocyte marker GFAP and reactive microglia marker 
Iba1 and observed no change in neuroinflammation (Fig. 
S11E-H). Together these data suggest the process of aging 
does not lead to cortical neurodegeneration nor cortical 
neuroinflammation.

Cellular and molecular changes are generally thought 
to precede behavioral changes in mouse models and 
human disease. Our biochemical and cellular assays show 
that stress-induced SUMOylation helps to clear TDP-43 
during recovery and blocking TDP-43 SUMOylation in 
neurons leads to impaired recovery from stress and TDP-
43 accumulation (Figs. 1E, 3, Fig. S6A,F). Due to the sex-
specific social and cognitive impairment in female mice, 
we posited that TDP-43 accumulation would reflect the 
behavioural changes. Consistent with the sex-specific 
social and cognitive impairment described above, we 

find that insoluble phosphorylated TDP-43 accumulated 
in the cortex of female, but not male mice (Fig. S12A,B). 
Furthermore, this accumulation was observed as early 
as 2 months of age and was maintained throughout 
aging, which may imply that impaired TDP-43 proteo-
stasis is underlying the social and cognitive phenotypes 
observed in female TDP-43K408R animals. Interestingly, 
we observed significant changes in MAPT splicing in the 
cortex of TDP-43K408R mice, specifically the N2/N0 splice 
isoform (Fig. S12C). Together, this may suggest that there 
is some degree of TDP-43 loss of function in the TDP-
43K408R mice.

We questioned whether motor neurons in the spinal 
cord present with early-stage pathology as they are sub-
ject to excess excitotoxic stress throughout their lifespan 
[40]. Surprisingly, we observed cytoplasmic mislocaliza-
tion, but not nuclear depletion, of TDP-43 accompanied 
by insoluble, phosphorylated TDP-43 accumulation in 
the lumbar spinal cord of both male and female mice at 
9 months of age (Fig. 5A, Fig. S12D,E). Furthermore, by 
16 months of age, male TDP-43K408R/K408R displayed a 
significant denervation of neuromuscular junctions in 
the tibialis anterior and a reduction in ChAT positive 
neurons in the spinal cord compared to littermate con-
trols (Fig.  5B,C, Fig. S12F-H). Together, blocking TDP-
43 SUMOylation results in altered proteostasis of spinal 
motor neurons leading to neuromuscular junction den-
ervation and ChAT positive motor neuron loss in an age 
dependent manner.

As the TDP-43K408R mice continued to age beyond our 
behaviour timepoints we observed a 24.49% decrease in 
survival specific to male TDP-43K408R/K408R mice with 
a median survival of 521 days for the TDP-43K408R/K408R 
compared to 690 days for TDP-43+/+ mice (Fig. 5D, Fig. 
S7D). Mice were typically found dead or euthanized 
after reaching a humane endpoint. Surprisingly, a few 
animals presented with classic hindlimb weakness  and 
paralysis akin to those observed in other models of ALS 
(Supplemental Video 1). However, these results should 
be interpreted with caution due to the low statistical 
power. Taken together, our data supports that TDP-43 
SUMOylation plays a protective role in mediating TDP-
43 proteostasis in the CNS and that its blockade may 
confer a risk for ALS/FTD-like pathogenesis in an age-
dependent, and sex-specific manner providing insights 
into molecular substrates underlying sexually dimorphic 
clinical features of ALS and FTD.

Aberrant SUMOylation is a feature of human aging 
and disease
Although SUMOylation is well understood to play an 
essential role in the CNS, its involvement in human aging 
and neurodegenerative diseases remains largely elusive. 
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To assess how SUMOylation is normally affected in 
human aging, we processed samples from human tem-
poral lobe tissue ranging between 0.5 and 88 years of 
age from individuals unaffected by neurological diseases 
(Fig.  6A, Table  S3, n = 55). Complementing our find-
ings that SUMOylation serves as a response to increased 
proteostatic demands, such as those in our aging TDP-
43K408R model, we observed that global SUMOylation 
was significantly increased in “aged” (> 60 years old) 
human brains (Fig. 6B).

To explore the extent of TDP-43 SUMOylation in 
human ALS/FTD cases, we performed proximity liga-
tion assays against TDP-43 and SUMO2/3 in prefrontal 
cortex samples from ALS/FTD cases positive for TDP-
43 pathology and age/sex matched unaffected controls 
(Table  S3). Through semiquantitative analysis, patient 
samples collected from various sites were assessed for 
relative TDP-43 pathology by a neuropathologist in a 
blinded manner. We confirmed there was a significant 

increase in TDP-43 pathology in the prefrontal cor-
tex of ALS/FTD patients relative to controls (Fig. 
S13A). When assessing the interaction between TDP-
43 and SUMO2/3, we observed a significant increase 
in interactions in the prefrontal cortex of ALS/FTD 
patients with TDP-43 pathology suggesting the TDP-43 
SUMOylation pathway is engaged in disease (Fig.  6C, 
Fig. S13B). This may be a result of increased stress bur-
den throughout the prefrontal cortex in those affected 
by ALS/FTD with TDP-43 pathology compared to 
age and sex matched counterparts. Taken together, 
SUMOylation as a stress responsive modification is 
positively correlated with aging in the human brain, 
potentially linked to the increase demand imposed by 
age-associated stress. Additionally, the SUMOylation 
response is enhanced in the frontal cortex of those 
affected by ALS/FTD providing further in vivo support 
for its role in disease.

Fig. 5  Male TDP-43K408R mice present with age-specific features of ALS. A Representative images and quantification of TDP-43 mislocalization 
in the lumbar spinal cord of 9-month-old TDP-43K408R male and female mice. Each datapoint represents the average of 4 serial sections, 40 μm 
apart per individual mouse. Scale bar = 100 μm. (N = 4 per sex/genotype) Unpaired t-test, *** p < 0.0005. See Fig. S12C for sex comparisons. B 
Representative images at 16 months of age (16MO) and quantification (2MO, 9MO, and 16MO) of neuromuscular junction (NMJ) innervation 
in the tibialis anterior of male TDP-43K408R mice. > 80 NMJs were quantified per animal. Data presented as mean ± SEM. (N = 3–4 per genotype) 
2-Way ANOVA with Tukey’s multiple comparison analysis, *p < 0.05, ****p < 0.0001. C Representative images and quantification of ChAT + motor 
neurons in the ventral horn of the lumbar spinal cord of male mice. Each datapoint is the average of 4 serial sections spaced 40 μm apart 
through the lumbar enlargement of the lumbar spinal cord. Unpaired t-test, ** p < 0.005. D Survival curve for male TDP-43K408R mice (Females found 
in Fig. S7D). Curve comparisons analyzed using Log-Rank test and Gehan-Breslow-Wilcoxon test. *p < 0.05. All assays present Wild Type mice in grey 
and K408R/K408R mice in purple
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Discussion
Although ALS and FTD are highly heterogenous dis-
eases, the nearly universal convergence on TDP-43 pro-
teinopathy emphasizes a need to understand early drivers 
of this pathogenic process. Mutations in various genes 
can lead to TDP-43 pathology, however the majority of 
ALS and FTD cases occur sporadically without a clear 
genetic cause [3, 22]. Additionally, patients living with 

disease causing mutations do not present with symptoms 
of disease until later in life suggesting exogenous fac-
tors related to aging play a role in phenoconversion [94]. 
Cellular stressors are well characterized to induce TDP-
43 pathology providing a clue as to how exogenous fac-
tors may contribute to disease pathogenesis. Given the 
postmitotic nature of neurons, maintaining proteostasis 
in response to lifelong stressors is critical for neuronal 

Fig. 6  SUMOylation correlates with aging and is enriched in the prefrontal cortex of ALS/FTD patients. A Demographic composition of temporal 
lobe samples from aging cohort. B Representative western blot and box plot of SUMO2/3 across binned age groups. Average Age: “Young” = 6.32 
yrs, N = 14; “Adult” = 31.11 yrs, N = 20; “Aged” = 64.00 yrs, N = 19. Kruskall-Wallis with Uncorrected Dunn’s multiple comparisons test. * p < 0.05, ** 
p < 0.005. C Representative images and quantification from proximity ligation assay (PLA) between SUMO2/3 and TDP-43 in the prefrontal cortex 
from 3 patients diagnosed with ALS/FTD and unaffected controls. (N = 7–8) Unpaired T-test. Data presented as mean PLA foci/per field of view ± SEM 
relative to average of unaffected controls, * p < 0.05
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longevity [1]. This is particularly true for motor neu-
rons which endure constant excitotoxic stress [40]. In 
this study, we found that SUMOylation maintains TDP-
43 proteostasis in the nucleus specifically in response to 
stress. This modification is critical to preserve neuronal 
function, the absence of which results in neuronal demise 
and TDP-43 proteinopathy.

Here, we find that SUMOylation of TDP-43 occurs at 
K408 by SUMO2/3 in response to stress. This is in con-
trast to what was previously reported for TDP-43 and 
SUMO1; where it was suggested that SUMO1 modified 
TDP-43 at lysine 136 [49, 50]. Indeed, mutating K136 to 
an arginine (R) had no effect on stress-induced TDP-43 
SUMOylation by SUMO2/3, though this does not dis-
count the possibility that SUMO1 may modify TDP-43 
under conditions where increased SUMO machinery (e.g. 
UBC9 overexpression) is present. In our hands, expres-
sion of TDP-43K136R led to the formation of nuclear TDP-
43 puncta as previously reported [49, 50]. However, these 
puncta were similar to those observed when expressing 
RNA binding deficient TDP-43. Furthermore, predic-
tion of TDP-43 structure suggests that K136R mutation 
may impact the structure of the RNA recognition motif 
and RNA binding. Thus, phenotypes observed in TDP-43 
carrying the K136R mutation should be interpreted with 
caution.

In genetic forms of ALS or FTD caused by mutations 
in TDP-43, the C-terminal domain harbors the over-
whelming majority of disease-causing mutations [95]. 
Thus, understanding the involvement of the C-terminal 
domain in TDP-43 biology is critical to uncover pathways 
that may be linked to disease independent of TDP-43 
mutations. Phosphorylation of TDP-43 in the C-terminal 
domain, particularly S403/404 and S409/410, have gar-
nered much attention in this regard as these residues are 
characteristically phosphorylated in disease [42]. How-
ever, the roles for phosphorylation at these sites remains 
generally elusive. Few reports have suggested roles in 
regulating liquid–liquid phase separation and solubility 
[96, 97]. Our findings suggest that phosphorylation and 
SUMOylation act antagonistically on TDP-43, indicat-
ing potential distinct mechanisms of regulation. We fur-
ther observed that this region of the C-terminal domain 
targeted by SUMOylation and phosphorylation is highly 
conserved throughout vertebrate species. Thus, this 
PTM-enriched region may play key roles for regulating 
TDP-43 in vertebrate biology.

Regulation of TDP-43 proteostasis is critical for cells as 
fluctuations in TDP-43 levels can lead to toxicity in cell 
and animal models [20, 98–101]. Unsurprisingly, TDP-43 
is regulated in a variety of mechanisms including tran-
scriptionally, post-transcriptionally, translationally and 
post-translationally [11, 20, 102]. Furthermore TDP-43 

can be cleared through several pathways including the 
proteasome, endo-lysosome, autophagy, and extracel-
lular vesicle pathways [103–110]. Here we add another 
mechanism of regulation through SUMOylation dur-
ing stress and recovery. We hypothesized that block-
ing TDP-43 SUMOylation with K408R mutation would 
result in its accumulation during stress recovery. Inter-
estingly, we observed a significant increase in insoluble 
phosphorylated TDP-43 in TDP-43K408R/K408R cortical 
neurons and a delay in stress granule disassembly dur-
ing stress recovery indicating TDP-43 accumulation. 
However, this was resolved 3 h post-stress indicating that 
the neurons could compensate to clear the aberrantly 
accumulated TDP-43 within this acute stress paradigm. 
We questioned whether chronic stress may exacerbate 
phenotypes and found that chronic stress significantly 
resulted in increased phosphorylated, insoluble TDP-35 
fragments which then recovered upon removal of stress. 
Thus phosphorylation of TDP-43, in addition to cleavage, 
may be additional mechanisms to regulate TDP-43 pro-
teostasis in the event of SUMOylation-pathway failure. 
Thus, SUMOylation may be an early line of defense to 
regulate TDP-43 in response to stress and blocking TDP-
43 SUMOylation shifts proteostasis leading to delayed 
recovery. Future studies exploring repeated and/or diver-
gent stressors will be crucial in determining the degree 
to which TDP-43 SUMOylation safeguards from cellular 
demise.

Previous reports have emphasized the status of altered 
proteostasis as a hallmark of aging in the CNS, culmi-
nating in impaired removal of damaged proteins with 
age [1]. In TDP-43K408R/K408R mice, TDP-43 was found 
to accumulate in the CNS in an age-dependent man-
ner, suggesting SUMOylation plays important roles 
during aging. Supporting these findings, in human tem-
poral lobe samples we similarly observed a positive 
correlation between global SUMOylation and age sup-
porting SUMOylation as a potential protective mecha-
nism during aging in the CNS. Previous studies on global 
SUMOylation have focused on the dynamic nature of 
this modification playing roles during development, and 
associations between SUMOylation and neurodegenera-
tion gaining traction however roles for SUMOylation in 
the central nervous system during the process of human 
aging remain understudied [111, 112]. This may be 
ascribed, in part, to challenges in studying SUMOylation 
due to the dynamic nature of the modification and lack 
of specific tools to study its interactions. We employed a 
PLA approach to assess the interaction between TDP-43 
and SUMO in ALS/FTD patients and found significantly 
increased interactions in the prefrontal cortex relative to 
age/sex matched unaffected controls. It was interesting to 
observe that PLA signal occurred and was increased in 
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both the nucleus and the cytoplasm in ALS/FTD patient 
samples. We hypothesize that SUMOylation of TDP-43 is 
an early event regulating TDP-43 proteostasis, however 
if overwhelmed other systems such as phosphorylation 
or protein cleavage may help respond to regulate TDP-
43. As we are observing late-stage events, SUMOylation 
in the cytoplasm may be co-occurrent with late-stage 
regulation of TDP-43. Approaches that provide increased 
resolution for detecting TDP-43 SUMOylation events are 
clearly warranted. Recent studies have used RNA aptam-
ers to reveal nuclear changes in TDP-43 in spinal and 
cortical neurons of ALS patients prior to traditional cyto-
plasmic pathology in vulnerable cells [19]. Further devel-
opment of these technologies with respect to TDP-43 
SUMOylation may help advance biomarker development 
that can provide information about TDP-43 stress-
response and pathogenesis in ALS/FTD patients.

While the extent of phenotypes observed in TDP-
43K408R are relatively mild, they similarly reflect the mag-
nitude of phenotypes observed in mice with significant 
construct validity to ALS/FTD (i.e. TDP-43Q331K, TDP-
43M337V, and TDP-43K145R models) [45, 113, 114]. These 
knock in models highlight potential shortcomings of 
other TDP-43 models relying on overexpression to induce 
behavioural phenotypes in mice which may not reflect 
the underlying biology of TDP-43 in ALS/FTD. The 
emergence of predominantly cognitive FTD-like pheno-
types in the TDP-43K408R mice is not unusual in TDP-43 
knock in models such as TDP-43Q331K and TDP-43K145R 
mice which present with features of cognitive dysfunc-
tion but lacking the entire constellation of ALS/FTD-
like phenotypes [45, 113]. However, we were surprised 
to observe that the cognitive phenotypes were specific 
to female mice with no behavioural phenotypes being 
observed in male mice. This may imply that TDP-43 plays 
important role regulating sex specific behaviours. Alter-
natively, female and male mice may experience differ-
ent forms of life stress that may act upon SUMOylation 
pathways. For example, we observed differences in social 
behaviors which may indicate social pathways linked with 
female behaviour may also be associated with SUMOyla-
tion. Alternatively, male mice were frequently separated 
due to fighting behavior, which could contribute to 
altered baseline social features, regardless of genotype. 
Future work exploring sex-specific roles of TDP-43 and/
or SUMOylation will help provide mechanistic insight 
into sex-specific behaviour and experience.

As TDP-43 SUMOylation plays roles in regulating 
TDP-43 clearance during recovery from stress, blocking 
TDP-43 SUMOylation in the TDP-43K408R/K408R mouse 
line disrupts this proteostasis and leads to subsequent 
mislocalization consistent with loss of nuclear function. 
Additionally, we observe significant increases in insoluble 

phosphorylated TDP-43 and motor neuron loss in male 
mice suggesting that gain of function may be occur-
ring, phenocopying disease pathogenesis. While we did 
observe some motor impairment in 9-month-old mice 
correlating with TDP-43 mislocalization, we did not 
observe significant motor impairment in the male mice 
at 16 months of age, which may be explained by the over-
all poor performance during motor tests at this age lim-
iting the sensitivity to detect mild changes. Despite this, 
we did observe molecular and histological evidence sup-
porting early motor impairment with significant neuro-
muscular junction denervation and reduction in ChAT 
positive motor neurons in the ventral horn. Addition-
ally, as the male TDP-43K408R/K408R mice displayed a sig-
nificant decrease in survival, behavioral analysis at 16 
months of age may have preceded the onset of signifi-
cant motor phenotypes. Future refined studies using key 
pathological centered around key pathological markers 
of cellular dysfunction will help uncover specific points 
of phenoconversion and phenotransition to identify the 
chronology of events leading to phenotypes associated 
with neurodegeneration.

We have demonstrated that TDP-43 SUMOylation 
occurs in response to cellular stress, thus careful charac-
terization of the TDP-43K408R mice is critical to determine 
baseline phenotypes without the addition of exogenous 
stressors. We initially hypothesized that aging may be a 
sufficient stressor to interrogate TDP-43 SUMOylation 
in mice leading to age-dependent phenotypes. However, 
the various stressors that individuals with ALS/FTD 
were previously exposed to during their lifetime (i.e. the 
“exposome”) are not experienced by mice in vivaria on a 
short timescale thus mouse aging likely does not faith-
fully reflect human aging. The TDP-43K408R model will 
therefore help facilitate the exploration of how the expo-
some synergizes with TDP-43 to better understand how 
ALS/FTD relevant stressors that humans may experience 
throughout aging (e.g. C9ORF72 expansions, viral infec-
tions, and traumatic brain injury) converge on TDP-43 
and uniquely drive aspects of neurodegeneration.

Materials and methods
Materials availability
Plasmids generated in this study will be deposited to 
Addgene and/or available upon request. Mouse lines 
generated in this study are available upon request.

Data and code availability
Human tissue data reported in this paper will be shared 
by the lead contact upon request. Any additional infor-
mation required to reanalyze the data reported in this 
paper is available from the lead contact upon request.
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Cloning of pEGFP‑TDP‑43 plasmid and variants
For expression of C-terminally tagged TDP-43-EGFP, 
human TDP-43 was subcloned out of a wtTDP-
43tdTOMATOHA (gift from Zoushang Xu, Addgene 
# 28205) via XhoI and Kpn1 double digest and inserted 
into a pEGFP-N3 (Clontech) backbone and validated by 
sanger sequencing. Site directed mutagenesis was per-
formed using QuikChange II XL (Agilent 200521) follow-
ing manufacturer instructions. Primers for site directed 
mutagenesis can be found in Table  S4. Several TDP-43 
variants were generated through the uOttawa Genome 
Engineering and Molecular Biology facility or designed 
and ordered through twist bioscience and were sub-
cloned into the pEGFP-TDP-43 backbone for consistency 
using XhoI and HindIII double digest, see Table  S4 for 
plasmids used/generated in this study.

Cell culture
HEK293T cells were cultured in DMEM outgrowth 
media containing 10% FBS (unless otherwise stated) and 
antibiotic/antimycotics at 37 °C with 5% CO2.

Generation of pL302‑HA‑SUMO2 stable HEK293T cell line
To generate a pL302-HA-SUMO2 lentivirus-compatible 
vector for stable HA-SUMO2 expression, HA-SUMO2 
was subcloned from pcDNA-HA-SUMO2 (gift from 
Guy Salvesen, Addgene #48967) and inserted into the 
pL302 lentiviral backbone (gift from Jacqueline Burré and 
Thomas Südhof at Stanford). Briefly, extension PCR was 
performed to add an Xba1 restriction site to the 5’ and 3’ 
ends of the HA-SUMO2 insert using PCR amplification 
using forward primer sequence: 5’- ggctgcaggtcgactcta-
gaaagcttatggatgcctaccc-3’, and reverse primer sequence: 
5’- tggctgcaggtcgactctagatgcatgctcgagtcaacct-3’. The PCR 
amplicon and pL302 backbone were digested with XbaI 
and the amplicon was ligated into the pL302 backbone. 
Colonies were screened by sanger sequencing to ensure 
proper orientation and copy number of the insert. Next 
the pL302-HA-SUMO2 plasmid was packaged into len-
tivirus by co-transfection of psPAX2 (Gift from Didier 
Trono, Addgene #12259), and pMD2-G (Gift from Didier 
Trono, Addgene #12260) into HEK293T cells and subse-
quent media collections. Viral media was filtered through 
a 0.45 µm filter then concentrated by centrifugation at 
100,000G for 2 h at 4 °C and the pellet was resuspended 
in 1X PBS. Fresh HEK293T cells were transduced with 
pL302-HA-SUMO2 virus to generate a stable polyclonal 
cell line.

GFP‑trap SUMOylation assay
 ~ 250,000 HEK293T and/or pL302-HA-SUMO2 HEK293T 
cells were seeded (experiment dependent) in a 6-well plate. 
The following day, plasmids were transfected to express 

TDP-43-GFP (or mutant variants) and/or HA-SUMO vari-
ants and allowed to incubate for 48 h for optimal expres-
sion. Cells were treated with 250 µM NaAsO2 for one hour 
(or variations of time, concentration, or chemical depend-
ing on assay), after which cells were immediately collected 
by scraping the bottom of the well and pelleting the sam-
ples by centrifugation at 2500G for 5 min at room tem-
perature. The supernatant was then aspirated, and the cells 
were flash frozen or immediately lysed in 450 uL of ice cold 
1X Denaturing Lysis buffer (1X RIPA, supplemented with 
1X protease inhibitor, 1X phosphatase inhibitor, 50 mM 
N-Ethylmalamide, and 5% 2-mercaptoethanol) and boiled 
at 95 °C for 5 min. After boiling, 450 uL of ice cold 1X Lysis 
buffer (1X RIPA, supplemented with 1X protease inhibi-
tor, 1X phosphatase inhibitor, 50 mM N-Ethylmalamide) 
was then added to the sample, and cells were left on ice for 
20 min with vortexing every 5 min for 10 s. Next, the cell 
lysates are centrifuged at ~ 21000G for 20 min at 4 °C and 
during this time, 30 uL of GFP-Trap beads (Bulldog Bio) 
per sample were washed 3 times in cold 1X RIPA buffer 
then aliquoted equally into microcentrifuge tubes for each 
sample. Following the centrifugation, 1–3% of the super-
natant was transferred into a microcentrifuge tube to be 
used as the Input sample. The remainder of the superna-
tant was transferred into a microcentrifuge tube containing 
the GFP-Trap beads as the immunoprecipitation sample 
and was then placed on a rotator for 45 min at 4 °C. After 
the incubation, the solution was aspirated, and the beads 
were washed using cold 1X RIPA buffer 5 times. Samples 
were eluted in 30 μL of 2X Laemmli buffer containing 10% 
Beta-Mercaptoethanol and boiled at 85 °C for 10 min at 
1250 rpm on a thermomixer. The input samples were pre-
pared with 4X Laemmli buffer containing 10% Beta-Mer-
captoethanol and then boiled at 85 °C for 10 min. Samples 
were then analyzed by Western Blot. Quantification of 
SUMOylation assays was performed through densitometry 
analysis using ImageLab (BioRad) to quantify the volume of 
the ~ 95 kDa anti-HA bands from the immunoprecipitation 
standardized to the anti-GFP pulldown. For quantification 
of changes in TDP-43 SUMOylation response, conditions 
were normalized to the 1 h sodium arsenite treatment for 
wild type TDP-43.

SUMOylation assay
 ~ 500,000 HEK293T and/or pL302-HA-SUMO2 HEK293T 
cells were seeded (experiment dependent) in a 6-well 
plate. The following day, cells were treated respective of 
their experiment after which cells were immediately col-
lected by scraping the bottom of the well and pelleting 
the samples by centrifugation at 2500G for 5 min at room 
temperature. The supernatant was then aspirated, and the 
cells were flash frozen or immediately lysed in 100 uL of 
1% SDS buffer (1% SDS in IP Lysis Buffer supplemented 
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with 1X protease inhibitor, 1X phosphatase inhibitor, 100 
mM N-Ethylmalamide), vortexed for 20 s then boiled at 
95 °C for 10 min. After boiling, 900 µL of ice-cold IP Lysis 
buffer was then added to the sample, and cells were left on 
ice for 20 min with vortexing every 5 min for 10 s. Next, 
the cell lysates are centrifuged at ~ 21000G for 20 min at 4 
°C. Following the centrifugation, 1–3% of the supernatant 
was transferred into a microcentrifuge tube to be used as 
the Input sample. The remainder of the supernatant was 
transferred into a microcentrifuge tube containing 1 to 10 
ug of antibody per sample (See Table S4 for concentrations) 
and incubated overnight rotating at 4 °C. The next day, 50 
μL of Protein G Dynabeads (Thermo Fisher Scientific) per 
sample were washed 3X in ice cold IP Lysis Buffer. The 
beads were resuspended in 50 μL IP Lysis Buffer per sam-
ple which was then added to each of the samples incubated 
with antibody. The samples were left to rotate at 4 °C for 45 
min. Next, the solution was added to a magnetic rack kept 
at 4 °C and the supernatant was collected for flowthrough to 
test immunodepletion or aspirated. The beads were washed 
5X in ice cold IP Lysis buffer. Samples were eluted using 
5 ug of synthetic HA peptide (Sino Biological) per 1ug of 
antibody and incubating at 37 °C for 15 min at 900 rpm on 
a thermomixer (for anti-HA immunoprecipitations). The 
input/flowthrough and HA immunoprecipitation sam-
ples were prepared with 4X Laemmli buffer containing 
10% Beta-Mercaptoethanol and then boiled at 85 °C for 10 
min. Samples were then analyzed by Western Blot using 
light chain specific secondary antibodies. Quantification of 
SUMOylation assays was performed through densitometry 
analysis using ImageLab (BioRad) to quantify the volume 
of the ~ 65 kDa anti-TDP-43 bands from the immunopre-
cipitation standardized to the loading control of the input. 
For quantification of changes in TDP-43 SUMOylation 
response, conditions were normalized to the 1 h sodium 
arsenite treatment.

Serial protein extraction from cell culture
Soluble protein was extracted using RIPA buffer (supple-
mented with protease inhibitor, phosphatase inhibitor, 
and 50 mM N-Ethylmalamide) during immunoprecipi-
tation assays (taken as Input prior to immunoprecipita-
tion) or from lysate in cortical neuron experiments. The 
remaining pellet after the centrifugation step post-lysis 
was washed in 1 mL RIPA buffer with vortexing for 10 
s followed by centrifugation at ~ 21000G for 20 min at 4 
°C. The supernatant was carefully removed, and the pellet 
was resuspended in 300 µL of 2% SDS buffer in PBS for 
immunoprecipitation assays, or in 300 µL of 8 M UREA 
in PBS with 10 mM Tris–HCl pH 7.4. Samples were left 
to solubilize overnight at room temperature before 2X 
Laemmli was added prior to Western Blot analysis.

Western blot analysis
Protein sample prepared in Laemmli loading buffer was 
loaded onto 8% polyacrylamide gel, TGx Mini-PRO-
TEAN 4–15% precast gel (BioRad), or Bolt Bis–Tris Plus 
mini-Protein Gel 4–12% (Invitrogen) and run at 100–140 
constant voltage in Tris–Glycine or MES buffer for their 
respective gels. Proteins were transferred onto a 0.45 µm 
nitrocellulose membrane at a constant 340 mA for 2 h at 
4 °C. The membranes were blocked in 10% milk diluted 
in TBS-T, washed 5 × 5 min in TBS-T then incubated in 
primary antibody overnight (See supplemental Table  S4 
for antibody concentrations). The following day the 
membranes were washed for 5 × 5 min in TBS-T, then 
incubated in secondary antibody for 1–2 h at room tem-
perature. Finally, the secondary antibody is washed 5 × 5 
min in TBS-T before being imaged using chemilumines-
cence Clarity Western ECL or Clarity Max Western ECL 
on an LAS4000 (GE). Densitometry was performed using 
the volumes function of the ImageLab (BioRad) software.

Total protein analysis
Total protein was stained using Ponceau for all blots 
except those presenting UREA fraction in which mem-
code stain was performed. Ponceau stain was performed 
before probing with primary antibody. Blots were rinsed 
with 1X TBS-T then incubated in Ponceau stain for 1–3 
min. Ponceau was rinsed with MilliQ H2O 5 times until 
background was removed and then imaged using white 
light setting on LAS4000. Ponceau was removed by 
washing 5 × 5 min in 1X TBS-T. Blots were then blocked 
and prepared for primary antibody incubation. Memcode 
staining was performed following manufacturer instruc-
tions and imaged using white light setting on LAS4000. 
Blots were destained following manufacturer instructions 
then prepared for primary antibody incubation.

Immunofluorescent microscopy analysis in HEK293T cells
Micro Coverglass #1.5 coverslips (Electron Microscopy 
Sciences) coverslips were washed in 2 M HCl overnight 
at 55 °C, washed 5 times in sterile H2O, then pre-coated 
with 300 μL poly-D-lysine (10 μg/mL) overnight at 37 
°C, then washed with distilled water three times and air-
dried at room temperature for at least 2 h or stored at 4 
°C until required. 400 000 HEK293T cells were seeded in 
a 6 well dish and incubated overnight. 1000 ng of plasmid 
for protein expression was transfected into cells using 
Lipofectamine 3000 protocol (Thermo Fisher Scientific). 
Media was changed 4 h post transfection to reduce tox-
icity. The following day transfected HEK293T cells were 
split onto coverslips plating ~ 50 000 cells per coverslip. 
Cells were allowed to adhere for 24 h prior to experi-
mentation (i.e. stress treatment). Cells were fixed using 
10% buffered formalin for 10 min, then permeabilized 



Page 19 of 30Suk et al. Molecular Neurodegeneration           (2025) 20:38 	

in blocking buffer (10% serum, 1% Triton X-100, in 1X 
PBS) for 1 h, then primary antibody diluted in block-
ing buffer was applied overnight (See Table  S4 for anti-
body concentrations). The following day coverslips were 
washed 5X in 1X PBS for 5 min then secondary antibody 
diluted in blocking buffer was applied for 2 h at room 
temperature. Samples were stained with 1X DAPI (and/
or 1:10000 dilution of CellMask Membrane Stain) in PBS 
for 10 min. Samples were washed 4 more times in PBS 
for 5 min each. Coverslips were briefly air dried and then 
mounted on slides using Vectashield Antifade Mounting 
Medium with DAPI. Z-stack images were obtained on a 
Zeiss AxioObserverZ1 LSM800 Confocal Microscope at 
40 × magnification with a 5 × digital zoom or 63 × mag-
nification with 2X digital zoom through a Z distance of 
10–12 μm per image using optimal spacing per slice with 
dimensions set to 1024 × 1024 pixels with 4X averaging 
per frame. At least 10 cells were imaged per replicate. 
Images were analyzed and quantified using ImageJ. For 
Fig.S1A, Z-stack images were obtained on a Zeiss AxioO-
bserverZ1 LSM880 Confocal Microscope at 20 × magni-
fication with a 2 × digital zoom through a Z distance of 
10–12 μm per image using optimal spacing per slice with 
dimensions set to 1024 × 1024 pixels with 2X averaging 
per frame.

E3 SUMO ligase screen
One day prior to transfection 62,000 HEK293T or 
HEK293T stably expressing HA-SUMO2 were plated in 
a 6 well dish. Samples were co-transfected using 800 ng 
of pCLIP-Dual-sgRNA for each of the SUMO E3 ligases 
alongside 1200 ng pLenti-Cas9-BLAST and media was 
changed after 4 h to minimize toxicity. Forty-eight hours 
after transfection, cells were selected using 2 µg/mL puro-
mycin for 2–3 days. After selection was complete, cells 
were recovered in outgrowth media. On day 7 post trans-
fection, 6-well plates were coated with 10 µg/mL poly-D-
lysine for 1 h at 37 °C then washed 3X in 1X PBS. 200,000 
cells were plated into a 6 well dish for each knockout con-
dition and respective controls. The following day, 500 ng 
of pEGFP-N3 or pEGFP-TDP-43 was transfected for each 
respective condition and media was changed after 4 h. 
Cells were incubated for 48 h (10 days post Cas9/sgRNA 
transfection). Cells were then stressed for 1 h using 250 
µM sodium arsenite and GFP-Trap SUMOylation Assay 
and Western Blot analysis was performed as previously 
described. Samples were quantified using densitometry 
by quantifying the volume of the primary SUMOylated 
TDP-43 band at ~ 98 kDa, standardizing to the volume of 
the immunoprecipitated TDP-43-GFP signal at ~ 70 kDa, 
and normalizing to the stressed positive control sample 
without sgRNA on each blot.

AlphaFold3 TDP‑43 structure prediction
TDP-43 structure was predicted using the AlphaFold3 
server (https://​alpha​folds​erver.​com/) using FASTA 
sequence of Human TDP-43 (Uniprot TADBP_HUMAN, 
Q13148) with relevant mutations. UG × 6 (5’-UGU​GUG​
UGU​GUG​-3’) RNA sequence was included for structure 
predictions [115].

Conservation analysis of TDP‑43 K408
Representative FASTA amino acid sequences of TDP-
43 paralogs were aligned for phylogenetic analysis using 
MUSCLE multiple alignment and PhyML maximum 
likeliness for phylogenetic tree generation [116]. Pair-
wise alignment of the C-terminal domain was performed 
using Geneious Prime 2022.1.1 (https://​genei​ous.​com) 
performing a MUSCLE multiple alignment of 300 FASTA 
amino acid sequences of TDP-43 paralogs between 
Humans and Actinopterygii representing the emergence 
of [human] K408 curated from the OrthoDB database 
(Table S1).

TDP‑43K408R mouse line generation
At The Centre of Phenogenomics (SickKids, Toronto, 
ON, Canada), the TDP-43K408R mice were generated on a 
C57BL6/N background based on previous methods [117] 
using CRISPR/Cas9-mediated gene editing of the endog-
enous Tardbp locus. In brief, spCas9 loaded with an 
sgRNA to target exon 6 of Tardbp (MGI:2387629; 5’-TGG​
GGG​CTT​TGG​CTC​GAG​CA-3’) was electroporated into 
embryos alongside a single stranded oligonucleotide 
(ssODN) repair template (5’-CTAA​ATC​TAC​CTA​ACC​
TAA​TAA​CCA​ACC​TAC​TAA​CCA​CCC​CCC​ACC​ACC​
TAC​ATT​CCC​CAG​CCA​GAA​GACcTAG​AAT​CCATG-
gaCGA​GCC​AAA​GCC​CCC​ATT​AAA​ACC​ACT​GCC​CGA​
TCC​TGC​ATT​TGA​TGC​TGA​CCC​CCA​ACC​AAG​GGG​
GGC-3’). Embryos were screened via allelic discrimina-
tion (see “TDP-43K408R genotyping” below) to identify 
founders. Four founders were crossed to C57BL6/N mice 
to ensure germline transmission of knock-in allele.

Mouse husbandry
All mouse procedures were carried out in accord-
ance with the Canadian Council on Animal Care and 
approved by the University of Ottawa Animal Care Com-
mittee. All mice were group housed (3–5 per mice cage) 
with access to food and water ad  libitum on a standard 
12-h light dark cycle. Exceptions included adult male 
mice who were separated and single housed if persistent 
fighting and fight wounds were observed in the cage. 
All experimental mice were given crinkle paper in addi-
tion to the standard nestlet and hut enrichment mate-
rial. Husbandry was completed by University of Ottawa 
Animal Care and Veterinary Services except for cohorts 

https://alphafoldserver.com/
https://geneious.com
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actively undergoing behavior testing for which husbandry 
was completed by the experimenter.

Mouse wellness monitoring
Mice were monitored weekly starting at age P21 and 
included assessment of hindlimb clasping, kyphosis, 
weight, and general health. The hindlimb function was 
assessed following previous methods [118]. Briefly, the 
mouse was suspended in the air for approximately 5–10 s 
by the base of the tail. Features of the limbs were assessed 
to give a score from 0–4. Kyphosis was assessed by allow-
ing the mice to briefly walk on the flat table top in the 
housing room and visually observing the straightness of 
the spine. A score of 0–3 was given based on previously 
described methods [119]. Weight was measured every 
other week by placing individual mice on a digital weigh 
scale. Notably, mice exhibiting barbered patches were 
monitored and recorded.

Sex and age of experimental mice
Experiments were performed using both male and female 
mice sufficiently powered to detect sex differences. In 
some instances where no sex differences were observed, 
male and female mice were grouped together to assess 
genotypic differences independent of sex. Experiments 
involving primary cortical neurons cultures dissected 
from individual embryos were used involving a mix-
ture of male and female embryos. Experimental animals 
underwent behavioral testing as early as P21 and as late 
as 16 months of age. See Table S2 for number of animals 
used (distinguished by sex and genotype), raw behavior 
data, and specific statistical analyses for each behavior 
experiment.

TDP‑43K408R genotyping
Tail samples were collected prior to weaning and again 
postmortem for genomic DNA (gDNA) isolation and 
genotyping. Tails were solubilized in 300 μL solubiliza-
tion buffer (10X SET, 100 mM NaCl, 100 μg/mL Protein-
ase K (Bio Basic PB0451-250)) at 55 °C overnight. Cell 
debris was precipitated by adding 150 μL of “Tail Salts 
Buffer” (4.31 M NaCl, 0.63 M HCl, 10 mM Tris–HCl, 
pH7.4) then samples were centrifuged at ~ 21,000 g for 
15 min at 4 °C. Supernatant containing gDNA was trans-
ferred into 600 μL of chilled 100% ethanol to precipitate 
nucleic acids which were then pelleted by centrifuga-
tion for 10 min at ~ 21,000 g at 4 °C. The supernatant was 
carefully removed, and the pellet was washed in 600 μL 
of chilled 70% ethanol then centrifuged at ~ 21,000 g at 4 
°C for 5 min. The supernatant was carefully removed, and 
residual supernatant was left to evaporate for 5 min. The 
gDNA pellet was resuspended in double distilled H2O 
at 55 °C for 10 min. Genotyping reaction was prepared 

in a 10 μL reaction containing ~ 5 ng of gDNA, 250 nM 
K408R Genotyping Forward primer (5’-CCA​CCA​TTC​
TAA​ATC​TAC​CTA​ACC​TAATA-3’), 250 nM K408R Geno-
typing Reverse primer (5’-GGA​TCG​GGC​AGT​GGT​TTT​
A-3’), 125 nM wild type Locked Nucleic Acid (LNA) 
probe (HEX-TCT​ + A + A + GT + CT + TCT​ + GGC-
IowaBlack FQ), 125 nM K408R LNA probe (FAM-
TCT​ + A + G + GT + CT + T + CT-IowaBlack FQ), and 2X 
PerfeCTa qPCR Tough Mix (QuantaBio). Reactions were 
run on a BioRad CFX96 qPCR thermocycler with the fol-
lowing cycling parameters: Initial annealing at 95 °C for 
2 min, followed by 40 cycles of 95 °C for 15 s then 60 °C 
for 60 s. Results were analyzed via allelic discrimination 
in the BioRad Maestro software. See Fig. S2b.

Primary cortical neuron cultures
Pregnant mice were euthanized between gestation 
E13.5–15.5 with 120 mg/kg Pentobarbital Sodium (Bim-
eda-MTC, 8015E) delivered via intraperitoneal injection. 
The embryos were removed and placed into ice cold 1X 
PBS. For each embryo, the cortices were carefully isolated 
and meninges removed and then placed in ice cold HBSS 
(Sigma Aldrich). Cortices were dissociated for 20 min 
with trypsin (Thermo Scientific) at room temperature on 
a rotator before trypsin inhibitor with DNase solution 
was added to quench the reaction. Cells were pelleted at 
2,500 × g for 5 min at 4 °C. The supernatant was carefully 
removed and the pellet was washed with trypsin inhibi-
tor plus DNase solution. Cortical neurons were pelleted 
at 2,500 × g for 5 min at 4 °C. The supernatant was care-
fully removed and the neurons were resuspended in 1 mL 
of ice cold outgrowth media (Neurobasal media (Thermo 
Scientific), supplemented with 1X B-27 (Thermo Scien-
tific), 1X N-2 (Thermo Scientific), 500 μM L-Glutamine 
(Wisent Bioproducts), and 0.5% penicillin/streptomycin 
(GE Healthcare Life Sciences)). Culture dishes and cov-
erslips were prepared in advanced coated with 50 μg/mL 
Poly-D-Lysine overnight at 37 °C specific to each experi-
ment detailed below. Cultures were maintained for 7–9 
days in vitro prior (DIV) to experimentation.

Murine primary neuron culture maintenance
Primary cortical neurons were dissected and maintained 
in Neurobasal media (Thermo Scientific), supplemented 
with 1X B-27 (Thermo Scientific), 1X N-2 (Thermo Sci-
entific), 500 μM L-Glutamine (Wisent Bioproducts), and 
0.5% penicillin/streptomycin (GE Healthcare Life Sci-
ences) at 37 °C with 5% CO2. Each neuron culture was 
harvested from a single embryo representing one biologi-
cal replicate. The sex of the embryos/cultures were not 
determined thus experiments contain a mix of both male 
and female replicates.
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Endogenous SUMOylation assay from ex vivo embryonic 
mouse brains
Mouse embryos were harvested following Cortical Pri-
mary Neuron Culture methods described above. Brains 
were dissected from embryos and stored in ice cold HBSS 
(Sigma Aldrich). Brains were cut using a razor blade 
down the midline evenly to separate hemibrains and each 
hemibrain was transferred into a 1.5 mL microcentri-
fuge tube containing neurobasal complete media used in 
cortical Primary Cortical Neuron Culture Maintenance 
described above. One hemibrain was subjected to 42 °C 
heat shock for 1 h while the complementary hemibrain 
was maintained at 37 °C for 1 h as a control. Samples 
were briefly centrifuged at 2000 g for 2 min to pellet 
hemibrain, then supernatant was carefully removed. The 
hemibrain pellets were immediately lysed in 100 μL of 1% 
SDS buffer (1% SDS in IP Lysis Buffer supplemented with 
1X protease inhibitor, 1X phosphatase inhibitor, 100 mM 
N-Ethylmalamide), and homogenized with a pestle then 
boiled at 95 °C for 10 min. After boiling, 900 µL of ice-
cold IP Lysis buffer was then added to the sample then 
samples were vortexed aggressively for 10 s and passed 
through a 18G insulin needle. Lysates were left on ice for 
20 min with vortexing every 5 min for 10 s to ensure com-
plete lysis. Next, the lysates were centrifuged at ~ 21000G 
for 20 min at 4 °C. Following the centrifugation, 1–3% of 
the supernatant was transferred into a microcentrifuge 
tube to be used as the Input sample. The remainder of the 
supernatants were equally divided (~ 450 uL each) into 
two separate 1.5 mL microcentrifuge tubes containing 10 
μg of normal mouse IgG (Alpha Diagonstic 20008–250) 
or 10 ug of anti-SUMO2/3 clone [8A2] (Abcam ab8137) 
per sample. Samples were incubated overnight rotat-
ing at 4 °C. The next day, 50 μL of Protein G Dynabeads 
(Thermo Fisher Scientific) per sample were washed 3X in 
ice cold IP Lysis Buffer. The beads were resuspended in 
50 μL IP Lysis Buffer per sample which was then added 
to each of the samples incubated with antibody. The sam-
ples were left to rotate at 4 °C for 45 min. The solution 
was added to a magnetic rack kept at 4 °C and the super-
natant was collected for flowthrough to test immunode-
pletion or aspirated. The beads were washed 5X in ice 
cold IP Lysis buffer. Samples were eluted using 30uL (at 
1 mg/mL) of synthetic SUMO2/3 peptide (Amino Acid 
Sequence: IRFRFDGQPI, synthesized through Genscript) 
per sample and incubating at 37 °C for 15 min at 900 rpm 
on a thermomixer. The input/flowthrough and immuno-
precipitation samples were prepared with 4X Laemmli 
buffer containing 10% Beta-Mercaptoethanol and then 
boiled at 85 °C for 10 min. Samples were then analyzed 
by Western Blot using light chain specific secondary anti-
bodies. Quantification of SUMOylation assays was per-
formed through densitometry analysis using ImageLab 

(BioRad) to quantify the volume of the ~ 62 kDa anti-
TDP-43 bands from the immunoprecipitation standard-
ized to the loading control of the input. For quantification 
of changes in TDP-43 SUMOylation response, conditions 
were normalized to the 1 h sodium arsenite treatment.

Immunofluorescence in primary cortical neurons
Micro Coverglass #1.5 coverslips (Electron Microscopy 
Sciences) coverslips were washed in 2 M HCl overnight 
at 55 °C, washed 5 times in sterile H2O, then pre-coated 
with poly-D-lysine (50 μg/mL) overnight at 37 °C, then 
washed with distilled water three times and air-dried at 
room temperature for at least 2 h. Primary mouse cor-
tical neurons were seeded at 75,000–100,000 cells per 
coverslip and cultured as described above. On day 7, 
neurons were fixed for 10 min using 10% phosphate buff-
ered formalin for (Fisher Chemical, SF100-4) followed 
by 3 × 5-min washes in 1 mL of 1X PBS. Neurons were 
blocked in 500 μL of blocking buffer (1% Triton X-100, 
10% cosmic calf serum in 1X PBS) for 1 h, then incubated 
in 300 μL of primary antibody diluted in blocking buffer 
overnight at 4 °C (See Table S4 for antibody concentra-
tions). The following day, the neurons were washed for 
5 × 5-min in 1 mL of 1X PBS then incubated in 300 μL of 
secondary antibody diluted in blocking buffer for 2 h at 
room temperature. Neurons were then washed in 1 mL 
1X PBS, then stained with DAPI for 10 min at room tem-
perature followed by 4 × 5-min washes in 1X PBS before 
being mounted using antifade fluorescence mounting 
media (Dako, S3023). Z-stack images were obtained on 
a Zeiss AxioObserverZ1 LSM800 Confocal Microscope 
at 40 × magnification with a 2 × digital zoom through a 
Z distance of 10–12 μm per image using optimal spacing 
per slice with dimensions set to 1024 × 1024 pixels with 
4X averaging per frame. At least 50 cells were imaged and 
quantified per replicate. For TDP-43 foci colocalization, 
Z-stack images were obtained on a Zeiss AxioObserver 
Z1 LSM880 AiryScan2 confocal microscope at 63 × mag-
nification with 3X digital zoom at 512 × 512 resolu-
tion. At least 10 cells presenting with TDP-43 foci were 
imaged per replicate. Images were analyzed and quanti-
fied using ImageJ.

TDP‑43 colocalization with HSPA1L
HSPA1L colocalization experiment was designed similar 
to previous approaches that identified TDP-43 forming 
anisosomes in response to stress [92]. HSPA1L-mRuby2 
was designed and synthesized in a pTwist-Lenti-Puro 
backbone (Twist Bioscience). Next the pTwist-Lenti-
HSPA1L-mRuby2 plasmid was packaged into lentivirus 
by co-transfection of psPAX2 (Gift from Didier Trono, 
Addgene #12259), and pMD2-G (Gift from Didier 
Trono, Addgene #12260) at equimolar concentrations 
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into HEK293T cells. After 24 h, media was changed 
and discarded. Media was collected 48 h and 72 h post 
transfection. Viral media was filtered through a 0.45 µm 
filter then concentrated by centrifugation at 100,000 g 
for 2 h at 4 °C and the pellet was resuspended in 1X PBS. 
Cortical primary neurons were cultured as previously 
described and lentiviral infection was performed at the 
time of plating (0 DIV). Cells were cultured to 7 DIV then 
were stressed with 250 μM sodium arsenite for 1 h and 
recovered for 3 h to induce TDP-43 foci formation. Cells 
were fixed in 10% formalin for 10 min and immunoflures-
cent staining was performed for TDP-43 as described 
above. Z-stack images were obtained on a Zeiss AxioO-
bserver Z1 LSM880 AiryScan2 confocal microscope at 
63 × magnification with 3X digital zoom at 512 × 512 
resolution. At least 10 cells presenting with TDP-43 foci 
and HSPA1L foci were imaged per replicate. Images were 
analyzed and quantified using ImageJ.

Proximity ligation assay in primary cortical neurons
Primary mouse cortical neurons were cultured and fixed 
as described in primary cortical neuron cultures and 
immunofluorescence in primary cortical neurons. Fixed 
coverslips were transferred into 12-well plates and out-
lined with a hydrophobic pen and blocked using 40 μL of 
Duolink blocking buffer (Sigma Aldrich, DUO82007) at 
37 °C for 1 h. Coverslips were then washed for 3 × 5 min 
in 1 mL 1X PBS. Next, coverslips were incubated in 300 
μL of primary antibody (anti-TDP-43 1:750, PTGLabs; 
anti-SUMO2/3 [8A2] 1:500 Sigma) diluted in blocking 
buffer (1.5% Triton X-100, 10% cosmic calf serum in 1X 
PBS) overnight at 4 °C. The next day, the coverslips were 
washed for 3 × 5 min in 1 mL of Duolink Wash Buffer A 
(0.01 M Tris-Base, 0.15 M NaCl, 0.05% Tween-20, pH 7.4) 
followed by incubation at 37 °C for 1 h in 40 μL of dilute 
probe mixture containing a 1:5 dilution of Duolink PLA 
MINUS (Sigma Aldrich, DUO82004) and PLUS probes 
(Sigma Aldrich, DUO82002) in antibody diluent (Sigma 
Aldrich, DUO82008). Duolink PLA probes were diluted 
in antibody diluent (Sigma Aldrich, DUO82008) at a 1:5 
dilution. Coverslips were washed for 3 × 5 min in Duolink 
Wash Buffer A and then incubated in 40 μL of ligase 
(Sigma Aldrich, DUO82027) diluted in 1X ligation buffer 
(Sigma Aldrich, DUO82009) at a 1:40 dilution at 37 °C for 
30 min. The coverslips were then washed for 3 × 5-min 
washes in Duolink Wash Buffer A and then incubated 
in 40 μL of polymerase (Sigma Aldrich, DUO82028) 
diluted 1:80 in 1X amplification buffer (Sigma Aldrich, 
DUO82011) at 37 °C for 90 min. Next, the coverslips 
were washed 2 × 10 min in Duolink Wash Buffer B (0.2 
M Tris-Base, 0.1 M NaCl, pH 7.5) and then again in 1 
mL of Duolink Wash Buffer B diluted at 1:100 in 1X 
PBS for 1 min. Coverslips were briefly air dried and then 

mounted on slides using Vectashield Antifade Mounting 
Medium with DAPI. Z-stack images were obtained on a 
Zeiss AxioObserverZ1 LSM800 Confocal Microscope at 
63 × magnification with a 5 × digital zoom through a Z 
distance of 10–12 μm per image using optimal 0.27 μm 
spacing per slice with dimensions set to 512 × 512 pixels 
with 2X averaging per frame. ~ 5 images were randomly 
obtained around the coverslip sampling > 15 cells per 
condition per replicate. Images were analyzed and quan-
tified using the Spots function on the Imaris (ver. 9.9.1 
Bitplane, Switzerland) software.

Behavior testing general information
All adult behavior testing was performed in the Uni-
versity of Ottawa Behaviour and Physiology Core. Dur-
ing behavior testing periods the mice were minimally 
disturbed: food and water were only added/changed as 
needed and cages were changed by the experimenter 
with a transfer of old bedding material. Apart from nest-
ing and Beam Break testing, all behavior tests were per-
formed in the light phase of the cycle. The experimenter 
was blinded to the genotype of the mice during behavior 
testing and until the mice were end pointed. Mice were 
brought to the testing room to habituate in dim white 
light at least 30 min prior to commencing testing with 
the exceptions of nest building and fear conditioning 
for which there was no habituation period. The behavior 
cohort consisted of males and females with 12–15 ani-
mals per sex per genotype. These mice had been back-
crossed three times to C57BL/6N background. All mice 
used for histology, biochemistry, and RNA analyses per-
formed the fear conditioning test 1 week prior to dissec-
tions to control for potential molecular changes induced 
by this behavior test.

Developmental testing
A small battery of behavior tests was completed at P8 and 
P21. At P8, these tested included (I) weight, (II) right-
ing reflex, (III) hindlimb suspension, and (IV) forelimb 
suspension. (I) Weight was measured every other week 
by placing individual mice on a digital weigh scale. (II) 
Mice were placed on their back on a tabletop and timed 
for how long it took them to right themselves onto their 
paws. (III) Mice were placed facing downward in a 50 
mL Falcon tube (VWR 21008–940) and timed for their 
latency to fall. (IV) Mice were placed to grasp a wire sus-
pended by a pencil holder and timed for latency to fall. 
At P21, hanging wire was performed in which the mouse 
was allowed to grasp a wire 30 cm off the ground and 
time for its latency to fall. Each mouse completed three 
trials with a maximum time of 60 s.
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Beam break
The Beam Break test was used to assess general locomo-
tor activity and habituation to a novel cage environment. 
The apparatuses used to record and analyze the mice 
activity included the Micromax analyzer/Fusion Soft-
ware (Omnitech Electronics; Columbus, OH, USA) at the 
2-month time point and the Photobeam Activity System 
(San Diego Instruments; San Diego, CA, USA) at the 9 
and 16-month timepoints. Clean cages with only a thin 
layer of corncob bedding, food, and water were loaded 
into the recording frame. Mice were singly housed in one 
of these cages 2 h prior to the start of their dark cycle. 
For a 24-h period at the standard 12-h dark/light cycle, 
the activity of the mice was monitored by infrared beam 
emitters and receptors. When the test was completed, 
the sum of the infrared beam breaks in 5-min, 1-h, and 
24-h sampling bins was analyzed.

Digigait
The Digigait treadmill Imager and Analysis Software 
(Mouse Specifics Inc.) were used to record and analyze 
parameters of gait, respectively. Mice were placed on 
the unmoving treadmill surface and once recording was 
started the speed was increased to 18 cm/s with 0 degree 
incline. A 3 s video of each mouse walking continuously, 
with no stopping or starting, was captured. A mouse was 
excluded from the test if it was unable to walk for 3 s at 
the 18 cm/s speed. Digiait data was analyzed using Fac-
toMinR [120] and visualized using FactoExtra [121] pack-
ages in R (version 4.2.3).

Fear conditioning
Contextual and cued fear conditioning were tested using 
a 3-day protocol to assess associative fear learning and 
memory. Naïve age and sex matched mice were initially 
used to determine the optimal shock value. On day 1 
(training), the mice were placed into a Phenotyper box 
(Noldus Information Technology) with a grid shock floor 
(Med Associates). The testing room was set to 60 lx light 
level and 70 dB of white noise (context A). The mice were 
left in the apparatus for 6 min during which they receive 
3 tone-shock pairings (30 s tone co-terminated with a 2 
s foot shock). On day 2 (Context), the mice were placed 
in the same apparatus (Context A) with no tone or foot 
shock delivered for the 6-min trial. On day 3 (cue), the 
animals were placed in the test apparatus with an altered 
context (context B) including red light, no white noise, 
vanilla scent, textured mat covering the shock floor and 
plastic inserts in the apparatus. The mice are allowed to 
explore this context with no tone for 3 min, and then are 
presented with the same tone from Day 1 for the last 3 
min. The time freezing was analyzed with EthoVision 
software for all 3 testing days.

Grip strength
A grip strength meter (Chatillon DFE II, Columbus 
Instruments) was used to assess the maximal forelimb 
grip strength of the mice. The grip strength meter was 
rotated vertically and temporarily mounted on a flat sur-
face prior to testing. The mouse was brought near the 
triangular attachment and allowed to grasp the lower bar 
with its forepaws. The mouse was pulled directly down-
ward, by the tail, in one smooth motion. Each mouse 
was tested, and the grip strength recorded for 5 consec-
utive trials with a 1-min intertrial interval. If a trial was 
deemed unsuccessful by the blinded experimenter, the 
trial was redone. Causes of an unsuccessful trial included 
the mouse prematurely losing its grip on the bar or grasp-
ing the bar with its hindfoot. The average grip strength 
for the 5 successful trials was analyzed.

Hanging wire
The hanging wire test was used to assess muscle strength 
and coordination. A metal wire was secured to the top of 
a tall plastic box with padding on the bottom. The mouse 
was brought near and allowed to grasp the wire with its 
forepaws. A timer was started once the experimenter 
released the mouse to allow it to hang freely. When the 
mouse fell from the wire the time was recorded. Mice had 
three trials and were allowed to hang for a maximum of 
600 s with a 60 s intertrial interval in between. If a mouse 
hung for 600 s, it did not complete any additional trials. 
The maximum hanging time from the trials was used for 
analysis.

Light/dark box
The light dark paradigm was used to assess anxiety-like 
or disinhibited, exploratory behavior. The testing appa-
ratus (Med Associates) has two equal sized rectangular 
compartments the mouse can move freely between. The 
one is fully illuminated whereas the other is covered by 
a black plastic insert. The position of the mouse in the 
apparatus testing field is recorded using infrared beams. 
To start the test, the mice are placed into the lit side and 
allowed to explore for 10 min. The time spent in each 
compartment and number of entries into each compart-
ment was recorded and analyzed by Activity Monitor 
software (Med Associates).

Marble burying
The marble burying assay can assess the motor function 
required to bury objects as well as cognitive changes 
related to apathy or perseverance. Cages were filled 
with 10 cm of fresh corncob bedding and one mouse 
was placed to habituate for 5 min. After habituation, 20 
glass marbles were laid out evenly in a 4 by 5 pattern. The 
mouse was returned to the cage and left alone for 30 min 
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in 60 lx light. With the completion of the trial, the num-
ber of marbles buried by at least two thirds was scored by 
a blinded experimenter.

Nest building
Nest building is an innate behavior of mice in their daily 
lives. This complex behavior requires both executive 
planning and sensorimotor coordination. Directly follow-
ing Beam Break testing, a single square nestlet (5 cm2 cot-
ton pad) was placed in each Beam Break cage for 16 – 18 
h, of which 12 of these hours was during the dark cycle. 
At the end of the test, images were taken of the nests and 
scored blindly for quality as previously described on a 
scale from 1–5.

Open field
The open field test was used to assess anxiety and loco-
motor activity in a novel environment. The apparatus 
consists of white plastic square arenas measuring 45 
cm on each side. The mice were placed in a corner of 
the arena and allowed to freely explore for 10 min with 
light levels at 300 lx. The distance travelled, time spent 
in the corners and center of the field was recorded and 
analyzed by EthoVision software (Noldus Information 
Technology).

Rotarod
The rotarod (IITC Life Science, Ugo Basile) was used to 
test the motor performance of mice including coordina-
tion and resistance to fatigue. Mice were placed in the 
stationary rotarod bar for 10 s before the rotarod pro-
gram was initiated. The bar accelerated from 4 to 40 
rpm for 5 min and the latency to fall for each mouse was 
recorded. The time was stopped when the mouse fell 
from the bar or rotated passively. Mice were completed 
four trials per day, with a 10-min intertrial interval in 
their home cage, for 3 consecutive days.

Spontaneous Y‑maze
The spontaneous Y-Maze test was used to assess spatial 
working memory. The Y-shaped maze has three iden-
tical arms at 120 °C around a center point triangle. The 
mice were placed in the center point and allowed to 
freely explore the arms for 8 min. The movement of the 
mouse was tracked including the sequence of arm entries 
by EthoVision (Noldus Information Technology). An 
alternation is defined as the mouse making consecutive, 
sequential entries into each of the three arms without 
revisiting an arm. The alternation index was calculated 
as (number of alternations/(total number of arm entries 
minus two)) and reported as a percent.

Tail suspension
The automated Tail Suspension apparatus (Med Associ-
ates) was used to assess apathetic-like behaviors of the 
mice. Mice were taped and suspended by the tail to a ver-
tical steel bar which measures strain gauge as the mouse 
moves during a 6-min trial. The cumulative time spent 
immobile, hanging passively (below lower threshold) was 
measured by the Tail Suspension software.

Three chamber sociability
The Three Chamber test was conducted to measure the 
sociability of mice when allowed to interact with a novel 
mouse or a similarly sized inanimate object. The testing 
apparatus is a 19 × 45 cm plastic box divided into three 
equal chambers with clear plastic wall dividers. The two 
external chambers each have a single weighted metallic 
mesh pencil holder and the central chamber is empty. 
The mice are habituated to the apparatus for 5 min by 
being placed in the central chamber and allowed to freely 
explore and enter all chambers. The mouse has a 5-min 
intertrial interval in its home cage. In the test trial, a sex 
and age matched wild type mouse (social target) is placed 
beneath one mesh pencil holder, and an inanimate plas-
tic toy (non-social target) is placed beneath the other. To 
commence the test trial, the mouse is paced in the central 
chamber. The time spent in each chamber and interact-
ing with the social or non-social target is recorded and 
analyzed by EthoVision software (Noldus Information 
Technology).

Tube test of social dominance
Tube test was used to assess social dominance and within 
cage social hierarchy. Cage mates were paired against 
each other for testing in a round-robin design. The tube 
test was conducted on a flat tabletop, which the mice 
were allowed to run around on for 5 min prior to com-
mencing the testing. One foot of vinyl tubing was used. 
Mice were habituated to the tube prior to testing on the 
same day by encouraging them to run through the empty 
tube from either side 5 times. A blinded experimenter 
placed a mouse on either end of the tube, and released 
their tales when they completely entered the tube. The 
first mouse to step its hind paws out of the tube lost the 
battle. The battle was redone if after 2 min no mouse had 
won.

Collection and preparation of mouse tissue
Mice were harvested for both histology and biochemis-
try/molecular analyses to reduce total animal numbers. 
Mice were first acclimated for 2 h prior to dissection to 
help control for activity-induced changes and all dissec-
tions were performed at zeitgeber hours ZT6 to ZT11 
to control for potential circadian affects. Mice were 
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randomly dissected by cage to limit batch effects and 
additional stress. Mice were anesthetized using isoflurane 
inhalation, blood was collected, and then mice were sac-
rificed via decapitation and the brains were quickly iso-
lated, weighted, then cut into 2 hemispheres where the 
left hemisphere was drop fixed in 10% buffered formalin 
and the right hemisphere was dissected by region and 
flash frozen on dry ice. Spinal cords were removed using 
hydraulic extrusion and the lumbar spinal cord was iso-
lated. The lumbar enlargement was isolated for histology 
whereas the remaining lumbar spinal cord was used for 
molecular analysis. Tibialis anterior and soleus muscles 
were isolated and drop fixed in 10% buffered formalin 
for imaging studies and gastrocnemius muscle was flash 
frozen.

Real Time‑Quantitative PCR (RT‑qPCR) assay
RNA was extracted from mouse cortex tissue using 
RNeasy Mini Kit (QIAGEN) following manufacturer’s 
instructions. cDNA was synthesized using 5X All-in-
One RT Master Mix (Bio Basic) following manufacturer’s 
instructions. RT-qPCR was performed using Green-2-Go 
qPCR Master Mix (Bio Basic). Reactions were run on a 
BioRad CFX96 thermocycler (protocol: 95 °C for 5 min, 
40 cycles of 95 °C for 15 s and 60 °C for 60 s, followed 
by a standard melting curve). Relative change is splicing 
was quantified using MAPT isoform values standardized 
to the average of GAPDH and HPRT1 Ct values, then the 
ratio of each isoform (1N/0N and 2N/0N) were calcu-
lated before normalizing to the average of the wild type 
samples.

Preparation of mouse tissue for analysis by histology
Tissue was collected as described in Collection and prep-
aration of mouse tissue. Following fixation for 48 h, sam-
ples were transferred to a 70% ethanol solution and sent 
to the Louise Pelletier Histology Core facility at the Uni-
versity of Ottawa for paraffin embedding and microtome 
sectioning. The samples were sectioned at a thickness 
of 5 µm. Serial sectioning was performed at four levels 
within the tissue each separated by 40 µm. For stain-
ing, slide-mounted sections were deparaffinized in 100% 
xylenes (Fisher Scientific X3P-1GAL) for 10 min, then 
transferred into a second container of fresh 100% xylenes 
for an additional 10 min. The slides were then rehydrated 
in descending ethanol solutions: two 5 min treatments in 
100% ethanol, 5 min in 70% ethanol, and 5 min in 50% 
ethanol. The slides were then immersed in 1X PBS for at 
least 5 min to rinse residual ethanol.

Cresyl violet staining
Slides containing PPFE mounted sections were slowly 
dipped 20 times in 70% ethanol followed by 95% ethanol, 
100% ethanol, 95% ethanol, and 70% ethanol. Slides were 
then submerged in ddH2O for 1 min. Next the sections 
were incubated in 0.25% Cresyl Violet stain for 2 min. 
Samples were then dipped 10 times in ddH2O followed 
by 70% ethanol, 95% ethanol, 0.25% glacial acetic acid, 
95% ethanol, and finally 100% ethanol. Permount was 
applied to sections and mounted with coverslips.

Immunofluorescence analysis in mouse tissue
Antigen was performed by placing slides in 1X sodium 
citrate buffer (2.94 g sodium citrate 0.5 mL Tween-20 in 
1L 1X PBS, pH6) at 95 °C for 30 min then rinsed in 1X 
PBS. Tissue sections were then blocked in blocking buffer 
containing 1% Triton-X and serum (5% horse serum, 5% 
cosmic calf serum, or 1% bovine serum albumin) in 1X 
PBS for 2 h at room temperature. Next the tissue sections 
were incubated with primary antibody (See Table S4 for 
antibody concentrations) overnight at 4 °C. The next day, 
the sections were washed twice in PBS 1X + 0.1% Tri-
ton-X for 5 min each and then 3X in 1X PBS for 5 min 
each. The slides were then incubated in secondary anti-
body at room temperature for 2 h. The slides were then 
washed in 1X PBS + 0.1% Triton-X for 5 × 5-min, before 
mounting with #1.5 coverslips (Thermo Fisher Scientific 
12-544E) and fluorescent mounting media (Dako S3023). 
The coverslips were sealed with clear nail polish and 
allowed to dry before imaging. Images of each ventral 
horn were taken on a Zeiss Axio Imager 2 at 20X mag-
nification. Cells were counted manually per image using 
Fiji (ImageJ).

Neuromuscular junction analysis
Tissue was collected as described in Collection and 
preparation of mouse tissue. After 24 h of fixation, tibi-
alis anterior muscles were stored in a solution of 1X PBS. 
Muscle bundles were carefully teased apart from the tis-
sue into 4–5 bundles with forceps. The muscle bundles 
were transferred to 6-well plate cell culture plate con-
taining 1% Triton-X in 1X PBS overnight at 4 °C under 
gentile agitation for permeabilization. The next day, the 
muscle bundles were washed three times in 1X PBS for 
5 min at room temperature. They were placed in a block-
ing buffer solution of 4% bovine serum albumin and 1% 
Triton-X in 1X PBS at 4 °C overnight. The following day, 
the muscles were incubated in primary antibody (BTX 
and NfL/SV2 cocktail, see Table  S4) diluted in blocking 
buffer solution overnight at 4 °C. The next day, the mus-
cle bundles were washed with 1X PBS three times for 5 
min and incubated with secondary antibody diluted in 
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blocking buffer solution at room temperature for 2 h. The 
muscle bundles were then washed 3 times in 1X PBS for 
5 min. The bundles were then placed on slides, mounted 
with VECTASHIELD® HardSet™ Antifade Mounting 
Medium (#H-1400), and #1.5 coverslips placed above the 
muscle bundles. The slides were left at room tempera-
ture overnight in the dark to allow the mounting media 
to cure. Images were taken on a Zeiss LSM800 Confocal 
Microscope at 20X through a Z-stack with optimal spac-
ing (0.61 µm). Images were taken throughout the entirety 
of the muscle tissue such that at least 80 neuromuscular 
junctions per animal were captures. Images were scored 
manually per image using Fiji (ImageJ). See Fig. S8E for 
scoring examples.

SUMOylation analysis in human brain tissue
20 mg of frozen human brain tissue was homogenized in 
300 μL of RIPA buffer supplemented with protease inhib-
itor, phosphatase inhibitor, and 50 mM N-Ethylmalamide 
and vortexed every 5 min for 20 min while incubat-
ing on ice. The samples were centrifuged at 21000G for 
20 min at 4 °C and the supernatant (RIPA soluble frac-
tion) was carefully removed. 4X laemmli buffer was 
added and samples were boiled for 5 min at 95 °C then 
stored overnight at 4 °C. The remaining pellet after the 
centrifugation step post-lysis was washed in 1 mL RIPA 
buffer with vortexing for 10 s followed by centrifugation 
at ~ 21000G for 20 min at 4 °C. The supernatant was care-
fully removed, and the pellet was resuspended in 300 µL 
of of 8 M UREA in PBS with 10 mM Tris–HCl pH 7.4. 
Samples were vortexed and left to solubilize overnight at 
room temperature before 4X Laemmli was added prior 
to Western Blot analysis. RIPA and UREA samples were 
randomly loaded onto gels (separated by fraction) with 4 
control samples consistently loaded (aged 20–30) on each 
gel for normalization. Western blot was performed as 
described above. Samples were standardized to ponceau 
signal then normalized to control samples.

Collection and preparation of FFPE human brain tissue
Frontal cortex tissues were collected antemortem from 
three sporadic ALS/FTLD patients (a 74-year-old male, 
67-year-old female and 59-year-old female) obtained 
through the ALS Clinic at Sunnybrook Health Sciences 
Centre, Toronto. ALS was diagnosed using the revised 
El Escorial Criteria (Brooks et  al., 2000) and informed 
consent was obtained with approval from the local ethi-
cal review board. The presence of TDP-43 proteinopathy 
within the frontal cortex was verified through immuno-
histochemical labeling using rat anti-phosphorylated 
TDP-43 (p409/410) antibody on formalin fixed paraffin 
embedded sections. Genetic analyses confirmed absence 

of mutations in key ALS/FTD-associated genes: C9orf72, 
SOD1, FUS and TARDBP.

Neuropathological assessment of all human PFC tissues 
from various sites
Human FFPE PFC samples collected from the NIH 
Neurobiobank, CHEO, and University of Toronto were 
independently assessed and scored by a neuropatholo-
gist to verify TDP-43 pathology. Immunohistochemistry 
staining was performed on FFPE tissue sections using 
the Leica bond system. Sections were pre-treated using 
sodium citrate buffer (pH 7.0, epitope retrieval solution 
1) for 20 min and then incubated using a 1:2000 dilution 
of anti-phosphorylated TDP-43 S409/410 (Cosmo Bio 
Co. Ltd, #TIP-PTD-P07) for 40 min at room temperature 
and detected using an HRP conjugated compact poly-
mer system. Slides were then stained using DAB as the 
chromogen, counterstained with Hematoxylin, mounted 
on slides and covered with coverslips. TDP-43 pathol-
ogy was assessed by a score of 0–4 looking for neuronal 
cytoplasmic inclusions and glial cytoplasmic inclusions, 
particularly within layers II and V/VI. Scoring: 0 = nega-
tive, 1 = very rare inclusions, 2 = inclusions readily visible, 
3 = moderate density of inclusions, 4 = highest density of 
inclusions.

Proximity ligation assay in human FFPE tissue
Formalin fixed paraffin-embedded human brain Sects. 
(5 μm sections) were deparaffinized using two 10-min 
washes with xylenes, two 5-min washes with 100% eth-
anol, one 5-min wash with 70% ethanol, and one 5-min 
was with 50% ethanol. Deparaffinized sections then 
underwent sodium citrate antigen retrieval (10 mM 
sodium citrate, 0.05% Tween-20, pH 6) for 2 h at 80 °C. 
Sections were then blocked with Duolink blocking buffer 
(Sigma Aldrich, DUO82007) for 1 h at room tempera-
ture. Next, sections were incubated with primary anti-
bodies (anti-TDP-43 1:750, PTGLabs; anti-SUMO2/3 
[8A2] 1:500 Sigma) diluted in blocking buffer (1.5% Tri-
ton X-100, 10% cosmic calf serum in 1X PBS) overnight 
at 4 °C. The following day, the sections were washed in 
Duolink Wash Buffer A (0.01 M Tris-Base, 0.15 M NaCl, 
0.05% Tween-20, pH 7.4), followed by incubation in 
Duolink PLA MINUS (Sigma Aldrich, DUO82004) and 
PLUS probes (Sigma Aldrich, DUO82002) at 37 °C for 1 
h. Duolink PLA probes were diluted in antibody diluent 
(Sigma Aldrich, DUO82008) at a 1:5 dilution. Sections 
were washed in Duolink Wash Buffer A and then incu-
bated in ligase (Sigma Aldrich, DUO82027) at 37 °C for 
30 min. Ligase was diluted in 1X ligation buffer (Sigma 
Aldrich, DUO82009) at a 1:40 dilution. Then, the sections 
were washed in Duolink Wash Buffer A and then incu-
bated in polymerase (Sigma Aldrich, DUO82028) at 37 °C 
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for 90 min. Polymerase was diluted in 1X amplification 
buffer (Sigma Aldrich, DUO82011) at a 1:80 solution. 
The sections were then washed in Duolink Wash Buffer 
B (0.2 M Tris-Base, 0.1 M NaCl, pH 7.5) and then again 
in Duolink Wash Buffer B diluted at 1:1000. Finally, sec-
tions were incubated with DAPI at room temperature for 
15 min. DAPI was diluted at 1:1000 in PBS. Fluorescent 
mounting media (Dako, S3023) and #1.5 coverslips were 
then placed over the sections and sealed using clear nail 
polish. Images were taken on a Zeiss LSM800 Confocal 
Microscope. 5 images per tissue were randomly collected 
from grey matter at 63X magnification and 2X digital 
zoom through a Z stack of 10–12 µm with optimal spac-
ing (0.27 µm) at a resolution of 512 × 512 pixels. PLA foci 
were manually counted per image using Fiji (ImageJ).

Statistical analyses
Statistical tests were performed using PRISM 10.2.2. Test 
type was selected based on the number of comparisons 
made, repeated measures, and gaussian distribution of 
the data. Levels of statistical significance are indicated in 
figure legends.
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