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ABSTRACT 

Amyotrophic Lateral Sclerosis (ALS) is a fatal neurodegenerative disease in which an RNA-

binding protein called TDP-43 mislocalizes and accumulates in the cytoplasm1–3. Increasingly, the 

cellular stress response is linked with ALS, whereby disruption of various stress-related pathways 

can lead to the aberrant accumulation of TDP-431,4,5. Despite this strong connection between stress 

pathways and TDP-43, the exact mechanisms that act on TDP-43 remain elusive. Our lab 

previously found that, in response to stress, TDP-43 is modified by Small Ubiquitin-like Modifiers 

(SUMO) through a process called SUMOylation6. This modification accumulates during 

prolonged stress and surprisingly continues to accumulate during recovery before being cleared by 

the proteasome6. We mapped the site of SUMOylation at lysine 408 (K408) and generated a knock-

in mouse model to study the consequences of blocking endogenous TDP-43 SUMOylation by 

mutating K408 to an arginine (R; TDP-43K408R/K408R)6.  

In neuronal cultures, we observed that blocking TDP-43 SUMOylation delayed the clearance of 

G3BP1-positive stress granules and led to the accumulation of nuclear TDP-43 recovery bodies 

during recovery. Following repeated stress and recovery, we observed further impairment of 

clearance and re-activation of stress granules and the significant accumulation of nuclear TDP-43 

recovery bodies during the later stress and recovery time points. We identified a subset of nuclear 

TDP-43 recovery bodies that co-localized with an RNA-binding motif protein called RBM-45, 

doing so at a higher degree in TDP-43K408R/K408R neurons. 

To observe the contribution of SUMOylation to TDP-43 dynamics in real time, we generated 

HEK293T cells expressing TDP-43 tagged with mStayGold – a brighter and more photostable 

green fluorescent protein7 – for live-cell imaging. Following repeated stress and recovery, we 

observed changes in TDP-43 localization in TDP-43K408R/K408R cells and alterations in TDP-43 
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mobility at later stress and recovery time points. Overall, our data suggests that blocking TDP-43 

SUMOylation during acute stress and recovery led to dysfunctions in the cellular stress response 

and accumulation of nuclear TDP-43. These effects are exacerbated following repeated stress and 

recovery events, leading to cytoplasmic TDP-43 aggregation.  
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1. INTRODUCTION: AMYOTROPHIC LATERAL SCLEROSIS 

1.1. Background on ALS 

1.1.1. Clinical presentation and progression 

Amyotrophic Lateral Sclerosis (ALS), also referred to as Lou Gehrig’s disease, is a 

progressive and fatal neurodegenerative disease that affects approximately 1000 Canadians every 

year8,9. ALS is characterized by the gradual loss of motor neurons in the central nervous system 

(CNS), leading to muscle weakness, paralysis, and eventually death due to respiratory failure 

within 2-5 years post- diagnosis9–12. Loss of upper motor neurons that connect the motor cortex to 

the spinal cord leads to spasticity, while the loss of lower motor neurons that connect the spinal 

cord to the muscles leads to atrophy and fasciculations9,13. Despite extensive research, there is 

currently no cure for ALS. Existing management strategies, such as FDA-approved drugs riluzole 

and edaravone14,15, are used to improve ALS symptoms and may extend survival by a few months. 

However, the treatment of symptoms does not halt or reverse the progression of ALS. For these 

reasons, a gap exists in our understanding of the pathological mechanisms underlying motor 

neuron degeneration, which makes it challenging to develop therapeutics that can effectively treat 

the disease.  

1.1.2. ALS aggregates 

A key pathological hallmark of almost all ALS patients (97%) is the accumulation of 

abnormal protein aggregates in motor neurons predominantly in the spinal cord and motor 

cortex3,9,16. These aggregates consist of misfolded and post-translationally modified proteins, such 

as phosphorylated and ubiquitinated TAR DNA-binding protein 43 (TDP-43), superoxide 

dismutase protein (SOD1), and Sequestosome 1 (SQSTM1 or p62)1–3,17. These cytoplasmic 
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inclusions in neurons can disrupt protein functions, impair protein degradation systems, and 

activate cellular stress pathways ultimately leading to cell death4,18,19. Other than ALS, protein 

aggregation has also been reported to lead to neuronal dysfunction in Alzheimer’s disease (amyloid 

beta plaques)20, and Parkinson’s disease (alpha-synuclein)21, among others.  

1.2 Genetic vs Sporadic ALS 

1.2.1. Genetic forms of ALS 

About 10% of all cases are familial ALS (fALS) due to inherited mutations. Over the past 

two decades, GWAS and exome sequencing studies have identified ~30 ALS-linked genes9,11,22,23. 

The most well-known and studied include SOD1 (Superoxide Dismutase 1), FUS (Fused in 

Sarcoma), C9ORF72 (Chromosome 9 open reading frame 72), and TARDBP (Transactive response 

element DNA-binding protein of 43 kDa).  

Among these mutations, SOD1 was the first identified ALS-linked gene and is responsible 

for about 12% of fALS cases and 1-2% of sALS cases24. This form of ALS presents with the 

formation of SOD1 protein aggregates without the ubiquitinated TDP-43 protein25. Mutations in 

FUS, an RNA binding protein, cause about 4% of fALS and 1% of sALS cases24,25. Similar to 

SOD1 mutations, FUS mutations do not present with TDP-43 pathology, instead, FUS is found to 

aggregate in the cytoplasm. Moreover, C9ORF72 is the most common genetic cause of ALS and 

accounts for approximately 40% of fALS and 7% of sALS24,26,27. Mutations in C9ORF72 consist 

of a hexanucleotide repeat expansion, which leads to the formation of toxic RNA foci and dipeptide 

repeat proteins27–30. Finally, mutations in TARDBP gene, encoding for the protein TDP-43, 

accounts for 4% of fALS and 1% of sALS cases. TDP-43 pathology is characterized by the loss of 

TDP-43 RNA-binding in the nucleus and the accumulation of TDP-43 aggregates in the 
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cytoplasm24,31–33. Collectively, these mutations have been shown to converge on common 

pathways such as cellular stress response, DNA damage, and nucleoplasmic shuttling which 

provides insight into key pathways implicated in disease23,24,34. 

1.2.2. Sporadic forms of ALS 

Unlike fALS, the cause of sALS that accounts for the majority (~90%) of ALS cases 

remains unclear. While there is no direct evidence linking the environment with ALS, studies have 

proposed several environmental risk factors that may be associated with the onset and progression 

of sALS. 

Epidemiological studies have shown that intense physical activity is linked to a higher risk 

of developing ALS. Specifically, professional athletes involved in high-contact sports like football, 

soccer and military personnel are diagnosed with ALS more frequently35–37. In addition, there are 

proposed links between individuals who have experienced traumatic brain injuries (TBIs) with the 

risk to develop ALS38,39. 

Exposure to heavy metals such as lead, mercury, arsenic, iron, and selenium have been 

correlated with an increased risk of developing ALS40. Environmental toxins like pesticides and 

chemicals have also been correlated with disease41. Additionally, studies found that viral infections 

of enterovirus D8, Human Herpesvirus 6 (HHV-6), and Human Herpesvirus 8 (HHV-8) are present 

in the spinal cords of patients diagnosed with ALS42–45. 

Therefore, ALS is a highly heterogeneous disease where the accumulation of genetic 

predisposition, environmental factors, and aging-related stressors contribute to disease 

pathogenesis. Thus, exploring genes and proteins involved in sALS and fALS will provide insight 

into molecular mechanisms underlying ALS. 
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2. MOLECULAR MECHANISMS IN ALS: TDP-43 PATHOLOGY 

2.1. TDP-43: Structure and Function as an RNA-binding Protein 

TDP-43, encoded by the TARDBP gene, is a conserved and ubiquitously expressed nuclear 

RNA/DNA binding protein that is essential for mRNA processing, splicing, nucleocytoplasmic 

transport, and translational regulation46–48. Among these various functions, TDP-43 plays a 

predominant role in the suppression of cryptic exon inclusions during RNA splicing49. With TDP-

43 depleted in the nucleus, cryptic exons become included in mRNA leading to truncated or no 

protein production. For example, studies have shown that the loss of TDP-43 function in neurons 

and induced pluripotent stem cells (iPSCs) causes cryptic mis-splicing in UNC13A, causing the 

downregulation of UNC13A protein50,51. Interestingly, patients with UNC13A Single Nucleotide 

Polymorphisms (SNPs) can exacerbate cryptic exon inclusion upon TDP-43 loss-of-function 

(LOF). Similarly, TDP-43 LOF can lead to the inclusion of STMN2 cryptic exon in neurons which 

has been shown to compromise neuronal growth and function52,53. TDP-43 also regulates its own 

expression by binding to the 3' untranslated region (UTR) to repress cryptic exon inclusion to 

maintain protein levels and prevent the production of aberrant transcripts54. When this feedback 

loop is dysregulated, too little or excessive TDP-43 can be produced, which can drive TDP-43 

pathology. Although TDP-43 is primarily nuclear, it is also present in the cytoplasm and 

mitochondria to regulate the stability of mRNA, autophagy, and mitochondrial function55.  

As seen in figure 1, TDP-43 is a protein of 414-amino acids with a globular N-terminal 

domain (NTD), two-folded RNA recognition motifs (RRM1 and RRM2), a bipartite nuclear 

localization sequence (NLS) adjacent to the first RNA recognition motif, a nuclear export signal 

(NES), and an unstructured C-terminal domain (CTD)56. The N-terminal domain facilitates 

protein-protein interactions and plays a role in TDP-43 oligomerization57. The two RNA-binding 
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domains, RRM1 and RRM2, mediate high-affinity binding to UG-rich and TG-rich motifs of RNA 

and DNA sequences. The NLS and NES are critical for shuttling TDP-43 between the nucleus and 

cytoplasm48,58. The CTD is a low complexity domain (LCD) that is intrinsically disordered and 

required for splicing and interaction with other proteins such as hnRNPs, UBQLN2, and FUS59,60. 

This domain can form beta-sheet structures which are characteristic of pathogenic aggregation. 

Remarkably, all known human mutations in TDP-43 that cause fALS (i.e., Q331K mutation) are 

found within the CTD61. Thus, these CTD mutations could impair TDP-43 liquid-liquid phase 

separation (LLPS) and are highly prone to aggregation62. N-terminally cleaved forms of TDP-43, 

known as TDP-35 (~35kDa) and TDP-25 (~25kDa) have been identified in ALS-associated 

aggregates within patient brains and are thought to play a major role in driving aggregation 

propensity63 

 

Figure 1. TDP-43 Structure. Schematic representation of TDP-43 domain structures, showing 

the N-terminal domain (NTD) with a bipartite nuclear localization signal (NLS), two RNA 

recognition motifs (RRM1 and RRM2), a nuclear export signal (NES), and a C-terminal domain 

(CTD). Identified TDP-43 mutations are labeled within the domains of TDP-43 (A90V, P112H, 

K263E, Q331K). 
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2.2. TDP-43 and its implications in ALS: Composition and formation of aggregates 

Cytoplasmic TDP-43 aggregates are found in almost all (97%) ALS patients, regardless of 

their mutational status9. TDP-43 pathology is characterized by the nuclear-to-cytoplasmic 

mislocalization and accumulation of cytoplasmic aggregates1,4,50,51 (Figure 2). These aggregates 

are mostly found in the CNS, including the motor neurons within the primary motor cortex, 

prefrontal cortex, and spinal cord9. Besides the CNS, pathological TDP-43 inclusions have also 

been found in fibroblasts and skeletal muscle fibers of ALS patients64,65. Notably, these pathogenic 

aggregates differ from the myo-granules. In regenerating skeletal muscle, TDP-43 forms transient, 

amyloid-like myo-granules that play a physiological role in muscle repair66. However, research 

suggests that an increased formation or impaired clearance of functional myo-granules could lead 

to pathological cytoplasmic TDP-43 aggregates observed in disease. 

At later stages of TDP-43 pathogenesis, TDP-43 aggregates are composed of 

hyperphosphorylated, ubiquitinated, and cleaved forms of TDP-43, including its C-terminal 

fragments (CTF) of TDP-35 and TDP-252,3. They also contain the ALS-linked ubiquitin 

autophagic adaptor Sequestosome (SQSTM1, also known as p62) for the degradation of misfolded 

proteins through the autophagy pathway67. Notably, many of these modifications are typically 

observed at the end stages of the disease or following multiple cellular insults (e.g., overexpression 

of TDP-43 combined with additional stressors) to fully manifest. However, the early modification 

of TDP-43 that leads to its mislocalization and aggregation remains poorly understood. Thus, 

studying the early mechanisms underlying TDP-43 pathology is crucial for identifying therapeutic 

targets and developing effective treatments for ALS. 
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Figure 2. TDP-43 pathology: mislocalization, aggregation and neurodegeneration. Under 

normal conditions, TDP-43 (red) is primarily located in the nucleus. However, genetic mutations 

and/or environmental factors can lead to the mislocalization and aggregation of TDP-43, 

eventually resulting in neurodegeneration. This figure is adapted from Suk and Rousseaux 

(2020). 

 

2.3. Cellular Stress Response 

The cellular stress response encompasses a broad range of molecular changes that occur 

when the cells encounter stressful conditions68. These stressors can include oxidative stress, DNA 

damage, unfolded proteins, viral infection, Endoplasmic Reticulum (ER) stress, chemical stress, 

and heat shock responses69,70. In response to these acute insults, cells activate various stress 

response pathways, such as the integrated stress response (ISR). The ISR is a conserved response 

in eukaryotes that activates Eukaryotic Translation Initiation Factor 2A (eIF2a). Upon eIF2a 

activation, Activating Transcription Factor 4 (ATF4) is translocated into the nucleus to upregulate 

the transcription of stress-response genes essential for recovery from stress. In addition, eIF2a 
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activation triggers the formation of membraneless organelles known as stress granules (SG) that 

transiently sequester and stall mRNA translation as a protective response to stress71,72. Their 

assembly is initiated by nucleators such as G3BP1 or TIA1, which then further promotes the 

recruitment of additional RNA-binding proteins containing IDRs. Once the stress is recovered, 

SGs disassemble to allow for translation to resume. Extensive research has shown a strong link 

between the cellular stress response and ALS1,4,5. TDP-43 has been shown to play a critical role in 

cellular stress response pathways, including DNA damage. For instance, upon UV-induced DNA 

double-stranded breaks (DSB), TDP-43 facilitates the recruitment of DNA damage complexes to 

repair DSBs.  

2.4. TDP-43 Pathology  

2.4.1. TDP-43 mislocalization and aggregation 

A variety of stressors including oxidative, osmotic, and heat shock have been used to study 

TDP-43 pathology73. For example, sodium arsenite treatment (oxidative stress) leads to TDP-43 

mislocalization, formation of stress granules, and impairs TDP-43 nuclear splicing functions in 

neuroblastoma cells, patient-derived fibroblasts and motor neurons differentiated from iPSCs74. 

Other studies have used D-sorbitol (hyperosmotic treatment) to model conditions of ionic 

imbalance and observed TDP-43 nuclear-to-cytoplasmic mislocalization and aggregation73. Heat 

shock is another commonly used stressor that can induce TDP-43 pathology75. These studies 

indicate how different types of cellular stress converge to study TDP-43 mislocalization and 

aggregation. Therefore, cellular stress models are critical and provide a window to observe and 

study early features of TDP-43 pathogenesis. 
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Following stress, TDP-43 is found to localize to transient cytoplasmic membraneless 

organelles known as stress granules, which facilitate cell survival by stalling mRNA 

translation4,5,73,75. Stress granules consist primarily of RNA and ribonucleoproteins, such as 

G3BP1 and TIA176. TDP-43 normally stabilizes G3BP1 transcripts and plays a critical role in 

regulating the dynamics of stress granule formation and disassembly, where the depletion of 

nuclear TDP-43 impairs the formation of stress granules77,78. This indicates a key role for TDP-43 

and G3BP1 in the regulation of this cell survival mechanism. Following acute stress, TDP-43 

translocates from the nucleus to the cytoplasm to promote the assembly of stress granules and 

disassembly upon recovery5,71. However, under prolonged stress, the cell can no longer properly 

recover from the insult. As a result, stress granules can undergo an aberrant phase transition and 

promote the formation of solid protein aggregates, eventually leading to cell death79. 

2.4.2. TDP-43 nuclear bodies and loss-of-function 

Beyond localizing to cytoplasmic structures, TDP-43 is also recruited to various 

subcellular compartments within the nucleus. Various types of cellular stress (i.e. oxidative, heat 

shock) have been found to stimulate the formation of TDP-43 into nuclear bodies, which is thought 

to play a protective role in the cell. Recent studies have identified a form of nuclear body called 

paraspeckles that interacts with TDP-43. Paraspeckles contain a long noncoding RNA called 

Nuclear Enriched Abundant Transcript 1 (NEAT1) that acts as a scaffold to recruit a variety of 

RNA-binding proteins80,81. Normally, paraspeckles help regulate gene expression by sequestering 

proteins and RNA. However, the loss of nuclear TDP-43 is sufficient to stimulate paraspeckle 

hyper-assembly in neurons, possibly as a compensatory mechanism81. Studies have identified an 

increase in paraspeckle formation in the spinal motor neurons of ALS patients with TDP-43 

pathology81. This suggests that paraspeckles may be serving a protective role by sequestering 
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pathological TDP-43 and RNA processing. Moreover, under conditions of proteotoxic stress or 

ATP depletion, TDP-43 has been found to assemble into anisosomes, which are structures 

composed of RNA-free TDP-43 oligomers forming a dense shell around a liquid-like core enriched 

with a family of heat shock proteins (HSP-70)82. Anisosomes form when TDP-43 loses its ability 

to bind to RNA due to disease-associated mutations or post-translational modifications (i.e., 

acetylation) that impair RNA binding. They are thought to serve a protective function by 

sequestering misfolded TDP-43 and their liquid-like properties are maintained through its direct 

interaction with HSP70. Additionally, recent studies have identified co-localization of TDP-43 

with RNA-binding motif-45 protein (RBM-45) aggregates in the motor neurons of ALS patients83. 

During acute stress, RBM-45 incorporates into nuclear stress bodies (NSBs), and chronic stress 

can lead to the irreversible accumulation of nuclear RBM-45 inclusions. TDP-43 also localizes to 

other various nuclear structures in response to stress, such as PML bodies. However, the functions 

of these nuclear inclusions remain elusive84. 

2.5. TDP-43 post-translational modifications: Focus on SUMOylation 

2.5.1. Overview of post-translational modifications in TDP-43 

Post-translational modifications (PTMs), including ubiquitination and phosphorylation, 

have been found to regulate TDP-43 in disease states leading to aggregation. Particularly, abnormal 

hyperphosphorylation at serine 403 and 404 (S403/404) and serine 409 and 410 (S409/410) has 

been found to impair degradation pathways, leading to a build-up of TDP-43 aggregates3. 

 While the most commonly studied PTMs include phosphorylation and ubiquitination, 

there are also new studies suggesting that acetylation and poly(ADP-ribosyl)ation (PARylation) 

also regulate TDP-4385,86. Acetylation of lysine residues within the RRMs of TDP-43 has been 
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shown to disrupt RNA-binding and promote cytoplasmic accumulation87. Similarly, PARylation 

has been shown to promote the recruitment of TDP-43 to stress granules and alter its LLPS 

properties85. Another PTM known as SUMOylation is highly conserved and essential in which 

SUMO (small ubiquitin-like modifier) molecules covalently bind to lysine residues on a target 

protein88,89. This SUMOylation process is catalyzed by a cascade of enzymes that begin with the 

activation of SUMO proteins by an E1 ligase. SUMOs are then transferred to the sole E2 ligase, 

UBC9, which is essential for SUMOylation. Then, SUMOylation of the target protein can often 

be stabilized by E3 ligases by promoting their interaction. Much like ubiquitination, SUMOylation 

is a reversible process where SUMO-specific proteases (SENPs) can remove the SUMO group 

from the substrate90. 

2.5.2. SUMOylation: Mechanism and biological significance 

SUMOylation is a key regulatory mechanism governing many cellular processes, including 

nuclear-cytosolic transport, protein solubility, DNA damage repair, and cellular stress 

responses91,92. SUMO is present as two isoforms: SUMO1 and SUMO2/3, which each have 

independent and overlapping roles in cellular processes. SUMO1 is the most commonly studied 

isoform that is involved in nuclear transport, solubility, and apoptosis93,94. However, SUMO2 and 

SUMO3 exhibit 97% protein sequence homology and are often referred to as SUMO2/389,95. This 

isoform forms poly-SUMO chains, which are involved in more dynamic regulations, including the 

cellular stress responses and targeting protein for degradation96. The latter activity is mediated 

primarily by SUMO-targeted ubiquitin ligases (STUbLs), which specifically target and 

ubiquitylate poly-SUMO2/3 modified proteins97,98. Increasing evidence suggests that 

SUMOylation plays a critical role in cellular stress responses. Upon stress, SUMO2/3 has been 
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reported to conjugate with a variety of target proteins99. Understanding the interplay between cell 

stress and SUMOylated proteins would provide insight into the regulatory pathways involved. 

3. PRELIMINARY DATA: TDP-43 SUMOYLATION 

3.1. TDP-43 is SUMOylated dynamically during cellular stress and recovery 

Oxidative stress via sodium arsenite treatment is the most commonly and widely used 

cellular stress model to study TDP-43 mislocalization and aggregation in vitro. Thus, our lab 

examined whether TDP-43 becomes SUMOylated in response to sodium arsenite stress. Using 

immunoprecipitation assay to immunoprecipitate proteins bound to HA-SUMO under denaturing 

conditions to break apart non-covalent bonds, we found that TDP-43 becomes SUMOylated by 

SUMO26.  

To investigate the dynamics of TDP-43 SUMOylation, we conducted a time-course assay 

by stressing the cells with sodium arsenite for 1 hour and allowing the cells to recover from stress. 

Surprisingly, we observed an increase in SUMOylated TDP-43 during the initial hour of recovery 

before its degradation by the proteasome during the third hour of recovery6 (Figure 3A). This 

suggests that TDP-43 SUMOylation may play an important role in efficient recovery from cell 

stress. Previous studies have shown that TDP-43 interacts with RNF4, which is a ubiquitin ligase 

that targets SUMOylated proteins for polyubiquitination and subsequent degradation through the 

ubiquitin-proteasome system (UPS)98. To further investigate whether the UPS is responsible for 

clearing SUMOylated TDP-43 in the recovery phase post-stress, we treated cells with the 

proteasome inhibitor MG132 and found that SUMOylated TDP-43 persisted and is not cleared, 

suggesting that TDP-43 SUMOylation is marked for ubiquitin proteasomal degradation6. 

Treatment with MG132 alone did not induce SUMOylation of TDP-43. Overall, these findings 
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suggest that TDP-43 becomes SUMOylated dynamically in the cellular stress response, which in 

turn promotes ubiquitin-mediated degradation during recovery. Therefore, SUMOylation seems to 

be a critical mechanism for maintaining TDP-43 proteostasis6. 

 Using GPS-SUMO, we predicted two SUMOylation sites on TDP-43: K136 and K4086. 

First, K136 is found in the first RNA recognition motif and is thought to be targeted by SUMO1. 

K408 is in the C-terminal domain of TDP-43. We performed a GFP-Trap SUMOylation assay and 

expressed TDP-43-GFP that blocked the K136 and K408 sites by mutating the lysine to an arginine 

residue. We observed that TDP-43 K136R did not alter TDP-43 SUMOylation, however, TDP-43 

K408R significantly reduced TDP-43 SUMOylation suggesting TDP-43 is SUMOylated primarily 

at lysine 4086 (Figure 3B).  
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Figure 3. SUMOylation dynamically regulates TDP-43 upon stress and recovery. (A) 

Immunoprecipitation (IP) of HA-SUMO2 conjugates from cells subjected to stress and recovery 

conditions, followed by immunoblotting for TDP-43, ubiquitin, and HA-SUMO2. Input controls 

(1%) for TDP-43, ubiquitin, HA-SUMO2, and total protein are shown. Conditions include 

unstressed, 1 hour stress (250µM), 1-hour recovery, 3-hour recovery, and stress/recovery with 

MG132 treatment (2µM). Quantification of relative SUMOylation levels under the indicated 

conditions. Data are presented as mean ± SEM. Statistical significance between groups is indicated 

as follows: ***p<0.0005 and ****p<0.0001, 1-Way ANOVA with Fischer’s LSD test. (B) 

Representative GFP-Trap SUMOylation assay to confirm the site of TDP-43 SUMOylation during 

1 hour of sodium arsenite stress (250µM). 1-way ANOVA with Fischer’s LSD test data presented 
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as mean ± SEM, *p<0.005, **** p<0.0001. Data, analysis, and figures were generated by Dr. 

Terry Suk from Suk et al. 2025 Molecular Neurodegeneration. 

 

3.2. Generation and characterization of the knock-in mouse model (K408R) 

To determine the implications of the loss of TDP-43 SUMOylation, our lab generated a 

SUMO-deficient (Tdp-43K408R/K408R) knock-in mouse model using CRISPR-Cas9 to block 

endogenous Tdp-43 from being SUMOylated6. We found that the Tdp-43K408R/K408R mice present 

with some mild behavioral deficits including cognitive abnormalities. Histology of these mice also 

showed pathological hallmarks, such as Tdp-43 mislocalization in the spinal cord and increased 

phosphorylated Tdp-43 in the cortex6. However, we do not understand the mechanisms of how 

SUMOylation may be linked to this pathology, such as whether it plays a role in mislocalization, 

solubility, or other aspects of pathology. The histology of the Tdp-43K408R/K408R mice only allows 

us to observe Tdp-43 at a fixed time point, which makes it difficult to investigate the specific role 

SUMOylation plays during pathogenesis. 

Additionally, current research primarily focuses on TDP-43 pathogenesis in response to 

acute cellular stress. However, how TDP-43 pathology is affected after the removal of stress 

(recovery phase) is poorly understood. By blocking SUMOylation of TDP-43 and observing the 

consequences during cell stress and recovery, we will better understand the implications of TDP-

43 SUMOylation in ALS pathogenesis. This study will help us better understand how TDP-43 and 

SUMOylation play a role in response to cellular stressors, which may uncover specific pathways 

that could serve as therapeutic targets in TDP-43 proteinopathies. 
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4. HYPOTHESIS 

Loss of SUMOylation alters TDP-43 localization, solubility, and cellular stress response 

mechanisms during stress and recovery. 

5. AIMS 

1) Assess how the loss of TDP-43 SUMOylation affects the cellular stress response during 

acute and repeated stress. 

2) Characterize how SUMOylation affects TDP-43 dynamics and mobility during repeated 

stress and recovery.
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6. CONTRIBUTIONS TO THE PROJECT 

Generation of the knock-in K408R mouse model was completed by Dr. Terry Suk (PhD graduate, 

Rousseaux lab, University of Ottawa) in collaboration with The Center for Phenogenomics 

(SickKids). Generation and characterization of HA-SUMO2 HEK293T cell lines were completed 

by Dr. Terry Suk (PhD graduate, Rousseaux Lab, University of Ottawa). Primary murine embryo 

cortical neurons were collected, dissected, and dissociated by Dr. Terry Suk and Ben Nguyen (PhD 

candidate, Rousseaux Lab, University of Ottawa). Acute stress and recovery (Figure 4A and B) 

immunofluorescence experiment, analysis and figure generation were performed by Dr. Terry Suk. 

Generation of lentiviral HSPA1L-mScarlet3 was performed by Dr. Terry Suk. The completion of 

all other experiments, including their data analysis and figure generation, was completed by 

myself. 
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7. METHODS 

1. Immunofluorescence in primary cortical neurons  

As stated in the Suk et al paper: “Micro Coverglass #1.5 coverslips (Electron Microscopy 

Sciences) coverslips were washed in 2M 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 hours. Primary mouse cortical 

neurons were seeded at 75,000-100,000 cells per coverslip and cultured as described above. On 

day 7, neurons were fixed for 10 minutes using 10% phosphate buffered formalin (Fisher 

Chemical, SF100-4) followed by 3 x 5-minutes 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 hour, 

then incubated in 300 μL of primary antibody diluted in blocking buffer overnight at 4 °C. The 

following day, the neurons were washed for 5 x 5-minutes in 1 mL of 1X PBS then incubated in 

300 μL of secondary antibody diluted in blocking buffer for 2 hours at room temperature. Neurons 

were then washed in 1 mL 1X PBS, then stained with DAPI for 10 minutes at room temperature 

followed by 4 x 5- minutes 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 x 1024 pixels 

with 4X averaging per frame. At least 50 cells were imaged and quantified per replicate. For  

TDP-43 foci co-localization, Z-stack images were obtained on a Zeiss AxioObserver Z1 LSM880 

AiryScan confocal microscope at 63x magnification with 3X digital zoom at 512 x 512 resolution. 

At least 10 cells presenting with TDP-43 foci were imaged per replicate. Images were analyzed 

and quantified using ImageJ.” 
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2. Generation of TDP-43-mStayGold and TDP-43-EGFP stable HEK293T cell lines. 

To generate TDP-43-mStayGold (WT and TDP-43K408R/K408R) and TDP-43-EGFP (WT and TDP-

43K408R/K408R) plasmids, TDP-43-mStayGold constructs were synthesized in pENTR vectors 

through TwistBioscience on Addgene. The pENTR TDP-43-EGFP constructs (WT and K408R) 

were obtained from the Rousseaux lab. Using Gateway cloning, TDP-43-mStayGold and TDP-43-

EGFP were cloned into pLEX307 plasmids to allow for constitutive expression. Following the 

manufacturer’s protocol, the LR Clonase II enzyme mix was used for the recombination reactions. 

Reaction mixtures were incubated at 25°C for 1 hour and then transformed into STBL3 cells. 

Positive clones were selected on LB agar plates supplemented with 1ug/ml ampicillin antibiotics. 

Plasmids were purified using a plasmid purification kit and sequenced using Sanger sequencing to 

validate the insert and the presence of the TDP-43K408R/K408R mutation. 

HEK293T cells were cultured in DMEM supplemented with 10% fetal bovine serum (FBS) and 

1% antibiotic-antimycotic (100x) and maintained at 37 °C with 5% CO2. For lentiviral packaging, 

HEK293T cells were seeded at a density of 2.5 × 10^6 cells per 10 cm dish 24 hours before 

transfection. Cells were transfected with the pLEX307 TDP-43 plasmids (WT and TDP-

43K408R/K408R), along with the packaging plasmids psPAX2 (Gift from Didier Trono, Addgene 

#12259) and pMD2.G (Gift from Didier Trono, Addgene #12260). The transfection mixture was 

incubated with cells for 5 hours, after which the media was replaced with fresh DMEM containing 

10% FBS and 1% antibiotic-antimycotic (100x). Viral supernatant was collected 48- and 72-hours 

post-transfection, pooled, and filtered through a 0.45 μm filter to remove cellular debris. The 

filtered viral media was concentrated by ultracentrifugation at 100,000 × g for 2 hours at 4°C. The 

resulting viral pellet was resuspended in sterile 1X phosphate-buffered saline (PBS) and stored at 

−80°C until use.  
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HEK293T cells were seeded at a density of 1.0 × 10^6 cells per well in a 6-well plate. Cells were 

infected with the concentrated lentivirus carrying pLEX307 TDP-43 plasmids (WT and TDP-

43K408R/K408R). After 24 hours, the viral media was replaced with fresh DMEM containing 10% 

FBS and 1% antibiotic-antimycotic (100x). The stable cell lines were validated by fluorescence 

microscopy and western blot to confirm the expression of TDP-43-mStayGold and TDP-43-EGFP 

(WT and TDP-43K408R/K408R). 

3. TDP-43 colocalization with HSPA1L  

As stated in the Suk et al paper: “HSPA1L colocalization experiment was designed similar to 

previous approaches that identified TDP-43 forming anisosomes in response to stress. 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 into HEK293T cells. After 24 hours, media was 

changed and discarded. Media was collected 48 hour and 72 hours post-transfection. Viral media 

was filtered through a 0.45 µm filter then concentrated by centrifugation at 100,000g for 2 hours 

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 hour and recovered 

for 3 hours to induce TDP-43 foci formation. Cells were fixed in 10% formalin for 10 minutes and 

immunofluorescent staining was performed for TDP-43 as described above. Z-stack images were 

obtained on a Zeiss AxioObserver Z1 LSM880 AiryScan confocal microscope at 63x 

magnification with 3X digital zoom at 512 x 512 resolution. At least 10 cells presenting with TDP-
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43 foci and HSPA1L foci were imaged per replicate. Images were analyzed and quantified using 

ImageJ.” 

4. Western blot 

As stated in the Suk et al paper: “Western blot analysis Protein sample prepared in Laemmli 

loading buffer was loaded onto 8% polyacrylamide gel, TGx Mini-PROTEAN 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 hours at 4 °C. The membranes were 

blocked in 10% milk diluted in TBS-T washed 5 x 5 minutes in TBS-T then incubated in primary 

antibody overnight (table S5). The following day the membranes were washed for 5 x 5 minutes 

in TBS-T, then incubated in secondary antibody for 1-2 hours at room temperature. Finally, the 

secondary antibody is washed 5 x 5 minutes in TBS-T before being imaged using 

chemiluminescence Clarity Western ECL or Clarity Max Western ECL on an LAS4000 (GE). 

Densitometry was performed using the volumes function of the ImageLab (BioRad) software.” 

5. Photobleaching Decay Assay and Quantifications 

To assess photobleaching dynamics, WT TDP-43-mStayGold and TDP-43-EGFP HEK293T stable 

cell lines were imaged using an LSM880 confocal microscope (Zeiss) equipped with a 488 nm 

laser. Cells were seeded onto 8-well glass chamber slides (Thermofischer, CAT# 171080) and 

maintained in DMEM supplemented with 10% FBS and 1% antibiotic-antimycotic (100x) at 37°C 

with 5% CO2 prior and during imaging using an environmental chamber. The 488 nm laser was 

set to 50% power intensity, and images were captured every 500 ms over a 3-minute duration, 

resulting in a total of 360 frames per acquisition. Photobleaching dynamics were monitored, and 
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fluorescence decay was analyzed post-acquisition using Zeiss Zen software. Normalized 

fluorescence intensity curves were generated to assess the photostability of TDP-43-mStayGold 

and TDP-43-EGFP HEK293T cell lines. 

6. Fluorescence Recovery After Photobleaching (FRAP) Assay and Quantifications 

To investigate the mobility of TDP-43 during cellular stress and recovery, Fluorescence Recovery 

After Photobleaching (FRAP) was performed. HEK293T stable cell lines expressing TDP-43-

mStayGold (WT and TDP-43K408R/K408R) were seeded onto 8-well glass chamber slides 

(Thermofischer, CAT# 171080) and maintained in DMEM supplemented with 10% FBS and 1% 

antibiotic-antimycotic (100x) at 37°C with 5% CO2 prior and during imaging using an 

environmental chamber. FRAP experiments were conducted with a Zeiss LSM880 AiryScan 

microscope with 63x oil objective at 512 x 512 resolution at 37°C and 5% CO2 equipped with a 

488 nm argon laser. Following repeated 30-minute stress and 30-minute recoveries, a small ROI 

(1/4 of the nucleus) of TDP-43 in the nucleus was photobleached using 50% laser power, followed 

by imaging at 250 ms intervals for 2 minutes to monitor fluorescence recovery. The FRAP data 

was quantified using the Zen software. The time series of fluorescence intensity was calculated, 

and the intensity of the background (area with no cells) was subtracted from the intensity of the 

photobleached ROI. The intensity of the background was also subtracted from the intensity of a 

non-photobleached ROI. The fluorescence intensity of the photobleached region was normalized 

to the non-photobleached region to account for fluctuations in fluorescence intensity. The intensity 

of the 5 pre-bleached ROI was normalized to 1 to achieve the maximum value of intensity and 

normalized to 0 upon bleaching to achieve the minimum value of intensity. The Area Under the 

Curve (AUC) of each graph was calculated and plotted using GraphPad Prism to show total 

fluorescence recovered over time. Then, the averaged relative intensity and standard error were 
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plotted to calculate the mobility of TDP-43 recovered over time. At least 1 cell was imaged per 

replicate and quantified a total of 4 biological replicates per genotype. 

7. Live-Cell Imaging Stress and Recovery Assay 

To determine changes in TDP-43 localization during stress and recovery, live-cell imaging was 

performed to monitor TDP-43 nuclear and cytoplasmic intensity in real time. HEK293T stable cell 

lines expressing TDP-43-mStayGold (WT and TDP-43K408R/K408R) were seeded onto 8-well glass 

chamber slides (Thermofischer, CAT# 171080) and maintained in DMEM supplemented with 10% 

FBS and 1% antibiotic-antimycotic (100x) at 37°C with 5% CO2. Imaging was conducted with a 

Zeiss LSM880 AiryScan microscope with 63x oil objective at 1024 x 1024 resolution at 37°C and 

5% CO2 equipped with a 488 nm argon laser. Images were acquired at 2.5-minute intervals over 

a 30-minute stress period, followed by a 30-minute recovery period in sodium arsenite-free media. 

During imaging, cells were maintained at 37°C with 5% CO2 using an environmental chamber. 

Time-lapse images were analyzed using ImageJ. The average nuclear and cytoplasmic 

fluorescence intensity for each cell was measured, and background fluorescence was subtracted. 

At least 5-6 cells were imaged per replicate and quantified a total of 5 biological replicates per 

genotype.  
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8. RESULTS 

8.1. Loss of TDP-43 SUMOylation affects stress granule dynamics following cellular stress 

and recovery. 

Treatment of cells with cellular stressors (i.e., sodium arsenite) is used to study the cellular stress 

response through stress granule dynamics. Since TDP-43 is crucial for the formation of stress 

granules (G3BP1-positive foci), we investigated their formation and disassembly during stress and 

recovery in neurons. Using immunofluorescence (IF), we observed that stress granules in TDP-

43K408R/K408R and WT neurons form to the same degree, but there is a significant delay in stress 

granule clearance during the first hour of recovery in the TDP-43K408R/K408R mutant (Figure 4A). 

Eventually, the cells recover similarly to the WT cells during the third hour of recovery. This 

suggests that K408R neurons exhibit early impaired recovery from stress.  

We then explored whether repeated short insults could further impair the stress response, 

especially when cells are not allowed to fully recover between stresses. We designed a paradigm 

where the neurons were stressed for 30 minutes with sodium arsenite and then recovered for 30 

minutes before receiving the next insult. This was done a total of 3 times over 3 hours. In WT 

neurons, stress granules form during the first stress and persist during the first recovery. With more 

rounds of stress, more cells form stress granules, but with subsequent recoveries, the proportion of 

cells with stress granules slightly decreases. This suggests the cells are trying to recover, but each 

new stress adds onto the previous effects without allowing the cells to fully recover. Conversely, 

in TDP-43K408R/K408R neurons, stress granules start forming within the first 30 minutes of stress, 

but their recovery and re-assembly during later stresses do not occur properly (Figure 4B).  
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We then observed TDP-43 subcellular distribution during acute and repeated stress. Upon 

acute stress, we found that the loss of SUMOylation led to a significant accumulation of nuclear 

TDP-43 foci (which we have termed nuclear TDP-43 “recovery” bodies) during the 3-hour 

recovery time point (Figure 4C). During repeated stress and recovery, the loss of SUMOylation 

led to a significant increase in the proportion of cells with nuclear TDP-43 recovery bodies, 

specifically after the third round of stress and recovery (Figure 4D). This indicates that the loss of 

SUMOylation not only affects nuclear TDP-43 distribution upon acute stress but also leads to the 

accumulation of nuclear TDP-43 with repeated stress events. However, the nature and function of 

these nuclear TDP-43 recovery bodies remain unknown. Finally, we analyzed the proportion of 

cells with TDP-43 mislocalization following repeated stress and recovery and did not find any 

statistical significance (Figure 4E). 
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Figure 4. Loss of TDP-43 SUMOylation impairs the cellular stress response in neurons.  

(A) Representative images and quantification of G3BP1 stress granule dynamics in mouse primary 

cortical neurons (7 DIV) following 1 hour of 250 μM sodium arsenite stress, then 1-hour and 3-

hour recovery. G3BP1 contrast was set for optimal visualization of stress granules. Scale Bar = 

25μm, N = 5, 2-way ANOVA with Fischer’s LSD test. Data presented as mean ± SEM, **p<0.005. 

For each replicate, at least 50 cells were imaged and quantified. (B) Representative images and 

quantification of G3BP1 stress granule dynamics in mouse primary cortical neurons (7 DIV) 
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following 30-minute repeated stress (yellow-shaded regions) with 250 μM sodium arsenite 

treatment and 30-minute recoveries (white-shaded regions), repeated 3 times. Scale Bar = 25μm, 

N = 3, 2-way ANOVA with Fischer’s LSD test. Data presented as mean ± SEM, *p<0.05, 

**p<0.005. For each replicate, at least 50 cells were imaged and quantified. (C) Representative 

images and quantifications of TDP-43 nuclear foci formation in mouse primary cortical neurons 

(7 DIV) following 1 hour of 250 μM sodium arsenite stress, then 1-hour and 3-hour recovery. Cyan 

arrowheads denote cells with nuclear TDP-43 foci. Scale Bar = 25μm, N = 5, 2-way ANOVA with 

Fischer’s LSD test. Data presented as mean ± SEM, **p<0.005. For each replicate, at least 50 cells 

were imaged and quantified. (D) Representative images and quantification of TDP-43 nuclear foci 

formation in mouse primary cortical neurons (7 DIV) following 30-minute repeated stress (yellow-

shaded regions) with 250μM sodium arsenite treatment and 30-minute recoveries (white-shaded 

regions), repeated 3 times. Cyan arrowheads denote cells with nuclear TDP-43 foci. Scale Bar = 

25μm, N = 3, 2-way ANOVA with Fischer’s LSD test. Data presented as mean ± SEM, 

****p<0.0001. For each replicate, at least 50 cells were imaged and quantified. (E) Quantification 

of primary cortical neurons with TDP-43 mislocalization following 30-minute repeated stress 

(yellow-shaded regions) with 250 μM sodium arsenite treatment and 30-minute recoveries (white-

shaded regions), repeated 3 times. N = 3, 2-way ANOVA with Fischer’s LSD test. Data presented 

as mean ± SEM, ns (not significant). Data generated alongside Dr. Terry Suk and Ben Nguyen. 

 

8.2. A subset of RBM-45-positive nuclear foci co-localize with TDP-43 upon cellular 

recovery. 

Various types of cellular stress (i.e., oxidative, heat shock) have been found to stimulate 

the formation of TDP-43 into nuclear bodies. We have tested many markers of nuclear foci related 
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to cellular stress and recovery such as paraspeckles, anisosomes, ubiquitin and RBM-45. TDP-43 

is found to regulate paraspeckles, where the loss of nuclear TDP-43 is sufficient to stimulate 

paraspeckle formation81. Furthermore, TDP-43 has been identified to form spherical shells with a 

liquid core of Heat Shock Proteins (HSPs) called “anisosomes”, which occurs when TDP-43 loses 

its ability to bind to RNA82. Ubiquitination is another hallmark of TDP-43 aggregates in disease, 

as the Ubiquitin Proteosome System (UPS) is thought to be one of the primary mechanisms of 

TDP-43 clearance98. Finally, RBM-45 has been identified as a potential risk gene for ALS and 

forms nuclear and cytoplasmic aggregates in ALS100.  

 We performed an IF assay to assess the co-localization of TDP-43 with nuclear markers: 

PSPC-1 for paraspeckles, UBI-1 for ubiquitin, RBM-45, and overexpressed HSPA1L-mRuby for 

anisosomes. HSPA1L-mRuby was designed and synthesized in a pTwist-Lenti-Puro backbone 

(Twist Bioscience) and visualized through lentiviral transduction of HSPA1L-mRuby2. We found 

that these foci are not anisosomes or paraspeckles, nor did they colocalize with ubiquitin (Figures 

5A-C). However, preliminary data show that some nuclear TDP-43 foci contain RBM-45 but have 

significantly higher co-localization in the TDP-43K408R/K408R cells (Figure 5D).  
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Figure 5. Identifying nuclear foci markers that co-localize with TDP-43 upon recovery.  

(A-D) Representative immunofluorescent images of primary cortical neurons (7 DIV) treated with 

250 μM sodium arsenite for 1 hour then recovered for 3 hours to induce TDP-43 foci formation to 

analyze co-localization with nuclear markers: (A) HSPA1L was visualized through lentiviral 

transduction of HSPA1L-mRuby2 (N = 3); (B) Paraspeckle marker PSPC-1 (N = 3); (C) Ubiquitin 

(N = 3). (D) Preliminary data for RBM-45 (N = 3). Scale bar = 5μm. Unpaired T-test. Data 

presented as mean ± SEM, *p<0.05. At least 10 cells positive for TDP-43 foci and foci of interest 

were imaged and analyzed per biological replicate.  

 

8.3. Characterizing TDP-43-StayGold WT vs K408R in HEK293T cell lines. 

Live-cell imaging is critical for studying real-time TDP-43 dynamics and how the loss of 

SUMOylation affects its localization and the cellular stress response. Unlike imaging fixed cells, 

live-cell imaging can capture real-time subcellular distribution of the same cells at short time scale 
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resolutions over long periods of time, which can provide us an in-depth understanding of the role 

of SUMOylation in TDP-43 pathology. 

Monomeric StayGold (E138D), also called mStayGold, is a genetically engineered green 

fluorescent protein derived from Cyanobacterial Phycobiliproteins7. This protein is designed for 

higher signal intensity with improved time resolution and extended timescale imaging compared 

to traditional fluorescent proteins like GFP. To visualize TDP-43 in real time, we generated 

lentiviral constructs expressing TDP-43-EGFP and TDP-43-mStayGold under the constitutive 

EF1a promoter. Stable HEK293T cell lines were established for both WT and TDP-43K408R/K408R 

variants (Figures 6A and B).  

Using live-imaging, we validated that TDP-43-mStayGold is approximately two-fold 

brighter and showed greater signal intensity compared to TDP-43-EGFP. We also show that TDP-

43 mStayGold is roughly equivalent to endogenous TDP-43 with respect to localization in the 

nucleus (Figure 6B). Western blot analysis confirmed that the mStayGold fusion does not alter 

TDP-43 protein levels compared to EGFP (Figure 6C). To validate that TDP-43-mStayGold is 

more photostable than TDP-43-EGFP, we performed a photobleaching assay. As expected, the live-

cell images reveal that TDP-43-EGFP is almost completely photobleached between 90 and 120 

seconds, while TDP-43-mStayGold maintains its signal intensity and brightness (Figure 6D). 

These findings support that mStayGold is an optimal fluorescent tag for studying TDP-43 

dynamics in live cells.   
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Figure 6. Characterizing TDP-43-mStayGold versus TDP-43-EGFP in HEK293T cells. (A) 

Generation of stable cell line (HEK293T) expressing TDP-43-EGFP and TDP-43-mStayGold 

using the constitutive expression lentivirus (pLEX307 backbone) for both WT and TDP-

43K408R/K408R variants. (B) Confocal images of control, TDP-43-EGFP and TDP-43-mStayGold to 

assess baseline intensity of cells. (C) Representative western blot to observe endogenous TDP-43, 

TDP-43-mStayGold and TDP-43-EGFP protein levels. (D) Representative images and 

quantifications of photobleaching decay assay using confocal laser scanning microscope. Cells 

were imaged at 50% laser power in 30-second intervals over a total time course of 3 minutes to 

quantify the relative rate of decay between TDP-43-EGFP and TDP-43-mStayGold. Scale bar = 

10μm. The graph shows the photobleaching decay curves for TDP-43-mStayGold (yellow) and 

TDP-43-EGFP (green). Fluorescence intensity (log2 scale) is normalized at time 0 for both 

mStayGold and EGFP and plotted as a function of time (seconds). 
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8.4. Loss of SUMOylation may alter TDP-43 subcellular distribution following repeated 

stress and recovery. 

Overexpression models of TDP-43 have been widely used to investigate nuclear depletion, 

nuclear-to-cytoplasmic mislocalization, and aggregation101–103. Previous work shows that the 

overexpression of WT TDP-43 or mutants (e.g., Q331K, M337V, A315T) in HEK293 and primary 

neurons leads to cytoplasmic accumulation, association with stress granules, and the formation of 

TDP-43 aggregates103–105. These models are also commonly used to study PTMs including 

phosphorylation and ubiquitin. Even more, stress conditions can further enhance these phenotypes 

in cell culture.  

Therefore, using laser scanning confocal microscopy, we observed the subcellular 

localization of the WT versus TDP-43K408R/K408R HEK293T stable cell lines in live time using 

repeated sodium arsenite stress and recovery. We treated the cells with sodium arsenite over a 

course of 30 minutes of stress, then 30-minute recovery for 3 repeated cycles, imaging in 2.5-

minute intervals. Following repeated rounds of stress and recovery, WT cells maintained their 

nuclear localization throughout (Figure 7). While we did not observe any statistical significance 

when we quantified broad TDP-43 mislocalization in TDP-43K408R/K408R mutant cells, we noticed 

the formation of cytoplasmic TDP-43 inclusions following repeated stress and recovery (Figure 

7). We also observed variability in TDP-43K408R/K408R suggesting changes occurring in TDP-43 

localization. Further analysis is needed to quantify the number and size of cytoplasmic TDP-43 

foci between WT and TDP-43K408R/K408R cells. 
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Figure 7. SUMOylation does not affect TDP-43 dynamics during repeated stress and 

recovery. (A) Representative confocal laser scanning microscopy images and quantification of 

HEK293T cells expressing TDP-43-StayGold (WT and TDP-43K408R/K408R) following 30-minute 

repeated stress with 250 μM sodium arsenite treatment and 30-minute recoveries, repeated 3 times. 

The graph shows the cytoplasmic intensity of TDP-43 over time in minutes, following repeated 

rounds of stress (yellow-shaded regions) and recovery (white-shaded regions). The red arrowheads 

denote cytoplasmic TDP-43 inclusions. Data are presented as mean ± SEM, 2-Way ANOVA, N = 

5, not significant. At least 5 cells were imaged and quantified per replicate (total of 25 cells per 

genotype).  
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8.5. Cytoplasmic TDP-43 inclusions co-localize with G3BP1 stress granules upon recovery 

in TDP-43K408R/K408R HEK293T stable cell line. 

Following the live-cell imaging experiment, we questioned whether these cytoplasmic 

TDP-43 inclusions are G3BP1-positive in the TDP-43K408R/K408R cell lines. Using IF, we co-stained 

for TDP-43 and G3BP1 during the third repeated recovery. We observed a significantly higher 

proportion of TDP-43 inclusions co-localizing with G3BP1-positive stress granules (Figure 8). 

These findings suggest that the loss of SUMOylation may enhance the association between TDP-

43 and stress granules. Further investigation would be required to determine whether TDP-43 is 

localized within stress granules or whether TDP-43 has aggregated and interacts with G3BP1 

through protein-protein interactions. 

 

Figure 8. Cytoplasmic TDP-43 inclusions colocalize with G3BP1 stress granules during 

recovery. Representative images of WT and TDP-43K408R/K408R cells stained for G3BP1 and  

TDP-43. White boxes highlight regions of TDP-43 and G3BP1 co-localization. Scale bars 

represent 25µm. The bar graph quantifies the percentage of cells showing TDP-43 and G3BP1 co-

localization during the third recovery period and shows a significant increase in co-localization in 
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TDP-43K408R/K408R cells compared to WT. Data is presented as mean ± SEM, **p<0.005, unpaired 

T-test data, N = 3. 

 

8.6. Loss of SUMOylation may not affect nuclear TDP-43 mobility following repeated stress 

and recovery. 

SUMOylation is well characterized to play roles in regulating protein solubility. Since we 

observed an increase in nuclear TDP-43 recovery bodies in TDP-43K408R/K408R neurons, we sought 

to determine whether SUMOylation affects TDP-43 mobility following repeated stress and 

recovery. Using Fluorescence Recovery After Photobleaching (FRAP), we photobleached 1/4 of 

the nucleus (where TDP-43 is localized) at 50% laser power. Fluorescence recovery of TDP-43 

was monitored at 250 ms intervals post 30 minutes of stress and post 30 minutes of recovery. The 

total fluorescence intensity of the experiment was quantified using the Zen software. The intensity 

of the photobleached ROI was normalized to the non-photobleached region to account for 

fluctuations in fluorescence intensity. The intensity of the 5 pre-bleached images was normalized 

to 1 to achieve the maximum value of intensity and normalized to 0 upon bleaching to achieve the 

minimum value of intensity.  

Comparative FRAP analysis between the initial stress and recovery cycle versus the third 

cycle showed differences in the mobility and recovery kinetics of WT TDP-43 and the K408R 

mutant within the photobleached ROI under repeated stress and recovery conditions (Figure 9A). 

To quantitatively assess these differences in TDP-43 mobility, we used GraphPad Prism to 

calculate and plot the Area Under the Curve (AUC) for each recovery curve, which reflects both 

the total fluorescence recovery and the overall mobility of TDP-43 over time. A higher AUC value 
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indicates a faster complete recovery, suggesting a higher mobility of TDP-43. Conversely, a lower 

AUC indicates less complete recovery, which suggests a lower mobility of TDP-43. We did not 

notice any changes in TDP-43 mobility between genotypes upon repeated stress and recovery 

(Figure 9B). However, we observed a significant decrease in TDP-43 mobility at the later stress 

and recovery time points. This indicates that the loss of SUMOylation does not affect the 

immediate mobility of TDP-43 during repeated stress and recovery but affects TDP-43 mobility at 

later time points following repeated stress exposures.  
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Figure 9. SUMOylation does not affect TDP-43 mobility during repeated stress and recovery. 

(A) Fluorescence recovery after photobleaching (FRAP) analysis of nuclear TDP-43 dynamics in 

live cells. Each panel compares the recovery profiles of WT TDP-43 (grey) and the K408R mutant 

(purple) over time upon stress 1, recovery 1, stress 3 and recovery 3 with 250 μM sodium arsenite 

treatment, normalized to pre-bleach fluorescence. Data points represent the mean fluorescence 

intensity from N = 4 (B) Relative Area Under the Curve (AUC) of each curve from panel A of WT 

and TDP-43K408R/K408R cells following 30-minute repeated stress with 250 μM sodium arsenite 

treatment and 30-minute recoveries, repeated 3 times. The bar graphs depict the area under the 

curve (AUC) for WT and K408R cells calculated using GraphPad Prism. Data are presented as 

mean ± SEM *p<0.05. N = 4. 2-way ANOVA with Fischer’s LSD test. At least 1 cell was imaged 

and analyzed per replicate.  
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9. DISCUSSION 

Summary of findings: 

Our study aims to determine how the loss of TDP-43 SUMOylation with the K408R 

mutation affects the cellular stress response, including stress granule dynamics, TDP-43 

subcellular localization, and protein mobility. Since SUMOylation of TDP-43 protects the cell 

from stress allowing for proper recovery, we found that loss of SUMOylation results in failed 

recovery from cellular stress. Upon acute stress, we observed impaired cellular stress response 

through delayed clearance of G3BP1 stress granules and accumulation of nuclear TDP-43 recovery 

bodies upon recovery. Following repeated rounds of stress, the formation and disassembly of stress 

granules were further exacerbated and led to the accumulation of nuclear TDP-43 foci, resulting 

in cytoplasmic TDP-43 aggregates in the K408R neurons. These findings support that stress-

dependent SUMOylation is a critical regulator of TDP-43 proteostasis during cellular recovery. 

The combined effects of loss of SUMOylation and accumulation of cellular stress led to 

dysfunction in the stress response and formation of cytoplasmic TDP-43 aggregates. 

Nuclear TDP-43 recovery bodies are RBM-45-positive. 

Although TDP-43 has been found to associate with well-known nuclear bodies such as 

paraspeckles or anisosomes, our study identifies novel nuclear TDP-43 recovery bodies that are 

distinct in composition. While previous studies have primarily focused on nuclear body formation 

upon stress, our finding highlights the importance of exploring TDP-43 subcellular distribution 

during the recovery phase. Among the nuclear markers we tested, we found that a subset of these 

recovery bodies is RBM-45-positive, especially a greater proportion of co-localization in the 

K408R neurons. Family-based exome sequencing studies have found RBM-45 as a candidate gene 
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for ALS and FTD100. However, no specific RBM-45 mutation has been widely reported or 

validated. Thus, future genetic studies are needed to define mutations in RBM-45 that cause ALS. 

RBM-45 is a highly conserved RNA-binding protein with an RNA recognition motif 

(RRMs) and a homo-oligomerization (HOA) domain that mediates self-association and interaction 

with other RBPs83. This protein is highly expressed during neuronal development, differentiation, 

and proliferation. Although its biological functions are poorly understood, several studies have 

suggested that RBM-45 plays an important role in regulating splicing and nuclear-cytoplasmic 

shuttling RBP that interacts with TDP-43 and several other ALS-associated proteins like FUS, 

Matrin-3 and hnRNPA183. However, upon mutation or stress conditions, in vitro studies have 

demonstrated that nuclear and cytoplasmic RBM-45 aggregates co-localize with TDP-43, 

ubiquitin, and stress granules. These aggregates have also been identified in ALS patients in motor 

neurons and glial cells in the CNS. Even more, patients harboring the C9ORF72 repeat expansion 

have a higher density of RBM-45-positive inclusions. Beyond the nervous system, RBM-45 also 

influences viral mRNA splicing in parvovirus B19 infection and has been linked to changes in 

lipid metabolism in cancer106,107.  

The co-localization of TDP-43 with RBM-45 inclusions suggests a potential interaction or 

shared pathway between these two proteins in the cellular stress response. We hypothesize that the 

formation of nuclear bodies act as hubs for RNA-binding proteins involved in recovery pathways. 

If the required SUMOylation of TDP-43 is lost, its clearance via the UPS may be compromised, 

leading to the accumulation of TDP-43 within nuclear bodies. Alternatively, given that both TDP-

43 and RBM-45 play roles in RNA splicing, these RNA-binding proteins may be upregulating the 

splicing of stress-response genes to facilitate recovery from stress. However, further experiments 

should be performed to validate the interaction between TDP-43 and RBM-45. It is also important 
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to consider that the increased co-localization in K408R neurons may simply be a consequence of 

the higher number of foci. Thus, further quantification is needed by normalizing the proportion of 

cells with co-localization to the proportion of cells with TDP-43 foci, rather than the total number 

of cells.  

Future steps are to characterize the components of these recovery bodies to understand the 

molecular pathways that are engaged during cellular stress and recovery. For example, we can 

perform split-Bio-ID coupled with mass spectrometry, which involves biotinylating and isolating 

proteins that interact with nuclear TDP-43 recovery bodies. In addition, we could identify 

interactors or post-translational modifications that are lost or gained when SUMOylation is 

blocked. Moreover, future studies could utilize live-cell imaging to monitor the subcellular 

localization of RBM-45 fused to RFP and TDP-43 tagged with mStayGold to assess the mobility 

of these nuclear bodies via FRAP compared to TDP-43 foci in the absence of RBM-45. Since both 

proteins play roles in RNA splicing, we could use quantitative PCR (qPCR) to detect changes in 

splicing patterns associated with the formation of these nuclear recovery bodies, providing insight 

into TDP-43 LOF phenotypes. By characterizing the composition of nuclear recovery bodies, we 

would be able to identify which proteins or RNA interact with TDP-43 during the early stages of 

stress recovery. Consequently, identifying the proteins that may facilitate cellular recovery from 

stress could lead to potential molecular targets for therapeutic intervention. 

Repeated stress and recovery paradigm: Failure of G3BP1 stress granule assembly and 

disassembly. 

Our repeated stress paradigm is critical for understanding neurodegenerative disease 

progression because it closely mimics the chronic, repetitive insults that neurons experience in 
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vivo (i.e., infections or physical injuries), rather than just a single acute stress and recovery event. 

A recent study shows SGs retain a biochemical memory of stress, and the memory continues to 

form even after the removal of stress and persists for 6-9 hours108. Therefore, this model allows us 

to observe how loss of SUMOylation exacerbates the cumulative effects of cellular stress without 

allowing the cells to fully recover, including dysfunction of stress granule clearance and re-

activation, accumulation of nuclear TDP-43 recovery bodies, and cytoplasmic inclusions which 

are features seen in ALS.  

Defects in stress granule dynamics have been implicated in the pathological aggregation of 

TDP-43 in ALS models. Multiple studies have shown that mutations in TDP-43, FUS and 

hnRNPA1 impair LLPS of stress granules, leading to aggregation109–111. Prolonged or repeated 

stress has been shown to overwhelm proteasomal clearance and autophagy pathways, impairing 

the disassembly of stress granules112,113. Consistent with these findings, our results indicate that 

repeated cycles of stress and recovery lead to an accumulation of persistent SGs, which is further 

exacerbated with the loss of TDP-43 SUMOylation. 

Repeated stress and recovery paradigm: TDP-43 mislocalization and aggregation. 

In our endogenous TDP-43 stress and recovery paradigm, we did not observe any 

significant mislocalization differences between WT and K408R neurons. However, when we 

overexpressed TDP-43 in HEK293Ts, we observed an accumulation of cytoplasmic TDP-43 

aggregates. This discrepancy in TDP-43 localization may be explained by the use of different cell 

types and the amount of protein expressed. 

Firstly, primary neurons are highly specialized non-dividing cells that tightly regulate 

protein expression and efficiently manage stress. However, HEK293T cells are immortalized cells 
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with simple protein quality control and may have less-regulated stress responses. Secondly, the 

overexpression of TDP-43 in cell lines introduces an additional “stress” that can overwhelm these 

quality-control systems. The combined burden of repeated stress recovery cycles and artificially 

high TDP-43 levels led to the mislocalization and the accumulation of TDP-43 aggregates. These 

findings align with other studies that have reported TDP-43 aggregation in cells with either 

overexpression or a mutated NLS, which promotes cytoplasmic mislocalization101–103,114.  

In the overexpression system, our data did not reach statistical significance when analyzing 

broad TDP-43 mislocalization in the K408R cells. This lack of significance could be due to under-

sampling the number of cells, as 25 cells per replicate may be insufficient. Further detailed analysis 

is needed to quantify the number and size of cytoplasmic TDP-43 foci between WT and K408R 

cells, rather than broad mislocalization of TDP-43. 

Although we did not reach significance, we visually observed an increase in TDP-43 

aggregates in the K408R cells. There are several hypotheses that could explain an increase in 

cytoplasmic inclusions: Firstly, the loss of SUMOylation could prevent nuclear clearance via the 

UPS pathway. As a result, TDP-43 may translocate from the nucleus to the cytoplasm to find 

alternative degradation mechanisms within the cytoplasm. Secondly, previous findings in our lab 

show that the loss of SUMOylation promotes phosphorylation of TDP-43, possibly as a 

compensatory mechanism that may initially be protective but can eventually promote cytoplasmic 

aggregation6. Lastly, TDP-43 localizes to stress granules upon initial stress, however, TDP-43 

eventually becomes aggregated in the cytoplasm as cells struggle to recover. Future studies should 

investigate whether the cytoplasmic TDP-43 co-localizes with stress granules and changes in stress 

granule number or size during repeated stress events.  
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Limitations: 

While TDP-43 overexpression models are widely used to study its role in disease, there are 

several limitations. Firstly, it can lead to abnormally high levels of TDP-43 which could lead to 

non-specific toxicity and disrupt normal TDP-43 functions.103,115. Secondly, overexpression can 

force TDP-43 accumulation that does not capture the progressive nature of TDP-43 pathology116. 

They also may differ in composition, solubility and PTMs compared to aggregates in human 

disease116.  

Repeated stress and recovery paradigm: TDP-43 nuclear mobility. 

Studies have shown that cellular stress can alter the dynamic interactions of TDP-43 with 

its nuclear environment. Using single-molecule tracking and biochemical assays, previous 

research demonstrated that TDP-43 is capable of recovering mobility after short arsenic-stress 

insults, while longer stress leads to an increase in immobility of TDP-43 in the nucleus and 

cytoplasm117. Similar to their findings, our FRAP data indicate that while the immediate mobility 

of TDP-43 remains unaltered, repeated stress induced a change in TDP-43 dynamics. This 

alteration could be due to an enhanced interaction of TDP-43 with other nuclear complexes or 

proteins, which could decrease protein mobility. Alternatively, TDP-43 could be phase 

transitioning from a liquid-like state to a more gel-like state through changes in LLPS.  

Although there was no statistically significant difference in AUC between WT and K408R 

TDP-43 mobility, a marked difference in fluorescence recovery was observed when comparing 

stress condition 1 versus stress condition 3, as well as recovery condition 1 versus recovery 

condition 3 (Figure 9B). Therefore, it may be helpful to quantify this data using alternative 

parameters, such as half time or diffusion coefficient, which could provide a better representation 
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of alterations in TDP-43 mobility between genotypes. The half time (t½) is the time required for 

the fluorescence intensity in the bleached ROI to recover to 50% of its initial pre-bleach value, 

which reflects the kinetics of TDP-43 movement into the bleached area. The diffusion coefficient 

(D) is a parameter that quantifies how rapidly TDP-43 disperses within the nucleus. By calculating 

these parameters, we can more accurately characterize and compare the diffusion rate and overall 

kinetics of TDP-43 movement. 

Additionally, SUMOylation is a generally short-lived modification and highly dynamic 

post-translational modification117. By our estimates, only 1% of TDP-43 is SUMOylated following 

stress. Given this transient nature, the photobleached region may predominantly target the non-

SUMOylated fraction. This would potentially mask any differences in TDP-43 mobility between 

WT and K408R cells. To resolve this issue, we could express SUMOylated TDP-43 constitutively. 

A recent study generated a p53-SUMO fusion construct and showed that the protein fusion led to 

increased cytoplasmic localization118. Following this technique and the Suk et al paper, we could 

utilize the generated fusion of SUMO2 at the end of the C-terminal domain of TDP-43, as lysine 

408 is six amino acids from the terminus. This fusion ensures consistent and precise SUMOylation 

near the desired site. Other studies have promoted SUMOylation of proteins by overexpressing E1 

and E2 ligases such as Ubc9 to increase overall SUMOylation in the cell. However, overexpressing 

SUMO and its pathway may lead to pleiotropic effects, such as an increase in overall SUMOylated 

proteins or multiple SUMOylation sites on TDP-43. For example, overexpressing SUMO-1 or -2 

in C.elegans disrupted movement and reproduction, suggesting that elevated SUMOylation can 

disrupt normal cellular functions119. Other studies have generated phospho-mimetics by mutating 

serine/threonine with aspartate/glutamate or employing acetyl-mimetic mutations in which lysine 

residues are substituted with glutamine120,121. However, this approach cannot be applied to 
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SUMOylation because SUMO molecules are too large which makes it difficult to mimic through 

single amino acid substitutions. While the SUMO fusion may appear advantageous among the 

other options, it also has its downsides. SUMO fusion relies on overexpressing TDP-43 and 

SUMO2 which can lead to cellular toxicity and does not accurately reflect endogenous conditions.  

10. FUTURE DIRECTIONS AND CONCLUSION 

In this initial study, we focused on the robust stressor sodium arsenite to elicit SUMOylated 

TDP-43 responses. However, there are several more clinically relevant insults, including heat 

shock, DNA damage, and C9ORF72 dipeptide repeats, that could be used to explore how TDP-43 

SUMOylation plays roles in response to different stressors. For instance, SUMOylation has been 

shown to regulate DNA damage122. Inducing DNA damage via targeted ultraviolet light to generate 

DSBs will allow us to observe how SUMOylation affects real-time TDP-43 recruitment to sites of 

damage. Furthermore, testing more ALS-linked relevant stressors (i.e., C9ORF72 dipeptide 

repeats, a genetic cause of ALS)123 would provide insight into whether the loss of TDP-43 

SUMOylation and function leads to ALS-like pathology. 

Future in vivo studies could investigate TDP-43 localization, LOF, and neuronal activity in 

K408R mice to monitor TDP-43 dynamics in real time. AAV vectors would be used to express 

fluorescently tagged TDP-43, such as using the TDP-43-mStayGold constructs or TDPREG (TDP-

43 nuclear LOF construct). Recently, Wilkins et al. developed TDPREG, a cryptic reporter 

construct designed to track TDP-43 LOF activities by incorporating a splicing cassette containing 

a cryptic exon normally suppressed by TDP-43124. Normally, this exon is skipped and prevents 

protein production. However, when there is TDP-43 LOF, the exon is included during mRNA 

splicing, leading to the expression of a reporter protein specifically in affected cells. Future studies 
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could employ this construct to determine how TDP-43 SUMOylation affects its splicing function. 

For real-time visualization of TDP-43 dynamics in live mice, we will perform two-photon imaging 

of TDP-43 dynamics in WT vs K408R mice, under basal conditions or stressed conditions (i.e. 

aging, C9ORF72 repeats, heat shock, physical exercise). In parallel, assessing neuronal activity 

using calcium imaging or electrophysiology in K408R mice could reveal whether loss of TDP-43 

SUMOylation correlates with synaptic transmission or behavioural deficits. Beyond imaging 

assays, transcriptomics, proteomics, and metabolomics in cells exposed to stress would allow us 

to track changes across multiple levels of regulation to understand the mechanisms that contribute 

to ALS pathogenesis.  

Taken together, these studies will provide mechanistic insight into how blocking TDP-43 

SUMOylation can alter TDP-43 localization, mobility and lead to pathology during stress and 

recovery in vitro and in vivo. By blocking SUMOylation of TDP-43 (K408R) and observing the 

consequences during cell stress and recovery, we will better understand the implications of 

SUMOylation in ALS pathogenesis. Ultimately, outcomes of this project can provide insight into 

the early and sequential mechanisms of ALS pathogenesis, which may provide insight into whether 

SUMOylation may serve as a target to therapeutically modify TDP-43 in disease. 
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12. APPENDIX II 

Table 1. Entry vectors for TDP-43 EGFP and TDP-43-mStayGold construct cloning 

Gene Name Antibiotic Vector 

backbone 

Additional cloning 

required? 

Sequencing 

primer 

Approx. 

size (bp) 

pLEX307 TDP-43-

mStayGold (WT) 

Ampicillin pEntr Yes – cloned into 

pLEX307 construct 

M13F 10358 bp 

pLEX307 TDP-43-

mStayGold 

(K408R) 

Ampicillin pEntr Yes – cloned into 

pLEX307 construct 

M13F 10358 bp 

pLEX307 TDP-43-

EGFP (WT) 

Ampicillin pEntr Yes – cloned into 

pLEX307 construct 

M13F 10426 bp 

pLEX307 TDP-43-

EGFP (K408R) 

Ampicillin pEntr Yes – cloned into 

pLEX307 construct 

M13F 10426 bp 

 

Table 2. Antibodies 

Antibody Company Catalog no. Species Dilution 

TDP-43 (C-

terminal) 

Proteintech 12892-1-AP Rabbit 

polyclonal 

IF: 1:250 

G3BP1 Santa Cruz 

Biotechnology 

Sc-81940 Mouse 

monoclonal 

IF: 1:1000 

PSPC-1 Santa Cruz 

Biotechnology 

Sc-374181 Mouse 

monoclonal 

IF: 1:200 

UBI-1 ThermoFischer 13-1600 Mouse 

monoclonal 

IF: 1:250 

RBM-45 Santa Cruz 

Biotechnology 

Sc-515495 Mouse 

monoclonal 

IF: 1:100 

Alexa Fluor 488, 

Secondary 

ThermoFischer A-11034 Rabbit IF: 1:1000 

Alexa Fluor 568, 

Secondary 

ThermoFischer A10037 Mouse IF: 1:1000 

Rabbit-HRP Jackson 

ImmunoResearch 

(Cedarlane) 

711-035-152 Rabbit IF: 1:1000 
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