Exploring the dynamics of blocking TDP-43 SUMOylation during cellular stress and

recovery

Jenny Zhang

Thesis submitted to the University of Ottawa in partial fulfillment of the requirements for the

Master s degree in Neuroscience

Department of Cellular and Molecular Medicine

Faculty of Medicine

University of Ottawa

© Jenny Zhang, Ottawa, Canada, 2025



DEDICATION

I dedicate this thesis to the entire ALS community: those living with ALS, their caregivers, and the
basic scientists, clinicians, and healthcare professionals who support them. I recognize and honor
the significant challenges they face and their unwavering hope, and I am deeply grateful to

everyone who works tirelessly to improve the lives of those affected.



ACKNOWLEDGEMENTS

First and foremost, I would like to thank my parents, Tony Zhang and Lucy Hu, for their
unwavering love and support throughout my life. Your kindness and diligence not only provided
me with a solid foundation but also taught me the importance of perseverance and hard work. I
would also like to express gratitude to my brothers, Justin and Jaden, whose intelligence and

curiosity have inspired me throughout my academic career.

To Dr. Maxime Rousseaux, thank you for your continuous support and mentorship during
my time in the lab. Your guidance has shaped me as a trainee and helped me overcome challenges
as the first TMM BSc-MSc integrated student in the Rousseaux lab. I am incredibly thankful for
the opportunities you have given me to learn various cool techniques and attend conferences,

which have helped me grow as a scientist.

I am incredibly grateful for my mentor, Dr. Terry Suk. I have become more knowledgeable
and confident in the ALS field because of your patience and constructive feedback. I appreciate
the time and effort you have invested in helping me grow as a researcher, and I consider myself
extremely fortunate to have had you as my mentor throughout my time in the lab. Thank you for

being an inspiration and for making a lasting impact on my academic journey.

To Steve Callaghan, your efficiency and organization have been crucial in keeping our lab
running smoothly. I appreciate your willingness to help with any concerns or questions and for

ensuring we have the resources to carry out our research effectively.

I would like to thank Dr. Derrick Gibbings and Dr. Trinkle-Mulcahy, who served on my
thesis advisory committee. Your guidance and feedback challenged me to think critically. I am also

grateful to the CBIA core staff, Dr. Chloé Van Oostende-Triplet and Liyuan Wang for their



technical assistance with microscopy. I would also like to acknowledge Dr. David Taylor for his

support and guidance throughout our lab’s journey.

I am grateful to the entire lab team for creating a supportive and collaborative environment.
Lastly, I would like to thank my friends and my partner, who have continued to celebrate and

support my accomplishments.



FUNDING

I would like to express my gratitude for the funding provided by Brain Canada through the ALS
Rising Stars program in memory of Madeleine Blanc. Additionally, I am deeply thankful to the
Canadian Institute of Health Research (CIHR) for their financial support through the Canada
Graduate Scholarships-Master’s (CGS-M) program. [ would also like to thank the University
of Ottawa for their Admission and Excellence scholarships. These contributions have helped me
successfully complete this project, share my work with the ALS Community at the ALS Canada

and Motor Neurone Disease conferences, and grow as an early career researcher.



TABLE OF CONTENTS

DEDICATION......cottiiiiteee ettt et b ettt ettt et e bt e s beesatesate et e e bt e s bt e sbeesaeesateeabeenbeennee ii
ACKNOWLEDGEMENTS ...ttt sttt ettt s bt e st e st e et e bt e sbeesaeesateeneeenteans il
FUNDIING ...ttt ettt e b e e bt e s h e e e a bt et e et e e bt e bt e sbeesaeeeateembe e bt e sbeeeseeenbeembeenbeenbeennes v
ABSTRACT ...ttt ettt e b e s bt st e e et e e bt e s bt e s bt e sate e bt e bt enbeennees viii
LIST OF ABBREVIATIONS ..ottt ettt sttt ettt ettt st sbe e X
1. INTRODUCTION: AMYOTROPHIC LATERAL SCLEROSIS ..o 1
1.1, Back@round 0n ALS ...ttt et ettt b ettt e e s 1
1.1.1. Clinical presentation And PrOZFeSSiON ..................c.ccooeveeviuiieiieiiieeieeeitteeeiee st e steesteesreesbeesaeesbeesseenas 1

L 1.2 ALS GEEFOGALES ...ttt ettt ettt sttt sttt st e st e sab e sabee e 1

1.2 Genetic VS SPOradic ALS.........ccoooiiioiie ettt et e et e e st e et e e st e e et e e s reeenaeeenree s 2
L.2.1. GeRnetic fOrMS Of ALS ..........ccccoooiimiiiiiiiiiiiete ettt st ettt e sabe e st e st e sabeesatee e 2
1.2.2. Sporadic fOrms Of ALS .............cccccooviiiiiiiiiiiiiiiiieee ettt ettt ettt 3

2. MOLECULAR MECHANISMS IN ALS: TDP-43 PATHOLOGY .......ccccoviiiiiiniiniiniceeeeeeee 4
2.1. TDP-43: Structure and Function as an RNA-binding Protein ..................cccoccconiiiniiiinnnnn. 4
Figure 1. TDP-43 SEIUCLUTE..........cc.cooiuiiiiieiiieeiieette et teetteette st e s teesteesbeessbeessseesabeessseessseessseesnseesnseesnseesseenns 5

2.2. TDP-43 and its implications in ALS: Composition and formation of aggregates...................... 6
Figure 2. TDP-43 pathology: mislocalization, aggregation and neurodegeneration .................cccccccoceeveen. 7

2.3. Cellular Stress RESPOMSE ...........cc.oeeiiiieiiiiiiiecieeeiieeetteeite et e et e et eesstaeesaeessseessseesnseeansseessseennes 7
2.4. TDP-43 PAthOIO@Y ........ooooiiiiiiiii ettt ettt st e b e e st e s bt e e sateesbeeesaaeeeaee 8
2.4.1. TDP-43 mislocalization and aggre@ation ........................coooueeviuiiiiuiiniuiiniiinitenie ettt et enaee s 8
2.4.2. TDP-43 nuclear bodies and l0SS-Of-fUNCHION .....................cccooecuieiiuieeiiieiiienii et eseee e e sreesaeesaeeneeees 9

2.5. TDP-43 post-translational modifications: Focus on SUMOylation...............cccccocceviininnnnnen. 10
2.5.1. Overview of post-translational modifications in TDP-43 ...............cccccovveeiiieniieeiiiienieesieesee e eniee s 10
2.5.2. SUMOylation: Mechanism and biological Significance.......................cccovvuveveueeiiiienveesieeneeseieeeneenes 11

3. PRELIMINARY DATA: TDP-43 SUMOYLATION ..ottt 12
3.1. TDP-43 is SUMOylated dynamically during cellular stress and recovery ..............c.cccccveenneen. 12
Figure 3. SUMOQylation dynamically regulates TDP-43 upon stress and recovery..........c....ccoceeveueerneennne 14

3.2. Generation and characterization of the knock-in mouse model (K408R...................cc.cccooee. 15
4. HYPOTHESIS .. ...ttt b et ettt e bt e e bt e s bt e sateeabe e bt e beenbeesbeesaeeeatean 16
S A ettt h et et et e b e bt s bt st sate et eenbeenheesaee e 16
6. CONTRIBUTIONS TO THE PROJECT .......cooiiiiiiiiiiiteceeeeeectesee et 17
T METHODS ...ttt et b e e h e s bt e s et e bt et e bt e bt e sbeesaeesateenbeenbeenbeesaeeaas 18
8. RESULTS .ttt et ettt e b e s bt e s a et s at e et e e bt e bt e sbeesaeesateeateenbeenbeesaeenas 24

Vi



8.1. Loss of TDP-43 SUMOylation affects stress granule dynamics following cellular stress and
F@COVETY ..o uuieeeieeeuteeeuteeauteeaeeeeanseessseeessseeanseeaasseesnseeanseesanseessseeasseesnseeesnseesnsesenssessnseesnssessnsessssseesnseennns 24

Figure 4. Loss of TDP-43 SUMOylation impairs the cellular stress response in neurons.......................... 26

8.2. A subset of RBM-45-positive nuclear foci co-localize with TDP-43 upon cellular recovery...27

Figure 5. Identifying nuclear foci markers that co-localize with TDP-43 upon recovery..................c...... 29
8.3. Characterizing TDP-43-StayGold WT vs K408R in HEK293T cell lines................ccccccceeneen. 29
Figure 6. Characterizing TDP-43-mStayGold versus TDP-43-EGFP in HEK293T cells........................... 31
8.4. Loss of SUMOQylation may alter TDP-43 subcellular distribution following repeated stress
AN FECOVETY ....oontiiniiiiieeite et ettt ettt ettt e bt e st e e su e e eaeeeateeate e bt e bt e eseeeuteembeanbeebeesbtesaeeenteenteebeesneesnneans 32
Figure 7. SUMOQylation does not affect TDP-43 dynamics during repeated stress and recovery.............. 33
8.5. Cytoplasmic TDP-43 inclusions co-localize with G3BP1 stress granules upon recovery in
TDP-43¥408RKISR HEKIOIT stable Cell TN ............cocooveviiivieieiicieiiieeeiceceee e 34
Figure 8. Cytoplasmic TDP-43 inclusions colocalize with G3BP1 stress granules during recovery.......... 34

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

F@COVETY ....oeouuieeereereteeeueeessseeasseeasseesssseessseaanseeasssessnseeasssesanseessseesssessnsssesssessssesssssessnsesensseesnsesesssessnsesnns 35
Figure 9. SUMOQylation does not affect TDP-43 mobility during repeated stress and recovery................ 37
9. DISCUSSION ...ttt ettt et ettt e bt e s bt e s bt e et e et e e bt e bt e s beesaeesateeateenbeenbeenaeenas 38
10. FUTURE DIRECTIONS AND CONCLUSION ..ottt ettt 45
11 APPENDIX L ..ottt ettt ettt et e sttt e et e e bt e e s ate e e bt e e sabeesabeeebaeesabeeenanes 47
References CIted...........c..oocooiiiiiiiiiiiiiiicce et sttt sttt 47
12 APPENDIX LL...coooiiie ettt ettt et e b e bt sttt et e et e e sb e e sbtesate st e e bt ebeenbee 56
Table 1. Entry vectors for TDP-43 EGFP and TDP-43-mStayGold construct cloning.................. 56
Table 2. ANEIDOGIES ..........oocoiiiiiiiiii ettt st st 56
130 APPENDIX TIT ...ttt ettt et be e sttt et e bt e sbeesbeesaee st e ebeebeebee 57
Permission to reprint published manusCripts .............ccooooiiiiiiiiiiii e 57
Suk, T.R. et al. A stress-dependent TDP-43 SUMOylation program preserves neuronal function. (2025)
— Molecular Neurodegeneration 20. DOI: https://doi.org/10.1186/s13024-025-00826-z ...............ccoeeeu.e.... 57
Suk, T.R. and Rousseaux, M.W.C. The role of TDP-43 mislocalization in amyotrophic lateral sclerosis.
(2020) — Molecular Neurodegeneration 15. DOI: https://doi.org/10.1186/s13024-020-00397-1 ................. 58
14. APPENDIX LIV Lottt ettt et e s b e sttt et e e bt e s bt e sbtesate st e e beebeenbs 59
APPENAEd ATTICIES...........oiiiiiiiii ettt et e e bt e s bt e s bt e e et e s bt e e ateesbeeeeaeee s 59

Vi



ABSTRACT
Amyotrophic Lateral Sclerosis (ALS) is a fatal neurodegenerative disease in which an RNA-
binding protein called TDP-43 mislocalizes and accumulates in the cytoplasm!™. Increasingly, the
cellular stress response is linked with ALS, whereby disruption of various stress-related pathways
can lead to the aberrant accumulation of TDP-43'43. 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 SUMOylation®. This modification accumulates during
prolonged stress and surprisingly continues to accumulate during recovery before being cleared by
the proteasome®. 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/K408Ry6.

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,

3K408R/K408R

doing so at a higher degree in TDP-4 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 protein’ — for live-cell imaging. Following repeated stress and recovery, we

observed changes in TDP-43 localization in TDP-43K408R/K408R ¢ellg and alterations in TDP-43

viii



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
year®®. 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- diagnosis’ 2. 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 fasciculations®!®. Despite extensive research, there is
currently no cure for ALS. Existing management strategies, such as FDA-approved drugs riluzole

1415 "are used to improve ALS symptoms and may extend survival by a few months.

and edaravone
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
cortex>*!®. 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 (SQSTMI or p62)'>!7. These cytoplasmic



inclusions in neurons can disrupt protein functions, impair protein degradation systems, and
activate cellular stress pathways ultimately leading to cell death®!®!°. Other than ALS, protein
aggregation has also been reported to lead to neuronal dysfunction in Alzheimer’s disease (amyloid

beta plaques)?’, and Parkinson’s disease (alpha-synuclein)?!, 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 genes’!'!*%%,
The most well-known and studied include SODI (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, SOD/ was the first identified ALS-linked gene and is responsible
for about 12% of fALS cases and 1-2% of sALS cases?®. This form of ALS presents with the
formation of SODI protein aggregates without the ubiquitinated TDP-43 protein®®. Mutations in
FUS, an RNA binding protein, cause about 4% of fALS and 1% of sALS cases**?°. Similar to
SOD1 mutations, FFUS 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 sALS?**2627_ Mutations in COORF72 consist
of a hexanucleotide repeat expansion, which leads to the formation of toxic RNA foci and dipeptide
repeat proteins?’ >, 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



24,31-33

cytoplasm . 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 disease®>>*3*,

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 frequently®>>". In addition, there are
proposed links between individuals who have experienced traumatic brain injuries (TBIs) with the

risk to develop ALS*%,

Exposure to heavy metals such as lead, mercury, arsenic, iron, and selenium have been
correlated with an increased risk of developing ALS*. Environmental toxins like pesticides and
chemicals have also been correlated with disease*!. 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 ALS*>3

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.



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 regulation®®*%. Among these various functions, TDP-43 plays a
predominant role in the suppression of cryptic exon inclusions during RNA splicing®. 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 UNC134, causing the
downregulation of UNC13A protein®®>!. Interestingly, patients with UNC13A4 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 STMN?Z cryptic exon in neurons which
has been shown to compromise neuronal growth and function®>>. 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 transcripts®*. 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 function®,

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). The N-terminal domain facilitates
protein-protein interactions and plays a role in TDP-43 oligomerization®’. The two RNA-binding

4



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
cytoplasm*®®. 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 FUS>*%,
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 CTD®'. Thus, these CTD mutations could impair TDP-43 liquid-liquid phase
separation (LLPS) and are highly prone to aggregation®’. 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

propensity®?
P‘I'IIZH KZEiSE Q3E|31K
wis| [ o
| I |
] A9OV 414

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).



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 status’. TDP-43 pathology is characterized by the nuclear-to-cytoplasmic
mislocalization and accumulation of cytoplasmic aggregates'*>%3! (Figure 2). These aggregates
are mostly found in the CNS, including the motor neurons within the primary motor cortex,
prefrontal cortex, and spinal cord’. Besides the CNS, pathological TDP-43 inclusions have also
been found in fibroblasts and skeletal muscle fibers of ALS patients®*%, 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 repair®. 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-25%°. They also contain the ALS-linked ubiquitin
autophagic adaptor Sequestosome (SQSTM1, also known as p62) for the degradation of misfolded
proteins through the autophagy pathway®’. 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 conditions®®. These stressors can include oxidative stress, DNA
damage, unfolded proteins, viral infection, Endoplasmic Reticulum (ER) stress, chemical stress,
and heat shock responses®®’’. 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 (elF2a). Upon elF2a
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, elF2a



activation triggers the formation of membraneless organelles known as stress granules (SG) that
transiently sequester and stall mRNA translation as a protective response to stress’'’?. Their
assembly 1is 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 ALS!*°. 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 pathology’. 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 iPSCs™.
Other studies have used D-sorbitol (hyperosmotic treatment) to model conditions of ionic
imbalance and observed TDP-43 nuclear-to-cytoplasmic mislocalization and aggregation’®. Heat
shock is another commonly used stressor that can induce TDP-43 pathology’®. 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.



Following stress, TDP-43 is found to localize to transient cytoplasmic membraneless
organelles known as stress granules, which facilitate cell survival by stalling mRNA
translation*>’>7>, Stress granules consist primarily of RNA and ribonucleoproteins, such as
G3BP1 and TIA17%. TDP-43 normally stabilizes G3BPI 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 granules’”’8. 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 recovery>’!. 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 death”.

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 (NEATI) that acts as a scaffold to recruit a variety of
RNA-binding proteins®*3!. 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 mechanism®!. Studies have identified an
increase in paraspeckle formation in the spinal motor neurons of ALS patients with TDP-43

pathology®!. This suggests that paraspeckles may be serving a protective role by sequestering



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)*2. 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 patients®’.
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 elusive®*.

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

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 aggregates®.

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-43%386, Acetylation of lysine residues within the RRMs of TDP-43 has been
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shown to disrupt RNA-binding and promote cytoplasmic accumulation®’. Similarly, PARylation
has been shown to promote the recruitment of TDP-43 to stress granules and alter its LLPS
properties®. 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
protein®®*. 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,
UBCY, 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 substrate”®.

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
responses’2. SUMO is present as two isoforms: SUMOI and SUMO2/3, which each have
independent and overlapping roles in cellular processes. SUMOL is the most commonly studied
isoform that is involved in nuclear transport, solubility, and apoptosis®***. However, SUMO2 and
SUMO3 exhibit 97% protein sequence homology and are often referred to as SUMO2/3%%. This
isoform forms poly-SUMO chains, which are involved in more dynamic regulations, including the
cellular stress responses and targeting protein for degradation®. The latter activity is mediated
primarily by SUMO-targeted ubiquitin ligases (STUbLs), which specifically target and
ubiquitylate poly-SUMO2/3 modified proteins®’*8. Increasing evidence suggests that

SUMOylation plays a critical role in cellular stress responses. Upon stress, SUMO2/3 has been

11



reported to conjugate with a variety of target proteins®. 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

SUMO2°.

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 recovery® (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)’®. 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 degradation®.

Treatment with MG132 alone did not induce SUMOylation of TDP-43. Overall, these findings

12



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 proteostasis®.

Using GPS-SUMO, we predicted two SUMOylation sites on TDP-43: K136 and K408°.
First, K136 is found in the first RNA recognition motif and is thought to be targeted by SUMOL.
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 408° (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-SUMO?2. Input controls
(1%) for TDP-43, ubiquitin, HA-SUMO2, and total protein are shown. Conditions include
unstressed, 1 hour stress (250uM), 1-hour recovery, 3-hour recovery, and stress/recovery with
MGI132 treatment (2uM). 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 (250uM). 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-43K408RK48RY knock-in mouse model using CRISPR-Cas9 to block
endogenous Tdp-43 from being SUMOylated®. We found that the Tdp-43K408RK408R pjce 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 cortex®. 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-43X408RK48R mjce 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 HCI overnight at 55 °C, washed 5 times in sterile H20,
then pre-coated with poly-D-lysine (50 pg/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 pL of blocking buffer (1% Triton X-100, 10% cosmic calf serum in 1X PBS) for 1 hour,
then incubated in 300 pL 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 pL of secondary antibody diluted in blocking buftfer 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 AxioObserverZl
LSM800 Confocal Microscope at 40x magnification with a 2x digital zoom through a Z distance
of 10-12 um 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-43K408RK408R) 44 TDP-43-EGFP (WT and TDP-
43KA0BR/KA08RY  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 Il 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-43X408R/K48R 1yyyation.

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% COx. For lentiviral packaging,
HEK293T cells were seeded at a density of 2.5 x 1076 cells per 10 cm dish 24 hours before
transfection. Cells were transfected with the pLEX307 TDP-43 plasmids (WT and TDP-
43KA0BRIRA0SRY ~ 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 pm filter to remove cellular debris. The
filtered viral media was concentrated by ultracentrifugation at 100,000 x 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 x 1076 cells per well in a 6-well plate. Cells were
infected with the concentrated lentivirus carrying pLEX307 TDP-43 plasmids (WT and TDP-
43KA08R/RA0SRY * 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: “HSPAIL colocalization experiment was designed similar to
previous approaches that identified TDP-43 forming anisosomes in response to stress. HSPA1L-
mRuby?2 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 um 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 uM 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 LSMS880 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

Image].”

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 pm 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-43K408RK4BRY (yere 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/K4BRY (yere 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-
43KA0BRKIR 4nd 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/K4BR pyyeant (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 peyrons, 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 uM sodium arsenite stress, then 1-hour and 3-

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

25um, 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 pM sodium arsenite
treatment and 30-minute recoveries (white-shaded regions), repeated 3 times. Scale Bar = 25um,
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 uM sodium arsenite stress, then 1-hour and 3-hour recovery. Cyan
arrowheads denote cells with nuclear TDP-43 foci. Scale Bar = 25um, 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 250uM sodium arsenite treatment and 30-minute recoveries (white-shaded
regions), repeated 3 times. Cyan arrowheads denote cells with nuclear TDP-43 foci. Scale Bar =
25um, 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 uM 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 formation®!. 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 RNA®. 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 clearance”®. Finally, RBM-45 has been identified as a potential risk gene for ALS and

forms nuclear and cytoplasmic aggregates in ALS'?,

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 HSPA 1L-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/K40R ¢eiq (Figure 5D).
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Figure 5. Identifying nuclear foci markers that co-localize with TDP-43 upon recovery.
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(A-D) Representative immunofluorescent images of primary cortical neurons (7 DIV) treated with
250 uM sodium arsenite for 1 hour then recovered for 3 hours to induce TDP-43 foci formation to
analyze co-localization with nuclear markers: (A) HSPAIL was visualized through lentiviral
transduction of HSPA1L-mRuby?2 (N = 3); (B) Paraspeckle marker PSPC-1 (N = 3); (C) Ubiquitin
(N = 3). (D) Preliminary data for RBM-45 (N = 3). Scale bar = S5um. 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 Phycobiliproteins’. 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
EF1la 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)
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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-
43KA0BR/KA08R 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 =
10um. 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 O 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 aggregation'?'"'%. 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 aggregates'®>"!%. 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/K4BR HEK 93T 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-43408RK408R pyyptant cells, we noticed
the formation of cytoplasmic TDP-43 inclusions following repeated stress and recovery (Figure
7). We also observed variability in TDP-43K408RKABR ¢y00esting 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 af
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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/K408Ry £5]16wing 30-minute
repeated stress with 250 uM 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 HEKI93T stable cell line.

Following the live-cell imaging experiment, we questioned whether these cytoplasmic
TDP-43 inclusions are G3BP1-positive in the TDP-43X408RK408R o] Jines. 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.
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Figure 8. Cytoplasmic TDP-43 inclusions colocalize with G3BP1 stress granules during
recovery. Representative images of WT and TDP-43K408RKA0BR cellg stained for G3BP1 and
TDP-43. White boxes highlight regions of TDP-43 and G3BP1 co-localization. Scale bars
represent 25um. 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-43K408RK408R ¢o]]g 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-43K408RK4BR payrons 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 uM 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/K48R colls following 30-minute repeated stress with 250 pM 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 FTD!'®. 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 RBPs®. 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 hnRNPA1**. 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 COORF72 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 cancer!%%!%7,

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 (qQPCR) 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 G3BPI 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

108 Therefore, this model allows us

form even after the removal of stress and persists for 6-9 hours
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 aggregation'®'!!. Prolonged or repeated
stress has been shown to overwhelm proteasomal clearance and autophagy pathways, impairing
the disassembly of stress granules!!>!"*, 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 mislocalization!!-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
aggregation®. 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.’’*/!7. Secondly, overexpression can
force TDP-43 accumulation that does not capture the progressive nature of TDP-43 pathology!'®.
They also may differ in composition, solubility and PTMs compared to aggregates in human

disease!".

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
cytoplasm''’. 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 (t’%) 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 modification'!”. 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 p5S3-SUMO fusion construct and showed that the protein fusion led to
increased cytoplasmic localization!!®. Following this technique and the Suk et al paper, we could
utilize the generated fusion of SUMO?2 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 functions'!®. Other studies have generated phospho-mimetics by mutating
serine/threonine with aspartate/glutamate or employing acetyl-mimetic mutations in which lysine

120,121

residues are substituted with glutamine . 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 COORF72 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 damage'??. 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)'?* 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-43!2*. 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

45



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 Additional cloning | Sequencing | Approx.
backbone | required? primer size (bp)
pLEX307 TDP-43- | Ampicillin | pEntr Yes — cloned into MI3F 10358 bp
mStayGold (WT) pLEX307 construct
pLEX307 TDP-43- | Ampicillin | pEntr Yes — cloned into MI3F 10358 bp
mStayGold pLEX307 construct
(K408R)
pLEX307 TDP-43- | Ampicillin | pEntr Yes — cloned into MI13F 10426 bp
EGFP (WT) pLEX307 construct
pLEX307 TDP-43- | Ampicillin | pEntr Yes — cloned into MI13F 10426 bp
EGFP (K408R) pLEX307 construct
Table 2. Antibodies
Antibody Company Catalog no. Species Dilution
TDP-43 (C- Proteintech 12892-1-AP Rabbit IF: 1:250
terminal) polyclonal
G3BPl1 Santa Cruz Sc-81940 Mouse IF: 1:1000
Biotechnology monoclonal
PSPC-1 Santa Cruz Sc-374181 Mouse IF: 1:200
Biotechnology monoclonal
UBI-1 ThermoFischer 13-1600 Mouse IF: 1:250
monoclonal
RBM-45 Santa Cruz Sc-515495 Mouse IF: 1:100
Biotechnology monoclonal
Alexa Fluor 488, | ThermoFischer A-11034 Rabbit IF: 1:1000
Secondary
Alexa Fluor 568, | ThermoFischer A10037 Mouse IF: 1:1000
Secondary
Rabbit-HRP Jackson 711-035-152 Rabbit IF: 1:1000
ImmunoResearch
(Cedarlane)
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14. APPENDIX IV
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A stress-dependent TDP-43 SUMOylation 2
program preserves neuronal function

Temry R Suk'™* Caraline E. Part'***, lenny L Zhang'*** Trina T. Nguyen'***, Meghan M. Heer'***,
Algjandro Caballero-Gomez'*34, Veronica S. Grybas'**, Paul M. McKeever®, Benjamin Mguyen'34,
Tahir Ali'*4, Steve M. Callaghan™>**, John M. Woulfe'*57% Janice Robertson® and

Maxime W, C_ Rousseaux’34®

Abstract

Amyatrophic Lateral Sclerosis (ALS) and Frontatemporal 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 TOP-43 to play a key role in disease pathogenesiz. Fost translational modifications
such as SUMOylation play essential rales in response to such exogencous strassors. We therefore set out to under-
stand how SUMOylation may requlate TDP-43 in health and disease.We find that TDP-43 is requlated dynamically
via SUMOylation in response to cellular stressors. When this process is blocked in vivo, we note age-dependent
TOP-43 pathology and sex-specific behavioral deficits linking TDP-43 SUMOwylation with aging and disease. We further
find that SUMOylation is carrelated with human aging and dizease states. Collectively, this work presents TDP-43
SUMOylation as an early physiclogical response to cellular stress, disruption of which may confer a risk for TOP-43
proteinopathy.

Keywords ALS FTD, TDP-43, SUMOylation, Pathology, Mouse Model, Post Translational Modifications, Stress

Intreduction

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-
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linked to other neurological disorders including Lim-
bic-predominant Age-related TDP-42 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 apgrepates
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 apgregation [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-42 causes aberrant cryp-
tic splicing in genes including STMN2 and LINCI13A 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 (TARDEP) 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 rausative genes exert toxicity
by disruption of key pathways such as nucleacytoplasmic
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-42 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
ones lifetime [40]. Indeed, prolonged cellular stress due
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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 canse 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
madified 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
Maodifier (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]. SUMO?2 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 SUMO?2
and what the implications are on TDP-43 function and
disease pathogenesis.

Here, we show that TDP-42 is modified by SUMO2
selectively in response to cellular stressors. TDP-43
becomes SUMOvylated within the nucleus early in
response to stress, upstream of TDP-43 aggregation.
Maodification by SUMO?2 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
SUMOvylation. We found that TDP-43 is SUMOvylated by
SUMOZ 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-42 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 socizl and cognitive deficits as they
age. Pathologically, we observe TDP-42 mislocalization
and accumulation of phosphorylated TDP-42 in the spi-
nal cord and significant denervation of neuromuseular
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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
unafferted 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, NaAsO,), 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-423 became SUMOylated in response to
sodium arsenite treatment Using an immunoprecipita-
tion assay (“SUMOvylation 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 SUMOvylated 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 SUMOvylation suggesting that
SUMOylation is a context specific modifier of TDP-43
(Fig. S1A). However, it remains unclear whether TDP-
43 SUMOvylation functions down a pathway shared by

(See figue on next page)
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sodium arsenite and heat shock, or whether TDP-42
SUMOwlation 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
SUMOwlated under native conditions by SUMOI to
regulate nucleocytoplasmic transport and RNA bind-
ing [49]. Strikingly, we found that TDP-43 SUMOylation
was modified by SUMOZ2 and SUMO2 specifically under
stressed conditions; consistent with the conserved roles
of SUMO2 and SUMOS 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 SUMOZ/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-42 pathobiology,
we forused on TDP-43 SUMOvylation 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-43%%) and found that TDP-
43 SUMOvylation was significantly increased compared
to wild type TDP-43 (Fig. S1C). Next, we disrupted the
nuclear localization sequence in TDP-43 (TDP-43M15™1)
to mislocalize TDP-43 to the cytoplasm and found that
in response to sodium arsenite, TDP-43M™* blocks
SUMOwlation indicating that nuclear localization is
essential for TDP-43 SUMOvylation (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
SUMOvlation [60]. To determine whether loss of TDP-43

Fig.1 SUMChiation dynamically regulates nudeas TDP-43 In a stressresponsive manner. A Schematic of Immunopredpitation assays to detect
TOiP-43 SUMOwviation B Represantative SUMOylation Assay western biot n HEX293T cells detacting TDP-23 SUMCylation specifically In response
ta 1 b sodium arsentte (250 b} stress. ® = SUMCwviated TDP-43, ** = PolySUMOviated TOP-43. C Schematic of TDP-43-GFP Nudear Locallzation
Saquenae (NLS) varlants and representative florescent microscopy analyss of thelr subceliular kocaltzation. (Scale bar=10 pm Yellow amino acids
represent thosa aitical for PY-MLS function Teal anginine residue was mutated from the nathe HNRNPAT . D Representathe GFP-rap SUMOhiation
assay In HEKZ203T calls detecting |oss of SUMOation In response to TDP-43 mislocalization bn response to 1 h sodium arsenite stress (250 pig.
N=3) A Ona-Way ANOWA with Fisher's LSO test. Data presanted a5 mean+ 5EM relative to stressed TDP-43-GFP (WT) condition, * p <005, **
P05, ** p < 0.0006. Grey bar =Unstressad, Cyan bar= Stressed. E Representative Image and quantification of relative proximity Bgation signal
between TDP-43 and SUMO2/3 In murine primary corticad neuron aultures (7 DV) In response to 1 b sodium arsenite (250 pM) teatment. Scale
bar =20 pm. (W =4 per condition) Unpakred T-test data presented as mean+ SEN, *** p <0:0003 F Representathe SUMOylation Assay in HEK293T
cells of TDP-43 SUMOwlation dynamics during stress (350 g sodium arsentte) and recovery demonstrating a dependency on the ublguitin
protensome for clearance of pohydUMOyizted TOP-43 by treatment with proteasome inhibtar MG132 (2 ph. (N=3) RM One-\Way ANCVA

with Fisher's | 50 test. Data presentad as mean + 5EM relative to 1 h stressed condition, ® p<0.05, ** p< 0005, ** p< 00005, **** pc00001. Gey
Bar = Unstressed, Cyam Bar = Stressed, Yellow Bar=Post stress recovery, Red Bar=MG132 inhibitor added. G Schematic and representative GFP-Trap
SUMOylation assay in HEX293T cells soeening fior potential E3 Boases regulating TDP-43 SUMOylation In response to 1 h sodiem arsenite stress (250
A N =3) R Ome-Wfary ANMOAN with Fisher's 15D test. Data presented as mean + SEM relative to stressed control without sgRNA, *** p < 00005,
82 00,0001, Light Grey Bar =Conitrol or Inssgnificant change from stressed condition, Dark Grey Bar=Posithve control, Cyan Bar=Signaficantly
different than stressed condition
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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 HNRNPAL contains a non-conventional
PY-NLS to facilitate nuclear localization [61, 62]. We
expressed a chimerie TDP-43 where the native NLS was
replaced with an HNENPAL PY-NLS [TDP-43Ff-NL5)
and found that TDP-43""¥5 Jocalizes to the nucleus
reflecting wild type TDP-43 (Fig. 1C). By performing a
GFP-Trap SUMOylation assay we found that TDP-437Y-
NS regeues the loss of SUMOylation observed when
expressing TDP-43"™* 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 SUMOZ2/3 in the nucleus. Taken
together, SUMOvylation 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 dlear TDP-43 through the ublguitin proteasome
system during recovery

Prolonged cellular stress in vitro leads to mislocaliza-
tion of TDP-42 and progressive transition into insoluble
approgates resembling aspects of pathology observed
in disease [16, 28, 21, 33, 63]. As TDP-43 SUMOylation
oceurs within the nucleus upstream of nuclear egress,
we postulated that SUMOvlation 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-inscluble, phosphorylated
TDP-43 (Fig. S1F). Furthermore, we observed an increase
in TDP-42 SUMOvylation that linearly correlated with the
duration of stress (R*=0.6922, p<0.0001). To determine
whether SUMOylation occurs in response to relative
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stress intensity, we performed a dose response assay and
found that TDP-43 SUMOvylation is proportional to rela-
tive stress intensity (Fig. 51G). 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, SUMOvylated TDP-43 was not detectable after
3 h of recovery, suggesting that most of the clearance
oceurs between 2-3 h post stress. TDP-43 is known to
interact with the SUMO-Targeted Ubiquitin Ligase RNF4
which can polyUbiguitinate 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-42 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 SUMOvylation 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
SUMOvylation may be an important mechanism regulat-
ing nuelear TDP-43 proteostasis.

Stress-dependant TDP-43 SUMOylation Is mediated

by select E3 SUMO ligasas

E2 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 SUMOvylation, we first performed a literature search
to identify potential ligases with evidence of mediating
SUMOvylation. 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, UBCY (encoded by LBEZD), which led to a near
complete loss of TDP-43 SUMOvylation 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 SUMOvylation:
EGR2 (KROX20), PIASI, TRIM28 (KAP1), and ZNF451
(ZATT). EGR2 is linked to the neuromuscular disorder
Chareot Marie Tooth Disease and is an immediate early
gene rapidly reacting to external cellular stimuli align-
ing with the early response of TDP-43 SUMOvylation
upon stress [66, 80]. PIAS] is a canonical, highly con-
served E3 SUMO ligase known to play roles in cellular
stress responses [81]. TRIM282 is also a well character-
ized E3 SUMO ligase which is a predicted interactor of
SUMOvylated 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 SUMOZ2/3. 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 ragion

of the C-terminal domain

SUMOylation oceurs at lysine (K) residues often resid-
ing within a consensus SUMOylation motif, ¥-K-x-DVE
(¥=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 3 non-consensus
SUMOylation motif within the C-terminal domain at
K402 [22, 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 SUMOvylation: K136R, K408R,
and K136R/K408R "2KRT By performing a GFP-trap
SUMOvylation assay, we observed that TDP-43%51 did
not block sodium arsenite-induced TDP-43 SUMOyla-
tion (Fig. 2A). Through fluorescent microscopy, we
observed that TDP-43%¥13® formed nuclear puncta with
resemblance to RNA-binding deficient TDP-43 (5FL)
(Fig. S2A). We predicted the structure of TDP-42 and
TDP-43%*" with AlphaFold2 in the presence of UG
repeated RNA and found that K136R is predicted to
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slightly alter the tertiary structure of TDP-43 and affect
the interaction with RNA (Fig. S2B and 52C). Thus, phe-
notypes observed in TDP-43"1%", a5 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-43**®F mutant significantly reduced TDP-
43 SUMOvylation 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 SUMOvylation across the proteome in stressed and
unstressed conditions also uncovered TDP-42 SUMOyla-
tion at K408, supporting our findings [84, 85]. Through
florescent microscopy analysis, we found that expression
of TDP-43""*" 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-43"**" 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-437" significantly reduced
TDP-43 SUMOvlation to the same extent as TDP43K4e%
sugpesting that K408 and not K136 is a target of stress-
induced SUMOylation (Fig. 2A). We further observed
that TDP-43™* oxpression is less stable than TDP-
43850 likely due to the structural changes mediated by
K136R. Taken together, K408 is a major target of stress-
induced SUMOrylation.

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 51).
While this domain harbors the majority of ALS/FTD
causing mutations, the residues surrounding K408 dis-
play considersbly 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 mutstions (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 5403, 5404, 5409, and 5410 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 “45A" TDP-43
(S403/404/409/410A) and observed that TDP-43%* does
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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 SUMOvylation recognition site remains
unclear. The independent modification by either phos-
phorylation or SUMOvylation may serve as a mechanism
to differentially regulate TDP-43 funection 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 3UMO-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
TOP-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 polyubiguitination 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 elF2a 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-42 localization and stress
response. We did not observe constitutive changes in
TDP-43 localization suggesting that SUMO? 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-SUMOZ-HA (Fig.
S3RB). 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 sugpests that SUMOylation of
TDP-43 at the C-terminus converges on stress response
pathways involving stress granules and the integrated
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stress response (i.e. elF2a 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
strass-responsive TDP-43 SUMOylation In the mouse brain
To understand the cellular and physiological roles of
TDP-43 SUMOwylation at K408, we generated a knock
in mouse model harboring a missense (£.1223 A=G)
point mutation in the endogenous mouse Tardhp 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 (eg. mouse Tdp-43 versus
human TDP-43, collectively “TDP-42"). Although TDP-
42 and SUMO2 are independently essential for embry-
onic development, the “TDP-43%9 mice are born at
normal mendelian ratios without gross impairment indi-
cating that TDP-42 SUMOvylation 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-43%¥5% 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
SUMOwlated proteins were immunoprecipitated using
antibodies targeted against endogenous SUMO2/3.
SUMOwlated proteins were eluted using a synthetic pep-
tide reflecting the antibody epitope to competitively elute
SUMOwlated proteins. We observed that this approach
reliably detects endogenous TDP-43 SUMOvylation in
response to heat shock yielding a doublet band at-65
kDa and 3 corresponding decrease by-~50% in TDP-
438 gnimals reflecting previous results in HEK293T
cells (Figs. 1B, 2G). Thus, stress-induced TDP-42
SUMOylation is impaired in the TDP-43%"%" 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-43**EREER brimary cortical neurons
and performed stress and recovery assays to determine
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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 SUMOvylation 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 forusing on motor, social, and cognitive function
related to ALS and FTD at three time points (2, 9 and 16
months, Fig. S7D-F, 58-10). Of note: TDP-435¥5%+ mijce
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-42 (i.e. potential dominant
negative effects conferred by the mutation and not partial
loss of SUMOylation), but are accessible in Table $2 and
%’"}' exhibit a milder phenotype than TDP-43%%=W

We were surprised to observe that blocking TDP-43
SUMOylation in TDP-43"*" 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

A Legend: Wild Type K40BR/KA408R

Cumilative Barbering
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finding, we found that aged female TDP-43k0aR/KaER
mice were significantly more submissive to their TDP-
43+ pgunterparts 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-
RRWELKSER mise presented with significant impair-
ment during habituation at % months in the beam break
test (Fig. 41). As there was no change in motor abilities
in the rotarod and digigait tests (Fig. S9C.I)), we ration-
alized that the activity sbnormalities were likely due to
cognitive and anxiety impairments as opposed to motor
impairments. By 16 months of age, female TDP-43%4#%
K408% 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 Blockng TDP-43 SUMCrviation at K208 In vivo leads to sex-spectfic social and cognitive Impakmaent in fmale mice. A Representative
Image of a barbarad female mouse and quantification of cumulative barbening probability. 2-Way ANOWA with Tukey's Multiple Comparisons, *5*

[ 00005, B Tube test of soclal dominance at 16 months of age (16MO0) displaying the total head-to-head battles and win percentane by genotype
comparing wikd type agalnst KA0ER (K408R + and KADERKADER animaks). Binomial Test of Observed vs Expected with Expected due to random
chance sat to 5086, * p<0.05. € Quantification of total distznce traveled (om) and total time in centes (s) in the open fiebd test of fermale mice.

Muxad Effacts Analysss with Tukey's multiple comparison data presanted as mean+ SEM, *** p < 00005, * p <005 D Quantfication of percent

altemations In tha spontaneous Y-maze test of female mice at 2,9, and 16 months of age (M0, 9M0, 1600 respectively). Med-Effects Analysis
with Tukey's multiple comparison data presented as mean+5EM, ® p< 005, E Quantification of relative amindatory acthity normalized to wild type
at 1 hof fermale mice at 3,5, and 16 months of age (30, 9M0, and 16M0, respecthvely). Grey shading between howrs 2 and 14 indicate lights off”
with respact to day/night light cvde. 2-Way ANOWA with Tukay's multiple compartzon data presentad as mean +5EM, ® p0.06. All assays prasant
wild type mice In grey and K408R/K408R mice in purple
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no significant cognitive effects in male TDP-43¥¥&W
KAEL mice, however mild impairments were observed
on the rotarod test at 9 months of age (2-way ANOWVA
p=0.0273, Table 52). 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-43%4%% 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 SUMOwlation 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 imepoints 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.13). We further stained
for CUXI1 as a marker of layer 1I/111 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-43*%%" animals during native aging (Fig.
S11C,12). To determine if blocking TDP-43 SUMOylation
results in neuroinflammation, we probed for the reactive
astrocyte marker GFAP and reactive microglia marker
Ibal and observed no change in neurcinflammation (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
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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-43%*" gnimals. Interestingly,
we observed significant changes in MAPT splicing in the
cortex of TDP-4385%% mice, specifically the N2/ND splice
isoform (Fig. S12C). Together, this may suggest that there
is some degree of TDP-43 loss of function in the TDP-
435 mieg,

We questioned whether motor neurons in the spinal
cord present with early-stage pathology as they are sub-
ject to excess excitotoxie stress throughout their lifespan
[40]. Surprisingly, we observed eytoplasmic mislocaliza-
tion, but not nuclear depletion, of TDP-43 accompanied
by insoluble, phosphorylated TDP-42 accumulation in
the lumbar spinal cord of both male and female mice at
9 months of age (Fig. 5A, Fig. S12D,E). Furthermaore, by
16 months of age, male TDP-43F¥EVEREL dicplayad o
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 neuromuseular junction den-
ervation and ChAT positive motor neuron loss in an age
dependent manner.

As the TDP-43***" mice continued to age beyond our
behaviour timepoints we observed a 24.49% decrease in
survival specific to male TDP-43*%" R0 mive with
a median survival of 521 days for the TDP-43*aR/KaER
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
SUMOvylation 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 sexuvally dimorphic
clinical features of ALS and FTD.

Aberrant SUMOylatlon Is a feature of human aging

and disease

Although SUMOvlation 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 53, n=55). Complementing our find-
ings that SUMOylation serves as a response to increased
proteastatic demands, such as those in our aging TDP-
435488 madel, we observed that global SUMOylation
was significantly increased in “aged” (>60 years old)
human brains (Fig. 68).

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 53). Through semiguantitative 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

slocallzation
40pm

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 SUMOZ2/3, 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 cartex 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.
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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 ocour sporadically without a clear
genetic cause [3, 22]. Additionally, patients living with
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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
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longevity [1]. This is particularly true for motor neu-
rons which endure constant excitotoxic stross [40]. In
this study, we found that SUMOylation maintains TDP-
43 proteostasis in the nuelens specifically in response to
stross. This modification is critical to preserve neuronal
function, the absence of which results in neuronal demise
and TDP-43 proteinopathy.

Here, we find that SUMOvylation 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
SUMOI; where it was supgested that SUMO1 modified
TDP-43 at lysine 126 [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.
UBCY overexpression) is present. In our hands, expres-
sion of TDP-43"%F |ed to the formation of nuclear TDP-
43 puncta as previously reported [49, 50]. However, these
puncta were similar to those observed when expressing
RMNA 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 RMA 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-432 biology is eritical to uncover pathways
that may be linked to disease independent of TDP-43
mutations. Phosphorylation of TDP-43 in the C-terminal
domain, particularly 5402/404 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 liguid-liguid phase separation and solubility
[96, 97]. Our findings suggest that phosphorylation and
SUMOylation act antagonistically on TDP-43, indicat-
ing potential distinet mechanisms of regulation. We fur-
ther observed that this region of the C-terminal domain
targeted by SUMOwlation 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-
seriptionally, post-transcriptionally, translationally and
post-translationally [11, 20, 102]. Furthermore TDP-43
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can be cleared through several pathways including the
proteasome, endo-lysosome, autophagy, and extracel-
Iular 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 SUMOpylation 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-43FHERRAER opping)
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-42 within this acute stress paradigm.
We guestioned 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 SUMOvylation 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.

Provious 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-43F4ERESER oo TDP-43 was found
to accumulate in the CNS in an age-dependent man-
ner, suggesting SUMOvylation 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 SUMOvylation as a potential protective mecha-
nism during aging in the CNS. Previous studies on global
SUMOvylation 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
incroased interactions in the prefrontal cortex relative to
age/sex matched unaffected controls. 1t 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-42 in spinal and
cortical neurons of ALS patients prior to traditional eyto-
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-
43¥Y58 are relatively mild, they similarly reflect the mag-
nitude of phenotypes observed in mice with significant
construct validity to ALS/FTD (ie. TDP-43%=%, TDP-
43M3EV and TDP-4391%R models) [45, 113, 114]. These
knock in models highlight potentizl shortcomings of
ather TDP-42 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-43""% mice is not unusual in TDP-43
knock in models such as TDP-43%5% gnd TDP-g3* "
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 mire 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 SUMOvyla-
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 SUMOvylation 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-43**8 K808 monce
line disrupts this proteostasis and leads to subsequent
mislocalization consistent with loss of nuclear function.
Additionally, we observe significant increases in insoluble
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phosphorylated TDP-42 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-42 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-43F¥8VEEL mio 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
oceurs in response to cellular stress, thus careful charac-
terization of the TDP-43%*=F mice is critical to determine
baseline phenotypes without the addition of exogenous
stressors. We initially hypothesized that aging may be 2
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-43%%" model will
therefore help facilitate the exploration of how the oxpo-
some synergizes with TDP-43 to better understand how
ALS/FTD relevant stressors that humans may experience
throughout aging (eg. C9ORF72 expansions, viral infec-
tions, and traumatic brain injury) converge on TDP-43
and uniquely drive aspects of neurodegeneration.

Materials and methods

Materials avallability

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 avallabllity

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 varants

For expression of C-terminally tagged TDP-43-EGFE
human TDP-43 was subcloned out of a witTDP-
43tdTOMATOHA (gift from Zoushang Xu, Addgene
# 28205) via Xhol and Kpnl double digest and inserted
into a pEGFP-N3 (Clontech) backbone and validated by
sanger sequencing. Site directed mutagenesis was per-
formed using QuikChange 11 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-42 backbone for consistency
using Xhol and Hindlll double digest, see Table 34 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% CO,.

Generation of pL202-HA-SUMO2 stable HEK2923T cell line
To generate a pL302-HA-SUMO?2 lentivirus-compatible
vector for stable HA-SUMOZ2 expression, HA-SUMOZ
was subcloned from peDNA-HA-SUMO2 (gift from
Guy Salvesen, Addgene #48967) and inserted into the
pL302 lentiviral backbone (gift from Jarqueline Burré and
Thomas Stdhof at Stanford). Briefly, extension PCR was
performed to add an Xbal restriction site to the 5' and 3
ends of the HA-SUMO? insert using PCR amplification
using forward primer sequence: 5- gectpraggicpactcta-
gaaapcitatpeatpectacce-3, and reverse primer sequence:
5= tgpctpragptogactctagatpeatpctcgagtcaacct-3) The PCR
amplicon and plL302 backbone were digested with Xbal
and the amplicon was ligated into the pL.302 backbone.
Colonies were screened by sanger sequencing to ensure
proper orientation and copy number of the insert. Next
the pL302-HA-SUMO?2 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 eollections. Viral media was filtered through
a 045 pm 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-SUMO?2 virus to generate a stable polyelonal
cell line.

GFP-trap SUMOylation assay

~ 250,000 HEK293T and/or pL302-HA-SUMO2 HEK293T
cells were speded (experiment dependent) in a &-well plate.
The following day, plasmids were transfected to express
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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 pM NaAsO, 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 25006 for 5 min at room tem-
perature. The supornatant 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, 1 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
Iysates are centrifuged at~21000G for 20 min at 4 °C and
during this time, 20 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 faprt 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 20 pl. of 2X Laemmili 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 SUMOvylation 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
colls were seeded (oxperiment dependent) in a G-well
plate. The following day, cells were treated respective of
their experiment after which cells were immediately col-
lected by seraping the bottom of the well and pelloting
the samples by centrifugation at 2500G for 5 min at reom
temporature. The supernatant was then aspirated, and the
colls were flash frozen or immediately lysed in 100 ul. of
1% SDS buffer (1% SDS in 1P 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 pl. of ice-cold IP Lysis
bufter 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 [mput sample. The remainder of the supernatant was
transferred into a microcentrifuge tube containing 1 to 10
ug of antibody per sample (See Table 54 for concentrations)
and incubated overnight rotating at 4 °C. The next day, 50
pL of Protein G Dynabeads (Thermo Fisher Scientific) per
sample were washed 3X in ice cold IP Lysis Buffer. The
beads were resuspended in 50 pL. IP Lysis Buffer per sam-
ple which was then added to cach of the samples incubated
with antibody. The samples were left to rotate at 4 °C for 45
min. Mext, the solution was added to a magnetic rack kept
at 4 °C and the supernatant was collected for fowthrough 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 lug of
antibody and incubating at 37 °C for 15 min st 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%; Bets-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
SUMOvylation 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 SUMOvylation
response, conditions were normalized to the 1 h sodium
arsenite treatment.

Serlal proteln extraction from cell culture

Soluble protein was extracted using RIPA buffer (supple-
mentad with protease inhibitor, phosphatase inhibitor,
and 50 mM N-Ethylmalamide) during immunoprecipi-
tation assays (taken as Imput 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 200 pl. of 2% SDS buffer in PES for
immunoprecipitation assays, or in 300 pL 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.
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Western blot analysls

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 pm
nitrocellulose membrane at a constant 240 mA for 2 h at
4 °C. The membranes were blocked in 10% milk diluted
in TBS-T, washed 5x5 min in TBS-T then incubated in
primary antibody overnight (See supplemental Table 54
for antibody concentrations). The following day the
membranes were washed for 5x5 min in TBS-T, then
incubated in secondary antibody for 1-2 b at room tem-
perature. Finally, the secondary antibody is washed 5x5
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 proteln analysls

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 Poncean stain for 1-3
min. Poneeaun was rinsed with Milli) H,O 5 times until
background was removed and then imaged using white
light setting on LAS4000. Ponceau was removed by
washing 5x 5 min in 1X TBS-T. Blots were then blocked
and prepared for primary antibody incubation. Memeode
staining was performed following manufacturer instrue-
tions and imaged using white light setting on LAS4000.
Blots were destained following manufacturer instructions
then prepared for primary antibody incubation.

Immunofluorascent microscopy analysis in HEK293T cells

Micro Coverglass #1.5 coverslips (Electron Microscopy
Sciences) coverslips were washed in 2 M HC overnight
at 55 °C, washed 5 times in sterile HyO, then pre-coated
with 300 pL poly-D-lysine (10 pg/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). Colls were fixed using
10% buffered formalin for 10 min, then permeabilized
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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 $4 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. Samplos 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 DAPL Z-stack images were obtained on a
Zoiss AxioObserverZ1 LSME00 Confocal Microscope at
40 magnification with a 5x digital zoom or 63 xmag-
nification with 2X digital zoom through a Z distance of
10-12 pm per image using optimal spacing per slice with
dimensions set to 1024x 1024 pixels with 4X averaging
per frame. At least 10 eells were imaged per replicate.
Images were analyzed and quantified using Image]. For
Fig.S1A, Z-stack images were obtained on a Zeiss AxioQ-
bserverZ] LSM280 Confocal Microscope at 205 magni-
fication with a 2:<digital zoom through a Z distance of
10-12 pm 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 200 ng
of pCLIP-Dual-sgRN A for each of the SUMO E3 ligases
alongside 1200 ng plenti-Cas$-BLAST and media was
changed after 4 h to minimize toxicity. Forty-eight hours
after transfection, cells were selected using 2 pg/ml puro-
myein 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 pg/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-M3 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
pM sodium arsenite and GFP-Trap SUMOylation Assay
and Western Blot analysis was performed as previously
described. Samples were guantified using densitometry
by guantifying the volume of the primary SUMOylated
TDP-43 band at ~ 98 kD4, 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.
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AlphaFold3 TDP-43 structure prediction

TDP-43 structure was predicted using the AlphaFold3
server  (https://alphafoldservercom/) using FASTA
sequence of Human TDP-43 (Uniprot TADBP_HUMAN,
(013148) with relevant mutations. UGx6 (5-UGUGUG
UGUGUG-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://geneious.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-43%*"8 mousa line generation

At The Centre of Phenogenomics (SickKids, Toronto,
ON, Canada), the TDP-43 """ mice were generated on a
CA7BL6/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 (MGL2387629; 5-TGG
GGGCTTTGGCTCGAGCA-3) was electroporated into
embryos alongside a single stranded oligonueleotide
(ssODM) repair template (5-CTAAATCTACCTAACC
TAATAACCAACCTACTAACCACCCCCCACCACT
TACATTCCCCAGCCAGAAGACCTAGAATCCATG-
FCGAGCCAAAGCCCCCATTAAAACCACTGCCCGA
TCCTGCATTTGATGCTGACCCCCAACCAAGGGG
GGC-3). Embryos were screened via allelie discrimina-
tion (see "TDP-43"" ponotyping” below) to identify
founders. Four founders were crossed to C57BLG/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 experimentzl 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

77



Suk et ai. Molecular Neurodegeneration (2025) 2038

actively undergoing behavior testing for which husbandry
was completed by the experimenter.

Mouse wellness monitering

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. Motably, 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,
mazle 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 52 for number of animals
used (distinguished by sex and genotype), raw behavior
data, and specific statistical analyses for each behavior
experiment.

TDP-43%%5F ganotyping

Tail samples were collected prior to weaning and again
postmortem for genomic DNA (gDNA) isolation and
genotyping, Tails were solubilized in 300 pl. solubiliza-
tion buffer (10X SET, 100 mM NacCl, 100 pg/mL Protein-
ase K (Bio Basic PB0451-250)) at 55 °C overnight. Cell
debris was precipitated by adding 150 pl. of “Tail Salts
Buffer” (4.31 M NaCl, 0.63 M HCl, 10 mM Tris—HCI,
pH7.4) then samples were centrifuged at- 21,000 g for
15 min at 4 "C. Supernatant containing gIXMNA was trans-
ferred into 600 pL 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 pl
of chilled 70% ethanol then centrifuged at~21,000 gat 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 H20
at 55 "C for 10 min. Genotyping reaction was prepared
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in a 10 pL reaction containing~5 ng of gDNA, 250 nM
K408R Genotyping Forward primer (53-CCACCATTC
TAAATCTACCTAACCTAATA-3Y, 250 nM K408R Geno-
typing Reverse primer (5-GGATCGGGCAGTGGTTIT
A-37, 125 nM wild type Locked Nucleic Acid (LNA)
probe (HEX-TCT+A+A+GT+CT+TCT+GGC-
fowaBlack FQ) 125 nM K408R LNA probe (FAM-
TCT+A+G+GT+CT+ T+ CT-lowaBlack 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 DMNase 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), 1% N-2 (Thermo Scientific), 500 pM L-Glutamine
(Wisent Bioproducts), and 0.5% penicillin/streptomycin
(GE Healtheare Life Sciences)). Culture dishes and cov-
erslips were prepared in advanced coated with 50 pg/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 pM L-Glutamine (Wisent Bioproducts), and
0.5% penicillin/streptomycin (GE Healtheare Life Sci-
ences) at 37 "C with 5% CO,. 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 contsin a mix of both male
and female replicates.

78



Suk et al. Molecuior Newrodegeneration (2025) 2038

Endogenous SUMOylatlon assay from ex vive embryonic
mouse brains

Mouse embryos were harvested following Cortical Pri-
mary Newron 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 Newron Culture Maintenance
deseribed 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 pL of 1%
SDS buffer (1% SDS in [P Lysis Buffer supplemented with
1X protease inhibitor, 1X phosphatase inhibitor, 100 mM
N-Ethylmzlamide), and homogenized with a pestle then
boiled at 95 °C for 10 min. After boiling, 900 pl. of ice-
cold 1P Lysis buffer was then added to the sample then
samples were vortexed sggressively 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~ 210005
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 fmput sample. The remainder of the
supernatants were equally divided (~450 ul. each) into
two separate 1.5 mlL microcentrifuge tubes containing 10
pg of normal mouse 1gG (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 pL of Protein G Dynabeads
{Thermao Fisher Scientific) per sample were washed 3X in
ice cold 1P Lysis Buffer. The beads were resuspended in
50 pL 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 fTowthrongh 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 SUMOZ2/3 peptide {Amino Acid
Sequence: [RFRFDGQPI, synthesized through Genseript)
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
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(BioRad) to guantify the volume of the~62 kDa anti-
TDP-43 bands from the immunoprecipitation standard-
ized to the loading control of the input. For guantification
of changes in TDP-43 SUMOylation response, conditions
were normalized to the 1 h sodium arsenite treatment.

Immunofiuorescence 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 H,O, then pre-coated
with poly-D-lysine (50 pg/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 deseribed above. On day 7,
neurons were fixed for 10 min using 10% phosphate buft-
ored formalin for (Fisher Chemical, SF100-4) followed
by 2x5-min washes in 1 mL of 1X PBS. Neurons were
blocked in 500 pL. of blocking buffer (1% Triton X-100,
10% cosmic calf sorum in 1X PBS) for 1 h, then incubated
in 300 pL of primary antibody diluted in blocking buffer
overnight at 4 °C (See Table %4 for antibody concentra-
tions). The following day, the neurons were washed for
5x5-min in 1 mL of 1X PBS then incubated in 300 pL 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, $2023). Z-stack images were obtained on
a Zeiss AxioObserverZ]l LSME00 Confocal Microscope
at 40 magnification with a 2 digital zoom through a
Z distance of 10-12 pm 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 AirySean2 confocal microscope at 63 mag-
nification with 3X digital zoom at 512x512 resolu-
tion. At least 10 cells presenting with TDP-43 foci were
imaged per replicate. Images were analyzed and quanti-
fied using Image].

TDP-43 colocalizatlon with HSPAIL

HSPAIL 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). Mext the pTwist-Lenti-
HSPAIL-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 pm
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 pM sodium arsenite for 1 h and
recovered for 2 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 deseribed
above, Z-stack images were obtained on a Zeiss AxioO-
bserver Z1 LSM&80 AiryScan2 confocal microscope at
63« magnification with 3X digital zoom at 512%512
resolution. At least 10 cells presenting with TDP-43 foci
and HSPAIL fori were imaged per replicate. Images were
analyzed and quantified using Image].

Prosimity ligation assay in primary cortical neurons

Primary mouse cortical neurons were cultured and fixed
as described in primary cortical mewron cultures and
immmunofluorescence in primary cortical newrons. Fixed
coverslips were transferred into 12-well plates and out-
lined with a hydrophobic pen and blocked using 40 pL of
Duolink blocking buffer (Sigma Aldrich, DUOS2007) at
37 °C for 1 h. Coverslips were then washed for 3x5 min
in 1 mL 1X PBS. Next, coverslips were incubated in 300
pL 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 3x5 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 pL of dilute
probe mixture containing a 1.5 dilution of Duclink PLA
MINUS (Sigma Aldrich, DUOS2004) and PLUS probes
(Sigma Aldrich, DUOS2002) in antibody diluent (Sigma
Aldrich, DUOS2008). Duolink PLA probes were diluted
in antibody diluent (Sigma Aldrich, DUO&2008) at a 1:5
dilution. Coverslips were washed for 33 5 min in Duolink
Wash Buffer A and then incubated in 40 pL of ligase
(Sigma Aldrich, DUO82027) diluted in 1X ligation buffer
(Sigma Aldrich, DUOS2009) 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 pl of polymerase (Sigma Aldrich, DUO82028)
diluted 1:280 in 1X amplification buffer (Sigma Aldrich,
DUO&2011) at 37 °C for 90 min. Next, the coverslips
were washed 23 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 Duoclink Wash Buffer B diluted at 1:100 in 1X
PES for 1 min. Coverslips were briefly air dried and then
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mounted on slides using Vectashield Antifade Mounting
Medium with DAPL Z-stack images were obtained on 2
Zeiss AxioObserverZ] LSMB200 Confocal Microscope at
63« magnification with a 5xdigital zoom through a Z
distance of 10-12 pm per image using optimal 0.27 um
spacing per slice with dimensions set to 512512 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.

Behavlor 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/GN 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 (1) weight, (1) right-
ing reflox, (111} hindlimb suspension, and (IV) forelimb
suspension. (I} Weight was measured every other week
by placing individual mice on a digital weigh scale. (11}
Mice were placed on their back on a tabletop and timed
for how long it took them to right themselves onto their
paws. (1) Mice were placed facing downward in a 50
ml Falcon tube (VWER 21002-940) 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 2 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
(%an 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.

Diglgalt

The Digigait treadmill Imager and Analysis Software
(Mouse Specifics Ine.) 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 em/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 em/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. Naive age and sex matched mice were initially
used to determine the optimal shock value. On day 1
(training), the mice were placed into 2 Phenotyper box
(Noldus Information Technology) with a grid shock floor
(Med Associates). The testing room was set to 60 Ix light
level and 70 dB of white noise (context A). The mice wore
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 tost 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.
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Grip strength

A grip strength meter (Chatillon DFE 11, 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 5 intertrial interval in between. If 2 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 Associatos).

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. Capes were filled
with 10 em of fresh corncob bedding and one mouse
was placed to habituate for 5 min. After habituation, 20
glass marbles were laid out evenly in 2 4 by 5 pattern. The
mouse was returned to the cage and left alone for 30 min
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in 60 Ix light. With the completion of the trial, the num-
ber of marbles buried by at least two thirds was scored by
a blinded experimentaor.

Nest bullding

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 em? 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 srenas 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 200 Ix. 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 rotared (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 3 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.
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Tall 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 gange as the mouse
moves during 2 6-min trial. The cumulative time spent
immobile, hanging passively (below lower threshold) was
measured by the Tail Suspension software.

Three chamber soclability

The Three Chamber test was conducted to measure the
socigbility of mice when allowed to interact with 2 novel
mouse or 3 similarly sized inanimate object. The testing
apparatus is a 19x45 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
oxplore 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 (Moldus Information
Technology).

Tube test of soclal 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
Wwon.

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 dissaction to
help control for activity-induced changes and all dissee-
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-gPCR) assay

RNA was extracted from mouse cortex tissue using
RNeasy Mini Kit (QIAGEN) following manufacturer’s
instructions. ¢DNA was synthesized using 5X All-in-
One BT Master Mix (Bio Basic) following manufacturer’s
instructions, RT-gPCR was performed using Green-2-Go
gPCR 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 HPRTI Ct values, then the
ratio of each isoform (IM/ON and 2N/ON) were calou-
lated before normalizing to the average of the wild type
samples.

Preparation of mouse tissue for analysis by histology
Tissue was collected as deseribed in Collection and prep-
aration af mouse tissue. Following fixation for 48 h, sam-
ples were transforred to a 70% ethanol solution and sent
to the Louise Pelletier Histology Core facility at the Uni-
versity of Ottaws for paraffin embedding and microtome
sectioning. The samples were sectioned at a thickness
of 5 pm. Serial sectioning was performed at four levels
within the tissue each separated by 40 pm. 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.
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Cresyl violet staining

Slides containing PPFE mounted sections were slowly
dipped 20 times in 70% ethanol followed by 95% ethanal,
100% ethanol, 95% ethanol, and 70% ethanol. Slides were
then submerged in ddH20 for 1 min. Next the sections
were incubated in 0.25% Cresyl Vielet stain for 2 min.
Samples were then dipped 10 times in ddH20 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, pH&) 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
PES for 2 h at room temperature. Mext the tissue sections
were incubated with primary antibody (See Table 54 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 5x5-min, before
mounting with #1.5 coverslips (Thermo Fisher Scientific
12-544E) and fluorescent mounting media (Dako 53023).
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 (Image]).

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 54) 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 PBES 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 pm). Images were taken throughout the entirety
of the muscle tissue such that at least 80 nenromuscular
junctions per animal were captures. Images were scored
manually per image using Fiji (Image]). See Fig. S8E for
seoring examples.

SUMOylation analysis In human brain tissue

20 mg of frozen human brain tissue was homogenized in
300 L. 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 200 pl
of of 8 M UREA in PBS with 10 mM Tris—HCI pH 7.4.
Samples were vortexed and left to solubilize overnight at
room temperature before 4X Laemmlbi 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 (p40%/410) antibody on formalin fixed paraffin
embedded sections. Genetic analyses confirmed absence
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of mutations in key ALS/FTD-associated genes: C9orf72,
SODI, FUS and TARDBP.

Neuropatholeglcal assessment of all human PFC tissues
from various sites

Human FFPE PFC samples collected from the NIH
Meurobiobank, 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 2 1:2000 dilution
of anti-phosphorylated TDP-42 S409/410 (Cosmo Bio
Co. Ltd, #TIP-PTD-PO7) for 40 min at room temperature
and detected using an HRP conjugated compact poly-
mer system. Slides were then stained using DAPR 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 11 and V/VL 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 pm 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 &) for 2 h at 80 "C.
Sections were then blocked with Duolink blocking buffer
(Sigma Aldrich, DUOS2007) for 1 h at room tempera-
ture. MNext, sections were incubated with primary anti-
bodies (anti-TDP-43 1750, 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, DUOS#2004) and
PLUS probes (Sigma Aldrich, DUOS2002) at 37 °C for 1
h. Duolink PLA probes were diluted in antibody diluent
(Sigma Aldrich, DUQ82008) st a 15 dilution. Sections
were washed in Duoclink Wash Buffer A and then incu-
bated in ligase (Sigma Aldrich, DUOS2027) at 37 °C for
30 min. Ligase was diluted in 1% ligation buffer (Sigma
Aldrich, DUO&2009) at a 1:40 dilution. Then, the sactions
were washed in Duolink Wash Buffer A and then incu-
bated in polymerase (Sigma Aldrich, DUOS2028) at 37°C
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for 90 min. Polymerase was diluted in 1X amplification
buffer (Sigma Aldrich, DUOS2011) 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, 5§3023) and #1.5 coverslips were
then placed over the sections and sealed using clear nail
polish. Images were taken on a Zeiss LSMS00 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 pm with optimal spac-
ing (0.27 pm) at a resolution of 512512 pixels. PLA foci
were manually counted per image using Fiji (Image]).

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.

Supplementary Information
The online varsion contains supplementary materal avalable at httpsdol
ongs 100 186¢51 3024-025-00826-2.

supplemantary Material 1.
Supplemeantary Materlal 2.
supplemantary Material 3.
Supplemeantary Materlal 4.
SupplemEntary Material 5.

Acknowledgements

This project was supported In part by an MSERC Discovery Grant and Disoov-
ery Launch Supplement to MOWCH, (REPIN-2018-04133 and DGECR-201%-
00365); tha Canada Ressarch Chairs program to MW.CF; the aLS Sockety of
Canada In partnarship with the Brain Canada Foundation through the Brain
Canada Reseasch Fund, with the financal support of Health Canada, for
fnandal support thraugh the ALS Tralnee Award Program 2009 (TAS ) and
the Ciscovery Grants Program 2031 (MOWCR); the LR Bickell Medical Resasch
Fund (MWCRE Canadian Institute of Health Resesrch Propact Grant (FIT-
195601, MUWIZ R The Eric Pouln Center for Neuomuscular Dsease through
the Student Translational Resesech Awasds [TRS, V5.6 The Canadian
Institute of Health Research theough the O55-M awand (CEF, JLT VEG) The
Onitano Graduste scholarship Program Award (CER) NSERC Undargradu-
ate Summer Aesezrch Award [TTHx Medial Student Summer Research
Program Award (T.THJ; Rising Star In ALS Aesaarch 2004 Award In memory of
Madeleina Blanc theough the Brain Canada Foundabion {112}, Christopher
Chiu sanior pastdoctoral Salowship (MM James Hunter and Family ALS
Inittive {LAL). Human teswe was recanved from the MH NeuroSioBank at

the Unmversity of Manland, University of Pritsburgh, and Sepulveds stes. The
authors also thank 3l memibers of the Aousseaux lab for Important disous-
sions and critical feedbeck on the manuscipt. The authors also thank the
following Core facibties from the University of Ottzwa and the Ottawa Hospital
Research Instiuta {OHRY for use of thelr faclity, equipment, and expestise:
the Call Bizlogy and kmaging Acquistion Core (RRDSCR_D21845), STEMConE
Laboratories (RAICLSCR_012600), Genome Enginesing and Molecular Blol-
ogy (GEM) Cove (RRIDSCR_0225854), Animal Behaviour and Physlology Core

Page 27 of 30

[RAICKSCR_027882), Loutse Pelletier Histology Cone (RRICD: SCR_O21737), Figs. 1,
2,6, and 54 were generatad In pert with Blonendercom.

Authors' contributions

‘Concephualiztion: TRS, CEF, MW Methodology: TRS, CEF TTH, LT, VEG,
PN, B, SMC, R imvestigation: TRS, CEF TTH, JLZ, MIMH, ACG, VS5, PR, BN,
IR Visuaization: TRS, CER, JLZ, MWCR. Funding acquisition: TRS, CEF, MWCR
Project administration: I, 8, MWCR. Supanvision: IR, MNCEL Wiiting- cegh-
naal dirafft: TRS, MWCRL Wiiting — seview & editing: TRS, MWCRL

Declarations

Competing Interasts
Authors declare that they have no competing interests.

Racetved: 13 June 2024 Accepted: 9 March 2025
Published online: 28 March 2025

Referances

1. Hipp M5, Kasturl F; Hartl FLL The proteostasls natwork and its decine
I 3geing. Hat Rey Mol Cell Blol 2071 $:20(71421-35.

2. Spies-Jones T, Attems J, Thal DR interactions of patholog-

2l proteins In neurodegenerative diseases. Acta Mewopathaol.

200 7134187 -H05.

. Hardiman 0, A-Chalabs &, Chio A, Com EM, Logrosdno G, Robberscht
W, Shaw PI, Immons Z,van Den Bag LH. Amyotrophic lataral sdenss,
Mat Rew Db Primisrs. 2017301 k1-19.

4. Grossman M, Seeley Wi, Boser AL, et 3l Frontoternporal lobar degen-
aration. Nat Rev Db Primers. 2003:3(151-15.

5 HmeiIJLHaI:Iz&'Gr-'LKriJJ,ImerLM. GOtz 1, Kleman MC, Hodges

frontotemporal dementa-motor neunon disease continuwm
I.a'}CELZZI'IE;mIQ -31.

. Melson PT, Dickson DWW, Trojanowskl 10, et al Limbic-predominant
sge-selated TDP-43 encephal opathy (LATE: consensus working group
TEI. Brain, 2019142150327,

7. Meneses i, Koga 5 Oleary | Dickson DW, Bu G, Zhao N.TDP-43
jpathology In Alrheimer's diseasa. Mol Mewodegenes 202116011115

8 Micks B, Jement NE, Abarer VE, et al Repetitive head Impacts and
chronic traumaitic encaphalopathy are assockted with TOP-23 Indu-
sions and hippocampal sdemsts. Acta Newopathol. 2023145395408,

9. Tharmimisatty 55, Pedragosa J, Wang YC, Calon F Planas A, Kriz L.
Age-selated desequiation of TDP-43 after stroke enhances NF-kB-
medizsted Inflammation and neuronal damage. 1 Neuroinflammation.
20M81%1-15.

10. Coyme AN, Baskerville V. Zzapfel BL Dicksan DW, Rigo F, Bennett F,
Fatrick Lusk <, Rothstein 10, Mudesr acoumulation of CHWPT Initlates.
nuclear pore complex injury and subsequent TDP-43 dysfunction in
spoeadhc and familial ALS. 50 Trans| Med. 2027;131923.

11. 5uk TH, Roussaaym MWC. Tha mole of TOP-43 misloczlization In ammo-
trophic kateral scerosts. Mol Neurodegenar, 20201 545

12, Wiz X¥F, Frudencio M, Kolke Y, et 2l TIF-43 represses cryptic exson indu-
sion In the FTD-ALS gena URNCT 34 Matuse, 2032503759911 24-30,

13, Brown AL Willans OG, Keuss MU, et 3l TOP-43 loss and ALS-

Nsk SMPs drive mis-spliong and daplation of UMCT3A. Mature.
HI2H0TEIINI-T.

14, Milmed 7, Liypez-Erauskin |, Esughn M, et al Fremature potyada-
nylation-mediated boss of stathemin-2 & a hallmark of TDP-43-depend-
‘ent neumdaganeration. Mat Meunasd. 201822 180-50,

15, Kim JR walllams LA, Limone F et al. ALS-implcated protein TOP-43 sus-
tains levels of STMMZ, 2 mediator of motor neuron growth and sepalr.
Hat Neurosdl 2013 72167-79.

16, Gassat-RosaF Lu 5 Yu H, Chen € Melamed Z, Guo L, Shorter J, 0= Crue
5, Cleveland DW. Cytoplasmic TOP-43 De-muang independant of stress
granules drives inhibition of nuclear import, loss of nudas TOP-43, and
«cell desth. Mawon. 2001%102:335-357.87.

W

85



Suk er ai. Molecular Neurodegeneration  (2025) 2038

21

s

23

24.

25

. Baughn MW, Melamed 7, Lopez-Erauskin J, et al. Mechanism of STMRZ

splice-pafyademéation and its comection for TDP-43 proteinopa-
thies Sdence (1979). 2023379:1140-9.
Agra Almeida Quadros AR, LI Z,'wang X, et al. rvptic spiiang of stath-
min-2 and UNCT3A mRMAS 15 3 pathological hallmark of TDP-43-assock
ated Alzhaimers disease. Acta 202 ATEI-1E
Spence H, Waldmon M, Saleab RS, et al. RMA aptamer reveals nucear
TOP-43 pathodogy s an earty aggregation event that coincides with
STMN-Z crvpitic sphong and precedes dinkcal manFestation in ALS.
Acta Neuropathol 2004,147:1-15.
Hamgesheimes BT, Chamil Af, De Assis DR, vowrch P Andres CF,
Cowda P Lanmaster 0 Blzsoo H The debated towc role of aggregated
TOP-43 In amyotrophic teral schanosis: 3 resolution In sght? Bram,
THMAENTE-S4L
Fou Iy, Thou ZR, The CH, Liu O, He FL, Huang HP. Genetic epldamiol-
ogy of amyotrophic lateral sclerosks 3 systematic seview and meta-
anzhysis. ) Neurol Newosusg Psychiatry. 201 TEES40-5,
Ghasemi M, Brown FH. Ganetics of amyotrophic [atersl sdesosts. Cold
spring Harb Perspact Med. 2018 hitps;/adolong 101 101/C5HPE
RSPECTAQ4125,
Mackanzie I, Micholson AM, Sarkar M, et 2l T mutations in amyo-
trophic |atesal sclerosls and frontotemporal dementta promote phase
separation and alter stress granule dynamics. Neuron. 201 795808-816.

-8

wealker &K, Soo K, Sundaramoontty ¥, et &l AlS-assoclated TOP-43
Induces endoplasmic reticufum stress, which drives cytoplasmic TOP-43
accumulation and stress granule formation. FLOS One. 200 38881170,
Tam OH, Rozhikoy MY, Shaw B, et al. Postmortem cortex samples identify
distinct modecular subtypes of ALS: retrotran: activation, codda-
thve steess, and acthated glia Cell Aep. 2015;25:1164-1177.85.

Wolozn E, vanov P Stress granules and newndegeneration. Nat Rev
Mawnacl 20192068566,

. Lin MT, Baal M- Mittochondrial dysfunction znd oxidstive stress In

newrndegenerative disezses. Mature. 200644376705
Fiattl A, Gumina ¥, Leng . et al. Chronc stress Induces formation of
strass granules and pathological TOP-43 apgragates in human ALS
fibroblasts and IPSC-motonawons. Meurobiol D, 2020:145: 106051,
Draamikoo E, Factor-Litvak P Santella B, sitsumoto H. Cinical perspec-
thve on ocoddative stress In sporadic ammyotrophic latersl sderosis. Free
Fadic Blol Med. 2003;66:508-27.

Colombrtta C, Zennaen E, Falind C, webar M, Sommacal A, Burattl E,
sllaniv, Ratt A, TOP-43 15 recruited to stress granules in conditions of
mddative insult. | Meurocham. 20081 11:1051-61.

. Tuo X, Zhou J, L1, et al TOP-43 aggregation Induced by oxdative stress

causes global mitochondnal imbakance in ALS. Nat Stuct Mol Biol
B2 2BL 3242,

. Uada T, Takeuchl T, Fullkaie M, et al. Dysregulation of steess granule

dynamics by DETHI deficency exacerbates TOP-43 pathology In Deos-
ophila models of ALSFTI Acta Meuropathol Commun. 20241 21-15

. Iguchl Y, Katsuno M, Takagl 5, shigaki 5, Newa J Hasegawa M, Tanaka |,

sobue G Owidative stress induced by ghutathione depletion reproducas
pathological modifications of TOP-43 linked to TDP-43 peoteinopathies.
Mewrohiol s 200 24586270,

. Lluvesucevitz L, Blgutay &, Zhang ), et al Tar DN binding protein-43

(TOP-43) associates with stress granules: anatysis of cultured calls and
pathological brain tsue. PLoS One. 20105213250

. McDonald KX, Aulas A, Destsolsmalsons L, Pickles 5, Beleac E, Camuw,

Rouleau GA, Vands WC TAR DNA-Dinding peotein 43 (TDP-43] regulates
stress granuie dynamics via differentizl regulation of GIEP and TIA-1.
Hurm Mol Genet. 2011:20:1400-10.

Luian W, Waight AL, Brown-whight H, Le 5, San GIl 7, Madnd San Martin
L, Ling K, Jafs-Nejad F; figo F, Walker A% Early activation of callular
strass and death pathways Gusad by cvtoplasmic TOP-43 Inthe miLsE
mouse model of ALS and FTD. Mol Psychiatry. 2023286244561,
Fung &, shi L Deng H, Hou 1 Wang C, Hong A, Zhang L Jla W, Luo H
Cytoplasmic transkocation, aggregation, and desvage of TDP-43 by
enterovial proteases modulate viml pathogenesks. Cell Death, Diffaren-
tiatian. 200 532(1 2):2087-57.

#Ash PEA, Stanford EA, Al Abdulstif &, et al Dioxns and related en-
ronmental contaminants Indreass TOP-43 levels. Mol Neurodegener.
201712114

41

47,

44

18

57.

.

Page 28 of 30

. Dubinskl &, Gagne M, Peyrard 5, Gordon D, Talbot K, Vande Velde C

Stress granulis assembly Invivo ks defickent In the CHE of mutant TOP-
43 ALS mice. Hum Mol Genet. 202332:319-32

. Qdierna GL, Vwck: 5, Dyer M, Dickson T, Woodhouse A, Blizzard ©

How dio we get from hyvperaxctability to exctotoscity In amyo-
trophic kteral sclerosis? Braln. 2024147-1610-21.

Thang F: Fan B, Yang P Temilrow 1, Messing J, Kim Hl, Taylor JB Chronic
optogenstic Induction of stress granules ks cytotaxic and reveals the:
evolution of ALS-FTD pathology. Elfe. 2019 hittpsdol.org 10.7554¢
eLIfa39578.

. Mewmann M, Kwong LE, Lee EE, et 3l Phosphorylation of 54080410

of TDP-43 Is a consistent feature In 3l sporadic and familal foems of
TIP-43 protelnopathies. Acta Meuropathol 2008017:137-45,

. Maumann M, sampathu DM, Keong L et al. Ublguitinated TOP-43 In

frontotemparal kobar degeneration and amyotrophic lateral sclesosls.
Sclence {1975). 2006:314:130-3.

. Aral T, Hasegawa M, Aklyama H, et al. TDP-43 Is a companent of

ubiquitin-positve tau-negative Indusions in frontotemparal lobaer
degeneration and amyotrophic lateral sclerosts. Biochemn Blophys Res
Commun. J0a351:602-11.

. Mecarsulmer 1, Simon J, Evangelista B, et al. ANA-binding defident

TOP-43 drives cognithee dedine in a mousa modal of TOP-23 pro-
telnapathy. Ebfie. 2023, hitps./fdolorgd 1 0.7554/ELIFERS921 2.

. MoGurk L, Gomes E, Guo L, Mojsllovic-Petrovic I, Tran W, Kalb RG,

Shortes J, Boninl MM, Poly[ADP-Ribose) prevents pathological phase
seqaration of TOP-43 by promaoting Bguld demiing and stress gran-
s lozabzation Mol Cell. 2018;71:703-717.85.

Hankay JM, Craig T), Wilkinson ke Meuronal SUMOylation: mecha-
nisms, physiology, and roles in neuronal dysfunction. Physiol Rew.
014;54:1 24985,

. Wilkinson &, Hanley IM. Machanisms, reguiation and consaquancas.

of protean SUMOylabon. Blochem L 2010:428:133-45,

Maraschi AW, Gumina ¥, Dragotto 1, Colombritz C Mompezn M,
Buratti E, Sianl v, Faliglonl M, Rattl A. SURMOyation regulates TDP-43
splicing activity and nucleocytoplasmic distribution. Mol Newobiol.
021 585682-702.

. Mawel ¢, Chami A, Thepault kA, Masowliat 5, Blsco H, Corda

Andres CR, viourch P A role for SUMOylation in the formation and
cellular bocalization of TOP-43 aggregates In ammyotrophic latesal
sclensls. Mol Newobiol 2030057136173,

Marino R, Buccaredlo L, Hassenzadeh K, akhtar K, Falaniappan 5,
Corba M, Faligion] k. & novel call-parmeable paptide prevants pro-
teln SUROhEton and supports the mislocalization and aggregation
of TOP-43. Meurobiol Dis. 2023188 106342

Fichler A, Melchior F. Ubiquitin-related madifier SUMOT and nuckeo-
cytoplasmic transport. Traffic. 20023381-7.

. Wang L, Wansleaben ©, Thao 5, Miao B, Faschen W, Yang W SLIMO

2 s essential while SUMO 3 s dispensable for mouse smbryonic
development. EMBD Rep. 2014;15:875-85.

. Ensenink M. 5umo and the celular stress rasponse. Cell D

ONEIET-13

Seyfried NT, Gozal YM, Damaner EE, Xla . Duong DM, Cheng O, Lah
11, Levey 81, Pang 1L Multiplex SILAC analysls of 2 cellular TOP-43
prateinopathy model seveals protem Inclusions assoosted with
susioviztion and diverse polyubiquitin chains. Mol Cell Frotecmics.
01070518

. Dammer EB, Fallinl C, Gozal ¥M, et 2l Coagoregation of RNA-binding

proteins in 3 moded of TDP-43 proteinopathy with salective RGG
matif methylation and a rode for RRM1 ublkquitinzbion. PLoS One.
2012 hitpsz ool org 10,1 371/ I0URNAL PONE.DO3BESE.

Dewery CM, Cenill B, Sephiton CF, Dries DR, Mayer B, Good SE, Johnson
EA, Herz 1, ¥u G TDP-43 s deected to stress granules by sorbitol, a
nowel physiclogical csmotic and auidative stressoe. Mol Cell Blol
2011311098108,

. Chang HY, How 5C, Der WT, wong CH, Wang IF. Heat-shock proten

dysreguition 1s assoclated with functional and pathological TOP-43
aggregation. Mat Commun. 2013:4:1-11.

5k TR, Mguyen TT, Fisk ZA, et 2l Charactenizing the déferential
distribution and targats of Sumal 2nd Sumoz in the mausa brain.
ISclence. 7023.26:106350.

86



Suk er ai. Molecular Neurodegeneration  (2025) 2038

al.

&l

&3

a5,

&7.

Lu J,Wu T, Zhang E, Liu 5, Song W, Qlao 1, Ruan H. Types of nudear
localization signats and mechanisms of protein import Into the nudeus.
Cell Comemun Signal 2021:1%1-100

Lange 4, Mills RE, Devina SE, Corbett AH. A PYMLS nuclear targat-

Ineg signead 1 required fior nuckear loczlzation and function of the
sacrharomyces cerevisiae miNA-tinding protein Hipl. ) Bol Chem
BRI 2634,

sun'y, Zhao K, 02w, et al The nudear locliration squence medistes
hn#nea1 amyloid fibnl formztion revealed by crvoEM structure. Nat
Comimun. 202061 1{1k1-8.

Manm IR, letmer AM, Mauna 57, et 3l B binding antagonizes neuno-
towdc phase transitions of TDP-43. Mewon. 2015;102321-338.88

. Ketten-schmitz J, Wagner K, Piller T, Kzulich M, Allbest! 5, Molier 5. The

nuclear SUMO-targeted ubiquitin quality control netwark reguiates the
chmamics of cytoplasmic stress granules. Mol Cell. 2020:79:54-67.87.
Kagey MH, Melhuish TA, Wotton D The pobyoomb peotein Pc2 isa
SUMO E3. Cell 2003;113:127-37.

Gacaa-Gutiérraz F, udraz-icente F, Gallardo-Chamizo F, Chamay B
Gasrla-Diominguer M. The transcrption factor Kos?0 ts an E3 ligase
that sumoylates Its Mab coseguistors. EMIBO Rep. 2001 1,1 21018-23.

O SM, L 7, Okada M, kang 5W, Liu X, Chan OB, Luo H, e K. Ebpl
sumoyiation, reguizted by TLS/FUS E3 Bigase, ks requeed for its ant-
profferative activity. Onoopansa. 2008:25(7):1017-30 2010,
Etsenhardt M, Chaugule VK, Koldl 5, et 3l A new vertebeate SUMO
enryme family reveals Insights Into SUMO-chaln assembly. Nature
Structural, Moleoular Biology. 015,221 2155067

Fayme F, Colnaghi B, Rocha M, et 3l Hypomaorphism In human MSMCE2
Iinked to prmordial dwarfism and insubn resistance. JCin invest.
4174400838

Kahyo T, Mishida T, ¥asuda H. imvolvermant of FIAST In the sumoyistion
of tumar suppressor p53. kol Cell. 2001;8:713-8.

. Kotaja N, Karvonen L J2nne OA, Falvimo I PIAS protens modulate

transcription factors by functioning as SLIMO-1 Ligases, Mol Call Blol
HN22T5172-34.

71, Makagawa K, Yokosawa H PIASS Induces SUMO-1 modication and

transcriptional repression of IRF-1. FERS Lett. 2003:530:204-8.

73 sachdew 5, Bruhn L, Seber H, Pichler A, Melchior 7, Grosschadl B FiAsy,

Bl

a nuclear matrbi-associsted SUME E3 ligase, sepresses LEFT activity by
saquestration Inbo rudear bodies. Genes Dev: 2001153085103

. Chu, Yang X SUMG E3 ligasa activity of TRIM proteins. Oncogene.

03001 108-16 2011,

. PAchier &, Gast &, Saeler 15, Dajean A, Melchior £ The nudeopornn

FanBP2 Has SUMOT E3 ligase actiity. Cell 2002:108:109-20.
Reyrolds A, (Hao H, Yang ¥, et & ANF212 |5 3 dosage-sensithee
ragulator of orossing-over during marmimallan melosks. Nat Ganat.
BN IASFE265-TE

. Llang ¢ Deng H, LI X, Wi 3, Tang €3 Chang T-H, Peng H, Rauscher £

Ozato K, Zhu F Trpertite motif-containing protein 28 k.2 small ubigul-
tinrekzted modifier E3 ligase and negative regulator of 7Y regulatory
factor 7.1 immunal 201 1;187:4754-63.
ramashita 0y Monuchi T, Osumi T, Hircse FTranscription factor hDREF 15
2 noved SLIMO E3 ligase of M2a®. ) Bol Chem. 2016291:11618-34.
Kareonen U, Jaaskel3inan T, Fytingd M, Kaldonan 5, Fahimo 1L THFAS1
15 2 novel PML body- and SUMO-assocated transoiptional conegulator.
J Mol Biol. 2008 352-565-600.
Wamer LE. Mancts P, Butler U, McDionald CM, Keppen L, Koob G, Lup-
=k JR. Mutations in the earfy growth respansa 2 [BGRZ) gene ane assock
ated with hareditary myslinopathies. Mat Genet. 19981843824
Mishida T, ¥asuda H. PIA51 and FIASID function as SUMO-E3 ligases
tovwand androgen receptor and repress androgen recapton-gepandent
transcription. ) Biod Chem. 2002:37741311-7.
Fhao 3 Xle Y, Zheng ¥, Jlang 5, Lo W, Mo W, Lu 7, Thao Y, Xue 'y, Ben 1
GPS-SUMO: 3 tool for the of sumoyation stbes and SUMO-
Interaction motifs. Nuckek: Adds Res, 2014;42:9325-300
Ren 1, Gao X, JInC, Zhu M, Wang ¥, Shaw A Wen L, Yao X, Xue Y. 5ys-
temnatic study of protein sumoyistion: development of a site-spedfic
predictor of SUMOsp 2.0 Proteomics. 20085340012
Lumipkin R, Gu H, Zhu ¥, Lacnard M, Ahmad AS, Clauser KR, Meyer JG,
Banmett E), Komives EA Sita-spaofic identfication and quantitation of
SUMD madifications under native conditions. Mat Com-
man. 201780111,

E7.

o1

Page 20 of 30

. Hendrlks |4, Lyon [ Su Dy Skotte NH, Daniel 14, Jensen L, Mieksen

ML Ste-spedfic characterization of endogencus SUMOyation across
species and organs. Mat Commun. 201851 F1-17.

. Chen 5, Frandoll LT, Goodrich K, et al. A genomic mutational

constralnt map using varkztion In 76,156 human genomes. Natuse.
R3EFE(FHOE52-100.

kraemer BC, Schuck T, Wheeler IM, Robinson LS, Trojanowskl 1 Lee
v, Schellenbesg GO Loss of Munne TOP-43 disrupts motor func-
tion and plays an essential role in embryogenasis. Acta Meuropathol
20111940919,

. Khalfallsh ¥, Kuta A, Grasmuck C, Prat A, Durham HD, Vande Velde

TOP-43 regulation of stress granule dynamics In neundegenesative
diezse-ralevant cell 50 Rep. 201887551,

. Sidiba H, Khalfallah v, Xlao 5, et al TOP-43 stabllzes G3EPT maNA:

relevance to amyobrophic tera scleroslsfrontotemposal dementia
Braln. 2021. hitpsyydolorgn 01083/ brainsawab 217,

. shelkovniliova TA, Kukharsky M3, An H, Dimasi 2 Alexeeya 5, shabr

0, Heath PR, Buchman VL. Protective paraspackle hyper-zssembly
downstraam of TOP-a3 loss of function in amyotrophic lateral sclero-
sls. Mol Mewodegener. 201813117

‘Wang C, Duan ¥, Duan G, et al Stress Induces dynamic, cytotoxdcity-
antagontang TOP-43 nuclear hodies via paraspackle LNcRMA MEATT-
mediated iquid-iquid phase saparation. Mol Cell. 202079443456
(-8

| YU H, Lu 5, Gasior K, et 3l HSF70 chaperones RNA-fies TOP-43 Into

anisotropic Intranucear liquid sphesical shells. Sclence (1975 19790
hittpss/idiol. orge10.11 26/ S0ENCE ABBA3 09/ SLIPPL_FILE/ABBA309_
WU_SMPD

Gasrtsma HM, 50k TR, Ricke KW, Horsthuls K, Parmasad JLA, Fisk 74,
Callaghan 5M, Rousseaus MW Constitutiee nuclear accumulstion of
endogenous sipha-symuclein In mice causes matos Impaement and
cortical dysfunction, ndependent of protain aggregation. Hum Mol
Ganat. 202231:3613-36

o4, ¥u B Pamphlett . Environmenital insults: crical triggers for amyo-

o7,

1ot

102

103

104,

105

T06.

trophic lateral sclerosis. Trans! Neurodegenear. 200 756:1-100

. kmola L Mukherjee 4, Mutsuddi M. Recent updatas on the ganetics

of amyotrophic |atersl scerosts and frontoternporal dementia. Mol
Mewobiol 222599567304

. Wang A, Conlcella AE, Schimidt HE, et al. A single N-terminal phos-

phamamic dsrupts TOP-43 pobymertzation, phass separation, and
FHA spllcing. EMBD ). 201837 857452

Brady O, Meng F Zheng ¥, Maa Y, Hu F. Regulation of TOP-43
apgregation by phosphorylation andps2y5Q5TMIL ) Neurochem.
01T 116:248-55,

. Wiegorzewska |, Ball 5, Caims MU, Miller TM, Baloh RH. TDP-43 mutant

transgenic mice devalop Saatures of ALS and frontotemporal lobar
degenesation. Proc Matl Acad 50U 5 A 20081061 8B09-14.

. Carnpbell KM, Xu 'Y, Fated C, et al Loss of TOP-43 In male germ cells

causes medotic falure and impairs festility In mice. J Biol Chem. 2021,
httpss/adolorg 101006/ bo 2020101231,

. Milstead RA, Link CD, Xu Z, Hoeffer CA. TOP-43 knockdown in mouse

model of ALS leads to dsRMA deposition, glosks, and neurodegenars-
tion In the spinal cord. Cerebral Cortex: (Mew York, NY). 2023,33:5808.
Yang Qo T, v J, at 3l Low-level overexpression of wild type TOP-
43 causes lata-onset, progressive newnodsgeneration and paralysis in
mice. Plas One 3022 17e02557 100

Burattl E. TOP-43 post-translational modifications In health and dis-
ease. Expart Opin Ther Targats. 2018, hitpsy/idol org/ 10106014728
2222081435923,

Chattanes M, Ordemi 5, Friz C, et al. flasma extracellular veside

tau and TOP-43 as diagnostic biomarkess in FID and ALS. Nat Med.
IO43E)1TT-83.

Feller M5, Strobed 8, Frelschmidt A, et al TOP-43 Is ntescallularly
transmitted across axon terminals. J Cell Blol 201521 1:697-911.
Iguchi ¥, Exd L, Farent M, at 2l Exosome secretion i a key pathway for
clearance of pathologlcal TOP-43. Brain. 2016;1 3%:3187-201.
Lelbiger <, Datsed ), Aufschnalter A, Ambros 5, Teseshchenko M, Var-
heljen BM, BOttner 5, Braun A, TDP-43 controls lvsosomal pathways
tharaby detarmining Its own dearance and cvtotorcity. Hum kol
Ganet. 201827:1 593607,

87



Suk er ai. Molecular Neurodegeneration  (2025) 2038

107.

1AL

nn.

nz

ni

14

115

116

nz.

TIE

1%

120

121.

Llu G, Byrd A, Waner AM, Pel F;, Easha E, Buchanan A, Buchan JR Cocdgs
WP and endocytoss sequisie TOP-43 and FUS tomcity and tumover.
Mol Cell Blol 2019. httpsyidolom 100 1 28 m o 0ESE-15.

Liu G, Coyne AN, Pa F, Vaughan 5, Chaung M. Zamescu DC, Buchan

JR. Endocytioss regulates TDP-43 towctty and turnover. Nat Comman.
N TAI05.

Sootter EL vanoe O, Mishimura AL, et 3l Differential roles of the ubique-
tin proteasome system and autophagy In the clearznce of soluble and
apgregated TOP-43 spacks, ) Cell 5ol 20141371 263-78.

Wang ¥, Fan H,ing Z, Ll B, Wang H, Wang G. Degradation of TOP-43
and Its pathogenic fom by autophagy and the ublquitinproteasome
sysiem. Heurosd Lett 200 0446511 2-6.

Yau T, Maoling O, Courey AL SUMOyiation In development and
neundegensation. Developmeant. 2000 hitpedalongs 101 242/ 0EY.
IFEI0E.

Princz A, Tavernarakls M. The role of SUMOylation in ageing and sanes-
cent dexding. Mech Ageang Dev. 2017 162:85-20.

wihite s, KIm E, Duffy &, at 3l TDP-43 gains function due to perturbad

autoragulation in a Tardbp knockan mouse moded of ALS-FTD: Mat Mew-

rosd. 201811138

Fratta P Svakumar E Humphrey J, et 3 Mice with endogenous TDP-43
mutztions exhibit gain of spliong function and charactenstics of amyoe-
trophic lateral scemsis. EMBO L 2018, httpssydoloeg/ 1001 5252/emby.
H017984R4.

Abramson | Adler J, Dunger 1, et al. Accurste structuse predic-

tion of biomoleoular Interctions with AlphaFold 3. Mature.
H2456303016):493-500.

Deraeper A, Guignan, Blanc G, et al PhylogenySr: robust phyiogenatc
analysks for the non-spedalist. Nuckelc Adds Res. 7008, 36W465-5.
Gartsanstein M, Muttar L. Engineesing point mutant and epitope-
tapged alleles In mice using Cas9 AMA-guided nudessa, Cur Froto
Mousa Blol 201882553,

Miedel C1, Fatton B, Miadal AN, Miedel 5, Levenson JM. Assassment
of spontaneous altemnation, novel object secognittion and Bmib dasping
In transgenic mouse miodeds of amydolid-# and taw newropathology.
JovE (Joumal of visusiized Experiments). 200 7,201 7855523
Guyenet 5J, Furrer 54, Damian'vM, Baughan T, |2 Spada AR, Garden
GA A dmple composte phenotype scorng system for evaluating
mouse models of cesebellar atada, |V Exp 200053921787,

L 5, Mossa |, Husson F FactonineR: an R package for muftivanate analy-
ks, | Stat Softw, 2008,25:1-18.

#lboukadel &, Fabilan M. Extract and visualize the results of muitharate

data analyses [A peckage fackoaxtra version 1.07] 2020 htpsyy CRANA-

projectorg/package=factoextra Arcessed B Apr 2024,

Publisher's Note
springer Matuse ramains nedtral with regeed to jurisdictional clasms in pub-
lished miaps and Institutional affilations.

Page 300f 30

88



