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Introduction 1

1 Introduction

1.1 Distal myopathy

1.1.1 Terminology of distal myopathies

Distal myopathies represent a genetically and clinically heterogeneous group of rare Mendelian
disorders, primarily characterized by weakness of the distal musculature and a myopathic
pattern on diagnostic testing. The term ‘distal myopathy’ was first coined by Gowers in 1902
in the context of early efforts to differentiate primary muscle diseases from neurogenic
atrophies (1, 2). The earliest comprehensive study of familial cases of distal myopathy was
published by Welander in 1951, almost half a century later, followed by the first identification
of a genetic cause by Liu in 1998 (3, 4). Since then, numerous distinct pathogenic variants have
been discovered in an ever-growing number of genes, reflecting substantial molecular
heterogeneity (5). While distal muscle weakness can be a feature of both acquired muscle
disorders and inherited myopathies, the term ‘distal myopathy’, in the stricter sense, refers to

genetically determined conditions (6).

1.1.2 Characterization of distal myopathies

Distal myopathies are rare and occur in fewer than 1 in 100,000 individuals, according to an
epidemiological study conducted in Northern England (7). Although their overall impact on
society is minimal, these conditions significantly impact the daily lives of patients and their
families. The classification of distal myopathies is based on the age of symptom onset,
inheritance pattern, and the underlying genetic variant (8). Typically manifesting during
adulthood (9), distal myopathies present with muscle weakness and wasting of the hands and
feet. The initial pattern often includes anterior leg involvement, causing problems with toe-
lifting and plantar flexion. Upper limb weakness commonly affects finger extensors and
intrinsic hand muscles, which leads to reduced grip strength (10). Over time, additional features
may emerge, including proximal muscle weakness, bulbar impairment, respiratory muscle
insufficiency, and cardiac abnormalities (such as conduction disorders, arrhythmias, or
cardiomyopathy) (10). The disease course is usually characterized by the slow progression of
symptoms without a reduction in life expectancy. However, quality of life can be considerably

affected due to the progressive limitation of mobility, potentially leading to loss of ambulation.
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1.1.3 Diagnostic approach and treatment of distal myopathies

Patients with suspected distal myopathy should undergo a comprehensive clinical examination,
with particular attention to muscle strength, signs of atrophy, and potential involvement of
bulbar muscles or the cardiac and respiratory systems. Serum creatine kinase (CK) levels are
highly variable, ranging from normal or near normal to markedly elevated, occasionally up to
100 times the upper limit of the reference range (2). On electromyography (EMG), motor unit
potentials often exhibit reduced amplitude, brief duration, and a polyphasic pattern, findings
characteristic of a myopathic lesion (10). Medical imaging (ultrasound, computed tomography
(CT), magnetic resonance imaging) can be employed to delineate patterns of muscle
involvement, detect subclinical muscle remodeling, and guide the selection of appropriate
muscle biopsy sites (9). Histological findings in distal myopathies are variable, ranging from
nonspecific myopathic changes, such as nuclei internalization and muscle fiber size variability,
to more specific abnormalities like myofibrillar disarray and rimmed vacuoles (10). Further
diagnostic workup includes electrocardiography and echocardiography to evaluate potential

cardiac involvement, as well as pulmonary function testing to assess respiratory function (11).

Genetic testing plays a central role in identifying the underlying molecular etiology of the
disease (12). To date, pathogenic variants in more than 20 genes have been associated with
various forms of distal myopathy. Despite these advances in genetic diagnostics, many
individuals and families with distal myopathy still lack a definitive molecular diagnosis,
indicating the likely existence of additional, yet undiscovered, distal myopathy genes.
Furthermore, even when a variant is identified in a known disease-associated gene, it may be
classified as a variant of uncertain significance, limiting its diagnostic utility. In such cases, a
muscle biopsy can provide valuable diagnostic support. The presence of a myopathic pattern,
especially specific histopathological features such as rimmed vacuoles or myofibrillar

disintegration, can support the diagnosis.

Treatment is limited to symptomatic management. This includes physical therapy and the use
of assistive devices such as canes or wheelchairs to support mobility. Regular follow-up is
recommended to monitor for potential complications, especially cardiac and pulmonary decline
(12). To date, no effective disease-modifying therapies are available for distal myopathies (12).
However, the emergence of gene-based therapeutic approaches in other hereditary
neuromuscular disorders (13) highlights the importance of identifying the precise molecular

etiology of distal myopathies, which may pave the way for targeted treatments in the future.
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1.1.4 Differentiating myopathy from motor neuron disease

The clinical symptom of distal muscle weakness is associated with both muscle diseases and
certain motor neuron diseases. Among the latter, amyotrophic lateral sclerosis (ALS) is the
most prominent, with a prevalence of 5.4 per 100,000 people in European countries (14). ALS
involves progressive degeneration of cortical, bulbar, and spinal motor neurons, ultimately
leading to generalized paralysis and premature mortality (14). Initial manifestations often
include distal muscle weakness, muscle cramps, and fasciculations, while in other patients, the
disease may begin with dysphagia and dysarthria (15). The mean age at onset is 62 years, and
death usually occurs within two to four years, most often due to respiratory failure (14). ALS
can be associated with frontotemporal dementia (FTD), characterized by cognitive symptoms,
such as apathy and aphasia (15). Given the distinct underlying pathologies, clinical
manifestations, and prognoses of distal myopathies and motor neuron diseases, accurate
diagnosis is essential for appropriate patient management and counselling. Several features
from the clinical examination and diagnostic procedures allow for a clear distinction between

myopathy and motor neuron disease (Table 1).

Table 1: Comparison of distal myopathy and amyotrophic lateral sclerosis

Distal myopath Amyotrophic lateral sclerosis
Yopathy \ p

Pathology Primary muscle disease Motor neuron disease

Fatal within a median of two to
four years following disease onset

Course of disease Slow progression with usually

normal life expectancy

Manifesting symptoms  Symmetric distal muscle

weakness and atrophy

Asymmetric muscle weakness and
atrophy, muscle cramps,
fasciculations, dysarthria,
dysphagia

Other symptoms
appearing over time

Proximal muscle weakness;
potential involvement of bulbar
muscles, cardiac and respiratory
systems

Generalized paresis, bulbar and
respiratory dysfunction, cachexia,
fatigue; ALS-FTD: cognitive
decline, behavioral abnormalities

Deep tendon reflexes

Normal, reduced, or absent

Brisk reflexes, pyramidal tract
signs

Electromyography

Myopathic pattern

Neurogenic pattern

Genetic contribution

Monogenic diseases

Usually sporadic, 5-10% familial
cases
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1.2 Transactive response DNA-binding protein of 43 kDa (TDP-43)

1.2.1 Structure and function of TDP-43

The transactive response DNA binding protein of 43 kDa (TDP-43, MIM: 605078) is encoded
by the TARDBP gene on the short arm of chromosome 1 (16). It was initially described as a
transcriptional repressor of the TAR DNA element of human immunodeficiency virus type 1,
from which its name is derived, and was later identified as a splicing regulator of the CFTR
gene, which is mutated in cystic fibrosis (16, 17). TDP-43 is now recognized as a
multifunctional RNA-binding protein with diverse roles in RNA metabolism, including
regulation of mRNA stability, alternative splicing, and microRNA biogenesis (17-19).
Structurally, human TDP-43 consists of 414 amino acids and is organized into several distinct
domains: an N-terminal region that includes a nuclear localization signal (NLS), two RNA-
recognition motifs (RRMs), and a C-terminal low-complexity domain (LCD), which is
intrinsically disordered (17, 20) (Figure 1). The LCD shares sequence similarity with prion-
like domains and mediates protein-protein interactions. It also promotes the formation of
biomolecular condensates through phase separation, a property implicated in both physiological

function and pathological aggregation of TDP-43 (21, 22).

S347P G376V

1 106 176 191 262
- S B e = R

l 0

D23A A%V PII2H  D169G N267S A321V/IG M359V S379P/C/A
G287S Q331K R361S/T A382P/T
G290A G335D  P363A 1383V
G294A/V M337V  G368S G384R
G298S Q343R  S375G W385G
M311V N345K  G376D N390D/S
A315T/E G348C/V/R N378D/S S393L

Figure 1: TDP-43 structure and disease-causing variants

Schematic presentation of human TDP-43 and positions of disease-associated variants. The protein
consists of an N-terminal domain (NTD) with a nuclear localization sequence (NLS), two RNA-
recognition motifs (RRM), and a C-terminal low complexity domain (LCD). The myopathy-associated
variants are highlighted at the top (red), and a selection of ALS-associated variants is shown at the
bottom (grey). The figure was adapted from (23) and created with BioRender.

1.2.2 TDP-43 cytoplasmic redistribution and granule formation
Under physiological conditions, TDP-43 is mainly a nuclear protein but shuttles between the
nucleus and cytoplasm (24). However, under pathological conditions, TDP-43 loses its diffuse

nuclear localization and instead accumulates in cytoplasmic granules (25, 26). The precise
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mechanisms driving this subcellular redistribution and granule formation are not fully
understood and remain intensively debated. Altered subcellular localization has been attributed
to disruptions of nucleocytoplasmic transport, presumably triggered by factors such as cellular
stress, posttranslational modifications, or TARDBP gene variants (see section 1.2.3) (23). The
formation of TDP-43 granules has been suggested to involve phase separation, a process that
allows proteins like TDP-43 to demix from a homogeneous solution to form liquid-like
condensates through multivalent intermolecular interactions (27). Phase separation serves as a
physiological mechanism for generating dynamic and reversible biomolecular assemblies,
facilitating efficient resource allocation and supporting cellular homeostasis, particularly under
stress conditions (28). However, when the regulatory mechanisms of phase separation are
disrupted, such as by chronic cellular stress, TARDBP variants, changes in subcellular
localization, or impaired RNA and protein interactions, these condensates can undergo aberrant
phase transitions, ultimately resulting in the formation of high-molecular-weight assemblies

and the pathological conversion from soluble protein to stable, insoluble aggregates (29, 30).

1.2.3 Involvement of TDP-43 in disease

Cytoplasmic TDP-43-positive granules were first observed in neurons and glial cells from ALS
and FTD brains, where they were found to undergo posttranslational modifications such as
ubiquitination, phosphorylation, and intramolecular cleavage (31, 32). Since then, cytoplasmic
TDP-43 inclusions have also been detected in the central nervous system of patients with other
neurodegenerative disorders, including Alzheimer’s disease (AD), dementia with Lewy bodies,
Parkinson’s disease (PD), and Huntington’s disease (33-37). Collectively, conditions featuring
TDP-43 aggregates are now often referred to as TDP-43 proteinopathies (38, 39), underscoring

the protein’s pathological role across a broad disease spectrum.

The pathophysiological significance of TDP-43 dysfunction was further underscored when
TARDBP variants were detected in several ALS cases (40-42). These findings indicated that
abnormal TDP-43 function and TDP-43 granules can directly contribute to neuronal damage,
rather than being a secondary consequence of neurodegeneration. Subsequently, TARDBP
variants were also detected in individuals affected by FTD, AD, and PD (43-45). Around 3%
of familial ALS cases and 1.5% of sporadic cases can be attributed to TARDBP variants (46),
with most variants clustering in the LCD of TDP-43 (47). Functional studies of these disease-
causing variants have revealed several pathogenic features, including an increased propensity
for the formation of cytoplasmic TDP-43 granules, loss of nuclear localization, altered

responses to cellular stress, and changes in phase separation dynamics (30, 48-52). However,
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the results of these studies have been notably variable, even for the same variant, indicating that
the impact of individual variants may be influenced by experimental context or cellular
environment. Furthermore, while some variants clearly enhance cellular toxicity (53, 54), others

appear to have neutral or context-dependent effects (49, 55).

1.2.4 Role of TDP-43 in skeletal muscle pathology

Notably, TDP-43 pathology is not restricted to the nervous system. TDP-43-positive granules
have also been discovered in the cytoplasm of skeletal muscle fibers of patients affected by
rimmed vacuole myopathies (such as sporadic inclusion body myositis and inclusion body
myopathy with Paget’s disease of bone and FTD) as well as myofibrillar myopathies (56-60).
These aggregates were frequently accompanied by a reduction or complete loss of TDP-43

localization in the myonuclei (57, 58, 60).

In contrast to the situation in the nervous system, where 74ARDBP variants have been implicated
in familial ALS, no primary muscle disease was known to be caused by 7ARDBP variants until
recently. However, the presence of TDP-43-positive granules in muscle tissue led to the
hypothesis that TARDBP variants could directly contribute to skeletal muscle disorders,
analogous to their role in neurodegenerative diseases. Building on this hypothesis, patients with
etiologically unexplained myopathies were screened for TARDBP variants at LMU University
Hospital, LMU Munich, and the Facult¢ de Médecine Rockefeller, Université Claude Bernard
Lyon. This screening identified two TARDBP missense variants, as further detailed in section
1.3. Moreover, while this thesis was being finalized, a TARDBP frameshift variant,

p.Trp385llefsTer10 (W3851-fs), was reported in cases of rimmed vacuole myopathy (61).

1.3 Identification of myopathy-associated TARDBP variants

Genome-wide linkage analysis, exome-sequencing, and segregation studies by Sanger
sequencing identified the TARDBP variant p.Gly376Val (G376V) in two reportedly unrelated
French families affected by late-onset, autosomal-dominant distal myopathy. Additionally, in
an isolated German patient with distal myopathy, a second TARDBP variant, p.Ser347Pro
(S347P), was detected (Figure 2A). Both variants affect amino acid residues that are strictly
conserved during the evolution of TDP-43 (Figure 2B and Table 20 in the appendix).
Computational pathogenicity prediction tools classified both variants as deleterious (Table 21
in the appendix). Furthermore, neither variant was found in public databases covering human

genomic variation (Table 22 in the appendix).
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Figure 2: Identification of TARDBP variants in distal myopathy families (adapted from (62))

A) Pedigrees of the families with TARDBP variants

Two TARDBP variants were identified in three families. The variant p.Gly376Val was detected in
families A and B, while p.Ser347Pro was found in the DNA of the index patient of family C. Filled
symbols represent affected individuals, whereas empty symbols indicate individuals without a diagnosis
of distal myopathy. Circles denote females, squares denote males, and deceased individuals are marked
with a diagonal line. Individuals labeled in black tested negative for TARDBP variants, those labeled in
red carry the familial TARDBP variant, and individuals with grey labels were not tested due to the
unavailability of DNA samples.

B) Multiple sequence alignments of TDP-43 from several species

The variants identified in TARDBP alter residues that show strong evolutionary conservation. Arrows
indicate the positions of missense variants observed in patients. Residues highlighted with a grey
background represent conserved amino acids. Human (H. sapiens): Q13148, chimpanzee (P.
troglodytes): XP_016809429, cow (B. taurus): G3MX91, mouse (M. musculus): Q921F2, platypus (O.
anatinus): ENSOANTO00000021034, chicken (G. gallus): Q5ZLNS, frog (X. tropicalis): Q28F51, and
zebrafish (D. rerio): NP_958884.



Introduction 8

All affected individuals showed distal muscle weakness and atrophy, which initially started in
the lower extremities, the upper limbs, or both simultaneously (Figure 3A, B, and Table 2).
Clinical symptoms developed at a median age of 50 years and progressed over time, leading to
loss of independent ambulation in some patients. Additional features observed in certain
individuals included pulmonary dysfunction and cardiac disease. No signs of pyramidal tract

dysfunction, cognitive impairment, or behavioral abnormalities were observed.

Table 2: Clinical presentation of TARDBP-related distal myopathy (adapted from (62))

Individual A: A: A: A: A: A: A: B: B: C:
Im-s 11-7 19 mumn m-6é 1Iv-3 1IV-6 Iv4 V-1 1I-1

Sex F M M M F M M M M M
Onset age (y) 45 54 50 50 69 50 49 40 40 63
First symptoms distal distal distal distal distal distal distal UL  distal distal
UL UL & UL UL & UL & UL LL LL LL
LL LL LL

Asymmetric Yes No Yes Yes No Yes  Yes No Yes No
involvement

Impaired + + ++ +++  + + + ++ ++
ambulation”

Dysphagia Yes  Yes Yes Yes  Yes Yes No Yes No No
Exertional Yes Yes Yes Yes Yes Yes Yes Yes No No
dyspnea

Cardiac disease No No No Yes®?  Yes® No Yes? No  Yes®? No

CKlevel IU/L) 157 N N 500 173 NP 500 N 430 370

Myogenic EMG Yes NP Yes Yes Yes NP Yes Yes Yes  Yes

Abbreviations: CK = creatine kinase; EMG = electromyography; F = female; LL = lower limbs; M =
male; N = within normal limits; NP = not performed; UL = upper limbs; y = years

9 Degree of impaired ambulation at most recent visit: + = difficulties to walk, ++ = ambulation with
support, +++ = wheelchair-bound; ® hypertrophic cardiomyopathy; © atrial fibrillation; ¢ left bundle
branch block; © one episode of ventricular tachycardia

Levels of serum CK were normal or mildly elevated. EMG findings were consistent with a
myopathic process, whereas nerve conduction studies were normal. CT imaging demonstrated
atrophy of distal limb musculature (Figure 3C). Light microscopy of muscle biopsies showed

chronic myopathic changes, including endomysial fibrosis, fiber atrophy, centralized nuclei,
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and sarcoplasmic vacuoles (Figure 3D). Immunohistochemistry for phosphorylated TDP-43

revealed sarcoplasmic granules associated with vacuolar structures (Figure 3E).

One individual (A-III:6), reported as clinically unaffected, was found to carry the TARDBP
variant. This is most likely attributable to incomplete penetrance of the variant or
underreporting of symptoms, as this individual had not undergone assessment at a specialized

neuromuscular center.

Figure 3: Clinical and histopathological features of TARDBP-related distal myopathy (adapted
from (62))

A) Clinical photograph of individual A-II1:11 (age 67)

The patient exhibited symmetric upper limb extensor muscle weakness.

B) Clinical photograph of individual A-III:S (age 70)

The patient presented with muscle atrophy in the anterior compartment of the left distal leg.

C) Skeletal muscle CT scan of subject A-IV:6 (age 51)

Imaging revealed thigh muscle atrophy.

D) Muscle biopsy from individual B-1V:4 (age 73)

Hematoxylin-phloxine-saffron (HPS) staining revealed rimmed vacuoles (arrow), myofiber atrophy and
necrosis (asterisks), centralized nuclei, and fatty infiltration. Scale bar: 200 pm.

E) Muscle biopsy from individual B-1V:4 (age 73)

Immunostaining for phosphorylated TDP-43 showed granular deposits in the cytoplasm (arrowheads).
Scale bar: 200 pm.
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2 Aims of the Study

Following the recent identification of TARDBP variants in patients with distal myopathy, this
study was designed to explore the molecular and cellular pathways through which these variants
cause the disease. Specifically, the work focused on the functional characterization of newly
identified myopathy-associated TARDBP variants, evaluating whether they recapitulate known
key features of TDP-43 pathology, particularly its aggregation-like behavior, and how their
effects may differ from those of wild-type TDP-43 and ALS-associated variants.

To address these questions, a series of functional assays was conducted to assess whether the
myopathy-associated TARDBP variants (i) alter the solubility of TDP-43, (ii) modify its
subcellular distribution, (iii) affect its phase separation properties, (iv) change the morphology
of TDP-43 condensates, and (v) influence the kinetics of detergent-resistant aggregate
formation. To ensure consistency with prior studies, protocols established for wild-type and
ALS-variant TDP-43 were followed, including the use of the motor neuron-like NSC-34 cell
line. In addition, one of the most extensively studied ALS-associated TARDBP variants,

p.Ala315Thr (A315T), was included as a comparator.

The findings from this work are expected to advance the understanding of the mechanisms
underlying TARDBP-induced distal myopathy and provide a foundation for future research

aimed at developing targeted therapeutic approaches.
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3 Material and Methods

Recombinant plasmids were generated by Dr. Rolf Stucka from our research group at the
Friedrich-Baur-Institute. I performed protein purification and phase separation assays at the
LMU Biomedical Center (BMC) in the former laboratory of Prof. Dorothee Dormann (now at
Johannes Gutenberg University Mainz), under the supervision of Dr. Lara Aletta Gruijs da
Silva, with additional support from Francesca Simonetti (PhD student). All other experimental
work described in this study was carried out by me in the laboratory of the Friedrich-Baur-
Institute. Unless otherwise specified, procedures were performed with minor modifications to

published protocols (63-65) or according to the manufacturer’s instructions.

3.1 Laboratory equipment and reagents

Table 3: Laboratory equipment

Description

Supplier

Axio Observer.Z1 field fluorescence microscope
Bandelin Sonoplus Sonicator HD 2070
BioShake iQ

BioTek Powerwave HT plate reader
Centrifuge 5417

Freezer -20 °C, -80 °C

Heating block

HI 9321 Microprocessor pH Meter
Incubator 37 °C

Mastercycler personal
Mini-PROTEAN Tetra Cell Proteingel chamber
MiniSpin

Nanodrop ND-1000 Spectrophotometer
Odyssey Fc Imaging System

Olympus BX61 confocal microscope
Pipet-Aid XP

Pipet tip Safe Seal SurPhob

Power Pac HC

Scale Kern PRS 620-3

TC20 Automated Cell Counter

Tecan infinite M200PRO plate reader
p-Slide 18 Well - Flat chambers

Vortex Genie 2

Zeiss (Oberkochen, Germany)
Bandelin electronics (Berlin, Germany)
Analytik (Jena, Germany)

Agilent (Santa Clara, USA)

Eppendorf (Hamburg, Germany)
Heraeus (Hanau, Germany)

Liebisch (Bielefeld, Germany)

Hanna Instruments (Vohringen, Germany)
Heraeus (Hanau, Germany)

Eppendorf (Hamburg, Germany)
Bio-Rad (Hercules, USA)

Eppendorf (Hamburg, Germany)
Peqlab (Erlangen, Germany)

Li-Cor Biosciences (Lincoln, USA)
Olympus (Tokio, Japan)

Drummond Scientific (Broomall, USA
Biozym (Hessisch Oldendorf, Germany)
Bio-Rad (Hercules, USA)

Kern & Sohn (Balingen, Germany)
Bio-Rad (Hercules, USA)

Tecan Group (Maennedorf, Swiss)
Ibidi (Gréfelfing, Germany)

Scientific Industries (New York, USA)
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Table 4: Molecular biology kits
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Description

Supplier

GFP-Trap Magnetic Agarose

jetPEI Transfection Reagent

Lipofectamine 2000 Transfection Reagent
NucleoBond PC 500 Plasmid DNA Purification
NucleoSpin Gel and PCR Clean-up Kit
QuikChange Site-Directed Mutagenesis Kit

ChromoTek (Planegg, Germany)
Polyplus (Illkirch, France)

Invitrogen, Thermo Fisher (Waltham, USA)

Macherey-Nagel (Diiren, Germany)
Macherey-Nagel (Diiren, Germany)
Agilent (San Diego, USA)

Table 5: Chemicals

Description

Supplier

Albumin Fraktion V

Bovine serum albumin (BSA)

Dimethyl sulphoxide

Dulbecco’s Modified Eagle Medium (DMEM)
Dulbecco’s Phosphate Buffered Saline (PBS)
Ethanol 96%

Ethylenediaminetetraacetic acid (EDTA)
Fetal calf serum (FCS)

Fluorescence Mounting Medium
GlutaMax Supplement

Hydrochloric acid fuming 37%
Isopropanol

Methanol

Milk powder

NP-40

PageRuler Prestained Protein Ladder
Penicillin-streptomycin (P/S)
Phenylmethylsulfonyl fluoride (PMSF)
Phosphate buftfered saline (PBS)
Protease Inhibitor Cocktail Tablets
Sodium chloride (NaCl)

Sodium dioxoarsenite

Sodium deoxycholate

Sodium fluoride (NaF)

Sodium orthovanadate (Na3VO,)
Tetramethylethylendiamine (TEMED)
Trishydroxymethylaminomethan (Tris)
Trypsin-EDTA 0.05%

Tween 20

Carl Roth (Karlsruhe, Germany)
Sigma-Aldrich (Taufkirchen, Germany)
Carl Roth (Karlsruhe, Germany)

Gibco, Thermo Fisher (Waltham, USA)
Sigma-Aldrich (Taufkirchen, Germany)
Carl Roth (Karlsruhe, Germany)
Sigma-Aldrich (Taufkirchen, Germany)
Sigma-Aldrich (Taufkirchen, Germany)
Dako, Agilent (Santa Clara, USA)
Gibco, Thermo Fisher (Waltham, USA)
Carl Roth (Karlsruhe, Germany)

Carl Roth (Karlsruhe, Germany)

Carl Roth (Karlsruhe, Germany)

Carl Roth (Karlsruhe, Germany)
Sigma-Aldrich (Taufkirchen, Germany)
Thermo Fisher (Waltham, USA)
Sigma-Aldrich (Taufkirchen, Germany)
Sigma-Aldrich (Taufkirchen, Germany)
Sigma-Aldrich (Taufkirchen, Germany)
Roche (Basel, Switzerland)
Sigma-Aldrich (Taufkirchen, Germany)
Sigma-Aldrich (Taufkirchen, Germany)
Sigma-Aldrich (Taufkirchen, Germany)
Sigma-Aldrich (Taufkirchen, Germany)
Sigma-Aldrich (Taufkirchen, Germany)
Sigma-Aldrich (Taufkirchen, Germany)
Carl Roth (Karlsruhe, Germany)

Gibco, Thermo Fisher (Waltham, USA)
Sigma-Aldrich (Taufkirchen, Germany)
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Table 6: Enzymes

Description

Supplier

AccuPrime Pfx DNA Polymerase

DreamTaq Hot Start Green PCR Master Mix

Restriction endonucleases
T4 DNA Ligase
TEV protease (His6-tagged)

Invitrogen, Thermo Fisher (Waltham, USA)
Thermo Fisher (Waltham, USA)

New England BioLabs (Ipswich, USA)
New England BioLabs (Ipswich, USA)

Prof. Dorothee Dormann

Table 7: Buffers and gels

Description Composition/supplier
Cell lysis
Cell lysis buffer 1% SDS, 10 mM Tris-HCI pH 7.4, protease and
phosphatase inhibitors
RIPA buffer 150 mM NaCl, 50 mM Tris-HCI pH 8.0, 0.1% SDS, 1%

NP-40, 1% sodium deoxycholate, 50 mM NaF, 1 mM
Na3zVOs4, 200 mM PMSF, protease inhibitor cocktail

SDS-PAGE and western blot
Running buffer
4-15% Mini-PROTEAN precast gels
Trans-Blot Turbo 5x Transfer Buffer
Blocking buffer

25 mM Tris, 192 mM glycine, 0.1% SDS, pH 8.3
Bio-Rad (Hercules, USA)
Bio-Rad (Hercules, USA)

5% nonfat milk in Tris-buffered saline with 0.1%,
Tween20 (TBS-T) or 3% BSA in PBS

Co-immunoprecipitation (Co-IP)
Co-IP lysis buffer

Co-IP wash buffer

10 mM Tris-HCl pH 7.5, 150 mM NacCl, 0.5 mM EDTA,
0.5% NP-40

10 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.5 mM EDTA

Protein purification

Protein purification lysis buffer

Protein purification SEC buffer

20 mM Tris pH 8.0, 1 M NaCl, 10 mM imidazole, 10%
glycerol, 4 mM Beta-mercaptoethanol, 1 pg/mL aprotinin,
1 pg/mL pepstatin, 1 pg/mL leupeptin, H>O ad 250 mL

20 mM Tris pH 8.0, 300 mM NacCl, 10% glycerol, 2mM
TCEP, H,0O ad 500 mL

Phase separation assays

Phase separation phosphate buffer

20 mM Na2HPO4/NaH2PO4 pH 7.5, 2.5% glycerol, 1
mM dithiothreitol (DTT), 150 mM NacCl, H,O ad 1 mL

Table 8: Primers for TARDBP cloning and mutagenesis

Oligonucleotide primer

Sequence (5°-3’)

pCMV_HA_TDP43_Xhol
pCMV_HA_TDP43 Notl
pEGFP_N1_TDP43 HindIII
pEGFP N1 _TDP43 Xhol

ATACTGCTCGAGCTATGTCTGAATATATTCGGGT

CTGATAGCGGCCGCCTGCTACATTCCCCAGCCAGAAGAC

CTGATAAAGCTTCTGCATTCCCCAGCCAGAAGACT
ATACTGCTCGAGCTGATGTCTGAATATATTCGGGT

(table continued on next page)
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(table continued from previous page)

Oligonucleotide primer

Sequence (5°-3’)

TDP43 A315T F
TDP43_A315T R
TDP43_G376V_F
TDP43_G376V_R
TDP43 S347P_F
TDP43 S347P R

TGGTGGGATGAACTTTGGTACGTTCAGCATTAATCC
GGATTAATGCTGAACGTACCAAAGTTCATCCCACCA
CTGGAAATAACTCTTATAGTGTCTCTAATTCTGGTGC
ATTGCTGCACCAGAATTAGAGACACTATAAGAGTTAT
CCAGCAGAACCAGCCAGGCCCATCGGG

CCCGATGGGCCTGGCTGGTTCTGCTGG

Table 9: Plasmids and constructs

Plasmids Characteristics Supplier

pCMV- CMV promoter, TARDBP ORF, ampicillin resistance =~ Horizon Discovery

SPORT6/TDP43  gene (clone 5498250 (MGC:87845)) (Cambridge, UK)

pCMV-HA CMV promoter, N-terminal HA tag, ampicillin Clontech (Mountain
resistance gene View, USA)

pEGFP-N1 CMYV promoter, C-terminal EGFP tag, kanamycin Clontech (Mountain
resistance gene View, USA)

pCMV- HA- CMV promoter, N-terminal HA tag fused to This study

TDP43 TARDBP ORF, ampicillin resistance gene

pCMV-HA- Identical to pCMV-HA-TDP43 but encodes the This study

TDP43-A315T p-Ala315Thr variant of TDP-43

pCMV-HA- Identical to pCMV-HA-TDP43 but encodes the This study

TDP43-S347P p-Ser347Pro variant of TDP-43

pCMV-HA- Identical to pCMV-HA-TDP43 but encodes the This study

TDP43-G376V p-Gly376Val variant of TDP-43

pEGFP-N1- CMV promoter, C-terminal EGFP tag fused to This study

TDP43 TARDBP ORF, kanamycin resistance gene

pEGFP-N1- Identical to pEGFP-N1-TDP43 but encodes the This study

TDP43-A315T p-Ala315Thr variant of TDP-43

pEGFP-N1- Identical to pEGFP-N1-TDP43 but encodes the This study

TDP43-S347P p-Ser347Pro variant of TDP-43

pEGFP-N1- Identical to pEGFP-N1-TDP43 but encodes the This study

TDP43-G376V p-Gly376Val variant of TDP-43

pCMV3-N-HA- CMV promoter, N-terminal HA tag, kanamycin Sino Biological,

TIA1 resistance gene (clone HG18574-NY) (Eschborn, Germany)

pJ4M/TDP-43 T7 promoter, human TARDBP ORF, TEV site, MBP- Addgene (Watertown,
His6 tag, kanamycin resistance gene (clone 104480)  USA)

pJAM/TDP-43- Identical to pJ4M/TDP-43 but encodes the This study

G376V p-Gly376Val variant of TDP-43

Table 10: Primary antibodies

Antibody Host species  Application: Dilution Supplier
Anti-TDP-43 Rabbit WB: 1:1,000 Proteintech (Rosemont, USA)
Anti-GAPDH Mouse WB: 1:500 Merck Millipore (Burlington, USA)

(table continued on next page)
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(table continued from previous page)
Antibody Host species  Application: Dilution Supplier
Anti-GFP Rabbit WB: 1:5,000 Abcam (Cambridge, UK)
IF: 1:500
Anti-HA Mouse WB: 1:1,000 Roche (Basel, Switzerland)
IF: 1:500

Table 11: Secondary antibodies

Antibody Host species Application: Supplier
Dilution
IRDye 680RD Anti-Mouse IgG Donkey WB: 1:10,000 Licor (Lincoln, USA)
IRDye 680RD Anti-Rabbit IgG Donkey WB: 1:10,000 Licor (Lincoln, USA)
IRDye 800CW Anti-Mouse IgG Donkey WB: 1:10,000 Licor (Lincoln, USA)
IRDye 800CW Anti-Rabbit [gG Donkey WB: 10,000 Licor (Lincoln, USA)
Alexa Fluor 488 Anti-Rabbit IgG ~ Goat IF: 1:500 Invitrogen, Thermo
Fisher (Waltham, USA)

Alexa Fluor 594 Anti-Mouse IgG ~ Goat IF: 1:500 Invitrogen, Thermo

Fisher (Waltham, USA)

Table 12: Bacterial strains and mammalian cell lines

Sigma-Aldrich (Taufkirchen, Germany)
Sigma-Aldrich (Taufkirchen, Germany)

Strain/cell line  Description Supplier
DH5a Engineered E. coli strain

Rosetta 2 DE3 Engineered E. coli strain

HEK?293 Human embryonic kidney cell line

NSC-34 Mouse motor neuron-like cell line

ATCC (Manassas, USA)
ATCC (Manassas, USA)

Table 13: Software

Description

Supplier

BioRender
ColorSync Utility in macOS
GraphPad Prism 9 and 10

BioRender (Toronto, Canada)
Apple Computer Corporation (Cupertino, USA)
GraphPad Software (La Jolla, USA)

3.2 Molecular biology methods

3.2.1 Polymerase chain reaction

Polymerase chain reaction (PCR) amplification of the desired DNA fragments was carried out

with AccuPrime Pfx DNA Polymerase (Invitrogen, Thermo Fisher). The corresponding primers

(Table 8) were custom-ordered from Metabion (Martinsried, Germany). Details of the reaction

composition (Table 14) and the thermal cycling program (Table 15) are provided below.
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Table 14: Composition of PCR mixture
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Component Amount
DNA template 10-50 ng
dNTPs 200 uM each
10xAccuPrime Pfx Buffer 1 pL
AccuPrime Pfx DNA Polymerase 0.4 uL
Forward and reverse primers 100 pmol each
Nuclease-free H,O ad 50 pL.
Table 15: PCR cycling conditions
Step Temperature Duration Cycles
Initial denaturation 95°C 2 min 1
Denaturation 95°C 30 sec
Annealing 60°C 30 sec 35x
Elongation 72°C 1 min
Final extension 72°C 5 min 1

3.2.2 Agarose gel electrophoresis and DNA purification

PCR products and restriction digests were run on 1% agarose gels prepared in 1x TAE buffer
(40 mM Tris, 20 mM acetic acid, 1 mM EDTA) containing 0.1 pg/mL ethidium bromide.
Samples were mixed with 6x DNA loading dye (Thermo Fisher) and electrophoresed at 140 V.
DNA bands were visualized under UV illumination, and their sizes compared with GeneRuler
100 bp and 1 kb DNA markers (Thermo Fisher). Bands of the expected length were excised,
purified with the NucleoSpin Gel and PCR Clean-up Kit (Macherey-Nagel), and quantified at
260 nm using a NanoDrop 1000 spectrophotometer (Peqlab). Purified DNA was subsequently

used for downstream cloning or Sanger sequencing.

3.2.3 Generation of mammalian and bacterial TDP-43 expression constructs

Mammalian expression constructs encoding wild-type TDP-43 in pPCMV-HA and pEGFP-N1
(Clontech) were generated by PCR amplification of the full-length human TARDBP coding
sequence from pCMV-SPORT6/TDP-43 (Horizon Discovery). Primers were designed to match
the termini of the coding sequence and included restriction sites for cloning (Table 8). The
amplified fragments were separated on agarose gels, purified, digested with the appropriate
restriction endonucleases, and inserted into the pCMV-HA or pEGFP-N1 backbones. Point
variants p.Ala315Thr, p.Ser347Pro, and p.Gly376Val were introduced by overlap extension

PCR using complementary mismatch primers carrying the desired substitutions (Table 8) (66).
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Two PCR reactions were performed with pCMV-SPORT6/TDP-43 as template, each
combining one mismatch primer with one terminal primer (see above). The resulting
overlapping fragments were then combined, extended, and amplified with terminal primers to
yield the mutated full-length product. These products were gel-purified, digested with
restriction enzymes, and cloned into pCMV-HA or pEGFP-N1. For bacterial expression, the
p.Gly376Val variant of TDP-43-TEV-MBP-His6 was generated using the QuikChange
mutagenesis system (Agilent), with the wild-type construct pJ4M/TDP-43 (Addgene) as the
template. All constructs were verified by Sanger sequencing using standard plasmid primers.

Table 9 lists all constructs used in this study.

3.2.4 Restriction digest and ligation

Prior to ligation, gel-purified PCR-derived inserts and plasmid vectors were digested with the
corresponding restriction endonucleases. For cloning into pCMV-HA, Xhol and Notl were
used, while pEGFP-N1 constructs were prepared using Xhol and HindIIl. The digestion
mixtures (Table 16) were incubated for 1 h at 37 °C, followed by recovery of the DNA

fragments through gel extraction.

Table 16: Composition of restriction digest mixture

Component Amount
Plasmid 2-10 pug
Restriction endonucleases 2.5 uL each
10x CutSmart buffer 5 ulL
Nuclease-free H,O ad 50 pL.

Insert and vector preparations were then joined with T4 DNA ligase (New England Biolabs) at
a molar ratio of 1:3 (vector to insert). Ligation reactions (Table 17) were maintained overnight
at 16 °C, heat-inactivated at 65 °C for 10 min, and subsequently used for the transformation of

bacteria.

Table 17: Composition of ligation mixture

Component Amount
Plasmid 50-100 ng
Insert 15-80 ng
T4 DNA ligase 1 puL

10x T4 DNA reaction buffer 1 uL
Nuclease-free H.O ad 10 pL
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3.2.5 Bacterial transformation and colony screening

Competent E. coli DH5a cells were transformed with the recombinant plasmids using the
calcium chloride protocol (67). Fifty puL of cells were combined with 5 pL of the ligation mix,
kept on ice, heat-shocked at 42 °C, briefly chilled again, and then given a 1 h recovery period
at 37 °C in LB medium (1% tryptone, 0.5% yeast extract, 1% NaCl, pH 7). Transformed cells
were pelleted by centrifugation (13,000 rpm for 1 min), resuspended in 100 pL fresh LB, and
plated on LB agar (LB with 20 g/L bacto agar) supplemented with the appropriate antibiotic
(100 pg/mL ampicillin or 50 pg/mL kanamycin, depending on the construct), Plates were
incubated overnight at 37 °C to allow colony growth. Individual colonies were screened by
colony PCR (Table 18 and Table 19), followed by agarose gel electrophoresis of the
amplicons. Colonies confirmed to contain the correct insert were subsequently used to start

liquid cultures.

Table 18: Composition of PCR mixture for colony PCR

Component Amount

Maxima Hot Start Green Master Mix 13 uL

Template small portion of E. coli colony
Two Primers 1 pL each

Nuclease-free H.O ad 25 pL

Table 19: PCR cycling conditions for colony PCR

Step Temperature Duration Cycles
Initial denaturation 95°C 6 min 1
Denaturation 95°C 30 sec

Annealing 55°C 30 sec 40x
Elongation 72°C 1 min

Final extension 72°C 7 min 1

3.2.6 Liquid culture of transformed bacteria

Colonies that tested positive in colony PCR were expanded in liquid culture. Individual colonies
were transferred into LB medium supplemented with the corresponding selective antibiotic and
cultured overnight at 37 °C with constant agitation to ensure aeration and optimal bacterial

growth. These overnight cultures were used directly for plasmid isolation.
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3.2.7 Isolation of plasmid DNA

Plasmid DNA was isolated using the NucleoBond PC 500 kit (Macherey-Nagel) according to
the manufacturer’s recommended procedure. Cell pellets obtained from overnight cultures were
resuspended, lysed under alkaline conditions, and neutralized to allow precipitation of genomic
DNA and proteins. The clarified lysates were applied to the supplied anion-exchange columns,
washed thoroughly to remove residual contaminants, and plasmid DNA was eluted in high-salt
buffer. DNA was precipitated with isopropanol, washed with 70% ethanol, air-dried, and
resuspended in TE buffer (10 mM Tris-HCIL, 1 mM EDTA, pH 7.5). The concentration and
purity of the DNA preparations were assessed at 260 nm (NanoDrop 1000, Peqlab). Purified

plasmids were verified by Sanger sequencing before use in subsequent experiments.

3.2.8 Sanger sequencing
Construct integrity was verified by Sanger sequencing. Both purified PCR amplicons and
recombinant plasmids were sent to Eurofins MWG Operon (Ebersberg, Germany) for analysis

using the corresponding oligonucleotide primers.

3.3 Cell biology methods

3.3.1 Maintenance, transient transfection, and harvest of cell cultures

HEK293 and NSC-34 cells were maintained under standard conditions in DMEM (Gibco,
Thermo Fisher) supplemented with 10% fetal calf serum, 2 mM L-glutamine, 40 U/mL
penicillin, and 0.04 mg/mL streptomycin. Cultures were incubated at 37 °C in a humidified
atmosphere containing 5% CO.. Cells were routinely subcultured once they reached
approximately 70% confluence. For passaging, monolayers were rinsed with PBS, detached
with 0.05% trypsin-EDTA, and reseeded into fresh growth medium at the appropriate dilution.
Transient transfections were carried out depending on the cell type. HEK293 cells were
transfected with jetPEI (Polyplus), while NSC-34 cells were transfected with Lipofectamine
2000 (Invitrogen, Thermo Fisher). All procedures were performed following the respective
supplier protocols. Cells were transfected either with EGFP-tagged TARDBP constructs (wild-
type or variants) or, in co-transfection experiments, with HA-tagged TARDBP constructs
together with empty GFP plasmids (to monitor transfection efficiency). At 24-48 h post-
transfection, cells were harvested by washing with ice-cold PBS, detachment by scraping, and

centrifugation at 13,200 rpm for 8 min at 4 °C.
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3.3.2 Induction of cellular stress
To model cellular stress, transfected cells were incubated with sodium arsenite (0.5 mM final

concentration; Sigma-Aldrich) for 1 h at 37 °C.

3.3.3 Cell viability assay

Cell viability was evaluated using the Vybrant MTT Cell Proliferation Assay Kit (Invitrogen,
Thermo Fisher). Equal numbers of transfected HEK293 cells were seeded into 96-well plates.
Comparable transfection efficiencies of GFP-tagged constructs were confirmed by fluorescence
microscopy prior to the assay. Before adding the reagent, the medium was replaced with 100
pL of fresh culture medium per well. Subsequently, 10 pL of 12 mM MTT solution was added
to each well and incubated for 4 h at 37 °C, during which metabolically active cells reduced the
tetrazolium compound to formazan crystals. These crystals were dissolved by the addition of
100 pL sodium dodecyl sulfate (SDS)-HCI solution, followed by a further 4 h incubation at 37
°C. The solubilized formazan was quantified by measuring absorbance at 570 nm using a
TECAN Infinite M200 PRO microplate reader. Cell viability was expressed as the relative
absorbance of transfected samples compared to untreated control cells. Values represent means

of three technical replicates from two independent experiments.

3.4 Protein methods

3.4.1 Protein isolation and quantification

Cells harvested as described above were resuspended in 150 pL of ice-cold RIPA buffer (Table
7) supplemented with RNase A (54). Cell disruption was achieved by repeatedly passing the
suspension ten times through a fine-gauge syringe, followed by a 30-min incubation on ice.
Samples were then subjected to sonication using a Bandelin Sonoplus with an MS73 tip (two
bursts of 10 s each, separated by a 5 min cooling period on ice). After an additional 5 min on
ice, lysates were clarified by centrifugation at 13,200 rpm for 30 min at 4 °C. Supernatants
representing soluble protein fractions were transferred to fresh tubes, while the insoluble pellets
were resuspended in RIPA buffer containing 2% sarkosyl and 150 mM NaCl. Protein

concentrations were determined spectrophotometrically at 280 nm (NanoDrop 1000, Peqlab).

3.4.2 SDS-polyacrylamide gel electrophoresis and western blotting
Protein samples were denatured in loading buffer at 98 °C for 5 min, then separated by SDS-

polyacrylamide gel electrophoresis (SDS-PAGE) on 4-15% Mini-PROTEAN precast gels (Bio-
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Rad). Proteins were electroblotted onto PVDF membranes using the Trans-Blot Turbo system
(Bio-Rad). Membranes were blocked in either TBS-T with 5% milk or PBS with 3% BSA for
1 h at room temperature, followed by overnight incubation at 4 °C with primary antibodies:
rabbit anti-GFP (Abcam, 1:5,000), mouse anti-HA (Roche, 1:1,000), mouse anti-GAPDH
(Merck Millipore, 1:500), or rabbit anti-TDP-43 (Proteintech, 1:1,000) (Table 10). After
washing three times for 10 min in TBS-T, membranes were incubated for 1 h at room
temperature in the dark with IRDye-conjugated secondary antibodies (Licor, 1:10,000 (Table
11)). Signals were detected using the Odyssey Fc Imaging System (Licor), and band intensities
were quantified by densitometry using ImageStudio software. Ratios of soluble versus insoluble

TDP-43 were calculated across three to five independent western blots.

3.4.3 Immunoprecipitation

Protein-protein interactions were analyzed using GFP-Trap magnetic agarose beads
(ChromoTek). HEK293 cells were co-transfected with 4 pg each of GFP-tagged TARDBP
constructs (wild-type or p.Gly376Val variant) and HA-tagged TIA1. After 48 h, cells were
harvested as described above, washed twice in ice-cold PBS, and resuspended in ice-cold lysis
buffer (10 mM Tris-HCl at pH 7.5, 150 mM NacCl, 0.5 mM EDTA, 0.5% NP-40) supplemented
with protease inhibitor cocktail (Roche) and 1 mM PMSF. Lysates were left on ice for 30 min
with occasional mixing. After lysates were clarified by centrifugation (13,200 rpm for 10 min
at 4 °C), a small fraction of the supernatant was reserved as an input control. The remainder
was diluted with wash buffer (Table 7, final volume 300 pl) and incubated with equilibrated
GFP-Trap beads for 1 h at 4 °C under gentle rotation. Beads were separated magnetically,
washed three times with buffer, and bound proteins were eluted by boiling in 100 pl of 2x SDS
sample buffer (Table 7) for 10 min at 95 °C. Eluted proteins were analyzed by SDS-PAGE and

immunoblotting using anti-GFP and anti-HA antibodies.

3.4.4 Immunofluorescence staining and microscopy

HEK293 and NSC-34 cells were transfected with HA-tagged TARDBP constructs and empty
GFP plasmids, seeded onto coverslips, and exposed to sodium arsenite where indicated. Cells
were fixed in cold methanol, washed three times with TBS, and incubated in blocking buffer
(TBS-T containing 10% fish gelatin) for 30 min at room temperature. Primary antibodies,
mouse anti-HA (Roche, 1:500) and rabbit anti-GFP (Abcam, 1:500 (Table 10)), were diluted
in blocking buffer and applied overnight at 4 °C. After three washes with TBS-T, Alexa Fluor-
conjugated secondary antibodies (Invitrogen, 1:500 (Table 11)) were added for 1 h at room
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temperature in the dark. Coverslips were placed on glass slides and sealed with fluorescence
mounting medium (Dako) containing 4,6-diamidino-2 phenylindole (DAPI) for counterstaining
of nuclei. Images were captured using an Olympus BX61 FluoView FV1000 confocal
microscope (60x/1.42 NA objective, 1.5x zoom). At least 100 cells per condition were analyzed

across two independent experiments to quantify TDP-43 aggregate localization.

3.4.5 Expression and purification of TDP-43-TEV-MBP-His6 fusion proteins

The TDP-43-TEV-MBP-His6 fusion construct contained a solubility-enhancing maltose-
binding protein (MBP) tag, a hexahistidine (His6) tag for affinity purification, and a tobacco
etch virus (TEV) protease cleavage site for controlled removal of MBP. For protein production,
wild-type and p.Gly376Val constructs were transformed into E. coli Rosetta 2 DE3 cells and
expressed and purified as described previously (68, 69). In brief, bacteria were grown in LB
medium containing kanamycin and chloramphenicol at 37 °C with shaking until mid-log phase
(OD600 0.5-0.6). Protein expression was induced with 0.5 mM isopropyl B-D-1-
thiogalactopyranoside (IPTG), and cultures were incubated overnight at 16 °C. Cells were then
resuspended in lysis buffer (Table 7) supplemented with RNase A and lysozyme. After
disruption by sonication, lysates were cleared by ultracentrifugation (50,000 rcf, 30 min, 4 °C).
Proteins were purified using Ni-NTA agarose (Qiagen), washed with lysis buffer, and eluted
with elution buffer containing 300 mM imidazole (Figure 4A).
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Figure 4: Purification of p.Gly376Val TDP-43-MBP-His6 (legend continued on next page)
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Figure 4: Purification of p.Gly376Val TDP-43-MBP-His6 (legend continued from previous page)

A) SDS-PAGE analysis of samples collected during protein purification (Coomassie staining)
Lanes represent pre-induction (-IPTG), post-induction (+IPTG), post-sonication (sonication), soluble
fraction (supernatant), flow-through after washing (flow-through), and eluates from the Ni-NTA agarose
beads (elution). Eluates were pooled for size exclusion chromatography (SEC).

B) SEC profile showing size-based separation

Absorbance of protein (UV1 280, blue) and nucleic acids (UV2 254, red) is plotted against elution
volume (mL).

C) SDS-PAGE analysis of SEC fractions (Coomassie staining)

Fractions corresponding to SEC peaks contain oligomeric, monomeric, and cleaved TDP-43-MBP-His6
species.

Further purification by size-exclusion chromatography on a Hil.oad 16/600 Superdex 200 pg
column (GE Healthcare) separated monomeric TDP-43 fusion proteins from truncated or
aggregated protein species (Figure 4B, C). Fractions corresponding to the monomeric peak
(peak B4-B10) were pooled, concentrated using Amicon Ultra centrifugal filters, aliquoted,
snap-frozen, and stored at -80 °C until use in phase separation assays. Protein concentrations
were determined by measuring absorbance at 280 nm, using extinction coefficients calculated

with ProtParam (70).

3.5 Phase separation and aggregation assays

3.5.1 Turbidity analysis

Phase separation of recombinant TDP-43 proteins was monitored by turbidity analysis as
previously described (68). Briefly, purified TDP-43-TEV-MBP-His6 (wild-type or
p.Gly376Val variant) was thawed, resuspended in phosphate buffer (Table 7), and cleared by
centrifugation (21,000 rcf for 10 min at 4 °C) to remove pre-formed precipitates. Phase
separation was initiated by cleavage of the solubilizing MBP tag through the addition of
recombinant His6-tagged TEV protease (100 ug/mL, provided by Professor Dormann’s group).
Immediately after protease addition, samples were transferred into the wells of a 384-well
microplate. Following a 30-min incubation at room temperature, turbidity was quantified by

measuring absorbance at 600 nm in triplicate using a BioTek PowerWave HT plate reader.

3.5.2 Microscopic analysis of condensates
To directly visualize TDP-43 condensate formation, an established microscopy-based assay
was employed (68). Briefly, protein samples were prepared as described above and were loaded

into p-Slide 18 Well Flat chambers (Ibidi) pre-coated with Pluronic to minimize surface
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adsorption. After a 20-min incubation at room temperature to allow phase separation, samples
were imaged by bright-field microscopy. Imaging was performed on an Axio Observer.Z1
inverted wide-field fluorescence microscope equipped with a 63x/1.40 oil immersion objective
and an AxioCam506 camera (Zeiss). Images were used to document the number, size, and

morphology of condensates formed by wild-type and p.Gly376Val TDP-43.

3.5.3 Aggregation Kinetics assay

The kinetics of TDP-43 aggregation were examined using semi-denaturing detergent agarose
gel electrophoresis (SDD-AGE), following previously published protocols (68). Essentially,
the assay involved processing purified wild-type and p.Gly376Val TDP-43 proteins under the
same conditions as described above, with the exception that no TEV protease cleavage was
performed to retain the MBP-tag. Aliquots were collected at defined time points over five days
(days 1-5) and subjected to SDD-AGE. The progressive accumulation of oligomeric and higher-

order aggregated species was monitored by western blotting using an anti-TDP-43 antibody.

3.6 Statistical analysis

All quantitative data are expressed as mean + SEM. Statistical analyses were carried out using
GraphPad Prism (versions 9 and 10). Fisher’s exact test was used for categorical variables.
Continuous data were analyzed by one-way analysis of variance (ANOVA), followed by
Dunnett’s post hoc test for comparisons with the wild-type control, or by two-tailed t-tests with

Bonferroni correction for multiple testing. Statistical significance was defined as p < 0.05.
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4 Results

4.1 Protein levels and stress-induced insolubility of myopathy-associated TDP-43

Upon overexpression in HEK293 and NSC-34 cells, wild-type TDP-43, as well as ALS- and
myopathy-associated variants, produced similar total cellular protein levels, suggesting that the
p.Gly376Val and p.Ser347Pro amino acid exchanges did not have a major effect on protein
synthesis or stability (Figure 5). In line with previous observations, that TDP-43 is primarily a
soluble protein under normal physiological conditions but becomes insoluble under cellular
stress (50, 71), markedly increased levels of both endogenous TDP-43 and overexpressed wild-
type or variant protein were detected in the insoluble fraction of RIPA cell extracts following

sodium arsenite-induced stress (Figure 6).
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Figure 5: Protein levels of overexpressed TDP-43

HEK293 cells were co-transfected with HA-tagged TARDBP expression constructs and a GFP
expression plasmid. Wild-type and variants displayed similar protein levels. GAPDH was used as a
loading control, and GFP served as a transfection efficiency control. kDa, kilodalton.
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Figure 6: Stress-induced insolubility of TDP-43

A) Western blot of endogenous TDP-43

Sodium arsenite (NaAsO;)-treated HEK293 and NSC-34 cells exhibited TDP-43 in the insoluble (I)
fraction, in addition to the soluble (S) fraction of RIPA cell extracts, whereas untreated cells showed
only soluble TDP-43. GAPDH was used as a loading control.

B) Western blot of overexpressed wild-type and variant TDP-43

NSC-34 cells were co-transfected with HA-tagged TARDBP expression constructs and a GFP vector.
The insoluble fraction of RIPA cell extracts was analyzed by western blotting. Regardless of the TDP-
43 variant, sodium arsenite (NaAsQ:) treatment led to a comparable increase in insoluble TDP-43 levels
relative to untreated cells. GFP served as a control for transfection efficiency.
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To assess whether the myopathy-associated variants differ from the wild-type in terms of the
stress-induced increase in insolubility, TDP-43 solubility was quantified by calculating the ratio
of insoluble to soluble fractions (I/S), with values normalized to the wild-type. This analysis
revealed comparable solubility profiles across wild-type, myopathy-associated, and ALS-
associated TDP-43 (Figure 7). Consistent results were obtained in both HEK293 and NSC-34
cells, indicating that the p.Gly376Val and p.Ser347Pro substitutions do not lead to a measurable

increase in bulk insolubility under the tested conditions.
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Figure 7: Quantification of stress-induced TDP-43 insolubility in cell models

Cells were co-transfected with HA-tagged TARDBP constructs and an empty GFP vector. Following
sodium arsenite (NaAsQ,) treatment, soluble (S) and insoluble (I) fractions were prepared. GAPDH
served as a loading and fractionation control, and GFP as a transfection control. TDP-43 solubility was
quantified as the insoluble-to-soluble (I/S) ratio normalized to wild-type (mean = SEM, three replicates).
Statistical significance was determined by one-way ANOVA with Dunnett’s test (ns = not significant).
A) Representative western blot of HEK293 cell lysates

HA-tagged TDP-43 was detected at the expected molecular weight, with all constructs showing stronger
signals in the insoluble fraction.

B) Quantification of TDP-43 solubility in HEK293 cells

The I/S ratio of TDP-43, normalized to wild-type, was similar across wild-type and variant TDP-43.
C) Representative western blot of NSC-34 cell lysates

Consistent with the results obtained in HEK293 cells, TDP-43 was detected in both insoluble and soluble
fractions, with a stronger signal observed in the insoluble fraction.

D) Quantification of TDP-43 solubility in NSC-34 cells

The I/S ratio of TDP-43, normalized to wild-type, was similar across wild-type and variant TDP-43.
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4.2 Subcellular localization of myopathy-associated TDP-43

To assess whether myopathy-associated TDP-43 variants alter the subcellular distribution of
TDP-43, HEK293 and NSC-34 cells were transiently transfected with HA-tagged constructs
expressing either wild-type or variant (p.Gly376Val, p.Ser347Pro, and p.Ala315Thr) TDP-43.
Subcellular localization of overexpressed TDP-43 was then determined by confocal
immunofluorescence microscopy. Across both cell types, wild-type and variant TDP-43
exhibited a similar range of variable localization patterns. The morphological findings in NSC-
34 cells were quantified by categorizing the distribution of TDP-43 as diffuse nuclear staining,

nuclear granules, cytoplasmic granules, or mixed patterns (Figure 8).
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Figure 8: Subcellular localization of TDP-43

Representative immunofluorescence images showing the range of TDP-43 subcellular distribution
patterns in NSC-34 cells. Observed patterns include diffuse nuclear staining, nuclear granules,
cytoplasmic granules, and mixed nuclear-cytoplasmic localization. In the top three rows, individual
fluorescence channels are shown in grayscale for enhanced clarity. The merged image (bottom row)
displays nuclei stained with DAPI (blue), cytoplasm marked with GFP (green), and HA-tagged TDP-43
detected using an anti-HA antibody (red). Scale bar 10 pm.
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Comparative analysis of wild-type and variant TDP-43 overexpression revealed no clear
differences in the overall proportion of cells with a granular distribution pattern (Figure 9A).
However, a higher proportion of cells expressing the myopathy-associated variants showed
cytoplasmic TDP-43 granules with absent or strongly reduced nuclear signals. While the
increase for p.Gly376Val was not statistically significant compared with wild-type, it was
significant for p.Ser347Pro, and both variants exhibited significantly higher proportions than
the ALS-associated p.Ala315Thr variant (p.Ser347Pro: 27.7% vs. wild-type 11.8%, p =0.0300;
p.Gly376Val: 25.0% vs. p.Ala315Thr: 7.2%, p = 0.0032; p.Ser347Pro: 27.7% vs. p.Ala315Thr:
7.2%, p = 0.0004; Fisher’s exact test with Bonferroni correction) (Figure 9B). These findings

imply that myopathy-associated variants can alter the subcellular localization of TDP-43.
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Figure 9: Quantification of TDP-43 subcellular localization

NSC-34 cells were transfected with wild-type or variant HA-tagged TARDBP expression constructs and
analyzed by fluorescence confocal imaging. For each condition, 100 cells were evaluated across two
independent experiments.

A) Distribution of subcellular TDP-43 localization patterns

While the total number of cells with TDP-43 granules was comparable across conditions, their
predominant subcellular localization differed. A distinct increase in cytoplasmic accumulation of TDP-
43 granules with concurrent nuclear depletion was observed in cells expressing myopathy-associated
TARDBP variants compared with cells expressing wild-type or the ALS-associated variant p.Ala315Thr.
B) Proportions of cells with cytoplasmic TDP-43 granules accompanied by nuclear depletion
Forced expression of the myopathy-associated variants p.Gly376Val and p.Ser347Pro was associated
with a higher proportion of cells exhibiting cytoplasmic TDP-43 granules with loss of nuclear TDP-43
(Fisher’s exact test with Bonferroni correction, *p <0.05, **p <0.01, ***p <0.001, ns = not significant).

4.3 Subcellular localization of myopathy-associated TDP-43 under cellular stress

To assess the subcellular localization and granular pattern formation of TDP-43 under
conditions of cellular stress, NSC-34 cells were transfected with expression constructs encoding

wild-type and variant HA-tagged TDP-43 and subsequently exposed to sodium arsenite. In
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agreement with the data obtained in unstressed cells, a range of distinct subcellular patterns was
observed, including diffuse or granular TDP-43 localization within the nucleus, the cytoplasm,

or both compartments (Figure 10).
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Figure 10: Subcellular localization of TDP-43 under cellular stress

Representative immunofluorescence images of sodium arsenite (NaAsO,)-treated NSC-34 cells
illustrating the different subcellular TDP-43 localization patterns. Consistent with observations in
unstressed cells, TDP-43 was observed in patterns of diffuse nuclear staining, nuclear granules,
cytoplasmic granules, and mixed nuclear-cytoplasmic distribution. In the top three rows, individual
fluorescence channels are shown in grayscale for enhanced clarity. In the merged image (bottom row),
nuclei are stained with DAPI (blue), the cytoplasm is marked by GFP (green), and HA-tagged TDP-43
is detected with an anti-HA antibody (red). Scale bar: 10 um.

Quantitative analysis showed that cellular stress uniformly increased the proportion of cells
with TDP-43-positive granular structures, regardless of the TDP-43 species (Figure 11A,
compare with Figure 9A). As before, the number of cells with only cytoplasmic granular
staining accompanied by nuclear depletion was higher for myopathy-associated variants. For

p.Gly376Val, the increase reached statistical significance compared with wild-type and the
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ALS-associated variant p.Ala315Thr (p.Gly376Val: 24.4% vs. wild-type: 8.1%, p = 0.0132;
p.Gly376Val: 24.4% vs. p.Ala315Thr: 8.7%, p = 0.0280; Fisher’s exact test with Bonferroni
correction) (Figure 11B). Although a similar trend was observed for p.Ser347Pro, the
difference was not statistically significant. Reiterating the results from unstressed cells, the
experiments further supported the observation that myopathy-associated TDP-43 is associated

with redistribution from its physiological nuclear pool toward cytoplasmic granules.
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Figure 11: Quantification of TDP-43 subcellular localization under cellular stress

NSC-34 cells were transfected with wild-type or variant HA-tagged TARDBP expression constructs.
Cellular stress was induced by treatment with sodium arsenite (NaAsQO,). Cells were then analyzed by
fluorescence confocal imaging. For each condition, 100 cells were evaluated across two independent
experiments.

A) Distribution of subcellular TDP-43 localization patterns

Cellular stress caused a marked increase in the proportion of cells displaying nuclear TDP-43 granules
across all conditions (compare with Figure 9A). The most pronounced increase in cytoplasmic
accumulation of TDP-43 granules with concurrent nuclear depletion was observed in cells expressing
the myopathy-associated TARDBP variant p.Gly376Val, relative to cells expressing wild-type and the
ALS-associated variant p.Ala315Thr. The myopathy-associated variant p.Ser347Pro showed a similar
effect to the p.Gly376Val variant; however, the effect was noticeably weaker.

B) Proportions of cells with cytoplasmic TDP-43 granules and nuclear depletion

The proportion of cells exhibiting cytoplasmic TDP-43 granules and loss of nuclear TDP-43 signal was
significantly higher in cells expressing the p.Gly376Val variant compared with both the wild-type
protein and the ALS-associated p.Ala315Thr variant. Although a higher proportion of cells with
exclusively cytoplasmic TDP-43 granules was also observed for the p.Ser347Pro variant, this difference
was not significant (Fisher’s exact test with Bonferroni correction, *p < 0.05, ns = not significant).

4.4 Phase separation properties of myopathy-associated TDP-43

To more precisely assess the biophysical properties of p.Gly376Val TDP-43, in vitro cell-free
assays were performed. Purified, bacterially expressed wild-type and p.Gly376Val TDP-43-
TEV-MBP-His6 proteins were treated with TEV protease to remove the solubilizing MBP tag,
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thereby releasing untagged TDP-43 and initiating phase separation with condensate formation.
Spectrophotometric analysis showed a concentration-dependent increase in turbidity for both
wild-type and p.Gly376Val TDP-43. Although the variant tended to display higher turbidity at
lower concentrations, the difference was not statistically significant, indicating that its phase-
separation capacity was not substantially altered (Figure 12A). However, bright-field
microscopy revealed a marked difference between p.Gly376Val and the wild-type. Wild-type
TDP-43 assembled into large, spherical condensates consistent with droplet-like behavior and
fusion-driven growth. In contrast, the p.Gly376Val variant formed smaller, irregularly shaped
condensates that frequently arranged into chain-like clusters (Figure 12B), consistent with a

less dynamic, more solid-like material state.
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Figure 12: Spectrophotometric and microscopic analysis of TDP-43 phase separation (adapted
from (62))

TDP-43-TEV-MBP-His6 wild-type and p.Gly376Val were purified from E. coli, and phase separation
was induced by TEV protease treatment at three TDP-43 concentrations (2.5 uM, 5 uM, 10 uM). In the
‘No TEV’ control, the MBP tag was retained, thereby preventing TDP-43 phase separation.

A) Turbidity assay of wild-type and p.Gly376Val TDP-43

Following induction of phase separation by TEV protease-mediated removal of the solubilizing MBP
tag, samples were incubated for 30 minutes prior to measuring optical density at 600 nm. Turbidity
increased in a concentration-dependent manner in both wild-type and p.Gly376Val samples. Graphs
show data from three independent experiments. Differences were not statistically significant (multiple
t-tests with Bonferroni correction, ns = not significant).

B) Representative bright-field images of TDP-43 condensates

Imaging was performed 20 minutes after induction of phase separation. Wild-type TDP-43 formed large,
spherical condensates, while the p.Gly376Val variant produced smaller, irregular condensates often
arranged in chain-like clusters. Scale bar: 50 um.
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4.5 Aggregation kinetics of myopathy-associated TDP-43

To investigate the aggregation kinetics of TDP-43, TEV protease cleavage was omitted to retain
the MBP tag, which slows aggregation and thereby allows the stepwise accumulation of
oligomers and higher-order aggregated species to be monitored over several days. Aggregation
was assessed by SDD-AGE, which separates soluble monomers from detergent-resistant
species that remain stable under semi-denaturing conditions. Over a 5-day incubation, the
p.Gly376Val variant showed a markedly accelerated oligomerization process and a greater
accumulation of high-molecular-weight, SDS-resistant aggregated species compared with wild-
type TDP-43 (Figure 13). Thus, the p.Gly376Val substitution accelerates TDP-43 aggregation

kinetics and increases the accumulation of higher-order assemblies under in vitro conditions.

WwT G376V
01235 01235 Time/(days)

wekk

TDP-43

*% -
*k -

Figure 13: Time-dependent assembly of detergent-resistant TDP-43 species (adapted from (62))

Purified recombinant TDP-43-MBP-His6 preparations were incubated for 0-5 days without prior TEV
protease treatment. SDD-AGE followed by western blotting with an anti-TDP-43 antibody revealed
SDS-resistant, high-molecular-weight species. Bands were assigned as *monomeric, **oligomeric, and
***polymeric TDP-43.

4.6 Interaction of myopathy-associated TDP-43 with stress granule protein TIA1

Recruitment of TDP-43 to stress granules — cytoplasmic aggregates that form in response to
cellular stress — is facilitated by its interaction with TIA1, a core component of these structures
(50). Under pathological conditions, this interaction may contribute to persistent or aberrant
stress granule formation, ultimately promoting TDP-43 mislocalization and aggregation (72).
Notably, similar to pathogenic variants in TARDBP, variants in TIA1 have also been linked to
degenerative diseases affecting motor neurons and skeletal muscle (73, 74). To assess whether
TDP-43 variants alter interaction with TIA1, co-immunoprecipitation was performed. HEK293
cells were co-transfected with GFP-tagged wild-type or variant TDP-43 constructs together
with HA-tagged wild-type TIA1. TDP-43 was immunoprecipitated using anti-GFP antibodies
conjugated to agarose beads, and the co-precipitating HA-tagged TIA1 was detected by western
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blotting. The myopathy-associated TDP-43 variants interacted with TIA1, and the strength of
this interaction appeared comparable to that of wild-type and ALS-associated TDP-43 (Figure
14).
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Figure 14: Co-immunoprecipitation of TDP-43 and TIA1

Representative western blot of TDP-43/TIAl co-immunoprecipitation. HEK293 cells were co-
transfected with GFP-tagged TARDBP constructs and HA-tagged TIA1. Inputs confirmed expression of
TDP-43 and HA-TIAI at comparable levels. Following GFP immunoprecipitation, a TDP-43/TIA1
complex was detected. An empty vector served as a negative control; lane 5 was left empty. White
asterisks mark artificial signals from improper handling of the membrane during blotting.

4.7 Cellular toxicity of myopathy-associated TDP-43

Previous studies have shown that intracellular accumulation of TDP-43 can induce cytotoxicity
and reduce cell viability (48, 75). To examine whether the myopathy-associated TDP-43
variants p.Gly376Val and p.Ser347Pro affect cell viability, HEK293 cells were transiently
transfected with GFP-tagged TDP-43 constructs, enabling visualization of transfection
efficiency and protein expression by fluorescence microscopy. Cell viability was assessed using
the MTT colorimetric assay, which measures metabolic activity as an indirect indicator of
viable cell number. No significant differences in cell viability were observed between cells

expressing wild-type or variant TDP-43 under the tested conditions (Figure 15).
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Figure 15: Viability of TDP-43-overexpressing cells

HEK293 cells were transfected with GFP-tagged TARDBP expression constructs and incubated with
MTT and SDS-HCI for four hours. Absorbance was measured at 570 nm and normalized to
untransfected controls. Graphs show data from ftriplicate measurements from two independent
experiments. Differences did not reach statistical significance (one-way ANOVA followed by Dunnett’s
post hoc test, ns, not significant).
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5 Discussion

TDP-43 is best known for its central role in neurodegeneration, yet growing evidence indicates
that it may also contribute to skeletal muscle pathology. Several studies have described
cytoplasmic TDP-43 inclusions in muscle tissue of patients with rimmed vacuole myopathies,
suggesting that TDP-43 dysfunction is not confined to neurons (58-60). However, unlike in the
nervous system, where TARDBP variants have long been recognized as a cause of familial ALS,
genetic evidence implicating TDP-43 in muscle disease was lacking until recent research
identified TARDBP variants in individuals with autosomal-dominant distal myopathy (61, 62).
The present study investigated the effects of myopathy-associated TARDBP variants on the
biochemical and cellular properties of TDP-43. By combining several cell-based and in vitro
approaches, this study elucidates how these variants alter TDP-43 protein properties in ways
that may drive disease mechanisms, also revealing parallels with ALS-associated variants.
These findings further support the notion of a shared mechanism in TDP-43-related
neurodegeneration and myopathy, reinforcing the view that TDP-43 is essential for the integrity

of cells and tissues beyond motor neurons and the central nervous system.

5.1 Key findings of the study

In overexpression experiments in cell lines, the myopathy-associated p.Gly376Val and
p-Ser347Pro variants did not substantially alter the bulk solubility of TDP-43. Cellular stress
led to increased levels of both wild-type and variant TDP-43 in the insoluble protein fraction;
however, the extent of this stress-induced shift was comparable between wild-type and variant
proteins. However, differences became evident when subcellular localization was examined.
While wild-type and variant TDP-43 both displayed a spectrum of localization patterns, the
variants showed a greater tendency to form cytoplasmic TDP-43-positive granules. This was
frequently accompanied by a marked reduction in the diffuse nuclear TDP-43 signal, suggesting
a redistribution of the protein from its physiological nuclear pool to cytoplasmic assemblies.
Biochemical assays with purified TDP-43 demonstrated that the p.Gly376Val variant disrupted
normal condensate formation. While the overall ability of the p.Gly376Val protein to undergo
phase separation remained comparable to that of the wild-type, condensate morphology was
altered: wild-type TDP-43 assembled into large, spherical, droplet-like structures, whereas the
p.Gly376Val variant produced smaller, amorphous condensates with a more solid-like

appearance, often arranged in irregular chain-like clusters. These changes in condensate
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properties were accompanied by an accelerated accumulation of detergent-resistant oligomers
and high-molecular-weight aggregates. Taken together, these findings indicate that myopathy-
associated TARDBP variants can alter key properties of TDP-43 — including its subcellular
distribution, condensate morphology, and aggregation kinetics — in a manner likely to favor a

shift toward more solid-like and aggregation-prone states of the protein.

5.2 Limitations of the study

The finding that both myopathy-associated TARDBP variants did not exhibit a stronger stress-
induced increase in bulk insolubility and that p.Gly376Val also retained overall phase
separation capacity may appear inconsistent with other results in this study. However, a closer
look suggests that this reflects differences in what the assays measure (27, 76, 77). Bulk
fractionation in cells and spectrophotometric phase separation assays primarily quantify the
distribution of proteins between soluble and insoluble pools or the overall extent of phase
separation, but do not capture qualitative or dynamic features such as subcellular distribution,
material state, or aggregate formation kinetics. By contrast, localization studies and assays of
condensate morphology and formation of detergent-resistant assemblies over time are sensitive
to these changes. Differences between cellular and cell-free systems must also be considered.
Cells provide buffering mechanisms — such as chaperones and protein clearance pathways (78,
79) — that may delay or prevent the transition of condensates into detergent-insoluble material.
Moreover, the definition of ‘insoluble’ depends on the extraction chemistry: for example, RIPA
buffer may solubilize early oligomers that SDD-AGE identifies as detergent-resistant (80).
Temporal resolution is another factor: SDD-AGE tracks oligomer accumulation over several
days, whereas the cellular assays capture only short-term stress responses (1 h sodium arsenite).
Finally, assay reproducibility must also be considered: ALS-associated variants have shown
variable, sometimes even opposing, effects on TDP-43 solubility, including cases where the
same variant yielded different outcomes when tested under slightly modified conditions (50,
81). Notably, a similar observation was made for the myopathy-associated p.Gly376Val
variant: it reduced TDP-43 solubility in HEK293 cells after sarkosyl treatment in a

collaborator’s experiment (62), but not under sodium arsenite stress in the present work.

A further limitation of the study is that the cellular assays relied on transient transfection and
overexpression in non-muscle cell lines (HEK293, NSC-34). Such systems can introduce
artifacts, masking endogenous protein behavior (82). In addition, these models lack the skeletal

muscle environment, where TDP-43 operates within a distinct molecular context and protein
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interactome. More physiologically relevant model systems, for instance, muscle cells derived
from induced pluripotent stem cells (iPSCs) or animal models, like p.Gly376Val or p.Ser347Pro
knock-in mice, may yield data that more accurately reflect disease mechanisms. It should be
noted, however, that mouse models for ALS-associated TARDBP variants do not always
reliably exhibit a disease phenotype (83, 84). Considering this, the late-onset nature of TDP-
43-related myopathy may present even greater challenges for modeling the disease in animals

with a short lifespan, likely limiting the observation of age-associated pathological features.

Moreover, this study has not explored the mechanisms underlying p.Gly376Val-induced
cytoplasmic mislocalization, altered condensate morphology, and accelerated formation of
high-molecular-weight TDP-43 species. Possible contributors include disrupted nuclear
transport, impaired RNA binding, altered protein-protein interactions, or changes in post-
translational modifications (23). Future work should systematically investigate p.Gly376Val
TDP-43’s interactions with the nuclear transport machinery and RNA-binding proteins, as well
as assess the biophysical properties of p.Gly376Val condensates, particularly their dynamics,
material state, and propensity toward irreversible aggregation. It also remains to be determined
whether the observed changes in subcellular localization, condensate morphology, and
aggregation kinetics are causally related to the pathology. Comprehensive structural and
functional analyses will be essential to clarify whether these alterations directly contribute to
pathogenesis, represent downstream consequences, or are incidental byproducts of disease

progression.

5.3 TARDBP variants and TDP-43 aggregation

Almost all reported disease-causing TARDBP variants, including p.Gly376Val and
p.Ser347Pro, lie within the LCD (47). The intrinsically disordered structure of the LCD,
characterized by multiple interaction motifs and binding sites, is critical for the phase separation
properties of TDP-43, its ability to form intramolecular bonds, and its dynamic interactions
with other proteins and RNA molecules (85). Previous studies on ALS-associated variants have
shown that such variants can disrupt TDP-43 self-association, promoting the exposure of
assembly-driving peptide sequences and eventually leading to pathological aggregation with
other TDP-43 molecules (52, 86). The p.Gly376Val substitution likely introduces steric
hindrance and increases local hydrophobicity due to valine’s bulkier side chain compared to
glycine. Similarly, the rigid proline residue introduced by the p.Ser347Pro substitution may

distort the local secondary structure, limit backbone flexibility, and promote hydrophobic
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interactions. Interestingly, a mutagenesis screen conducted in yeast cells revealed that
introducing additional hydrophobic residues into the LCD caused a transition of TDP-43 from
dynamic, liquid-like droplets near the nucleus to more static, solid-like deposits in the
cytoplasm (87). Similarly, analysis of TDP-43 phase dynamics in HEK293T cells demonstrated
that TARDBP variants altering local hydrophobicity produced condensates with reduced
fluidity and more rigid material properties (29). In line with these findings, the predicted
structural alterations introduced by p.Gly376Val and p.Ser347Pro may account for the
increased formation of cytoplasmic granules observed upon overexpression of the variants in
cells, and may explain the emergence of morphologically distinct p.Gly376Val condensates and
accelerated aggregation kinetics. Further investigation using atomistic simulations and coarse-
grained modeling could help confirm shifts in hydrophobicity, helicity, and overall folding
behavior, providing a more detailed understanding of the structural consequences of these
TARDBP variants. Additionally, the role of post-translational modifications such as TDP-43
phosphorylation (68), which has been proposed as a protective cellular mechanism to mitigate

pathological condensation, could be explored further in the context of these variants.

5.4 TDP-43 aggregation and diseases

TDP-43-positive cytoplasmic inclusions arising from abnormal protein aggregation are
considered a hallmark of TDP-43 pathology (23). In agreement with this paradigm,
immunohistochemical analysis of muscle biopsies from individuals carrying myopathy-
associated TARDBP variants also revealed sarcoplasmic TDP-43-positive deposits, and
experimental data obtained in the present study were consistent with these findings. However,
the exact relationship between TARDBP variants, aggregate formation, and disease remains
incompletely understood (47). Notably, wild-type TDP-43 is inherently aggregation-prone (48).
This observation is underscored by the fact that most patients with neurodegenerative diseases
associated with TDP-43-positive inclusions have no detectable TARDBP variants (46). Thus,
pathological aggregation can occur independently of genetic alterations (88). Variants may not
directly cause TDP-43 aggregation, but may instead lower the threshold for pathological
misfolding, likely acting similarly to as-yet-unknown internal or external triggers that promote

aggregation in sporadic cases (47).

Furthermore, distinct TARDBP variants can show opposing effects on TDP-43 aggregation and
formation of inclusions (89). Adding to this complexity, outcomes of experiments testing TDP-

43 solubility and aggregate formation can vary considerably depending on factors such as TDP-
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43 expression levels, cellular context, and methodological differences. For instance, while
several studies have reported that the known ALS variant p.Ala315Thr enhances TDP-43
aggregation, others have observed unchanged or even reduced cytoplasmic aggregation relative
to the wild-type protein (49, 53-55, 75). Finally, the role of TDP-43 aggregation in disease
pathology remains a subject of active debate (52, 87). Aggregates may drive disease through
toxic gain-of-function mechanisms, reflect a loss of essential nuclear TDP-43 functions,
represent inert byproducts of broader cellular dysfunction, or even serve a protective function

by sequestering harmful monomeric or oligomeric intermediates (30, 86, 90, 91).

5.5 Phenotypic outcome of TARDBP variants

Another major unresolved question is why similar TARDBP variants — namely, missense
variants in the LCD — cause distinct phenotypes, such as myopathy versus ALS. For example,
the myopathy-associated p.Ser347Pro variant lies in close proximity to several ALS-associated
variants, including p.Asn345Lys (N345K), p.Gly348Cys (G348C), p.Gly348Val (G348V), and
p.Gly348Arg (G348R) (40, 92-94). Similarly, p.Gly376Val has been linked to myopathy,
whereas p.Gly376Asp (G376D), which affects the same residue but substitutes glycine with
aspartic acid instead of valine, causes ALS (95-98). Moreover, the present study demonstrates
that the effects of myopathy-associated variants resemble previously reported patterns for ALS-
associated TDP-43 variants when analyzed in comparable assays, particularly in terms of
mislocalization (48-51, 53, 54) and phase-separation behavior (22, 30, 52). These findings
suggest that the specific type, position, or apparent functional consequences of TDP-43 variants
do not sufficiently explain phenotypic differences. A definitive genotype-phenotype correlation
remains, therefore, elusive. Importantly, variants in other genes have also been linked to both
neurodegeneration and myopathy, suggesting that TARDBP should be viewed as part of a

broader spectrum of multisystem proteinopathies (99).

Future studies should aim to delineate the molecular and cellular mechanisms underlying the
heterogeneous phenotypic outcomes of TDP-43 variants. One potential explanation involves
molecular determinants of TDP-43 aggregation, such as expression levels, proteostasis
capacity, RNA-binding interactions, post-translational modifications, and cellular stress
pathways (23). Interindividual differences in how these factors are regulated or function in
skeletal muscle versus motor neurons may dictate whether pathology primarily manifests in
muscle or in the nervous system. A more speculative, yet intriguing, hypothesis centers on the

prion-like features of TDP-43, particularly its capacity for cell-to-cell propagation (100). Under
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this model, TDP-43 aggregation may initially arise in skeletal muscle, regardless of whether
the clinical phenotype ultimately manifests as myopathy or ALS (101). The aggregation process
could then spread to innervating motor neurons, possibly via exosome-mediated transfer (102).
In cases where this propagation occurs rapidly, patients may present primarily with ALS, while
subclinical or coexisting myopathy is masked by the more severe neurodegenerative process
and rapid disease progression. Conversely, slower propagation may lead to the clinical
presentation of primary myopathy, with no or only minor signs of motor neuron involvement.
Supporting this model, muscle tissue from ALS patients exhibits abnormalities that extend
beyond secondary effects of denervation (103, 104), and TDP-43 transgenic mice also develop
elevated creatine kinase, myopathic features, and muscle TDP-43 aggregates (105).
Furthermore, individuals with TDP-43 myopathy have occasionally developed bulbar
symptoms and respiratory compromise in later disease stages, possibly reflecting concomitant

or evolving motor neuron involvement.

If confirmed, this model may also have therapeutic implications. Targeting mechanisms that
regulate the propagation of TDP-43 - such as exosome-mediated transfer - could potentially
prevent or delay progression from a muscle-restricted phenotype to fatal motor neuron disease
(106). The development of treatments for TDP-43 proteinopathies remains a major priority, as
no causal, mechanism-based therapies are currently available for these progressive, debilitating,
and — except for the myopathic form — ultimately fatal conditions. Experimental therapies aimed
at modulating TDP-43 expression or aggregation (107) have so far failed to demonstrate clinical
benefit despite encouraging preclinical results (108, 109). In light of these setbacks, approaches
designed to interfere with cell-to-cell propagation may represent a promising strategy, as they

would target a pathogenic mechanism not addressed by previous, unsuccessful attempts.

5.6 Conclusion

In summary, TARDBP variants associated with myopathy cause changes in TDP-43 subcellular
localization, condensate characteristics, and aggregation dynamics. These findings mirror
patterns observed in ALS-associated TARDBP variants, supporting the notion of a shared
underlying disease mechanism driving TDP-43 pathology in both muscle and neuronal tissues.
Rather than representing distinct diseases, TDP-43-related myopathic and neurodegenerative
phenotypes may reflect two ends of a continuous clinical spectrum. Future research aimed at
identifying the determinants responsible for this variable clinical presentation may hold promise

for developing targeted therapeutic interventions for TDP-43 proteinopathies.
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6 Summary

This thesis investigated the effects of two TARDBP variants, p.Ser347Pro and p.Gly376Val,
linked to late-onset distal myopathy. Although TARDBP variants have been intensively studied
in the context of neurodegenerative diseases, their role in skeletal muscle pathology remains
less well understood. This study employed a combination of cellular models and biochemical
assays to examine how these myopathy-associated variants alter the properties of TDP-43, the

protein encoded by TARDBP, and contribute to disease.

A central finding was that both variants disrupted TDP-43 subcellular localization by promoting
the formation of cytoplasmic TDP-43 granules, accompanied by nuclear depletion. In vitro
assays using purified proteins further demonstrated that the p.Gly376Val variant altered the
morphology of TDP-43 condensates formed through phase separation. Unlike the large,
spherical droplets produced by wild-type TDP-43, p.Gly376Val formed smaller, amorphous,
and irregularly shaped structures. These morphological differences were accompanied by
accelerated formation of detergent-resistant oligomers. Several limitations must be taken into
account when interpreting these results. Studies of aggregate formation and subcellular
localization were conducted in non-muscle cell lines, which, while informative, do not fully
reflect the physiological context of skeletal muscle. Furthermore, from a mechanistic
standpoint, the specific molecular processes underlying the observed alterations in TDP-43
behavior have yet to be elucidated. It also remains unclear how these changes in TDP-43 are
ultimately related to muscle pathology. Lastly, as demonstrated by numerous previous studies
in the field of neurodegeneration, experimental outcomes related to TDP-43 biology can vary
substantially depending on factors such as expression levels, cellular context, and
methodological differences. Despite these limitations, the findings of this thesis indicate that
TARDBP variants associated with myopathy induce changes in TDP-43 subcellular
localization, condensate structure, and aggregation kinetics. Notably, these effects parallel

those observed for ALS-associated variants.

This finding supports the existence of shared pathogenic mechanisms and strengthens the view
that TDP-43 proteinopathies constitute a continuous clinical spectrum rather than distinct
disease entities. Understanding the factors that drive tissue-specific vulnerability to TDP-43
dysfunction may inform the development of targeted therapeutic strategies for these currently

untreatable disorders.
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7 Zusammenfassung

Diese Arbeit untersuchte die Auswirkungen von zwei TARDBP-Varianten, p.Ser347Pro und
p.Gly376Val, die mit einer spit einsetzenden distalen Myopathie in Verbindung stehen.
Obwohl TARDBP-Varianten im Zusammenhang mit neurodegenerativen Erkrankungen wie
ALS umfangreich erforscht wurden, ist ihre Rolle in der Entstehung von Muskelerkrankungen
bisher weniger gut verstanden. Diese Studie verwendete eine Kombination aus
Zellkulturexperimenten und biochemischen Analysen, um zu untersuchen, wie Myopathie-
assoziierte Varianten die Eigenschaften von TDP-43, dem von TARDBP kodierten Protein,

verdandern und schlielich zum Auftreten der Erkrankung fiihren.

Beide Varianten fiihrten zu einer verdnderten subzelluldren Verteilung von TDP-43,
charakterisiert durch eine vermehrte Bildung zytoplasmatischer Granula und einen Verlust der
nukledren Lokalisation. /n vitro-Analysen mit gereinigten Proteinen zeigten zudem, dass die
p.Gly376Val-Variante die Morphologie von TDP-43-Kondensaten veridnderte. Im Gegensatz
zu den grof3en, tropfenartigen Kondensaten, die vom Wildtyp-TDP-43 gebildet werden, zeigte
p.Gly376Val kleinere, amorphe und unregelmiBig geformte Strukturen. Diese
morphologischen Unterschiede gingen aulerdem mit einer beschleunigten Bildung von TDP-
43-Oligomeren einher. Bei der Interpretation der Ergebnisse sind mehrere Einschrankungen zu
berticksichtigen. Die Untersuchungen zur Aggregatbildung und Lokalisation wurden in Nicht-
Muskelzelllinien durchgefiihrt, die nicht den unmittelbaren physiologischen Kontext von
Skelettmuskelgewebe widerspiegeln. Dariiber hinaus sind aus mechanistischer Sicht die
spezifischen molekularen Mechanismen, die zu den beobachteten Verdnderungen der
Eigenschaften von TDP-43 fiihren, noch zu kldren. Ebenso ist derzeit noch unklar, wie diese
Verdnderungen in TDP-43 letztlich mit der Muskelpathologie in Zusammenhang stehen.
SchlieBlich ist aus zahlreichen Studien zu TDP-43 in neurodegenerativen Erkrankungen gut
bekannt, dass experimentelle Ergebnisse zur TDP-43-Biologie aufgrund von Faktoren wie
Expressionsniveau, Zellkontext und methodischen Unterschieden erheblich variieren kdnnen.
Trotz dieser Einschriankungen zeigen die Ergebnisse dieser Arbeit, dass Myopathie-assoziierte
TARDBP-Varianten Verdnderungen der subzelluldren Lokalisation von TDP-43-
Ablagerungen, der Morphologie von TDP-43-Kondensaten und der Dynamik des
Aggregationsprozesses bewirken. Bemerkenswerterweise dhneln diese Effekte denen, die bei

ALS-assoziierten Varianten beobachtet wurden.

Diese Beobachtung legt die Existenz gemeinsamer pathogenetischer Mechanismen nahe und

untermauert das Konzept, dass TDP-43-Proteinopathien ein kontinuierliches klinisches
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Spektrum darstellen und keine klar voneinander abgegrenzten Krankheitsentititen sind. Die
Identifizierung von Faktoren, die die gewebespezifische Anfilligkeit fiir eine TDP-43-
Dysfunktion bestimmen, konnte die Entwicklung gezielter therapeutischer Strategien fiir diese

bislang nicht behandelbaren Erkrankungen fordern.
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Appendix

Table 20: Evolutionary conservation of residues affected by TARDBP variants (adapted from (62))

Conservation score ¢.1039T>C (p.Ser347Pro) ¢.1127G>T (p.Gly376Val)
GERP++ score” 5.81 5.81

PhastCons 100way vertebrate® 1.00 1.00

PhyloP 100way vertebrate® 5.642 6.972

9 GERP++ estimates the evolutionary constraint at specific genomic positions based on alignments
across 36 mammalian species. Scores range from -12.36 to 6.18, with higher values indicating stronger
conservation during mammalian evolution (110).

® PhastCons and PhyloP are conservation metrics derived from multiple sequence alignments of 100
vertebrate genomes. PhastCons scores range from 0 to 1, while PhyloP scores range from -20 to 9.87.
Higher scores of each reflect greater evolutionary conservation at the respective genomic position (111).

Table 21: Pathogenicity predictions for TARDBP variants (adapted from (62))

Prediction tool ¢.1039T>C (p.Ser347Pro)  ¢.1127G>T (p.Gly376Val)
PROVEAN prediction (score)” neutral (0.51) damaging (-2.56)
SIFT prediction (score)” tolerated (0.26) deleterious (0.01)
PolyPhen-2 prediction (score)® possibly damaging (0.593) benign (0.086)
CADD phred-like score? damaging (22.8) damaging (23.8)

LRT prediction (LRTnew score)® deleterious (1.00) deleterious (1.00)
VEST prediction score” harmful (0.577) harmful (0.795)
MutationTaster2 prediction (score)®  disease causing (1.00) disease causing (1.00)
PMut prediction (score)® neutral (0.17) neutral (0.42)
M-CAP prediction (score)’ damaging (0.077) damaging (0.040)
FATHMM prediction (score)’ damaging (-2.35) damaging (-2.25)
LIST-S2 prediction (score)® damaging (0.88) damaging (0.89)
DEOGEN?2 prediction (score)” tolerated (0.274) damaging (0.661)

9 PROVEAN scores <-2.50 are considered ‘deleterious’ (112).

P SIFT scores <0.05 are assigned the prediction ‘damaging’ (113).

© PolyPhen-2 scores closer to 1 suggest a higher probability of a ‘damaging’ effect (114).

9 CADD Phred-like rank scores >15 (or >20 for a more conservative threshold) are considered indicative
of ‘damaging’ variants (115).

© LRTnew scores range from 0 to 1, with higher values implying an increased likelihood of a variant
being ‘deleterious’ (116).

DVEST scores range from 0 to 1; higher values suggest a greater probability of functional impact (117).
A score of 0.5 has been suggested as a cut-off between harmful and benign (118).

® MutationTaster2 reports a probability value reflecting the confidence of its prediction; values close to
1 indicate high certainty (119).

" The PMut classifier assigns scores from 0 to 1: variants scoring 0-0.5 are classified as ‘neutral’, while
those scoring 0.5-1 are predicted as ‘disease-causing’ (120).



) M-CAP scores range from 0 to 1, with higher values reflecting a greater likelihood of being
‘damaging’. A score of 0.5 serves as the threshold between ‘damaging’ and ‘tolerated’ (121).
DFATHMM scores range from -16.13 to 10.64; lower scores are associated with increased likelihood of
pathogenicity. The cutoff for ‘damaging’ is -1.5 (122).

Y LIST-S2 scores range from 0 to 1, with higher values indicating greater pathogenic potential. A score
>0.85 is considered ‘deleterious’ (123).

YDEOGEN2 scores range from 0 to 1; higher values suggest a stronger likelihood of pathogenicity. A
cutoff of 0.5 separates ‘damaging’ from ‘tolerated’ variants (124).

Table 22: Frequencies of TARDBP variants in control data sets (adapted from (62))

Data set Number of samples ¢.1039T>C (p.Ser347Pro) ¢.1127G>T (p.Gly376Val)
GnomAD" 138,632 0 0
ESP6500” 6,503 0 0
1000G® 2,504 0 0

 The Genome Aggregation Database (gnomAD) covers sequencing data from exomes and genomes of
unrelated individuals, collected through various disease-specific and population-based genetic studies
(125).

® The NHLBI GO Exome Sequencing Project (ESP) includes exome data from individuals affected by
cardiac, pulmonary, or hematopoietic disorders (126).

9 The 1000 Genomes Project (1000G) contains whole-genome data from individuals who self-reported
as healthy at the time of sample collection (127).
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