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The new missense G376V-TDP-43 variant
induces late-onset distal myopathy but not
amyotrophic lateral sclerosis
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TAR DNA binding protein of 43 kDa (TDP-43)-positive inclusions in neurons are a hallmark of several neurodegenera-
tive diseases including familial amyotrophic lateral sclerosis (fALS) caused by pathogenic TARDBP variants as well
as more common non-Mendelian sporadic ALS (sALS). Here we report a G376V-TDP-43 missense variant in the
C-terminal prion-like domain of the protein in two French families affected by an autosomal dominant myopathy
but not fulfilling diagnostic criteria for ALS.

Patients from both families presented with progressive weakness and atrophy of distal muscles, starting in their fifth
to seventh decade. Muscle biopsies revealed a degenerative myopathy characterized by accumulation of rimmed
(autophagic) vacuoles, disruption of sarcomere integrity and severe myofibrillar disorganization. The G376V variant
altered a highly conserved amino acid residue and was absent in databases on human genome variation. Variant
pathogenicity was supported by in silico analyses and functional studies.

The G376V mutant increased the formation of cytoplasmic TDP-43 condensates in cell culture models, promoted as-
sembly into high molecular weight oligomers and aggregates in vitro, and altered morphology of TDP-43 condensates
arising from phase separation. Moreover, the variant led to the formation of cytoplasmic TDP-43 condensates in pa-
tient-derived myoblasts and induced abnormal mRNA splicing in patient muscle tissue.

The identification of individuals with TDP-43-related myopathy, but not ALS, implies that TARDBP missense variants
may have more pleiotropic effects than previously anticipated and support a primary role for TDP-43 in skeletal mus-
cle pathophysiology. We propose to include TARDBP screening in the genetic work-up of patients with late-onset dis-
tal myopathy. Further research is warranted to examine the precise pathogenic mechanisms of TARDBP variants
causing either a neurodegenerative or myopathic phenotype.
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Introduction

TAR DNA binding protein of 43 kDa (TDP-43) encoded by the TARDBP
gene is a ubiquitously expressed multifunctional DNA and RNA
binding protein involved in key cellular processes such as transcrip-
tion, RNA splicing and mRNA stability.! Under healthy conditions,
TDP-43 is mainly a nuclear protein but it is known to shuttle between
the nucleus and the cytoplasm where it is involved in the regulation
of translational control, protein quality control, microRNA process-
ing, mitochondrial autophagy, axonal and vesicle transport pro-
cesses and stress response pathways (reviewed in Versluys et al.?).
TDP-43 is a 414-amino acid protein that comprises a nuclear localiza-
tion signal (NLS) and two RNA recognition motifs (RRMs). These mo-
tifs are flanked by a N-terminal region involved in oligomerization
and a C-terminal low complexity domain (LCD), which shows hom-
ologies to prion-like domains (PrlID) of prion proteins.*™

In pathological contexts, TDP-43 loses its nuclear localization
and accumulates in cytoplasmic inclusions in brain and spinal

cord motor neurons and in glial cells of patients with sporadic
or familial amyotrophic lateral sclerosis (s/fALS) or ALS with
frontotemporal dementia (ALS-FTD).°® In these inclusions,
TDP-43 is hyperphosphorylated, poly-ubiquitinated and abnor-
mally cleaved into aggregation-prone C-terminal fragments
(CTFs) comprising the PrlD/LCD domain.”*® The LCD region
has been demonstrated to play a crucial role in driving phase
separation of TDP-43, which occurs through multivalent inter-
molecular interactions guiding the formation of high molecular
weight oligomers or even (micrometre-sized) condensates.**?
These assemblies possibly represent intermediates in the tran-
sition from soluble protein species to mature aggregates.’®
Notably, almost all s/fALS-linked TDP-43 missense mutations
reside in the LCD region, and many of them have been experi-
mentally validated to alter phase separation and promote the
formation of protein aggregates.’»'®* The identification of
TARDBP variants in patients with s/fALS indicated that altered
TDP-43 function can directly damage motor neurons and that
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TDP-43 inclusions are not a mere secondary phenomenon re-
lated to neurodegeneration.®*>"%”

TDP-43-positive inclusions are not restricted to neurons or glial
cells but have also been discovered in the cytoplasm of immune
cells,*® % fibroblasts®>** or skeletal muscle fibres®*?*> from ALS pa-
tients as well as in cells of subjects with limbic-predominant
age-related TDP-43 encephalopathy (LATE)*® or Alzheimer’s and
Parkinson’s diseases.?”’*® TDP-43 inclusions were also identified in
the skeletal muscles from patients with various skeletal muscle dis-
orders including distal myopathies, myofibrillary myopathies with
rimmed vacuoles, sporadic inclusion body myositis (sIBM) and IBM
with Paget’s disease and FTD.?*** TDP-43 was found to be a key regu-
lator of myogenesis, and a recent study revealed that it is also in-
volved in muscle regeneration through the formation of so-called
myogranules.®® Consequently, it is reasonable to speculate that
TDP-43 loss- or gain-of-function due to misfolding/aggregation or up-
regulation may be detrimental to normal muscle function.*®

In the present study, we report the identification of two French
families harbouring a G376V-TDP-43 missense variant, which seg-
regated with autosomal dominant late-onset distal myopathy.
Functional studies demonstrated that the G376V variant alters
TDP-43 aggregation behaviour in transfected cells, patient-derived
primary muscle cells and in vitro assays. Overall, these data strongly
suggest that TARDBP missense variants can not only induce ALS
and ALS/FTD pathologies but can also directly cause primary skel-
etal muscle disorders.

Materials and methods

The study population included nine affected and three unaffected
individuals from two families referred to our institutions for assess-
ment of an aetiologically unexplained distal myopathy. All partici-
pants gave informed consent for the extraction and use of primary
care data, medical history-taking, clinical examinations, genetic
studies and secondary use of biomaterials (blood/DNA samples,
muscle biopsies and myoblast cultures) in the study. The
study was conducted in accordance with national legislations and
the ethical standards laid down in the 1964 Declaration of
Helsinki and its later amendments. Research protocols were ap-
proved by Institutional Review Boards at the Faculté de Médecine
Rockefeller Lyon and Ludwig-Maximilians-University Munich.
Human biological samples and associated data and consents
were obtained from Tissu-Tumorothéque Est Biobank (CRB) and
the CBC Biotec (HCL Hospices Civils de Lyon) authorized by the
French Ministry of Research (AC-2019-3465).

The following primary antibodies were used: rabbit anti-TDP-43
antibodies [Cat. No. 12892-1-AP, western blotting (WB) 1:2000; Cat.
No. 10782-2-AP WB 1:2000 and immunofluorescence (IF) 1:500]
were from Proteintech. The rabbit anti-TDP-43 S409/S410-2 [Cat.
No. TIP-PTD-P02; immunohistochemistry (IHC) 1:1000] was from
Cosmo Bio. The mouse anti-SQSTM1/p62 (Cat. No. 610833 3P62,
IHC 1:500) was from BD Biosciences. The rabbit anti-GAPDH
(mAb#2118, WB 1:10 000) was from Cell Signaling Technology. The
rat anti-HA (3F10, Cat. No. 11867423001; WB 1:2000) was from Merck.

The following secondary antibodies were used for WB:
anti-Rabbit (NA934; GE Healthcare UK) and the anti-Rat (sc-2956;
Santa Cruz) labelled with peroxidase were used at 1:10 000.

J. Zibold et al.

For IF experiments, the donkey anti-Rabbit Alexa-Fluor 488
(A21206) was purchased form Molecular Probe and was used at
1:1000.

Muscle biopsy specimens were taken at sites distant from position of
placement of EMG needles. A portion of the tissue sample was imme-
diately frozen in cooled isopentane and 7 pm cryosections were pro-
cessed for histology: haematoxylin phloxin saffron (HPS) and Gomori
trichrome stainings as well as nicotinamide adenosine dinucleotide
tetrazolium reductase (NADH-TR) and cytochrome c oxidase (COX)
reactions. A second portion of the tissue sample was formalin-fixed,
embedded in paraffin and sectioned for an automated IHC analysis
on a BenchMark XT (Ventana Medical Systems). Anti-SQSTM1/p62
and anti-phospho-TDP-43 (pS409/410) were used as primary anti-
bodies and antigen-antibody complexes were detected with the
help of biotinylated secondary antibodies, avidin-biotin-peroxidase
complexes and Ventana DAB detection and amplification Kkits.
Digital image capture was performed using an Axio Scan.Z1 micro-
scope (Zeiss) at the CIQLE platform of the Faculty of Medicine of
Lyon, France.

Transmission electron microscopy analyses were performed as
previously described.”” Biopsy samples were fixed with 2% glutaral-
dehyde [Electron Microscopy Sciences (EMS)] in 0.1 M sodium caco-
dylate buffer (pH 7.4). After washing three times in 0.2 M sodium
cacodylate buffer, tissues were post-fixed with 2% osmium tetrox-
ide (EMS) at room temperature for 1 h. Samples were then dehy-
drated in a graded series of ethanol at room temperature,
transferred to propylene oxide (EMS) and embedded in Epon epoxy
resin (EMS). After polymerization, ultrathin sections (100 nm) were
cut on a UC7 ultramicrotome (Leica) and collected on 200 mesh
grids. Sections were stained with uranyl acetate and lead citrate
prior to analysis on a JEM-1400 (Jeol) transmission electron micro-
scope equipped with an Orius 600 camera and digital micrograph.

DNA samples from Family A were hybridized to Affymetrix
GeneChip Human Mapping Nspl 250K arrays. Genotypes were
called with GeneChip Genotyping Analysis Software and default
thresholds. Parametric multipoint logarithm of the odds (LOD)
scores were calculated with MERLIN assuming a dominant mode
of inheritance and a frequency of the disease allele of 0.0001.

Whole-exome sequencing of Individual A-III:7 was performed on a
Genome Analyzer HiSeq 2000 system (Illumina) after using the
SureSelect Human all Exon 50 Mb kit v4 (Agilent) for in-solution en-
richment of exon and adjacent intron sequences. Read alignment
was performed with BWA v.0.5.8 to the human genome assembly
hgl9 and single-nucleotide variants and small indels were called
with SAMtools v.0.1.7. Variant annotation was performed with cus-
tom Perl scripts, integrating data from dbSNP135 and the UCSC
Genome Browser Known Genes track. Further analysis was restricted
to heterozygous non-synonymous variants excluding HapMap
single-nucleotide polymorphisms present in dbSNP135 with an aver-
age heterozygosity >0.02 and variants present in >4 of >12000 in-
house exomes from individuals with unrelated diseases.
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Segregation studies were performed by Sanger sequencing.
Oligonucleotide primer sequences for PCR amplification are available
upon request. Sequences of PCR-amplified DNA fragments were
identified by BigDye Terminator Ready Reaction Cycle Sequence Kit
and capillary electrophoresis (Applied Biosystems).

The human embryonic kidney cell line HEK293T was obtained from
the American Type Culture Collection (ATCC). The U20S cell line
was kindly provided by Dr Delphine Poncet (INMG-PGNM Lyon).
Cells were cultured in Dulbecco’s modified Eagle medium
(DMEM)-GlutaMAX high glucose + pyruvate supplemented with
10% of fetal bovine serum (FBS) and penicillin/streptomycin (P/S).
The human SH-SY5Y neuroblastoma cell line was obtained from
Sigma-Aldrich. Cells were cultured in DMEM/F12 GlutaMAX supple-
mented with 10% of FBS, P/S and non-essential amino acid medium
(NEAA). Human primary myoblasts from non-disease control indi-
viduals (Individuals Y691/CT1 and Y711/CT2; both males, aged 68
and 71 years, respectively) and patients with the G376V distal my-
opathy (Patients Y723/FA-IV:6 and V690/FB-IV:4; both males with
an age of 71 and 82 years, respectively) were obtained from the
Tissu-Tumorothéque Est Biobank (CRB-HCL) and the CBC Biotec-
HCL authorized by the French Ministry of Research
(AC-2019-3465). Myoblasts were cultured in proliferating culture
medium as previously described® (KMEM: one volume of M199,
four volumes of DMEM-GlutaMAX high glucose + pyruvate, 20%
FBS, 25 pg/ml fetuin, 0.5 ng/ml B-FGF, 5 ng/ml EGF, 5 pg/ml insulin,
P/S). Differentiation of myoblasts into myotubes was induced by
switching to DIFF-medium (one volume of M199, fouor volumes of
DMEM, 2% horse serum and 10 pg/ml insulin). All cell culture media
and reagents were purchased from Gibco-Thermo Fisher Scientific.

Mammalian expression constructs for HA-tagged wild-type, G298S,
M337V and Q343R TDP-43 (in pcDNA3) and for GFP-tagged wild-
type, G294A, G298S and Q331K TDP-43 (in pEGFPC1) were provided
by Takashi Nonaka.?>*° The QM516B2-GFP-TDP-43-WT, -G294A,
-G298S and -Q331K lentiviral constructs were created by subcloning
the GFP-TDP-43 from pEGFPC1 into the QMS516B2 lentivector
(System Biosciences). The pcDNA3-HA-TDP-43-G376V construct
was created by PCR mutagenesis. The QM512B2-GFP-TDP-43-G376V
construct, the pLVX-tetOne-Puro-HA-TDP-43-WT, -G376V and
-G376D constructs, and the pcDNA3-HA-TDP-43-G376D construct
were created by gene synthesis and mutagenesis (Genscript).

The psPAX2 plasmid, which is a second generation lentiviral
packaging construct encoding HIV-1 Gag and GagPol, and the
pMDG2 plasmid encoding the vesicular stomatitis envelope glyco-
protein (VSVg) were kindly provided by Didier Trono (EPFL). The
pPLKO1 constructs encoding small hairpin RNAs (shRNA) directed
against human TARDBP (TDP-43#38 TRCN0000016038; TDP-43#40
TRCN0000016040) were purchased from Sigma-Aldrich (Mission
shRNA plasmid DNA).

The negative shRNA control pLKO1 (shCT) was kindly provided
by Clotilde Thery and previously described.®®*

The bacterial expression constructs pJ4M- wild-type TDP-43-
TEV-MBP-Hisg was obtained from Addgene (Plasmid#104480) and
was first described in Wang et al.** The G376V and G376D variants
were created by site-directed mutagenesis.
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Sequence integrity of all constructs was verified by Sanger
sequencing.

One day prior to transfection, HEK293T cells were plated at a dens-
ity of 400 000 cells per well in six-well plates in presence or absence
of coverslips. Cells were transfected with 1-2 pg of constructs en-
coding HA- or GFP- fused wild-type or G376V TDP-43 using
Fugene HD reagent (Promega), according to the manufacturer’s
protocol. Transfected cells were analysed 48-72h after
transfection.

U20S cell lines stably expressing HA-TDP-43-WT, -G376V and
-G376D were obtained by transfection of 2 pg of pLVX-tetOne-
Puro-HA-TDP-43-WT, -G376V or -G376D using Fugene HD and sub-
sequent selection of cells with 1 pg/ml of puromycin.

This methodology, which has been previously described,*® is de-
picted in the Supplementary material.

This methodology is depicted in the Supplementary material.

Transfected HEK293T cells, primary myoblasts or differentiated
myotubes were cultured in the appropriate culture medium
containing 400 mM bp-sorbitol (Euromedex) for 1-3h at 37°C.
Cells were washed in PBS and then fixed for direct green
fluorescent protein (GFP)-fluorescence or IF confocal microscopy.

Primary myoblasts and myotubes were grown on poly-lysine or
Matrigel™-coated glass coverslips or alternatively in four-
wells-Labtek systems (Thermo Fischer Scientific). Cells were
washed with 1x PBS and fixed with 2% paraformaldehyde (PFA) in
1x PBS at room temperature for 15 min. Cells were then permeabi-
lized with 0.2% Triton X-100 (Sigma-Aldrich) for 5 min at room tem-
perature and blocked with 1x PBS containing 2% bovine serum
albumin (BSA) for 1 h. Primary myoblasts and myotubes were la-
belled with the an anti-TDP-43 primary antibody (Cat. No.
10782-2-AP; 1:500) in 1x PBS containing 2% of BSA overnight at 4°
C. After extensive washing steps in 1x PBS, cells were stained for
1h at room temperature with a secondary antibody coupled to
Alexa Fluor 488. After washing with 1x PBS, Labteks were mounted
with Immu-Mount™ medium (Thermo Scientific) or, in
FluorSave™ reagent (Millipore). HEK293T cells transfected with
constructs encoding EGFP-TDP-43 were fixed in 4% PFA for
10 min, washed in 1x PBS, and stained with DAPI. After additional
washings, coverslips were mounted with Immu-Mount™ medium
for direct fluorescence microscopy. Digital image capture was per-
formed using a confocal LSM-880 microscope (Zeiss) at the CIQLE
platform from the Faculty of Medicine of Lyon, France. Images
were analysed using the ImageJ software (version 1.8).

Two to three days after transfection, cells were harvested and lysed
in 350 pl of homogenization buffer [HB; 10 mM Tris-HCI, (pH 7.5),
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0.8M NaCl, 1mM EGTA, 1mM DTT| supplemented with 1%
N-laurylsarcosine sodium salt (sarkosyl), protease inhibitors
(Complete, EDTA-free; Roche) and phosphatase inhibitors
(PhosphoStop, Roche). Cell lysates were briefly sonicated and
then ultracentrifuged at 100 000g for 30 min at room temperature
in a TLA-100.3 rotor (optima max ultracentrifuge, Beckman). The
supernatant was recovered as the sarkosyl-soluble fraction and
mixed with 5x concentrated sample buffer [312.5 mM Tris-HCl
(pH 6.8), 25% 2-mercaptoethanol, 50% glycerol, 10% sodium dode-
cylsulphate (SDS), bromophenol blue]. The pellet was washed in
homogenization buffer, resuspended in 1x sample buffer, soni-
cated for solubilization and then used as the sarkosyl-insoluble
fraction. Samples were separated by 12% SDS-PAGE gels, trans-
ferred on 0.45pm polyvinylidene difluoride membrane (PVDF;
Millipore), and probed with anti-HA and anti-GAPDH primary anti-
bodies overnight at 4°C. After three washes with TBS-Tween buffer
(Interchim), membranes were probed with HRP-conjugated sec-
ondary antibodies for 1 h at room temperature. Membranes were
then washed as previously described, and signals were detected
using the ECL-prime (GE Healthcare) detection kit and a
ChemiDoc™ Touch imaging system. Quantification of immuno-
blots was done using the Image Lab software (Bio-Rad).

TDP-43-MBP-Hisg wild-type, G376V or G376D variants, and
Hise-TEV protease were expressed and purified as previously
described*** or with modifications in the composition of the lysis
buffer [S0 mM Tris pH 8, 1 M NaCl, 10 mM imidazole, 10% (v/v) gly-
cerol, 4 mM B-mercaptoethanol and 1 pg/ml each of aprotinin, leu-
peptin hemisulphate and pepstatin A] and the size exclusion
chromatography purification buffer [SO mM Tris pH 8, 300 mM
NacCl, 5% (v/v) glycerol supplemented with 2 mM TCEP].

Experimental procedures were previously described** and are de-
picted in the Supplementary material.

Data are shown as mean + standard error of the mean (SEM). Data
were analysed in GraphPad Prism (version 9.0.0 for MacOS,
GraphPad Software, San Diego, www.graphpad.com). A P-value
<0.05 was considered statistically significant.

Results

Here we describe two families (Families A and B) presenting with
late-onset autosomal dominantly inherited distal myopathy
(Fig. 1A). Both families originated from the same region in France;
however, there was no known ancestral connection. Seven affected
subjects from Family A (Patients FA-IIL:5, FA-III:7, FA-IIL:9, FA-III:11,
FA-III:16, FA-IV:3 and FA-IV:6; Table 1), three unaffected individuals
(Individuals FA-III:14, FA-IV:2 and FA-IV:5) and two affected pa-
tients from Family B (Patients FB-IV:4 and FB-V:1; Table 1) under-
went a physical examination in our centre (HCL, Hopital
Neurologique P. Wertheimer). The health status of additional

J. Zibold et al.

relatives was reported by the probands and extracted from avail-
able medical records. None of the families had a history of ALS or
FTD.

All nine examined affected individuals had normal motor devel-
opment and their motor capacities remained unremarkable until
clinical symptoms started at a median [interquartile range (IQR)]
age of 50 (45-50) years. The median (IQR) disease duration was 20
(13-34) years; five patients died after a median (IQR) disease dur-
ation of 28 (15-35) years. Initial symptoms were distal muscle weak-
ness and atrophy that started in the upper extremities in four (44%)
patients, in the lower limbs in two (22%) patients and simultan-
eously in the upper and lower extremities in three (33%) patients.
Weakness in the upper extremities predominantly affected hand
and finger extensors, while the anterior and lateral muscles of the
leg were the most severely affected muscles of the lower extrem-
ities (Fig. 1B-F). Asymmetric muscle involvement occurred in six
(67%) patients. Symptoms progressively worsened over time and
three (33%) patients required ambulatory support at their last visit.
One of the nine affected individuals became wheelchair-bound
after the age of 80 years. Additional features were dysphagia
(89%) manifesting at a mean (IQR) age of 62 (61-65) years, dyspnoea
(89%) first noted at a mean (IQR) age of 59 (55-66) years, and
diaphragmatic palsy (67%) with onset at a mean (IQR) age of 70
(64-70) years. There were no signs of pyramidal tract dysfunction
such as spasticity, hyperreflexia or plantar responses. Sensory
exam was unremarkable except for malleolar hypoallaesthesia in
aged patients. Even at advanced age (mean age at the end of follow-
up 70 years), none of the patients showed symptoms or signs of ex-
ecutive dysfunction, language impairments or behavioural changes
evocative of cognitive deficits or dementia.

In all nine patients tested, needle EMG showed myopathic pat-
terns in affected muscles, including fibrillations, positive sharp
waves at rest, and polyphasic motor unit potentials of short
duration and low amplitude during voluntary contraction. No myo-
tonic discharge, no fasciculation or neuropathic changes were
found. Nerve conduction studies were unremarkable as well. MRI
(four patients) and CT (three patients) showed marked distal mus-
cle atrophy with relative sparing of the thigh muscles; in the upper
limbs, muscle atrophy was predominant in the posterior forearm
muscles; in the lower limbs, muscle atrophy was most prominent
in the anterior leg muscles (Fig. 1G-O). Seven of eight tested pa-
tients had restrictive lung function with forced vital capacity
(FVC) decreased by a median (IQR) percentage of 44% (33-55) of ref-
erence values. Cardiac disease occurred in three patients: one pa-
tient had hypertrophic cardiomyopathy, a second patient
presented with atrial fibrillation with unremarkable cardiac ultra-
sound, and the third one had asymptomatic left bundle branch
block with normal cardiac ultrasound and ECG Holter (Table 1).
Serum creatine kinase (CK) levels were within normal ranges in
five patients (62.5%) or moderately elevated to a maximum of
500 IU/1 in three patients (37.5%).

Patients FA-II:2, FA-II:5, FA-II:8, FA-III:2 and FA-IV:1 from Family
A were not examined in our reference centre (Hospices Civils de
Lyon, Hopital Neurologique P. Wertheimer). However, according
to their relatives, these individuals were affected by progressive
distal muscle weakness starting in adulthood. Patients FA-II:2,
FA-II:5 and FA-II:8 had died at the age of 75, 65 and 68 years, respect-
ively. Patient FA-III:2, currently 84 years old, was reported to pre-
sent with distal muscle involvement occurring after the age of 60
years. Patient FA-IV:4 was reported to have no overt muscle weak-
ness or atrophy at the age of 57 years; however, she had restrictive
lung disease (FVC decreased by 30%).
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FamilyA »

Family B

Figure 1 Two families presenting with late-onset distal myopathy with autosomal dominant inheritance. (A) Family trees. Pedigrees of Family A (top)
and Family B (bottom). Squares represent males and circles represent females. Black filled symbols correspond to patients suffering from distal myop-
athy. TARDBP genotypes of individuals from whom a DNA sample was available are given below the pedigree symbols. +/- indicates heterozygous for
the TARDBP variant; —/- indicates homozygous for wild-type. (B-F) Clinical findings. (B) Individual FA-III:11, age 67 years, presented with bilateral upper
limb extensor muscle deficit resulting in wrist drop. (C) Individual FA-IIL:5, age 70 years, presented with asymmetric atrophy of the anterior compart-
ment of the lower leg muscles. (D) Individual FA-III:9, age 72 years, presented with marked bilateral weakness of hand and finger extensors.
(E) Individual FA-IV:6, age 49 years, presented with bilateral atrophy of the tibialis anterior muscles. (F) Individual FB-V:1, age 53 years, presented
with bilateral weakness of hand and finger extensors, most prominent on the index extensors. (G-N) Skeletal muscle imaging findings. (G and H)
Skeletal muscle CT scans of Individual FA-III:9, age 72 years, showed atrophy of posterior forearm muscles (arrow in G) and diffuse atrophy of anterior
and posterior lower leg muscles (H). (I and J) Skeletal muscle CT scans of Individual FA-IV:6, age 51 years, showed discrete atrophy of posterior thigh
muscles (arrows in I) and severe atrophy of the tibialis anterior muscles (arrows in J) and the left gastrocnemius medialis muscle (arrowhead in J).
(K and L) Skeletal muscle CT scans of Individual FB-IV:4, age 73 years, showed relative sparing of the thigh muscles (K) and symmetric involvement
of tibialis anterior (arrows in L). (M and N) Skeletal muscle T,-weighted Dixon MRI scans of Individual FB-V:1, age 53 years, showed bilateral fatty in-
filtration and atrophy of thigh muscles, especially in the posterior group (M), and of lower leg muscles, predominantly affecting the gastrocnemius
medialis and soleus (arrowheads in N) as well as the tibialis anterior muscles (arrows in N). Bf =biceps femoris; Gl = gastrocnemius lateralis; Gm =
gastrocnemius medialis; Gr = gracilis; Sa = sartorius; Sm = semi-membranosus; So = soleus; St = semi-tendinosus; Ta = tibialis anterior.

According to their relatives, Individuals FB-II:2, FB-III:1, FB-III:4
and FB-III:5 from Family B, who were already deceased at the time
of this study, had also been affected by a distal myopathy. Their
age of death was unknown. Patient FB-IV:9 had been examined
in another hospital, and his medical records indicated that he
had experienced asymmetric distal muscle weakness occurring

before the age of 65 years, had been able to walk without limita-
tions at the age of 75 years, and had shown a myopathic EMG
pattern.

None of the additional affected individuals, whose medical data
were provided by their family members, had a reported history of
cognitive deficits or dementia.
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Table 1 Clinical characteristics of affected individuals carrying the TDP-43 G376V variant

Family Family A Family B
Individual FA-III:5 FA-IIL.7 FA-III:9 FA-III:11 FA-III:16 FA-IV:3 FA-IV:6 FB-IV:4 FB-V:1
Sex/current age?, years F/'>8  M/T>66 M/ 78 M/T 84 F/T 85 M/63 M/72 M/ 80 M/58
Age at symptoms onset, years 45 54 50 50 69 50 49 40 40

First symptoms Distal UL Distal UL+LL Distal UL Distal UL +LL Distal UL+ LL Distal UL Distal LL UL Distal LL
Disease duration, years >35 >12 28 34 16 13 >23 40 >18
Time to all four extremities, years 10 0 5-10 0 0 5 5 10 10
Asymmetric involvement Yes No Yes Yes No Yes Yes No Yes
Impairment of ambulation® + + ++ +++ + + + ++ ++
Dysphagia (age, years) Yes (66)  Yes (62) Yes (60)  Yes (63) Yes (73) Yes (61) No Yes No
Exertional dyspnoea (age, years) Yes (65)  Yes (62) Yes (55)  Yes (56) Yes (73) Yes (55) Yes (55) Yes(70) No
Diaphragmatic palsy (age, years) Yes (70)  Yes (62) Yes (72)  Yes (70) No Yes (55) No Yes (70) No
Cardiac involvement (age, years) No No No HCM AF No LBBB No No*¢

CK level (1U/1) 157 N N 500 173 NP 500 N 430
Electromyography Myopathic NP Myopathic Myopathic =~ Myopathic =~ NP Myopathic Myopathic Myopathic
Reduction of FVC (%) -20 -28 -70 =50 NP =37 —-60 —44 No
Cognitive deficit No No No No No No No No No

AF = atrial fibrillation; CK = creatine kinase; F = female; FVC = forced vital capacity; HCM = hypertrophic cardiomyopathy; LBBB = left bundle branch block; LL =lower limbs;
M = male; N = within normal range; NA = not applicable; NP = not performed; UL = upper limbs; UK = unknown.

TDeceased.
2Current age for living individuals or age of death.

®Impaired ambulation at last visit: — = normal gait; + = walks with difficulties; ++ = ambulation with support; +++ = wheelchair-bound.

“One episode of ventral tachycardia.

Patients display vacuolar myopathy associated with
SQSTM1/p62- and TDP-43-positive inclusions

Analysis of muscle biopsies of three patients (Patients FA-IV:6;
FB-IV:4 and FB-V:1) revealed chronic myopathic changes, including
myofibre atrophy, few necrotic myofibres, fibrosis and centralized
nuclei (Supplementary Table 1 and Fig. 2A). Sarcoplasmic rimmed
vacuoles were observed on HPS and Gomori trichrome staining
[Fig. 2A(i-iii) and Supplementary Fig. 1A]. Acid phosphatase activity
was increased (Supplementary Fig. 1B and C), indicating abnormal
lysosomal activity. COX and NADH staining identified well demar-
cated central sarcoplasmic areas of reduced or absent mitochondrial
enzyme activity (Supplementary Fig. 2A-F) as well as local accumula-
tions of mitochondria were also observed (Supplementary Fig. 2B
and E). There were no signs of neurogenic atrophy, such as fibre
type grouping or target fibres. Additional immunohistochemical
examination of muscle biopsies obtained from Patients FA-IV:6,
FB-IV:4 and FB-V:1 demonstrated sarcoplasmic inclusions that
stained positive for SQSTM1/p62 and phosphorylated TDP-43.
These inclusions were associated with rimmed vacuole-like struc-
tures, providing additional evidence to support the diagnosis of a de-
generative vacuolar myopathy [Fig. 2A(iv-ix)]. Transmission electron
microscopy (TEM) confirmed the presence of intracellular vacuoles
with ultrastructural characteristics of autophagic compartments
[Fig. 2B(i, ii and iv)]. Concomitantly, distorted and dissociated Z-disc
structures indicated disruption of sarcomere integrity with severe
myofibrillar disorganization [Fig. 2B(j, iii and iv)).

Exome sequencing identified a G376V-TDP-43
variant in patients with hereditary distal myopathy

Transmission of the disease in both families was consistent with
autosomal dominant inheritance (Fig. 1A). Genome-wide linkage
analyses using DNA from five affected members of Family A
identified genomic interval on six chromosomes for which the
maximum LOD of 1.49 was obtained. Subsequently, exome

sequencing of Patient FA-III:11 yielded 188 rare non-synonymous
variants in genes not previously related to hereditary myopathy.
Five of these variants fell into regions highlighted by linkage ana-
lysis. Segregation studies using DNA from further affected family
members excluded all variants except for a previously unreported
€.1127G>T substitution in the TARDBP gene, encoding a mutant
TDP-43 protein harbouring a G376V variant protein (Fig. 3A). Duo
exome sequencing in Patients FB-IV:4 and FB-V:1 from Family B
identified the same heterozygous c.1127G>T TARDBP substitution,
which was subsequently confirmed by Sanger sequencing (Fig. 3A
and B). This variant was not present in databases covering human
genome variation such as gnomAD,* ESP6500* and 1000G*®
(Supplementary Table 2) and affected an evolutionary conserved
amino acid residue (Fig. 3C and Supplementary Table 3) inside
the C-terminal LCD domain. G376 is part of a conserved sequence
flanked by two steric zipper motifs (370-GNNSYS-375 and
396-GFNGGFG-402; Fig. 3D), both having a pivotal role on the
pathogenic aggregation process of TDP-43.%° Ten of 12 pathogen-
icity prediction algorithms classified the G376V amino acid
substitution as a potentially damaging variant (Supplementary
Table 4).

The G376V variant reduces TDP-43 solubility in cells

Most reported TDP-43 variants associated with ALS and ALS/FTD
target the LCD domain and some of them were reported to promote
cytoplasmic TDP-43 aggregation.® Therefore, we first determined
the impact of the G376V amino acid substitution on TDP-43 propen-
sity to aggregate formation. We transfected HEK293T cells with con-
structs encoding HA-tagged wild-type or G376V-mutant TDP-43 and
then examined the solubility of TDP-43 species by harvesting and
lysing the cells in the presence of 1% sarkosyl, a detergent known
to enhance the detection of alterations in TDP-43 solubility.*®
Sarkosyl-soluble and sarkosyl-insoluble pellet fractions were re-
covered by ultracentrifugation and analysed by immunoblotting
using antibodies directed against the HA tag (for detection of tagged
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A FA-IV:6

P62/SQSTM1 _ HPS

pTDP-43

Figure 2 Histopathological, immunohistochemical and ultrastructural
analyses of muscle biopsies. [A(i-iii)] Light microscopic analysis.
Haematoxylin-phloxine-saffron (HPS) staining of muscle biopsies
from Individuals FA-IV:6, FB-IV:4 and FB-V:1 showed chronic degenera-
tive changes, including atrophic myofibres (empty arrowheads),
myofibre necrosis (number signs), centralized nuclei (asterisks), fibrosis
and sarcoplasmic rimmed vacuoles (arrows). Scale bars=100um
(i) or 200 pm (ii and iii). [A(iv-ix)] Immunohistochemical analysis.
Immunostaining for SQSTM1/p62 [A(iv-vi)] and phosphorylated
TDP-43 [pTDP-43; A(vii-ix)] of muscle biopsies from Individuals
FA-IV:6, FB-IV:4 and FB-V:1 revealed sarcoplasmic inclusions associated
with vacuoles (arrows). Note that samples from Individuals FA-IV:6
and FB-V:1 showed massive structural alterations due to freeze-thaw
damage. Scale bars=100um (v) or 200 um (iv and vi-ix). [B(i-v)]
Ultrastructural analysis. Transmission electron microscopy of muscle
biopsy samples from Patients FA-IV:6, FB-IV:4 and FB-V:1revealed an ac-
cumulation of autophagic vacuoles in the sarcoplasm (arrows) and dis-
ruption of sarcomeric integrity associated with distortion of Z-disc
structures (arrowheads). Scale bars =0.5 um (iii), 1 pm (i, right, ii and v),
or 2 um (i left and iv). B(i) Right: The boxed region from Bii), left at higher
magnification.

TDP-43) and GAPDH (as a loading control). HA-tagged G376V-TDP-43
was substantially enriched in the sarkosyl-insoluble fraction com-
pared to the wild-type protein (Fig. 4A and B).
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G376V-TDP-43 assembles into morphologically
distinct condensates and enhances TDP-43
aggregation in vitro

To examine whether the G376V variant alters the ability of TDP-43
to undergo phase separation or liquid-to-solid phase transitions,
we expressed full-length wild-type and G376V-mutant TDP-43
fused to a solubilizing maltose binding protein (MBP)-tag and a
Hise-tag in Escherichia coli.**** Already during protein purification
by size exclusion chromatography, we noted that the G376V variant
showed more abundant TDP-43 oligomers compared to the wild-type
protein (Supplementary Fig. 3A and B). Phase separation of TDP-43
was initiated by treatment with Tobacco Etch Virus (TEV) protease,
which cleaves off the solubilizing MBP-tag, thereby allowing
TDP-43 condensation. Turbidity measurements of wild-type and
G376V-TDP-43 demonstrated a similar concentration-dependent in-
crease in phase separation, though values at low protein concentra-
tions tended to be higher for the G376V variant (Fig. 4C). Bright-field
microscopy revealed that wild-type TDP-43 formed large, rounded
condensates, similar to what has been previously reported,*® which
could indicate that the condensates have a droplet-like nature and
grow by fusion. In contrast, G376V-TDP-43 condensates were much
smaller and had an irregular, amorphous shape and were often
found in chain-like arrangements (Fig. 4D) suggesting that they
tend to stick to each other. Next, we conducted semi-denaturing de-
tergent agarose gel electrophoresis (SDD-AGE) experiments to moni-
tor TDP-43 aggregation kinetics.** Over a 5-day period, we found that
the G376V variant displayed more rapid oligomerization and forma-
tion of SDS-resistant higher molecular weight TDP-43 species com-
pared to the wild-type protein (Fig. 4E).

The G376V-TDP-43 variant is more
aggregation-prone compared to ALS-associated
variants

Another missense variant affecting TDP-43 codon G376, a glycine
to aspartic acid substitution (G376D), has been previously reported
to cause rapidly progressive ALS.”>>° Consequently, we sought to
compare predicted aggregation propensities of wild-type TDP-43,
G376V-TDP-43 and G376D-TDP-43. The in silico prediction tool
PLAAC (prion-like amino acid composition)®® yielded a higher ag-
gregation propensity score for myopathy-associated G376V-
TDP-43 (PAPA score: 0.060) than for wild-type TDP-43 (PAPA score:
0.043) and ALS-associated G376D-TDP-43, which even scored lower
than the wild-type (PAPA score: 0.029) (Supplementary Fig. 4A
and B). Similarly, the ZipperDB algorithm,®* which evaluates pep-
tide sequences for their likelihood to form self-complementary
B-strands termed ‘steric zippers’ that drive self-assembly, predicted
that the G376V mutation but not the G376D variant introduces
steric zipper motifs that could increase TDP-43 aggregation
(Supplementary Fig. 4C).

To validate these findings experimentally, HEK293T cells were
transfected with constructs encoding HA-tagged wild-type,
G376V-mutant or the G376D-mutant TDP-43. Sarkosyl-soluble and
sarkosyl-insoluble fractions were isolated and analysed by immuno-
blotting, as described above. Again, the G376V variant was more
prone to form insoluble TDP-43 aggregates compared to both the
G376D variant and the wild-type TDP-43, while the G376D variant
had only a very minor effect (Fig. SA and B). Importantly, this observa-
tion was not limited to overexpression in HEK293T cells: it was also
confirmed in U20S cell lines stably expressing doxycycline-inducible
wild-type, G376V and G376D TDP-43 (Supplementary Fig. 5).
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Figure 3 Identification of the G376V-TDP-43 variant. (A and B) Sanger sequencing chromatograms. (A) TARDBP sequence around codon 376 in non-
affected Individual FA-IV:5 and affected Patient FA-IV:3 from Family A. (B) TARDBP sequence around codon 376 in affected Patients FB-IV:4 and
FB-V:1 from Family B. Note the heterozygous ¢.1127G>T substitution in the sequences obtained from affected individuals (arrow) corresponding to
the G376V substitution in the TDP-43 protein. (C) Alignments of partial sequence of TDP-43 from multiple species. The arrow indicates the glycine resi-
due (G) at position 376. Human (Homo sapiens): Q13148, chimpanzee (Pan troglodytes): H2PY00, mouse (Mus musculus): Q921F2, cow (Bos taurus): G3MX91,
horse (Equus caballus): FEWAUS, platypus (Ornithorhynchus anatinus): F7EDX1, chicken (Gallus gallus): Q5ZLNS, frog (Xenopus laevis): AOA8JOTE74 and zeb-
rafish (Danio rerio): NP_958884. (D) Schematic representation of the full-length TDP-43 protein (adapted from Guenther et al.*’) and positions of
disease-associated variants. The G376V variant is highlighted in red. The low complexity domain (LCD) has been expanded in the figure, displaying
peptide sequences and the relative positions of steric zipper segments for which information on the structure was available (black arrows/arrowhead).
NLS = nuclear localization sequence; NTD = N-terminal domain; RRM = RNA-recognition motif.

To further compare properties of G376V- and G376D-mutant
TDP-43, we performed similar in vitro experiments, as described
above using recombinant purified wild-type, G376V and G376D pro-
teins (Supplementary Fig. 3A and B). Bright-field microscopy re-
vealed that phase separation behaviour of G376D-TDP-43 was
largely indistinguishable from the wild-type in terms of size and
roundness of condensates (Fig. 5C and D), while G376V-TDP-43
again yielded smaller and more irregularly, amorphously shaped
condensates. We also performed an in vitro aggregation experi-
ment, in which fluorescently labelled TDP-43 is vigorously agitated
in an aggregation-promoting buffer for 30 min, incubated for 2 or
4h and then imaged by confocal microscopy.* In this assay, the
G376V, but not the G376D mutant, showed more abundant and lar-
ger aggregates at earlier timepoint (2 h), suggesting that the kinetics
of TDP-43 aggregation is accelerated by the G376V mutation (Fig. 5E
and F).

In another series of experiments, we compared effects of G376V
to further ALS-related missense variants. After sarkosyl treatment,
variants tended to accumulate in the sarkosyl-insoluble fraction,
but not to the extent seen for G376V (Supplementary Fig. 6). The
only exception was the variant M337V, which had a more promin-
ent effect (Supplementary Fig. 6A and B). Finally, we conducted
fluorescence confocal imaging of HEK293T cells expressing
GFP-tagged TDP-43 species. In the presence of sorbitol, an osmotic
stressor that directs TDP-43 to stress granules,’®°?
cytoplasmic TDP-43 condensates was substantially increased in
cells expressing G376V-TDP-43 compared to cells transfected with
GFP-tagged wild-type TDP-43. ALS-related variants G294A, G298S
and Q331K also increased formation of cytoplasmic condensates;
however, the effect was less prominent compared to G376V
(Supplementary Fig. 6C-E). Western blotting revealed similar pro-
tein levels of overexpressed TDP-43 species (Supplementary Fig.

the number of
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Figure 4 Impactof the G376V variant on TDP-43 aggregation. (A) Immunoblotting of sarkosyl-soluble (Sark-sol) and sarkosyl-insoluble pellet (Sark-ins)
fractions. Proteins were isolated from HEK293T cells expressing HA-tagged wild-type TDP-43 or the G376V variant. Anti-HA and anti-GAPDH antibodies
were used for the detection of TDP-43-HA fusion proteins and the detection of GAPDH (loading control), respectively. (B) Ratios of wild-type and G376V
variant HA-TDP-43 in the Sark-ins fraction to the Sark-sol fraction. The graphs represent mean + standard error of the mean (SEM) of n =5 experiments.
All values were normalized to the mean of wild-type HA-TDP-43. Statistical significance was determined using an unpaired two-tailed Mann-Whitney
test. **P=0.0079. (C) Turbidity measurement (OD600) of wild-type (WT) and G376V-TDP-43 proteins (at 2.5, 5 or 10 uM) in solution. Wild-type and
G376V-TDP-43-TEV-MBP-Hisg were purified from Escherchia coli. To trigger phase separation, the MBP-Hisg tag was removed by Tobacco Etch Virus
(TEV) protease digestion. In the ‘No TEV’ control, the MBP-tag is retained, preventing TDP-43 phase separation. The graphs represent mean and +
SEM of n = 3 independent experiments. (D) Morphology of wild-type and G376V-TDP-43 condensates. Phase separation of recombinant TDP-43 proteins
was induced and formation of condensates was analysed by phase contrast microscopy. Substitution of the glycine residue at position 376 by valine led
to the formation of small amorphous condensates in a chain-like arrangement, while wild-type TDP-43 formed much larger, rounded, droplet-like con-
densates. Scale bars = 10 um. (E) Time course of the formation of high molecular weight TDP-43 species. Purified recombinant TDP-43-MBP-Hisg solu-
tions were incubated for the indicated time periods (0 to 5 days), and formation of SDS-resistant high molecular weight TDP-43 species was visualized
by semi-denaturing detergents agarose gel electrophoresis (SDD-AGE) and immunoblotting using an anti-TDP-43 antibody. *Monomeric,
*oligomeric, **polymeric forms of TDP-43.

6E), suggesting that the observed differences were not due to vari-
able protein levels.

G376V-TDP-43 forms more cytoplasmic condensates
in sorbitol stressed patient-derived myoblasts and
myotubes

We next investigated if aggregation of TDP-43 G376V was detect-
able in myoblasts and differentiated myotubes isolated from two
patients carrying the G376V variant (Patients FA-IV:6 and FB-IV:4).

In the absence of the cellular stressor sorbitol, we failed to observe
clear differences in the formation of cytoplasmic TDP-43 conden-
sates between myoblasts from patients and control individuals
(Controls CT1 and CT2) though there was a tendency for a higher
rate of condensate formation in one patient (Patient FA-IV:6;
Supplementary Fig. 7A and B). Similarly, no significant differences
were observed in myotubes (Supplementary Fig. 7C). These results
were largely consistent with prior research revealing the experi-
mental challenges associated with visualizing TDP-43 condensates
in cultured cells derived from affected patients.*® As TDP-43
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Figure 5 Comparisons of aggregation and aggregation propensity of G376V and G376D-TDP-43. (A) Immunoblotting of sarkosyl-soluble (Sark-sol) and
sarkosyl-insoluble (Sark-ins) fractions. Proteins were isolated from HEK293T cells expressing HA-tagged wild-type (WT) TDP-43 or the G376V or the
G376D variants. Anti-HA and anti-GAPDH antibodies were used for the detection of TDP-43-HA fusion proteins and the detection of GAPDH (loading
control), respectively. (B) Ratios of wild-type and G376V or G376D HA-TDP-43 in the Sark-ins fraction to the Sark-sol fraction. All values were normal-
ized to the mean of wild-type HA-TDP-43. The graphs represent mean + standard error of the mean (SEM) of n =4 experiments. Significance was as-
sessed using a Mann-Whitney test (*P < 0.05). (C) Morphology of wild-type, G376V-TDP-43 and G376D-TDP43 condensates analysed by phase contrast
microscopy. The G376V variant formed small, amorphous condensates while wild-type TDP-43 and G376D-TDP-43 formed large rounded, droplet-like
condensates. Scale bars = 10 um. (D) Quantification of condensate roundness and size at 5 uM. Bar graphs represent a minimum of two fields of view
(FOV) (~2000 condensates each) + SEM. Statistical significance was determined using a one-way ANOVA with a multiple comparisons Dunnett’s test to
wild-type (****P < 0.0001). (E) Confocal images of Alexa488-labelled TDP-43 aggregates formed in an in vitro aggregation assay [with Tobacco Etch Virus
(TEV) protease cleavage of the indicated recombinant protein] at 2 and 4 h. Scale bars = 10 pm. Zoom shows magnified view of aggregates at the 2 h time
point. Scale bars = 5 pm. (F) Quantification of the total aggregate area (in pm?) and total aggregate size (in um?) shown in bar graphs as means of a min-
imum of nine FOV from three replicates per condition + SEM. Statistical significance was determined using a one-way ANOVA with a multiple compar-
isons Dunnett’s test to wild-type (****P < 0.0001).

condensate can be stimulated by using chemical stressors, such as
proteasome inhibitors, sodium arsenite or sorbitol,?>°%6%6% we
treated myoblasts and myotubes with sorbitol to induce hyperos-

Altered pre-mRNA splicing occurs in patient-derived
G376V mutant muscle tissue

motic stress. This experimental approach revealed an increase of
TDP-43-positive cytoplasmic condensates in myoblasts and myo-
tubes from both patients carrying the G376V variant but not in non-
disease controls (Fig. 6A-C).

A major function of TDP-43 is to repress the inclusion of non-
conserved cryptic exons during RNA splicing in order to maintain
integrity of the open reading frame.®*®° In pathological contexts,
when TDP-43 is depleted from the nucleus or abnormally
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Figure 6 TDP-43 condensates and irregular splicing in biomaterials of patients with the G376V-TDP-43 variant. (A) Condensate formation in myo-
blasts. Primary myoblasts isolated from non-disease control individuals (Controls CT1, CT2) or from patients with the G376V-TDP-43 variant
(Patients FA-IV:6 and FB-IV:4) were cultured in the presence of sorbitol (400 mM) for 3 h and subsequently analysed by confocal immunofluorescence
(IF) microscopy using an anti-TDP-43 antibody. White arrows indicate cytoplasmic TDP-43 inclusions. Scale bars =20 ym. (B) The ratio of cells with
cytoplasmic TDP-43 inclusions to all TDP-43 positive cells was determined in four randomly selected 20 x visual fields per condition and is given as
mean + SEM. (C) Aggregate formation in myotubes. Primary myoblasts from a non-disease control individual (Control CT1) or affected patients
(Patients FA-IV:6 and FB-IV:4) were differentiated into myotubes, cultured in the presence of osmotic stress, as described above, and analysed by con-
focal IF microscopy using an anti-TDP-43 antibody. White arrows indicate cytoplasmic TDP-43 inclusions. Scale bars = 20 pm. (D) TDP-43 western blot-
ting of SH-SYS5Y neuroblastoma cells transduced with lentivectors expressing control small hairpin interference RNA (ShRNA CT) or ShRNAs directed
against TARDBP (ShTARDBP#38 and #40). GAPDH was used as loading control. (E) Splicing of ACSF2, GPSM2 and POLDIP3-exon 3 but not EIF4G2 is altered
in SH-SY5Y TDP-43 knock down cells and in muscle tissue of patients with the G376V TDP-43 variant. SH-SY5Y cells: Lane 1: non-transduced cells; Lane
2: Sh-CT cells; Lanes 3 and 4: two independent TARDBP ShRNAs (#38 and #40). Control and G376V patient myoblasts: Lanes 5 and 6: control myoblasts
CT1 and CT2; Lanes 7 and 8: G376V myoblasts from Patients FA-IV:6 and FB-IV:4. Muscle biopsies: Lane 9: control muscle biopsy CT2; Lanes 10 and 11:
muscle biopsies from Patients FB-IV:4 and FB-V:1. Far left and right lanes: 1 kb DNA ladder. Expected sizes of transcripts containing cryptic exons (ar-
rows): ACSF2: 169 bp; GPSM2: 199 bp and POLDIP3: 392-400 bp.
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accumulating in cytoplasmic or nuclear inclusions, its splicing re-
pressor activity is compromised resulting in the incorporation of
deleterious cryptic exons.®®’* Recent studies revealed inclusion
of cryptic exons in transcripts also from muscle cells and tissues
when nuclear TDP-43 was depleted and shifted into cytoplasmic
aggregates.”>’? These results prompted us to perform RT-PCR ex-
periments for three previously validated TDP-43 targets genes,
ACSF2, GPSM2 and POLDIP3,”>”® using mRNAs from control and
G376V-TDP-43 mutant muscle biopsies (Control CT2 and Patients
FB-IV:4 and FB-V:1). TDP-43 knockdown (KD) SH-SY5Y cells served
as positive control (Fig. 6D). Similar splicing alterations of ACSF2,
GPSM2 and POLDIP3 were observed in the SH-SY5Y TDP-43 KD cells
and patient-derived muscle biopsies, while SH-SY5Y cells treated
with non-targeting scramble shRNA and non-disease control mus-
cle biopsies showed regular splicing patterns (Fig. 6E). No alteration
of splicing was observed in the EIF4G2 gene, which is known not to
be a target gene for TDP-43. The analogous experiment in myo-
blasts yielded no abnormal splicing patterns in patient-derived
myoblasts compared to non-disease controls, except for the
ACSF2 gene in one pathologic sample (Patient FA-IV:6; Fig. 6E).
The negative results in myoblasts are in agreement with the virtual
absence of cytoplasmic TDP-43 inclusions in unstressed patient-
derived myoblasts.

Discussion

In the present study, we identified a G376V-TDP-43 variant in pa-
tients with late-onset distal myopathy devoid of motor neuron dis-
ease. We also found that the G376V variant altered the behaviour of
TDP-43: the mutant protein was more prone to aggregation, formed
abnormal condensates in vitro, mislocalized to the cytoplasm in
patient-derived muscle cells, and altered mRNA splicing in dis-
eased muscle tissue.

The clinical presentation of patients with the G376V-TDP-43
variant was rather homogenous, with onset after 50 years of age, of-
ten asymmetric distribution, preferential involvement of the mus-
cles in the anterior compartment of the forearm, and spreading to
all four extremities within 5-10 years. During the course of the dis-
ease, most patients experienced involvement of bulbar and respira-
tory musculature. EMG, muscle MRI and muscle biopsy findings
were consistent with a primary skeletal muscle disease.
Conversely, we found no evidence of a devastating motor neuron
disease, such as ALS. The disease had a chronic course, progressing
slowly over several decades. Affected individuals usually main-
tained their ability to walk and did not require nutritional or venti-
latory support during the day. Moreover, there were no indications
of lower motor neuron involvement, such as fasciculations, abnor-
mal EMG readings or neurogenic atrophy in biopsy samples.
Likewise, there were no signs of upper motor neuron involvement,
such as spasticity, exaggerated reflexes or abnormal plantar re-
sponses. Upon neurological examination, none of the patients dis-
played overt symptoms of dementia, and there were no self-
reported cognitive issues or problems reported by relatives or
partners.

Three patients had varying forms of heart disease. Given the
absence of a consistent pattern of cardiac involvement and con-
sidering the patients’ high risk for cardiovascular morbidity due
to their age, we did not find a clear association between
TDP-43-related myopathy and heart disease. However, one can-
not fully rule out this possibility because a broad range of car-
diac abnormalities can be linked with primary (hereditary)
myopathies.”*

J. Zibold et al.

The c.1127G>T (G376V) variant co-segregated with the disease
phenotype in both families except for Individual FA-III:6, who car-
ried the G376V variant but was reportedly unaffected at the age of
75. This observation was consistent with incomplete penetrance,
which has been previously reported in TARDBP-related ALS.°® The
pathogenic relevance of the G376V variant was further under-
pinned by the fact that genes related to known causes of distal my-
opathies were largely excluded by exome sequencing and previous
Sanger sequencing studies in both families, as well as genome-wide
linkage analysis in Family A. Identification of a TARDBP variant re-
lated to a hereditary myopathy may also help resolving the long-
debated question of whether TDP-43 positive inclusions observed
in myofibres in various skeletal muscle disorders, such as myofi-
brillary or vacuolar myopathies,®*”* represent a common end point
of muscle cell degeneration or are at the crux of the disease
mechanism. Our findings support the latter idea and imply that
mutant TDP-43, in an unstable thermodynamic status, is not an
innocent bystander and can directly cause skeletal muscle
pathology. This interpretation is in agreement with observations
in TDP-43-overexpressing transgenic mice, which displayed ele-
vated CK levels and muscle histology with myopathic changes as-
sociated with TDP-43 aggregation.”®

Like almost all ALS-linked TARDBP variants, the myopathy-
associated G376V variant is localized in the PrlD/LCD domain.®
Notably, a glycine to aspartic acid substitution affecting the same
codon (G376D) has been previously reported in patients with rapid-
ly progressive ALS.”> > The glycine residue at position 376 is highly
conserved and glycine is the smallest and the most flexible amino
acid. This feature could be essential for protein conformation and
might be required for protein function and interactions.
Substituting G376 with either valine (higher hydrophobicity) or
aspartic-acid (negatively charged) may lead to the formation or de-
stabilization of hydrogen or hydrophobic bonds, which may alter
the steric environment or intra- and intermolecular interactions
with surrounding amino acids or other TDP-43 molecules. This hy-
pothesis is in agreement with recent structural data for the TDP-43
LCD, which implies that substitutions like G376D cause steric
clashes within tightly packed segments of the protein.”” Such
changes are likely to disrupt the normal TDP-43 LCD structure, po-
tentially resulting in abnormal formation of fibrillar structures, as
previously depicted for different ALS-variants targeting the
TDP-43 LCD domain.*

During the preparation of our manuscript, another study was
published, reporting a single family with autosomal dominant my-
opathy caused by a TARDBP frameshift variant (W385IfsTer10),
which was distinct from the missense variants typically found in
individuals with TDP-43-related motor neuron disease.”® This ob-
servation suggested that different types of mutations might deter-
mine whether myopathy or motor neuron disease manifests.
However, our research demonstrated that a missense variant, simi-
lar to previously reported ALS-related variants, can also cause a
myopathy. In line with computational predictions, the G376V vari-
ant exhibited an increased propensity for TDP-43 aggregation and
led to the formation of more amorphous condensates through
phase separation. Interestingly, the ALS-associated G376D variant,
affecting the same G376 amino acid residue, displayed a behaviour
that was very similar to the wild-type TDP-43, with lower aggrega-
tion tendencies and formation of very round, droplet-like conden-
sates. It could be speculated that these observed differences
might account for why G376V leads to myopathy, while G376D re-
sults in ALS. However, prior studies have indicated that several
other ALS-associated TDP-43 variants behaved similarly to
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G376V.%111314 This suggests that there are diverse underlying
pathomechanisms for TDP-43 mutations, potentially linked to clin-
ical phenotypes, rather than a dichotomy of mechanisms resulting
in either muscle or motor neuron disease. Actually, the causes be-
hind the distinctive muscle-specific and brain-specific pathologies
resulting from G376V and G376D variants may encompass factors
that have not been extensively recognized before. One potential ex-
planation could be that G376D acts as a phosphomimetic variant,
whereas G376V does not.*>’® Disease-linked TDP-43 phosphoryl-
ation has recently garnered considerable attention as a potent
modifier of TDP-43 pathology, preventing TDP-43 condensation
and aggregation in cell and in vitro models.**

Despite intense research over the past 15 years, our understand-
ing of how pathological aggregation of TDP-43 is initiated remains in-
complete. However, it seems reasonable to assume that the interplay
of accumulating internal factors (e.g. genetic variants) and environ-
mental stressors (e.g. infectious pathogens) could modulate the ag-
gregation process of TDP-43 over time and therefore the nature of
the pathology.®#° Similar to observations in cancers or viral diseases,
the presence or absence of cellular factors with suppressive or en-
hancer properties may play a role in determining the effects of
TDP-43 variants on the tissue specificity and the course of the dis-
ease.’’ Genome-wide association studies (GWAS) conducted in large
ALS cohorts have unveiled numerous ALS-modifying genes that can
modulate the progression of the disease.®? Currently, it remains un-
certain whether these genetic modifiers may also contribute to deter-
mination of the tissue-specificity of TARDBP variants, such as G376V.

Several recent studies reported that nuclear depletion and cyto-
plasmic aggregation of TDP-43 compromise splicing repressor activ-
ity of TDP-43. This has been shown to result in the emergence of
abnormal splicing of TDP-43 target genes, promoting nonsense-
mediated decay, loss of protein expression, or protein synthesis
from illegitimate transcripts containing cryptic exons.®*’* Indeed,
we observed altered splicing patterns for ACSF2, GPSM2 and
POLDIP3 genes in muscle biopsies from patients with the G376V vari-
ant. Interestingly, the previously reported myopathy-related TDP-43
variant’® appears to alter splicing of mRNAs coding for muscle-
specific structural and contraction-associated proteins. It seems rea-
sonable to assume that such alterations may contribute to tissue
tropism of TARDBP variants. Nevertheless, due to the multitude of
cellular processes in which TDP-43is involved, it remains speculative
whether altered splicing is the core pathology or if another mechan-
ism could be equally or even more pathogenetically relevant.

Taken together, our study demonstrates that TARDBP variants
are not limited to rapidly progressive, fatal neurodegenerative dis-
orders but can also lead to late-onset, chronic myopathies.
Understanding the molecular and cellular mechanisms related to
the pleitropic effects of TARDBP variants could shed light on the
underlying pathomechanisms and guide the identification of po-
tential therapeutic targets in the future.

Data availability

Raw data of gels and immunoblot presented in this study are avail-
able in the Supplementary material or from the corresponding
authors upon reasonable request.
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