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Abstract
Neuronal TDP-43-positive inclusions are neuropathological hallmark lesions in frontotemporal dementia (FTD) and amyo-
trophic lateral sclerosis (ALS). Pathogenic missense variants in TARDBP, the gene encoding TDP-43, can cause ALS and 
cluster in the C-terminal prion-like domain (PrLD), where they modulate the liquid condensation and aggregation properties 
of the protein. TDP-43-positive inclusions are also found in rimmed vacuole myopathies, including sporadic inclusion body 
myositis, but myopathy-causing TDP-43 variants have not been reported. Using genome-wide linkage analysis and whole 
exome sequencing in an extended five-generation family with an autosomal dominant rimmed vacuole myopathy, we identi-
fied a conclusively linked frameshift mutation in TDP-43 producing a C-terminally altered PrLD (TDP-43p.Trp385IlefsTer10) 
(maximum multipoint LOD-score 3.61). Patient-derived muscle biopsies showed TDP-43-positive sarcoplasmic inclusions, 
accumulation of autophagosomes and transcriptomes with abnormally spliced sarcomeric genes (including TTN and NEB) and 
increased expression of muscle regeneration genes. In vitro phase separation assays demonstrated that TDP-43Trp385IlefsTer10 
does not form liquid-like condensates and readily forms solid-like fibrils indicating increased aggregation propensity com-
pared to wild-type TDP-43. In Drosophila TDP-43p.Trp385IlefsTer10 behaved as a partial loss-of-function allele as it was able 
to rescue the TBPH (fly ortholog of TARDBP) neurodevelopmental lethal null phenotype while showing strongly reduced 
toxic gain-of-function properties upon overexpression. Accordingly, TDP-43p.Trp385IlefsTer10 showed reduced toxicity in a 
primary rat neuron disease model. Together, these genetic, pathological, in vitro and in vivo results demonstrate that TDP-
43p.Trp385IlefsTer10 is an aggregation-prone partial loss-of-function variant that causes autosomal dominant vacuolar myopathy 
but not ALS/FTD. Our study genetically links TDP-43 proteinopathy to myodegeneration, and reveals a tissue-specific role 
of the PrLD in directing pathology.
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Introduction

TDP-43, encoded by TARDBP, is an evolutionary highly 
conserved and ubiquitously expressed RNA- and DNA-
binding protein (reviewed in [57]). It is involved in mul-
tiple pathways of RNA metabolism, including pre-mRNA 
splicing, RNA transport, mRNA stability, miRNA process-
ing and stress granule assembly. It is predominantly local-
ized in the nucleus but also shuttles to the cytoplasm. The 
protein contains a nuclear localization signal (NLS) within 
its N-terminal domain (NTD), two RNA recognition motifs 
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(RMM1, RMM2) and a C-terminal region (aa.272-414), 
which is highly disordered and forms a low complexity 
domain (LCD) that is similar to that of prion-like domains 
(PrLD) of yeast proteins [23, 44]. The PrLD of TDP-43 is 
responsible for protein–protein interactions and is needed for 
the proper functioning of the protein through the process of 
liquid–liquid phase separation (LLPS) [21].

Nearly all cases of amyotrophic lateral sclerosis (ALS) 
and ~ 45% of frontotemporal dementia (FTD) patients are 
neuropathologically characterized by neuronal cytoplasmic 
TDP-43 inclusions accompanied by a nuclear depletion of 
TDP-43 [1, 42]. Pathogenic missense variants in TARDBP 
[15, 26, 53], which cluster in the PrLD, account for ~ 4% of 
familial ALS cases and < 1% of sporadic ALS cases [27]. 
These findings indicate that the PrLD of TDP-43 is cru-
cially involved in ALS/FTD pathogenesis and that altered 
LLPS-related physical–chemical properties of this region, 
which are essential for the formation of TDP-43-associated 
stress granules and RNA binding, could lead to the irrevers-
ible formation of solid aggregates [21, 57]. Interestingly, a 
cryo-electron microscopy study of TDP-43 filaments from 
brain cortices of ALS/FTD patients revealed an amyloid-like 
structure of which the filament core spans aa. 282-360 in the 
PrLD and adopts a double-spiral-shaped fold [4]. Although 
such filaments are generally assumed to be neurotoxic [32], 
the exact pathogenic roles of insoluble aggregates and 
liquid-like condensates are still unclear and under debate 
[25]. Based on an unbiased deep mutagenesis study in yeast, 
Bolognesi et al. suggested that TDP-43 aggregates are pro-
tective, and that cellular toxicity is caused by liquid-like 
TDP-43 condensates [8]. Therefore, whether TDP-43-medi-
ated neuronal cell death results from a toxic gain-of-function 
of cytoplasmic TDP-43, as either aggregates or liquid-like 
droplets, and/or a loss of its normal function due to nuclear 
depletion remains unknown [11].

Although TDP-43 aggregates are a typical cellular hall-
mark of neurodegeneration, its loss-of-function has been 
associated with myodegeneration in zebrafish [50] and Dros-
ophila [16, 36]. In humans, accumulation of TDP-43 is also 
frequently observed in myopathies with rimmed vacuoles 
[31, 58]. Rimmed vacuoles are a common feature of myopa-
thies in which autophagic impairment plays a crucial patho-
genic role [38]. Under the light microscope, rimmed vacu-
oles appear as empty spaces in the sarcoplasm surrounded 
by a rim of basophilic granular material. However, their con-
tent can be identified in transmission electron microscopy 
(TEM) preparations as filamentous protein inclusions sur-
rounded by a rim of autophagic material. TDP-43-positive 
rimmed vacuole myopathies [31] include sporadic inclu-
sion body myositis (sIBM) [10], hereditary inclusion body 
myopathy with early-onset Paget disease and FTD (caused 
by heterozygous mutations in VCP) [41, 60, 61], inclusion 
body myopathy associated with multisystem proteinopathy 

(caused by heterozygous mutations in HNRNPA2B1 and 
HNRNPA1) [28], distal myopathy with rimmed vacuoles 
(caused by bi-allelic mutations in GNE) [19] and oculo-
pharyngeal muscular dystrophies (caused by heterozygous 
mutations in PABPN1, HNRNPA2B1 and HNRNPA1) [6, 9, 
29]. In addition, Vogler et al. demonstrated that TDP-43 
is an essential protein for normal skeletal muscle function, 
since it is involved in the assembly of sarcoplasmic amyloid-
like RNA–protein assemblies called myo-granules, whose 
presence is increased in damaged tissues with elevated 
regeneration. Interestingly, myo-granules can seed TDP-43 
amyloid-like fibrils in vitro and it has been proposed that the 
formation of TDP-43 aggregates in the genetically diverse 
group of rimmed vacuole myopathies is initially triggered by 
elevated muscle regeneration [59]. Whether TDP-43 aggre-
gation plays a primary role in rimmed vacuole myopathies 
or is a phenomenon secondary to muscle degeneration is 
unknown, since genetic evidence linking pathogenic TAR-
DBP variants to skeletal muscle disorders has previously 
been lacking.

We here report a family with multiple affected individuals 
presenting with an unexplained slowly progressive myopathy 
with rimmed vacuoles and TDP-43/p62-positive cytoplas-
mic inclusions caused by a truncating pathogenic variant in 
the C-terminal PrLD of TDP-43. Further, in silico, in vitro, 
in vivo, and transcriptomic studies demonstrated that the 
novel pathogenic variant is aggregation-prone and has par-
tial loss-of-function properties. Our study provides genetic 
evidence for the crucial role of TDP-43 in the pathogenesis 
of muscle degeneration.

Materials and methods

Patient material and data availability

For this study 2 muscle biopsies were collected from patients 
(Fig. 1a: IV.4, IV.5). These biopsies were used to gener-
ate tissue sections, protein extracts and for RNA extraction. 
The obtained RNA was used to generate RNA-Seq data. 
Archived data from 2 additional patients followed in the 
1980s (Fig. 1a: III.1, III.5) was available from the pathol-
ogy department of the University hospital of Antwerp. 
Original blocks and sections were no longer available for 
these patients, but histological and TEM images were still 
available.

Patient clinical characteristics

All affected individuals, except patients V-1 and V-2, were 
clinically evaluated by the same neurologist (JDB) with 
expertise in neuromuscular diseases at the University Hos-
pital of Ghent. Blood samples were obtained for dosage 
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Fig. 1  Identification of TDP-43p.Trp385IlefsTer10 as a cause of autoso-
mal dominant rimmed vacuole myopathy. a Pedigree of the family in 
which the TDP-43p.Trp385ilefsTer10 variant was identified. Individuals 
identified with “m/- “ are affected individuals that have either been 
genotyped or in which the genotype was reconstructed based on seg-
regation. Individuals that were genotyped are identified with an aster-
isk (*). b Coronal and axial plane T1-weighted MRI images of the 
lower limb muscles of patients IV.3 and IV.4. Fatty atrophy of the 
muscles in the anterior, lateral and posterior compartments of the dis-
tal lower extremities in patient IV.4 (top left). Global muscular atro-
phy of the pelvic girdle and proximal lower extremities in patient IV.3 
(bottom left). Fatty atrophy of the gluteus maximus and tensor fasciae 
latae (patient IV.3, bottom right, white arrowheads). Bilateral focal 

infiltration in the vastus lateralis of the quadriceps muscles (patients 
IV.3 and IV.4, white arrows). c Histological images of patient mus-
cle biopsies: i-iii. H&E of tissue from patients IV.5, IV.4 and III.5, 
respectively. Tissue sections show signs of myopathy with an uneven 
distribution of fibre size, presence of centralized nuclei (black arrow-
heads) and increased fibrotic tissue proliferation (white arrows). Scale 
bar = 100  μm. iv-vi. Modified Gomori trichrome staining of muscle 
tissue from patients IV.5, IV.4 and III.1, respectively. Staining shows 
the presence of rimmed vacuoles (white arrows), along with infiltra-
tion of fatty tissue (black arrowheads). Scale bar = 50 μm. vii. TEM 
of patient III.5 muscle reveals signs of enhanced autophagy with the 
presence of multiple autophagic vesicles (black arrow) and viii. the 
accumulation of fibrous material (black arrowhead)
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of plasma CK levels. In six patients, an electromyography 
(EMG) was performed. A muscle MRI was performed in 
two patients, and in one patient an ultrasound of the lower 
limb musculature was performed. In four affected family 
members a muscle biopsy was taken and in one individual 
a nerve biopsy was performed (Supplementary data, online 
resource). The study was approved by the Ethics Committee 
of the University Hospital of Ghent (EC: 2019/1430). Writ-
ten informed consents for multi-omics analysis and publica-
tion of the results were obtained from all patients. Detailed 
clinical features are described in the Supplementary Data, 
online resource.

Genetic studies

Single nucleotide polymorphism (SNP)-array based link-
age analysis, whole exome sequencing (WES) and Sanger 
sequencing of TARDBP were performed on genomic DNA 
extracted from peripheral blood. Genotyping for linkage 
analysis was performed by Macrogen in ten DNA samples 
(III.1, III.5, IV.2, IV.3, IV.4, IV.5, V.1, V.2, V.3 and unaf-
fected daughter of IV.4) using 2.3 M genome-wide Infin-
ium Omni2-5-8v1.5 SNP genotyping arrays (Illumina, San 
Diego, CA). We performed multipoint linkage analysis using 
the Superlink-Online SNP 1.1 tool [52]. WES in patients 
III.1 and IV.4 was done on the Illumina HiSeq 3000 Plat-
form after enrichment of gDNA with SureSelectXT Low 
Input Human All Exon v6 (Agilent Technologies). CLC 
Genomics Workbench (v9.0.1) software was used for read 
mapping against the human genome reference sequence 
(NCBI, GRCh37.p5/hg19). Variant calling and filtering 
were done using Seqplorer, an in-house developed tool for 
the analysis of WES-data. The position of the called vari-
ants is based on NCBI build GRCh38. A minimum of 90% 
of the interrogated genes have a coverage of > 20x. Classi-
cal Sanger sequencing was performed to check TARDBP 
c.1151-1161del in patients IV.2, IV.3, IV.5, V.1, V.2 and the 
unaffected daughter of IV.2.

Muscle biopsy‑derived myocyte cultures

Muscle biopsies of the m. quadriceps femoris were obtained 
from TDP-43Trp385IlefsTer10 patients IV.4 and IV.5. Addition-
ally, healthy muscle samples were obtained from the ortho-
paedic department at the Ghent University Hospital from 
three patients undergoing hip replacement surgery. Shortly 
after collection, the tissue was scissor minced, thoroughly 
washed and incubated in trypsin (0.25%) to further break 
down the connective tissue and separate the skeletal muscle 
cells. The resulting fragments and suspended cells were then 
seeded onto T75 culture flasks and cultured in Dulbecco’s 
modified Eagle medium (DMEM) supplemented with 20% 
foetal bovine serum (FBS), penicillin and streptomycin, and 

kept at 37 ℃ in a humified atmosphere containing 5%  CO2. 
The medium was changed regularly, once a week, until the 
flasks reached confluency. The cells were then passaged 
using trypsin (0.25%, Thermofisher Scientific). Expansion 
of the cell culture was carried out until a number of ± 10 
flasks per biopsy was achieved in order to obtain enough 
cells for successful sorting. To ensure a high myoblast 
purity, a selection for CD56 + was performed using labelled 
magnetic beads. To prepare for sorting, 10 flasks of cells 
per biopsy were trypsinized and the resulting cell suspen-
sion was pooled together. The collected cells were labelled 
with a magnetic bead conjugated anti-CD56 antibody and 
run through MACS separation columns while attached to a 
MiniMACS separator magnet. Labelled myogenic progenitor 
cells were retained while unlabelled cells were eluted. After 
elution of unlabelled cells, the columns were removed from 
the magnet and the cells retained eluted as the CD56 + frac-
tion of the original culture. CD56 + cells were seeded onto 
T75 culture flasks with culture medium (DMEM with 20% 
FBS and Pen-Strep) and allowed to recover and grow over a 
few weeks with regular medium changes. Cultures were pas-
saged before reaching confluency and up to a total number 
of 20 passages.

Immunofluorescence and TEM

Patient and control muscle biopsies obtained from the m. 
quadriceps femoris were embedded in optimal cutting tem-
perature (OCT) compound and flash frozen in isopentane. 
Cryosections were made from these samples and used for 
immunofluorescent staining. After freezing, 5 µm thick tis-
sue sections were prepared onto SuperFrost™ slides and 
stored at – 80 ℃ until used. To perform immunofluores-
cence staining the frozen tissue sections were allowed to 
thaw at room temperature and hydrophobic rings were drawn 
around each section with a Dako pen (Agilent) to minimize 
the amount of antibody required for incubation. Tissues 
were fixed in 4% paraformaldehyde (PFA) for 20 min at 
– 20 ℃. Following fixation, the sections were incubated with 
blocking buffer (1% donkey serum in PBS) and allowed to 
block for 30 min at room temperature. After blocking, the 
tissue samples were incubated with primary antibody at the 
appropriate dilution in blocking buffer at 4 ℃, overnight. 
Prior to secondary incubation, the sections were washed 
thoroughly with PBS. Secondary antibodies were diluted 
in blocking solution and used to incubate the tissue samples 
for 1 h at room temperature. During secondary incubation, 
samples were kept in the dark. To finalize the staining proce-
dure, the tissue samples were washed thoroughly with PBS 
and mounted with VECTASHIELD HardSet™ mounting 
medium with DAPI counterstain (Vector Laboratories).

Purified myocyte cultures obtained from the muscle biop-
sies collected were cultured on glass coverslips and fixed 
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in glutaraldehyde. These samples were embedded in resin, 
sectioned and used for TEM. Cells were seeded on glass 
coverslips and allowed to grow to ± 80% confluency. To pro-
ceed with sample preparation, cells were fixed in 4% PFA, 
2.5% glutaraldehyde (GA), 0.1 M Cacodylate buffer, fol-
lowed by gradually increasing the ratio of culture media to 
fixative (1:3 1:1 3:1). When in fixative, cells were incubated 
for 3 h at room temperature with constant mild agitation. 
After fixation, cells were washed in cold 0.1 M cacodylate 
buffer and further incubated in 1%  OsO4 at 4 °C, overnight 
with mild agitation. Cells were washed with cold  ddH2O 
and left to incubate in 1% uranyl acetate (UrAc) for 1 h at 
4 ℃, in the dark. Following UrAc incubation, cells were 
dehydrated through incubation with an increasing gradient 
of EtOH (7%, 15%, 30%, 50%) and left to incubate overnight 
in 70% EtOH. The following day, cells were further incu-
bated with 95% EtOH, 100% EtOH, and 100% anhydrous 
EtOH to finalize the dehydration process. After dehydration 
samples were infiltrated with Spurr’s resin with a gradual 
increase in concentration (1/3-2/3-3/3), with an incubation 
of at least 8 h per step. To finalize sample preparation, the 
cells were embedded in Spurr’s resin and allowed to polym-
erize overnight at 70 ℃.

For EM imaging, resin blocks were sectioned to make 
ultrathin sections of gold interference colour with a Leica 
EM UC6 ultra-microtome. Following sectioning, samples 
were post-stained in a Leica EM AC20 for 40 min in UrAc 
at 20 ℃, and for 10 min in lead citrate at 20 ℃.

Western blotting

Part of the muscle biopsies obtained and fibroblasts cultured 
from skin biopsies were manually homogenized in RIPA 
buffer containing both protease and phosphatase inhibi-
tors while kept at 4 °C (on ice) to prepare protein extracts. 
The lysate was centrifuged and the supernatant collected. 
For SDS-PAGE each sample was prepared in non-reducing 
sample buffer (Invitrogen), with 80 mM DTT and heated at 
95 °C for 5 min. Samples were loaded onto pre-cast 4–12% 
Bis–Tris polyacrylamide gels (Invitrogen) and proteins sepa-
rated according to their molecular weight in MOPS running 
buffer at a voltage of 200 V and 500 mA of current. After 
electrophoresis, the gels were then transferred to a nitro-
cellulose membrane using a dry-transfer method using the 
iBlot2 gel transfer device (Invitrogen). The membrane was 
blocked with membrane blocking reagent (Cytiva) in TBST 
2% (w/v). After blocking membranes were incubated with 
primary antibodies in blocking solution at the appropriate 
dilution (antibody table in supplementary table 5, online 
resource). Following primary antibody incubation, mem-
branes were washed and incubated with the appropriate sec-
ondary antibody conjugated with horse-radish peroxidase 
(HRP) to allow the detection by chemiluminescence. For 

detection SuperSignal Dura ECL (Invitrogen) was used as a 
substrate. Membranes were imaged using a Bio-Rad Chemi-
Doc imager device and the obtained images analyzed and 
quantified using the Image-Lab v6.1 software package (Bio-
Rad, USA). After imaging, when required, the membranes 
were stripped using Restore western blot stripping buffer 
(Invitrogen), and then re-stained for other targets following 
the procedure described above.

In vitro phase separation and aggregation assays

Cloning

pJ4M/TDP-43 was a gift from Nicolas Fawzi (Addgene 
plasmid # 104480; http:// n2t. net/ addge ne: 104480; 
RRID:Addgene_104480). TDP-43p.Trp385IlefsTer10 was gen-
erated via Gibson assembly utilizing a PCR-linearized 
insert and a PCR-linearized vector of pJ4M/TDP-43, and 
verified with Sanger sequencing. TDP-43p.M337V was gener-
ated via QuikChange site-directed mutagenesis according to 
manufacturer protocols (Agilent), and verified with Sanger 
sequencing.

Protein purification

TDP-43 was purified as described [21]. In brief, WT TDP-
43, TDP-43p.Trp385IlefsTer10 and TDP-43p.M337V expression 
plasmids were transformed into Escherichia Coli BL21-
CodonPlus (DE3)-RIL competent cells (Agilent). Trans-
formed E. coli were grown in small cultures in LB with 
kanamycin (50 µg/mL) and chloramphenicol (34 µg/mL) at 
37 ℃ for 4 h. Cultures were transferred to 1L of LB media 
supplemented with both antibiotics and glucose (0.2% w/v), 
and grown at 37 °C until  OD600 ~ 0.5. Protein expression was 
induced with 1 mM IPTG for 16 h at 16 ℃. Cells were har-
vested by centrifugation, resuspended in resuspension/wash 
buffer (20 mM Tris–HCl pH 8.0, 1 M NaCl, 10 mM imida-
zole, 10% glycerol, 1 mM DTT, 5 µM Pepstatin A, 100 µM 
PMSF, and complete, EDTA-free, Roche Applied Science 
protease inhibitors), and lysed by lysozyme (1 mg/mL) and 
sonication. Cell lysates were centrifuged at 30,966 rcf at 
4 ℃ for 20 min. Protein was purified over Ni–NTA resin 
(QIAGEN) and eluted from the resin with elution buffer 
(wash buffer except with 300 mM imidazole). The protein 
was further purified over amylose resin (NEB) and eluted 
with 20 mM Tris–HCl pH 8.0, 1 M NaCl, 10 mM imida-
zole, 10% glycerol, 1 mM DTT, 5 µM Pepstatin A, 100 µM 
PMSF, and 10 mM maltose. The protein was concentrated 
using Amicon Ultra-15 centrifugal filters, MWCO 50 kDa 
(Millipore), aliquoted, flash frozen in liquid nitrogen, and 
stored at -80 °C until further use.

http://n2t.net/addgene:104480


798 Acta Neuropathologica (2023) 145:793–814

1 3

In vitro phase separation assay

Full-length WT TDP-43, TDP-43p.Trp385IlefsTer10 and TDP-
43p.M337V (with MBP and His tags attached to the protein) 
was thawed on ice, then centrifuged at 21,300 rcf at 4 °C 
for 10 min. TDP-43 was then buffer exchanged into assay 
buffer (150 mM NaCl, 20 mM HEPES–NaOH pH 7.4, 1 mM 
DTT) according to manufacturer protocols (Bio-Rad Micro 
Bio-Spin Chromatography Columns). TDP-43 concentra-
tion was determined via NanoDrop (WT and TDP-43p.M337V:  
 e280 = 114,250   cm−1   M−1; TDP-43p.Trp385IlefsTer10: 
 e280 = 108,750  cm−1  M−1). 20% Dextran and TDP-43 were 
then added to assay buffer to achieve final reaction condi-
tions (5 µM TDP-43, 150 mM NaCl, 20 mM HEPES–NaOH 
pH 7.4, 0.5 mM DTT, 10% Dextran). Samples were incu-
bated at room temperature (~ 25 ℃) for 30 min. before 
subsequent assessment by microscopy, turbidity measure-
ments, and  Csat determination. Brightfield microscopy was 
conducted on an EVOS M5000 utilizing a 100 × objective. 
Turbidity measurements were conducted as one reading at 
absorbance 395 nm in a nonbinding 96-well plate (Greiner) 
in an Infinite M1000 Tecan plate reader. For data analysis, 
standardized turbidity values were calculated via subtraction 
of the reaction buffer turbidity value from the sample turbid-
ity values. For  Csat determination, samples were centrifuged 
at 21,300 rcf at room temperature (~ 25 ℃) for 10 min., fol-
lowed by NanoDrop measurements of the supernatant to 
assess TDP-43 concentration as above.

Drosophila studies

Fly lines were generated to express the different TDP-43 
variants by using site-specific genomic integration using the 
attP2 landing site. Drosophila lines used for this study are 
listed in Supplementary Table 2 (online resource).

Rescue analysis

Offspring was collected daily and viability of all generated 
genotypes was registered. Results were compared to the 
expected ratio of offspring assuming a mendelian inherit-
ance pattern.

Survival assays

Flies expressing the transgenes of interest, driven by the 
nSyb pan-neuronal driver, were generated by crossing line 
nSyb-Gal4 with TDP-43 WT, TDP-43 p.A382T, TDP-43 

p.M337V and TDP-43 p.Trp385IlefsTer10. For the induc-
ible driver Gal80 assays, tub-Gal80, Mef2-Gal80 and nSyb-
Gal80 were used as the driver lines. To avoid crowding 
effects, for each condition flies were divided into groups of 
10 individuals (males and females separate), except where 
there were insufficient numbers. Every 2–3 days, all groups 
were observed and deaths recorded. Flies unable to stand 
up or immobilized at the bottom of the vial were recorded 
as dead.

Climbing assays

The same flies generated for the nSyb-Gal4 survival assays 
(described above) were used for the climbing assays. For 
each condition, flies were divided in groups of 30 individu-
als (males and females separate), except where there were 
insufficient numbers. Motor performance was evaluated 
every week since the start of the assay. Climbing ability 
was determined by counting the number of flies that were 
successful in climbing past the 150 ml mark on a 250 ml 
glass cylinder within 15 s.

Primary neuron transfections

Primary mixed cortical neurons were dissected from 
embryonic day 19–20 Long-Evans rat pups and cultured 
at 0.6 ×  106 cells/mL in 96 well cell culture plates (TPP), 
as previously described (Archbold et al. 2018; Malik et al. 
2018; Weskamp and Safren et al. 2019). At in vitro day 
(DIV) 4, neurons were transfected with 0.2 μg DNA and 
0.5 μL Lipofectamine 2000 (ThermoFisher) per well, per 
the manufacturer’s protocol, with the exception that cells 
were incubated with Lipofectamine/DNA complexes for 
only 20 min at 37 ℃ before rinsing.

Longitudinal fluorescence microscopy and image 
analysis

Automated longitudinal fluorescence microscopy was per-
formed as described previously [2, 3, 5, 20, 37, 39]. Images 
of cultured neurons were acquired by an inverted Nikon Ti 
microscope equipped with a ×20 objective lens, a Perfect-
Focus system, a Lambda 421 multiLED light source with 
5 mm liquid light guide (Sutter), and either an Andor iXon3 
897 EMCCD camera or Andor Zyla4.2 ( +) sCMOS camera. 
All stage, shutter, and filter wheel movements were carried 
out by custom scripts written in the BeanShell environment 
within µManager [37, 62]. Image segmentation and survival 
analyses were accomplished through code scripts written in 
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Python and the ImageJ macro language (as described in [37, 
62]). Supplementary Fig. 5, online resource.

Transcriptomics

Two patient muscle tissue samples (Fig. 1a: IV.4 and IV.5) 
along with three control samples were sent for RNA-sequenc-
ing (Macrogen Europe). The library preparation was done with 
an Illumina TruSeq Stranded Total RNA ribo-zero Gold kit, 
and the sequencing done on a NovaSeq6000 sequencer. Sam-
ples were run on a S4 flow cell at 50 M reads/sample, result-
ing in 150 bp paired-end reads. The resulting Fasta files were 
aligned using the STAR aligner [17] and the Samtools package 
[34] was used to generate indexes for the resulting BAM files. 
The QoRTs [24] java package was used to generate QC data 
and count files for the downstream analysis. Visualization of 
the alignments was done using the IGV software [47]. Dif-
ferential gene expression analysis of the RNA-Seq data was 
done using the EdgeR v3.32.1 R package [48]. Significant 
differentially expressed genes were selected at the cut-off val-
ues  log2fc ≥|1| and adjusted p value ≤ 0.05. Differential gene 
expression was further analyzed to identify affected pathways 
and primary GO terms by using the Gene Set Enrichment 
Analysis (GSEA) software v4.2.2 [40, 54] and performing a 
Metascape analysis [63]. For analyzing alternative splicing 
(AS) patterns the rMATS turbo v4.1.2 computational tool 
was used [51]. rMATS detects the primary 5 different types of 
splicing events: alternative 3’ splice-sites (A3SS), alternative 
5’ splice-sites (A5SS), skipped exons (SE), retained introns 
(RI) and mutually exclusive exons (MXE). Additionally, it 
computes the p-value and false discovery rate (FDR) of the 
ratio of isoforms between the two study conditions filtered 
by a user-defined difference threshold. For our analysis the 
threshold was left at the default setting of 0.0001 (0.01% splic-
ing difference). AS events were selected as significant when 
the conditions FDR ≤ 0.01 and |Ψ|≥ 0.1 were met.

Ethics statement

All vertebrate animal work was approved by the Committee 
on the Use and Care of Animals (UCUCA) at the University 
of Michigan. All experiments were performed in accordance 
with UCUCA guidelines and designed to minimize animal 
use. Rats (Rattus norvegicus) were housed single in chambers 
equipped with environmental enrichment and cared for by vet-
erinarians from the Unit for Laboratory Animal Medicine at 
the University of Michigan. All individuals were trained and 
approved in the care of long-term maintenance of rodents, in 
accordance with the NIH-supported Guide for the Care and 
Use of Laboratory Animals. All personnel handling the rats 

and administering euthanasia were properly trained in accord-
ance with the University of Michigan Policy for Education and 
Training of Animal Care and Use Personnel. Euthanasia fol-
lowed the recommendations of the Guidelines on Euthanasia 
of the American Veterinary Medical Association. Brains from 
individual pups in each litter were pooled to maximize cell 
counts prior to plating; as a result, primary cortical neurons 
used for all studies include an even mix of cells from both male 
and female pups.

Results

An extended Belgian family with an unsolved 
autosomal dominant rimmed vacuole myopathy

We report a family with 18 affected individuals in 5 suc-
cessive generations, presenting with an unsolved auto-
somal dominant slowly progressive myopathy (Fig. 1a) 
(Supplementary Fig.  1, online resource). The family 
was initially identified more than 40 years ago. All fam-
ily members came from the provinces of East and West 
Flanders in Belgium. The clinical data are summarized in 
Table 1 and a detailed description of the clinical charac-
teristics of this family is provided in the Supplementary 
data, online resource. In summary, patients presented with 
weakness due to a myopathy with MRI imaging showing 
fatty infiltration and muscle atrophy (Fig. 1b) character-
ized by proximal and distal muscle weakness, predomi-
nantly of the lower limbs but over time also affecting the 
upper limbs. The mean age of onset was 34 ± 9 years and 
the disease led to wheelchair-dependence between 45 and 
60 years of age. No FTD or ALS cases were reported in 
this family.

Muscle biopsies obtained from four patients (II.1, III.5, 
IV.4 and IV.5) confirmed the diagnosis of a rimmed vacu-
ole myopathy. Histological evaluation of patient muscle 
showed the presence of centralized nuclei and a striking 
disparity in muscle fibre size (Fig. 1c, i-iii). Additionally, 
trichrome staining revealed the presence of rimmed vacu-
oles, along with increased infiltration of fatty tissue (Fig. 1c, 
iv-vi). TEM revealed the presence of an increased number 
of autophagosomal vesicles (Fig. 1c, vii), accumulation 
of fibrous material within the muscle fibres (Fig. 1c, viii) 
(Supplementary Fig. 2a (iii), online resource) and sporadic 
mitochondrial abnormalities (Supplementary Fig. 2a (ii), 
online resource). No changes were seen at the motor end 
plates, in line with a predominantly myopathic origin of 
the pathology (Supplementary Fig. 2a (i), online resource). 
In addition, we performed TEM in patient muscle-derived 
cultured myocytes and observed highly enlarged autophago-
somes, presenting with an unusual “zebra” pattern, con-
sistent with disturbed autophagy (Supplementary Fig. 2b, 
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online resource). These results strongly suggest that the 
patients in this family are affected by a molecularly unex-
plained autosomal dominantly inherited condition showing 
the typical signs of a rimmed vacuole myopathy.

Autosomal dominant rimmed vacuole myopathy 
is conclusively linked to a novel 11 bp deletion 
(c.1152_1162del) in TARDBP

To identify the underlying genetic defect in this family, 
we combined linkage analysis and WES. Genome-wide 
multipoint linkage analysis was performed using SNP-
array data from 10 family members (9 affected, 1 unaf-
fected). We obtained conclusive linkage with a maximum 
multipoint logarithm of the odds (LOD)-score of 3.61 
at marker rs3010876, located at chromosome 1p36.22 
(Fig. 2a). Haplotype analysis identified a 4.7 Mb disease 
haplotype between markers rs10867739 and rs10927466 
that was shared between all affected family members 
(Supplementary Fig.  2c, online resource). No other 
genomic regions with a LOD-score > 3.2 were identified 
(Supplementary Fig. 3, online resource). WES analysis 
in patient IV.4 identified a heterozygous 11 bp deletion 
(c.1152_1162del) in exon 6 of the TARDBP gene, located 
within the linked 4.7 Mb interval at 1p36.22 (Fig. 2a) and 
predicted to induce a frameshift and premature termina-
tion codon (TDP-43p.Trp385IlefsTer10

, Fig. 2b). The presence 
of this variant was confirmed in all affected individuals by 
Sanger sequencing. The variant was absent in the gnomAD 
database (v2.1.1) and has not been reported previously. 
Three other variants in Mendelian disease genes MFN2, 
VPS13D and UBIAD1 were found in the linked region 
(Fig. 2a, table) but were not considered pathogenic based 
on established variant classification tools (Supplementary 
table 1, online resource) [46]. These results strongly sug-
gest TARDBP c.1152_1162del as the pathogenic variant 
causing myopathy with rimmed vacuoles in this family.

TDP‑43p.Trp385IlefsTer10 is expressed in patient‑derived 
muscle and accompanied by reduced WT TDP‑43 
levels

TARDBP c.1152_1162del is predicted to produce a TDP-
43 protein with a truncated and altered C-terminal PrLD 
(TDP-43p.Trp385IlefsTer10). To evaluate whether TARDBP 
c.1152_1162del containing mRNA transcripts indeed 
escape elimination by nonsense-mediated decay (NMD), we 
analyzed the RNA sequencing (RNA-seq) data of patient-
derived muscle tissue. This showed that ~ 55% of the reads 
bridging position c.1152_1162 contained the expected 11 bp 
deletion (Supplementary Fig. 4, online resource). Western 
blot analysis further confirmed the presence of a lower band Ta
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e 
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in both patient-derived muscle tissue and fibroblasts (Fig. 2c, 
red arrowheads) indicating that the mutant transcripts are 
not removed by NMD and are translated into the predicted 
truncated TDP-43p.Trp385IlefsTer10. Full-length TDP-43 levels 
produced by the wild-type (WT) allele were clearly reduced 
in patient-derived muscle, beyond the expected 50%, while 
in fibroblasts this was closer to the expected 50% (Fig. 2c, 
d). Interestingly, levels of TDP-43 phosphorylated at resi-
dues  Ser[409/410] (which are absent in the mutant protein), 
were normal in patient-derived muscle and fibroblasts 
(Fig. 2e, f). These results indicate that, in muscle, TARDBP 
c.1152_1162del leads to the expression of a truncated TDP-
43p.Trp385IlefsTer10 protein along with clearly reduced full-
length WT TDP-43 but normal  Ser[409/410] phosphorylated 
WT TDP-43 levels. In patient fibroblasts however, a dif-
ferent pattern was observed, with WT TDP-43 levels ~ 50% 
and Ser [409/410] phosphorylated WT TDP-43 migrating as a 
lower molecular weight band (~ 50 kDa) compared to muscle 
(~ 65 kDa) suggesting tissue-specific differences in protein 
modification and expression.

TDP‑43 accumulations found in patient muscle 
mainly consist of mutant protein

Since rimmed vacuole myopathies are characterized by 
TDP-43-positive sarcoplasmic accumulations and nuclear 
depletion of TDP-43, we performed immunofluorescent 
staining on cryosections of muscle tissues obtained from 
patients. These types of inclusions are also known to be a 
prominent pathological feature in sIBM, so sIBM patient tis-
sue was included as a positive control. We observed the pres-
ence of TDP-43-positive sarcoplasmic accumulations in both 

sIBM and TDP-43p.Trp385IlefsTer10 patients (Fig. 3a, insets), 
which were absent in control tissue. These accumulations 
were also positive for p62 (data not shown). Additionally, 
TDP-43 accumulations in sIBM and TDP-43p.Trp385IlefsTer10 
tissues were positive for phosphorylation of the Ser369 resi-
due, which also prominently labelled the rims surrounding 
the vacuoles of TDP-43p.Trp385IlefsTer10 tissue (Fig. 3b, inset). 
TDP-43 phosphorylated at residues Ser409 and Ser410 
was observed in accumulations found in sIBM patients, but 
not found in TDP-43p.Trp385IlefsTer10 patient tissue (Fig. 3c). 
Finally, TDP-43 accumulations in TDP-43p.Trp385IlefsTer10 
muscle tissue are often DAPI-positive indicating that they 
contain nucleic acids (Fig. 3a,b). The results indicate that the 
composition of the TDP-43 accumulations found in TDP-
43p.Trp385IlefsTer10 patients differs from that of the ones found 
in sIBM patients. The absence of pTDP-43[Ser409/410]-
positive accumulations in patient tissues suggests that the 
protein composition of the pTDP-43[Ser369]-positive 
accumulations excludes the wild-type form of TDP-43 and 
mainly consists of the mutant variant lacking the Ser409 and 
Ser410 residues.

TDP‑43p.Trp385IlefsTer10 is aggregation‑prone 
compared to WT TDP‑43

Since the C-terminal PrLD renders TDP-43 intrinsically 
condensation- and aggregation-prone, we wanted to com-
pare the phase separation properties of WT TDP-43, TDP-43 
ALS mutants and TDP-43p.Trp385IlefsTer10. We first used the 
in silico prediction tool PLAAC (Prion-Like Amino Acid 
Composition) [33], to identify the localisation and length 
of the PrLD, which includes a re-implementation of PAPA 
(Prion Aggregation Prediction Algorithm) [56] that allows 
the comparison of the predicted aggregation propensities. 
While the PrLD of TDP-43p.Trp385IlefsTer10 was shown to be 
slightly shorter than that of the WT TDP-43, the maximum 
aggregation propensity score was ~ two-fold higher for TDP-
43p.Trp385IlefsTer10 (PAPA score: 0.079) than for WT TDP-43 
(PAPA score: 0.043) (Fig. 4b). TDP-43p.M337V and TDP-
43p.A382T did not show such pronounced alterations to the 
maximum PAPA score, with only TDP-43p.A382T increasing 
by ~ 25% (PAPA score: 0.054).

Next, we assessed the condensation properties of WT 
TDP-43, TDP-43p.M337V and TDP-43p.Trp385IlefsTer10 uti-
lizing in vitro phase separation assays with recombinant 
protein [21]. Brightfield microscopy images revealed 
morphological differences in WT TDP-43 and TDP-43p.

Trp385IlefsTer10 condensates (Fig. 4c). WT TDP-43 forms 
spherical droplets, indicating that these condensates are 
liquid-like (Fig. 4c, left). Similarly, TDP-43p.M337V also 
condensates into spherical droplets (Fig. 4c, right). By 
contrast, TDP-43p.Trp385IlefsTer10 forms irregular aggre-
gated structures, including fibrillar forms, indicating a 

Fig. 2  TDP-43p.Trp385IlefsTer10 protein is expressed in mutant muscle 
tissue and fibroblasts. a LOD-score plot of chromosome 1 showing 
conclusive linkage (Max. multipoint LOD Score = 3.61) to chromo-
some 1p36.22 at 8.1–13.8  cM along with the variants found in the 
region of interest. Further information on the classification of the 
variants can be found in Supplementary table  1. b Graphical repre-
sentation of the structure of the TDP-43 protein and the changes to 
the protein sequence caused by TDP-43p.Trp385IlefsTer10. Phosphorylat-
able sites Ser409 and Ser410 (represented with a “P”) are lost in the 
mutant protein, meaning this phosphorylation marker is lost in TDP-
43p.Trp385IlefsTer10. c TDP-43 levels in muscle tissue and fibroblasts 
collected from patients. Muscle of patients shows a clear reduction 
in TDP-43 levels, whereas TDP-43 levels in fibroblasts are evenly 
distributed between the wild-type (green arrowhead) and mutant (red 
arrowhead) forms of TDP-43. d Relative quantification of the levels 
of WT  TDP-43 protein in patient tissues versus control  (npatient = 2, 
 ncontrol = 3). Protein levels were normalised against GAPDH levels for 
all conditions. e Despite the altered levels of TDP-43 in muscle, the 
levels of phosphorylated TDP-43 remain unaffected in both muscle 
and fibroblasts. f Relative quantification of the levels of phospho-
rylated TDP-43 protein in patient tissues versus control  (npatient = 2, 
 ncontrol = 3). Protein levels were normalised against GAPDH levels for 
all conditions. Statistical analysis performed using the standard two-
way ANOVA test using multiple comparisons; *p <  = 0.05

◂
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Fig. 3  Phosphorylation state of 
TDP-43p.Trp385IlefsTer10 accumu-
lation suggests a predominantly 
mutant protein composition. 
Immunofluorescent staining 
of control, sIBM and patient 
muscle tissue. a TDP-43 shows 
primarily nuclear staining, with 
presence of TDP-43 accumu-
lation in sIBM and Patient 
tissue (insets). b Staining for 
pTDP-43[Ser369] reveals that 
TDP-43 accumulations are 
positive for phosphorylation 
of Ser396 in both sIBM and 
TDP-43p.Trp385IlefsTer10 patient 
tissues. c This is not the case for 
pTDP-43[Ser409/410], where 
only sIBM tissues have TDP-43 
accumulation positive for this 
phosphorylation marker. Scale 
bar = 50 μm



805Acta Neuropathologica (2023) 145:793–814 

1 3

Fig. 4  TDP-43p.Trp385IlefsTer10 is aggregation-prone compared to WT 
TDP-43 and TDP-43p.M337V. a-b PLAAC prediction for prion-like 
domains shows that the PrLD of TDP-43p.Trp385IlefsTer10, marked with 
red lines in the color-coded sequence visualizations (a), and adjusted 
PAPA and negative PLAAC scores (b), spans a smaller region when 
compared to wild-type TDP-43 and the two ALS mutants. The 
black lines in the color-coded sequence (a) indicate that the aa. fre-
quencies correspond to the background frequencies and hence no 
PrLD is identified. Each aa. is color-coded by its enrichment log-
likelihood ratio in PrLDs (blue = high, red = low). The default set-
tings (Lcore = 60 and S. cerevisiae background frequencies) were 
used to run the PLAAC application. Despite the smaller length in 
PrLD, PAPA predictions (green lines in b), indicate a higher propen-
sity for aggregative potential in the mutant variant. The dashed line 
in b marks the threshold of the PAPA-score for prion-like behav-
iour. Minimal differences in Fold Index (FI), a prediction to identify 
intrinsically unfolded protein regions (= negative score), are observed 
between wild type TDP43, ALS TDP-43 mutants and PrLD of TDP-

43p.Trp385IlefsTer10. c-e WT TDP-43-MBP-His and TDP-43p.Trp385Ilef-

sTer10-MBP-His and TDP-43p.M337V-MBP-His (5 µM) were incubated 
for 30 min at room temperature. c Representative brightfield micros-
copy images indicate that WT TDP-43 and TDP-43p.M337V form 
spherical droplets, whereas TDP-43p.Trp385IlefsTer10 forms irregularly 
shaped aggregates. The scale bar represents 10  µm. d Standardized 
turbidity, measured in a plate reader at 395 nm, is significantly higher 
for TDP-43p.Trp385IlefsTer10 versus WT TDP-43 and TDP-43p.M337V. 
Bars represent means ± SEM (n = 3), and each individual data point 
is shown. An ordinary one-way ANOVA with Tukey’s multiple com-
parisons test was performed, *p < 0.05. e The saturation concentra-
tion  (Csat) of each sample was measured after centrifugation.  Csat is 
significantly lower for TDP-43p.Trp385IlefsTer10 versus WT TDP-43 and 
TDP-43p.M337V. Bars represent means ± SEM (n = 3), and each indi-
vidual data point is shown. Statistical analysis performed using an 
ordinary one-way ANOVA with Tukey’s multiple comparisons test, 
***p < 0.001, ****p < 0.0001
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transition to solid-like condensates (Fig. 4c, center). TDP-
43p.Trp385IlefsTer10 assemblies displayed increased turbidity 
compared to WT TDP-43 and TDP-43p.M337V condensates, 
indicating a greater propensity for TDP-43p.Trp385IlefsTer10 
to form higher order structures (Fig. 4d). We next meas-
ured the saturation concentration  (Csat) for WT TDP-
43, TDP-43p.M337V and TDP-43p.Trp385IlefsTer10.  Csat is the 

concentration of protein in the soluble phase of a phase-
separated system and provides a measure of the propen-
sity of a protein to undergo phase separation. TDP-43p.

Trp385IlefsTer10 has a significantly reduced  Csat value com-
pared to WT TDP-43 and TDP-43p.M337V, indicating that 
TDP-43p.Trp385IlefsTer10 is more prone to phase separation 
than either the wild-type or the ALS-associated mutant 
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protein (Fig. 4e). In summary, our in vitro findings are in 
line with the in silico predictions and suggest that TDP-
43p.Trp385IlefsTer10 more readily undergoes phase separation 
to more solid-like condensates compared to WT TDP-43 
and TDP-43p.M337V.

TDP‑43p.Trp385IlefsTer10 rescues the TBPH null 
pupal lethality but displays strongly reduced 
gain‑of‑function toxicity in Drosophila

To assess whether TDP-43p.Trp385IlefsTer10 displays loss- and/
or gain-of-function properties in vivo, we generated fly lines 
with site-specifically integrated transgenic constructs con-
taining WT or mutant TDP-43. In addition to WT TDP-43 
and our novel TDP-43p.Trp385IlefsTer10, we chose two typical 
ALS-causing mutations located in the PrLD (TDP-43p.A382T 
and TDP-43p.M337V). Using the pan-neuronal nSyb-GAL4 
driver, the transgenic lines exhibited similar levels of expres-
sion (Fig. 5a). First, we performed rescue experiments to 
investigate potential loss-of-function properties of TDP-43p.

Trp385IlefsTer10. We therefore expressed the TDP-43 transgenes 
in flies lacking the endogenous TARDBP ortholog called 

TBPH. We showed that TBPH null flies display strongly 
reduced eclosion rates due to late-pupal lethality caused by 
loss of functional TBPH protein in neurons [12, 16]. Motor 
neuron-specific substitution of TBPH, utilizing the D42-
GAL4 driver, with all human variants completely rescued 
the null lethal phenotype (Fig. 5b, left). Pan-neuronal sub-
stitution with TDP-43p.Trp385IlefsTer10 resulted in a complete 
rescue, whereas the rescue was only partial with WT TDP-
43, TDP-43p.A382T and TDP-43p.M337V (Fig. 5b, right). We 
suspected these results were due to increased toxicity upon 
overexpression of WT TDP-43, TDP-43p.A382T and TDP-
43p.M337V at supraphysiological levels. Indeed, neuronal 
overexpression of WT and ALS mutant TDP-43 in neurons 
of WT TBPH flies severely reduced motor performance and 
shortened the average lifespan of the flies, recapitulating pre-
viously published results [22]. However, and surprisingly, 
neuronal overexpression of TDP-43p.Trp385IlefsTer10 did not 
display these neuronal toxic gain-of-function phenotypes. 
Flies overexpressing TDP-43p.Trp385IlefsTer10 in their nerv-
ous system had no significantly altered average survival nor 
motor performance compared to control flies (Fig. 5c) (Sup-
plementary table 3, online resource). To investigate whether 
the absence of gain-of-function properties was tissue-spe-
cific, we expressed all human variants in the whole adult 
body, the adult brain and muscle. To circumvent develop-
mental toxicity, we used the GAL80 system, allowing us to 
switch on the expression in adult flies. Protein levels were 
checked by western blot. All variants were silenced during 
development and switched on in adult flies to a similar extent 
(Fig. 5e). In none of the tested conditions gain-of-function 
toxicity of the TDP-43p.Trp385IlefsTer10 was observed, in con-
trast to WT TDP-43 and TDP-43p.M337V (Fig. 5f) (Supple-
mentary table 4, online resource). Altogether these Dros-
ophila results show that, while retaining sufficient activity 
in neuronal context to rescue the lethal neurodevelopmental 
null phenotype, TDP-43p.Trp385IlefsTer10 loses its toxic gain-
of-function properties upon overexpression in WT TBPH 
backgrounds and thus behaves very differently from full-
length WT or ALS-mutant TDP-43.

The reduced gain‑of‑function toxicity 
of TDP‑43Trp385IlefsTer10 is recapitulated in rat‑derived 
primary neuronal culture

Following the observation that TDP-43p.Trp385IlefsTer10 dis-
plays lower neuronal toxicity compared to wild-type and 
ALS mutant variants when expressed in fruit fly models, 
we modelled the same variants using a primary rat neuron 
disease model. Primary cortical rat neurons were transfected 
with halo-tagged constructs expressing the TDP-43 variants 
of interest and fluorescently labelled neurons were tracked 
over time by using automated fluorescence microscopy 
(Supplementary Fig. 5, online resource). Neuronal death 

Fig. 5  TDP-43p.Trp385IlefsTer10 behaves as a partial loss-of-function 
allele with reduced toxicity in Drosophila. a Expression levels of 
human TDP-43 in control and transgenic fly lines using the pan-
neuronal nSyb-Gal4 driver. b Rescue assay results showing the rate 
of offspring frequency in TBPH null flies rescued with the TDP-43 
constructs of interest driven by the nSyb-Gal4 pan-neuronal driver 
(right) and the D42-Gal4 motor neuron-specific driver (left). c Com-
bined survival assay performed on overexpression models of the 
TDP-43 variants of interest driven by the nSyb-Gal4 neuronal driver. 
d Combined climbing assay performed on transgenic models of the 
TDP-43 variants of interest driven by the nSyb-Gal4 pan-neuronal 
driver. Fraction of flies capable of completing the assay was plot-
ted weekly throughout the course of the assay. e Expression lev-
els of human TDP-43 in control and transgenic fly lines using the 
nSyb-Gal80 inducible driver and the tubulin-Gal80 inducible driver. 
For the inducible drivers, the levels of protein expression at 29 ℃ 
vs. 18 ℃ confirm that the system is reliably inducing higher levels 
of expression when flies are kept at a higher environmental tempera-
ture (29 ℃). f Combined survival results for both male and female 
transgenic and control flies with variant adult onset expression driven 
in a tissue-specific manner. From left to right: whole body expres-
sion with Tubulin-Gal80, muscular expression with Mef2-Gal80 and 
pan-neuronal expression with nSyb-Gal80. Expression of hTDP-43 
variants was induced by moving the flies into a 29 ℃ environment. 
g Rodent mixed cortical primary neurons were transfected with the 
indicated constructs and tracked by automated fluorescence micros-
copy. Neuronal survival and time of death was assessed using objec-
tive criteria (described in Supplementary Fig.  4, online resource), 
and cumulative risk of death plotted for neurons in each condition. 
N = number of neurons, combined from 3 biological replicates. *haz-
ard ratio (HR) = 1.29, p = 6.7 ×  10–7; **HR = 1.31, p = 8.0 ×  10–8; 
***HR = 1.56, p < 2 ×  10–16; #HR = 1.17, p = 0.003. HR and p value 
determined by cox proportional hazards analysis, stratifying among 
biological replicates. Statistical analysis performed using the one-way 
ANOVA test (Kruskal–Wallis test); *p ≤ 0.05, **p ≤ 0.01 (unless oth-
erwise stated)

◂
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throughout the timed assay was assessed and registered 
to evaluate the cumulative risk of death of each TDP-43 
variant.

TDP-43p.Trp385IlefsTer10 scored the lowest of all TDP-
43 variants in study with a hazard ratio (HR) below the 
threshold of significance when compared to the mock 
transfection (Fig.  5g, EGFP/Halo). All other variants 
scored a significantly higher HR than the mock, with 
TDP-43p.M337V having the highest HR value (HR = 1.56). 
This indicates that all TDP-43 variants display a signifi-
cantly higher toxicity in neurons, leading to increased 

cell death when compared to TDP-43p.Trp385IlefsTer10. 
This pattern of increased toxicity, even for WT TDP-43 
expression in neurons, recapitulated the results obtained 
in our Drosophila experiments, reinforcing that TDP-
43p.Trp385IlefsTer10 has a decreased neuronal toxicity effect 
and is distinct from ALS-causing mutations.

Fig. 6  Abnormal splicing of sarcomeric genes, increased expres-
sion of muscle regeneration genes and decreased expression of 
mitochondrial and lipid metabolism genes in TDP-43p.Trp385IlefsTer10 
muscle-derived transcriptomes. a Distribution of the number of alter-
native splicing events identified across each AS event type filtered 
by FDR ≤ 0.01 (FDR) and FDR ≤ 0.01 +|ΔΨ|≥ 0.1 (FDR + PSI). b 
Metascape analysis and top GO terms associated with the aggregated 
genes suffering AS events. c Top genes with multiple alternative 
splicing events identified and the respective types. Inclusion level dif-

ference filtered at |ΔΨ|≥ 0.1. d Volcano plot of  log2[fold change] val-
ues against the respective FDR values. Cutoff values for FDR ≤ 0.05 
and |log2FC|> 1. e Pathways identified by pre-ranked GSEA of the 
differentially expressed genes dataset and ranked by normalized 
enrichment score (NES). Pathways identified were considered sig-
nificant at an FDR ≤ 0.01 (highlighted; blue—downregulated, gold—
upregulated). f Metascape analysis of the top GO terms associated 
with the downregulated (blue) and upregulated (gold) genes identified 
in the DGE dataset
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TDP‑43p.Trp385IlefsTer10 causes altered splicing patterns 
of pre‑mRNAs encoding sarcomeric proteins 
in patient‑derived muscle

Given the well-established role of TDP-43 in pre-mRNA 
splicing, we analysed our RNA-seq datasets from muscle 
biopsies of two TDP-43p.Trp385IlefsTer10 patients and three con-
trols to identify alternative splicing (AS) events as a readout 
of altered nuclear TDP-43 function. We used the rMATS 
turbo v4.1.2 computational tool which detects 5 different 
types of splicing events: alternative 3’ splice-sites (A3SS), 
alternative 5’ splice-sites (A5SS), skipped exons (SE), 
retained introns (RI) and mutually exclusive exons (MXE). 
rMATS identified a total of 2619 AS events at FDR ≤ 0.01, 
without Ψ filtering. We decided to select values at a thresh-
old of inclusion of at least 10% (|Ψ|≥ 0.1). At |Ψ|≥ 0.1 there 
were a total of 2096 AS events mapping to 1491 unique 
genes (Fig. 6a). Over half of the total AS events (55.03%) 
represented SE events. A Metascape analysis [63] of the list 
of genes with AS events highlighted the GO terms “Actin 
filament-based process” (GO:0,030,029) and “Muscle struc-
ture development” (GO:00,061,061) as the two most highly 
represented terms (Fig. 6b). Accordingly, out of the top 10 
genes with the highest incidence of AS events, 6 indeed cor-
responded to important sarcomere filament proteins, includ-
ing Titin (TTN), Nebulin (NEB), Myosin Binding Protein 
C1 (MYBPC1), Troponin T (TNNT3), Actinin-Associated 
LIM Protein (PDLIM3) and Tropomyosin 1 (TPM1), with 
the first two showing more than 100 individual AS events 
(Fig. 6c). Interestingly, all of these genes are associated 
with genetic (cardio)myopathies in humans (TTN, NEB, 
MYBPC1, TNNT3 and TPM1) [18] or mice (PDLIM3) [43]. 
These data suggest that abnormal nuclear pre-mRNA splic-
ing of functionally important sarcomeric genes could con-
tribute to the pathogenic mechanism of the myopathy in our 
TDP-43p.Trp385IlefsTer10 family.

TDP‑43p.Trp385IlefsTer10 mutant muscle shows 
increased expression of muscle regeneration 
genes and decreased expression of mitochondrial 
and lipid metabolism genes

Next, we used EdgeR (v3.32.1) to identify differen-
tially expressed genes (DEGs) as a consequence of TDP-
43p.Trp385IlefsTer10 in our RNA-seq dataset. Out of the 28,983 
total genes detected, 217 genes were identified which were 
significantly up- (n = 173) or down-regulated (n = 44) in 
patient muscle (|log2fc|≥ 1, FDR ≤ 0.05) (Fig. 6d). To find 
a potential link between splicing alterations identified by 
the rMATS tool and gene expression levels, we filtered our 
dataset to extract significantly up- and down-regulated genes 
(FDR ≤ 0.05) that intersected with genes showing significant 
AS events (FDR ≤ 0.01, |Ψ|≥ 0.1). This resulted in a total of 

15 genes that displayed both AS and differential expression 
(< 1% overlap) (Data not shown). Interestingly, these did 
not include TTN, NEB or any of the top 10 genes with the 
highest number of AS events, suggesting that their aberrant 
splicing does not directly result in altered transcript levels.

To identify TDP-43p.Trp385IlefsTer10-mediated dysregu-
lated functional pathways in a more general manner, we 
performed Gene Set Enrichment Analysis (GSEA) [45, 54] 
of our RNA-seq dataset using the collection of 40 Molecu-
lar Signatures Database hallmark gene sets [35]. GSEA is 
a threshold-free method that is recommended when ranks 
are available for all or most of the genes in the genome and 
searches for pathways whose genes are enriched at the top 
or bottom of the ranked list. We therefore generated a pre-
ranked list of 21,797 genes based on the −  log10(p-value) 
multiplied by the sign of fold-change. GSEA showed that 
genes of the “myogenesis” hallmark gene set were strongly 
enriched among the upregulated genes at the top of our 
list (Fig. 6e, yellow). The bottom of the ranked list was 
strongly associated with “oxidative phosphorylation”, “adi-
pogenesis” and “fatty acid metabolism” hallmark gene sets 
(Fig. 6e, blue). Of note, some of the most highly ranked 
upregulated DEGs in the core enrichment “myogenesis” 
gene set encoded sarcomere-associated myosin isoforms. In 
particular, we found myosin heavy chains 3 (MYH3) and 8 
(MYH8). As embryonic myosin isoforms, MYH3 and MYH8 
are expressed almost exclusively during development, being 
only re-expressed during muscle regeneration [49]. Their 
upregulation in patient muscle indicates an activation of 
regenerative mechanisms, which is typically seen in myopa-
thies. As a confirmation of the GSEA pathways, we observed 
that a Metascape analysis applied to the statistically signifi-
cant DEGs of our dataset highlighted the GO term “Stri-
ated muscle contraction” (GO:0,006,941) as being highly 
represented among the upregulated set of genes set (Fig. 6f, 
yellow) and “Monocarboxylic acid metabolic process” 
(GO:0,032,787) among the downregulated one (Fig. 6f, 
blue). Together, the transcriptomic AS and DEG analysis 
show that TDP-43p.Trp385IlefsTer10 mutant muscle bears the 
signature of a myopathy with dysregulated mitochondrial 
and lipid metabolism, possibly as a result of the aberrantly 
spliced sarcomere genes.

Discussion

While neuropathological and genetic studies have estab-
lished the crucial involvement of TDP-43 proteinopathy in 
the pathogenesis of ALS/FTD and related neurodegenerative 
disorders [57], increasing evidence also suggests a role for 
TDP-43 in muscular disorders, including sIBM and other 
rimmed vacuole myopathies [58]. However, genetic evi-
dence supporting a primary role for TDP-43 proteinopathy 
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in rimmed vacuole myopathies is currently missing. The 
present study reports the discovery of a frameshift variant, 
TDP-43p.Trp385IlefsTer10, producing a truncated and altered 
C-terminal PrLD of TDP-43 in a family presenting with an 
autosomal dominantly inherited rimmed vacuole myopathy. 
Even though this variant has only been identified in one 
large family, the pathogenic nature of TDP-43p.Trp385IlefsTer10 
is supported by multiple lines of genetic evidence: it co-seg-
regated in all affected members of a large myopathy family, 
it mapped to the sole conclusively linked genomic region in 
this family at chromosome 1p36.22 (maximum multipoint 
LOD-score 3.61), it was absent from the gnomAD popula-
tion database and it was observed in the absence of other 
known genetic causes of rimmed vacuole myopathy. In 
addition, the TDP-43p.Trp385IlefsTer10 protein was expressed 
in affected patient-derived tissue and associated with the 
presence of TDP-43-positive sarcoplasmic accumulations 
in muscle, a common feature in rimmed vacuole myopathies 
[31]. Of interest, we found that these TDP-43 accumulations 
in TDP-43p.Trp385IlefsTer10 patients differ from those in sIBM 
patients. Where both are positive for phosphorylation of the 
Ser369 residues, only sIBM accumulations are positive for 
phosphorylation of Ser409 and Ser410, a commonly used 
disease-specific marker for TDP-43 proteinopathies. This 
discrepancy in composition of phosphorylated forms of 
TDP-43 between sIBM and TDP-43p.Trp385IlefsTer10 patients 
could naturally be attributed to the lack of the Ser409/410 
residues in the mutant TDP-43p.Trp385IlefsTer10 protein. Inter-
estingly, TDP-43p.Trp385IlefsTer10 patient tissues still show 
high levels of pTDP-43[Ser409/410], even being at equal 
levels compared to control muscle tissue. These data suggest 
that accumulations in TDP-43p.Trp385IlefsTer10 muscle tissue 
are primarily composed of mutant protein, while pTDP-
43[Ser409/410]—originating from the wild-type allele—
remains at baseline levels in a soluble state.

Strikingly, with its neomorphic tail of 9 aa. following 
the slightly shortened PrLD, TDP-43p.Trp385IlefsTer10 clearly 
differs from the ALS-causing missense variants which are 
present in an otherwise normal PrLD. Indeed, a major and 
unexpected finding in this study was the mainly chronic and 
slowly progressive myopathic clinical manifestation asso-
ciated to TDP-43p.Trp385IlefsTer10. Although milder neuro-
genic signs were also present in some patients, ALS and/or 
FTD phenotypes were never observed. The specific nature 
of our truncating variant therefore likely holds the key as 
to how TDP-43p.Trp385IlefsTer10 leads to a muscular rather 
than a neurodegenerative condition. Interestingly, recent 
reports have linked a similar truncating TDP-43 variant, 
TDP-43p.Y374Ter, to a typical ALS phenotype [13, 14, 30]. 
Although the pathogenic nature of TDP-43p.Y374Ter is not 
yet firmly established, it lacks the neomorphic 9 aa. tail pre-
sent in TDP-43p.Trp385IlefsTer10. To this point, it is of interest 
that TDP-43p.Trp385IlefsTer10 behaved completely differently 

compared to WT TDP-43 or TDP-43p.M337V in in vitro phase 
separation assays. In contrast to WT TDP-43 and TDP-43p.

M337V, which are both able to form well-defined spherical 
droplets, TDP-43p.Trp385IlefsTer10 appeared to quickly aggre-
gate with the formation of dense, misshapen accumulations 
of protein. This observation is in line with the PAPA analysis 
predicting a ~ two-fold higher maximum aggregation pro-
pensity score at the neomorphic C-terminus of TDP-43p.

Trp385IlefsTer10 (PAPA score: 0.079) compared to WT TDP-43 
or TDP-43p.M337V (PAPA score: 0.043). Of note, the reported 
heterozygous ALS-associated TDP-43p.Y374Ter truncation 
variant [13, 14, 30] scores lower than WT TDP-43 in the 
same prion prediction in silico tools (PAPA-score of 0.036) 
(data not shown), further suggesting an important role of 
the novel 9 aa. tail of TDP-43p.Trp385IlefsTer10 in inducing a 
myopathic rather than a neurodegenerative presentation.

Since the phase separation studies indicated increased 
aggregation propensity of TDP-43p.Trp385IlefsTer10, we were 
surprised to see that TDP-43p.Trp385IlefsTer10 exhibited strongly 
reduced toxic gain-of-function effects compared to WT 
TDP-43 and ALS-mutant TDP-43 in Drosophila survival 
and motor performance assays using different drivers. On the 
other hand, TDP-43p.Trp385IlefsTer10 was capable of rescuing 
the Drosophila TBPH null lethal phenotype when driven in 
neuronal tissues, indicating that the mutant protein retains 
considerable normal activity. TDP-43p.Trp385IlefsTer10 therefore 
behaves as a partial loss-of-function allele in Drosophila 
with strongly reduced toxic gain-of-function properties. 
We were able to confirm that this reduced toxic gain-of-
function is still seen in primary rat cortical neurons, which 
displayed a pronounced reduction in lethality when compar-
ing TDP-43p.Trp385IlefsTer10 and WT or ALS TDP-43 over-
expression. These findings are in agreement with the very 
high pLI-score of 0.99 of TARDBP (https:// gnomad. broad 
insti tute. org/) indicating that it is intolerant of heterozygous 
loss-of-function variants or haploinsufficiency [64]. In this 
scenario, the residual function of TDP-43p.Trp385IlefsTer10 
would be sufficient to support viability but not muscle 
health in humans. How and whether the aggregation and 
partial loss-of-function properties of TDP-43p.Trp385IlefsTer10 
are linked in flies is currently unclear. One explanation is 
that the WT TDP-43-mediated overexpression toxicity is not 
aggregation-dependent, and that TDP-43p.Trp385IlefsTer10 pos-
sibly loses its toxicity because aggregation renders it inert, 
thereby reducing its activity. This interpretation would be 
in line with the idea that the formation of insoluble TDP-
43-aggregates is not directly harmful and that cellular toxic-
ity is instead mediated by dynamic liquid-like condensates 
[8]. It could also explain why the strongly aggregation-prone 
TDP-43p.Trp385IlefsTer10 is less toxic to neurons and does not 
cause a neurodegenerative ALS/FTD phenotype.

Despite our functional studies suggesting that TDP-
43p.Trp385IlefsTer10 acts as an aggregation-prone partial 

https://gnomad.broadinstitute.org/
https://gnomad.broadinstitute.org/
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loss-of-function variant with decreased toxicity, this does 
not explain how this would preferentially affect muscle tis-
sue in humans. It is of interest that we observed differences 
in TDP-43 expression and phosphorylation in muscle versus 
fibroblasts from TDP-43p.Trp385IlefsTer10 patients and controls. 
In particular, our data suggest that, despite the presence of 
TDP-43p.Trp385IlefsTer10, which lacks the normal TDP-43 resi-
dues 385–414, normal levels of  Ser[409/410] phosphorylated 
TDP-43 are maintained in muscle tissue, apparently at the 
expense of unmodified full-length WT TDP-43 from the 
normal allele, which could further contribute to a depletion 
and loss-of-normal function of WT TDP-43. Remarkably, 
this phenomenon was not observed in fibroblasts, reinforcing 
the idea that TDP-43 undergoes muscle-specific processing 
and modification including phosphorylation, thereby pro-
viding a possible explanation of the myopathy phenotype 
associated with TDP-43p.Trp385IlefsTer10. Further evidence for 
a tissue-specific function of TDP-43 was recently obtained in 
mouse muscle and neuronal cells showing cell-type-specific 
differences in TDP-43-mediated pre-mRNA processing [55].

In line with the proposed partial loss-of-function nature 
of TDP-43p.Trp385IlefsTer10, our transcriptomic analysis of 
TDP-43p.Trp385IlefsTer10 muscle tissue provided evidence for 
a nuclear loss-of-function. Through analysis of alternative 
pre-mRNA processing patterns, a nuclear process TDP-43 
is tightly involved in, we identified a number of transcripts 
affected by AS. Interestingly, the great majority of these AS 
targets corresponded to muscle-specific structural/contrac-
tion-associated proteins. Indeed, 5 out of the top 10 tran-
scripts with the most AS events corresponded to sarcomeric 
genes, including TTN and NEB, indicating that abnormal 
nuclear pre-mRNA splicing of functionally important sarco-
meric genes could contribute to the pathogenic mechanism 
of the myopathy in our family.

In mice, TDP-43 has been shown to associate with sarco-
meric mRNAs, such as TTN and NEB, within sarcoplasmic 
myo-granules during muscle development/regeneration [59], 
and is hypothesized as having an important role for the sta-
bilization of these transcripts. Curiously, when comparing 
differentially expressed genes with genes affected by AS, we 
observed a very small overlap (< 1%), suggesting that aber-
rant splicing in the nucleus is not having a direct effect in the 
cellular expression and stability of these transcripts, appar-
ently having a functional impact instead. Pathway analysis of 
the upregulated genes highlighted myogenesis and striated 
muscle contraction-associated genes as strongly altered in 
patient muscle. Vogler et. al [59] showed that heterozygous 
TDP-43 KO mice are unable to successfully regenerate 
muscle fibres after injury. Though still in need of molecular 
validation, if we assume a similar effect is occurring with the 
TDP-43p.Trp385IlefsTer10, the attempted and failed regeneration 

by the muscle fibres would result in an upregulation of myo-
genic pathways and certain sarcomeric mRNAs, which is 
supported by the observed upregulation of developmental 
myosin isoforms [49]. Furthermore, in the model proposed 
by Vogler et al., this elevated muscle regeneration would 
trigger the formation of sarcoplasmic myo-granules whose 
number, function and regulation could then be further dis-
turbed by the aggregation-prone TDP-43p.Trp385IlefsTer10 
resulting in autophagic myodegeneration over time [59].

Finally, this finding adds TDP-43 to the growing list of 
RNA-binding proteins as genetic causes of myopathies. 
Interestingly, similar to TDP-43, frameshift mutations in 
the PrLDs of HNRNPA2B1 and HNRNPA1 that change 
the prion-like behaviour of the mutant proteins have been 
described recently as the genetic cause of myopathies [6, 
29], whereas most of the missense variants in the exact same 
protein domain can be linked to a broader clinical spectrum 
including neurodegeneration [7, 28].

Although work on TDP-43p.Trp385IlefsTer10 is in early 
stages, the findings we report here will help to understand 
a muscle-specific function for TDP-43 and how it can be 
related with the development of myopathies. Furthermore, 
our work points towards a broadening of the disease spec-
trum of TDP-43 proteinopathies, expanding from pure neu-
rodegenerative to muscular disorders.
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