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Abstract

Amyotrophic lateral sclerosis (ALS) is a devastating neurodegenerative dis-
ease, pathologically characterized by TDP-43 aggregates. Recent evidence has
been indicated that phosphorylated TDP-43 (pTDP-43) is present not only in
motor neurons but also in muscle tissues. However, it is unclear whether test-
ing pTDP-43 aggregation in muscle tissue would assist in the diagnosis of
ALS. We propose three key questions: (i) Is aggregation of pTDP-43 detect-
able in routine biopsied muscles? (ii) Can detection of pTDP-43 aggregation
discriminate between ALS and non-ALS patients? (iii) Can pTDP-43 aggrega-
tion be observed in the early stages of ALS? We conducted a diagnostic study
comprising 2 groups: an ALS group in which 18 cases underwent muscle
biopsy screened from a registered ALS cohort consisting of 802 patients and a
non-ALS control group, in which we randomly selected 54 muscle samples
from a biospecimen bank of 684 patients. Among the 18 ALS patients,
3 patients carried pathological GGGGCC repeats in the CIORF72 gene,
2 patients carried SOD1 mutations, and 7 patients were at an early stage with
only one body region clinically affected. The pTDP-43 accumulation could be
detected in routine biopsied muscles, including biceps brachii, deltoid, tibialis
anterior, and quadriceps. Abnormal aggregation of pTDP-43 was present in
94.4% of ALS patients (17/18) compared to 29.6% of non-ALS controls
(16/54; p < 0.001). The pTDP-43 aggregates were mainly close to the sarco-
lemma. Using a semi-quantified pTDP-43 aggregates score, we applied a

Qi-Jie Zhang, Jie Lin, You-Liang Wang, and Long Chen contributed equally to this work.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.

© 2024 The Authors. Brain Pathology published by John Wiley & Sons Ltd on behalf of International Society of Neuropathology.

Brain Pathology. 2024;34:¢13261.
https://doi.org/10.1111/bpa.13261

wileyonlinelibrary.com/journal/bpa 1of13


https://orcid.org/0000-0002-1590-3945
mailto:fuying@fjmu.edu.cn
mailto:ningwang@fjmu.edu.cn
mailto:ningwang@fjmu.edu.cn
mailto:fmuwzq@fjmu.edu.cn
mailto:jzhang1989@zju.edu.cn
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/journal/bpa
https://doi.org/10.1111/bpa.13261

ZHANG ET AL.

< Brain
Pathology

KEYWORDS

TDP-43

1 | INTRODUCTION

Amyotrophic lateral sclerosis (ALS), also known as Lou
Gehrig’s disease, is the most common and universally
fatal motor neuron degenerative disease [1]. Symptoms
often begin with adult-onset limb weakness, progressing
to the trunk and bulbar muscles, ultimately leading to
respiratory failure within 3-5 years of onset [2]. Hitherto,
the diagnosis of ALS remains clinical, predominantly
based upon progressive motor impairment, electrophysio-
logical testing, and gene mutation screening [3]. How-
ever, because of the diverse clinical manifestations and
lag in electrophysiological characterization, as well as the
high incidence of sporadic ALS, previous studies have
shown a high misdiagnosis rate (up to 10%) in ALS [4, 5],
and a median diagnosis delay of approximately
14 months [6]. Therefore, a biomarker for early and accu-
rate diagnosis of ALS is urgently required.

The core pathological characteristics of ALS include
abnormal protein deposits in motor neurons and glial
cells [7], and diverse aggregation-prone proteins have been
previously identified, including TAR DNA-binding pro-
tein 43 kDA (TDP-43), fused-in-sarcoma protein (FUS),
superoxide dismutase 1 (SODI1), Optineurin (OPTN),
Ubiquilin-2 (UBQLN2), Ataxin-2 (ATXN2), and p62 [8].
Among them, phosphorylated TDP-43 (pTDP-43) which
has been localized incorrectly to the cytoplasm, is a key
pathological feature. Through postmortem muscle tissue
examination of ALS, a previous study demonstrated that
pTDP-43 aggregates in the axial skeletal muscle of 19 out
of 57 patients (33.3%) [9]; however, another study demon-
strated that pTDP-43 aggregates in the skeletal muscle of
28 out of 30 patients (93.3%) [10]. Interestingly, a retro-
spective cohort study of ALS biopsy muscle tissue revealed
that pTDP-43 aggregated in nerve bundles of skeletal mus-
cles in 33 out of 36 patients (91.7%) [11]. All of the above
studies suggest that there is a relationship between pTDP-
43 aggregation within muscle tissue and ALS. However,
previous studies mostly used autopsy muscle samples. It is
therefore necessary to find out whether testing pTDP-43
aggregation in a routine biopsy of skeletal muscle would
help in the diagnosis of ALS.

To assess the sensitivity and specificity of pTDP-43
aggregation in muscle of ALS patients through biopsy

cut-off value of 3 as a diagnostic biomarker, resulting in a sensitivity of 94.4%
and a specificity of 83.3%. Moreover, we observed that accumulation of
pTDP-43 occurred in muscle tissues prior to clinical symptoms and electro-
myographic lesions. Our study provides proof-of-concept for the detection of
pTDP-43 accumulation via routine muscle biopsy which may serve as a novel
biomarker for diagnosis of ALS.

amyotrophic lateral sclerosis, diagnostic marker, muscle biopsy, pathology, phosphorylated

muscle-tissue pathology examination, we propose three
key facets to our research: (i) Is aggregation of pTDP-43
detectable in routine biopsied muscles and does it vary
across different biopsy sites? (ii) Can detection of pTDP-
43 aggregation discriminate between ALS and non-ALS
patients? (iii) Can pTDP-43 aggregation be observed in
the early stages of ALS? To answer these questions, we
conducted a diagnostic study to determine the pathologi-
cal characteristics of pTDP-43 aggregation in routine
muscle biopsy-derived samples from a registered ALS
cohort, with a special focus on early-stage patients (those
with single segment involvement or atypical electromyo-
graphic abnormalities). Notably, we enrolled a control
group of non-ALS patients with confirmed genetic or
pathological diagnosis, which covered a wide range of
muscular diseases containing previously reported TDP-
43 aggregates. Our study, based on the strengths of
genetic and pathological diagnosis, aims to provide com-
pelling evidence for the diagnostic value of pTDP-43
aggregates in biopsied muscle tissue for ALS.

2 | MATERIALS AND METHODS

2.1 | Study design and participants

This was a diagnostic study conducted by Department of
Neurology and Institute of Neurology (DNIN) of the
First Affiliated Hospital, Fujian Medical University
between September 2022 and February 2023, the design
and flow diagram of which are illustrated in Figure 1.

2.2 | ALS patients

We recruited ALS patients from a registered ALS cohort
from DNIN (NCT04008329). Based on this registered
ALS cohort, we have reported several ALS prognostic
factors previously [12-14]. All patients were diagnosed by
two experienced neurologists (Q.J.Z. and N.W.) accord-
ing to the Airlie House ALS diagnostic criteria [15]. Clin-
ical assessments were performed by one trained team
using a standardized inventory, and the neurological
examinations were performed in a Neurological
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FIGURE 1 The patient flow
chart for this study. After ROC
analysis, pTDP-43 score 23 was
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n (Control) = 698
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Evaluation Room to ensure standardization and the reli-
ability of data. Baseline demographic information and
detailed clinical profiles were collected, including age at
onset, site of onset, history of disease progression, behav-
ior change or dementia, family history, physical examina-
tion, neuroimaging, electrophysiological information and
laboratory tests, such as routine blood tests, serum crea-
tine kinase (CK) levels, serum vitamin 12 levels, hepatic
function, renal function, and so on. The interval of
follow-up was three to 6 months and was conducted by
the same neurologists (Q.J.Z. and N.W.).

Age at onset was defined as age at first symptom
onset. Site of onset was defined as the site of first symp-
tom onset, including bulbar, upper limb, or lower limb
onset. ALS staging was defined based on the King’s
College staging system [16]. Positive family history was
defined as at least two ALS patients in the same family.
We also established a genetic screening system in our
center. We detected GGGGCC repeats in the
C9ORF72 gene using repeat-primed polymerase chain
reaction as described previously [17], and whole-exome
sequencing (WES) was conducted on CY9ORF72-
negative ALS patients to identify other gene variants,
using a Hiseq2500 platform (Illumina, San Diego,
CA), as described [18]. The identified candidate
disease-causing mutations were further verified by

Sanger sequencing (SODI ¢.214C>T; SODI
c.449 T > C; FUS c. 1574C > T).

Out of a total of 802 registered ALS patients, 18 cases
underwent muscle biopsy for the purpose of diagnosis.
The common indications for muscle biopsy referral were
a lower motor neuron syndrome, early disease stage lim-
ited to one body region, without confirmed neuropathic
lesions (even showing myopathic changes) in EMG
studies.

2.3 | Non-ALS controls
These controls were serially recruited from the neuromus-
cular cohort of DNIN. The non-ALS patients were diag-
nosed by two experienced neurologists, Prof. Z.Q.W. and
Prof. N.W. As this center specializes in pathology and
genetics, it attracts patients with neuromuscular diseases
from across the country, and we have therefore reported
nationwide epidemiological data and identified new caus-
ative genes for diverse neuromuscular diseases [19-21].
Routine muscle biopsies were processed according to
standardized protocols, and biopsied muscles were frozen
in liquid nitrogen-cooled isopentane in the Muscle Bios-
pecimen Bank of this center. Between January 2010 and
December 2022, a total of 698 muscle biopsies were
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performed in this cohort. In this study, we selected
54 muscle samples, with the principles for control selec-
tion including: (i) patients with a confirmed genetic or
pathological assessment and (i1) random selection.

24 |
staining

TDP-43/pTDP-43 immunofluorescence

Frozen muscle biopsies were cryo-sectioned at a thickness
of 7 pm, mounted onto slides, and air dried for 20 min at
room temperature. For immunofluorescence labeling,
sections were washed with PBS, fixed in 4% PFA for
20 min, permeabilized with 0.1% Triton, and blocked
with normal donkey serum (Jackson ImmunoResearch).
Thereafter, the sections were incubated with primary rab-
bit antibodies including TDP-43 (C-terminal) polyclonal
antibody  (1:500; 12,892-1-AP, Proteintech), and
phospho-TDP43  (Ser409/410) recombinant antibody
(1:500; 80,007-1-RR, Proteintech) overnight at 4°C. After
washing 3 x 5 min with PBS, sections were incubated
with secondary antibodies at room temperature for 1 h
(1:300, donkey anti-rabbit IgG (H + L) conjugated with
Alexa Fluor 488, Jackson ImmunoResearch). Cover slips
were applied after counterstaining the nucleus with
4’ 6-diamidino-2-phenylindole, and sections were visual-
ized using an EVOS M5000 fluorescence microscope
(Invitrogen).

2.5 | pTDP-43 immunohistochemical assay
After fixation, skeletal muscles were embedded in paraffin
blocks, cut into 6 um sections and mounted on glass slides.
Then, following immersion in xylene, hydration through
graded ethanol solutions, heat-mediated antigen retrieval
and elimination of endogenous peroxidase activity by
incubation in hydrogen peroxide. Subsequently, the sec-
tions were incubated with phospho-TDP43 (Ser409/410)
recombinant antibody (1:500; 80,007-1-RR, Proteintech).
The next day, sections were incubated with secondary anti-
body, developed with 3,3’-diaminobenzidine (DAB) and
counterstained with Harris Hematoxylin. Light micros-
copy was used for identification of sections using BX53
DIX/BF Olympus research microscope with an attached
DP27 digital camera (Olympus, America).

2.6 | Aggregates conformation-specific probe
fluorescent staining

To specifically detect the spatial conformation of TDP43
aggregates, we used a fluorescent probe capable of recog-
nizing the B-fold structure for fluorescent staining, as pre-
vious reported [22]. In short, the slices were incubated in
aqueous solutions of DANIR 8c (1 pM) for 10 min at
room temperature and then washed with 60% ethanol.
Sections were observed using Zeiss 7800 confocal

microscope. To determine the differences of TDP-43
phosphorylation sites and its spatial conformations, we
used phospho-TDP43  (Ser409/410) antibody and
DANIR 8c to observe the colocalization through super-
resolution microscopy (Multi-SIM, Naxi-Tech).

2.7 | Electron microscopy

The biopsy muscle samples were fixed with 2.5% glutaral-
dehyde, post fixed in buffered 2% osmium tetroxide,
dehydrated in a graded alcohol series, and embedded in
epoxy resin. 70-nm ultrathin sections were collected using
a LEICA EM UCT7 (Leica Microsystems, Buffalo Grove,
Israel), stained with uranyl acetate and lead citrate, and
visualized with FEI Tecnai G2 transmission electron
microscope (Hillsboro, America).

2.8 | pTDP-43 pathological semi-quantitative
evaluation

The scoring method can influence the result when exam-
ining this many muscle samples. A previous study dem-
onstrated that pTDP-43 aggregates in the skeletal
muscles of 93.3% of patients with a semi-quantitative
evaluation based upon five muscle regions (tongue, cervi-
cal muscle, diaphragm, iliopsoas muscle, and heart) [10].
In this study, we also employed this semi-quantitative
evaluation based on single muscle region.

The rules of this semi-quantitative evaluation were
(1) at least three different fields were photographed ran-
domly in every patient and (2) we counted pTDP-43 posi-
tive cells in each field and calculated the mean
proportion of pTDP-43 positive cells (pTDP-43 Positive
cell%). The pTDP-43 score was then defined as a range
from 0 to 10 with the 10% interval of pTDP-43 positive
cells, 0 = “all negative cells”, 10 = “90%<pTDP-43 Posi-
tive cell% <100%”.

The samples were randomly coded and blinded, and
the results were then interpreted by two people. If the
interpretation results were inconsistent, a third person
interpreted the results. There was a high inter-reader
agreement (Cohen’s Kappa: 0.938, 95% CI: 0.854-1.022).

2.9 | Statistical analysis

The sample size for diagnostic tests was calculated
according to the following formula:

n= (%)2(14))3

where 7 is the required sample size. Za is the z value
when the cumulative probability equals o over 2 in a nor-
mal distribution, and when o is 0.05, Za is 1.96. 8 is the
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allowable error, which is often equal to 0.1. P is the sensi-
tivity or specificity. The expected sensitivity was 95% and
the specificity was 85%. The sample size required for sen-
sitivity was estimated (sample size of the ALS group) to
be 18. The sample size required for the specificity (the
sample size of control group) was calculated to be 49. As
the control group was set at three times the number of
patients in ALS group, the higher number, 54 was used.

A Kolmogorov—Smirnov z test was used to examine
the distribution type. The mean * standard deviation was
used to represent the measurement data conforming to a
normal distribution, and the median was used to repre-
sent the measurement data not conforming to a normal
distribution. The diagnostic sensitivity and specificity
were calculated. The statistical analysis was carried out
using SPSS v.19.0 software.

3 | RESULTS
3.1 | Clinical characteristics and dataset
overview

Among the 18 ALS patients, only two patients (ID: ALS-
13 and ALS-15) had a positive family history of ALS,
with the remainder being sporadic cases. After genetic
analysis, three patients (ID: ALS-06, ALS-09, and ALS-
15) carried pathological GGGGCC repeats in C9ORF72
gene, two patients (ID: ALS-05 and ALS-13) carried
SODI mutations, and one patient (ID: ALS-07) had a
FUS mutation. Detailed demographic and clinical char-
acteristics of all ALS patients are listed in Table 1.
Among the non-ALS patients, there were 32 males
and 22 females. Aiming to clarify TDP-43/pTDP-43
pathological features, we enrolled patients who had
diverse neurological diseases, including facioscapulohum-
eral muscular dystrophy (FSHD; n = 10), limb girdle
muscular dystrophy (LGMD; n=_8), inflammatory
myopathy (n = 8), lipid storage myopathy (LSM; n = 5),
mitochondrial disease (n = 5), glycogen storage disease
(GSD; n =3), oculopharyngeal muscular dystrophy
(OPMD; n=23), oculopharyngodistal myopathy
(OPDM; n = 2), myotonic dystrophy (n = 2), progressive
muscular dystrophy (n = 2), periodic paralysis (n = 1),
Charcot-Marie-Tooth (CMT; n = 1), neuronal intranuc-
lear inclusion disease (NIID; n = 1), inclusion body myo-
sitis (IBM; n=1), McLeod syndrome (n=1), and
psychogenic disorder (n = 1). In non-ALS patients, diag-
nosis was based on either genetic or muscle pathological
evidence. The detailed demographic and clinical charac-
teristics of non-ALS patients are listed in Table S1.

3.2 | pTDP-43 pathological aggregation in
routine muscular biopsies

All ALS and non-ALS patients exhibited expression of
TDP-43, which was mainly localized to the nuclei of

myofibers (Figure S1). Through muscle tissue fluorescent
staining using pTDP-43 antibody, we found significant
abnormal aggregation of pTDP-43 in ALS patients under
confocal and super-resolution microscopy, and the
pTDP-43 aggregates were mainly close to the sarco-
lemma (Figure 2A,D). We further confirmed the p-fold
structure of aggregated proteins using DANIR 8c probe
(Figure 2B,C,E,F). Pathological aggregation was also
confirmed by immunohistochemistry of pTDP-43
(Figure 2G.,I) and electron microscopy (Figure 2J,L),
which showed that the aggregates were mainly localized
in cytoplasm and perinuclei.

In total, abnormal aggregation of pTDP-43 was pre-
sent in 17 of 18 ALS patients (94.4%) as opposed to 16 of
54 non-ALS controls (29.6%, p <0.001). Among the
ALS muscle biopsies, abnormal aggregation of pTDP-43
was detected across different routine biopsy sites, includ-
ing biceps brachii (13/13), deltoid (2/3), tibialis anterior
(1/1), and quadriceps (1/1). Representative images of
pTDP-43 pathology are shown in Figure 3. Notably,
pTDP-43 identification was negative in the muscles of a
juvenile-onset ALS patient carrying a FUS P525L muta-
tion. (Detailed muscle pathology was shown in
Figure S2) Furthermore, we observed obvious pTDP-43
aggregations in LGMD, IM, NIID, and IBM (Figure 4).

3.3 | pTDP-43 pathology: A valuable tissue
marker for ALS

To quantify of pTDP-43 protein aggregation, we
employed a visually dependent semi-quantitative score
(pTDP-43 score) to assess pTDP-43 inclusion density
(Figure S3). From the pTDP-43 score distribution histo-
gram (Figure 5A), it was noted that ALS patients were
all concentrated around 5 points, while non-ALS patients
were distributed at 0 points. A significant difference was
found in pTDP-43 score among ALS patients and non-
ALS controls (4.7+04 vs. 0.90x0.2, p<0.001;
Figure 5B). To assess the sensitivity and specificity of the
pTDP-43 score in distinguishing between ALS patients
and non-ALS controls, we performed ROC curve analy-
sis, which yielded a pTDP-43 score cut-off value of
3 points with an area under the curve of 0.910 (95% CI:
0.827-0.993). Therefore, we determined pTDP-43
score >3 as positive and it could be used as a diagnostic
biomarker, which resulted in 94.4% sensitivity, 83.3%
specificity (Figures 1, 5C).

34 |
in ALS

pTDP-43 aggregation: An early event

We detected pTDP-43 aggregation in the early stage of
ALS patients. At the time of muscle biopsy, seven early-
stage ALS patients had only one body region affected
clinically (Figure S4). Upon EMG, three patients (ID:
ALS-02, ALS-03, ALS-05) had myopathic damage at
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FIGURE 2 Fluorescence staining of TDP-43 phosphorylation and its conformation by super-resolution microscopy, immunohistochemical assay,
and electron microscopy. (A-C) Immunofluorescence showed significant co-localization of pTDP-43 antibody and DANIR 8c probe, labeling aberrantly
aggregated pTDP-43 protein using confocal microscopy. (D-F) Immunofluorescence of pTDP-43 antibody and DANIR 8c probe using super-resolution
microscopy (Multi-SIM). (G-I) Immunohistochemical assay showed pTDP-43 aggregates in muscle samples from ALS and IBM patients, while not in
FSHD. (J-L) Electron microscopy showed phathological aggregations in muscle samples from ALS and IBM patients, while not in FSHD. The
aggregates were mainly localized in cytoplasm and perinuclear regions of myofibers (red triangle). *Indicated the nuclei of myofiber.
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baseline, and during follow-up, typical neuropathic
lesions were presented gradually.

ALS-05 was a 52-year-old female who presented with
progressive muscle weakness and atrophy in upper limbs
and a disease duration of approximately 5 months. The
clinical examinations showed LMN-dominant lesions.
EMG testing at baseline showed myopathic damage, and
the duration of motor unit action potential (MUAP) was
8.3 ms (normal range: 9.36-14.04 ms; Figure 6A). How-
ever, significant neurogenic atrophy was found in the left
biceps after muscle biopsy (Figure 6B,C), and pTDP-43
had accumulated in the myofibers (Figure 6D). After
whole-exome sequencing, it was found that she carried a
known mutation in the SODI gene (c.214C>T,
p-H72Y; HGMD: CM1515721; Figure 6E).

ALS-09 was a 57-year-old male patient who presented
with progressive dysarthria over the course of 16 months.
He had no complaints of muscle atrophy or weakness in

Immunofluorescence stained with anti-pTDP-43 in patients with C9ORF72-ALS, sporadic-ALS, and non-ALS patient. (A-C) A
remarkable amount of pTDP-43 aggregates in myofibers from a ALS patient with COORF72 (ID: ALS-06). (D-F) Obvious pTDP-43 accumulation
in a sporadic-ALS patient (ID: ALS-11). (G-I) No pTDP-43 deposit in non-ALS patient, a lipid storage myopathy (LSM) with ETFDH gene
mutation (ID: Ctrl-25). Scale bar, 75 pm.

the limbs. Typical LMN (tongue muscle weakness and
atrophy) and UMN (positive jaw reflex) signs were evi-
dent. In EMG studies, the left biceps showed normal
motor unit action potential (MUAP), and the duration of
MUAP was 13.0ms (normal range: 9.5-14.3 ms;
Figure 7A). Only mild neurogenic atrophy was uncov-
ered in the left biceps after muscle biopsy (H&E,
Figure 7B), however, there were already several pTDP-43
deposits (Figure 7C). He was diagnosed as having ALS
with a C9ORF72 mutation (GGGGCC repeat >86,
Figure 7D).

4 | DISCUSSION

As a neurogenetic disease center which specializes in the
assessment of pathology and genetics in diverse neuro-
muscular diseases, we conducted this diagnostic study to
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FIGURE 4 Immunofluorescence stained with anti-pTDP-43 in patients with non-ALS. Obvious pTDP-43 accumulation was observed in a
LGMD patient (ID: Ctrl-01; A), a dermatomyositis (Ctrl-14; B), a polymyositis patient (ID: Ctrl-15; C), a NIID patient (ID: Ctrl-41; D), and an IBM
patient (ID: Ctrl-53; E). (F) The IBM patient (Ctrl-53) showed rimmed vacuoles (red arrow) stained with MGT. (G) The rimmed vacuoles were p62
positive (black arrow). Scale bar, 75 pm (A-E); 50 pm (F-G).
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FIGURE 5 The diagnostic value of pTDP-43 score. (A) Distribution of pTDP-43 score in ALS patients and non-ALS controls. (B) Comparison
of pTDP-43 score between ALS patients and non-ALS controls. (C) The sensitivity and specificity of pTDP-43 score in distinguishing ALS from
controls analyzing by ROC.

investigate the value of pTDP-43 accumulation within patients (especially genetically confirmed ALS), it was
biopsied muscles from 72 participants, including 18 ALS found that muscle pTDP-43 aggregates were present in
patients and 54 non-ALS controls. As anticipated, the early stage of ALS (lacking clinical symptoms and
pTDP-43 accumulation was detected in routine muscle abnormal electromyographic lesions), which confirmed
biopsy specimens, including the biceps brachii, deltoid, pTDP-43 aggregation as an early event in ALS and
tibialis anterior, and quadriceps, and accumulation was  highlighted the crucial role of pTDP-43 aggregates in
independent of muscle biopsy sites. Furthermore, ALS pathogenesis.

through this diagnostic study, we found that the accumu- To date, specific pathological markers for ALS are
lation of pTDP-43 in muscles may serve as a pathological lacking, and the diagnosis of ALS is typically based upon
marker for diagnosis of ALS using a semi-quantitative  a combination of clinical presentation and electrophysio-
pTDP-43 score with high sensitivity (94.4%) and specific-  logical testing [3]. It is difficult for clinicians to diagnose
ity (83.3%). In addition, for the first time we enrolled  ALS in the early stage or when symptoms are atypical.
ALS patients across different King’s stages and found Previous studies examining muscle tissue from patients at
that pTDP-43 accumulation also occurred independently autopsy have confirmed the presence of pTDP-43 accu-
of ALS disease stage (Table S2). Among prospective  mulation in the cytoplasm of muscle fibers in ALS
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FIGURE 6 The
electrophysiological feature,
muscle pathology, pTDP-43
pathology, and gene mutation in a
SODI-ALS patient (ID: ALS-05).
(A) EMG studies showed short-
duration and small-amplitude
MUAPs (myopathic lesions) in left
deltoideus. (B, C) After muscle
biopsy, left biceps showed
significant neurogenic atrophy
stained with H&E and ATP
PH9.6. (D) pTDP-43 aggregates in
myofibers in left biceps. (E) A
pathological mutation of SODI
c.214C > T, p.H72Y was detected
using whole-exome sequencing.
Scale bar, 100 pm (B, C);

75 pm (D).

patients [10]. Kurashige et al. [11] characterized the histo-
pathology of peripheral axons in the skeletal muscle of
patients with ALS by muscle biopsy, and suggested that
axonal pTDP-43 accumulations may be characteristic of
patients with ALS. However, during the same study,
of the 114 patients in the muscle biopsy cohort, 37.8%
did not exhibit intramuscular nerve bundles. Therefore,
we selected pTDP-43 accumulations in biopsied muscles
rather than intramuscular axons as a diagnostic bio-
marker. In the present study, we observed that pTDP-43
can be accumulated in routine muscle biopsy, including
biceps brachii, deltoid, tibialis anterior, and quadriceps.
This indicates that pTDP-43 may function as a promising
tissue marker for diagnosis of ALS.

Over 40 genetic mutations have been hitherto identi-
fied, which together account for 15% of ALS cases [3],
however, the correlation between pTDP-43 proteinopa-
thy and genetic mutations was not fully clarified. Here,
we summarized the previous studies on pTDP-43 deposi-
tion in the muscles from ALS patients with different gene

mutations, and pTDP-43 accumulation has only been
reported in C9ORF72- and VAPB-ALS patients [9, 23]
(Table S3). In the present study, we enrolled ALS
patients with SODI, C9ORF72, and FUS gene muta-
tions, and we observed significant pTDP-43 deposition in
patients with SODI and C9ORF72 gene mutations. Pre-
vious studies were unclear about the presence of abnor-
mal TDP-43 accumulation in ALS patients with SODI
mutations. Trist et al. [24] found co-deposition of SODI,
TDP-43, and p62 proteinopathies in spinal cord motor
neurons from SODI-ALS patients, while no cytoplasmic
TDP-43 immunoreactivity was observed in the prior
study by Tan et al. [25] To confirm our findings in
SODI-ALS patients, we invited an independent lab from
us to repeat the immunostaining assay and obtained simi-
lar results (Figure S5). We provided additional evidence
that pTDP-43 aggregates were present in the muscles of
SODI-ALS patients. In contrast, pTDP-43 inclusion was
absent in the ALS patient with FUS mutation
(Figure S2), consistent with previous report in autopsy



MUSCULAR pTDP-43 AGGREGATION IN ALS

Brain 110f13
P<:1‘rhologyJ—0

FIGURE 7 The
electrophysiological feature, ‘
muscle pathology, pTDP-43 ) ’L
pathology, and gene mutation in a It 1 \
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(B) After muscle biopsy, left biceps
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(H&E, arrows). (C) Obvious |
pTDP-43 aggregation in myofibers
in left biceps. (D) A pathological
GGGGCC expansion (>86) was
detected using repeat-primed
polymerase chain reaction. Scale
bar, 100 pm (B); 75 pm (C).
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spinal cord specimens from nine ALS patients with FUS
mutations by Nolan et al. [26] These findings indicate
that pTDP-43 has different roles in the pathogenesis of
ALS with different disease-causing gene mutations.

The pathological accumulation of pTDP-43 in diverse
neurogenic and myogenic diseases is an interesting and
controversial topic. Herein, we summarized the pTDP-43
proteinophthy in a wide range of disorders according to
the previous studies (Table S4). Among the neurogenic
diseases, pTDP-43 accumulation occurs not only in ALS
but also in cerebral trauma, CMT type2A2, neurolym-
phomatosis, vascular leukoencephalopathy, and multiple
cerebral infarction [10], and our study supported the evi-
dence of pTDP-43 accumulation in muscle sample from
NIID patient for the first time. Among the myogenic dis-
eases, pTDP-43 accumulation is a common pathological
feature in inclusion body myositis (IBM), polymyositis,

C90RF72 GGGGCC>86

myotonic dystrophy, congenital myopathy, and mito-
chondrial disease [9, 10]. In this study, we added new evi-
dence of pTDP-43 aggregation in FSHD, GSD, LGMD,
OPDM, and OPMD. Additionally, other study also
reported the pTDP-43 aggregates in autopsied muscles
from myasthenia gravis (MG) patients [10]. Up to now,
the origin of pTDP-43 in muscles is controversial. A pop-
ular view is that misfolded proteins are produced by cen-
tral nervous system neurons, and then spread via axons
to adjacent neurons through a prion-like mechanism [27].
However, in this study, we observed significant pTDP-43
aggregation in the biopsied muscles of early-stage ALS
patients lacking nerve damage, which suggested that
muscular pTDP-43 deposition occurs prior to neurode-
generation in ALS. These findings highlighted the possi-
bility that muscle tissue may be the primary site of
misfolded protein production. Whether the misfolded
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proteins in muscles can be transmitted back to the CNS
through axons under certain conditions requires further
study.

As a hospital-based center, pathology and genetics
test were performed, which ensured pathological and
genetic consistency for all ALS and non-ALS patients.
In addition, the large registered cohorts and use of the
standardized Muscle Specimens Bank further increased
the reliability of this study. However, there are several
study limitations accompanying these strengths. First,
we enrolled 18 ALS patients from our single medical
center, and this sample size may be insufficient. Second,
because of the challenging diagnosis of ALS mimics,
such as other diseases affecting the lower motor neuron,
and the unconventional nature of muscle biopsy, we
lacked a sufficient number of ALS mimics controls.
Third, a lack of appropriate platforms and technical
support prevented obtaining immunoelectron micro-
graphs of abnormal phosphorylated TDP-43 deposition,
and we hope that in future studies, we can improve the
laboratory platform to fill this gap. Finally, the feasibil-
ity of pTDP-43 as an early ALS diagnostic tool remains
unclear. Despite these caveats, this study ultimately
encourages further investigation. A prospective longitu-
dinal cohort study involving a larger population with
both ALS and ALS-mimicking conditions is required
moving forward.
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