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Abstract

Background Telethoninopathy or TCAP-gene related Limb Girdle Muscular Dystrophy is a rare genetic disease
that was first described in Brazil. There are around 100 families reported worldwide. Due to its rarity, detailed informa-
tion on muscle biopsy light and electron microscopic features are lacking.

Cases presentation Retrospective study of consecutive muscle biopsies performed in patients from a Neuromus-
cular Outpatient Clinic between 2011 and 2023. Inclusion criteria: telethoninopathy diagnosed by both immunohis-
tochemistry and molecular studies. Seven patients (0.7% or 7/953) were found: five male and two female, admitted
from 6 to 54 years old. Detailed light and electron microscopy findings are illustrated. Muscle imaging is presented.
A dystrophic pattern on muscle biopsy was found in 57% (4/7) of the patients. Other 43% (3/7) presented myo-
pathic features such as variation in fibre calibre, nuclear internalization, rimmed vacuoles, and oxidative irregularities.
Morphometry disclosed type 1 lobulated fibres that were 34%, 52%, and 57% smaller than type 2 fibres, respectively,
in three patients, without type 1 fibre predominance. Electron microscopy demonstrated nuclear pseudoinclu-
sions, pyknosis, multifocal loss of the sarcolemma, and 17 nm intrasarcoplasmic filamentous inclusions. All patients
presented: (1) complete absence of the immunohistochemical expression of telethonin, and (2) the homozygous
c.157C>T, p.(GIn53*) pathogenic variant in exon 2 of the TCAP gene.

Conclusion Anti-telethonin immunohistochemistry may be helpful in unsolved cases with nonspecific myopathic
abnormalities, specially with small type 1 lobulated fibres. Appropriate diagnosis is important for adequate genetic
counselling.

Keywords Telethoninopathy, Telethonin, TCAP, Limb girdle muscular dystrophy, LGMD, LGMDR7, LGMD2G, Electron
microscopy, Immunohistochemistry, MRI
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Background

Limb Girdle Muscular Dystrophy (LGMD) is a hetero-
geneous group of genetic progressive muscle diseases
characterized by proximal limbs, scapular, and pel-
vic girdle muscle weakness. Morphologically they are
characterized by dystrophic features on muscle biopsy:
distorted architecture, endomysial fibrosis, muscle fat
replacement, severe variation in muscle fibre calibre,
atrophy, hypertrophy, fibre splitting, necrosis, phago-
cytosis, and regeneration (Cotta et al. 2014; Dubowitz
et al. 2020). They have been classified in five dominant
and 28 recessive subtypes according to the chronologi-
cal order of discovery of the related genes (Straub et al.
2018; Benarroch et al. 2024).

Limb Girdle Muscular Dystrophy recessive seven
(LGMDR?7), previously classified as LGMD2G, is related
to the telethonin or titin-cap (TCAP) gene located in
the 17q12 (Straub et al. 2018; Benarroch et al. 2024). It
was the seventh described recessive Limb Girdle Mus-
cular Dystrophy and it was first reported in Brazilian
patients (Moreira et al. 1997, 2000). Later descriptions
of Brazilian patients and other countries were pub-
lished (Almeida et al. 2012; Barresi et al. 2015; Blanco-
Palmero et al. 2019; Brusa et al. 2018; Chakravorty et al.
2020; Chamova et al. 2017; Chamova et al. 2018; Chen
et al. 2020; Chen et al. 2023; Cotta et al. 2014; de Fuen-
mayor-Fernandez de la Hoz et al. 2016; Ferreiro et al.
2011; Fichna et al. 2018; Francis et al. 2014; Huang et al.
2022; Hudson et al. 2017; Ikenberg et al. 2017; Liang
et al. 2020; Lima et al. 2005; Lin et al. 2023; Lorenzoni
et al. 2023; Lv et al. 2021; Lv et al. 2023; Magri et al.
2017; Moutinho-Pereira et al. 2022; Nalini et al. 2015;
Negréo et al. 2010; Olivé et al. 2008; Paim et al. 2013;
Savarese et al. 2016; Seong et al. 2016; Tian et al. 2015;
Vainzof et al. 2002; Waddell et al. 2012; Yee et al. 2007;
Zatz et al. 2000).

Telethoninopathy is considered an extremely rare
subtype of Limb Girdle Muscular Dystrophy. There are
around 100 families reported worldwide, with an esti-
mated prevalence of 0.004/100,000 in the gnomAD
database (Liu et al. 2019). In Brazil, this rarity was
explained by the discovery of a rare allele A of rs1053651
SNP (the ancestral allele is C) in Brazilian and Portu-
guese patients that shared the ¢.157C>T (Q53X) or
p.(GIn53*) homozygous nonsense mutation in the TCAP
gene (Almeida et al. 2013). The frequency of this allele
in the European population was estimated in only 28%
(Almeida et al. 2013).

Besides the Limb Girdle Muscular Dystrophy pheno-
type, the TCAP gene has been related to: (1) congenital
muscular dystrophy (Ferreiro et al. 2011; Almeida et al.
2012), (2) distal myopathy (Blanco-Palmero et al. 2019;
Chen et al. 2020; Lv et al. 2021), and (3) cardiomyopathy
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of the subtypes hypertrophic, and dilated (Benarroch
et al. 2024; Hayashi et al. 2004).

Telethonin is the gene product of the TCAP gene. It
was discovered in 1997 as one of the most abundant skel-
etal muscle sarcomeric proteins (Valle et al. 1997). That
group was supported by the Italian Telethon (tele- for
television, and -thon for marathon), hence the name tel-
ethonin (Valle et al. 1997). Telethonin binds to the giant
protein titin and it is involved in T tubule organization,
sarcomere assembly and development, sarcomere-mem-
brane interaction, and signalling (Murphy and Straub
2015; Lv et al. 2021). Therefore, the commercially avail-
able antibodies anti-telethonin present strong intrasarco-
plasmic reaction as they react with a sarcomeric protein.
This information is important for pathologists because
in routine muscle biopsy immunohistochemistry several
antibodies are reactive at the sarcolemmal membrane
such as dystrophin, dysferlin, caveolin, and the sarcogly-
cans (alpha, beta, gamma, and delta) (Cotta et al. 2021).

Methods

Design of the study

A retrospective study of all consecutive muscle biop-
sies performed in patients from the SARAH Network
of Rehabilitation Hospitals, Neuromuscular Outpatient
Clinic in Belo Horizonte, Brazil, between 2011 and 2023.

Muscle imaging

Patients were submitted either to axial T1-weighted
Magnetic Resonance Imaging (MRI), or to Computed
Tomography of the pelvis, thighs, and legs during their
diagnostic work-up.

Muscle biopsy light microscopy

Muscle biopsies were performed at the SARAH Net-
work of Rehabilitation Hospitals, Belo Horizonte, Brazil,
according to standard protocols (Udd et al. 2019; Cotta
et al. 2021). Histochemical reactions and stains included
were: hematoxylin and eosin (HE), modified Gomori tri-
chrome, PAS (Periodic acid Schiff) with and without dia-
stase, Oil-red-O, SDH (succinate dehydrogenase), COX
(cytochrome c oxidase), NADH (nicotinamide adenine
dinucleotide), myosinic ATPase pH9.4, pH4.6, and pH4.3,
acid phosphatase, and nonspecific esterase. Morphomet-
ric studies were performed on photographs of myosinic
ATPase slides captured with Axiocam 105 color with
Zeiss Zen software and analysed using Image ] software.
Muscle immunohistochemistry was performed with anti-
telethonin antibody (G-11 sc-25327) (Santa Cruz, bio-
technology, Inc.), at 1:50 dilution. Telethonin complete
deficiency was observed when no reaction was noted in
the sarcoplasm of the patient compared to a normal con-
trol sample.
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Muscle biopsy transmission electron microscopy

Electron microscopy was performed in muscle fragments
fixed in glutaraldehyde, postfixed in osmium tetroxide,
dehydrated in ethanol/ propylene oxide, and embed-
ded in Epon resin. Semithin sections were stained with
toluidine blue. Ultrathin sections were stained by uranyl
acetate/ lead citrate and analyzed in a JEM 1010 trans-
mission electron microscope at 80 kV.

Genetic analysis

Genetic analysis was performed at The SARAH Network
of Rehabilitation Hospitals, Brasilia, DF, Brazil (Patients
1, 2, 3, 4, and 6), and at the Human Genome Centre from
the University of Sdo Paulo USP, Brazil (Patients 5 and
7), with the search for point mutations in the telethonin
(titin-cap, TCAP) gene (NM_003673.3) through direct
sequencing in the ABI 3130XL (Applied Biosystems) with
analysis in the softwares Sequencing Analysis (v. 5.2) and
SeqScape (v. 2.5), and the search for mutations in the Lei-
den mutation database (http://www.dmd.nl/index.html),
ClinvVar  (https://www.ncbi.nlm.nih.gov/clinvar), and
dbSNP (http://www.ncbi.nlm.nih.gov/projects/SNP).

Case series

A total of 953 muscle biopsies were found in the period
and their diagnosis were reviewed. Inclusion criteria for
this study was a diagnosis of telethoninopathy that had
been confirmed by both immunohistochemistry, and
molecular studies. Seven patients fulfilled inclusion crite-
ria, five were male, and two were female. The age of admis-
sion varied from 6 to 54 years old. They represented 0.7%
(7/953) of the muscle biopsy diagnosis in the period. Light
and electron microscopy findings of two patients had
been partially described by our group: Patient 5 (Cotta
et al. 2014), and Patient 7 (Paim et al. 2013). Patients 2, 3,
5, 6, and 7 had been included in a Table with no descrip-
tion of light or electron microscopic findings (Winckler
et al. 2019). Patient 1 and Patient 4 were not included in
previous studies. Clinical and laboratorial findings of all
patients are summarized in Table 1 (Paim et al. 2013; Cotta
et al. 2014; Winckler et al. 2019; current paper). A detailed
description of clinical, neurophysiological, muscle serum
enzymes, muscle imaging, and morphological, and molec-
ular findings are presented in detail below.

Case 1

Patient 1 was admitted at the age of 14 years. When
he was 2 years old, he started abnormal gait with dif-
ficulties running. He was born of non-consanguineous
parents. Physical examination demonstrated long face,
high arched palate, divergent strabismus on the right
eye with slow extraocular muscle movements, distal
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joint laxity, scoliosis, winged scapula on the left side,
flexion contractures of the elbows, slight flexion of the
knees and ankles, generalized muscle atrophy, specially
in the thighs and arms, calf volume increase, and absent
lower and upper limbs reflexes. He presented abnormal
gait with increased lumbar lordosis, and toe walking.

Total creatine kinase was 694 IU/L (<190) (3.7x),
and aldolase of 11.6 U/L (<15.2). Electromyogram
was suggestive of a myopathic process. Muscle imag-
ing (Fig. 1) presented slight right glutei atrophy. Right
triceps brachialis muscle biopsy (Fig. 2) demonstrated
severe variation in fibre calibre with numerous atrophic
fibres, 52% of fibre type disproportion: mean diameter
of Type 1 fibres=210 (+69) micrometre, and mean
diameter of Type 2 fibres=435 (+140) micrometre,
with no fibre type predominance (Type 1=47.4%, and
Type 2=52.6%). No sarcomeric telethonin reaction was
observed on immunohistochemistry. Electron micros-
copy (Fig. 3) demonstrated atrophic fibres, nuclear
internalization, and intrasarcoplasmic glycogen accu-
mulation. Molecular studies demonstrated a homozy-
gous pathogenic variant c¢.157C>T, p.(GIn53*) or
(Q53X) in exon 2 of the titin-cap (TCAP or telethonin)
gene.

Case 2

Patient 2 was admitted at 6 years old. When he was
3 years old, he started with difficulties climbing stairs,
frequent falls, and myalgia in the lower limbs. He was
referred to our service with a clinical suspicion of
Duchenne muscular dystrophy. He was born on non-
consanguineous parents. Physical examination dis-
closed slight bilateral eyelid ptosis, proximal lower limb
weakness with decreased lower limb reflexes, slightly
increased calf volume, and abnormal tiptoe gait.

Serum creatine kinase was 981 IU/L (<225) (4.4x),
and aldolase 30.2 U/L (<15.2). Muscle imaging (Fig. 1)
demonstrated subtle sparse areas of muscle fat replace-
ment. Right vastus lateralis muscle biopsy (Fig. 4)
demonstrated internal nuclei, regeneration, irregular
basophilic intrasarcoplasmic areas, necrosis, phago-
cytosis, slight type 1 fibre predominance of 57.9%;
irregular areas of myofibrillar disorganization, oxida-
tive irregularities, increased acid phosphatase activity,
negative sarcomeric telethonin reaction, and ectopic
dystrophin sarcoplasmic deposits. Electron microscopy
(Fig. 5) demonstrated atrophy, ring fibres, nuclear pyk-
nosis, invaginations, and pseudoinclusions. Molecular
studies demonstrated a homozygous pathogenic variant
¢.157C>T, p.(GIn53*) or (Q53X) in exon 2 of the titin-
cap (TCAP or telethonin) gene.
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Case 3

Patient 3 was admitted at 22 years old. At the age of
15 years, he began difficulties running and climbing
irregular terrains followed by weakness of the upper
limbs. He was born of consanguineous parents. Physi-
cal examination demonstrated orbicularis oris paresis,
left foot drop, limited abduction of the eyes, predomi-
nant proximal lower limb weakness, winged scapula,
bilateral thigh atrophy, and calf volume increase.

Total serum creatine kinase was 218 IU/L (<190)
(1.1x), and aldolase of 7.4 U/L (< 15.2). Electromyogram
was suggestive of a myopathic process. Muscle imag-
ing (Fig. 1) demonstrated moderate asymmetry of the
glutei, smaller on the right side, and severe atrophy of
vastus lateralis. Right biceps brachialis muscle biopsy
(Fig. 6) demonstrated atrophy, irregular intrassarco-
plasmic basophilic deposits, internal nuclei, fibre type
disproportion with Type 1 fibres 57% smaller than type
2 fibres: Type 1=30 (+10) micrometre, Type 2=71
(+11) micrometre, with no fibre type predominance:
47% Type 1 and 53% Type 2 (fibre type predominance
criteria in superficial biceps brachialis Type 1>62,3%,
and Type 2>77.7%), small lobulated fibers, and nega-
tive sarcomeric telethonin reaction. Electron micros-
copy (Fig. 7) demonstrated ring fibres, myofibrillar loss
with glycogen accumulation, nuclear indentations, and
irregularities of the nuclear membrane, subsarcolem-
mal accumulation of mitochondriae, membrane irregu-
larities, and intrasarcoplasmic filamentous inclusions
from 15 to 19 nm diameter. Molecular studies demon-
strated a homozygous pathogenic variant ¢.157C>T,

(See figure on next page.)
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p-(Gln53*) or (Q53X) in exon 2 of the titin-cap (TCAP
or telethonin) gene.

Case 4

Patient 4 was admitted when she was 24 years old. She
had presented difficulties to walk, and frequent falls in
childhood. At the age of 17 years old, she started dif-
ficulties standing up, and climbing stairs. She was born
of non-consanguineous parents with one symptomatic
cousin, and one possible symptomatic distant relative.
Physical examination demonstrated proximal lower limbs
weakness, right foot drop, waddling gait, and decreased
lower limbs reflexes.

Electromyogram was myopathic. Total creatine kinase
was 1320 IU/L (<165) (8x), and aldolase was 6.3 U/L
(<7.6). Muscle imaging (Fig. 1) demonstrated moderate
asymmetric muscle fat replacement of semitendinosus, gas-
trocnemius medialis, and peroneus muscles. Right extensor
digitorum longus muscle biopsy (Fig. 8) demonstrated var-
iation in fibre calibre, nuclear internalization, fibre split-
ting, degeneration, rimmed vacuoles, small type 1 fibres,
core-like oxidative irregular reactions, intrasarcoplasmic
acid phosphatase activity, and negative intrasarcoplas-
mic immunohistochemical telethonin reaction. Electron
microscopy (Fig. 9) demonstrated areas of subsarcolemmal
loss of thick filaments with remnants of Z disks, myofibril-
lar degeneration, autophagic vacuoles with myelinoid fig-
ures, abnormal mitochondriae with variation in size and
shape, dilated and ruptured cristae, paracrystalline inclu-
sions, nuclear pyknosis, pseudoinclusions, i.e., invagina-
tions of the sarcoplasm inside the irregular nucleus, and

Fig. 1 Muscle imaging in a series of TCAP gene-related limb girdle muscular dystrophy patients: schematic diagram (a, b, and ¢) and muscle
imaging (d, e, f, g, h,i,j, kI, m,n,0,p qrst u,v,w, and x). Schematic diagram of the pelvis (a), thighs (b), and legs (c) representing a summary
of muscle imaging pattern of telethoninopathy in this series from complete muscle fat replacement (white) to normal muscle (dark gray):

calf volume increase, early gluteus maximus (Gmax) muscle fat replacement, followed by gluteus medius (Gmed), and gluteus minimus (Gmin),
asymmetric (worse in the right side); tibialis anterior (Ta), adductor magnus (AdM), adductor longus (AdL), semitendinosus (St), biceps femoris (Bf),
semimembranosus (Sm), vastus lateralis (VL), rectus femoris (Rf), vastus medialis (Vmed), vastus intermedius (Vi), soleus (S0), peroneus group (P),
extensor group (), tibialis posterior (Tp), gastronemius lateralis (Gl), asymmetric gastronemius medialis (Gm), with compensatory hypertrophy

of sartorius (S) and gracilis (G). Muscle imaging of the pelvis (d, g, j, m, p, s, and v), thighs (e, h, k, n, g, t, and w) and legs (f, i, |, o, r, u, and x)

of patient 1 (d, e, and f), patient 2 (g, h, and i), patient 3 (j, k, and ), patient 4 (m, n, and o), patient 5 (p, g, and r), patient 6 (s, t, and u), and patient
7 (v, w, and x). Patient 1 (d, e, and f) at 14 years old, with 14 years duration of disease, presented only slight right glutei atrophy (d). Patient 2 (g, h,
and i) at 6 years old, with 3 years duration of disease, presented subtle sparse areas of muscle fat replacement. Patient 3 (j, k, and 1) at 22 years old,
with 7 years of duration of disease, presented moderate asymmetry of the glutei, smaller on the right side (arrow in j), and severe atrophy of vastus
lateralis (arrow head in k). Patient 4 (m, n, and o) at 24 years old, with 7 years of duration of disease presented asymmetric muscle fat replacement
of semitendinosus severe at the right side and slight at the left side (arrow in n), and atrophy and muscle fat replacement of the left gastrocnemius
medialis (arrow head in 0), and peroneus muscles fat replacement severe in the left side (* in 0). Patient 5 (p, g, and r) at 32 years old, with 12 years
of duration of disease, presented moderate gastrocnemius medialis fat replacement severe in the right side, slight in the left side (arrow head inr),
and peroneus fat replacement severe in the left side (* in r). Patient 6 (s, t, and u) at 35 years old, with 20 years of duration of disease, presented
asymmetric preservation of the right tibialis posterior (arrow head in u), and left peroneus (* in u). Patient 7 (v, w, and x) at 54 years old, with 46 years
duration of disease, presented asymmetric muscle fat replacement of gastrocnemius lateralis, less severe at the left side (arrow head in x). Patient
1(d, e, and f), patient 3 (j, k, and I), patient 4 (m, n, and o), and patient 6 (s, t, and u) were submitted to Axial T1-weighted magnetic resonance
imaging (MRI) of the pelvis, thighs and legs. Patient 2 (g, h, and i), patient 5 (p, q, and r), and patient 7 (v, w, and x) were submitted to computed

tomography (CT); yo: years old
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Patient 1
16y0
14y duration

Patient 4
24yo0
7y duration

Patient 5
32y0
12y duration

Fig. 1 (Seelegend on previous page.)

multiple focal areas of loss of the sarcolemmal membrane.
Molecular studies demonstrated a homozygous patho-
genic variant c.157C> T, p.(GIn53*) or (Q53X) in exon 2 of
the titin-cap (TCAP or telethonin) gene.

Case5

Patient 5 was admitted in our service when he was
29 years old. He presented frequent falls since he had
acquired independent gait. He had started progressive
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Patient 2 Patient 3
6yo 22y0
3y duration 7y duration

Patient 7
54y0
46y duration

Patient 6
35y0
20y duration

gait disturbance, and weakness in the lower limbs when
he was 20 years old. At the same time, he had noticed
also tremor on the hands. He was born of non-consan-
guineous parents with no similar cases in the family.
Physical examination disclosed increased calves, dif-
ficulties performing extraocular eye movement, and
lower limbs proximal weakness.

Electromyogram disclosed myopathic motor unit
potentials (MUPs) in all muscles studied but in the upper
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Fig. 2 Light microscopy findings of right triceps brachialis muscle biopsy of Patient 1. Muscle with severe variation in fibre calibre with numerous
atrophic fibres (arrows in a, b, ¢, e, f, g, h, i, and j), with mild increase in intrasarcoplasmic lipid content (d), with 52% of fibre type disproportion
(e) (mean diameter of Type 1 fibres=210 (+69) micrometre and mean diameter of Type 2 fibres=435 (+ 140) micrometre, with no fibre type
predominance (Type 1=47.4% and Type 2=52.6%) (e), immunohistochemistry with negative sarcomeric telethonin reaction (arrow in k) compared
to the normal control (arrow in I) (@ HE 400x, b Modified Gomori trichrome 200x, ¢ PAS 200x original optic magnification (x 4.5195), d Oil-red-O 400x,
e ATPase pH4.6 100x, f SDH 200x, g COX-SDH 100x, h NADH 20x, i Acid phosphatase 200x, j Nonspecific esterase 200x, Patient (k), and Control (1),
Immunoperoxidase Antibody anti-telethonin (G-11 sc-25327, Santa Cruz Biotechnology, Inc. at 1:50 dilution) (k) 200x, and (I) 400x)

limbs a mixed myopathic and neurogenic pattern with  kinase level was 1438 IU/L (<190 IU/L), and aldolase
both low amplitude and/or short duration, and high was 10.1 U/L (<7.6 U/L). Muscle imaging (Fig. 1) dem-
amplitude and/or long duration MUP. Total creatine onstrated moderate asymmetric gastrocnemius medialis,
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Fig. 3 Electron microscopy findings of right triceps brachialis muscle biopsy of Patient 1. Muscle with atrophic fibres (arrows in a, and b),
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nuclear internalization (arrow in ¢), intrasarcoplasmic glycogen accumulation (red * in e and red * f), and absent intrasarcoplasmic, intranuclear,
or endothelial (d) inclusions (Transmission electron microscopy a. 2,500x, b. 2,500x, c. 3,000, d. 5,000, e. 5,000, f. 6,000x)

and peroneus fat replacement. Left quadriceps femoris
muscle biopsy (Fig. 10) demonstrated 14.9% of the fibres
with rimmed vacuoles, nuclear clumps, endomysial fibro-
sis, atrophy, hypertrophy, fibre splitting, type 2 fibre pre-
dominance with 97.5% of type 2 fibres, and 2.5% of type
1 fibres, and negative immunohistochemical telethonin
reaction. Electron microscopy (Fig. 11) demonstrated
autophagic vacuoles, atrophic fibres with invaginations
of the sarcoplasmic membrane, atrophy with remnants
of Z disks, intrasarcoplasmic degeneration, subsarcole-
mal accumulation of mitochondria, and myofibrillar dis-
organization with perpendicularly oriented sarcomeres.
Molecular studies demonstrated a homozygous patho-
genic variant ¢.157C> T, p.(GIn53*) or (Q53X) in exon 2
of the titin-cap (TCAP or telethonin) gene.

Case 6

Patient 6 was admitted at 34 years of age. He had started
at the age of 15, weakness in the left lower limb. He
described the perception of pronounced worsening of his
condition at the age of 25, with impossibility to stand up,
and necessity to use a wheelchair. Simultaneously, at the

age of 25, he began difficulties raising his arms, and he
noticed limb atrophy. He had not been evaluated in our
service between 15 and 25 years old. Therefore, the pre-
cise rate of gait impairment could not be documented in
our outpatient clinic. He was born of non-consanguine-
ous parents. Physical examination, at the age of 34 years,
disclosed left divergent strabismus that he reported that
had started at the age of 25 years, tongue atrophy, global
muscular atrophy, proximal and distal upper limbs and
lower limbs weakness, absent upper, and lower limb
reflexes.

Electromyogram demonstrated myopathic and some neu-
rogenic motor unit potentials. Total creatine kinase levels
were 358 IU/L (<190) (1.9x). Muscle imaging (Fig. 1) dem-
onstrated diffuse muscle fat replacement with asymmet-
ric involvement of tibialis posterior, and peroneus muscles.
Right triceps brachialis muscle biopsy (Fig. 12) demon-
strated variation in fibre calibre, isolated atrophic fibres,
predominance of 95.1% type 1 fibres with 4.9% of type 2
fibres, lobulated-like fibres with irregular subsarcolemmal
mitocondrial proliferation but without the irregular sar-
colemmal membrane characteristic lobulated-trabeculated



Cotta et al. Surgical and Experimental Pathology (2024) 7:12 Page 11 of 35

> o~ - : (B : £ e D\
Fig. 4 Light microscopy findings of right vastus lateralis muscle biopsy of Patient 2. Muscle with internal nuclei that are single (blue arrow
in a) or multiple (green arrow in a), regeneration (yellow * in a), and irregular basophilic intrasarcoplasmic areas (yellow arrow in a), necrosis
and phagocytosis (yellow arrow in b). Slight type 1 (yellow * in c) fibre predominance of 57.9%; irregular areas of myofibrillar disorganization
with increased reaction (yellow arrows in d, e, f, and h; green arrow in k), and oxidative irregularities (green arrow in e). Increased acid phosphatase
activity (yellow arrow in g). Immunohistochemistry with negative sarcomeric telethonin reaction (arrow in i) compared to the normal control (arrow
in j). Abnormal dystrophin reactive ectopic sarcoplasmic deposits in k, compared to normal control in I. (@ HE 400x, b Modified Gomori trichrome
400x, ¢ ATPase pH4.6 100x, d SDH 200x, @ COX-SDH 400x, f NADH 400x, g Acid phosphatase 200x, h Nonspecific esterase 200x, Immunoperoxidase
Antibody anti-telethonin (G-11 sc-25327, Santa Cruz Biotechnology, Inc. at 1:50 dilution) 200x, patient (i), 400x control (j). Immunoperoxidase
Antibody anti-dystrophin carboxy-terminal (NCL-DYS2, Novocastra, Leica) 200x (k) patient, and 200x (1) control)
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Fig.5 Electron microscopy findings of right vastus lateralis muscle biopsy of Patient 2. Muscle with atrophic fibres (yellow arrows in a, and b),
ring fibres (red arrow in c), nuclear internalization (yellow arrow in c), intrasarcoplasmic lipid accumulation (arrow in d), nuclear irregularities
including pyknosis (arrow in c), invaginations (arrow in e), and pseudoinclusions (red arrow in f) (Transmission electron microscopy a 2,500x,

b 2,000x, € 3,000x, d 5,000x, e 6,000x, f 15,000x)

fibres, focal activity of acid phosphatase, and negative
immunohistochemical telethonin reaction. Electron
microscopy (Fig. 13) demonstrated autophagic vacuoles
with granular and membranous material, myelinoid figures,
Z disk streaming, disorganization of the Z disk, myofibril-
lar degeneration, remnants of myofilaments, invaginations
of the sarcolemmal membrane, and proliferation of dense
mitochondria. Molecular studies demonstrated a homozy-
gous pathogenic variant ¢.157C> T, p.(GIn53*) or (Q53X) in
exon 2 of the titin-cap (TCAP or telethonin) gene.

Case7

Patient 7 was admitted at the age of 54. She had started
tiptoe walking at 8 years old. She reported frequent falls
due to a foot deformity in the left lower limb. She was
born of non-consanguineous parents. She was wheel-
chair bound when she was 41 years old. Physical exami-
nation disclosed scapula alata, atrophy of the pelvic
girdle, feet deformity in dorsiflexion, proximal upper
limbs weakness, proximal and distal lower limb weak-
ness, and decreased lower limbs reflexes.

Electromyogram was myopathic. Total creatine kinase
was 269 IU/L (<165) (1.6x), and aldolase was 5.8 U/L
(<7.6). Muscle imaging (Fig. 1) demonstrated severe
almost complete muscle fat replacement with asym-
metric involvement of the gastrocnemius lateralis. Right
deltoid muscle biopsy (Fig. 14) demonstrated variation
in fibre calibre, atrophy, hypertrophy, muscle fat replace-
ment, internal nuclei, ragged-red fibres, necrosis, phago-
cytosis, nemaline rods, type 1 fibre predominance of
90.3% with 9.7% type 2 fibres, type 1 fibre disproportion
of 34%, mean diameter of type 1 =43 (+ 13) micrometre,
mean diameter of type 2=67 (+ 18) micrometre, 37.3%
of lobulated or trabeculated fibres, and negative immu-
nohistochemical telethonin reaction. Electron micros-
copy (Fig. 15) demonstrated nemaline bodies, areas
of myofibrillar disruption with accumulation of mito-
chondria, subsarcolemal mitochondrial proliferation,
and abnormal mitochondrial paracrystalline inclusions.
Molecular studies demonstrated a homozygous patho-
genic variant ¢.157C > T, p.(GIn53*) or (Q53X) in exon 2
of the titin-cap (TCAP or telethonin) gene.



Cotta et al. Surgical and Experimental Pathology (2024) 7:12 Page 13 of 35

Fig. 6 Light microscopy findings of right biceps brachialis muscle biopsy of Patient 3. Muscle with atrophic fibres (yellow arrows ina, b, c, d, e, f, g,
h, i, and j), irregular intrassarcoplasmic basophilic deposits (white arrow in b), internal nuclei (green arrow in b), fibre type disproportion with Type

1 (dark fibre in yellow asterisk * in f) fibres 57% smaller than type 2 (light fibre at yellow arrow in f) fibres, Type 1=30 (£ 10) micrometre, Type 2=71
(£11) micrometre, with no fibre type predominance: 47% Type 1 and 53% Type 2 (fibre type predominance criteria in superficial biceps brachialis
Type 1>62,3% and Type 2> 77.7%). Small fibres (yellow * in g) with subsarcolemmal and intrasarcoplasmic mitochondrial proliferation with some
characteristics of lobulated fibers, except for the irregularity of the sarcolemmal membrane (red arrow in g). Oxidative irregularities with moth eaten
aspect (green arrow in h). Immunohistochemistry with completely negative sarcomeric telethonin reaction (arrow in k), compared to the normal
control (arrow in 1). (@ HE 400x, b HE 200x. ¢ Modified Gomori trichrome 200x, d PAS 200x original optic magnification (x 4.5195), e Oil-red-O 400x,

f ATPase pH4.6 100x, g SDH 200x, h COX-SDH 100x, i NADH 20x, j Nonspecific esterase 200x, Immunoperoxidase Antibody anti-telethonin (G-11
sc-25327, Santa Cruz Biotechnology, Inc. at 1:50 dilution) Patient (k) 200x, and Control (I) 400x)
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Fig. 7 Electron microscopy findings of right biceps brachialis muscle biopsy of Patient 3. Muscle with ring fibres (yellow * in a, yellow arrow

in d), characterized by a rim of perpendicularly oriented myofibrils around the fibre. Myofibrillar loss with glycogen accumulation (yellow * in b),
nuclear abnormalities with indentations, and irregularities (yellow arrows in ¢, f, and g) of the nuclear membrane. Subsarcolemmal accumulation

of mitochondriae (red arrow in ), membrane irregularities (yellow arrow in e), intrasarcoplasmic filamentous inclusions from 15 to 19 nm diameter
(inset in h, and yellow arrow in'i) (i is the inset area in h) (Transmission electron microscopy a 2,500x, b 3,000x, ¢ 4,000x, d 4,000x, e 8,000x, f 10,000x,

g 12,000%, h 10,000x, and i 60,000x)

Imaging findings in this series

Muscle imaging studies of the patients in this series
were organized in Fig. 1 from the least to the most
affected. In Patients 2, 3, 4, 5, 6, and 7, it was possible
to observe a progressive muscle fat replacement that
was directly proportional to the disease duration. In

childhood, muscle imaging abnormalities were subtle,
but a rapid progression was observed after the age of
24 years old in this series of patients.

In these patients, the order of progression among mus-
cles was: gluteus maximus, followed by gluteus medius,
gluteus minimus, tibialis anterior, adductor magnus,
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Fig. 8 Light microscopy findings of extensor digitorum longus muscle biopsy in the right leg of Patient 4. Variation in fibre calibre, nuclear
internalization (white arrow in a), fibre splitting (yellow arrows in a, and b), multiple splitting in degenerating fibre (white arrow in b),

rimmed vacuole (yellow arrow in c), small dark type 1 fibres (yellow * in d), core-like oxidative irregular reactions (yellow arrows in e, f, and g),

and intrasarcoplasmic acid phosphatase activity (yellow arrow in h). Immunohistochemistry with complete negative intrassarcoplasmic telethonin
reaction (arrow in i, compared to the normal control (inset arrow in i). Serial sections of a non-necrotic muscle fibre (same fibre marked with yellow
*in j, k, and I) with focal secondary reduction in membrane dysferlin expression (yellow arrow in k) in the sarcolemmal membrane, compared

to strong sarcolemmal membrane reaction of the adjacent fibres, and compared to normal dystrophin reaction in serial sections of the same fibre
(yellow arrow in I) as proof of membrane integrity. (@ HE 200x, b HE 400x. € HE 400x, d ATPase pH4.6 100x, @ SDH 200x, f COX-SDH 200x, g NADH
400x, h Acid phosphatase 200x, Immunoperoxidase Antibody anti-telethonin (G-11 sc-25327, Santa Cruz Biotechnology, Inc. at 1:50 dilution) 200,
Patient (i), and 400x Control (inset in i), j. HE 400x, k. Immunoperoxidase Antibody anti-dysferlin (HAM1/7B6, Vector Laboratories) 400x, and I.
Immunoperoxidase Antibody anti-dystrophin carboxy-terminal (NCL-DYS2, Novocastra, Leica) 400x)
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Fig.9 Electron microscopy findings of extensor digitorum longus muscle biop
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sy in the right leg of Patient 4. Muscle with areas of subsarcolemmal

loss of thick filaments with remnants of Z disks (yellow arrow in a), and myofibrillar degeneration (red arrow in e). Autophagic vacuoles

with myelinoid figures (yellow arrows in b, ¢, and e), abnormal mitochondriae with variation in size and shape, dilated and ruptured cristae (yellow
arrows in d, h, and i). Mitochondrial paracrystalline inclusions (arrow in g). Nuclear irregularities including pyknosis and nuclear pseudoinclusions,
i.e,, invaginations of the sarcoplasm inside the irregular nucleus (yellow arrow in f), multiple focal areas of loss of the sarcolemmal membrane
(yellow * in h and i) (Transmission electron microscopy a 5,000x, b 6,000, ¢ 6,000x, d 8,000x, e 8,000x, f 12,000x, g 15,000x, h 40,000x, and i 50,000x)

adductor longus, semitendinosus, biceps femoris, semi-
membranosus, vastus lateralis, rectus femoris, vastus
medialis, soleus, peroneus group (peroneus longus and
peroneus brevis), extensor digitorum longus, tibialis pos-
terior, gastronemius lateralis, and gastronemius medialis.
A compensatory hypertrophy of sartorius and gracilis

muscles was observed between 7 and 12 years of duration
of disease (Fig. 1k, n, and q).

Muscle fat replacement was moderately asymmetric in
three patients: Patient 3 (j, k, and | in Fig. 1), Patient 4 (m,
n, and o in Fig. 1), and Patient 5 (p, q, and r in Fig. 1). Mus-
cle involvement was slightly asymmetric in three patients:
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Fig. 10 Light microscopy findings of left quadriceps femoris muscle biopsy of Patient 5. Muscle biopsy with 14.9% of the fibres presenting rimmed
vacuoles (yellow arrows in a, b, ¢, d, e, and f; green arrow in b). Nuclear clumps (white arrows in b, f, and g), endomysial fibrosis (yellow * in h),
atrophy (blue arrow in h, yellow arrow in j), hypertrophy with muscle fibre splitting (yellow arrow in h), type 2 fibre predominance of 97.5% (dark
fibre with yellow * in i), with 2.5% of type 1 fibres (light fibre with white * in i). Immunohistochemistry with negative intrasarcoplasmic telethonin
reaction (arrow in k), compared to the normal control (arrow in l). (@ HE 400x, b HE 400x, ¢ HE 400x, d HE 400x, e HE 200x, f HE 400x, g HE 400x,

h HE 200x, i ATPase pH9.4 100x, j NADH 200x. Immunoperoxidase Antibody anti-telethonin (G-11 sc-25327, Santa Cruz Biotechnology, Inc. at 1:50
dilution) Patient (k) 100x, and Control (I) 200x)

Patients 1 (d, e, and f in Fig. 1), Patient 6 (s, t, and u, in  Morphological findings in this series
Fig. 1), and Patient 7 (v, w, and x in Fig. 1). Muscle involve- ~ Some morphological findings were recurrent in this
ment was symmetric in Patient 2 (g, h, and i in Fig. 1). series (Table 1). Lobulated (trabeculated) fibres were
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Fig. 11 Electron microscopy findings of left quadriceps femoris muscle biopsy of Patient 5. Muscle with autophagic vacuoles (yellow arrow in a,
¢, f, g, and i), atrophic fibres with invaginations of the sarcoplasmic membrane (green arrow in a), atrophy with remnants of Z disks (blue arrows
in b, e, and h), intrasarcoplasmic degeneration (yellow * in ¢), and subsarcolemal accumulation of mitochondria (brown arrow in d). Myofibrillar
disorganization with perpendicularly oriented sarcomeres (red arrow in d) (Transmission electron microscopy a 2,500x, b 2,500x, ¢ 4,000x, d 4,000x,

e 5,000x, f 5,000x, g 5,000, h 12,000x, and i 15,000x)

observed in 57% (4/7): Patient 1 (Fig. 2f), Patient 3
(Fig. 6g, h, and i), Patient 6 (Fig. 12f, g, and h), and Patient
7 (Fig. 14i). Rimmed vacuoles were found in 43% (3/7):
Patient 4 (Fig. 8c), Patient 5 (Fig. 10a, b, ¢, d, e, f, and
g), and Patient 6 (Fig. 12i). Rimmed vacuoles and ultra-
structural autophagic vacuoles were observed in the

same patients that corresponded to 43% (3/7): Patient 4
(Fig. 9b, ¢, and e), Patient 5 (Fig. 11f, g, and i), and Patient
6 (Fig. 13a, e, f, and g).

Other morphological findings (Table 1) were: 17 nm
intrasarcoplasmic filamentous inclusions in 14%
(1/7), Patient 3 (Fig. 7h, and i); multifocal loss of the
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Fig. 12 Light microscopy findings of right triceps brachialis muscle biopsy of Patient 6. Muscle with variation in fibre calibre, isolated atrophic fibres
(yellow arrows in a, b, ¢, and j), slight increase in intrasarcoplasmic lipid content (yellow arrow in d), predominance of 95.1% type 1 fibres (dark fibre
with yellow * in e) with 4.9% type 2 fibres (light fibre with white * in e), lobulated-like fibres with irregular subsarcolemmal mitocondrial proliferation
but without the irregular sarcolemmal membrane of characteristic lobulated-trabeculated fibres (yellow arrows in f, g, and h), acid phosphatase
activity (yellow arrow in i), immunohistochemistry with negative intrasarcoplasmic telethonin reaction (yellow arrow in k), compared to the normal
control (yellow arrow in I) (@ HE 400x, b Modified Gomori trichrome 400x, ¢ PAS 400x, d Oil-red-O 200x, e ATPase pH4.6 100x, f SDH 200x, g COX-SDH
100x, h NADH 20, i Acid phosphatase 200x, j Nonspecific esterase 200x, Immunoperoxidase Antibody anti-telethonin (G-11 sc-25327, Santa Cruz
Biotechnology, Inc. at 1:50 dilution) 200x Patient (k), and 200x (I) Control)
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Fig. 13 Electron microscopy findings of right triceps brachialis muscle biopsy of Patient 6. Autophagic vacuoles with granular and membranous
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material and myelinoid figures (yellow * in a, e, f, and g), Z disk streaming (blue arrow in b), disorganization of the Z disk (red arrow in d), myofibrillar
degeneration (red * in h) in atrophic fibre with nucleus with a prominent nucleolus (white arrow in h). Remnants of myofilaments (green arrow in f).
Invaginations of the sarcolemmal membrane (brown arrow in i), mitochondrial proliferation (red arrow in ¢ with dense mitochondria (green arrow
in i) (Transmission electron microscopy a 4,000x, b 5,000, ¢ 5,000x, d 5,000x, e 6,000x, f 15,000x, g 6,000x, h 6,000x, and i 8,000x)

sarcolemmal membrane in 14% (1/7), Patient 4 (Fig. 9h,
and i); mitochondrial paracrystalline inclusions in 29%
(2/7), Patient 4 (Fig. 9g), and Patient 7 (Fig. 15f); and
severe nuclear morphological abnormalities in 29%
(2/7), Patient 2 (Fig. 5c¢, e, and f), and Patient 4 (Fig. 9f)
characterized by pyknosis, nuclear membrane invagina-
tions, and intranuclear sarcoplasmic pseudo-inclusions.

Nemaline bodies were observed in 14% (1/7), Patient
7 (Fig. 15g, h, and i). Core-like areas were observed in
14% (1/7), Patient 4 (Fig. 8e, f, and g) patient in histo-
chemical reactions.

Abnormal smallness of type fibres was observed
without type 1 fibre predominance in 43% (3/7) of the
patients. Small type 1 fibres were 34%, 52% and 57%
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Fig. 14 Light microscopy findings of right deltoid muscle biopsy of Patient 7. Muscle with variation in fibre calibre, atrophy, hypertrophy,
replacement of muscle tissue by adipose tissue (blue arrow in a), internal nuclei (yellow arrow in a, and b), subsarcolemal basophilic accumulation
(green arrow in b) that corresponds to red subsarcolemal proliferation (green arrow in e), and to ragged-red equivalent/ ragged blue fibres

(green arrow in i). Necrosis with phagocytosis (yellow arrow in €), nemaline rods (arrow in d), subtle glycogen accumulation (yellow arrow in f),
and intrasarcoplasmic lipid accumulation (yellow arrow in g). Type 1 fibre predominance of 90.3% (light fibre with yellow * in h) with 9.7% type 2
fibres (dark fibre with white *in h), and type 1 fibre disproportion of 34% (mean diameter of type 1 =43 (+ 13) micrometre, mean diameter of type
2=67 (+18) micrometre, and 37.3% of lobulated or trabeculated fibres (yellow arrow in j). Immunohistochemistry with negative intrasarcoplasmic
telethonin reaction (yellow arrow in k), compared to the normal control (yellow arrow in I) (@ HE 100x original optic magnification (x 9.039),

b HE 200x, ¢ HE 400x, d Gomori modified trichrome 100x, @ Gomori modified trichrome 400x, f PAS 200x original optic magnification (x 4.5195),

g Oil-red-O 200x, h ATPase pH9.4 100x, i SDH 400x, j COX-SDH 200x, Immunoperoxidase Antibody anti-telethonin (G-11 sc-25327, Santa Cruz
Biotechnology, Inc. at 1:50 dilution) Patient (k) 200x, and (I) Control 200x)
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Fig. 15 Electron microscopy findings of right deltoid muscle biopsy of Patient 7. Muscle with areas of myofibrillar disruption with accumulation
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of mitochondria (yellow * in a, and b), subsarcolemal mitochondrial proliferation (yellow * in ¢, yellow arrow in d, and e) with abnormal
mitochondrial paracrystalline inclusions (yellow arrow in f), nemaline bodies (red arrows in g, h, and i) (Transmission electron microscopy a 2,500x,
b 2,000, € 12,000%, d 5,000x, @ 20,000, f 50,000%, g 6,000x, h 10,000, and i 100,000x)

smaller than type 2 fibres, respectively, in Patient 7
(Fig. 14h), Patient 1 (Fig. 2e), and Patient 3 (Fig. 6f)
(Table 1). These fibres presented the same diameter as
the lobulated (trabeculated) fibres with irregular subsar-
colemmal and intermyofibrillary distribution of mito-
chondriae that could be noticed in ultrastructural studies
in Patient 3 (Fig. 7c, and h), and Patient 7 (Fig. 15a, b, ¢, d,

and e). Serial sections revealed that most type 1 atrophic
fibres corresponded to lobulated or trabeculated fibres
on oxidative stains (SDH, NADH, and COX) in Patient 1
(Fig. 2f, and g); Patient 3 (Fig. 6g, h, and i), and Patient
7 (Fig. 144, and j). Therefore, the combined analysis of
ATPase and oxidative reactions provides very useful
information about the nature of the type 1 small fibres.
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Immunohistochemical and molecular findings in this series
All patients had been submitted to muscle biopsy in
advance to molecular studies according to the inves-
tigation guidelines that were used at the time of their
admission. Immunohistochemical studies demonstrated
complete telethonin deficiency with the mouse mono-
clonal antibody that recognizes the most C-terminal 109
amino acids (58-167).

Molecular studies demonstrated in all patients the
homozygous c.157 C>T, p.(GIn53*) variant in exon 2 of
the titin-cap (TCAP) gene.

Discussion

The results of a review of the literature are presented in
Table 2 (Almeida et al. 2012; Almeida et al. 2013; Barresi
et al. 2015; Bevilacqua et al. 2020; Blanco-Palmero et al.
2019; Brusa et al. 2018; Chakravorty et al. 2020; Chamova
et al. 2017; Chamova et al. 2018; Chen et al. 2020; Chen
et al. 2023; Cotta et al. 2014; de Fuenmayor-Fernandez de
la Hoz et al. 2016; Ferreiro et al. 2011; Fichna et al. 2018;
Francis et al. 2014; Huang et al. 2022; Hudson et al. 2017;
Ikenberg et al. 2017; Liang et al. 2020; Lima et al. 2005;
Lin et al. 2023; Lorenzoni et al. 2023; Lv et al. 2021; Lv
et al. 2023; Magri et al. 2017; Moreira et al. 1997; Moreira
et al. 2000; Moutinho-Pereira et al. 2022; Nalini et al.
2015; Negrio et al. 2010; Olivé et al. 2008; Paim et al.
2013; Savarese et al. 2016; Seong et al. 2016; Tian et al.
2015; Vainzof et al. 2002; Waddell et al. 2012; Winck-
ler et al. 2019; Yee et al. 2007; Zatz et al. 2000; current
paper). As Patient 3 and Patient 4 were from the same
small city, they had reported affected cousins, and they
shared one common surname, they were counted as one
single family.

Patients with telethoninopathy may present proximal,
proximal and distal, or fascioscapular-humeral muscle
weakness (Chen et al. 2023). In this series, a characteris-
tic pattern of muscle fat replacement could be observed
in patients between 22 and 32 years old, and between 7
and 12 years of disease. Patients with less than 7 years
duration of disease presented very subtle abnormalities
and after 12 years duration of disease they presented end
stage muscle fat replacement. The main muscle imaging
abnormalities in this series were moderate asymmet-
ric muscle fat replacement of glutei, adductor magnus,
quadriceps femoris, biceps femoris long head, semitendi-
nosus, semimembranosus, gastrocnemius medialis, and
peroneus muscles, with compensatory hypertrophy of
sartorius, and gracilis.

Some particular findings could be noticed by the com-
parative analysis of the patients from this series to those
described in the articles with imaging findings in LGMD
R7 (Blanco-Palmero et al. 2019; Brusa et al. 2018; Cha-
mova et al. 2018; Chen et al. 2020; Chen et al. 2023; de
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Fuenmayor-Fernandez de la Hoz et al. 2016; Ferreiro
et al. 2011; Francis et al. 2014; Ikenberg et al. 2017; Lv
et al. 2021; Lv et al. 2023; Negrao et al. 2010; Olive et al.
2008; and Paim et al. 2013): (1) muscle fat replacement
was usually worse in the posterior compartment of the
thighs (biceps femoris, semitendinosus, and semimem-
branosus) compared to adductor magnus (in the medial
compartment), and quadriceps femoris (in the anterior
compartment); (2) preservation or hypertrophy of sar-
torius was a constant finding. One exception was dis-
proportionate preservation of vastus medialis with
involvement of the other quadriceps femoris muscles
(vastus lateralis, rectus femoris, and vastus intermedius)
in two Chinese siblings with the compound heterozygous
variants ¢.110+5G>A and c.26_33AGGTGTCG in the
TCAP gene (Chen et al. 2020).

A selective involvement of adductor magnus, quadri-
ceps femoris, semitendinosus, semimembranosus, and
relative preservation of sartorius, and gracilis had been
previously reported by Lv et al. (2021) in two Chinese
sisters with the homozygous c. 165-166 ins G variant
in the TCAP gene. Olive et al. (2008) observed involve-
ment of biceps femoris, semitendinosus, semimembrano-
sus, quadriceps femoris, and tibialis anterior with relative
preservation of sartorius in a female patient with the
homozygous ¢.75G>A (p.Trp25*) variant in the TCAP
gene in a patient from Moldova. This pattern was similar
to that described in a 30 years old male with compound
heterozygous mutation comprising ¢.110+5G> A and c.
26_33AGGTGTCG, variants in the TCAP gene described
by Chen et al. 2020. The imaging pattern described by
Olive et al. (2008) was similar to that described by Negrao
et al. (2010) in a 50 years old man with the homozygous
¢.157C>T (p.GIn53*) variant in the TCAP gene, except
that the later did not present the relative preservation of
the sartorius. Francis et al. (2014) demonstrated involve-
ment of addutor magnus, biceps femoris long head, and
semimembranosus, with hypertrophy of sartorius, and
gracilis in a 21 years old male patient (F97-1) with the
heterozygous ¢.26_33dup (p.Glul2Argfs*20) c.100delC/
c.166insG. Therefore, involvement of the medial, ante-
rior, and posterior compartments of the thigh with rela-
tive preservation or hypertrophy of the sartorius with or
without gracilis involvement was observed with patho-
genic variants in the TCAP gene.

The phenomenon of asymmetry was observed in 85.7%
(6/7) of the patients in this series, it was moderate in
42.9% (3/7), subtle in 42.9% (3/7), and absent in 14.3%
(1/7). The review of the literature (Table 2) revealed
asymmetry in only 30.4% (14/46) of the patients. All
patients included in this series were analysed for asym-
metry both in clinical and imaging exams. Therefore, the
hypothesis that the use of ancillary studies might have
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increased the sensitivity of the detection of asymmetry in
cases of subclinical involvement was raised.

Previous imaging studies of telethoninopathy presented
either early tibialis anterior muscle fat replacement
(Negrao et al. 2010; Olivé et al. 2008) or tibialis anterior
preservation (Cotta et al. 2014; de Fuenmayor-Fernandez
de la Hoz et al. 2016; Francis et al. 2014; Ikenberg et al.
2017). The phenomenon of divergent leg involvement in
different patients with the same disease had been previ-
ously described in another Limb Girdle Muscular Dys-
trophy (LGMDR?2, previously known as LGMD2B),
related to the dysferlin (DYSF) gene. Most patients with
dysferlinopathy usually present posterior leg muscle fat
replacement, but some patients present early tibialis
anterior involvement (Illa et al. 2001). The muscle imag-
ing differential diagnosis between telethoninopathy and
anoctaminopathy is a potential pitfall as anoctaminopa-
thy frequently presents as asymmetric muscle fat replace-
ment (Sarkozy et al. 2012).

Two previous publications described partial defi-
ciency or reduced immunohistochemical reaction for
telethonin. The first article (Barresi et al. 2015) described
a 49 years old man of Indian descent with the homozy-
gous non-sense mutation, ¢.244C>T (p.GIn82X), in exon
2 of the TCAP gene, who was tested with two different
antibodies, one directed to the full-length protein (clone
53/ Telethonin, BD 612328) that presented partial reten-
tion of telethonin reaction and the second was the same
antibody used for the patients in this series, directed to
the aa 58—167 of telethonin (G-11:sc-25327, Santa Cruz)
that showed a complete lack of signal. The second article
(Chen et al. 2023) described a 32 years old Chinese man
with the heterozygous c.[26 33AGGTGTCG]+[110+5
G>AJ; p.[Glul2Argfs] +[?] variant in the TCAP gene,
that presented partial retention of telethonin immuno-
histochemical reaction by Chen et al. (2023) with the
full length human recombinant protein of human TCAP
(NP_003664) produced in E. coli. (LS-C340495; LifeS-
pan BioSciences, USA). No muscle imaging studies were
available for this two patients to correlate the partial defi-
ciency of the expression of telethonin with any particular
muscle imaging pattern. The subjective evaluation of the
intensity of the myofibrillar sarcoplasmic immunohis-
tochemical reaction of telethonin compared to the con-
trol is not easy. Therefore, based on these findings, the
routine use of the antibody directed to the C-terminus
telethonin should be recommended to avoid false posi-
tive results with the antibody directed to the full-length
protein.

Morphological examination of the patients in this series
demonstrated rimmed vacuoles in 42.9% (3/7) of the
patients, and autophagic vacuoles in the same patients
42.9% (3/7). The review in the literature demonstrated
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rimmed vacuoles in 38.8% (19/49) of the patients, and
autophagic vacuoles in 33% (3/9) of the patients. Fila-
mentous inclusions of 17 nm diametre were found in the
sarcoplasm of one patient in this series and in one patient
described by Chen et al. 2023.

Rimmed vacuoles are abnormal empty spaces or cavi-
ties within the sarcoplasm, irregular or round, localized
in any part of the fibre, in which the rim of the vacu-
ole contains a basophilic granular material (HE) or red
granular material (modified Gomori trichrome) (Engel
and Franzini-Armstrong 2004; Weihl 2019). Rimmed
vacuoles were described in several acquired myopathies
including inflammatory myopathies such as inclusion
body myositis, toxic myopathies, and hereditary myo-
pathies as autophagic vacuolar myopathies, ion channel
muscle diseases, and related to several other genes, such
as ANOS, CAV3, COL6A1, CRYAB, DES, DMD, DNAJB6,
DUX4/SMCHDI1, DYSF, EMD, FHL1, FKRP, GAA, GNE,
GYGI, LAMA2, LDB3, LMNA, MATR3, MYHC-IIA,
MYH2, MYH7, MYOT, PABPN1, PNPLA2, TCAP, TIAI,
TNPO3, TTN, and TRIM32 (Cotta et al. 2021; Engel and
Franzini-Armstrong 2004; Mair et al. 2020).

Rimmed vacuoles may contain products of cytoplas-
mic degradation that reflect a dysfunction in membrane
trafficking with autophagic vacuoles that contain endoso-
mal, nuclear, and endoplasmic reticulum proteins (Weihl
2019). Filamentous inclusions may be intrasarcoplas-
mic or intranuclear. In inclusion body myositis, tubu-
lofilamentous inclusions of 15-21 nm are pair helical
filaments containing p-tau protein that accumulate as a
consequence of impaired autophagy and dysfunction of
both ubiquitin-proteosome system, and molecular chap-
erones (Guglielmi et al. 2024).

In hereditary diseases, it is believed that rimmed vacu-
oles accumulate structural proteins such as intermediate
filaments, RNA-binding proteins, and proteins associated
with protein folding, degradation, and RNA-binding (Weihl
2019). Therefore, rimmed vacuoles may be a consequence
of cellular dysfunction due to several acquired or heredi-
tary causes. Specifically in telethoninopathy, Lv et al. 2021
raised the hypothesis that autophagolysosomes may be of
mitochondrial origin, related to impaired mitophagy, as
they found vacuoles surrounded by double membranes.

Lobulated fibres were observed in 57.1% (4/7) of the
patients in this series and in 43.1% (22/51) of the patients
in the review of the literature. Type 1 atrophic fibres were
observed in 42.9% (3/7) of the patients in this series and
in 58.3% (7/12) of the patients from the review of the
literature. In this series, morphometric studies dem-
onstrated smallness of Type 1 fibres compared to Type
2 fibres with fibre disproportion that varied from 34 to
57%. No similar results were found in the review of the
literature.
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Telethoninopathy morphologic presentation is different
from Congenital fibre type disproportion (CFTD). CFTD
is a morphologic hallmark of several types of structural
congenital myopathies, a group of non progressive myo-
pathies that usually start in the first two years of life,
and are clinically different from the progressive muscu-
lar dystrophies. In CFTD there is type 1 fibre type dis-
proportion, i.e., type 1 fibres are at least 25% (Dubowitz
et al. 2020) or 35% to 40% (Clarke 2011; Cotta et al. 2021)
smaller than type 2 fibres, combined with type 1 fibre
predominance. In CFTD, lobulated or trabeculated fibres
are usually not observed.

Nemaline bodies were observed in 14% (1/7) in this
series and had been previously described by our group
(Paim et al. 2013), in the patient with the longest duration
of disease (46 years). The review of the literature revealed
nemaline bodies in the muscle biopsy of a 22 years old
female Bulgarian Muslim (Chamova et al. 2018). There-
fore, nemaline bodies may occur earlier in the course of
the disease than previously thought (Paim et al. 2013).

Patient 2 in this series presented ectopic dystrophin
sarcoplasmic deposits in immunohistochemistry that
may indicate myofibrillar abnormalities. Myofibrillar
deposits had been previously described in telethoninopa-
thy by Chen et al. 2023 in a 32 years old Chinese man.
Those authors suggested that myofibrillar myopathy in
telethoninopathy may be under-reported due to the small
number of electron microscopy studies.

Multifocal loss of the sarcolemmal membrane was
observed in 14.3% (1/7) of the patients in this series. In
this review of the literature, no description of multifocal
sarcolemmal loss was described in the LGMD R7 arti-
cles with electron microscopy results (Barresi et al. 2015;
Brusa et al. 2018; Chen et al. 2023; Cotta et al. 2014; Lv
et al. 2021; Olive et al. 2008; Paim et al. 2013). On the
other hand, multifocal sarcolemmal loss had been pre-
viously described in Anoctaminopathy, Limb Girdle
Muscular Dystrophy anoctamin 5-related (LGMD-R12,
previously known as LGMD2L) (Bolduc et al. 2010).

Conclusion

Telethoninopathy is a rare subtype of Limb Girdle
Muscular Dystrophy with heterogeneous morphologic
presentation. Patients with the ¢.157C>T variant in
the TCAP gene seemed to present similar morphologi-
cal characteristics to patients with other variants, but
this information need to be confirmed with larger sam-
ples. Intrasarcoplasmic 17 nm filamentous inclusions,
multifocal loss of the sarcolemmal membrane, pykno-
sis, nuclear membrane invaginations, and intranuclear
sarcoplasmic pseudo-inclusions may be found. A mor-
phological aspect reminiscent of fibre type dispropor-
tion with small type 1 lobulated/ trabeculated fibres
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may be observed without type 1 fibre predominance.
Anti-telethonin immunohistochemistry may be helpful
in unsolved cases with myopathic abnormalities with-
out dystrophic features. Detailed clinical and imaging
correlation may be necessary in cases of nonspecific
abnormalities to confirm the dystrophic nature of the
disease. Knowledge of the morphologic phenotypic
variability may help establish early and precise diag-
nosis to guide appropriate genetic counselling, clinical
and rehabilitation care.

Abbreviations
AdL Adductor longus Muscle

AdM Adductor magnus Muscle

ANO5 gene  Anoctamin 5 gene

Bf Biceps femoris Muscle

CFTD Congenital fibre type disproportion

cT Computed tomography

DYSFgene  Dysferlin gene

E Extensor group of muscles of the leg (extensor digitorum longus
and extensor hallucis longus)

G Gracilis Muscle

Gl Gastrocnemius lateralis Muscle

Gm Gastrocnemius medialis Muscle

Gmax Gluteus maximus Muscle

Gmed Gluteus medius Muscle

Gmin Gluteus minimus Muscle

LGMD Limb Girdle Muscular Dystrophy

LGMDR2 Limb Girdle Muscular Dystrophy R2, dysferlin-related

LGMD2B Limb Girdle Muscular Dystrophy 2B, dysferlin-related (previous
nomenclature)

LGMDR7 Limb Girdle Muscular Dystrophy R7, telethonin-related

LGMD2G Limb Girdle Muscular Dystrophy 2G, telethonin-related (previ-
ous nomenclature)

LGMDR12 Limb Girdle Muscular Dystrophy R12, anoctamin 5-related

LGMD2L Limb Girdle Muscular Dystrophy 2L, anoctamin 5-related (previ-
ous nomenclature)

MRI Magnetic resonance imaging

P Peroneus Group of muscles (peroneus longus and peroneus
brevis)

Rf Rectus femoris Muscle

S Sartorius Muscle

Sm Semimembranosus Muscle

So Soleus Muscle

St Semitendinosus Muscle

Ta Tibialis anterior Muscle

TCAPgene  Titin-cap gene or telethonin gene

Tp Tibialis posterior Muscle

Vi Vastus intermedius Muscle

VL Vastus lateralis Muscle

Vmed Vastus medialis Muscle
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