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A new titinopathy
Childhood-juvenile onset Emery-Dreifuss—like phenotype without

cardiomyopathy

ABSTRACT

Objective: To identify the genetic defects present in 3 families with muscular dystrophy, contrac-
tures, and calpain 3 deficiency.

Methods: We performed targeted exome sequencing on one patient presenting a deficiency in
calpain 3 on Western blot but for which mutations in the gene had been excluded. The identifica-
tion of a homozygous truncating mutation in the M-line part of titin prompted us to sequence this
region in 2 additional patients presenting similar clinical and biochemical characteristics.

Results: The 3 patients shared similar features: coexistence of limb-girdle weakness and early-
onset diffuse joint contractures without cardiomyopathy. The biopsies showed rimmed vacuoles,
a dystrophic pattern, and secondary reduction in calpain 3. We identified a novel homozygous
mutation in the exon Mex3 of the TTN gene in the first patient. At protein level, this mutation
introduces a stop codon at the level of Mex3. Interestingly, we identified truncating mutations in
both alleles in the same region of the TTN gene in patients from 2 additional families. Molecular
protein analyses confirm loss of the C-ter part of titin.

Conclusions: Our study broadens the phenotype of titinopathies with the report of a new clinical entity
with prominent contractures and no cardiac abnormality and where the recessive mutations lead to
truncation of the M-line titin and secondary calpain 3 deficiency. Neurology® 2015;85:2126-2135

GLOSSARY

CK = creatine kinase; CNM = congenital centronuclear myopathy; EDMD = Emery-Dreifuss muscular dystrophy; EOMFC = early-onset
myopathy with fatal cardiomyopathy with conduction disturbance; LGMD2A = limb-girdle muscular dystrophy type 2A; MD =
muscular dystrophy; NMD = nonsense-mediated decay; RT-PCR = reverse transcription-PCR; TMD = tibial muscular dystro-
phy; WB = Western blot.

Identification of the precise genetic cause of muscular dystrophies (MD) is a complex task, espe-
cially since they are characterized by genetic heterogeneity and variable clinical expressivity, as
with limb-girdle muscular dystrophy type 2A (LGMD2A).! Indeed, about a third of mutations
in the LGMD2A gene that encodes the protease calpain 3 have no quantitative consequences at
protein level but only on its activity® and secondary deficiencies in calpain 3 have been observed
in a number of pathologic conditions including defects in dysferlin, anoctamin5, or titin.>~
Titin (TTN, OMIM 188840) is the largest known protein (33,000 amino acids) and is en-
coded by 363 exons. It spans half a sarcomere and is anchored at the Z-disc and M-line.¢ It plays
an essential role in the skeletal and heart muscles, development, structure, extensibility, elastic-
ity, and signaling of the sarcomeres.” Mutations in the titin gene have been implicated in a range

8-12 3,13

of disorders involving exclusively the cardiac muscle, exclusively the skeletal muscle,®'® or

both tissues.*'
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We report the identification of new truncating
mutations in the C-terminal part of titin in 3
families presenting MD and in whom a calpain
3 deficiency was observed on Western blot
(WB). The deficiency was qualified as being
likely secondary since no mutations in the calpain
3 gene were identified. The clinical presentation
of the patents resembles Emery-Dreifuss MD
(EDMD), albeit with no cardiac abnormality.
EDMD has until now been associated with
mutations in genes coding for 3 major proteins:
emerin (EMD), lamin A/C (LMNA), and
FHL1."""7 Other minor genes have been
reported in EDMD-like patients including
SYNEI (nesprin-1), SYNE2 (nesprine2),
TMEM43 (LUMA), SUNI! (SUNI), and
SUN2 (SUN2).'"82° QOur report extends the
clinical phenotype spectrum of titinopathies.

METHODS Standard protocol approvals, registrations,
and patient consents. All biological samples (blood and muscle
biopsies) were obtained after informed consent was received from

patients and their relatives.

Sequencing. Targeted sequencing was performed using a custom-
made SureSelect library on a HiSeq2000 instrument (Illumina; San
Diego, CA). Details are indicated in the e-Methods on the
Neurology® Web site at Neurology.org. Sanger sequencing was
used to confirm variants in family 1 and to sequence the M-line
TTN exons in families 2 and 3 (figure e-1). PCR products were
amplified with primers shown in table e-1 and sequenced through
Beckman Coulter Genomics (Hertfordshire, UK) services.

RT-PCR analysis. Analysis of splicing in the C-ter part of titin
was performed by reverse transcription (RT)-PCR on 1 pg
of RNA extracted using Trizol and reverse transcribed using
RevertAid H-first strand cDNA synthesis kit (ThermoScientific;
Waltham, MA) and primers localized in Mex]1 and Mex5.
Nonsense-mediated decay (NMD) was evaluated by real-time
quantitative RT-PCR analysis using primers located in Mex1 in
a SyBer green system on a real-time thermocycler (LC480; Roche,
Basel, Results were expressed in 2AACT

normalized by P0. Primer sequences are detailed in table e-1.

Switzerland).

Morphologic and immunofluorescence analyses. Cryosec-
tions of fresh frozen deltoid or quadriceps femoris biopsies were
histochemically and immunocytochemically analyzed by standard
techniques.?' The following antibodies were used: desmin (D33,
DAKO; Carpinteria, CA), a-f crystallin (G2JF, Novocastra;
Newcastle upon Tyne, UK), myotilin (RSO34, Novocastra), titin
N-ter staining (Millipore MAB1553; Billerica, MA), rabbit anti-
Titin M10-1 polyclonal (1:100), and mouse anti-a-actinin
monoclonal (1:1000, Sigma-Aldrich A7811; St. Louis, MO).
Details are indicated in the e-Methods.

Western blot. Multiplex WB was performed as described by
Anderson and Davison** using the following monoclonal anti-
bodies (Novocastra): N-ter calpain3 (Calp3d/2C4; dilution
1:19), C-ter calpain3 (Calp3c/12A2; dilution 1:15), dystrophin
(NCL-DYSI and NCL-DYS2; dilution 1:150), dysferlin (NCL-
Hamlet; dilution 1:1500), a-sarcoglycan (NCL-L-a-SARC;
dilution 1:150), and vy-sarcoglycan (NCL-L-g-SARC; dilution

1:150). WB for titin was performed as previously described
with the M10-1 titin antibody.”

RESULTS Clinical and imaging findings. Patient 1 is a
man born from a consanguineous Algerian family
with asymptomatic sibs and parents (table 1 and
figure 1A). Disease onset was at 10 years with lower
limb girdle weakness, waddling gait, and Achilles ten-
don contractures. The clinical course remained rela-
tively stable from 10 to 17 years, but then progressed
rapidly with difficulties climbing stairs rising from a
chair, upper girdle weakness, and contractures ex-
tending to knees, elbows, and fingers at age 20 years.
At age 23 years, the patient was partially wheelchair
bound. Examination showed severe symmetrical
proximal weakness, scapular winging, and weak
abdominal muscles. Distal muscles were much less
affected (table e-2). Joint contractures were marked
in the 4 limbs while neck and spine were spared
(figure 1B and table e-3). Tongue was hypertrophic.
Creatine kinase (CK) measurements were 4—10 times
the upper normal values. There was no facial, oculo-
motor, or pharyngeal weakness. There were neither
respiratory (vital capacity 89%) nor cardiac abnormal-
ities as evaluated by ECG and echocardiography.
Lower limb muscle MRI showed a moderate to severe
fatty degeneration in all pelvic, thigh, and lower leg
muscles with some sparing of sartorius and, in partic-
ular, tibialis posterior and deep toe flexors (figure 1C).

Patient 2 is a woman from a nonconsanguineous
French Caucasian family with no other affected sibs
(figure 1A). During childhood, she experienced falling,
presented waddling gait, and had difficuldes in sport
activities. From age 10 years, she developed ankle and
elbow contractures, underwent a surgical elongation of
the Achilles tendons at 17 years, and underwent ankle
arthrodesis at 23. The disease gradually worsened, with
no running after the surgery, and difficulties rising from
a chair and climbing stairs. She needed assistance for
walking at 26 years, intermittent wheelchair at 29 years,
and permanent wheelchair at 36 years. Examination at
age 52 years showed a severe and diffuse weakness and
atrophy involving upper and lower limbs and axial
muscles. Wrists and fingers were less weak (table e-2).
She presented marked contractures affecting spine and
limbs (figure 1B). There was no facial, oculomotor, or
pharyngeal weakness. Vital capacity was mildly reduced
(67%). Cardiac echography and ECG were normal
(table 1). CK was 1.5 times the upper normal value.
Lower limb muscle imaging showed that thigh anterior
compartment was clearly less affected than posterior at
age 42 years as shown by CT scan (data not shown) and
progressed to complete fatty degeneration in all com-
partments at age 52 years (figure 1C).

Patient 3 is the only affected member of a noncon-
sanguineous French Caucasian family (figure 1A).
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[ Table 1 Clinical data of the patients

Sex/age at last
examination, y/
consanguinity/

Patient no. family history
P1 M/24/yes/no
P2 F/50/no/no

P3 Flearly

childhood/23/
no/no

Age at walk, mo/first
symptoms, age, y

12/Prox LL weakness,
waddling, gait ankle
contractures, 10

17/Falling, duck walk
during childhood, elbow
and ankle contractures,
10

14/Moderate lower limb
weakness, minimal 10
and isolated knee
contractures, 3

Contractures

Achilles, knees, elbows, wrists,
finger flexors; no rigid spine

Achilles elongation, ankle
arthrodesis, knees, elbows,
wrists, finger flexors, cervical
spine

Ankles, knees, elbows, wrists,
finger flexors, masseters; rigid
spine Achilles and fascia lata
tensors elongated at age 13 y

Weakness

Prox UL +++

Prox LL +++
Dist UL +
Dist LL +
trunk fl +++

Prox UL +++

Prox LL +++
Dist UL +

Dist LL +++
Trunk fl +++

Prox UL +++

Prox LL +++
Dist UL +
Dist LL ++

Trunk fl +++

Course/present severity

Rapidly progressive since 17y,
intermittent WCB at 23 y/Walton 6

Progressive, assisted walk 26 vy,
WCB intermittently at 29 y,
permanently at 36 y/Walton 7

Progressive/WCB intermittently
at 13 y, permanently at 20 y, Walton
8at23y

Abbreviations: Dist = distal; fl = flexor; LL = lower limb; Prox = proximal; UL = upper limb; VC = vital capacity; WCB = wheelchair-bound.

Respiratory/cardiac
involvement

No/no

Yes (VC: 67%, normal
blood gas)/no

Yes (VC: 50% normal
blood gas)/no

Muscle imaging age, y/most
affected muscles

23/LL MRI: glutei medialis, posterior
thighs, gastrocnemii

43/LL CT scan, complete fatty
degeneration of all muscles, except
vastus lateralis less affected, 52 y
LL MRI major and diffuse
involvement

20/LL MRI; major hip involvement,
thigh posterior compartment was
more affected than quadriceps



[ Figure 1 Pedigree of the families and clinical presentation and imaging of the patients ]

A P1 P2 P3
c.107184T>A/+ c.107184T>A/+ ¢€.106275delT/+ +/c.107203 C>T

€.106647delG/+ 6 |£ Iﬁ

c.107184T>A/c.107184T>A .106275delT Fyre +/c.106135_106139delACCTG
c.107203 C>T +/c.106135_106139delACCTG

€.106647delG
¢.106135_106139deltACCTG

(A) Pedigree of the families and clinical presentation and imaging of the patients. Filled-in symbols indicate the affected individual. Empty symbols indicate
unaffected individuals. Numbers indicate individuals whose DNA was used for this study. The mutations identified are indicated for each tested individual. (B)
Photographs of patients showing prominent contractures. Patient 1 (P1): P1-a: severe upper girdle involvement with scapular winging; P1-b: arm atrophy
and elbow contractures. Patient 2 (P2): P2-a: finger flexor contractures; P2-b: severe proximal involvement and elbow contractures; P2-c: severe ankle con-
tracture. Patient 3 (P3): P3-a: severe upper involvement with scapular winging; P3-b: rigid spine; P3-c, P3-d: finger and elbow contractures. (C) Muscle MRI of
the patients at 3 different levels (axial T2 images through pelvis, thigh, and calf). P1 at 23 years: diffuse fatty degeneration in gluteal muscles with partial
sparing of the sartorius and severe involvement of other femoral muscles and of the posterior and lateral compartments as well as tibialis anterior of the
lower legs. P2 at 52 years: severe and diffuse involvement with fatty replacement of all muscles. P3 at 20 years: diffuse moderate fatty degenerative
changes in all muscle groups with atrophy more marked in the hamstrings.
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[ Figure 2 Morphologic alterations at histologic and ultrastructural level of skeletal muscle of the patients ]

(A) Patient 1. Deltoid muscle biopsy, performed at 17 years, shows dystrophic pattern. (A.a) Increase of internalized nuclei and fiber size variation (hema-
toxylin & eosin [H&E]). (A.b) Clusters of regenerating fibers (H&E). (A.c) NADH reductase staining shows minor irregularities of the myofibrillar network.
(B) Patient 2. (B.a) Muscle section shows great fiber size variation, increased connective tissues, and rimmed vacuoles (H&E). (B.b) Subsarcolemmal rimmed
vacuoles (Gomori trichrome). (B.c) Fuchsinophilic inclusion corresponding to cytoplasmic bodies and rods (Gomori trichrome). (C) Patient 3. First biopsy. (C.a)
Presence of rimmed vacuoles in several muscle fibers associated with necrotic/regenerating fibers and increased connective tissue (H&E). (C.b) Multiple
rimmed vacuoles in the same fibers (Gomori trichrome). (C.c) Second biopsy. Red inclusions correspond to nemaline bodies (Gomori trichrome). Scale bars are
indicated on the images. (D) Patient 2. First biopsy. (D.a) Rimmed vacuoles contain degradation products and lamellate myeloid structures. (D.d) Increased
autophagic material in both subsarcolemmal and central areas of the myofiber. Patient 2. Second biopsy. (D.b) Nemaline bodies dispersed in areas containing
thin filament accumulations, organelles, and debris. (D.e) Areas of focal myofibrillar disorganization correspond to dissolution of M-band structure by
subsequent disintegration of myosin filament with almost intact Z-disc. Patient 3. (D.c) Electron microscopy demonstrates large tubulo-filamentous
inclusions disrupting the myofibrillar network; filamentous inclusions also were found inside the nucleus. (D.f) Electrondense inclusions correspond to
cytoplasmic bodies surrounded by amorphous material containing cellular debris and filaments. Scale bars are indicated on the images.
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[ Figure 3 Molecular analyses
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(A) Western blot analysis of calpain 3 in muscle biopsies of the 3 index cases (P1, P2, and P3) and one control (C). An antibody
against a N-ter calpain 3 epitope was used in combination with dystrophin (Dysf; NCL-DYS1, Novocastra) and a-sarcoglycan
(«-SG; NCL-L-a-SARC), allowing detection of the full length of 94 kDa and the autoproteolytic fragment of 30 kDa and an
antibody against a calpain 3 C-ter epitope of with dysferlin (Dysf; NCL-Hamlet) and y-sarcoglycan (y-SG; NCL-L-y-SARC)
antibodies, allowing detection of the full length of 94 kDa and the autoproteolytic fragment of 60 kDa. All patients showed a
complete or massive deficiency in calpain 3. (B) Western blot of the M-line titin using M10-1 titin antibody shows the absence
of labeling compared to control. The control for P1 was loaded from the same gel but come from a nonadjacent line. Loading
was normalized to Coomassie blue stained myosin heavy chain (lower panel). (C) Immunofluorescence analysis of titin using
the N-terminus and C-terminus antibodies shows that the titin molecules are correctly incorporated in the sarcomere and are

lacking the C-terminus. Scale bars = 20 pm.

Since walking at age 19 months, there were difficul-
ties rising from squatting position and climbing stairs,
and running was impossible. At age 3 years, the first
clinical investigation showed moderate lower limb

proximal weakness with waddling gait, Gowers sign,
and calf hypertrophy. CK level was 20 times the
upper normal level. EMG was myogenic and muscle
biopsy showed a dystrophic pattern. Isolated mild
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knee contractures were detected at 3.5 years old.
From age 6 years, the knee contractures worsened,
and contractures in the elbows, ankles, and spine
occurred, whereas the weakness remained moderate
and stable until age 11. Intermittent wheelchair use
was required at age 13 years when bilateral Achilles
and tensor fascia-latae tenotomy was performed re-
sulting in increased weakness. Weakness of proximal
upper limbs appeared from age 13 years with mild
progression. A scoliosis required a corset since age 13
years, but no spinal arthrodesis was performed. At 18
years, she was wheelchair-bound but could stand
alone. Her walking 10 meters with assistance was lost
2 years later. At the last examination, at age 23 years,
weakness was marked in both girdles, in ankle dorsi-
flexion, and abdominal muscles (table e-2). Contrac-
tures were massive, affecting spine, proximal and
distal limbs, and jaws (figure 1B and table e-3). No
facial, ocular, or bulbar muscle weakness was found.
Vital capacity was decreased by 50%, blood gas meas-
urements were normal, as were cardiac echography
and EGC. CK was 1.5 times the upper normal value.
MRI performed at age 20 years showed moderate
fatty degenerative changes diffusely in all muscle
groups with marked atrophic change in the hamstring
muscle (figure 1C).

Muscle biopsy findings. Morphologic investigations by
light and electron microscopy of muscle revealed a
range of alterations (figure 2). The most frequent
finding was the presence of rimmed vacuoles in about
10%-30% of muscle fibers (figure 2, B and C).
Eosinophilic inclusions appeared as cytoplasmic bod-
ies and rods (figure 2, B and C). Nuclear internaliza-
tion was also a prominent feature. Oxidative reactions
revealed variable abnormalities of the myofibrillar
network. However, immunostaining for myofibrillar
proteins (desmin, myotillin, and oB-crystallin) did
not show any protein aggregates. Overall, there was
marked fiber size variability and different degrees of
necrotic or regenerating processes.

Electron microscopy demonstrated structural alter-
ations corresponding to rimmed vacuoles containing
degradation products and lamellate myeloid structures
(figure 2, D.a and D.d). Nemaline bodies were found
surrounded by amorphous material and cellular debris
in the second biopsy from patient 2 (figure 2D.b). We
also observed M-line disruption with Z-disc preserva-
tion in some places (figure 2D.e). Large tubulo-
filamentous inclusions were found both disrupting
the myofibrillar network and inside nuclei (figure
2D.c). Electron-dense inclusions corresponding to
cytoplasmic bodies were also found (figure 2D.f).

Molecular pathology and genetics. For all these patients,
a number of immunofluorescence and molecular genetic
analyses were performed previously without any

Neurology 85 December 15, 2015

mutations being identified (table e-4). However, a com-
plete or massive deficiency in calpain 3 by WB was evi-
denced in all of them (figure 3A). We performed
targeted DNA capture focused on an 820 gene panel
related to muscular function and high-throughput
sequencing of DNA sample of patient 1. The average
mean read depth of bases was 350X with 96.4% of the
target regions having at least 25X. The sample
contained more than 3,952 variants with 3,834
already present in reference databases and 118 new
variants. They included 502 indel with 328 already
referenced in dbSNP. After filtering out heterozygous
variants, common single nucleotide variations, and
synonymous changes, and then filtering in variants
present in exons or splice sites, 2 indels in AMOT and
COLI18A1I and one nonsense mutant in 77N (Chr2:
179393519;  NM_001267550.1c.107184T>A;
NP_001254479.1 p.Y35653*) remained. The 2
indels were in-frame and discarded as potential
causative variants. Through Sanger sequencing of
family members, we confirmed that the 77N
variant segregated with the disease in the family with
both parents being heterozygotes. Interestingly, this
mutation is located on the 360th exon of titin, also
called Mex3. This exon codes for a part of titin located
in the M-line, a region where other MD-causing
mutants were previously identified.>#'>'%  This
nonsense variant was the best candidate and the
most likely cause of the disease.

Following this finding, we hypothesized that this
region of titin could also be involved in the 2 other
families. Sanger sequencing on the M-line titin (table
e-1) identified 2 truncating mutations in patient 2:
one single base deletion at the end of Mex1 (Chr2:
179395292; ¢.106275delT; p.E35351Nfs*54) and
one nonsense mutation in Mex3 (Chr2: 179393500;
¢.107203C>T; p.Q35660*) and 2 truncating muta-
tions in patient 3: a 5-base deletion at the end of Mex1
(Chr2:  179395428-432;  ¢.106135_106139de-
IACCTG; p.T35304Cfs*3) and a single base deletion
in Mex2 (Chr2: 179394796; c.106647delG;
p.F35475S8fs*4). The correct segregation of the muta-

tions was confirmed in both families.

Molecular titin analyses. We investigated the conse-
quences of the mutations on the titin molecules by
PCR, gqPCR, WB, and immunofluorescence. First,
we performed a RT-PCR across Mex1 and Mex6
exons (for patients 2 and 3) to define whether any
cryptic splice site would have occurred and restored
the frame. The correct size of the PCR product
indicates that no splicing has occurred (figure e-2A).
Second, we analyzed by real-time quantitative
RT-PCR the level of titin transcript and observed a
decrease, indicating that NMD has occurred due to
the mutations (figure e-2B). Third, WB analysis



[ Figure 4 Summary of all reported mutations in the M-line titin and consequences
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Each box represents a patient or a group of patients with similar genotype. When colored, the mutations are dominant. The position of the TMD/LGMD2
mutations is expanded. The numbering is based on the titin sequences NM_001267550.1 and NP.001254479.1. Each frame corresponds to a specific
patient or a group in case of the FINMaj mutation. ARVC = arrhythmogenic right ventricular cardiomyopathy; CNM = centronuclear myopathy; EOMFC
= early-onset myopathy with fatal cardiomyopathy; LGMD2J = limb-girdle muscular dystrophy type 2J; MmD-HD = multi-minicore disease with heart
disease; TMD = tibial muscular dystrophy.

performed with a C-ter titin antibody showed total
absence of staining (figure 3B). Forth, immunofluo-
rescence analysis was performed on muscles sections
using N-ter and C-ter titin antibodies (figure 3C).
The absence of staining with the C-ter antibody
indicates the loss of the corresponding part of titin
while the positive staining obtained with the N-ter
antibody shows that the truncated titin molecules are

nonetheless correctly inserted in the sarcomeres.

DISCUSSION We report the identification of a new
recessive titinopathy phenotype caused by novel

truncating mutations in the C-ter part of titin segre-
gating with the disease in 3 unrelated families. The
patients shared common phenotypic features that
include (1) coexistence of both limb-girdle weakness
and early-onset contractures, preceding or accompa-
nying initial weakness; (2) early-onset MD with
normal neonatal period, proximal weakness in
infancy-childhood, and progressive course in adoles-
cence and adulthood, with permanent loss of ambu-
lation from age 13 to 36 years; (3) unaffected facial,
bulbar, and oculomotor muscles; (4) high CK levels,
decreasing in the late stages of the disease; and (5) no
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identified cardiomyopathy to date. Finally, muscle
biopsies showed rimmed vacuoles, increase of internal
nuclei, cytoplasmic bodies, and dystrophic pattern. A
key feature was massive secondary reduction of cal-
pain 3 on WB.

Of special interest are the other titinopathy pa-
tients where mutations were identified in the vicinity
of the mutations presented here. M-line titin homo-
zygous truncations in Mex1 and Mex3 (figure 4) were
reported in 2 consanguineous families of Moroccan
and Sudanese origins with an early-onset myopathy
with fatal cardiomyopathy with conduction distur-
bance (EOMFC).# Several aspects are similar to our
cases: autosomal recessive transmission, combination
of a myopathy with lower limb predominant involve-
ment, calf hypertrophy, joint and spine contractures,
and secondary depletion of calpain 3. However,
major differences in these patients are to be under-
lined: earlier onset, presence of a ptosis, fatal arrhyth-
mic dilated cardiomyopathy developing from
childhood, and the histology including minicore-
like-lesions but without rimmed vacuoles. Recessive
truncating titin mutations located in Mex1 have been
reported in 5 unrelated individuals with congenital
centronuclear myopathy (CNM).”> As in our cases,
no cardiomyopathy was reported, but several major
features differ: earlier onset, no contractures, and a
distinctive histopathologic pattern without rimmed
vacuoles. Simultaneously, recessive 77N truncating
mutations located in Mex1, Mex2, and Mex3 were
reported in a set of 4 families with congenital core
myopathy combined with primary heart disease.'*
The clinical spectrum varied from severe early-onset
cases with arthrogryposis and neonatal cardiac failure
to Emery-Dreifuss-like presentation. The patient har-
boring the Emery-Dreifuss-like phenotype was simi-
lar to our cases regarding the muscle phenotype
combining weakness and contractures, but had neo-
natal onset and a severe arrhythmic dilated cardiomy-
opathy. Moreover, the histopathologic signature
differed, with minicores as the main finding. It should
be noted that calpain 3 deficiency was not investi-
gated in those cases. The adult-onset dominant titi-
nopathies, tibial muscular dystrophy (TMD) and
hereditary myopathy with early respiratory failure,
share the absent cardiomyopathy and the presence
of rimmed vacuoles but otherwise are not differential
diagnostic alternatives. The Mex6 (exon 363) TMD-
mutation homozygous LGMD?2] is childhood onset
and shows a secondary calpain deficiency, but the
clinical presentation is different, without contrac-
tures.?**” Overall, the presentation described here is
unique among titinopathies.

The frameshift mutations reported here are all
located close to each other between the M6 and
M8 domains of C-terminal titin in the sarcomeric
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M-band. As evidenced by WB and immunofluores-
cence analyses, the molecular consequences of these
mutations are primary truncations of the titin protein
without impact on their sarcomere incorporation. Of
interest, dissolution of M-band structure in some my-
ofibrils with disintegration of myosin filament and
without major Z-disc alteration is an associated charac-
teristic ultrastructural finding. Another consequence of
the truncation of titin is the absence of the calpain 3
binding site in C-ter titin, which is probably the cause
of its secondary defect. This particular feature is also
present in other recessive C-ter titinopathies including
LGMD2J, EOMEC, and CNM,* all with primary or
secondary titin truncations.*

Whereas the proximity of all the reported muta-
tions is coherent with the similarity in clinical features
presented by the patients, it is intriguing that other
patients, in whom the truncations affect the same
region, present a fatal cardiac phenotype.* The poten-
tial correlation of the heart phenotype severity with
the localization of the 77NV mutations has been dis-
cussed,'® suggesting that the closer a mutation is to
the C-terminus, the less severe is the heart involve-
ment. However, the factors determining the presence
of heart involvement associated with M-line 77N
mutations are probably more complex since some of
the mutations we describe are located 5" of the muta-
tions previously described with cardiomyopathy.'*
Possible explanations for the association of cardiomy-
opathy could be related to differences in the propor-
tion of mutated titin isoform incorporated in the
sarcomere, degree of NMD, degree of read-through
of stop codons, protein stability, partner interactions,
or other modifying mutations in the whole 77N
gene, but this needs further studies to be clarified.
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