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Introduction
Skeletal muscle cells (myofibers) are densely packed with myo-
fibrils, which consist of repeating structural units named sarco-
meres (Figure 1A). Sarcomeres, the contractile units of muscle, 
are composed of thick filaments that contain the motor protein 
myosin and thin filaments composed of double helical strands of 
actin monomers, a coiled-coil dimer strand of tropomyosin, and 
the troponin (Tn) complex (Figure 1B).

The Tn complex is a critical regulator of contraction. It is com-
posed of 3 distinct subunits named according to their functions: 
a highly conserved Ca2+-binding subunit (TnC); an actomyosin 
ATPase inhibitory subunit (TnI), and a tropomyosin-binding sub-
unit (TnT). When muscle is activated, Ca2+ enters the cytosol, 
starting a molecular dance between the thick and thin filaments 
(1). First, Ca2+ binds to TnC, which initiates a chain of events in 

the other Tn subunits and leads to movement of the tropomyosin 
molecule, a process also modulated by myosin-binding protein C 
(2). This movement exposes myosin-binding sites on actin and 
allows the myosin heads on the thick filament to grab and pull on 
the actin molecules, thereby generating force. This ceaseless cycle 
is the mechanical basis for muscle contraction. Thus, TnC plays a 
gatekeeper role in transmitting the Ca2+ signal to other sarcomere 
proteins to activate muscle contraction.

To date, the gene encoding fast skeletal TnC (fsTnC) (TNNC2; the 
skeletal muscle–specific TnC isoform) has not been implicated in any 
muscle disease (myopathy). This is surprising, considering that TnC 
plays a key role in muscle contraction, and that nearly all other genes 
encoding key proteins in the sarcomere have been linked to disease, 
some already decades ago (3). Here, we resolve this enigma and report 
2 unrelated families with pathogenic variants in TNNC2. Patients 
present with a distinct, dominantly inherited congenital myopathy, 
notable for polyhydramnios during gestational development, and 
congenital weakness and severe respiratory muscle involvement with 
clinical improvement over time. The latter is atypical for congenital 
myopathy, which often has a static or progressive nature. Molecular 
dynamics (MD) simulations indicated that the TNNC2 variants per-
turb the dynamics of the TnC regions responsible for Ca2+ binding and 
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https://doi.org/10.1172/JCI145700DS1). Figure 2 shows family pedi-
grees, clinical and MRI images, and the visualization of muscle weak-
ness (MuscleViz; based on the Medical Research Council grading). In 
brief, this disorder presents as a dominantly inherited myopathy with 
a characteristic clinical phenotype defining it as congenital in presen-
tation. Distinct phenotypic characteristics include polyhydramnios 
during gestation, weakness, and severe respiratory muscle involve-
ment in the immediate postnatal period followed by clinical improve-
ment over time with nonobligatory external ophthalmoparesis.

Identification of TNNC2 variants
In both families, whole-exome sequencing (WES) did not identify 
pathogenic variants in any of the known neuromuscular disease 
genes (details in Methods section). Subsequent analysis identi-
fied in family 1 (patient 1 [P1], P2, and P3) a heterozygous variant 
in TNNC2, encoding fsTnC: c.100G>T; p.(Asp34Tyr); hereafter 
referred to as D34Y. The variant was predicted to be damaging 
and was not present in dbSNP, NHLBI EVS, or gnomAD (covering 
>125,000 individuals). The variant was confirmed through Sanger 

for binding of the TnI switch peptide. In line with the findings from 
the MD simulations, studies in myofibers isolated from patients’ biop-
sies revealed that the muscle weakness is caused by a reduced force 
response of the sarcomeres to submaximal [Ca2+]. The pathogenicity 
of the variants was established in experiments, in which this contrac-
tile dysfunction was evoked by replacing endogenous TnC in myofi-
bers from healthy control subjects with recombinant, mutant TnC. 
Conversely, we could repair the contractile dysfunction of myofibers 
from patients by replacing endogenous, mutant TnC with recombi-
nant, wild-type (WT) TnC. Finally, we tested the therapeutic potential 
of the fast skeletal muscle Tn activator tirasemtiv in patients’ myofi-
bers and showed that the contractile dysfunction was repaired.

Results

Clinical presentation
Detailed clinical information for all patients is described in Table 1 
and a full description of the patients is provided in the Supplemen-
tal Results (supplemental material available online with this article; 

Figure 1. Muscle structure. (A) Sarcomeres are the smallest contractile units in muscle, consisting of myosin-based thick filaments and actin-based thin filaments 
decorated with the regulatory proteins troponin (Tn) and tropomyosin. (B) Magnification of the Tn complex, consisting of TnC, TnT, and TnI, and tropomyosin on the 
actin-based thin filament. The images are modified from Servier Medical ART, licensed under a Creative Commons Attribution 3.0 generic license (58). (C) Schematic 
representation of the amino acid sequence of fsTnC; N = N-terminus; C = C-terminus. Both patient variants are indicated [F1:P1, c.100G>T, p.(Asp34Tyr), D34Y; F2:P1, 
c.237G>C, p.(Met79Ile), M79I]. (D) Alignment of the fsTnC amino acid sequence in various species. The mutated residues are outlined in red.
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Conservation and location of the mutated TnC residues
gnomAD (https://gnomad.broadinstitute.org/) lists 71 rare mis-
sense variants in TNNC2, compared with the expected occurrence 
of 106, corresponding to a z score of 1.2. This lower-than-expected 
frequency of missense variants, with a positive z score, indicates 

sequencing in P1, P2, and P3, and was absent in the unaffected 
family member. Thus, in family 1 (F1) the TNNC2 variant perfectly 
segregated with disease. WES in F2 (P1) identified a heterozygous 
de novo variant in TNNC2: c.237G>C; p.(Met79Ile); hereafter 
referred to as M79I. The variant was absent in both parents.

Table 1. Detailed clinical description of family 1 (F1) and family 2 (F2)

Clinical phenotype
Family/Patient F1:P1 F1:P2 F1:P3 F2:P1
Ethnicity Caucasian Caucasian Caucasian Caucasian

Sex/age at last examination (yrs) M/26 F/55 F/76 F/19

TNNC2 mutation c.100G>T; p.Asp34Tyr c.100G>T; p.Asp34Tyr c.100G>T; p.Asp34Tyr c.237G>C; p.Met79Ile

Inheritance Dominant Dominant Presumed de novo De novo

Onset Maternal polyhydramnios treated with 
serial amniocenteses; hypotonia, vocal cord 
paralysis, respiratory insufficiency requiring 
intubation and tracheostomy at birth; PEG 
tube to address gastroesophageal reflux 

concerns; camptodactyly with contractures 
bilaterally and small right ear canal.

Respiratory failure due to stridor 
and vocal cord paralysis requiring 
intubation and tracheostomy at 

birth; scoliosis by 8 days.

Breech presentation; difficulties 
breathing at birth.

Maternal polyhydramnios 
treated with serial 

amniocenteses; reduced fetal 
movements; severe hypotonia; 

respiratory weakness; 
difficulties swallowing requiring 

PEG tube at 4 mo.

Motor development Delayed; rolled 10 mo, walked independently 
17 mo; difficulties keeping up with peers.

Delayed; sat unsupported 8 mo; 
rolled 1 yr, walk with support 15 mo; 
never able to run; difficulty keeping 

up with peers.

Delayed; walked independently 15 mo; 
climb stairs and jump 6 yrs; never able 

to run. 

Standing age 1 yr, walked 
independently age 1.5 yrs. 

Difficulty keeping up with peers; 
frequent falls. Unable to run.

Muscle weakness Improved over time; axial, proximal and distal 
weakness 4/5 to 5/5 range (MRC grade)  

(26 yrs); progressive scoliosis requiring spinal 
fusion surgery with rod placement (16 yrs).

Stable with gradual decline recently; 
axial, proximal and distal weakness 

4/5 to 5/5 range (55 yrs)  
(MRC grade); mild scoliosis.

Stable with gradual decline recently; 
mildly reduced 4/5 to 5/5 range  

(76 yrs) (MRC grade); scoliosis requiring 
surgery with bone fusions.

Mild proximal weakness 4/5 
(MRC grade).

Gait Waddling gait, unable to get up from  
a squatting position.

Waddling gait. Kyphotic posture. Normal gait, unable to walk on 
heels or toes. Difficulties  

with stairs.

Facial involvement Mild upper and lower facial weakness; ptosis 
and ophthalmoplegia (childhood).

Mild upper and lower facial 
weakness; progressive ptosis and 

ophthalmoplegia (childhood).

Facial weakness, ophthalmoplegia, 
no ptosis. 

Facial weakness; diplopia 
lateroflexion to the left, 
increases with fatigue.

Respiratory involvement (age) FVC 45% predicted (26 yrs). FVC 73% predicted; 11% decline 
from sitting to supine (55 yrs).

Tracheoesophageal fistula with 
pneumonias (74 yrs); FVC 47% 

predicted (76 yrs).

Recurrent pneumonias until  
age 3 yrs. FVC 76%  
predicted (19 yrs).

Cardiac involvement (age) Echocardiogram normal (26 yrs). Echocardiogram normal (55 yrs). Moderate tricuspid regurgitation and 
trivial pericardial effusion (76 yrs).

Normal electrocardiogram 
(19 yrs).

Cognitive involvement Learning disability, graduated high school. Mild learning disability,  
graduated high school. 

Normal.

EMG/Rep stim (age) Chronic myopathic process/normal. NP NP NP

Histology (age, muscle biopsied) Mild variation in fiber size with mild fiber type 
2 atrophy; No ultrastructural abnormalities on 

EM (16 yrs, spinal accessory muscle).

NP NP Increase in type 1 fibers, small 
type 2 fibers. No ultrastructural 

abnormalities on EM  
(8 yrs, quadriceps).

LE MRI imaging (age) Mild, focal fatty infiltration of lower extremity 
muscles in a patchy and heterogeneous 
pattern. Paraspinal muscles significantly 

affected; proximal thigh muscles less affected 
than lower leg muscles (26 yrs).

Mild, focal fatty infiltration of lower 
extremity muscles in a patchy and 
heterogeneous pattern. Proximal 
thigh muscles less affected than 

lower leg muscles (55 yrs).

Mild, focal fatty infiltration of lower 
extremity muscles in a patchy and 
heterogeneous pattern. Paraspinal 

muscles significantly affected; proximal 
thigh muscles less affected than lower 

leg muscles (76 yrs).

Normal (19 yrs).

Other Long-standing history of poor appetite and 
difficulty gaining weight; osteopenia (5 yrs). 

Generalized pain;  
osteopenia (5 yrs).

Osteopenia with  
6 bone fractures.

Generalized hypermobility 
(Beighton 6/9).

F1:P1 indicates patient 1 from family 1, etc. M, male; F, female; yrs, years; mo, months; PEG, percutaneous endoscopic gastrostomy; CK, creatine kinase; 
EMG, electromyography; Rep Stim, repetitive stimulation; FVC, forced vital capacity; NP, not performed; LE, lower extremity; MRI, magnetic resonance 
imaging; EM, electron microscopy.
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a slight variation in myofiber size in both patients (Figure 3, A and 
B). There was no evidence of necrosis, degeneration, inflammation, 
or fibrosis. Immunohistochemical staining for dystrophin glycopro-
tein–associated proteins was normal (images not shown). No nema-
line rods or inclusions were observed in Gömöri trichrome–stained 
sections of both patients (Figure 3, C and D). NADH-stained sections 
showed occasional, scattered atrophic fast-twitch myofibers (Figure 
3, E and F). Analysis of myofiber size (minFeret) in both patients 
showed hypertrophy of slow-twitch myofibers and normally sized 
fast-twitch myofibers compared with control subjects (Figure 3G 
and Table 2; note that basic demographic information of the control 
subjects is shown in Table 3). The proportion of slow-twitch fibers 
was slightly higher in F1:P1 compared with controls. Fiber type pro-
portion in F2:P1 was comparable to controls (Figure 3H and Table 2).

Ultrastructure. Electron microscopy (EM) showed preserved, 
intact myofibrillar ultrastructure in myofibers of both patients (Fig-
ure 3, I and J). To study the structure of the thin filaments in the 
myofibrils, we performed experiments at the Advanced Photon 

increased intolerance of TNNC2 to heterozygous variation. In 
general, the amino acid sequence of fsTnC is highly conserved 
across species (for example, 99% conservation between humans 
and mice). The mutated residues are conserved across all species 
queried (Figure 1D). The location of both variants is indicated in 
Figure 1, C and D, and in the protein 3D structure (see below) of 
human fsTnC. The missense variant in F1, D34Y, is located in cal-
cium-binding site I where aspartic acid is replaced by a tyrosine 
residue (Figure 1, C and D). Aspartic acid caries a hydrophilic acid-
ic group with a negative charge. The replacing amino acid, tyro-
sine, does not carry a charge. The missense variant in F2, M79I, is 
located in an α-helix next to calcium-binding site II where methi-
onine is replaced by isoleucine, both neutral (Figure 1, C and D).

Muscle (ultra)structure
Structure. From P1 of F1 (F1:P1) and P1 of F2 (F2:P1), muscle biop-
sies were obtained and used for analyses of muscle (ultra)structure. 
Hematoxylin and eosin–stained (H&E-stained) sections showed 

Figure 2. Pedigrees and clinical 
description of F1:P1 and F2:P1. 
(A) Pedigree of family 1 showing 
multiple affected relatives in 
different generations, consis-
tent with autosomal dominant 
inheritance. The + and – symbols 
in parentheses indicate positive 
and negative for the TNNC2 
c.100G>T; p.D34Y missense 
variant by Sanger sequencing. 
Circles indicate female, squares 
indicate male, clinically affected 
relatives are shaded green, and 
unaffected relatives are unfilled 
white. (B) Left: Muscle MRI 
imaging of F1:P1. T1-axial images 
of the lower extremities show 
mild, focal fatty infiltration of 
different muscles in a patchy and 
heterogeneous pattern (arrows). 
Paraspinal muscles are signifi-
cantly affected in F1:P1 (top left, 
arrowheads). Proximal thigh 
muscles (middle left) are more 
affected than lower leg muscles 
(bottom left). Right: Photograph 
of F1:P1 at age 6 weeks with 
hypotonia and lower-extremity 
weakness (top right) and at age 
26 years with contractures of 
the long finger flexors (bottom 
right). (C) Pedigree of family 2. (D) 
Photograph of F2:P1 as an infant 
indicating weakness in the facial 
muscles (top left) and at age 19 
years with normal muscle mass 
and retrognathia. (E) Visualiza-
tion of muscle weakness using 
MuscleViz (https://muscleviz.
github.io), based on the MRC 
scores (59).

https://www.jci.org
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feasible in F1:P1, as in this biopsy we could segregate fiber types 
based on visual inspection and produce grids with only slow-twitch 
myofibers and grids with only fast-twitch myofibers (Figure 3K). 
The actin layer line 6, indicating the left-handed pitch of the thin fil-
ament helix, and the Tn3 reflection, representing the spacing of Tn 
complexes on the thin filament, were comparable between fast- and 
slow-twitch fibers (Figure 3, L and M). Thus, the low-angle x-ray dif-
fraction studies suggest that the D34Y variant in TNNC2 does not 
affect the structure of the thin filament in fast-twitch myofibers.

Source (Argonne National Laboratory). Low-angle x-ray diffraction 
patterns were obtained from preparations in which 28 myofibers 
were mounted and aligned in a single plane between 2 halves of 
EM grids (methods described in De Winter et al. [ref. 4]; schematic 
in Supplemental Figure 1). This approach allowed for high-quality 
meridional diffraction patterns in relaxed muscle fibers (for exam-
ple, see Figure 3K). Because TNNC2 is expressed in fast-twitch 
myofibers only, we aimed at comparing fast-twitch and slow-twitch 
fibers within a muscle biopsy of a patient. This approach was only 

Figure 3. Histology of F1:P1 spinal accessory 
muscle biopsy at age 16 years (left) and F2:P1 
vastus lateralis muscle biopsy at age 9 years 
(right). (A and B) H&E staining shows mild 
myofiber size variability in both patients. (C 
and D) Gömöri trichrome staining shows no 
signs of nemaline rods in myofibers of both 
patients. (E and F) Staining of NADH in muscle 
cross sections shows larger slow-twitch fibers 
(dark blue, indicated with “I.”) than fast-twitch 
fibers (light blue, indicated with “II.”) in both 
patients. (G) Graph showing the myofiber min-
Feret of slow-twitch versus fast-twitch myofi-
bers in control subjects (C), F1:P1, and F2:P1. (H) 
Graph showing the proportion of slow-twitch 
versus fast-twitch myofibers in control subjects 
(C), F1:P1, and F2:P1. The dark shading indicates 
the proportion of slow-twitch fibers and the 
light shading indicates the proportion of 
fast-twitch fibers. (I and J) Electron microscopy 
images show no abnormalities, and an intact 
myofibrillar structure in both patients. (K) Top: 
Typical example of a low-angle x-ray diffraction 
pattern obtained from 28 fast-twitch myofi-
bers of F1:P1 mounted and aligned in 1 plane 
between 2 halves of an electron microscopy 
grid. Note the well-resolved equatorial and 
meridional reflections. Arrows indicate the 
actin layer line 6 (ALL6) and Tn3 reflections. 
Bottom: Myosin heavy chain isoform compo-
sition of the myofibers in the grids, showing 
successful segregation of fast- and slow-twitch 
fibers from F1:P1 (grid = protein content of F1:P1 
grids; hom = muscle homogenate from human 
diaphragm muscle; 2X and 2A = fast-twitch 
myosin heavy chain isoforms; slow = slow-
twitch myosin heavy chain isoform). Spacing of 
the ALL6 reflection (L) and the Tn3 reflection 
(M) are comparable between slow- and fast-
twitch myofibers. Each symbol represents data 
from 1 set of grids containing 28 myofibers. 
Data are depicted as mean ± SEM.

https://www.jci.org
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MD simulations
To study the effects of the variants in TNNC2 on the structure and 
dynamics of fsTnC proteins, we performed 18-μs MD simulations. 
Simulations were performed for human fsTnC. In our analyses, we 
focused on the N-terminal domains of fsTnC, as these are critical for 
thin filament activation during excitation-contraction coupling in 
skeletal muscle. In short, TnC binds Ca2+ at sites I and II in its N-ter-
minal domain (Figure 1C and Figure 4B). Site I is a Ca2+-binding loop 
(or EF-hand) formed by residues 27–37 and site II is a Ca2+-bind-
ing loop formed by residues 64–74. During Ca2+ binding, the loops 
undergo a conformational change to coordinate Ca2+, which then 
promotes the opening of a hydrophobic pocket on the TnC sol-
vent-exposed surface. This open structure is accompanied by higher 
mobility in residues 45–55, which correspond to regions in helices B 
and C that accommodate binding of the TnI switch peptide. Bind-
ing of the TnI switch peptide results in downstream conformation-
al changes in the thin filament that ultimately facilitate the binding 
of myosin to actin (5–7). Figure 4, A and B show the MD-predicted 
structure of the N-domains of WT and mutated fsTnC, in both the 
apo (no Ca2+ bound) and holo state (Ca2+ bound).

Root mean squared fluctuations. First, we assessed the structural 
dynamics for each amino acid of WT-, D34Y-, and M79I-fsTnC via 
root mean squared fluctuations (RMSFs). In Figure 4, C and D, the 
RMSFs are restricted to the N-terminal domain, which isolates the 
effects of Ca2+ binding on the mobility of the domain’s helices. In 
the apo state, WT-fsTnC had high RMSFs in the Ca2+-binding loops, 
which were significantly reduced upon Ca2+ binding (holo state). 
Thus, Ca2+ binding stabilized the loops. While a similar reduction 
in RMSF upon Ca2+ binding was observed in the CD loops (which 
consist of site II formed by α-helices C and D) of 
D34Y-fsTnC, the D34Y variant rendered the AB 
loops (which consist of site I formed by α-heli-
ces A and B) more mobile in the holo state rela-
tive to the apo state (Figure 4C). The presence of 
the M79I variant promoted greater mobility of 
the AB loops in the holo state relative to the apo 
state (Figure 4D), albeit to a lesser extent than the 
D34Y variant. The M79I variant greatly increased 
the mobility of residues 45–55, the region that 
binds TnI switch peptide. Thus, these MD simula-
tions predict that the D34Y and M79I variants in 
fsTnC perturb the dynamics of regions important 
for Ca2+ binding, while the M79I variant affects 
the binding of the TnI switch peptide in addition.

Ca2+ coordination in holo structures. The binding of Ca2+ to 
EF-hands is determined to a large extent by the number and posi-
tion of oxygen residues in the Ca2+-binding loop (8, 9). We there-
fore examined the spatial arrangement of the oxygens that bind 
Ca2+ in the AB and CD loops. Both loops exhibit maxima in the 
radial distribution functions (RDFs) at approximately 2.3 Å (Figure 
4, E and G). In the AB loop, the D34Y variant reduces the number 
of coordinating oxygens (2.5 vs. 6, respectively; Figure 4E), which 
likely causes the greater mobility in this region, as measured by 
RMSF. The M79I variant caused a negligible reduction in coordi-
nating oxygens (Figure 4E). Both variants resulted in fewer water 
molecules leaving the Ca2+ coordination shells relative to WT (Fig-
ure 4F), which is indicative of a decreased ability of the protein to 
desolvate the ion. The changes in coordination structure, in par-
ticular those caused by the D34Y variant, are likely to impact the 
thermodynamics of Ca2+ binding to the first EF-hand.

Structure and dynamics of the fsTnC hydrophobic pocket. The 
simulation data suggest that the variants affect the region span-
ning residues 45–55 (B/C helices). This region is displaced during 
Ca2+ binding to open a hydrophobic pocket that can subsequent-
ly bind the TnI switch peptide (10). To quantify these effects, we 
used principal component analysis (PCA). Two principal com-
ponents (PCs) account for greater than 60% of the variance, or 
conformation changes, in our simulated structures (Figure 4I). 
PC1 captures the displacement of helices B and C (see per-residue 
contribution to PC1 in Figure 4J), which drives the opening of the 
hydrophobic pocket following binding of Ca2+ to the EF-hands. To 
a lesser extent, PC1 captures the rearrangement of the Ca2+-bind-
ing loops in the holo state. Upon projection of the simulation data 

Table 3. Basic information on control subjects, F1:P1, and F2:P1

Basic clinical information
Biopsy Patient ID Mutation Sex Age at last 

investigation (yrs)
Age at biopsy 

(yrs)
Height 
(cm)

Weight 
(kg)

BMI

Control 1 N/A Male N/A 44 177 83 26.64
Control 2 N/A Male N/A 50 192 117.7 32.1
Control 3 N/A Male N/A 50 180 83 25.76
Control 4 N/A Female N/A 65 166 66.5 24.13
Control 5 N/A Female N/A 53 174 64 21.14
Control 6 N/A Female N/A 51 171 68 23.26
Patient F1:P1 D34Y Male 26 16 N/A N/A N/A
Patient F2:P1 M79I Female 21 19 N/A N/A N/A
 

Table 2. Myofiber morphology, quantified from histology images

Myofiber morphology
Subject C (N/n) F1:P1 (N/n) % P value F2:P1 (N/n) % P value
minFeret diameter slow-twitch fibers μm 60.0 ± 0.6 (12/192) 97.5 ± 1.1 (1/282) 163% 0.001 81.9 ± 1.4 (1/125) 137% 0.023
minFeret diameter fast-twitch fibers μm 49.3 ± 0.9 (12/110) 66.6 ± 1.4 (1/125) 135% 0.193 51.7 ± 0.9 (1/108) 105% 0.348

Proportion slow-twitch fibers % 57.6 ± 4.4 (12/192) 69.3 (1/282) 12% N/A 53.6 (1/125) –4% N/A

Proportion fast-twitch fibers % 42.4 ± 4.4 (12/110) 30.7 (1/125) –12% N/A 46.4 (1/108) 4% N/A

Data are depicted as mean ± SEM. Numbers in bold text indicate statistically significant P values.
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Figure 4. Results of the molecular dynamics simulations. (A and B) Superpo-
sition of N-domains of MD-predicted apo (A) and holo (B) variants. WT, D34Y, 
and M79I variants are colored purple, green, and orange, respectively. Helices N 
(residues 2–11), A (residues 14–27), B (residues 40–48), C (residues 54–63), and 
D (residues 74–85) of the N-domain are labeled. Protein oxygens within 2.5 Å 
of Ca2+ are shown as spheres and their respective residues as sticks. (C and D) 
Root mean squared fluctuations (RMSFs) of N-terminal domain residues. Holo 
and apo systems are represented as lines and broken lines, respectively. WT 
is compared against D34Y and M79I in C and D, respectively. Shaded regions 
reflect standard deviations. (E–H) Radial distribution of protein (E and G) and 
solvent (F and H) oxygens around bound Ca2+ ions in the fsTnC N-terminal 
domains from the final 50 ns of each trajectory. gPO(r) and gWO(r) are the 
radial distribution functions of the protein and water oxygen atoms around 
the bound calcium, respectively. N:CA1, N-terminal calcium-binding pocket 
1; N:CA2, N-terminal calcium-binding pocket 2. (I and J) Principal component 
(PC) analysis of the fsTnC2 N-domain MD trajectory data (J). Square displace-
ments signify the relative contribution of each amino acid to PC1 (solid) or 
PC2 (dashed) (K). PC1 reflects the displacement of helices B–D, while PC2 
corresponds to the loop connecting the C and D helices. These PCs demon-
strate that the apo structures exhibit different displacements, or conforma-
tions, than the holo structures, and the D34Y variant samples a very different 
conformation than the WT and the M79I variants. (K) Cartoon diagram of the 
MD-predicted structures for holo WT-fsTnC (purple), holo M79I-fsTnC (orange), 
and holo cTnC with switch peptide (cyan). The structures of WT- and M79I-fsT-
nC are from the MD simulations; for cTnC the PDB 1MXL structure was used. 
Residues that are within 4 Å of the TnI switch peptide in cTnC are shown as 
cyan sticks, and residues within 4 Å of M79/I79 in holo M79I-fsTnC are shown 
as orange sticks. Residues that overlap between the 2 are shown as thick 
sticks. M79/I79 is shown in ball and stick representation.
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among the amino acids that are directly adjacent to both TnI and 
the M79 position, I59, F76, M80, R82, and Q83 are displaced by 
roughly 2 Å. Thus, the M79I variant appears to reorganize the 
hydrophobic patch configuration.

In an effort to test the hypothesis that the M79I variant per-
turbs the TnC and TnI interaction, we simulated an intact Tn com-
plex comprising TnC, TnI, and TnT. For this purpose we simulated 
via all-atom MD (Supplemental Figure 2A) the holo forms of the 
WT and M79I variants, based on structural data for the human 
cardiac Tn complex (PDB: 1J1E), as analogous structural data for 
the skeletal muscle isoforms have not been reported (11). The MD 
data suggest that the M79I variant perturbs the TnI interaction 
with the N-domain of TnC. This is evident as a displacement of 
the interacting TnI peptide in the presence of the M79I variant 
relative to its position in the presence of the WT (Supplemental 
Figure 2B). Our data indicate that this displacement may be due 
to the pathogenic variant forming a new contact between TnC-I79 
and TnI-M155 that is not evident in WT-TnC. This difference may 
arise from an alternate side chain placement of TnI-V148 (Supple-
mental Figure 2B). Although structural data are not available to 
validate this prediction, the finding of a displaced TnI inhibitory 
peptide for the M79I variant is consistent with our hypothesis that 
M79I alters TnI-TnC interactions.

Thus, altogether, the MD simulations suggest that the D34Y 
variant has the most significant impact on the fsTnC structure, 
by affecting the displacement of the first N-terminal EF-hand fol-
lowing Ca2+ binding, the coordination of Ca2+ binding by oxygens, 
and impeding the exposure of the hydrophobic pocket, to which 

into the PC1 basis, the WT apo state assumes more negative val-
ues, while its holo state yields more positive values (Figure 4I). 
In other words, the WT holo state generally features a more open 
hydrophobic pocket than the apo state. The PC1 projections for 
both apo and holo states of D34Y-fsTnC are markedly different 
from those for WT-fsTnC (Figure 4I). This is likely a consequence 
of both the AB loop and the helices B/C being perturbed relative to 
the WT. We speculate that these effects of D34Y impede the expo-
sure of the hydrophobic pocket, which is necessary for binding the 
TnI switch peptide.

The projections for the M79I-fsTnC apo and holo states are 
comparable to that of WT-fsTnC. PC2, which describes the con-
traction of the AB and CD loops upon Ca2+ binding (Figure 4J), 
shows no major effect of the variants (Figure 4I).

Effects beyond the coordination regions and the hydrophobic 
pocket. Figure 4D shows that the M79I variant enhanced the 
mobility of the B/C helices, but this did not manifest in signifi-
cant structural changes relative to WT based on our PC analysis. 
We therefore examined whether the substitution of the isoleu-
cine at position 79 induces subtle changes in the hydrophobic 
patch that could impinge on the binding of the TnI switch pep-
tide. We used the cardiac TnC-TnI complex (PDB: 1MXL) to 
approximate the binding pose of the TnI switch peptide in fsT-
nC. Figure 4K shows the cTnC-TnI complex superimposed onto 
fsTnC. The cardiac TnI position is accommodated into the fsT-
nC hydrophobic pocket without introducing unfavorable steric 
overlap between the proteins. The isoleucine side chain does 
not present any steric overlaps with the cTnI peptide. However, 

Figure 5. The experimental design 
and results of the myofiber 
contractility experiments. (A) 
Schematic representation of the 
contractility setup. An isolated 
single myofiber between aluminum 
T-clips is mounted between a force 
transducer and length motor. The 
fiber is subsequently passed through 
the baths filled with solutions with 
increasing [Ca2+]. (B) Typical tracing 
showing the force response to the 
increasing [Ca2+], followed by the 
protocol in which a rapid release 
and restretch (kTR) and short-length 
perturbations (active stiffness) were 
imposed on the myofibers ([Ca2+], kTR, 
and active stiffness are indicated in 
the colored bar). Data shown are from 
a control myofiber (fast twitch, CSA 
= 0.0054 mm2). (C) The force-[Ca2+] 
relationship, showing the average of 
all slow-twitch (top) and fast-twitch 
(bottom) control myofibers (C) versus 
the slow-twitch and fast-twitch 
myofibers from F1:P1 and F2:P1. The 
physiological [Ca2+] range is indicated 
by the gray bar. (D) The [Ca2+] at which 
50% of maximal force is reached. 
(E) The maximal force normalized 
to myofiber CSA (i.e., specific force). 
Data are depicted as mean ± SEM.
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was comparable to that of myofibers from control subjects (Fig-
ure 5E). Thus, these findings indicate the TNNC2 variants do not 
affect the maximal force–generating capacity of the sarcomeres.

In Figure 5C, the force-[Ca2+] relationships are shown for 
slow-twitch and fast-twitch myofibers of control subjects, F1:P1, 
and F2:P1. Slow-witch myofibers show no differences in the force-
[Ca2+] relationship between groups. However, in fast-twitch myo-
fibers of F1:P1 and F2:P1, the force-[Ca2+] relationship is marked-
ly shifted rightwards, indicating a lower Ca2+ sensitivity of force. 
The rightward shift of the force-[Ca2+] relationship is illustrated by 
the higher [Ca2+]50, i.e., the [Ca2+] at which 50% of maximal force 
is produced (F1:P1: Δ = +2.59 μM, P < 0.001; F2:P1: Δ = +1.35 μM, 
P < 0.001). This indicates that in patients’ myofibers more Ca2+ is 
required to generate 50% of maximal force production (Figure 5D).

Thus, the major phenotype of the myofibers of the patients 
with TNNC2 variants is a markedly reduced calcium sensitivity of 
force in fast-twitch myofibers.

the TnI switch peptide binds. The M79I variant has more modest 
effects that manifest in greater mobility of the fsTnC B/C helices 
following Ca2+ binding and may interfere with the fsTnC-fsTnI 
switch peptide interface. These effects of the TNNC2 variants on 
the structure and dynamics of fsTnC might impact the calcium 
sensitivity of force generation of sarcomeres.

Myofiber contractility
Force production and calcium sensitivity. To study whether the 
structural changes in mutated fsTnC impair the contractility of 
sarcomeres, we isolated myofibers from the patients’ biopsies 
using microforceps. Myofibers were permeabilized, exposed to 
increasing [Ca2+] solutions, and the force generated was recorded 
(Figure 5, A and B). To account for differences in myofiber size, 
absolute maximal force was normalized to the cross-sectional area 
(CSA) of the myofiber to obtain specific force. In both patients, the 
maximal specific force of slow-twitch and fast-twitch myofibers 

Figure 6. The experimental design and results of the reconstitution of myofibers with recombinant fsTnC. (A) The schematic depicts the thin filament 
with troponin complex in which (I) endogenous fsTnC is removed from fast-twitch myofibers, followed by (II) reconstitution with exogenous fsTnC. (B and 
C) Normalized force-[Ca2+] relationships of myofibers from control subjects before and after reconstitution with recombinant D34Y-fsTnC (B) and M79I-fsT-
nC (C). Insets show the [Ca2+] at which 50% of maximal force is reached. (D and E) Normalized force-[Ca2+] relationships of myofibers from F1:P1 (D) and 
F2:P1 (E) before and after reconstitution with recombinant WT-fsTnC. Insets show the [Ca2+] at which 50% of maximal force is reached. The physiological 
[Ca2+] range is indicated by the vertical gray bar. Data are depicted as mean ± SEM.
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decreased the calcium sensitivity of force (Figure 6, B and C, 
respectively; and Supplemental Table 2); after reconstitution with 
D34Y-fsTnC, 80% more Ca2+ was required to generate 50% of 
maximal force; after reconstitution with M79I-fsTnC, 137% more 
Ca2+ was required (Figure 6, B and C, insets; and Supplemental 
Table 2). Thus, we could successfully evoke the patients’ pheno-
type in myofibers of healthy controls by replacing endogenous 
fsTnC with exogenous, mutated fsTnC.

Next, we performed the opposite experiment, i.e., replacing 
mutant fsTnC in the patients’ myofibers with WT-fsTnC. After 
reconstituting the F1:P1 myofibers with WT-fsTnC, the calcium 
sensitivity of force was restored to control values (Figure 6D and 
Supplemental Table 2). This was also observed after reconstitut-
ing F2:P1 myofibers with WT-fsTnC (Figure 6E and Supplemen-
tal Table 2). We also reconstituted F1:P1 myofibers with a 50:50 
mixture of WT- and D34Y-fsTnC and observed an increase in the 
calcium sensitivity of force (Supplemental Tables 1 and 2), with a 
Δ[Ca2+]50 that was approximately 50% of the increase after recon-
stitution with 100% WT-fsTnC. Reconstitution of F2:P1 myofibers 
with a 50:50 mixture of WT- and M79I-fsTnC did not increase the 
calcium sensitivity of force (Supplemental Tables 1 and 2). These 
findings support the dominant effect of the variants, with the most 
profound effect elicited by the M79I variant.

Thus, reconstituting healthy human myofibers with D34Y-fsT-
nC or M79I-fsTnC decreases the calcium sensitivity of force, 
while reconstituting patient myofibers with WT-fsTnC increases 
the calcium sensitivity of force back to normal values. These find-
ings indicate that we can mimic the patients’ phenotype in con-
trol myofibers by reconstitution with D34Y- and M79I-fsTnC, and 

Reconstitution of myofibers with fsTnC
To study whether the reduced calcium sensitivity of force in 
patients’ myofibers is a direct cause of the presence of mutant fsT-
nC in the sarcomeres, we studied whether replacing the endoge-
nous, mutant fsTnC with recombinant, WT-fsTnC would restore 
the contractile function of patients’ myofibers. In brief, perme-
abilized fast-twitch myofibers were exposed to an extraction 
solution, removing endogenous fsTnC. Thereafter, recombinant 
fsTnC was introduced into these myofibers (Figure 6A). We did 
not assess the level of incorporation of mutant proteins, but we 
did measure the maximal force production of myofibers before 
extraction (baseline force), after extraction of endogenous fsT-
nC, and after reconstitution with exogenous fsTnC. Successful 
extraction of endogenous fsTnC from the myofibers of control 
subjects and patients was assumed based on the reduced max-
imal force generation of extracted myofibers (Supplemental 
Table 1), and successful reconstitution with endogenous fsTnC 
was indicated by the restoration of maximal force (Supplemental 
Table 1). Thus, the stage was set to test the effect of the TNNC2 
variants on the force-[Ca2+] relationship in myofibers.

Before extraction and after reconstitution of the myofibers 
with recombinant fsTnC, the force-[Ca2+] relationship was deter-
mined (Figure 6, B–E) to assess the calcium sensitivity of force 
generation. Reconstitution of myofibers of controls with WT-fsT-
nC did not affect the calcium sensitivity of force (Supplemental 
Figure 3 and Supplemental Table 2). This indicates that the pro-
tocol used for the extraction and reconstitution had no adverse 
effects on the contractility of myofibers. Interestingly, reconsti-
tution of myofibers of controls with D34Y-fsTnC or M79I-fsTnC 

Figure 7. Experimental design and results for myofibers of controls (C), F1:P1, and F2:P2 exposed to DMSO and tirasemtiv. (A) Schematic depiction 
of a thin filament section including 1 troponin subunit illustrating the Ca2+-sensitizing effect of tirasemtiv: tirasemtiv is added to the pCa solution (I), 
enhancing Ca2+ binding to troponin in fast-twitch myofibers (II). (B and C) Normalized force-[Ca2+] relationships of fast-twitch myofibers of F1:P1 (B) and 
F2:P1 (C) before and during exposure to 10 μM tirasemtiv. Insets show the [Ca2+] at which 50% of maximal force is reached. The physiological [Ca2+] range is 
indicated by the vertical gray bar. Data are depicted as mean ± SEM.
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er established myopathy genes. Finally, we provide experimental 
functional evidence supporting pathogenicity; MD simulations 
indicated that the location of the variants affects the structure of 
the protein product and might impair the force response of myofi-
bers to submaximal Ca2+ concentrations, which was confirmed in 
functional assays in patients’ myofibers. Importantly, the contrac-
tile phenotype in patients’ myofibers was repaired by replacing the 
mutant fsTnC with recombinant WT-fsTnC (Figure 6, D and E). 
Conversely, the contractile phenotype was evoked by replacing 
fsTnC in myofibers from healthy control subjects with recombi-
nant, mutant fsTnC (Figure 6, B and C). According to the variant 
classification criteria of the American College of Medical Genetics 
and Genomics (13), these multiple layers of evidence, including 
experimental functional evidence, classify the TNNC2 variants as 
pathogenic (F1: PS3, PM2, PP3; F2: PS2, PS3, PM2, PP3).

Thin filament–associated protein disorders define a subgroup 
of congenital disorders of muscle, including those associated with 
variants in TnT (TNNT1 and TNNT3) (14, 15), α-actin 1 (ACTA1) 
(16), α- and β-tropomyosin (TPM3 and TPM2) (17, 18), nebulin 
(NEB) (19), leiomodin-3 (LMOD3) (20), cofilin 2 (CFL2) (21), 
unconventional myosin 18B (MYO18B) (22), myopalladin (MYPN) 
(23), kelch family members 40 (KLHL40) and 41 (KLHL41) (24, 
25), and kelch repeat and BTB (POZ) domain–containing 13 
(KBTBD13) (26), but not yet in TNNC2. Many of these disorders 
histologically feature nemaline rods as the defining characteristic 
of nemaline myopathies, which were notably absent in myofibers 
of F1:P1 and F2:P1 (Figure 3). We acknowledge, however, that 
there are many other examples of mutations in nemaline myop-
athy genes without nemaline rods, and it is entirely possible that 
there are nemaline rods somewhere in certain muscles/fibers that 
were however not sampled in the patients studied here. Another 
remarkable feature of the TNNC2-related myopathy described 
here is the subsequent clinical improvement in strength and respi-
ratory function following the severe postnatal respiratory insuffi-
ciency and weakness in all 4 patients. Although some degree of 
clinical improvement may occur in patients with congenital myop-
athy, the degree to which the patients with TNNC2-related myop-
athy improved is highly unusual. Thus, variants in TNNC2 cause a 
distinct congenital phenotype. The basis of the clinical improve-
ment might relate to the switch from predominantly fast-twitch 
(TNNC2-expressing) myofibers in muscles after birth to a 50:50 
distribution of slow- and fast-twitch myofibers at older ages (27). 
Hence, with age-related muscle maturation, this switch toward 
more slow-twitch myofibers might help compensate for the ini-
tially more pronounced pathogenic effect of the TNNC2 variants. 
Human laryngeal myofibers rely on fast isometric contractions 
for proper respiration and airway protection so that the promi-
nent stridor contributing to the early respiratory failure might be 
attributable to this (28). It is, however, unclear whether there are 
postnatal developmental changes in myofiber type composition 
that make laryngeal muscles less dependent on fsTnC, and thus 
account for the unusual clinical improvement in respiratory func-
tion. Of note, a fast-to-slow fiber type switch does not occur in the 
extraocular muscles, which continue to be affected in the patients. 
Slow-twitch myofibers should be able to compensate effectively 
as they are spared functionally, generating normal force (Table 4), 
as well as histologically in that we observed a mild hypertrophy of 

repair the calcium sensitivity of force in patients’ myofibers by 
reconstitution with WT-fsTnC. These experiments conclusively 
establish the pathogenicity of the variants in TNNC2.

Effect of tirasemtiv on myofiber contractility
Tirasemtiv was used to study the ability of a fast skeletal mus-
cle Tn activator to repair the contractility of patients’ fast-twitch 
myofibers. In brief, permeabilized fast-twitch myofibers isolated 
from patients’ muscle biopsies were exposed to various Ca2+ solu-
tions in the absence and presence of 10 μM tirasemtiv (Figure 7A). 
This concentration was selected based on previous work from our 
group (12). In fast-twitch fibers of both F1:P1 and F2:P1, tirasemtiv 
restored the calcium sensitivity of force to control values (Figure 7, 
B and C, respectively; and Supplemental Table 3). We also tested 
the effect of tirasemtiv on slow-twitch myofibers; these data are 
in the Supplemental Methods. Note that, unexpectedly, tirasemtiv 
also increased the maximal force of F1:P1 fast-twitch myofibers, 
and this was also observed in F2:P1, although to a lesser extent; 
the magnitude of maximal force increase induced by tirasemtiv 
correlated with the magnitude of the decrease in the [Ca2+]50 of the 
patient fibers relative to control values (Supplemental Figure 4). 
Fibers of control subjects showed no increase in maximal force in 
response to tirasemtiv (Supplemental Figure 4C). Thus, tirasemtiv 
increased the force generated by patients’ myofibers at physiologi-
cal [Ca2+] to that generated by control myofibers.

Discussion
This study reports variants in TNNC2, the gene encoding fsT-
nC, as a cause of human disease. Two missense variants were 
identified in unrelated families (c.100G>T, D34Y; c.237G>C, 
M79I). Patients from both families presented with a distinct and 
recognizable phenotype of congenital weakness in combination 
with severe congenital respiratory insufficiency. This phenotype 
improved over time, allowing for ambulation and respiratory 
independence that are atypical for congenital myopathies, which 
often have a static or progressive nature. Other notable features 
include facial weakness, ptosis, decreased extraocular move-
ments, and jaw contractures.

We provide strong evidence for pathogenicity of the TNNC2 
variants. Because the calculation of a conclusive LOD (logarithm 
[base 10]of odds) score of greater than 3.0 was not possible due to 
the limited number of scorable meioses in family 1, we obtained 
several layers of additional evidence. As noted, the pedigree anal-
ysis in F1 showed perfect segregation of the variant with disease 
in 3 generations under dominant inheritance and full penetrance, 
while the patient in F2 has a de novo variant in TNNC2 (paternity 
and maternity confirmed) with no family history of muscle dis-
ease, compatible with pathogenicity of the variants. Furthermore, 
during the past years, we have sequenced the exomes of approx-
imately 1400 patients with neuromuscular disease, and never 
identified patients with variants in TNNC2, except the patients 
presented here. These variants have also never been documented 
in the 125,000-person gnomAD cohort of normal individuals, con-
sistent with their pathogenicity in the heterozygous state. Also, the 
clinical phenotype in both families is highly unusual and entirely 
consistent between the 2 families, who on our analysis only share 
the TNNC2 variants and do not have variants in any of the oth-
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phenotype of patients with the D34Y variant compared with the 
patient with the M79I variant. The pathogenicity of the variants 
was established in experiments in which the contractile pheno-
type was evoked by replacing endogenous fsTnC in myofibers 
from control subjects with recombinant, mutant fsTnC (Figure 
6). Conversely, we could repair the contractile phenotype of 
myofibers from patients by replacing endogenous, mutant fsT-
nC with recombinant, WT fsTnC (Figure 6). The MD simula-
tions suggested 2 different molecular mechanisms for the D34Y 
and M79I variants that underlie the reduced Ca2+ sensitivity of 
force. The D34Y variant had the most pronounced effect on fsT-
nC and might change the displacement of the first N-terminal 
EF-hand following Ca2+ binding and impede the exposure of the 
hydrophobic pocket to which the TnI switch peptide binds. The 
MD simulations suggested a more subtle effect from the M79I 
variant, which might directly impinge on the binding of the 
TnI switch peptide by displacing residues I59, F76, M80, R82, 
and Q83 by 2 Å. These residues constitute part of the solvent- 
exposed hydrophobic patch that interfaces with the TnI switch 
peptide. Indeed, simulations of the intact Tn complex compris-
ing TnC, TnI, and TnT suggested that the M79I variant perturbs 
the placement of the TnI switch peptide (Supplemental Figure 2). 
Since the binding of the TnI switch peptide is a requisite step in 
force generation that directly follows Ca2+ binding in the fsTnC 
N-terminal domain, it is plausible that the variants considered in 
this study may interfere with the TnC-TnI interaction. The more 
pronounced effects of the D34Y variant on fsTnC dynamics, rel-
ative to those of M79I, are in line with the larger reduction in the 
calcium sensitivity of force in F1:P1 relative to F2:P1 (Figure 5). 
Whether the TNNC2 variants, and in particular the D34Y vari-
ant, impact the binding of Ca2+ to fsTnC, as the MD simulations 
suggest, should be addressed in future studies.

Therapeutic approaches to a TNNC2-related myopathy 
include the competitive introduction of WT-fsTnC in patients’ 
muscles by adeno-associated virus–mediated (AAV-mediated) 
gene therapy. Recent advances show the potential of AAV vectors 
in gene therapy for neuromuscular diseases, and AAV vector–
mediated gene delivery was recently approved for spinal muscu-
lar atrophy (30–32). Our in vitro results suggest that competing 

slow-twitch myofibers (Figure 3) and not the slow-twitch myofiber 
atrophy and predominance that is a feature commonly seen in the 
nemaline myopathies (3). Furthermore, during daily life activities, 
the affected fast-twitch myofibers are recruited to a much less-
er degree than the spared slow-twitch myofibers (Henneman’s 
size principle). Consequently, the relatively low activity level of 
fast-twitch myofibers might facilitate timely turnover of mutant 
protein in the myofibers and prevent disease progression. These 
mechanisms might also underlie the reported improvement with 
age of the clinical phenotype of patients with mutations in other 
fast-twitch muscle genes such as TNNT3 (15, 29).

TNNC2 is highly conserved across species, including the 
sequence surrounding the variants (Figure 1D). Both variants 
found in the 2 families act in a heterozygous dominant manner, 
so that both WT and mutant protein are expected to be expressed 
in myofibers. Our studies indicate that mutant proteins were 
incorporated in the thin filaments, as replacing endogenous 
fsTnC in patients’ myofibers with WT recombinant fsTnC com-
pletely restored the contractile phenotype (Figure 6). Further-
more, it is unlikely that haploinsufficiency contributed to the 
contractile phenotype, as that should have compromised the 
maximal force–generating capacity of the myofibers, which was 
not observed (Table 4).

In contrast with many other congenital myopathies genes 
(3), variants in TNNC2 do not appear to cause muscle weakness 
by myofiber atrophy (Figure 3G) or by damaged myofibrillar 
ultrastructure (Figure 3, I–M). Indeed, the maximal force–gen-
erating capacity of fast-twitch myofibers isolated from patents’ 
biopsies was similar to those isolated from biopsies of control 
subjects (Table 4). The findings from the contractility assays in 
permeabilized myofibers, assays in which possible confound-
ing effects of Ca2+ handling by the sarcoplasmatic reticulum are 
absent, revealed that the muscle weakness is primarily caused by 
a strong reduction in the Ca2+ sensitivity of force generation by 
the sarcomeres (Figure 5). The sarcomeres in fast-twitch myo-
fibers of F1:P1 required 3-fold more Ca2+ to generate 50% of 
maximal force, whereas myofibers of F2:P1 required 2-fold more 
Ca2+. Note that this more pronounced phenotype in F1:P1 at the 
myofiber level at least partly explains the more severe clinical 

Table 4. Contractility data of slow- and fast-twitch myofibers of control subjects (C) and F1:P1 and F2:P1

Slow-twitch myofibers
Subject C (N/n) F1:P1 (N/n) % P value F2:P1 (N/n) % P value
Max. force normalized to CSA mN/mm2 102.1 ± 5 (6/39) 136.4 ± 16.2 (1/2) 34% 0.131 105.9 ± 13.5 (1/7) 4% 0.845

[Ca2+]50 μM 0.00202 ± 0.00004 (6/37) 0.0021 ± 0.00015 (1/2) 4% 0.548 0.00235 ± 0.00016 (1/10) 16% 0.029

nHill 3.26 ± 0.1 (6/37) 2.39 ± 0.17 (1/2) –27% 0.330 3.43 ± 0.27 (1/10) 5% 0.872

Fast-twitch myofibers
Subject C (N/n) F1:P1 (N/n) % P value F2:P1 (N/n) % P value
Max. force normalized to CSA mN/mm2 136.3 ± 12.9 (6/31) 111.9 ± 7.9 (1/16) –18% 0.332 139.5 ± 16.7 (1/10) 2% 0.350

[Ca2+]50 μM 0.00181 ± 0.00005 (6/39) 0.0044 ± 0.00019 (1/16) 143% 0.000 0.00316 ± 0.00021 (1/12) 75% 0.000

nHill 4.43 ± 0.36 (6/39) 2.63 ± 0.07 (1/16) –41% 0.029 3.23 ± 0.22 (1/12) –27% 0.086

All data are depicted as mean ± SEM. The number of measured biopsies (N) and single myofibers (n) is shown, as well as the percentage change of patients 
compared with control and the P value. nHill = Hill coefficient.
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(Figure 7). An interesting observation was that tirasemtiv not only 
increased the force response to submaximal calcium concentra-
tions, but also to saturating calcium concentrations (approximate-
ly 40%; Supplemental Figure 3). This effect was not observed in 
previous studies with tirasemtiv (e.g., Russell et al. [ref. 33] and 
Hwee et al. [ref. 35]), although Lee et al. (36) showed an approxi-
mately 7% increase. We speculate that this effect relates to tirase-
mtiv binding to the interface of TnC and TnI (33). The TNNC2 
variants induce structural alterations in or near this interface 
(Figure 4), and might enhance the effect of tirasemtiv on the 
Ca2+ off rates, even at saturating calcium concentration. Although 
tirasemtiv did not meet its primary endpoint in a recent phase III 
clinical trial in patients with amyotrophic lateral sclerosis, due in 
part to tolerability (including dizziness, fatigue, nausea, weight 
loss, and insomnia) (37), our findings illustrate the great thera-
peutic promise of fast skeletal muscle Tn activation. Reldesem-
tiv, a second-generation fast skeletal muscle Tn activator that is 
structurally distinct from tirasemtiv, has a lower side-effect pro-
file and is currently under clinical trial investigation (38, 39).

In summary, we characterized 2 families with a distinct con-
genital myopathy caused by dominantly acting variants in TNNC2. 
Recognition of the TNNC2-related phenotype reported here may 
facilitate early diagnosis and management. Furthermore, by com-
bining molecular dynamics simulations and myofiber contractility 

off the mutant fsTnC with WT-fsTnC results in correction of the 
contractile phenotype. However, targeting WT TNNC2 to fast-
twitch muscle fibers only is one of the challenges that would need 
to be met. Using a small-molecule strategy to target the physio-
logical consequences of the variant rather than the variant itself, 
is another potentially valid approach to address this condition. 
In the present study, we tested the ability of the small molecule 
fast skeletal muscle Tn activator tirasemtiv to augment the force 
response to calcium in myofibers of patients. Tirasemtiv binds to 
fsTnC and amplifies the response of the thin filament to calcium 
in fast-twitch myofibers, leading to increased muscle force at sub-
maximal rates of nerve stimulation (33). Thus, fast skeletal mus-
cle Tn activation might offer a feasible therapeutic approach in 
patients with TNNC2 variants. In our studies we tested the effect 
of 10 μM tirasemtiv, a concentration we have used in previous 
work and which elicits a maximal force response without affect-
ing the relaxation kinetics of myofibers (12). Although a relatively 
high concentration, it is considerably lower than the TnC concen-
tration in skeletal muscle, and, furthermore, tirasemtiv is specific 
for fsTnC and does not bind elsewhere in the sarcomere to acti-
vate muscle (33, 34). Importantly, at physiological calcium con-
centrations, the force generated by patients’ myofibers increased 
by up to 600% in the presence of tirasemtiv, and reached values 
that were close to or even higher than those of healthy subjects 

Figure 8. Graphical summary of the pathomechanism in TNNC2-related congenital myopathy.
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mATP ase 4.2, the muscle sections were thawed to room temperature 
for 1 hour and preincubated for 7 minutes at pH 4.2 in preincubation 
medium (acetate-barbiturate buffer solution, 0.1 M HCl, set to pH 4.2 
with HCl). Next, the sections were incubated with incubation medi-
um (0.5 M sodium barbital, 1.8 M CaCl2, 5 µM ATP, set to pH 9.4 with 
NaOH) at room temperature for 35 minutes and, after washing with 
CaCl2, incubated with 0.5% ammonium sulfide for 1 minute. After 
counterstaining with phloxine and dehydration in xylene, the sections 
were coverslipped. To analyze the cross sections, open-source Fiji soft-
ware was used to manually trace the circumference of the myofibers 
and calculate the Feret diameter (42).

Low-angle x-ray diffraction
Low-angle x-ray diffraction experiments were performed on the Bio-
physics Collaborative Access Team beamline 18ID at the Advanced 
Photon Source, Argonne National Laboratory (43). From F1:P1, 28 
fibers were mounted and aligned in 1 plane between 2 halves of an 
EM grid and x-ray diffraction patterns were collected at a sarcomere 
length of 2.5 μm, as described in the supplement material. The axial 
spacing of the Tn3 reflection at 12.7 nm and the sixth actin layer line at 
5.9 nm was determined as described previously (44).

MD simulations
Human TNNC2 with Ca2+ bound (holo) was modeled based on the Oryc-
tolagus cuniculus holo (bound with 4 Ca2+ ions, 2 in each domain) TnC 
(Tnnc2) x-ray crystal structure (PDB: 2TN4) (45). For modeling the human 
TNNC2 Ca2+-free state (apo), we again used an O. cuniculus apo x-ray crys-
tal structure (PDB: 1A2X) that was crystallized with a segment of C-termi-
nal TnI (46). The CHARMM-GUI web server was used to build the sol-
vated KCl-containing human TNNC2 simulation systems (47). In total, 6 
systems were built: 3 apo (Apo:WT, Apo:D34Y, and Apo:M79I) and 3 holo 
(Holo:WT, Holo:D34Y, and Holo:M79I). Each system was simulated via 
all-atom MD using the Amber 18 MD simulation engine and the input files 
for conducting MD simulations were generated using the CHARMM-GUI 
input generator (48, 49). The CHARMM36 all-atom additive force-field 
parameters were used to parameterize all components of the system (50). 
We collected approximately 18 μs of simulation data using a 2-fs time step. 
Additional details, including those for MD simulations with the intact Tn 
complex (PDB: 1J1E), are in the supplemental material.

Myofiber contractility experiments
We adapted previously described methods to investigate the contrac-
tile properties of myofibers of patients (F1:P1, n = 19 fibers; F2:P1, n = 
22 fibers) and healthy controls (n = 6, n = 78 fibers) (51–54). The proto-
col used in the current study is described in detail in the supplemental 
material. After completion of the protocol the myofibers were stored 
for analysis of myosin heavy chain isoform composition.

Protein expression and purification of fsTnC
Expression vectors encoding human WT and mutant (D34Y and M79I) 
TnC were transformed into E. coli to express the proteins. A detailed 
description of the protein expression and purification protocol can be 
found in the supplemental material.

Extraction and reconstitution of fsTnC in single permeabilized myofibers
Single myofibers were isolated and permeabilized as described above. 
We adapted previous methods (55) to reconstitute fsTnC in patient 

studies, we showed that the disease mechanism of TNNC2-related 
myopathy is driven by a reduction in the calcium sensitivity of force 
(graphic summary in Figure 8), thus providing a potential promis-
ing avenue for therapeutic intervention.

Methods
A summary of the methods applied is described below. Additional 
details are in the supplemental material.

Patient recruitment and sample collection
Patients’ and control subjects’ general information are in Table 3. A 
detailed clinical description of both patients’ families is in Table 1. 
Additional details of human study approval, informed consent, and 
image approval can be found below in the study approval section and 
further details of recruitment and sample details are in the supple-
mental material.

Genetic testing
WES was performed on genomic DNA extracted from blood. WES on 
F1:P1, F1:P2, and F1:P3 was performed through the NIH Intramural 
Sequencing Center (NISC) using the Nimblegen SeqCap EZ Exome 
+UTR Library and Illumina HiSeq 2500 sequencing instruments. WES 
data were analyzed using an exome-based targeted-panel approach 
(exome slice) to identify variants in known neuromuscular disease 
genes, with subsequent reflex analysis of all WES-generated data. 
Pathogenicity was assessed using the American College of Medical 
Genetics and Genomics/Association for Molecular Pathology guide-
lines for interpretation of sequence variants, which includes population 
data, computational and predictive data using various lines of compu-
tational evidence (CADD, Polyphen, Sift), and segregation data (13). 
Variants were also analyzed using Varsifter and searched for in dbSNP 
and NHLBI EVS (40, 41). The TNNC2 variant was confirmed by Sanger 
sequencing in F1:P1, F1:P2, and F1:P3, and in unaffected relatives F1:U1 
and F1:U2 using DNA extracted from saliva. DNA from P3’s parents 
was not available for segregation testing. WES on F2:P1 and her parents 
(trio-based sequencing) was performed by the Beijing Genome Insti-
tute Europe using an Illumina HiSeq 4000 after enrichment for exons 
using the Agilent SureSelectXT Human All Exon 50 Mb kit (version 5). 
Read alignment (BWA), variant calling (GATK), variant annotation, and 
interpretation of variants were done by the Department of Genetics at 
the Radboud University Medical Center. Note that in F2:P1 a second 
variant was found in a noncoding region (intron) of HAP1 (this variant is 
often found in WES, suggesting that it is a sequencing artifact).

Immunohistochemistry
To quantify the CSA of the slow-twitch and fast-twitch myofibers with 
conventional histochemical techniques, 10-μm-thick cryostat sections 
were stained with nicotinamide adenine dinucleotide dehydrogenase 
(NADH) for F1:P1 and myofibrillar adenosine triphosphatase prein-
cubated at pH 4.2 (mATPase 4.2) for control subjects and F2:P1. For 
NADH staining, the muscle sections were incubated with a 1:1 (v/v) 
mix of NADH solution (0.5 mg/mL NADH in 0.05 M Tris-HCL; pH 
7.4) and nitrotetrazolium blue chloride (NBT) solution (2 mg/mL NBT 
in 0.05 M Tris-HCl; pH 7.4) for 1 hour at 37°C. The sections were then 
washed in increasing, followed by decreasing, acetone/H2O solutions 
as follows: 30%, 60%, and 90%; followed by 90%, 60%, and 30%. 
The sections were then washed with dH2O and coverslipped. For 
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the IRB at Amsterdam UMC (location VUmc) (number 2014/396) and 
written informed consent was obtained from the subjects.
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and control myofibers. The protocol for the reconstitution and for the 
contractile measurements during the reconstitution experiments are 
described in detail in the supplemental material. After completion of 
the protocol the myofibers were stored for analysis of myosin heavy 
chain isoform composition.

Effect of tirasemtiv on myofiber contractility
We tested the ability of tirasemtiv, a fast skeletal muscle Tn activator, 
to augment the contractile force of patients’ fast-twitch myofibers. 
Single myofibers were isolated and permeabilized as described above. 
The protocol was adapted from previous work (12). Details are in the 
supplemental material.

Myosin heavy chain isoform composition of permeabilized myofibers
Determination of the myosin heavy chain isoform composition of the 
single myofibers used in the contractility assays was performed as 
described previously (52, 56). Details are in the supplemental material.

Statistics
The quantified histology and myofiber contractility data were test-
ed for significance by performing a mixed-model analysis with a 
random effect for biopsies and post hoc tests with Bonferroni’s 
correction, after checking if the residues were normally distribut-
ed. The myofiber reconstitution and tirasemtiv data were tested for 
significance using a paired t test. Testing was performed using the 
software package SPSS Inc. (IBM). A P value of less than 0.05 was 
considered significant.

Study approval
Patient recruitment and sample collection. Written informed consents 
for study procedures and photographs were obtained from all human 
subjects by a qualified investigator (protocol 12-N-0095 approved 
by the IRB of the National Institute of Neurological Disorders and 
Stroke, NIH). Clinical exome sequencing by the Radboud University 
Medical Center was approved by the Medical Review Ethics Com-
mittee, Region Arnhem–Nijmegen, number 2011/188. The protocol 
for obtaining human biopsies from control subjects was approved by 
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