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ABSTRACT  32 

Troponin C (TnC) is a critical regulator of skeletal muscle contraction: it binds Ca2+ to activate 33 

muscle contraction. Surprisingly, the gene encoding fast skeletal TnC (TNNC2) has not yet 34 

been implicated in muscle disease. Here, we report two families with pathogenic variants in 35 

TNNC2. Patients present with a distinct, dominantly inherited congenital muscle disease. 36 

Molecular dynamics simulations suggest that the pathomechanisms by which the variants 37 

cause muscle disease include disruption of the binding sites for Ca2+ and for troponin I. In line 38 

with these findings, physiological studies in myofibers isolated from patients’ biopsies revealed 39 

a markedly reduced force response of the sarcomeres to [Ca2+]. This pathomechanism was 40 

further confirmed in experiments in which contractile dysfunction was evoked by replacing TnC 41 

in myofibers from healthy control subjects with recombinant, mutant TnC. Conversely, the 42 

contractile dysfunction of myofibers from patients was repaired by replacing endogenous, 43 

mutant TnC with recombinant, healthy TnC. Finally, we tested the therapeutic potential of the 44 

fast skeletal muscle troponin activator tirasemtiv in patients’ myofibers and showed that the 45 

contractile dysfunction was repaired. Thus, our data reveal that pathogenic variants in TNNC2 46 

cause congenital muscle disease, and they provide therapeutic angles to repair muscle 47 

contractility.   48 
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INTRODUCTION 49 

Skeletal muscle cells (myofibers) are densely packed with myofibrils, which consist of 50 

repeating structural units named sarcomeres (Fig.1A). Sarcomeres, the contractile units of 51 

muscle, are composed of thick filaments that contain the motor protein myosin and thin 52 

filaments composed of double helical strands of actin monomers, a coiled-coil dimer strand of 53 

tropomyosin and the troponin (Tn) complex (Fig.1B).  54 

The Tn complex is a critical regulator of contraction. It is composed of three distinct subunits 55 

named according to their functions: a highly conserved Ca2+ binding subunit (TnC); an 56 

actomyosin ATPase inhibitory subunit (TnI) and a tropomyosin binding subunit (TnT). When 57 

muscle is activated, Ca2+ enters the cytosol, starting a molecular dance between the thick and 58 

thin filaments (1). First, Ca2+ binds to TnC, which initiates a chain of events in the other Tn 59 

subunits and leads to movement of the tropomyosin molecule, a process also modulated by 60 

myosin binding protein C (2). This movement exposes myosin binding sites on actin and allows 61 

the myosin heads on the thick filament to grab and pull on the actin molecules, thereby 62 

generating force. This ceaseless cycle is the mechanical basis for muscle contraction. Thus, 63 

TnC plays a ‘gatekeeper’ role in transmitting the Ca2+ signal to other sarcomere proteins to 64 

activate muscle contraction. 65 

To date, the gene encoding fast skeletal troponin C (TNNC2; the skeletal muscle specific TnC 66 

isoform) has not been implicated in any muscle disease (myopathy). This is surprising, 67 

considering that TnC plays a key role in muscle contraction, and that nearly all other genes 68 

encoding key proteins in the sarcomere have been linked to disease, some already decades 69 

ago (3). Here, we resolve this enigma and report two unrelated families with pathogenic 70 

variants in TNNC2. Patients present with a distinct, dominantly inherited congenital myopathy, 71 

notable for polyhydramnios during gestational development, congenital weakness and severe 72 

respiratory muscle involvement with clinical improvement over time. The latter is atypical for 73 

congenital myopathy, which often has a static or progressive nature. Molecular dynamics (MD) 74 

simulations indicate that the TNNC2 variants perturb the dynamics of the TnC regions 75 
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responsible for Ca2+ binding and for binding of the TnI switch peptide. In line with the findings 76 

from the MD simulations, studies in myofibers isolated from patients’ biopsies revealed that 77 

the muscle weakness is caused by a reduced force response of the sarcomeres to submaximal 78 

[Ca2+]. The pathogenicity of the variants was established in experiments, in which this 79 

contractile dysfunction was evoked by replacing endogenous TnC in myofibers from healthy 80 

control subjects with recombinant, mutant TnC. Conversely, we could repair the contractile 81 

dysfunction of myofibers from patients by replacing endogenous, mutant TnC with 82 

recombinant, healthy TnC. Finally, we tested the therapeutic potential of the fast skeletal 83 

muscle troponin activator tirasemtiv in patients’ myofibers and showed that the contractile 84 

dysfunction was repaired. 85 

86 
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RESULTS 87 

Clinical presentation  88 

Detailed clinical information for all patients is described in Table 1 and a full description of the 89 

patients is provided in the Supplemental Results section. Figure 2 shows family pedigrees, 90 

clinical and MRI images, and the visualization of muscle weakness (MuscleViz; based on the 91 

Medical Research Council grading). In brief, this disorder presents as a dominantly inherited 92 

myopathy with a characteristic clinical phenotype defining it as congenital in presentation. 93 

Distinct phenotypic characteristics include polyhydramnios during gestation, weakness and 94 

severe respiratory muscle involvement in the immediate postnatal period followed by clinical 95 

improvement over time with nonobligatory external ophthalmoparesis.  96 

 97 

Identification of TNNC2 variants 98 

In both families, whole exome sequencing did not identify pathogenic variants in any of the 99 

known neuromuscular disease genes (details in Methods section). Subsequent analysis 100 

identified in Family 1 (P1, P2, P3) a heterozygous variant in TNNC2, encoding fast skeletal 101 

troponin C (fsTnC): c.100G>T; p.(Asp34Tyr); from here on referred to as D34Y. The variant 102 

was predicted to be damaging and was not present in dbSNP, NHLBI EVS or gnomAD 103 

(covering >125,000 individuals). The variant was confirmed through Sanger sequencing in P1, 104 

P2, and P3, and was absent in the unaffected family member. Thus, in Family 1 the TNNC2 105 

variant perfectly segregated with disease. Whole exome sequencing in Family 2 (P1) identified 106 

a heterozygous de novo variant in TNNC2: c.237G>C; p.(Met79Ile); from here on referred to 107 

as M79I. The variant was absent in both parents.  108 

 109 

Conservation and location of the mutated TnC residues 110 

GnomAD lists 71 rare missense variants in TNNC2, compared to the expected occurrence of 111 

106, corresponding to a Z-score of 1.2. This lower than expected frequency of missense 112 

variants, with a positive Z-score, indicates increased intolerance of TNNC2 to heterozygous 113 



6 
 
 

variation. In general, the amino acid sequence of fast skeletal troponin C (fsTnC) is highly 114 

conserved across species (for example, 99% conservation between humans and mice). The 115 

mutated residues are conserved across all species queried (Fig.1D). The location of both 116 

variants is indicated in Fig.1C-D, and in the protein 3D-structure (see below) of human fsTnC. 117 

The missense variant in F1, D34Y, is located in calcium binding site I where aspartic acid is 118 

replaced by a tyrosine residue (Fig.1C-D). Aspartic acid caries a hydrophilic acidic group with 119 

a negative charge. The replacing amino acid, tyrosine, does not carry a charge. The missense 120 

variant in F2, M79I, is located in an α-helix next to calcium binding site II where methionine is 121 

replaced by isoleucine, both neutral (Fig.1C-D).  122 

 123 

Muscle (ultra)structure 124 

Structure. From patient 1 of family 1 (F1:P1) and patient 1 of family 2 (F2:P1), muscle biopsies 125 

were obtained and used for analyses of muscle (ultra)structure. Hemotoxylin and eosin (H&E) 126 

stained sections showed a slight variation in myofiber size in both patients (Fig.3A-B). There 127 

was no evidence of necrosis, degeneration, inflammation or fibrosis. Immunohistochemical 128 

staining for dystrophin-glycoprotein associated proteins was normal (images not shown). No 129 

nemaline rods or inclusions were observed in Gömöri trichrome stained sections of both 130 

patients (Fig.3C-D). NADH stained sections showed occasional, scattered atrophic fast twitch 131 

myofibers (Fig.3E-F). Analysis of myofiber size (minFeret) in both patients showed hypertrophy 132 

of slow twitch myofibers and normally sized fast twitch myofibers compared to control subjects 133 

(Fig.3G; Table 3; note that basic demographic information of the control subjects is shown in 134 

Table 2). The proportion of slow twitch fibers was slightly higher in F1:P1 compared to controls. 135 

Fiber type proportion in F2:P1 was comparable to controls (Fig.3H; Table 3).  136 

Ultrastructure. Electron microscopy showed preserved, intact myofibrillar ultrastructure in 137 

myofibers of both patients (Fig.3I-J). To study the structure of the thin filaments in the 138 

myofibrils, we performed experiments at the Advanced Photon Source (Argonne, IL, USA). 139 

Low-angle X-ray diffraction patterns were obtained from preparations in which 28 myofibers 140 
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were mounted and aligned in a single plane between 2 halves of EM grids (methods described 141 

in De Winter et al., 2020; schematic in Supplemental Fig.S1) (4). This approach allowed for 142 

high-quality meridional diffraction patterns in relaxed muscle fibers (for example, see Fig.3K). 143 

Because TNNC2 is expressed in fast twitch myofibers only, we aimed at comparing fast twitch 144 

and slow twitch fibers within a muscle biopsy of a patient. This approach was only feasible in 145 

F1:P1, as in this biopsy we could segregate fiber types based on visual inspection and produce 146 

grids with only slow twitch myofibers and grids with only fast twitch myofibers (Fig.3K, bottom). 147 

The actin layer line 6 (ALL6), indicating the left-handed pitch of the thin filament helix, and the 148 

Tn3 reflection, representing the spacing of troponin complexes on the thin filament, were 149 

comparable between fast- and slow twitch fibers (Fig.3L&M). Thus, the low-angle X-ray 150 

diffraction studies suggest that the D34Y variant in TNNC2 does not affect the structure of the 151 

thin filament in fast twitch myofibers.  152 

 153 

Molecular dynamics simulations  154 

To study the effects of the variants in TNNC2 on the structure and dynamics of fsTnC proteins, 155 

we performed 18 µs molecular dynamics (MD) simulations. Simulations were performed for 156 

human fsTnC. In our analyses, we focused on the N-terminal domains of fsTnC, as these are 157 

critical for thin filament activation during excitation-contraction coupling in skeletal muscle. In 158 

short, TnC binds Ca2+ at sites I and II in its N-terminal domains (Fig.1C & 4B). Site I is a Ca2+-159 

binding loop (or EF-hand) formed by residues 27–37 and site II is a Ca2+-binding loop formed 160 

by residues 64 to 74. During Ca2+ binding, the loops undergo a conformational change to 161 

coordinate Ca2+, which then promotes the opening of a hydrophobic pocket on the TnC solvent-162 

exposed surface. This ‘open’ structure is accompanied by higher mobility in residues 45-55, 163 

which correspond to regions in helices B and C that accommodate binding of the TnI switch 164 

peptide. Binding of the TnI switch peptide results in downstream conformational changes in 165 

the thin filament that ultimately facilitate the binding of myosin to actin (5–7). Figure 4A&B show 166 
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the MD-predicted structure of the N-domains of wild-type and mutated fsTnC, in both the apo 167 

(no Ca2+ bound) and holo state (Ca2+ bound). 168 

Root mean squared fluctuations. First, we assessed the structural dynamics for each amino 169 

acid of WT-, D34Y-, and M79I-fsTnC via root mean squared fluctuations (RMSF). In Fig.4C&D, 170 

the RMSF are restricted to the N-terminal domain, which isolates the effects of Ca2+ binding 171 

on the mobility of the domain’s helices. In the apo state, WT-fsTnC had high RMSF in the Ca2+ 172 

binding loops, which were significantly reduced upon Ca2+ binding (holo state). Thus, Ca2+ 173 

binding stabilized the loops. While a similar reduction in RMSF upon Ca2+ binding was 174 

observed in the CD loops of D34Y-fsTnC, the D34Y variant rendered the AB loops more mobile 175 

in the holo state relative to the apo state (Fig.4C). The presence of the M79I variant promoted 176 

greater mobility of the AB loops in the holo state relative to the apo state (Fig.4D), albeit to a 177 

lesser extent than the D34Y variant. The M79I variant greatly increased the mobility of residues 178 

45-55, the region that binds TnI switch peptide. Thus, these MD simulations predict that the 179 

D34Y and M79I variants in fsTnC perturb the dynamics of regions important for Ca2+ binding, 180 

while the M79I variant affects the binding of the TnI switch peptide in addition.  181 

Ca2+ coordination in holo structures. The binding of Ca2+ to EF hands is determined to a 182 

large extent by the number and position of oxygen residues in the Ca2+ binding loop (8, 9).  We 183 

therefore examined the spatial arrangement of the oxygens that bind Ca2+ in the AB and CD 184 

loops. Both loops exhibit maxima in the radial distribution functions (RDFs) at ~2.3Å 185 

(Fig.4E&G). In the AB loop, the D34Y variant reduces the number of coordinating oxygens (2.5 186 

vs. 6, respectively; Fig.4E), which likely causes the greater mobility in this region, as measured 187 

by RMSF. The M79I variant caused a negligible reduction in coordinating oxygens (Fig.4E). 188 

Both variants resulted in fewer water molecules leaving the Ca2+ coordination shells relative to 189 

WT (Fig.4F), which is indicative of a decreased ability of the protein to desolvate the ion. The 190 

changes in coordination structure, in particular those caused by the D34Y variant, are likely to 191 

impact the binding thermodynamics of Ca2+ to the first EF hand. 192 

Structure and dynamics of the fsTnC hydrophobic pocket. The simulation data suggest 193 
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that the variants affect the region spanning residues 45-55 (B/C helices). This region is 194 

displaced during Ca2+ binding to open a hydrophobic pocket that can subsequently bind the 195 

TnI switch peptide (10). To quantify these effects, we used principal component analysis 196 

(PCA). Two principal components (PC)s account for >60% of the variance, or conformation 197 

changes, in our simulated structures (Fig.4I). PC1 captures the displacement of helices B and 198 

C (see per-residue contribution to PC1 in Fig.4J), which drives the opening of the hydrophobic 199 

pocket following binding of Ca2+ to the EF hands. To a lesser extent, PC1 captures the 200 

rearrangement of the Ca2+ binding loops in the holo state. Upon projection of the simulation 201 

data into the PC1 basis, the WT apo state assumes more negative values, while its holo state 202 

yields more positive values (Fig.4I). In other words, the WT holo state generally features a 203 

more open hydrophobic pocket than the apo state. The PC1 projections for both apo and holo 204 

states of D34Y-fsTnC are markedly different from those for WT-fsTnC (Fig.4I). This is likely a 205 

consequence of both the AB loop and the helices B/C being perturbed relative to the WT. We 206 

speculate that these effects of D34Y impede the exposure of the hydrophobic pocket, 207 

necessary for binding the TnI switch peptide.  208 

The projections for the M79I-fsTnC apo and holo states are comparable to that of WT-fsTnC. 209 

PC2, which describes the contraction of the AB and CD loops upon Ca2+ binding (Fig.4J), show 210 

no major effect of the variants (Fig.4I).  211 

Effects beyond the coordination regions and the hydrophobic pocket. Fig.4D showed 212 

that the M79I variant enhanced the mobility of the B/C helices, but this did not manifest in 213 

significant structural changes relative to WT based on our PC analysis. We therefore examined 214 

whether the substitution of the isoleucine at position 79 induces subtle changes in the 215 

hydrophobic patch that could impinge on the binding of the TnI switch peptide. We used the 216 

cardiac TnC/TnI complex (PDB 1MXL) to approximate the binding pose of the TnI switch 217 

peptide in fsTnC. Fig.4K shows the cTnC/TnI complex superimposed onto fsTnC. The cardiac 218 

TnI position is accommodated into the fsTnC hydrophobic pocket without introducing 219 

unfavorable steric overlap between the proteins. The isoleucine side chain does not present 220 
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any steric overlaps with the cTnI peptide. However, among the amino acids that are directly 221 

adjacent to both TnI and the M79 position, I59, F76, M80, R82, and Q83 are displaced by 222 

roughly 2Å. Thus, the M79I variant appears to reorganize the hydrophobic patch configuration. 223 

In an effort to test the hypothesis that the M79I variant perturbs the TnC and TnI interaction, 224 

we simulated an intact troponin complex comprising TnC, TnI and TnT. For this purpose we 225 

simulated via all atom MD (Supplemental Fig.S2, panel A) the holo forms of the WT and M79I 226 

variants, based on structural data for the human cardiac Tn complex (PDB 1J1E), as 227 

analogous structural data for the skeletal muscle isoforms have not been reported (11). The 228 

MD data suggest that the M79I variant perturbs the TnI interaction with the N-domain of TnC. 229 

This is evident as a displacement of the interacting TnI peptide in the presence of the M79I 230 

variant relative to its position in the presence of the WT (Supplemental Fig.S2, panel B). Our 231 

data indicate that this displacement may be due to the pathogenic variant forming a new 232 

contact between TnC-I79 and TnI-M155 that is not evident in WT TnC. This difference may 233 

arise of an alternate side chain placement of TnI-V148 (Supplemental Fig.S2, panel B). 234 

Although structural data are not available to validate this prediction, the finding of a displaced 235 

TnI inhibitory peptide for the M79I variant is consistent with our hypothesis that M79I alters 236 

TnI/TnC interactions.  237 

Thus, altogether, the MD simulations suggest that the D34Y variant has the most significant 238 

impact on the fsTnC structure, by affecting the displacement of the first N-terminal EF hand 239 

following Ca2+ binding, the coordination of Ca2+ binding by oxygens, and impeding the 240 

exposure of the hydrophobic pocket, to which the TnI switch peptide binds. The M79I variant 241 

has more modest effects that manifest in greater mobility of the fsTnC B/C helices following 242 

Ca2+ binding and may interfere with the fsTnC/fsTnI switch peptide interface. These effects of 243 

the TNNC2 variants on the structure and dynamics of fsTnC might impact the calcium 244 

sensitivity of force generation of sarcomeres.  245 

 246 

Myofiber contractility 247 
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Force production and calcium sensitivity 248 

To study whether the structural changes in mutated fsTnC impair the contractility of 249 

sarcomeres, we isolated myofibers from the patients’ biopsies using microforceps. Myofibers 250 

were permeabilized, exposed to incremental [Ca2+] solutions, and the force generated was 251 

recorded (Fig.5A-B). To account for differences in myofiber size, absolute maximal force was 252 

normalized to the CSA of the myofiber to obtain specific force. In both patients, the maximal 253 

specific force of slow twitch and fast twitch myofibers was comparable to that of myofibers from 254 

control subjects (Fig.5E). Thus, these findings indicate the TNNC2 variants do not affect the 255 

maximal force generating capacity of the sarcomeres. 256 

In Fig.5C, the force-[Ca2+] relations are shown of slow twitch and fast twitch myofibers of control 257 

subjects, F1:P1, and F2:P1. Slow twitch myofibers show no differences in the force-[Ca2+] 258 

relation between groups. However, in fast twitch myofibers of F1:P1 and F2:P1, the force-259 

[Ca2+] relation is markedly shifted rightwards, indicating a lower Ca2+ sensitivity of force. The 260 

rightward shift of the force-[Ca2+] relation is illustrated by the higher [Ca2+]50, i.e. the [Ca2+] at 261 

which 50% of maximal force is produced (F1:P1: ∆ = +2.59 µM, p < 0.001; F2:P1: ∆ = +1.35 262 

µM, p < 0.001). This indicates that in patients’ myofibers more Ca2+ is required to generate 263 

50% of maximal force production (Fig.5D).  264 

Thus, the major phenotype of the myofibers of the patients with TNNC2 variants is a markedly 265 

reduced calcium sensitivity of force in fast twitch myofibers.  266 

 267 

Reconstitution of myofibers with fast skeletal TnC  268 

To study whether the reduced calcium sensitivity of force in patients’ myofibers is a direct 269 

cause of the presence of mutant fsTnC in the sarcomeres, we studied whether replacing the 270 

endogenous, mutant fsTnC with recombinant, wild-type fsTnC would restore the contractile 271 

function of patients’ myofibers. In brief, permeabilized fast twitch myofibers were exposed to 272 

an extraction solution, removing endogenous fsTnC. Hereafter, recombinant fsTnC was 273 

introduced into these myofibers (Fig.6A). We did not assess the level of incorporation of mutant 274 
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proteins, but we did measure the maximal force production of myofibers before extraction 275 

(baseline force), after extraction of endogenous fsTnC, and after reconstitution with exogenous 276 

fsTnC. Successful extraction of endogenous fsTnC from the myofibers of control subjects and 277 

patients was assumed based on the reduced maximal force generation of extracted myofibers 278 

(Table S1), and successful reconstitution with endogenous fsTnC was indicated by the 279 

restoration of maximal force (Table S1). Thus, the stage was set to test the effect of the TNNC2 280 

variants on the force-[Ca2+] relation in myofibers.  281 

Before extraction and after reconstitution of the myofibers with recombinant fsTnC, the force-282 

[Ca2+] relation was determined (Fig.6B-E) to assess the calcium sensitivity of force generation. 283 

Reconstitution of myofibers of controls with WT-fsTnC did not affect the calcium sensitivity of 284 

force (Fig.S3; Table S2). This indicates that the protocol used for the extraction and 285 

reconstitution had no adverse effects on the contractility of myofibers. Interestingly, 286 

reconstitution of myofibers of controls with D34Y-fsTnC or M79I-fsTnC decreased the calcium 287 

sensitivity of force (Fig.6B&C, respectively; Table S2): after reconstitution with D34Y-fsTnC, 288 

80% more Ca2+ was required to generate 50% of maximal force; after reconstitution with M79I-289 

fsTnC, 137% more Ca2+ was required (Fig.6B&C, insets; Table S2). Thus, we could 290 

successfully evoke the patients’ phenotype in myofibers of healthy controls by replacing 291 

endogenous fsTnC with exogenous, mutated fsTnC.  292 

Next, we performed the opposite experiment, i.e. replacing mutant fsTnC in the patients’ 293 

myofibers with WT-fsTnC. After reconstituting the F1:P1 myofibers with WT-fsTnC, the calcium 294 

sensitivity of force was restored to control values (Fig.6D; Table S2). This was also observed 295 

after reconstituting F2:P1 myofibers with WT-fsTnC (Fig.6E; Table S2). We also reconstituted 296 

F1:P1 myofibers with a 50/50 mixture of WT- and D34Y-fsTnC and observed an increase of 297 

the calcium sensitivity of force (Tables S1&S2), with a ∆[Ca2+]50 which was ~50% of the 298 

increase after reconstitution with 100% WT-fsTnC. Reconstitution of F2:P1 myofibers with a 299 

50/50 mixture of WT- and M79I-fsTnC did not increase the calcium sensitivity of force (Tables 300 
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S1&S2). These findings support the dominant effect of the variants, with the most profound 301 

effect elicited by the M79I variant. 302 

Thus, reconstituting healthy human myofibers with D34Y-fsTnC or M79I-fsTnC decreases the 303 

calcium sensitivity of force, while reconstituting patient myofibers with WT-fsTnC increases the 304 

calcium sensitivity of force back to normal values. These findings indicate that we can mimic 305 

the patients’ phenotype in control myofibers by reconstitution with D34Y- and M79I-fsTnC, and 306 

repair the calcium sensitivity of force in patients’ myofibers by reconstitution with WT-fsTnC. 307 

These experiments conclusively establish the pathogenicity of the variants in TNNC2.  308 

 309 

Effect of tirasemtiv on myofiber contractility  310 

Tirasemtiv was used to study the ability of a fast skeletal muscle troponin activator to repair 311 

the contractility of patients’ fast twitch myofibers. In brief, permeabilized fast twitch myofibers 312 

isolated from patients’ muscle biopsies were exposed to various Ca2+ solutions in the absence 313 

and presence of 10 µM tirasemtiv (Fig.7A). This concentration was selected based on previous 314 

work from our group (12). In fast twitch fibers of both F1:P1 and F2:P1, tirasemtiv restored the 315 

calcium sensitivity of force to control values (Fig.7B-C, respectively; Table S3). We also tested 316 

the effect of tirasemtiv on slow-twitch myofibers, data are in online methods. Note that, 317 

unexpectedly, tirasemtiv also increased the maximal force of F1:P1 fast twitch myofibers, and 318 

this was also observed in F2:P1, although to a lesser extent; the magnitude of maximal force 319 

increase induced by tirasemtiv correlated with the magnitude of the increase of the pCa50 of 320 

the patient fibers relative to control values (Supplemental Fig.S4). Fibers of control subjects 321 

showed no increase of maximal force in response to tirasemtiv (Supplemental Fig.S4C). Thus, 322 

tirasemtiv increased the force generated by patients’ myofibers at physiological [Ca2+] to that 323 

generated by control myofibers.  324 

 325 

  326 
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DISCUSSION 327 

This study reports variants in TNNC2, the gene encoding fast skeletal troponin C, as a cause 328 

of human disease. Two missense variants were identified in unrelated families (c.100G>T, 329 

D34Y; c.237G>C, M79I). Patients from both families presented with a distinct and recognizable 330 

phenotype of congenital weakness in combination with severe congenital respiratory 331 

insufficiency. This phenotype improved over time, allowing for ambulation and respiratory 332 

independence, which is atypical for congenital myopathies which often have a static or 333 

progressive nature. Other notable features include facial weakness, ptosis, decreased 334 

extraocular movements and jaw contractures.  335 

 336 

We provide strong evidence for pathogenicity of the TNNC2 variants. Because the calculation 337 

of a conclusive LOD (logarithm (base 10) of odds) score of > 3.0 was not possible due to the 338 

limited number of scorable meiosis in Family 1, we obtained several layers of additional 339 

evidence. As noted, the pedigree analysis in Family 1 showed perfect segregation of the 340 

variant with disease in three generations under dominant inheritance and full penetrance, while 341 

the patient in Family 2 has a de novo variant in TNNC2 (paternity and maternity confirmed) 342 

with no family history of muscle disease, compatible with pathogenicity of the variants. 343 

Furthermore, during the past years, we have exome sequenced ~1400 patients with 344 

neuromuscular disease, and never identified patients with variants in TNNC2, except the 345 

patients presented here. These variants have also never been documented in the 125,000 346 

person gnomAD cohort of normal individuals, consistent with their pathogenicity in the 347 

heterozygous state. Also, the clinical phenotype in both families is highly unusual and entirely 348 

consistent between the two families, who on our analysis only share the TNNC2 variants and 349 

do not have variants in any of the other established myopathy genes. Finally, we provide 350 

experimental functional evidence supporting pathogenicity: MD simulations indicated that the 351 

location of the variants affects the structure of the protein product and might impair the force 352 

response of myofibers to submaximal Ca2+ concentrations, which was confirmed in functional 353 
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assays in patients’ myofibers. Importantly, the contractile phenotype in patients’ myofibers was 354 

repaired by replacing the mutant fsTnC with recombinant wild-type fsTnC (Fig.6D&E). 355 

Conversely, the contractile phenotype was evoked by replacing fsTnC in myofibers from 356 

healthy control subjects with recombinant, mutant fsTnC (Fig.6B&C). According to the variant 357 

classification criteria of the American College of Medical Genetics and Genomics (13) these 358 

multiple layers of evidence, including experimental functional evidence, classify the TNNC2 359 

variants as pathogenic (Family 1: PS3, PM2, PP3; Family 2: PS2, PS3, PM2, PP3).  360 

 361 

Thin filament-associated protein disorders define a subgroup of congenital disorders of 362 

muscle, including those associated with variants in troponin T (TNNT1 (14) and TNNT3 (15)), 363 

alpha-actin 1 (ACTA1) (16), alpha- and beta-tropomyosin (TPM3 and TPM2) (17, 18), nebulin 364 

(NEB) (19), leiomodin-3 (LMOD3) (20), cofilin 2 (CFL2) (21), unconventional myosin 18B 365 

(MYO18B) (22), myopalladin (MYPN) (23), kelch family members 40 (KLHL40) and -41 366 

(KLHL41) (24, 25), and kelch repeat and BTB (POZ) Domain Containing 13 (KBTBD13) (26), 367 

but not yet in TNNC2. Many of these disorders histologically feature nemaline rods as the 368 

defining characteristic of nemaline myopathies, which were notably absent in myofibers of 369 

F1:P1 and F2:P1 (Fig.3). We acknowledge, however, that there are many other examples of 370 

mutations in ‘nemaline myopathy’ genes without nemaline rods, and it is entirely possible that 371 

there are nemaline rods somewhere in certain muscles/fibers that were however not sampled 372 

in the patients studied here. Another remarkable feature of the TNNC2-related myopathy 373 

described here is the subsequent clinical improvement in strength and respiratory function 374 

following the severe postnatal respiratory insufficiency and weakness in all four patients. While 375 

some degree of clinical improvement may occur in patients with congenital myopathy, the 376 

degree to which the patients with TNNC2-related myopathy improved is highly unusual. Thus, 377 

variants in TNNC2 cause a distinct congenital phenotype. The basis of the clinical 378 

improvement might relate to the switch from predominantly fast twitch (TNNC2-expressing) 379 

myofibers in muscles after birth to a 50/50 distribution of slow- and fast twitch myofibers at 380 
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older age (27). Hence, with age-related muscle maturation, this switch towards more slow 381 

twitch myofibers might help compensate for the initially more pronounced pathogenic effect of 382 

the TNNC2 variants. Human laryngeal myofibers rely on fast isometric contractions for proper 383 

respiration and airway protection so that the prominent stridor contributing to the early 384 

respiratory failure might be attributable to this (28). It is, however, unclear whether there are 385 

postnatal developmental changes in myofiber type composition that make laryngeal muscles 386 

less dependent on fsTnC, and thus account for the unusual clinical improvement in respiratory 387 

function. Of note, a fast-to-slow fiber type switch does not occur in the extraocular muscles, 388 

which continue to be affected in the patients. Slow twitch myofibers should be able to 389 

compensate effectively as they are spared functionally, generating normal force (Table 4), as 390 

well as histologically in that we observed a mild hypertrophy of slow twitch myofibers (Fig.3) 391 

and not the slow twitch myofiber atrophy and predominance that is a feature commonly seen 392 

in the nemaline myoapthies (3). Furthermore, during daily life activities, the affected fast twitch 393 

myofibers are recruited to a much lesser degree than the spared slow twitch myofibers 394 

(Henneman’s size principle). Consequently, the relatively low activity level of fast twitch 395 

myofibers might facilitate timely turnover of mutant protein in the myofibers and prevent 396 

disease progression. These mechanisms might also underlie the reported improvement with 397 

age of the clinical phenotype of patients with mutations in other ‘fast twitch muscle genes’ such 398 

as TNNT3 (29, 30).  399 

 400 

TNNC2 is highly conserved across species, including the sequence close to the variants 401 

reported here (Fig.1D). Both variants found in the two families act in a heterozygous dominant 402 

manner, so that both wild-type and mutant protein are expected to be expressed in myofibers. 403 

Our studies indicate that mutant proteins were incorporated in the thin filaments, as replacing 404 

endogenous fsTnC in patients’ myofibers with wild-type recombinant fsTnC completely 405 

restored the contractile phenotype (Fig.6). Furthermore, it is unlikely that haploinsufficiency 406 
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contributed to the contractile phenotype, as that should have compromised the maximal force 407 

generating capacity of the myofibers, which was not observed (Table 4).  408 

 409 

In contrast to many other congenital myopathies genes (3), variants in TNNC2 do not appear 410 

to cause muscle weakness by myofiber atrophy (Fig.3G) or by damaged myofibrillar 411 

ultrastructure (Fig.3I-M). Indeed, the maximal force generating capacity of fast twitch 412 

myofibers, isolated from patents’ biopsies, was similar to those isolated from biopsies of control 413 

subjects (Table 4). The findings from the contractility assays in permeabilized myofibers, 414 

assays in which possible confounding effects of Ca2+ handling by the sarcoplasmatic reticulum 415 

are absent, revealed that the muscle weakness is primarily caused by a strong reduction in the 416 

Ca2+ sensitivity of force generation by the sarcomeres (Fig.5). The sarcomeres in fast twitch 417 

myofibers of F1:P1 required 3-fold more Ca2+ to generate fifty percent of maximum force, 418 

whereas myofibers of patient F2:P1 required 2-fold more Ca2+. Note that this more pronounced 419 

phenotype in F1:P1 at the myofiber level at least partly explains the more severe clinical 420 

phenotype of patients with the D34Y variant compared to the patient with the M79I variant. The 421 

pathogenicity of the variants was established in experiments in which the contractile phenotype 422 

was evoked by replacing endogenous fsTnC in myofibers from control subjects with 423 

recombinant, mutant fsTnC (Fig.6). Conversely, we could repair the contractile phenotype of 424 

myofibers from patients by replacing endogenous, mutant fsTnC with recombinant, healthy 425 

fsTnC (Fig.6). The MD simulations suggested two different molecular mechanisms for the 426 

D34Y and M79I variants that underlie the reduced Ca2+ sensitivity of force. The D34Y variant 427 

had the most pronounced effect on fsTnC and might change the displacement of the first N-428 

terminal EF hand following Ca2+ binding and impede the exposure of the hydrophobic pocket 429 

to which the TnI switch peptide binds. The MD simulations suggested a more subtle effect from 430 

the M79I variant, which might directly impinge on the binding of the TnI switch peptide by 431 

displacing residues I59, F76, M80, R82, and Q83 by 2Å. These residues constitute part of the 432 

solvent-exposed hydrophobic patch that interfaces with the TnI switch peptide. Indeed, 433 
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simulations of the intact troponin complex comprising TnC, TnI and TnT, suggested that the 434 

M79I variant perturbs the placement of the TnI inhibitory peptide (Supplemental Fig.S2). Since 435 

the binding of the TnI switch peptide is a requisite step in force generation that directly follows 436 

Ca2+ binding in the fsTnC N-terminal domain, it is plausible that the variants considered in this 437 

study may interfere with the TnC/TnI interaction. The more pronounced effects of the D34Y 438 

variant on fsTnC dynamics, relative to those of M79I, are in line with the larger reduction in the 439 

calcium sensitivity of force in patient F1:P1 relative to F2:P1 (Fig.5). Whether the TNNC2 440 

variants, and in particular the D34Y variant, impact the binding of Ca2+ to fsTnC, as the MD 441 

simulations suggest, should be addressed in future studies. 442 

 443 

Therapeutic approaches to a TNNC2-related myopathy include the competitive introduction of 444 

wild-type fsTnC in patients’ muscles by AAV gene therapy. Recent advances show the 445 

potential of AAV vectors in gene therapy for neuromuscular diseases, and AAV vector-446 

mediated gene delivery was recently approved for spinal muscular atrophy (31–33). Our in 447 

vitro results suggest that competing off the mutant fsTnC with wild-type fsTnC results in 448 

correction of the contractile phenotype. However, targeting wild-type TNNC2 to fast twitch 449 

muscle fibers only is one of the challenges that would need to be met. Using a small molecule 450 

strategy to target the physiological consequences of the variant rather than the variant itself, 451 

is another potentially valid approach to address this condition. In the present study we tested 452 

the ability of the small molecule fast skeletal muscle troponin activator tirasemtiv, to augment 453 

the force response to calcium in myofibers of patients. Tirasemtiv binds to fsTnC and amplifies 454 

the response of the thin filament to calcium in fast twitch myofibers, leading to increased 455 

muscle force at submaximal rates of nerve stimulation (34). Thus, fast skeletal muscle troponin 456 

activation might offer a feasible therapeutic approach in patients with TNNC2 variants. In our 457 

studies we tested the effect of 10 µM tirasemtiv, a concentration we have used in previous 458 

work and which elicits a maximal force response without affecting the relaxation kinetics of 459 

myofibers (12). Although a relatively high concentration, it is considerably lower than the TnC 460 
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concentration in skeletal muscle, and, furthermore, tirasemtiv is specific for fsTnC and does 461 

not bind elsewhere in the sarcomere to activate muscle (34, 35). Importantly, at physiological 462 

calcium concentrations, the force generated by patients’ myofibers increased by up to 600% 463 

in the presence of tirasemtiv, and reached values that were close to or even higher than those 464 

of healthy subjects (Fig.7). An interesting observation was that tirasemtiv not only increased 465 

the force response to submaximal calcium concentrations, but also to saturating calcium 466 

concentrations (~40%; Suppl. Fig.S3). This effect was not observed in previous studies with 467 

tirasemtiv (eg., Russell et al. (34) and Hwee et al. (2014) (36); although Lee et al. (37) showed 468 

a ~7% increase). We speculate that this effect relates to tirasemtiv binding to the interface of 469 

TnC/TnI (34). The TNNC2 variants induce structural alterations in/near this interface (Fig.4), 470 

and might enhance the effect of tirasemtiv on the Ca2+ off rates, even at saturating calcium 471 

concentration. Although, tirasemtiv did not meet its primary endpoint in a recent phase 3 clinical 472 

trial in amyotrophic lateral sclerosis patients in part to tolerability (including dizziness, fatigue, 473 

nausea, weight loss and insomnia)  (38), our findings illustrate the great therapeutic promise 474 

of fast skeletal muscle troponin activation. Reldesemtiv, a second generation fast skeletal 475 

muscle troponin activator that is structurally distinct from tirasemtiv, has a lower side effect 476 

profile and is currently under clinical trial investigation (39, 40). 477 

 478 

In summary, we characterized two families with a distinct congenital myopathy caused by 479 

dominantly acting variants in TNNC2. Recognition of the TNNC2-related phenotype reported 480 

here may facilitate early diagnosis and management. Furthermore, by combining molecular 481 

dynamics simulations and myofiber contractility studies, we showed that the disease 482 

mechanism of TNNC2-related myopathy is driven by a reduction in the calcium sensitivity of 483 

force (graphic summary in Fig.8), thus providing a potential promising avenue for therapeutic 484 

intervention. 485 

  486 
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METHODS 487 

A summary of the methods applied is described below. Additional details are in the online 488 

supplement.  489 

 490 

Patient Recruitment and Sample Collection 491 

Patients’ and control subjects’ general information are in Table 2. A detailed clinical description 492 

of both patients’ families is in Table 1. Additional details of human study approval, informed 493 

consent, and image approval can be found below in the study approval section and further 494 

details of recruitment and sample details are in the online supplement.  495 

 496 

Genetic testing 497 

Whole exome sequencing (WES) was performed on genomic DNA extracted from blood. WES 498 

on patients F1:P1, F1:P2 and F1:P3 was performed through the NIH Intramural Sequencing 499 

Center (NISC) using the Nimblegen SeqCap EZ Exome +UTR Library and Illumina HiSeq 2500 500 

sequencing instruments. WES data was analyzed using an exome-based targeted panel 501 

approach (exome slice) to identify variants in known neuromuscular disease genes, with 502 

subsequent reflex analysis of all WES generated data. Pathogenicity was assessed using the 503 

American College of Medical Genetics and Genomics (ACMG)/Association for Molecular 504 

Pathology (AMP) guidelines for interpretation of sequence variants, which includes population 505 

data, computational and predictive data using various lines of computational evidence (CADD, 506 

Polyphen, Sift) and segregation data (13). Variants were also analysed using Varsifter and 507 

searched for in dbSNP and NHLBI EVS (41, 42). The TNNC2 variant was confirmed by Sanger 508 

sequencing in F1:P1, F1:P2 and F1:P3, and in unaffected relatives F1:U1 and F1:U2 using 509 

DNA extracted from saliva. DNA from P3’s parents was not available for segregation testing. 510 

WES on F2:P1 and her parents (trio-based sequencing) was performed by the Beijing Genome 511 

Institute Europe (Copenhagen, Denmark) using an Illumina HiSeq 4000 after enrichment for 512 

exons using the Agilent SureSelectXT Human All Exon 50Mb Kit (version 5). Read alignment 513 
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(BWA), variant calling (GATK), variant annotation and interpretation of variants were done by 514 

the department of Genetics at the Radboudumc. Note that in F2:P1 a second variant was found 515 

in a non-coding region (intron) of HAP1 (this variant is often found in WES, suggesting that it 516 

is a sequencing artifact). 517 

 518 

Immunohistochemistry  519 

For F1:P1, NADH staining was used to quantify the cross-sectional area (CSA) of the slow 520 

twitch and fast twitch myofibers. For control subjects and F2:P1 a mATPase 4.2 staining was 521 

used to quantify the CSA. To analyze the cross-sections, open source Fiji software was used 522 

to manually trace the circumference of the myofibers and calculate the Feret diameter (43). 523 

 524 

Low-angle X-ray diffraction 525 

Low‐angle X‐ray diffraction experiments were performed on the Biophysics Collaborative 526 

Access Team beamline 18ID at the Advanced Photon Source, Argonne National Laboratory, 527 

Argonne, IL (44). From patient F1:P1, twenty-eight fibers were mounted and aligned in one 528 

plane between two-halves of an electron microscopy grid and X‐ray diffraction patterns were 529 

collected at a sarcomere length of 2.5 µm as described in the online supplement. The axial 530 

spacing of the Tn3 reflection at 12.7 nm and the 6th actin layer line at 5.9 nm was determined 531 

as described previously (45). 532 

 533 

Molecular dynamics simulations 534 

Human TNNC2 with Ca2+ bound (holo) was modeled based on the Oryctolagus cuniculus holo 535 

(bound with four Ca2+ ions; two in each domain) troponin C (Tnnc2) X-ray crystal structure 536 

(PDB: 2TN4) (46). For modeling the human TNNC2 Ca2+-free state (apo), we again used an 537 

Oryctolagus cuniculus apo X-ray crystal structure (PDB: 1A2X) that was crystallized with a 538 

segment of C-terminal troponin I (TnI) (47). The CHARMM-GUI web server was used to build 539 

the solvated KCl-containing human TNNC2 simulation systems (48). In total six systems were 540 
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built, three apo (Apo:WT, Apo:D34Y, and Apo:M79I) and three holo (Holo:WT, Holo:D34Y, 541 

Holo:M79I). Each system was simulated via all atom molecular dynamics (MD) using the 542 

Amber 18 MD simulation engine and the input files for conducting MD simulations were 543 

generated using CHARMM-GUI input generator (49, 50). The CHARMM36 all-atom additive 544 

force field parameters were used to parameterize all components of the system (51). We 545 

collected approximately 18µs of simulation data using a 2 fs time step. Additional details, 546 

including those for MD simulations with the intact troponin complex (PDB: 1J1E), are in the 547 

online supplement. 548 

 549 

Myofiber contractility experiments 550 

We adapted previously described methods to investigate the contractile properties of 551 

myofibers of patients (F1:P1, n = 19 fibers; F2:P1, n = 22 fibers) and healthy controls (N = 6, 552 

n = 78 fibers) (52–55). The protocol used in the current study is described in detail in the online 553 

supplement. After completion of the protocol the myofibers were stored for analysis of myosin 554 

heavy chain isoform composition.  555 

 556 

Protein Expression and purification of fsTnC 557 

An expression vector encoding human wild type and mutant (D34Y and M79I) troponin C were 558 

transformed into E.coli to express the proteins. A detailed description of the protein expression 559 

and purification protocol can be found in the online supplement. 560 

 561 

Extraction and reconstitution of fsTnC in single permeabilized myofibers  562 

Single myofibers were isolated and permeabilized as described above. We adapted previous 563 

methods (56) to reconstitute fsTnC in patient and control myofibers. The protocol for the 564 

reconstitution and for the contractile measurements during the reconstitution experiments are 565 

described in detail in the online supplement. After completion of the protocol the myofibers 566 

were stored for analysis of for myosin heavy chain isoform composition.  567 
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 568 

Effect of tirasemtiv on myofiber contractility  569 

We tested the ability of tirasemtiv, a fast skeletal muscle troponin activator, to augment the 570 

contractile force of fast twitch patients’ myofibers. Single myofibers were isolated and 571 

permeabilized as described above. The protocol was adapted from previous work (12). Details 572 

are in the online supplement. 573 

 574 

Myosin heavy chain isoform composition of permeabilized myofibers 575 

Determination of the myosin heavy chain isoform composition of the single myofibers used in 576 

the contractility assays was performed as described previously (53, 57). Details are in the 577 

online supplement. 578 

 579 

Statistical analyses  580 

The quantified histology and myofiber contractility data were tested for significance by 581 

performing a mixed model analysis with a random effect for biopsies and posthoc tests with a 582 

Bonferroni correction, after checking if the residues were normally distributed. The myofiber 583 

reconstitution and tirasemtiv data were tested for significance by a paired t test. Testing was 584 

performed using the software package SPSS Inc. (Armonk, NY, USA). A P-value less than 585 

0.05 was considered significant. 586 

 587 

Study approval  588 

Patient Recruitment and Sample Collection  589 

Written informed consents for study procedures and photographs were obtained by a qualified 590 

investigator (Protocol 12-N-0095 approved by the Institutional Review Board of the National 591 

Institute of Neurological Disorders and Stroke, National Institutes of Health).  592 

Clinical exome sequencing by the Radboudumc was approved by the Medical Review Ethics 593 

Committee, Region Arnhem–Nijmegen, Number 2011/188. All human subjects provided 594 
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informed consent for this study. The protocol for obtaining human biopsies from control 595 

subjects was approved by the institutional review board at VU University Medical Center 596 

(#2014/396) and written informed consent was obtained from the subjects.   597 



45 
 
 

AUTHOR CONTRIBUTIONS 718 

ML: Conceived and designed the analysis, collected data, performed analyses, wrote the 719 

paper; SD: Collected data, performed analyses, wrote the paper; JW: wrote the paper; SC: 720 

collected data; LB: collected data; BK: collected data and performed analyses; PM: collected 721 

data and performed analyses; YH: Collected data and performed analyses; LM: Collected data 722 

and performed analyses; CQ: Collected data and performed analyses; SM: Collected data and 723 

performed analyses; RF: Collected data and performed analyses; GS: Collected data; DH: 724 

Provided compound, wrote the paper; FM: Provided compound, wrote the paper; TI: Collected 725 

data, performed analyses, wrote the paper; WM: Collected data and performed analyses; HG: 726 

wrote the paper; EJK: Collected data and performed analyses; KI: Collected data and 727 

performed analyses; PKH: Collected data and performed analyses; JP: Collected data and 728 

performed analyses; NV: Conceived and designed the analyses, collected data and performed 729 

analyses, wrote the paper; CB: Conceived and designed the analysis, collected data and 730 

performed analyses, wrote the paper; CO: Conceived and designed the analysis, collected 731 

data and performed analyses, wrote the paper. 732 

 733 

ACKNOWLEDGEMENTS 734 

We thank the families for participating in this study, and Christopher Mendoza and Gilberto 735 

(‘Mike’) Averion for their help in the clinic. We also thank the NIH Intramural Sequencing Center 736 

for performing the exome sequencing. 737 

 738 

FUNDING 739 

The Ottenheijm laboratory is supported by a ZonMW-VICI grant (91819613), H2020-MSCA-740 

RISE-2014 (64568 ‘Muscle Stress Relief’), and a Muscle Dystrophy UK grant (16NEM-PG36-741 

0111). JRP is supported by the NHLBI/NIH award HL128683. HLG is supported by NIAMS/NIH 742 
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FIGURES 598 

 599 

Figure 1. Muscle structure. (A) Sarcomeres are the smallest contractile units in muscle, 600 

consisting of myosin-based thick filaments and actin-based thin filaments decorated with the 601 

regulatory proteins troponin (Tn) and tropomyosin. (B) Magnification of the troponin complex, 602 

consisting of TnC, TnT and TnI, and tropomyosin on the actin-based thin filament. The images 603 

are modified from Servier Medical ART, licensed under a Creative Common Attribution 3.0 604 

Generic License (58). (C) Schematic representation of the amino acid sequence of fsTnC; N 605 

= N-terminus; C = C-terminus. Both patient variants are indicated (F1:P1: c.100G>T; 606 

p.(Asp34Tyr), D34Y; F2:P1: c.237G>C; p.(Met79Ile); M79I) (D) Alignment of the fsTnC amino 607 

acid sequence in various species. The mutated residues are highlighted in red.   608 
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 609 

Figure 2. Pedigrees and clinical description of F1:P1 and F2:P1. (A) Pedigree of family 1 610 

showing multiple affected relatives in different generations, consistent with autosomal 611 

dominant inheritance. (+) positive for the TNNC2 c.100G>T; p.D34Y missense variant by 612 

Sanger sequencing; (-) negative for TNNC2 c.100G>T; p.D34Y missense variant by Sanger 613 
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sequencing. Circles indicate female; squares indicate males; clinically affected relatives are 614 

shaded blue, unaffected relatives are shaded white (B) Muscle MRI imaging of F1:P1 (left). 615 

T1-axial images of the lower extremities show mild, focal fatty infiltration of different muscles 616 

in a patchy and heterogenous pattern (arrows). Paraspinal muscles are significantly affected 617 

in F1:P1 (top, arrowheads). Proximal thigh muscles (middle) are more affected than lower leg 618 

muscles (bottom). Photograph of F1:P1 at age 6 weeks with hypotonia and lower extremity 619 

weakness (top right). F1:P1 at age 26 years with contractures of the long finger flexors (bottom 620 

right). (C) Pedigree of family 2. (D) Photograph of F2:P1 as an infant indicating weakness in 621 

the facial muscles (top left). Photograph of F2:P1 at age 19 years with normal muscle mass 622 

and retrognathia. (E) Visualization of muscle weakness using MuscleViz 623 

(https://muscleviz.github.io), based on the MRC scores (59).  624 

https://muscleviz.github.io/
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Figure 3. Histology of F1:P1 spinal accessory muscle biopsy at age 16 years (left) and F2:P1 626 

vastus lateralis muscle biopsy at age 9 years (right). (A-B) Hemotoxylin and eosin (H&E) 627 

staining shows mild myofiber size variability in both patients. (C-D) Gömöri trichrome stainings 628 

show no signs of nemaline rods in myofibers of both patients. (E-F) NADH stainings of muscle 629 

cross sections show larger slow twitch fibers (dark blue, indicated with I.) than fast twitch fibers 630 

(light blue, indicated with II.) in both patients. (G) Graph showing the myofiber minFeret of slow 631 

twitch versus fast twitch myofibers in control subjects (C), F1:P1 and F2:P1. (H) Graph showing 632 

the proportion of slow twitch versus fast twitch myofibers in control subjects (C), F1:P1 and 633 

F2:P1. The dark shading indicates the proportion of slow twitch fibers and the light shading 634 

indicates the proportion of fast twitch fibers. (I-J) Electron microscopy images show no 635 

abnormalities, and an intact myofibrillar structure in both patients. (K) Typical example of a low 636 

angle X-ray diffraction pattern obtained from twenty-eight fast twitch myofibers of F1:P1 637 

mounted and aligned in one plane between two-halves of an electron microscopy grid. Note 638 

the well resolved equatorial and meridional reflections. Arrows indicate the ALL6 and Tn3 639 

reflections. Bottom: myosin heavy chain isoform composition of the myofibers in the grids, 640 

showing successful segregation of fast- and slow twitch fibers from F1:P1. Spacing of the actin 641 

layer line 6 reflection (ALL6; (L)) and the Tn3 reflection (M) are comparable between slow- and 642 

fast twitch myofibers. Each dot represents data from one set of grids containing 28 myofibers. 643 

Data is depicted as mean ± SEM.  644 
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 645 

Figure 4. Results of the molecular dynamics simulations. (A-B) Superposition of N-domains 646 

of MD predicted apo (A) and holo (B) variants. WT, D34Y and M79I variants are colored purple, 647 

green and orange respectively. Helices N (residues 2-11), A (residues 14-27), B (residues 40-648 

48), C (residues 54-63), and D (residues 74-85) of the N-domain are labeled. Protein oxygens 649 

within 2.5Å of Ca2+ are shown as spheres and their respective residues in sticks. (C-D) Root 650 

mean squared fluctuations (RMSF) of N-terminal domain residues. Holo and apo systems are 651 

represented as lines and broken lines respectively. WT is compared against D34Y and M79I 652 

in panels C and D respectively. Shaded regions reflect standard deviations. (E-H) Radial 653 

distribution of protein (E,G) and solvent (F,H) oxygens about bound Ca2+ ions in the fsTnC N-654 

terminal domains from the final 50 ns of each trajectory. (I-J) Principal component (PC) 655 

analysis of the fsTnC2 N-domain MD trajectory data (J). Square displacements signify the 656 

relative contribution of each amino acid to PC1 (solid) or PC2 (dashed) (K). PC1 reflects the 657 

displacement of helices B-D, while PC2 corresponds to the loop connecting the C and D 658 

helices. These PCs demonstrate that the apo structures exhibit different displacements, or 659 

conformations, than the holo structures, and the D34Y variant samples a very different 660 

conformation than the WT and the M79I variants. (K) Cartoon diagram of the MD-predicted 661 

structures for holo WT fsTnC (purple); holo M79I fsTnC (orange); holo cTnC with switch 662 
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peptide (cyan). The structures of WT and M79I fsTnC are from the MD simulations; for cTnC 663 

the PDB 1MXL structure was used. Residues that are within 4Å of the TnI switch peptide in 664 

cTnC are shown as cyan sticks, and residues within 4Å of M79/I79 in holo M79I fsTnC are 665 

shown as orange sticks. Residues that overlap between the two are shown as thick sticks. 666 

M79/I79 is shown in ball and stick representation.  667 
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 668 

Figure 5. The experimental design and results of the myofiber contractility experiments. (A) 669 

Schematic representation of the contractility setup. An isolated single myofiber between 670 

aluminum T-clips is mounted between a force transducer and length motor. The fiber is 671 

subsequently passed through the baths filled with solutions with incremental [Ca2+]. (B) Typical 672 

tracing showing the force response to the incremental Ca2+-concentrations, followed by the 673 

protocol in which a rapid release and restretch (kTR) and short-length perturbations (active 674 

stiffness) were imposed on the myofibers (Ca2+-concentrations, kTR and active stiffness are 675 

indicated in the colored bar). Data shown is from a control myofiber (fast twitch, 676 
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CSA=0.0054mm2). (C) The force-[Ca2+] relation, showing the average of all slow twitch (top) 677 

and fast twitch (bottom) control myofibers versus the slow twitch and fast twitch myofibers from 678 

F1:P1 and F2:P1. The physiological [Ca2+] range is indicated by the gray bar. (D) The [Ca2+] 679 

at which 50% of maximum force is reached. (E) The maximum force normalized to myofiber 680 

cross-sectional area (i.e. specific force). Data is depicted as mean ± SEM.  681 
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 682 

Figure 6. The experimental design and results of the reconstitution of myofibers with 683 

recombinant fsTnC. (A) The schematic depicts the thin filament with troponin complex in which 684 

(I) endogenous fsTnC is removed from fast twitch myofibers, followed by (II) reconstitution with 685 

exogenous fsTnC. (B-C) Normalized force-[Ca2+] relation relations of myofibers from control 686 

subjects before and after reconstitution with recombinant D34Y-fsTnC (B) and M79I-fsTnC (C). 687 

Inset shows the [Ca2+] at which 50% of maximum force is reached (D-E) Normalized force-688 

[Ca2+] relation relations of myofibers from F1:P1 (D) and F2:P1 (E) before and after 689 

reconstitution with recombinant WT-fsTnC. Inset shows the [Ca2+] at which 50% of maximum 690 
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force is reached. The physiological [Ca2+] range is indicated by the gray bar. Data are depicted 691 

as mean ± SEM.  692 
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 693 

Figure 7. Experimental design and results for myofibers of controls (C), F1:P1 and F2:P2 694 

exposed to DMSO and tirasemtiv. (A) Schematic depiction of a thin filament section including 695 

one troponin subunit illustrating the Ca2+ sensitizing effect of tirasemtiv: I. Tirasemtiv is added 696 

to the pCa solution II. enhancing Ca2+ binding to troponin in fast twitch myofibers. (B-C) 697 

Normalized force-[Ca2+] relations of fast twitch myofibers of F1:P1 (D) and F2:P1 (E) before 698 

and during exposure to 10 µM tirasemtiv. Inset shows the [Ca2+] at which 50% of maximum 699 

force is reached. The physiological [Ca2+] range is indicated by the gray bar. Data are depicted 700 

as mean ± SEM.  701 
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 702 

Figure 8. Graphic summary of the pathomechanism in TNNC2-related congenital myopathy.  703 
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TABLES 704 

Table 1. Detailed clinical description of family 1 (F1) and family 2 (F2). F1:P1 indicates patient 1 from family 1, etc. M = male; F = female; yrs = 705 

years; mo = months; PEG = percutaneous endoscopic gastrostomy; CK = creatine kinase; EMG = electromyography; Rep Stim = Repetitive 706 

stimulation; FVC = forced vital capacity; NP = not performed; LE = lower extremity; MRI = Magnetic Resonance Imaging, EM = electron 707 

microscopy. 708 

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 



39 
 
 

Onset  Maternal polyhydramnios 
treated with serial 
amniocenteses; hypotonia, 
vocal cord paralysis, respiratory 
insufficiency requiring 
intubation and tracheostomy at 
birth; PEG tube due to 
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 requring 
PEG tube at 4mo.  

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 yrs, 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 

Stable with gradual decline 
recently; axial, proximal and 
distal weakness 4-/5 – 5/5 range 
(55 yrs) (MRC-grade); mild 
scoliosis. 

Stable with gradual decline 
recently; mildly reduced 4/5 – 
5/5 range (76yrs) (MRC-grade); 
scoliosis requiring surgery with 
bone fusions. 

Mild proximal weakness 4/5 
(MRC grade).  

4-/5 – 5/5 range (MRC-grade) 
(26 yrs); 

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

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.  
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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 of type 1 fibers, small 
type 2 fibets, No ultrastructural 
abnormalities on EM (8 yrs, 
quadriceps).  
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LE MRI imaging 
(age) 

Mild, focal fatty infiltration of 
lower extremity muscles in a 
patchy and heterogenous 
pattern. Paraspinal muscles are 
significantly affected; proximal 
thigh muscles are less affected 
than lower leg muscles (26 yrs). 

Mild, focal fatty infiltration of 
lower extremity muscles in a 
patchy and heterogenous 
pattern. Proximal thigh muscles 
are less affected than lower leg 
muscles (55 yrs). 

Mild, focal fatty infiltration of 
lower extremity muscles in a 
patchy and heterogenous 
pattern. Paraspinal muscles are 
significantly affected; proximal 
thigh muscles are 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). 

  709 
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Table 2. Basic information of control subjects, F1:P1 and F2:P1.  710 

BASIC CLINICAL INFORMATION 

Biopsy  Patient ID 
 
Mutation 

 
Gender  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 
  711 
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Table 3. Myofiber morphology, quantified from histology images. Data is depicted as mean ± SEM. 712 

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 
  713 



44 
 
 

Table 4. Contractility data of slow- and fast-twitch myofibers of control subjects (C) and F1:P1 and F2:P1. All data are depicted as mean ± SEM. 714 

The number of measured biopsies (N) and single myofibers (n) is shown, as well as the percentage change (%) of patient compared to control 715 

and the p-value. nHill = Hill coefficient.  716 

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 
 717 
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