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Troponin | (Tnl) regulates thin filament activation and muscle contraction. Two isoforms, Tnl-fast (TNNI2) and Tnl-slow
(TNNI1), are predominantly expressed in fast- and slow-twitch myofibers, respectively. TNNI2 variants are a rare cause of
arthrogryposis, whereas TNNI1 variants have not been conclusively established to cause skeletal myopathy. We identi-
fied recessive loss-of-function TNNI1 variants as well as dominant gain-of-function TNNIT variants as a cause of muscle
disease, each with distinct physiological consequences and disease mechanisms. We identified three families with bial-
lelic TNNI1 variants (F1: p.R14H/c.190-9G>A, F2 and F3: homozygous p.R14C), resulting in loss of function, manifesting
with early-onset progressive muscle weakness and rod formation on histology. We also identified two families with a
dominantly acting heterozygous TNNI1 variant (F4: p.R174Q and F5: p.K176del), resulting in gain of function, manifest-
ing with muscle cramping, myalgias, and rod formation in F5. In zebrafish, Tnl proteins with either of the missense
variants (p.R14H; p.R174Q) incorporated into thin filaments. Molecular dynamics simulations suggested that the
loss-of-function p.R14H variant decouples Tnl from TnC, which was supported by functional studies showing a reduced
force response of sarcomeres to submaximal [Ca®*] in patient myofibers. This contractile deficit could be reversed by a
slow skeletal muscle troponin activator. In contrast, patient myofibers with the gain-of-function p.R174Q variant
showed an increased force to submaximal [Ca2*], which was reversed by the small-molecule drug mavacamten. Our
findings demonstrated that TNNI1 variants can cause muscle disease with variant-specific pathomechanisms, manifest-
ing as either a hypo- or a hypercontractile phenotype, suggesting rational therapeutic strategies for each mechanism.

INTRODUCTION subunit (TnI). Upon muscle activation, Ca”" enters the cytosol and
The troponin complex is critical for the regulation of muscle contrac-  binds to TnC, initiating a chain of events that leads to the release of
tion [reviewed in (I)]. It is composed of three distinct subunits: a  TnI from actin, which allows movement of the tropomyosin dimer
Ca** binding subunit (TnC), a tropomyosin binding subunit (TnT), strand. This movement exposes myosin binding sites on actin and
and the actomyosin adenosine triphosphatase (ATPase) inhibitory  allows the myosin heads on the thick filament to grab and pull on the
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actin molecules, thereby generating force along with the hydrolysis of ad-
enosine triphosphate (ATP). With a decrease of cytosolic Ca**, TnI inhib-
its actomyosin ATPase, thereby regulating muscle relaxation. Thus, Tnl
plays an important role in skeletal muscle contraction and relaxation ().

Genes encoding the Tn isoforms have been implicated in congeni-
tal (cardio)myopathies reviewed in (2), with the single exception of
the gene encoding the slow skeletal Tnl isoform [ssTnl; TNNII; On-
line Mendelian Inheritance in Man (OMIM): 191042] (2). TNNI1 was
only recently tentatively implicated in myopathy in a single family
with dominant proximal arthrogryposis, although the pathogenicity
of the reported Tnl variant (p.K175%) was not further investigated (3).
ssTnl is predominantly expressed in fetal heart and slow-twitch skel-
etal myofibers (4, 5), whereas fast skeletal Tnl (TNNI2) is expressed
in fast-twitch skeletal myofibers and c¢Tnl (TNNI3) is expressed in
cardiac muscle. Variants in TNNI2 (OMIM: 191043) are established
causes of distal arthrogryposis syndromes (6, 7) and variants in TNNI3
(OMIM: 191044) of cardiomyopathy (8).

Here, we characterized three independent families with biallelic
loss-of-function TNNII variants resulting in a hypocontractile pheno-
type, manifesting with early-onset progressive muscle weakness, as well
as two families with dominantly acting heterozygous gain-of-function
TNNII variants resulting in a hypercontractile phenotype manifesting
with muscle cramping and myalgia. Loss-of-function recessive variants
caused hypotrophic myofibers with a reduced force response of the sar-
comeres to submaximal [Ca®"], whereas the dominant variants caused
hypertrophic myofibers with an increased force response of sarcomeres
to submaximal [Ca”*] consistent with a gain-of-function hypercontrac-
tile manifestation. Thus, we established that pathogenic variants in
TNNII result in either a hypo- or a hypercontractile disease mecha-
nism, which, for the hypocontractile mechanism, may be amendable to
a troponin activator and, for the hypercontractile mechanism, may be
amenable to the myosin inhibitor mavacamten.

RESULTS

Through exome- or next-generation-based sequencing (Supplemen-
tary Materials and Methods), we identified three families (F1:
c.41G>A; p.R14H/c.190-9G>A, F2 and F3: homozygous ¢.40C>T;
p-R14C), with biallelic recessive TNNII variants and two families (F4:
¢.521G>A; p.R174Q and F5: ¢.527_529delAGA; p.K176del), with het-
erozygous dominant TNNII variants. A summary of the identified
TNNII variants is shown in table S1. The positions of the variants in
the protein molecule are indicated in Fig. 1A with its amino acid se-
quence around the variant in Fig. 1B. In general, the amino acid se-
quence of ssTnl is highly conserved across species (for example, 98%
conservation between human and mouse TNNII). The R14 residue is
located in an « helix in the troponin C binding site. It is notable that
R14 and its flanking sequences are conserved across all species que-
ried. The dominant p.R174Q variant identified in F4 is located outside
of known helices and binding sites of ssTnI but in a highly conserved
region of the protein (Fig. 1B). In family 5, the ¢.527_529del AGA dele-
tion in TNNII was identified in the affected mother and her affected
son. The variant likely results in the in-frame deletion of the residue
lysine at codon 176 (p.K176del). Detailed clinical information for all
patients is summarized in table S2.

Phenotype of loss-of-function recessive TNNI1 variants
Family 1 (siblings: F1:P1 and F1:P2), family 2 (F2:P3), and family 3
(F3:P4) (Fig. 2A, left) presented with childhood onset myopathy
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with proximal more than distal muscle weakness of moderate to se-
vere clinical severity and progression. F2:P3 and F3:P4 presented
with severe infantile weakness with minimal attainment of motor
milestones. Visualization of muscle weakness is shown in Fig. 2B
(left) (9). Respiratory involvement was variable, ranging from con-
genital onset need for mechanical ventilation (F2:P3) to a mildly
reduced forced vital capacity (FVC) of 69% predicted (F1:P1). Both
F1:P1 and F1:P2 had mild contractures of elbows, hamstrings, and
heel cords. F2:P3 had moderate contractures of knees and hips in
addition to bilateral hip dysplasia with subluxation of the left hip.
F1:P2 was also noted to have rapidly progressive scoliosis, requiring
surgery at age 13 years. F1:P1 was found to have an activity and
load-induced tremor of low amplitude with high frequency that in-
creased with weight-bearing activity or with persistent muscle use.
None of the patients had a history of elevated serum creatine kinase
(CK) levels. Echocardiogram screening was normal in all four af-
fected individuals.

Phenotype of gain-of-function dominant TNNI1 variants
Family 4 (three siblings F4:P5, F4:P6, and F4:P7) and family 5 (moth-
er F5:P8 and son F5:P9) (Fig. 2A, right) presented with a dominantly
inherited hypercontractile disease with a constellation of symptoms
including muscle cramping, myalgias, stiffness, and fatigue, often af-
ter physical activity. Recognition of symptoms ranged from child-
hood (F4:P7) to adulthood (F5:P9) and was commonly reported as
reduced exercise endurance and muscle cramping. Swallowing diffi-
culties were present in four patients (F4:P5, F4:P6, F4:P7, and F5:P9).
All patients were found to have elevated serum CK levels (ranging
from 4 to 10 times upper limit of normal), typically preceding onset
of clinical symptoms by years. Four of five patients reported normal
muscle strength. F5:P8 developed progressive proximal lower ex-
tremity and axial [Medical Research Council (MRC) 4/5] weakness
at age 64 years, which subsequently progressed to involve axial mus-
cles and the upper extremity with mild biceps weakness (MRC 4+/5).
Visualization of muscle weakness is shown in Fig. 2B (right) (9).

Respiratory surveillance (using FVC) and echocardiograms were
normal in F4. The affected father in F4 passed away at age 66 years of
sudden death. He had remained physically active and did not report
muscle weakness. Echocardiogram in F5:P8 demonstrated mild left
ventricular enlargement with a normal ejection fraction (67%). An
electrocardiogram revealed nonspecific repolarization abnormalities
at age 68 years. Her son (F5:P9) was diagnosed with mild left ven-
tricular hypertrophy at age 43 years. At the age of 48 years, he was
admitted for gastroenteritis and developed a myocarditis followed by
cardiac arrest (asystole) requiring implantation of a pacemaker de-
vice. Cardiac magnetic resonance imaging (MRI) showed hypertro-
phic cardiomyopathy and acute myocarditis.

Muscle MRI findings

Muscle MRI of the lower extremities was performed in family 1
(F1:P1 and F1:P2) with recessive hypocontractile disease. In both sib-
lings, there was a similar pattern of increased signal on T1-weighted
images indicative of fatty changes within muscles, with relative spar-
ing of the rectus femoris, gracilis, adductor longus, and semitendino-
sus muscles, along with the superficial vastus lateralis in F1:P1 in the
upper leg and sparing of the medial and lateral gastrocnemius mus-
cles in the lower leg (Fig. 2C, left). Among the affected muscles, mus-
cles with a larger percentage of slow-twitch fibers, such as the soleus
and vastus intermedius, showed more abnormal signaling. In the
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Fig. 1. Slow skeletal troponin | protein (ssTnl)

A

sequence and alignment. (A) Schematic repre- TNNI1
sentation of the amino acid sequence of ssTnl as N Helix C
encoded by TNNIT (FASTA: P19237). The recessive TnC binding TnT
p.Arg14His (R14H) TNNI1 substitution (family 1), Inhibitory region (tropomyosin-Actin binding)
p.Arg14Cys (R14C) (families 2 and 3), and the two
dominant variants, p.Arg174GIn (R174Q) (family
4) and p.Lys176del (K176del) (family 5), are indi- B R14H/C K176del
cated. (B) Excerpts of cross-species TNNI1 align-
ment in the regions of the patients’substitutions.  [Residue 9 10 11 12 13 |14[15 16 17 18 19| [169 170 171172 173[174[175[176[177 178 179
‘Homosapiens | K I T A SIRIK L L L KIS GMEG GIRIKIKIMF D
Mus musculus K1 T A S|IR|K LML K S GME G|R|K|K|M F D
Gallus gallus K 1 T A S|IR|K L L L K S GME G|R|K|K|M F D
Takifugu rubripes K1 S A SIR|IK LML K S GME GIR|K|[K|M F D
Danio rerio K I S A SIR|IK LML K S GME G|R|K|K|M F D
Xenopus tropicalis K1 S A SIR|K L L L K S GME GIR|K|[K|M F D
| Loss-of-function hypocontractile TNNI1 | | Gain-of-function hypercontractile TNNI1 |
A Fi1 F2 F3 F4 F5
n — | SNe
c.190-9G>A/-| p.R14H/- p.R14C/-| p.R14C/- p.R14C/-| p.R14C/- - p.K176del/-
EBH:PZ F2:P3 .F3:P4 iF4:P5 ‘F4:P6 iF4:P7 F5:P9
€.190-9G>A/p.R14H ¢.190-9G>A/p.R14H  p.R14C/p.R14C p.R14C/p.R14C p.R174Q/- p.R174Q/- p.R174Q/- p.K176del/-
B F1:P1 F1:P2 F4:P7 F5:P8 F5:P9
g " D | g D | g Y -
¥ a I o\l | R R | .
v ) v o) v Y v ) v 1 9
=
| | | n I
C

OO

Fig. 2. Clinical and imaging characteristics of patients with TNNIT variants. (A) Pedigrees of the four families, with recessively inherited disease in families 1, 2, and 3
(left) and dominantly inherited disease in families 4 and 5 (right). (B) MuscleViz was used to visualize weakness using the MRC scale for muscle strength. (C) Left: Lower
extremity muscle MRl imaging for patients F1:P1 and F1:P2 at age 18 and 15 years. Right: Lower extremity muscle MRI imaging for patients F4:P7, F5:P9, and F5:P8.

families with hypercontractile dominant disease (F4 and F5) muscle
MRI revealed a distinct spectrum of involvement, ranging from
normal appearance (F4:P7) to near-normal appearance with selec-
tive fatty infiltration of the medial gastrocnemius (F5:P9) and to
mildly diffuse fatty infiltration without a specific pattern (F5:P8)
(Fig. 2C, right). Overall, when compared with the recessive patients,
the patients with dominant disease were found to have less pro-
nounced signal changes indicative of fatty infiltration and without
obvious atrophy.
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Histological and ultrastructural findings

Muscle biopsies were obtained in three patients (F1:P1, F1:P2, and
F2:P3) with hypocontractile TNNI1 disease. Histological findings
were consistent with a myopathic process in all three, with variability
in fiber size on hematoxylin and eosin (H&E) and an increase in adi-
pose tissue (F1:P2 and F2:P3) (Fig. 3A, top row). Internalized nuclei
were present in F1:P2. In F1:P1 and F1:P2, numerous nemaline bod-
ies (i.e., rods) were present on Gémori trichrome (GT; Fig. 3A, sec-
ond row), which were more prominent in F1:P1 and exclusive to
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A

Loss-of-function hypocontractile TNNI1 l
F1:P1

Gain-of-function hypercontractile TNN/1

Fig. 3. Histological and electron microscopy findings of patients with TNNIT variants. (A) Biopies from patients F1:P1 (rectus femoris, age 9 years), F1:P2 (rectus
femoris, age 10 years), and F2:P3 (vastus lateralis, age 8 months) with loss-of-function hypocontractile TNNIT showing H&E (top row), GT (second row), and NADH (third
row) stains and electron microscopy (EM) (bottom row). (B) Biopsies from patients F4:P5 (quadriceps, age 35 years), F5:P8 (biceps, age 64 years), and F5:P9 (biceps, age
47 years) with gain-of-function hypercontractile TNN/7 showing H&E (top row), GT (second row), and NADH (third row) stains and EM (bottom row)

slow-twitch myofibers. Nicotinamide adenine dinucleotide (NADH)
staining revealed slow-twitch myofiber hypotrophy in F1:P1 and
F2:P3 and core-like regions in F1:P1 and F1:P2 (Fig. 3A, third row).
The presence of sarcomeric damage with numerous prominent rods
was confirmed on electron microscopy in F1:P1 and F1:P2 (Fig. 3A,
bottom row).

Muscle biopsies were also obtained in three patients (F4:P5,
F5:P8, and F5:P9) with hypercontractile TNNII disease. All biop-
sies revealed variation in myofiber size, with an increase in inter-
nalized nuclei on H&E (Fig. 3B, top row) and type 1 hypertrophy
on NADH (Fig. 3B, third row), consistent with a myopathic disease
process. There were eosinophilic granular inclusions on H&E in
slow-twitch myofibers (Fig. 3B, top row), which appeared blue-
green on GT (Fig. 3B, second row) and appearance of cores, dem-
onstrated by the absence of mitochondria and myosin on NADH
(F4:P5, F5:P8, and F5:P9) (Fig. 3B, third row). Electron microscopy
confirmed the presence of several rods both in F5:P8 and in F5:P9.
There was also ultrastructural evidence of potential core-like re-
gions in the biopsy from F5:P8, with rare streaming of Z-lines
(Fig. 3B, bottom row).

Analysis of myofiber size (minFeret) in biopsies from two pa-
tients (F1:P1 and F1:P2) with loss-of-function hypocontractile dis-
ease and three patients with gain-of-function hypercontractile
disease (F4:P5, F5:P8, and F5:P9) did not show a difference be-
tween the slow- and fast-twitch myofiber size (fig. S1). Basic demo-
graphic information of the control participants used in the
morphology analysis is shown in table S3, and minFeret values
are in table S4. Thus, histological and ultrastructural findings of a
rod myopathy were present in biopsies from both dominant and
recessive TNNII patients and were predominantly found in slow-
twitch myofibers.

Donkervoort et al., Sci. Transl. Med. 16, eadg2841 (2024) 3 April 2024

Splicing analysis of TNNIT c.190-9G>A

To evaluate the effect of the paternal ¢.190-9G> A recessive variant
on splicing, we performed RNA sequencing on F1:P1 muscle RNA.
This revealed a 7-bp extension at the 5" end of exon 6 in a minority of
the reads (163 of 3431, 4.7%) (fig. S2A). The splicing anomaly was
absent from the control biopsies as well as from 803 muscle samples
from GTEX v3. That only a fraction of the reads included the abnor-
mal 7-bp insertion suggested that the ¢.190-9G>A variant led to
nonsense-mediated decay of the paternal allele due to generation of a
premature stop codon. Similar allelic skewing toward the maternal
allele was also observed at the exon 4 site, because the maternal
c.41G>A; p.R14H variant was present in 96% (5416 of 5671) of reads
compared with 4% of normal reads at this locus (fig. S2B). Reverse
transcription polymerase chain reaction confirmed that the 7-bp
insertion was present only on the paternal allele (fig. S2, C and D).
Together, these results suggested that the majority of ssTnl molecules
in F1:P1’s muscles included the p.R14H variant, whereas the paternal
allele was severely underrepresented likely because of nonsense-
mediated decay after missplicing.

Incorporation of mutant TNNI1 in zebrafish

To evaluate whether the loss-of-function (R14H) or gain-of-function
(R174G) mutant TNNI1 proteins are effectively incorporated in the
thin filaments, we used zebrafish as a well-established model to express
sarcomere proteins and to study their in vivo localization. Zebrafish
at the one-cell stage were injected with plasmids driving ex-
pression of human TNNI1, TNNIT®"H, or TNNI1*7*Q tagged
with enhanced green fluorescent protein (eGFP) under the control of
the muscle-specific unc503 promoter, and after 2 days, we imaged
the localization of the mutant proteins. As shown in Fig. 4, zebrafish
injected with wild-type (WT)-ssTnl protein showed staining
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Fig. 4. Zebrafish muscle expressing wild-type
and variant TNNI1-eGFP. Projection through a

confocal image series after antibody labeling for &
eGFP (green) and the z-disk marker a-actinin (red), 8
imaged 2 days after injection. Left shows the local- €
ization of WT-ssTnl, the middle shows R14H-ssTnl, i
and the right shows R174Q-ssTnl. %
@©
S
Ll
=
<
()
jo2d
5}
=

compatible with thin filament decoration. We noted that the Z-disc
staining localized to the middle of the ssTnl staining and the pres-
ence of a thin filament bare zone (H-zone) where no staining is
present (Fig. 4, left column). Thus, the expressed ssTnl protein
was incorporated into the sarcomeres at the anticipated loca-
tions. Zebrafish injected with the TNNI1®"*" variant also showed the
typical striation pattern flanking the Z-discs and the presence of the
H-zone (Fig. 4, middle column). However, staining was more diffuse
than the sarcomeres expressing TNNI1"", suggesting that incorpo-
ration was slightly decreased, compatible with its loss-of-function
mechanism. Zebrafish injected with gain-of-function TNNI1®'74¢
showed staining of the thin filament that was comparable to that in
TNNIYT fish (Fig. 4, right column), compatible with the gain-of-
function mechanistic manifestation.

Molecular dynamics simulations

To study the effects of the variants in TNNII on the structure and
dynamics of ssTnl proteins, we performed molecular dynamics (MD)
simulations. Because atomistic-resolution structures are not available
for human ssTnl, we used the chicken troponin complex (1YTZ) (10)
and a chimera, for which residues E4 to R13 were replaced with the
human sequence (VERKPKITAS) using CHARMM-GUI (fig. S3A).
The R14 position, identified in the patients with recessive hypocon-
tractile disease, was strictly conserved in the ssTnl amino acid se-
quence. Because functional myofiber analysis could only be performed
in family 1, we opted to simulate structures with and without the
R14H variant. The dominantly acting R174Q (family 4) and K176del
(family 5) variants with hypercontractile disease were found in the
C terminus of ssTnl, for which structural data are not yet available
(fig. S3A). Therefore, the effect of these variants on structure could
not be simulated.

Representative structures for the WT and chimeric troponin com-
plex that are aligned to TnC are shown in Fig. 5A (alignment to Tnl is
shown in fig. S3B). The global structures expectedly bear high struc-
tural similarity as evidenced by the overlap of each protein’s backbone
structure (Fig. 5A). R14 in both structures localized to D135 in the C
terminus of TnC as indicated by the R14/D135 distances of 4.7 & 0.02
and 4.8 + 0.03 A for the chimeric and chicken structures, respectively
(Fig. 5B). This interaction reflects favorable electrostatic interactions
between the negatively charged TnC D135 residue and the positively
charged R14 in the WT structures. This site was conserved in the hu-
man cardiac and fast skeletal TnC (fig. S3C).

We did not observe substantial changes in the global structure of
the troponin complexes for the R14H variants. However, we did
note a decoupling of the histidine substitution at site 14 in TnI from
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TnC D135, as shown by the markedly longer (at least 6 A) distance
to D135 relative to WT (Fig. 5, A and B). The decoupling of the site
14 position from D135 appeared to displace the N-terminal TnI o
helix from its position in the WT structure relative to the TnC C
terminus (fig. S3D).

Previous observations (11-13) indicated that introducing negative
charge density, via adding phosphate or aspartic acid, into the N-
terminal cTnI/C-terminal cTnC interface reduced the Ca®* sensitivity
of force production of sarcomeres. In a similar vein, The R14H variant
constitutes a reduction in positive charge within the analogous inter-
face comprising N-terminal ssTnl/C-terminal ssTnC. Therefore, the
R14H variant may reduce the Ca®" sensitivity of force generation,
which was observed in the results below.

We anticipated that decoupling of N-terminal TnI from C-
terminal TnC would affect the structure and dynamics of the TnC N
terminus (14). To assess this effect, we used principal components
(PC) analysis to identify global motions that manifested in the TnC N
terminus; the displacements corresponding to the largest PC are
shown in Fig. 5C. The WT, chimera, and chicken isoforms all exhib-
ited similar motions as indicated by their overlapping distributions in
the PC1 and PC2 projections (Fig. 5C, right). However, the distribu-
tion reported for the chimeric R14H variant was considerably dis-
placed along PC2, which suggested that its N-domain adopted a
global position that differed from the WT chimera. We also assessed
the root mean square fluctuations within TnC but did not find signifi-
cant differences (fig. S3E). Thus, the results of the MD simulations
warranted additional inquiry to determine whether the changes in
structure imposed by the R14H variant interfere with the sarcomere’s
ability to generate force.

The p.R174Q and the p.K176del variants are in ssTnI’s C-terminal
extension. This region extends beyond the switch peptide (residues
H132 and beyond) and is intrinsically disordered (15) because of its
high percentages of positively and negatively charged residues (16).
Intrinsically, disordered regions can adopt loose folds, which corre-
late with the fraction of charged residues within the sequence.
Holehouse et al. (16) proposed a schematic (see fig. S3F) resembling a
phase diagram to categorize these folds as a function of the fractions
of negatively charged (y axis) and positively charged amino acids (x
axis). Sun and Kekenes-Huskey (17) categorized the intrinsically
disordered regions of cTnI (TNNI3), and according to this schemat-
ic, the C-terminal domain rests on the border between R2 (coils/
premolten globules) and R3 (hairpins/coils/chimera). In fig. S3F, we
adapted the Sun and Kekenes-Huskey schematic and demonstrate
that the TNNI1 C terminus is similarly positioned along this border
(fraction negative and positive are 0.223 and 0.171, respectively).
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Fig. 5. Molecular dynamics simulations. (A) Comparison of the WT and R14H substitution. WT chicken and chimera are compared by aligning across the TnCs backbone
(left). R14H chicken and chimera are compared by aligning across the TnCs backbone (right). Chicken and chimera complexes are shown in cyan and yellow, respectively.
TnC and Tnl are represented as cartoons and ribbons, respectively. Residues R14 (blue)/H14 (green) and D135 (red) of chicken and human/chicken chimera are repre-
sented as ball/stick and licorice, respectively. Calcium ions are shown as spheres. (B) Distance between R14 (Tnl) and D135 (TnC). Mean of three MD trials and SEM are
shown. Distance is significantly different (P < 0.001) between WT and R14H, for both chicken and chimera complexes. (C) Left: All structures were aligned on their respec-
tive TnC C-domain and Tnl helices. Chicken and chimera complexes are shown in cyan and yellow, respectively. TnC and Tnl are represented as cartoons and ribbons, re-
spectively. Residues R14 (blue)/H14 (green) and D135 (red) of chicken and human/chicken chimera are represented as ball/stick and licorice, respectively. Calcium ions are
shown as spheres. Right: Projection of principal components 1 and 2 for all structures.

The p.K174Q and p.K176del variants reduce the fractional positive-
ly charged amino acid content, which shifts the peptides’ ensemble
toward the R2 premolten globule state.

Myofiber contractility
To study the effect of the variants on the contractility of sarcomeres,
we isolated single myofibers from the patients’ muscle biopsies. Bi-
opsy tissue was available from one patient with hypocontractile reces-
sive disease (F1:P1) and one patient with hypercontractile dominant
disease (F4:P5). The myofibers were permeabilized, which allows for
activation with exogenous Ca”*. Representative myofibers, used for
the contractility assays, are shown in Fig. 6, A and B. The myofibers
were exposed to incremental [Ca?*] solutions (Fig. 6C), and the force
generated was recorded (Fig. 6D). Results were compared with those
from myofibers isolated from biopsies of healthy controls. Data
(mean + SEM) of slow-twitch myofibers of control participants, F1:P1
and F4:P5, are reported in Table 1, and data (mean + SEM) of fast-
twitch myofibers are reported in Table 2.

Absolute maximal force (force at pCa 4.5) was significantly lower
in slow-twitch myofibers of the patient with recessive disease, F1:P1,
compared with those of controls (P < 0.05; Table 2). Absolute

Donkervoort et al., Sci. Transl. Med. 16, eadg2841 (2024) 3 April 2024

maximal force in fast-twitch myofibers was comparable between
F1:P1 and controls (Table 2). To account for the differences in myofi-
ber cross-sectional area (CSA), absolute maximal force was normal-
ized to the CSA of the myofiber to obtain specific force. Specific force
was significantly lower in slow-twitch myofibers of the patient with
hypocontractile recessive disease (F1:P1) compared with those of
control participants (P < 0.05; Fig. 6E). Specific force in fast-twitch
myofibers was comparable between F1:P1 and the control partici-
pants (Fig. 6E).

In contrast, in patient F4:P5 with hypercontractile dominant dis-
ease, absolute maximal force was increased compared with control
levels in slow-twitch myofibers (P < 0.05; Table 2). When normaliz-
ing absolute maximal force to the CSA, the resulting specific force in
F4:P5 slow-twitch myofibers was similar to control levels (Fig. 6E).
Furthermore, specific force of fast-twitch myofibers of F4:P5 was
comparable to control values (Fig. 6E). In Fig. 6F, the average force-
[Ca*™] relations are shown of slow- and fast-twitch myofibers of
F1:P1 (recessive), F4:P5 (dominant), and of control participants.
Both F1:P1 slow- and fast-twitch myofibers show a rightward shift
of the force-[Ca®*] relation, indicating a decreased Ca*" sensitivity of
force (Fig. 6F) consistent with the manifestation of hypocontractile
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patient (P) biopsy while mounted in the contractility setup. Scale bars, 10 pm. (B) Light microscopy image of a typical example of fast-twitch permeabilized single myofi-
bers isolated from control (Con) and patient (P) biopsy while mounted in the contractility setup. Scale bars,10 pm. (C) Schematic representation of the contractility setup.
An isolated single myofiber clipped in aluminum T-clips is mounted between a force transducer and length motor. The fiber is subsequently moved through the baths
filled with solutions with an incremental [Ca®*]. (D) Typical tracing showing the force response to the incremental [Ca2*] concentrations. Data shown are from a control
myofiber (fast-twitch, CSA = 0.0054 mm?). (E) Maximal active specific force (maximal force normalized to CSA) for myofibers from control, F1:P1, and F4:P5. (F) The force-
pCa relation, showing the average curve of slow-twitch (top) and fast-twitch (bottom) control myofibers versus slow-twitch and fast-twitch myofibers from the control,
F1:P1, and F4:P5. (G) The [Ca%*] at which 50% of maximum force is reached for control, F1:P1, and F4:P5.
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Table 1. Characteristics for control, F1:P1, and F4:P5 slow-twitch myofibers. 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 patient compared with control and the associated P value. F, absolute force;

[Ca**]s0, calcium sensitivity; NS, not significant.

Tissue C (N/n) F1:P1 (N/n)

%P value F4:P5 (N/n) %P value

Absolute mN
maximal

force

0.399+0.073 (6/39) 0.054+0.013 (1/8)

(6/39) 0.001 +0

Cross- mm? 0.004 + 0.001

sectional
area

Maximal mN/mm?

force
normalized
to CSA

'[Nc'a'i*"‘];so s HM R 201004 . (6/37) . 262 i021 e

—86% 0.020 0.729 +£0.126 (1/10) +83% 0.047

-75% 0.002 0.008 + 0.002 (1/10) +100% NS

_43% R 001 9 R 1 0611 1 . (1/10) +4% e Ns R

+31% 0001  141£014 (1100  -30% 0000

Table 2. Characteristics for control, F1:P1, and F4:P5 fast-twitch myofibers. 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 patient compared with control and the associated P value.

Tissue (4 (N/n) F1:P1 (N/n)

%P value F4:P5 (N/n) %P value

Absolute
maximal
force

mN 0.591+0.123  (6/31) 0.592+0.031 (1/13)

Cross- oA 4 0 (6/31) .
sectional

area

00050

Maximal mN/mm? 136 + 13 116+ 8
force
normalized

to CSA

[Ca*1s0

WM 181£005  (6/39) 2244008  (1/13)

disease. The rightward shift of the force-calcium relation was illus-
trated by the higher [Ca*™1*°, the [Ca*'] at which 50% of maximal
force is produced. In slow-twitch myofibers of F1:P1, the [Ca*t]
was higher than in the controls (A = 0.620 uM, P < 0.005; Fig. 6G).
In fast-twitch myofibers of F1:P1, the [Ca**]*° was also higher than
in controls (A = 0.43 pM, P < 0.05; Fig. 6G). In contrast, F4:P5 slow-
twitch myofiber shows a leftward shift of the force-[Ca*] relation
and a decreased [Ca**]*® compared with control (A = —0.59 pM,
P < 0.001; Fig. 6, F and G), consistent with the manifestation of hy-
percontractile disease. In F4:P5 fast-twitch fibers, no significant
change in [Ca?"1> was observed (Fig. 6G). Thus, the myofiber con-
tractility studies suggested that the patient with the hypocontractile
phenotype had reduced maximum force in combination with a re-
duced sarcomeric force response to submaximal [Ca”*], whereas the
patient with the hypercontractile phenotype showed an increased
sarcomeric force response to submaximal [Ca®*].

Administration of a slow skeletal muscle troponin activator
in loss-of-function hypocontractile TNN/7-related disease
Skeletal muscle troponin activators prolong the binding of Ca** to
troponin C on the actin filament of skeletal muscle sarcomeres,

Donkervoort et al., Sci. Transl. Med. 16, eadg2841 (2024) 3 April 2024

(1/13)

0% NS 0.57 +0.037 (1/22) —4% NS

+25% NS 00041—0 e (1/22) R 0% IR NS RO

e 14318 e (1/22) R +5% R NS RO

+24% 00131321103 . (1/22) R _27% R NS RO

thereby increasing the time during which myosin heads can “find”
and bind to binding sites on actin (18). Fast skeletal troponin activa-
tors confer specificity for fast-twitch myofibers (18) and thus are of
limited value to patients with variants in TNNI1, because the con-
tractility of slow-twitch myofibers is predominantly affected. The
development of slow skeletal muscle troponin activators, with the
goal of exclusively targeting slow-twitch myofibers, is inherently
challenging, because several key contractile proteins in slow-twitch
myofibers share high sequence similarity with those in cardiac myo-
cytes and may cause undesired cardiac activity. CK-3825076 (fig. S4)
is a troponin activator that targets slow-twitch myofibers without af-
fecting the contractility of cardiac myocytes. This selectivity for the
targeted myofiber type was confirmed by contractility assays in hu-
man myofibers (Fig. 7A and fig. S5, A and B) and by myosin ATPase
activity assays (fig. S5A). CK-3825076 was also evaluated in rat car-
diomyocytes, and in line with the ATP activity assay (fig. S5A), con-
tractility was unchanged (% change in fractional shortening from
baseline: 2.0 + 4.1% at 40 pM).

In human slow-twitch myofibers, CK-3825076 generated close to
a maximum force response at a concentration of ~10 pM (Fig. 7A),
which was then used in the following experiments (note that because
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Fig. 7. Administration of a slow skeletal muscle troponin activator and mavacamten to slow-twitch fibers. (A) Slow-twitch human myofibers were exposed to ex-
perimental solutions ([Ca®*] = 1.6 pM) with incremental concentrations of CK-3825076. Force is presented as a percentage of the force generated at a [Ca®*] of 1.6 pM in
the absence of troponin activator [vehicle only, 1% dimethysulfoxide (DMSO)]. Data are represented as mean and SEM. (B) The effect of 10 uM CK-3825076 (in 1% DMSO)
and DMSO alone on the F-pCa relation in slow-twitch myofibers from a control. The gray bar indicates the range of physiological [Ca%*]. (C) The effect of 10 pM CK-3825076
(in 1% DMSO) and DMSO alone on the F-pCa relation in slow-twitch myofibers from F1:P1. The gray bar indicates the range of physiological [Ca**]. (D) Slow-twitch human
myofibers were exposed to experimental solutions (Ca*1=16 uM) with incremental concentrations of mavacamten. Force is presented as a percentage of the force
generated at a [Ca®™] of 1.6 pM in the absence of mavacamten (vehicle only, 1% DMSO). Data are represented as mean and SEM. (E) The effect of 10 uM mavacamten (in
1% DMSO) and DMSO alone on the F-pCa relation in slow-twitch myofibers from a control. The gray bar indicates the range of physiological [Ca**]. (F) The effect of 10 uM

mavacamten (in 1% DMSO) and DMSO alone on the F-pCa relation in slow-twitch myofibers from F4:P5. The gray bar indicates the range of physiological [Ca?*].

of the limited biopsy size of F1:P2, these experiments were conduct-
ed only in myofibers of F1:P1). As shown in (Flg 7 B and C), CK-
3825076 evoked a leftward shift of the force-[Ca*"] relation in slow
twitch of both control participants and of patient F1:P1, with no ef-
fect on fast-twitch myofibers (fig. S5, B and C). The [Ca®*]* of slow-
twitch myofibers was decreased by 0.88 + 0.06 pM in the control and
by 0.75 + 0.07 uM in the F1:P1. As expected, maximum force (at
[Ca’t] =32 pM) was not aftected by the troponin activator (Fig. 7, B
and C). Thus, the slow skeletal muscle troponin activator augmented
force generation at submaximal activation in slow-twitch myofibers
in F1:P1 with hypocontractile recessive TNNII-related disease.

Administration of mavacamten in gain-of-function
hypercontractile TNNI/7-related disease

To explore therapeutic interventions aimed at reducing contractility in
patients with hypercontractile gain-of-function TNNII-related disease,
we studied the effect of mavacamten. Mavacamten, formerly known as
MYK-461, is a small-molecule allosteric inhibitor of sarcomeric myosins
developed for the treatment of human hypertrophic cardiomyopathy
(19-22) that reduces maximal actin-activated myosin ATPase in
human B-cardiac myosin (23, 24). f-Cardiac myosin is the dominant
myosin isoform in slow-twitch myofibers, rendering mavacamten an
attractive small-molecule drug to reduce the hypercontractility in

Donkervoort et al., Sci. Transl. Med. 16, eadg2841 (2024) 3 April 2024

patients’ myofibers with dominant TNNII-related disease. To date, the
effect of mavacamten in human slow-twitch myofibers has not been
tested. At 10 pM, mavacamten reduced force at submaximal activation
in human slow-twitch myofibers (Fig. 7D), a concentration that was
then used in the experiments [note that because of the limited biopsy
sizes, these experiments were conducted only in myofibers of F4:P5
(p-R174Q) and healthy controls]. In quadriceps, slow-twitch myofibers
of a healthy control, mavacamten reduced the force generating capacity
by ~60% at all activation levels, including at maximum activation, with
no significant effect on the pCasg (A [Ca®*] = 0.005 + 0.02 pM)
(Fig. 7E). The force-generating capacity of the hypercontractile slow-
twitch myofibers of patient F4:P5 (p.R174Q) was also reduced by ~60%
across all activation levels, again with no significant effect on the pCasg
(A [Ca®"] = 0.03 + 0.04 uM) (Fig. 7F). A similar effect on contractility
was seen in fast-twitch myofibers, expressing MYH2 isoforms (fig. S5,
D and E). Thus, mavacamten reduced force generation in slow-twitch
myofibers in F4:P5 (p.R174Q) with hypercontractile dominant TNNII-
related disease.

DISCUSSION
In this study, we established TNNII as a gene associated with early-
onset muscle disease in humans. We identified and characterized both
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recessive loss-of-function and dominant gain-of-function pathogenic
variants in TNNII. Aligned with the recessive and dominant genetic
mechanisms of the TNNI1 variants, we discovered a corresponding
dichotomy of pathophysiological mechanisms consisting of altered
Ca** sensitivity of force that result in distinct hypo- and hypercontrac-
tile phenotypes that are reflected in the clinical disease and therapeutic
approach (fig. S6). Variant-specific disease mechanisms underlying
altered muscle contractility are emerging for specific pathogenic sarco-
meric gene variants (25-28). In this study, we found both mechanisms
to be relevant for TNNI1.

The equivalent of the gain-of-function p.K176del TNNI1 variant
(family 5) has also been identified in TNNI2, encoding the fast-
twitch troponin I isoform, in a family with arthrogryposis and mild
myopathy (29), although its functional consequence was not investi-
gated. The equivalent p.R174Q gain-of-function TNNI1 variant
identified in family 4 was also previously identified in heterozygosity
in TNNI2, in two families with dominantly inherited multiple con-
genital contracture syndrome (30). In line with our contractility
studies, the p.R174Q TNNI2 variant also increased the Ca®* sensitiv-
ity of force. Moreover, consistent with the fiber-type-specific expres-
sion of TNNII and TNNI2, altered Ca** sensitivity was restricted to
the associated fiber type (31). Our data would also support the hy-
pothesis postulated by Nishimori ef al. (3), who suspected that an
increased Ca”* sensitivity of force was the underlying disease mecha-
nism of a presumed gain-of-function ¢.523A>T, p.K175* TNNII
variant in a family with arthrogryposis and elevated CK.

We hypothesize that the gain-of function TNNII variants result in
continuous hypercontractility of the muscle fibers, ultimately leading
to eccentric damage and subsequent sarcomeric myofiber degenera-
tion as seen histologically and ultrastructurally and reflected by CK
elevations. Over time, the regeneration mechanism exhausts itself,
resulting in muscle weakness, as was noted in family 5 (p.K176del).
This is in contrast with the primary weakness and myopathic but
nondystrophic process that is associated with the hypocontractile
phenotype seen in patients with recessive TNNII loss-of-function
variants. Consistent with the expression of TNNII in slow-twitch fi-
bers, the rod pathology was predominantly found in type 1 slow-
twitch fibers, in both hypo- (F1 and F2) and hypercontractile (F5)
biopsies.

In line with a direct pathogenic effect of the TNNII variants on
Tnl, we found that in zebrafish, both the recessive hypocontractile
(p.R14H) and dominant hypercontractile (p.R174Q) variants incor-
porated into the sarcomeric thin filaments. This supports a direct
pathogenic effect, specifically of the hypercontractile p.R174Q vari-
ant on the contractility of myofibers rather than indirect effects sec-
ondary to a Tnl deficiency. The MD simulations indicate that the
underlying molecular pathomechanism of the p.R14H variant in-
cludes a decoupling of TnI from TnC that displaces the N-terminal
Tnl o helix relative to the TnC C terminus. In line with previous work
(32-34), the p.R14H variant constitutes a reduction in positive
charge within the analogous interface comprising N-terminal ssTnl/
C-terminal ssTnC and may therefore underlie the observed reduc-
tion in the Ca’* sensitivity of force. For the gain-of-function p.K174Q
variant, we postulate that the conformational shift away from the
boundary favors the association of the switch peptide with TnC rela-
tive to the WT (fig. S3F). This interpretation is consistent with the
reduction in the fractional positive charge affected by the cTnl vari-
ants p.K178E and p.R192H, resulting in substantial increases in cal-
cium sensitivity in skinned fiber preparations (35). The previously
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reported p.K175% TNNI1 variant resulting in a hypercontractile
phenotype was shown to escape nonsense-mediated decay, with a
truncated transcript identified in patient muscle (3). This variant is
flanked by the gain-of-function variants reported here (p.R174Q
and p.K176del), suggesting that its pathomechanism is also associ-
ated with a reduction in the fractional positively charged amino acid
content.

The recessive recurrent p.R14C substitution was present in two
families and manifests with profound and progressive muscle weak-
ness (F2:P3). The same residue was found to be altered in family 1
(p-R14H/c.190-9G>A). Although symptom onset and progression
were milder as compared with F2 and F3, patients still showed evi-
dence of progression. We hypothesize that there may be some resid-
ual “leaky” normal splicing from the ¢.190-9G> A allele, ameliorating
disease severity in this family. This would suggest that even a low
level of normal troponin I expression may result in significant clini-
cal benefit.

We show that administration of a slow skeletal muscle troponin
activator increased force generation at submaximal activation levels
in slow-twitch myofibers of F1:P1. Activators of slow-twitch myofi-
bers, such as CK-3825076, have the potential to be of considerable
clinical benefit, because this myofiber type is recruited first during
normal muscle activation (36). The development of these activators
has been challenging, because several key contractile proteins in slow-
twitch myofibers and cardiomyocytes have a high sequence similarity.
Even at high concentrations, CK-3825076 does not affect cardiac con-
tractility, illustrating the promise of this compound not only for reces-
sive loss-of-function TNNII-related disease but also for other genetic
and acquired diseases that affect slow-twitch myofibers (37). Future
studies should address whether therapeutic concentrations of slow
skeletal muscle troponin activators are well tolerated and safe. For pa-
tients with dominant hypercontractile gain-of-function TNNI! vari-
ants, we showed that mavacamten is able to reduce the contractility of
slow-twitch myofibers by ~60% across all activation levels (Fig. 7),
thereby restoring the increased absolute myofiber force of F4:P5
(R174Q) patient myofibers to normal levels (Fig. 4 and Table 1). The
current study shows the successful application of mavacamten in hu-
man myofibers. Mavacamten is approved for the treatment of hyper-
trophic cardiomyopathy and inhibits cardiac myosin (MYH?7) ATPase
(19, 38) to reduce sarcomere hypercontractility (23, 24). Concentra-
tions used in the present study exceed those used in the treatment of
patients with hypertrophic cardiomyopathy (19); therefore, the car-
diac safety profile of this approach in TNNII-related disease needs
careful consideration. We also observed an effect of mavacamten on
contractility of human fast-twitch myofibers, expressing MYH2 iso-
forms. This effect was of a similar magnitude as that observed in slow-
twitch myofibers and suggests that, in humans, mavacamten equally
affects slow- and fast-twitch myofibers. Overall, the mavacamten
findings provide proof of concept for a rational approach to hyper-
contractiliy in patients with TNNII-related disease justifying further
investigation.

We note limitations to our study, particularly the still small num-
ber of clinical observations so that the full spectrum of TNNII-
related disease remains to be established, including potential cardiac
implications. Also, our investigation of therapeutic strategies was
limited to in vitro studies; an appropriate animal model will need to
be generated to explore in vivo implications.

In conclusion, we have provided detailed characterization of pa-
tients with pathogenic TNNII variants and have established distinct
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pathomechanisms for recessive loss-of-function and dominant
gain-of-function variants in TNNI1, manifesting as either a hypo- or
a hypercontractile sarcomeric disease, respectively. We highlighted
the successful application of a slow skeletal muscle troponin activa-
tor and mavacamten to normalize physiological force generation in
myofiber studies of recessive and dominant TNNI1I variants, respec-
tively, suggesting future treatment strategies.

MATERIALS AND METHODS

Study design

The purpose of this study was to apply next-generation-based se-
quencing to clinically and histologically well-characterized patients
with rare neuromuscular diseases, who were enrolled in Institutional
Review Board (IRB)-approved protocols, to identify the underlying
genetic etiology. The effect of the identified TNNII variants was stud-
ied in (blinded) zebrafish studies (ERM22161 approved by the Monash
Animal Research Platform) and through MD and fiber contractility
studies, which included a therapeutic proof-of-concept approach.

Patient recruitment and sample collection

Patients were identified by their neurologist or geneticist. Written in-
formed consent and age-appropriate assent for study procedures
were obtained by a qualified investigator [protocol 12-N-0095 ap-
proved by the National Institute of Neurological Disorders and
Stroke, National Institutes of Health IRB, protocol 2019-199-f-S, and
protocol RA/4/20/1008 approved by the University of Western
Australia (UWA) Human Research Ethics Committee protocol, Medical
Research Ethics Committee of the National Research Center, regis-
tration number: 16-100]. Medical history was obtained, and clinical
evaluations, including muscle MRI and muscle biopsy, were per-
formed as part of the standard diagnostic examination. Samples for
research-based testing, including muscle and blood, were obtained
using standard procedures. Family 2, family 3, and family 5 were
identified through GeneMatcher (39).

Statistical analysis

Permeabilized myofiber contractility data were tested for signifi-
cance by performing a mixed model analysis with a random effect
for biopsies and post hoc tests with a Bonferroni correction, after
checking whether the residues were normally distributed. Testing
was performed using the software package SPSS.
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