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Tropomyosin 3 (TPM3) function in skeletal 
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Abstract 

The tropomyosin genes (TPM1-4) contribute to the functional diversity of skeletal muscle fibers. Since its discovery 
in 1988, the TPM3 gene has been recognized as an indispensable regulator of muscle contraction in slow muscle fib-
ers. Recent advances suggest that TPM3 isoforms hold more extensive functions during skeletal muscle development 
and in postnatal muscle. Additionally, mutations in the TPM3 gene have been associated with the features of con-
genital myopathies. The use of different in vitro and in vivo model systems has leveraged the discovery of several 
disease mechanisms associated with TPM3-related myopathy. Yet, the precise mechanisms by which TPM3 mutations 
lead to muscle dysfunction remain unclear. This review consolidates over three decades of research about the role 
of TPM3 in skeletal muscle. Overall, the progress made has led to a better understanding of the phenotypic spec-
trum in patients affected by mutations in this gene. The comprehensive body of work generated over these decades 
has also laid robust groundwork for capturing the multiple functions this protein plays in muscle fibers.

Keywords  Skeletal muscle, Tropomyosin, TPM3, Thin filaments, Congenital myopathy, Rare diseases

Background
Tropomyosin consists of a two-chained, α-helical coiled-
coil protein, which polymerizes head-to-tail to form a 
continuous strand along the entire length of actin fila-
ments (for review about tropomyosin structure, see [1]) 
(Fig.  1). This structural organization serves as a gate-
keeper, controlling the recruitment and activity of sev-
eral actin-binding partners (e.g., myosin, non-muscle 
myosin, troponin, tropomodulin, Arp2/3, ADF/cofilin, 
gelsolin), and ultimately regulates the function and sta-
bility of actin filaments [1, 2]. The tropomyosin genes 
(TPM1, TPM2, TPM3, and TPM4) encode several 

isoforms classified into two categories: low molecular 
weight isoforms (LMW, cytoskeletal isoforms) and high 
molecular weight isoforms (HMW, striated isoforms) 
(for systematic nomenclature, see [3]). Most isoforms 
exhibit distinct temporal and tissue-specific expres-
sion, non-redundant function and non-overlapping 
localization that contribute to the functional diversity of 
actin filaments [2, 4, 5]. Initially discovered as a compo-
nent of myofibrils [6, 7], striated tropomyosin isoforms 
incorporate into actin thin filaments in skeletal mus-
cle and cardiac tissues [8, 9], playing an essential role in 
the regulation of muscle contraction [10, 11]. In skeletal 
muscle, striated tropomyosin isoforms also contribute 
to the functional diversity of muscle fibers. For instance, 
the α-tropomyosin isoform (Tpm1.1) encoded by the 
TPM1 gene is exclusively expressed in fast muscle fib-
ers (type 2), while the striated β-tropomyosin isoform 
(Tpm2.2) encoded by the TPM2 gene is expressed in both 
slow (type 1) and fast muscle fibers [12]. The striated 
γ-tropomyosin isoform (Tpm3.12) encoded by the TPM3 
gene is exclusively expressed in slow muscle fibers [3, 
13]. In contrast, cytoskeletal tropomyosin isoforms are 
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ubiquitously expressed in mammalian tissues and regu-
late the function of a vast array of actin-based structures 
including skeletal muscle triad, endoplasmic and sarco-
plasmic reticulum, stress fibers, endosomes, cell cortex, 
and Golgi-associated short filaments (for recent review 
about cytoskeletal isoforms, see [2]).

In humans, mutations in the TPM2 and TPM3 genes 
have been associated with congenital myopathies [23]. 
The term congenital myopathy refers to a genetically 
heterogeneous group of early-onset skeletal muscle 
disorders characterized by variable degrees of muscle 
weakness and defined by distinct structural abnormali-
ties observed in muscle biopsies [24]. The estimated 
prevalence is 1 in 36,000 children worldwide [25]. Unlike 
muscular dystrophies, congenital myopathies have a 
static or slowly progressing clinical course accompa-
nied by normal serum creatine kinase levels, suggesting 
the preservation of sarcolemmal integrity in muscle fib-
ers. Additionally, there exists a large spectrum of clinical 
manifestations ranging from mild to severe and some-
times fatal cases attributable to respiratory and cardiac 
insufficiency. Significant advances in understanding the 
genetic basis of congenital myopathies have resulted in 
the discovery of mutations in more than 20 genes [26]. 
Most of these genes have been shown to encode proteins 

involved in calcium homeostasis, excitation–contrac-
tion coupling, filament assembly, protein turnover, as 
well as membrane trafficking and remodeling [27]. Sev-
eral promising therapeutic strategies are currently under 
development for some of these conditions [27].

TPM3-related myopathy was first described in a large 
Australian family in 1992 [28, 29]. Since then, several 
case reports have been published, yet the molecular 
mechanisms responsible for TPM3-related myopathy 
remain poorly understood. For years, the study of TPM3-
related myopathy received little attention. So far, there 
exists no cure or ongoing clinical trial for this condition. 
There exists a pressing need to improve the diagnosis 
of TPM3-related myopathy, understand the molecular 
causes of the disease, and develop adequate treatments 
for the patients. In this review, we will provide an update 
on TPM3 function in skeletal muscle and the current 
state of TPM3-related myopathy.

TPM3 function in skeletal muscle
The TPM3 gene
The human TPM3 gene (also known as the γ-TM, NEM1, 
TM5, or TMnm gene) is located in the 1q21.3 region 
of chromosome 1 and consists of 14 exons spanning 
approximately 39  kb of genomic DNA [30]. Transcript 

Fig. 1  Structure of striated tropomyosin and interactions. The tropomyosin molecule (284–285 amino acids) is an α-helical chain that self-assembles 
into parallel coiled-coil homo or heterodimers. This structure polymerizes head-to-tail to form an uninterrupted coiled-coil along the entire length 
of actin filaments in both muscle and non-muscle cells. In skeletal muscle, striated isoforms preferentially form heterodimers: Tpm1.1/Tpm2.2 (i.e., 
αβ dimers) in fast myofibers and Tpm2.2/Tpm3.12 (i.e., γβ dimers) in slow myofibers. The structural organization of tropomyosin is essential for its 
association with actin filaments, made of weak yet specific electrostatic interactions which enable tropomyosin to shift between regulatory states 
with a low energy cost. Each striated tropomyosin molecule spans the length of seven consecutive actin monomers. Putative binding regions 
for actin [14], subunits of the troponin complex [15–17], tropomodulin (Tmod) [18], tropomyosin [19], as well as myosin (not shown in the figure) 
[20], leiomodin (Lmod) (not shown in the figure) [21], and nebulin (not shown in the figure) [22], have been proposed on tropomyosin. N-terminal 
acetylation (Methionine 1) and C-terminal phosphorylation (serine 284) enhance head-to-tail interaction between neighboring tropomyosin 
and increase affinity to actin. As we write this review, there exists no atomic resolution of full-length tropomyosin structure. Most studies have used 
α-chain fragments encoded by the TPM1 gene to decipher the design of the tropomyosin molecule. Furthermore, tropomyosin can adopt different 
conformations implying binding changes, which have not yet been fully resolved either by crystallography or molecular dynamics (MD) simulation. 
Despite the high similarity among tropomyosin isoforms, the nature and precise location of putative binding sites on TPM3 isoforms remain 
in debate
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analyses have identified a wide diversity of isoforms 
that derive from alternative promoter selection and 
alternative exon splicing operating on a developmental 
and cell-specific basis [31–34]. As of today, the human 
TPM3 gene can produce up to twenty-seven transcripts 
[35]. The main isoforms and postnatal tissue-specific 
expressions are presented in Fig.  2A. The Low Molecu-
lar Weight isoforms (LWM), also commonly named non-
muscle isoforms or cytoskeletal isoforms, are composed 
of 247–248 amino acids (28–30 kDa) starting from exon 
1b. These include Tpm3.1, Tpm3.2, Tpm3.4, Tpm3.5, and 
Tpm3.7 isoforms that differ from the alternative splic-
ing of exons 6a/6b and C-terminal exons 9a/9c/9d. The 
Tpm3.2 and Tpm3.5 isoforms are ubiquitously expressed 
across human postnatal tissues while Tpm3.4 and 
Tpm3.7 isoforms (both containing exon 9c) show tissue-
specific expression in brain. A second group consists of 
High Molecular Weight isoforms (HMW) composed of 
285 amino acids (34  kDa) starting from exon 1a. These 
include Tpm3.12, Tpm3.13, and Tpm3.14 isoforms. The 
Tpm3.12 isoform (also known as γ-TPM, αTPMslow, 
αSTPM, or striated isoform) is highly expressed in post-
natal skeletal muscle tissues. However, this broad diver-
sity of tropomyosin isoforms and the high degree of 
similarity between the four tropomyosin genes make the 
detection of individual isoform expression at the pro-
tein level very challenging. In this context, exon-specific 
antibodies have constituted a valuable resource to dem-
onstrate tissue- and cell-specific expression of a subset 
of tropomyosin isoforms in multiple model systems (for 
review, see [36]). Antibodies that react with the TPM3 
isoforms are also listed in Fig. 2A. The CG3 antibody is 
known to detect all the products generated by the TPM3 
gene in mouse and human tissues [36, 37]. In human fetal 
skeletal muscle, the CG3 antibody predominantly stains 
the blood vessels, while in adult human skeletal muscle, 
the CG3 antibody stains both blood vessels and myofib-
ers positive to slow myosin heavy chain (MyHC) anti-
body (Fig. 2B). Despite the development of exon-specific 
antibodies, our knowledge about the developmental as 
well as the tissue- and cell-specific expression of TPM3 
protein isoforms is still very limited. The combination 
of exon-specific antibodies with other techniques such 
as in situ hybridization, RNA sequencing, and top-down 
proteomics have nonetheless been instrumental to, at 
least partially, address TPM3 isoform-specific expression 
as detailed below.

Isoform‑specific expression during skeletal muscle 
development and in postnatal muscles
During skeletal muscle development, several studies 
have pointed out that cytoskeletal and striated isoforms 
have opposite expression patterns (Fig. 3A). Cytoskeletal 

TPM3 isoforms are highly expressed very early on dur-
ing embryonic development and are essential for embry-
onic viability in mice and survival of embryonic stem 
cells [38, 39]. Interestingly, expression of cytoskeletal 
isoforms including the Tpm3.1 isoform tends to pro-
gressively decrease as muscle development progresses 
(Fig.  3A) [40–42]. Recent single-cell transcriptomics 
have shown that TPM3 gene expression can be detected 
in different cell populations during the development of 
human hindlimb muscles and myogenic differentiation 
in vitro including some hematopoietic lineages (SRGN+), 
endothelial cells (ESAM+), tenogenic cells (TNMD+), 
mesenchymal population (PDGFRA+, THY1+), chondro-
genic cells (SOX9+, COL2A1+), Schwann cells (CDH19+), 
neurons (DCX+), smooth muscle cells (MYLK+), myo-
cytes (MYOG+, MYH3+), and to a lesser extent in myo-
genic progenitor cells (PAX3+, PAX7+) [41]. However, 
the differential expression of TPM3 isoforms between 
cell populations remains largely unknown. In contrast, 
the striated Tpm3.12 isoform shows very low expres-
sion at both transcript and protein levels and represents 
a relatively small amount (around 3%) of total striated 
tropomyosin (i.e., Tpm1.1, Tpm2.2, Tpm3.12) during fetal 
development of mouse and human skeletal muscle [13, 
40, 43]. This inverse relationship between cytoskeletal 
Tpm3.1 and striated Tpm3.12 isoform expression was 
also observed in human primary and C2C12 proliferating 
myoblasts in culture (Fig. 3A) [40].

Unlike cytoskeletal isoforms, expression of striated 
Tpm3.12 isoform significantly increases by at least 5-fold 
during the perinatal period and can account for one-
third of total striated tropomyosin [13, 40, 43, 44]. This 
abrupt increase occurs around week 36 of gestation in 
humans [43], or during the first weeks after birth in mice 
[13]. Studies performed in humans, mice, bovines, and 
zebrafish show that Tpm3.12 then correlates with slow 
myosin heavy chain (sMyHC) expression in skeletal mus-
cle [13, 37, 45–47]. Mass-spectrometry revealed that 
Tpm3.12 is specifically expressed in slow-MyH7+ myofib-
ers [45]. In contrast, the striated isoform generated by 
the TPM1 gene (i.e., Tpm1.1) is restricted to myofib-
ers expressing fast-MyHC, while the striated isoform 
generated by the TPM2 gene (i.e., Tpm2.2) is present in 
equal amount in both slow and fast myofibers (Fig. 3A) 
[45]. Conversely, the presence of Tpm3.12 isoform co-
expressed with slow/cardiac-MyHC at the protein level 
in cardiac tissue remains unclear [34, 48, 49]. If present, 
Tpm3.12 would account for less than 10% of total striated 
tropomyosin since the TPM1 striated isoform represents 
the predominant tropomyosin expressed in the heart.

Several studies have shown that the regulation of tro-
pomyosin expression, specific to muscle fiber types, 
occurs at various levels of gene expression. For instance, 
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Fig. 2  Structure of the human TPM3 gene and tissue expression. A Schematic representation of the human TPM3 gene and isoforms. Colored 
boxes represent the coding exons from 1 to 9, white boxes represent untranslated 5’ and 3’ UTR sequences, and lines represent the introns. Isoforms 
generated by the TPM3 gene can be classified into two categories: Low Molecular Weight isoforms (LMW, cytoskeletal isoforms) starting from exon 
1b and High Molecular Weight isoforms (HMW) starting from exon 1a. The nomenclature (Tpm3.X) follows the recommendation provided 
by Geeves et al. 2015, J Muscle Res Cell Motil [3]. The previous nomenclature is also indicated in brackets. Exon-specific antibodies used to detect 
the TPM3 isoforms are indicated underneath the respective exons (for detailed information, see Schevzov et al. 2011, BioArchitecture [36]). The CG3 
antibody specifically detects all cytoskeletal isoforms containing exon 1b, as well as high molecular weight isoforms via cross-reaction with exon 
1a or 2b (indicated in brackets). On the right side, tissue-specific expression (read counts) in adult human skeletal muscle, heart (left ventricle 
and atrial appendage), brain (cerebellum), culture fibroblasts (cells), liver and lung is provided for each isoform (data available via gtexportal.org). B 
Immunofluorescence using CG3 antibody indicates that TPM3 protein expression can be detected in different cell types in human fetal and adult 
skeletal muscle. In fetal muscle, the CG3 signal co-localizes with blood vessels (arrows). In adult muscle, the CG3 co-localizes with both blood vessels 
(arrows) and type 1, slow muscle fibers (asterisks). The scale bar indicates 100 µm
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the level of CpG methylation aligns with the mutu-
ally exclusive expression of TPM1 and TPM3 genes in 
mature muscle fibers indicating the involvement of epi-
genetic regulation [50, 51]. The simultaneous expression 
of striated Tpm3.12 isoform and slow-MyHC in adult 
myofibers can also be explained by the intervention of 
transcription factors that either activate (i.e., NFAT, 
MEF2, PGC-1α) or repress (i.e., Sox6) the expression of 
genes related to slow muscle fibers [52–54]. Both regula-
tion at epigenetic and transcriptional levels are supported 
by recent single-nucleus transcriptomics performed in 

mouse skeletal muscle tissues showing that TPM3 pre-
mRNAs are predominantly expressed in slow Myh7+ 
myonuclei as opposed to TPM1 pre-mRNAs expressed 
in fast Myh4+ myonuclei [55, 56]. Work in zebrafish has 
also proposed another mechanism of regulation at the 
post-transcriptional level in which direct interaction of 
Quaking (Qki) RNA-binding proteins with 3’ UTR region 
of Tpm3.12 transcript is required for Tpm3.12 accumu-
lation in slow muscle fibers [47]. Quaking (Qki) proteins 
have been identified as major splicing regulators during 
muscle development (for review, see [57]), suggesting 

Fig. 3  Temporal and spatial expression of TPM3 isoforms in skeletal muscle. A Cytoskeletal (i.e., low molecular weight isoforms, LMW) and striated 
isoforms (i.e., Tpm3.12) show opposite expression patterns during myogenic differentiation (in vitro) and skeletal muscle development (in vivo). 
Additionally, striated tropomyosin isoforms show fiber-type specific expression in postnatal muscles. Striated Tpm3.12 isoform is exclusively 
expressed in postnatal slow muscle fibers. In contrast, striated Tpm1.1 isoform (encoded by the TPM1 gene is exclusively expressed in fast 
muscle fibers. The striated Tpm2.2 isoform (encoded by the TPM2 gene) is expressed in both slow and fast muscle fibers. The low molecular 
weight isoforms (LMW) are expressed at a low level in both slow and fast muscle fibers. B Cytoskeletal and striated isoforms also show different 
sub-localizations in muscle fibers. The striated Tpm3.12 isoform incorporates into actin thin filaments at the sarcomere in slow muscle fibers. In 
contrast, the cytoskeletal Tpm3.1 isoform incorporates into γ-actin in both subsarcolemmal area and region adjacent to the Z-line, and co-localized 
with glucose transporter GLUT4 and T-Tubule constituent DHPR. Abbreviations: SR: sarcoplasmic reticulum
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that Qki proteins might be involved in post-transcrip-
tional splicing of nascent TPM3 RNAs, potentially regu-
lating the inclusion of exon 9 or exon 6b and regulating 
Tpm3.12 transcript abundance in slow muscle fibers. Yet, 
striated tropomyosin transcript level does not always 
correlate with protein expression level. For instance, 
transgenic overexpression of Tpm3.12 induces compen-
satory reduction of endogenous striated tropomyosin 
isoforms (Tpm1.1, Tpm2.2, Tpm3.12) in skeletal muscle 
[58, 59]. Striated tropomyosin isoforms are located at the 
sarcomere along the entire length of thin actin filaments 
(Fig.  3B) [8, 9], and it is hypothesized that translational 
compensation ensures that the expression level of stri-
ated tropomyosin pool remains unaltered, maintaining 
the strict protein stoichiometry at the sarcomere [60]. 
In contrast, ablation of Tpm3.1 isoform does not lead to 
compensatory expression of other cytoskeletal isoforms 
in skeletal muscle [61]. In addition to the postnatal spe-
cialization of muscle fibers, this sophisticated regulation 
taking place at the epigenetic, transcriptional, post-tran-
scriptional, and post-translational levels would allow the 
dynamic expression of striated isoforms during muscle 
fiber type transitions induced by various factors such as 
injury, denervation, immobilization, exercise, or aging 
[62–64]. This would ensure the proper functioning of 
muscle fibers throughout these adaptative processes.

The striated Tpm3.12 isoform specifically tunes contractile 
function in slow muscle fibers
The high degree of similarity among striated isoforms 
(86–91%) goes beyond evolutionary redundancy and 
holds functional significance. For instance, the substitu-
tion of Tpm1.1 (α-chain) with Tpm3.12 isoform (γ-chain) 
in mouse cardiac tissue leads to alterations in diastolic 
and systolic function, along with a reduction in myo-
filament Ca2+ sensitivity [65]. The association of tropo-
myosin with actin filaments is made of weak yet specific 
electrostatic interactions which enable tropomyosin to 
shift between regulatory states with a low energy cost 
[14]. In this context, biophysical studies reveal that stri-
ated isoforms exhibit differences in their preferred posi-
tion on actin [66]. Additionally, sequence alignments 
reveal notable variations in both troponin-binding and 
tropomodulin-binding regions of tropomyosin which 
can have specific impacts on contractile properties and 
thin filament assembly (for review, see [16, 67]) (Fig. 3B). 
A three-state model in which tropomyosin adopts three 
positions on actin-based thin filaments is proposed as 
the basis for the steric regulation of muscle contrac-
tion (for review, see [10, 11]). In brief, calcium released 
from the sarcoplasmic reticulum (as a consequence of 
action potential and membrane depolarization) binds to 
troponin C. In this context, Ca2+-binding releases the 

inhibitory action of troponin I on tropomyosin location, 
allowing a shift of tropomyosin to partially expose myo-
sin binding sites, and promote weak binding of myosin to 
actin. Myosin head interaction then moves tropomyosin 
10° further on actin to promote strong myosin binding 
and initiate power stroke. The consequences of TPM3 
mutations on tropomyosin position and muscle contrac-
tion are detailed later in this review (section “Impaired 
association between tropomyosin, actin and troponin”). 
Furthermore, correct thin filament length is required 
to achieve proper muscle function depending on physi-
ological requirements. In skeletal muscle, the thin fila-
ment length is precisely specified; slow muscle fibers 
have longer thin filaments, while fast muscle fibers have 
shorter thin filaments [68]. Downregulation of Tpm3.12 
isoform results in shorter actin filaments in zebrafish 
[47]. In contrast, the presence of Tpm3.12 results in 
longer actin filaments in  vitro [69], suggesting a role of 
Tpm3.12 in the regulation of thin filament length. The 
binding of tropomodulin (Tmod) and leiomodin (Lmod) 
to tropomyosin enhances both Tmod’s pointed-end cap-
ping activity and Lmod’s nucleation activity, respectively 
[70, 71]. In contrast, disruption of tropomyosin-binding 
regions on Tmod impaired thin filament assembly [72, 
73]. In this context, Tmod1 has a higher binding affinity 
to Tpm3.12 over Tpm1.1 and Tpm2.2 [43]. Additionally, 
Tpm3.12 isoform binds the actin filament with higher 
affinity than Tpm1.1, which may influence the main-
tenance of thin filaments length and integrity through 
cofilin 2 [69, 74, 75]. In skeletal muscle, striated isoforms 
have the ability to either form homo- or heterodimers 
with αβ dimers (in fast myofibers) and γβ dimers (in slow 
myofibers) being predominantly found. However, the 
composition of dimer populations can significantly vary 
across different muscle groups and play a crucial role 
in determining contractile properties in fiber types (for 
review, see [76, 77]). Dimer populations substantially dif-
fer in thermostability and affinity to actin, and differen-
tially affect the velocity of actin filaments using in  vitro 
motility assay [78, 79]. Collectively, these findings sup-
port the conclusion that there are functional differences 
among the three striated isoforms and that Tpm3.12 spe-
cifically tunes the contractile function of slow muscle fib-
ers through specific interaction with actin, troponin, and 
tropomodulin.

Function of cytoskeletal isoforms in skeletal muscle
Cytoskeletal isoforms of TPM3 control the access of 
several actin-binding proteins including non-muscle 
myosin isoforms, actin depolymerizing factor (ADF)/
cofilin, gelsolin, Arp2/3 complex and tropomodulin in 
a vast array of actin-based structures such as stress fib-
ers, endosomes, cell cortex, post-synaptic density of 
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dendritic spines, skeletal muscle triad (for review, see 
[2]). It has been shown that cytoskeletal isoforms bind 
actin filaments with different dynamics which correlate 
with distinct effects on actin-binding proteins and com-
petitive binding [80]. Therefore, given the wide diver-
sity of cytoskeletal isoforms, tropomyosin orchestrates 
the stability of distinct actin filament populations and 
the recruitment and activation of different myosin iso-
forms, and ultimately regulates a multitude of intracel-
lular mechanisms in an isoform-dependent manner [2, 
5]. For instance, Tpm3.1 isoform inhibits the Arp2/3 
complex-mediated actin assembly and can recruit tro-
pomodulin at the pointed end [81, 82]. It has also been 
shown that Tpm3.1 and cofilin compete for binding on 
actin filaments, which can influence actin disassembly 
[80, 83–85]. Furthermore, Tpm3.1 promotes the prefer-
ential recruitment and activation of non-muscle myosin 
IIA (Myo2a) to actin filaments [80, 83]. However, most 
of these mechanisms have been studied in  vitro and in 
non-muscle cells, and therefore little is known about the 
role of cytoskeletal isoforms in skeletal muscle. In C2C12 
myoblasts, the Tpm3.1 isoform is predominantly found at 
the cell periphery [86]. In contrast, the Tpm3.1 isoform 
colocalizes with γ-actin in both the subsarcolemmal area 
and the region adjacent to the Z-line as well as with the 
glucose transporter GLUT4 and the T-Tubule constituent 
DHPR in all muscle fibers [37, 61, 87] (Fig.  3B). In this 
context, ablation of the Tpm3.1 isoform has been shown 
to impair T-tubule morphology and function associated 
with altered muscle contractile properties in knockout 
mice [87]. Ablation and overexpression of the Tpm3.1 
isoform also profoundly modify glucose uptake in skel-
etal muscle (as well as in white adipose tissue and heart) 
through the regulation of GLUT4 trafficking and fusion 
to the membrane [61] (Fig. 3B). In this context, Tpm3.1 
promotes the recruitment of Myo2a and restricts the 
binding of Myo1c to actin filaments, limiting the amount 
of contractile force necessary for the transport and fusion 
of GLUT4 vesicles to the membrane [61]. Collectively, 
these studies indicate that the cytoskeletal isoforms of 
TPM3 can play important roles in skeletal muscle func-
tion, but these roles remain largely unknown.

TPM3‑related myopathy
The clinical spectrum of TPM3‑related myopathy
TPM3-related myopathy (OMIM #191030) is a sub-
type of congenital myopathy caused by mutations in the 
TPM3 gene. Aggregated information from the litera-
ture regarding the clinical presentation of TPM3-related 
myopathy is presented in Fig.  4. The clinical spectrum 
of TPM3-related myopathy is broad, ranging from 
mild to severe presentations. The first onset of symp-
toms is typically observed at birth or during infancy 

(70% of cases), characterized by hypotonia and delayed 
motor milestones along with normal cognitive develop-
ment (Fig.  4A). Individuals eventually show functional 
improvement until reaching mild-to-late adolescence, at 
which point muscle function stabilizes or slowly declines 
[88]. In rare cases, failure to achieve motor milestones is 
observed, and premature deaths are documented in three 
families [89–95]. Conversely, childhood-onset, and to 
a lesser extent adult onset, are observed in 30% of cases 
(Fig. 4A). In TPM3-related myopathy, patients commonly 
develop static to slowly progressive muscle weakness in 
one or several muscle groups (Fig. 4B). Muscle strength 
testing using the MRC scale shows prominent muscle 
weakness in the neck flexors, abdominal muscles, and 
ankle dorsiflexors. Additionally, reduction in muscle 
strength is often observed in the neck extensors, shoul-
der girdle muscles, pelvic girdle muscles, and paraspinal 
muscles (Fig.  4B). Patients also display distinct patterns 
of mild muscle fatty infiltration, which could potentially 
serve as valuable diagnostic indicators [96–103] (for a 
recent review, see [104]). Despite these typical observa-
tions, there can be significant variations in the distribu-
tion of muscle weakness and the degree of inter-myofiber 
fat infiltration among patients. While some may exhibit 
generalized muscle weakness, others might display more 
localized weakness in axial, proximal, or distal muscles, 
which could partially contribute to the broad spectrum 
of clinical manifestations observed in TPM3-related 
myopathy.

Reduction in pulmonary function (e.g., reduced force 
vital capacity) is a major feature observed in patients sug-
gesting weakness of respiratory muscles including the 
diaphragm (Fig. 4C) [127]. This often requires nocturnal 
ventilation with bilevel positive airway pressure (BiPAP), 
even for patients that remain fully ambulant (48% with 
ventilatory support vs. 10% with wheelchair) (Fig. 4C, D). 
In severe cases, invasive ventilation usually starts within 
the first decade of life, while in typical cases, non-invasive 
ventilation begins in the second or third decade. Child-
hood onset and adult-onset cases, on the other hand, 
typically begin ventilation during the third decade of life 
or even later. In a number of cases, untreated respiratory 
muscle insufficiency was life-threatening and led to res-
piratory distress and/or heart failure regardless of disease 
severity and disease onset [23, 88, 89, 93, 95, 96, 100, 105, 
106].

Although most patients maintain their ability to walk, 
approximately 70% of them experience impaired ambu-
lation (e.g., cannot run, cannot jump, slow runner, short 
distance walk, stairs difficult) (Fig.  4D). Furthermore, 
about 25% of patients have feeding difficulties (e.g., poor 
suck during infancy, dysphagia) and 5% require G-tube 
placement (Fig. 4E). Additional features such as spine and 
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chest deformities (e.g., scoliosis, lumbar lordosis), myo-
pathic facies (e.g., high-arched palate, long narrow face), 
facial weakness (e.g., ptosis), foot drop, reduced reflexes, 
poor muscle bulk and normal serum CK level are com-
monly observed in patients (Fig. 4F). Mild contractures, 
and joint hypermobility are also documented in some 
patients, while generalized muscle stiffness associated 
with severe reduction in joint mobility was observed in 
two families [92]. Conversely, extraocular muscles and 
cardiac function are frequently spared in TPM3 patients.

The spectrum of histological findings in muscle biopsies
The assessment of distinct structural abnormalities in 
muscle histology has been historically used as a diagnos-
tic tool for congenital myopathies (for review, see [24]). 
In the mid-1990s, TPM3-related myopathy was first 
described as nemaline myopathy 1 (NEM1) in an Aus-
tralian family [28, 29]. Since then, the identification of 
several patients and families affected by TPM3-related 
myopathy revealed a broader range of pathological 

features in muscle biopsies (Fig.  5A). As we write this 
review, congenital fiber type disproportion (CFTD) is the 
most common diagnosis made in TPM3 patients (51%). 
Congenital fiber type disproportion is characterized by 
the selective atrophy of type 1 muscle fibers, which are 
at least 12–25% smaller in diameter compared to type 2 
fibers in the absence of other notable pathological find-
ings [93, 128]. Nemaline myopathy represents the second 
most common diagnosis made in TPM3 patients (29%), 
characterized by the presence of nemaline rods, referred 
to as cytoplasmic inclusions in muscle fibers (seen with 
Gömöri trichrome staining) or electron-dense rod-
shaped structures located at the Z-disk (seen with elec-
tron microscopy). Cap myopathy represents the third 
diagnosis made in TPM3 patients (13%), characterized by 
the presence of well-demarcated structures with reduced 
ATPase activity in subsarcolemmal regions, referred to 
as cap-like structures. Both nemaline rods and cap-like 
structures refer to protein aggregates essentially com-
posed of the thin filament and Z-disk material and can be 

Fig. 4  The clinical spectrum of TPM3-related myopathy. A Disease onset (%, n = 77 patients). B Distribution of muscle weakness based on the MRC 
scale (n = 10 patients). C Status of pulmonary function (%, n = 77 patients). D Status of ambulation (%, n = 65 patients). E Status of feeding function 
(%, n = 77 patients). F Additional features commonly observed in patients across the literature (%, n = 77 patients). Aggregated information 
from the literature has been used to generate this figure (references [23, 28, 29, 43, 46, 88–126] as of August 2023)
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Fig. 5  Histological and genetic basis of TPM3-related myopathy. A The assessment of distinct structural abnormalities in muscle histology has been 
historically used as a diagnostic tool for congenital myopathies. Congenital fiber type disproportion (CFTD) is the most common diagnosis 
in TPM3-related myopathy (51%), followed by nemaline myopathy (29%) and cap myopathy (13%). Both cap-like structures and nemaline rods can 
be simultaneously present in muscle biopsies (2%). In some biopsies, the diagnosis was classified as undefined (5%). Regardless of the diagnosis, 
variation in fiber size (also known as fiber size disproportion) with hypotrophy of type 1 muscle fibers was observed in most biopsies. These panels 
were generated based on n = 86 muscle biopsies from the literature. B A total of thirty-six TPM3 mutations either classified as pathogenic or likely 
pathogenic have been associated with the features of congenital myopathy in the literature. This represents 99 patients (n = 99) and 65 families 
(n = 65) documented (references [23, 28, 29, 43, 46, 88–126] as of August 2023). The p.Arg168 residue in exon 5 has been described as a mutational 
hotspot, documented in 41% of patients and in 30 families (colored in red). C The diagnosis (based on muscle biopsy) for each mutation 
is presented (colored in blue). There exists no clear genotype–histological correlation



Page 10 of 18Lambert and Gussoni ﻿Skeletal Muscle           (2023) 13:18 

simultaneously observed in muscle biopsy (2%) (Fig. 5A) 
[23, 129].

The degree of protein aggregates observed in muscle 
biopsies and among patients with TPM3-related myopa-
thy varies significantly, and there exists no evident cor-
relation with disease severity. No clear relationship has 
also been established between the diagnosis and disease 
severity or disease onset as a distinct diagnosis can be 
made among family members affected by TPM3-related 
myopathy as well as in different muscle biopsies taken 
from a same individual [23, 88, 97, 101, 106]. In TPM3-
related myopathy, the presence of protein aggregates is 
limited to small type 1 fibers and are often, if not always, 
associated with excessive fiber size variation (also known 
as fiber size disproportion). Additionally, fiber size vari-
ation is frequently reported regardless of the pathologi-
cal diagnosis (85%) (Fig.  5A). Type 1 muscle fibers are 
on average 58% smaller in diameter compared to type 2 
fibers [46]. This results from the selective hypotrophy of 
type 1 fibers, on average 0.6 times smaller than normal 
age-adjusted fibers, as well as from the selective hyper-
trophy of type 2 fibers, on average 1.6 times larger than 
normal age-adjusted fibers [88]. Fiber size variation is 
also commonly accompanied by the skewing of fiber type 
ratio (either type 1 predominance or type 2 predomi-
nance) [46]. However, no relationship between the degree 
of fiber size variation, fiber type predominance, and dis-
ease severity has been yet established as the degree of 
fiber type predominance can differ among family mem-
bers as well as in different muscle biopsies taken from 
the same individual [46, 88, 93]. Slight increases in the 
content of internalized nuclei and the area of endomysial 
and perimysial fibrosis, as well as accumulation of mito-
chondria and glycogen particles were also sporadically 
observed [88, 90–92, 94, 95, 100, 101, 103, 106–109].

The spectrum of TPM3 mutations associated 
with congenital myopathy
A total of 36 TPM3 mutations either classified as patho-
genic or likely pathogenic have been associated with the 
features of congenital myopathy in the literature (for ref-
erences, see [23, 28, 29, 43, 46, 88–126]) (Fig.  5B). This 
represents ninety-nine patients (n = 99) and 65 families 
(n = 65) documented since 1992. Open-source databases, 
patient registries, and variants of unknown significance 
(VUS) were not considered in this review, and therefore 
the number of patients affected by TPM3-related myopa-
thy is likely to be underestimated.

Missense mutations represent the most common 
pathogenic variants identified in the TPM3 gene, affect-
ing approximately 88% of patients, followed by small 
in-frame deletions, large deletions, splice-site muta-
tions, frameshift mutations and nonsense mutations. 

Additionally, compound heterozygous variants were doc-
umented in two patients [90, 94]. Nearly all pathogenic 
variants are located within exons specifically expressed 
by the striated Tpm3.12 isoform or commonly shared by 
both striated and cytoskeletal isoforms. So far, no path-
ogenic variants have been located in exons exclusively 
expressed by the cytoskeletal isoforms (exons 1b and 9c). 
Five variants are located in intronic regions, while two 
deletions span large genomic regions including exons 1–3 
(large deletions are not depicted in Fig. 5B). The p.Arg168 
residue in exon 5 has been described as a mutational hot-
spot, documented in 41% of patients and 30 families. The 
pattern of inheritance is predominantly autosomal domi-
nant with a significant number of mutations arising spon-
taneously (de novo). An autosomal recessive pattern of 
inheritance only occurs in 10% of cases, often associated 
with a more severe phenotype [23]. Mutations leading to 
the absence of Tpm3.12 as well leading to truncated or 
enlarged protein are also associated with a more severe 
phenotype compared to missense mutations [23, 89–95, 
125]. However, there exists no clear correlation between 
the type of mutations and diagnosis as patients carrying 
the same mutation can display different histological find-
ings in muscle biopsy and vice versa (Fig. 5C).

Disease mechanisms associated with TPM3‑related 
myopathy
The development of in vitro (e.g., reconstructed thin fila-
ments) and in vivo model systems (e.g., TPM3M9R mice, 
TPM3E151A and TPM3E151G zebrafish) as well as the use 
of patient muscle fibers have been essential to study the 
pathogenicity of TPM3 mutations and disease mecha-
nisms. Some of these mechanisms have already been 
discussed (for review, see [23, 77, 130]). Here, we will dis-
cuss recent findings about the effects of TPM3 mutations 
on muscle function, providing new perspectives on the 
mechanisms that contribute to TPM3-related myopathy 
and the development of therapeutic strategies (Fig. 6).

Impaired association between tropomyosin, actin, 
and troponin
Studies performed in reconstituted thin filaments in vitro 
and in patient muscle fibers showed that even minor 
changes within the tropomyosin structure can have 
major impacts on its function. Single amino acid substi-
tutions, which represent the vast majority of pathogenic 
mutations in TPM3 patients, are distributed along the 
entire length of the Tpm3.12 molecule, with a significant 
portion of these substitutions found within the binding 
regions for actin, troponin, tropomodulin, and within the 
tropomyosin overlap junction [130]. Substitutions in con-
served R91, R168, and R245 residues can disrupt the elec-
trostatic contacts with D25 residue on actin, leading to a 
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decreased affinity of tropomyosin for actin and reduced 
incorporation of Tpm3.12 mutant protein into actin 
filaments in muscle fibers [46, 131–134]. Substitutions 
located within the overlap junction such as A4V and 
M9R can also reduce this affinity (Fig. 6) [132, 135–137]. 
Additionally, substitutions such as R91P, A156T, R168H, 
R168G, K169E, and R245G can reduce the affinity of tro-
pomyosin for troponin (Fig.  6) [138], while it has been 
suggested that A156T substitution can affect the binding 
between tropomyosin and myosin [139].

In striated muscle, tropomyosin function primar-
ily relies on the cooperative interaction between tropo-
myosin, actin, troponin and myosin. Therefore, one can 
assume that the mechanisms leading to muscle weak-
ness can be profoundly different depending on the site of 
mutation, but also the type of mutation. The association 
of tropomyosin with actin is made of weak but specific 
electrostatic interactions which enable tropomyosin to 

shift between regulatory states on the surface of the actin 
filament with a low energy cost [14]. A three-state model 
in which tropomyosin adopts three positions on actin-
based thin filaments has been proposed as the basis for 
the steric regulation of muscle contraction (for review, 
see [10, 11]). (i) Blocked B-state (relaxed “off” state): in 
presence of the troponin complex and the absence of 
Ca2+, tropomyosin occludes myosin-binding sites on 
actin. (ii) Closed C-state: The binding of calcium to tro-
ponin C releases the pinning action of troponin I on 
tropomyosin location, allowing a 15° azimuthal shift of 
tropomyosin to partially expose myosin binding sites, 
and promote weak myosin binding to actin. (iii) Open 
M-state (activated “on” state): myosin head interaction 
then moves tropomyosin 10° further on actin to promote 
strong myosin binding and force production. Polarized 
fluorescence microscopy shows that several TPM3 muta-
tions are associated with the abnormal displacement of 

Fig. 6  Molecular mechanisms associated with TPM3-related myopathy. Studies performed in reconstituted thin filaments in vitro and in patient 
muscle fibers showed that even minor changes within the tropomyosin structure can have major impacts on its function. Mutations in the TPM3 
gene (amino acid position are indicated in blue) can affect interaction between tropomyosin (Tpm) and actin, troponin, tropomodulin (Tmod) 
as well as other tropomyosin isoforms. These alterations can lead to thin filament dysfunction and impaired acto-myosin interaction during muscle 
contraction. Additionally, secondary disease mechanisms involving mitochondria, muscle development, ion channels and fatty acid metabolism are 
also depicted. Several therapeutic strategies have been developed to alleviate muscle weakness (shown in red). However, most of these strategies 
have not yet been tested in patients
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tropomyosin towards incorrect conformational states 
throughout the ATP cycle (Fig. 6) [134, 139–142]. It has 
been hypothesized that freezing of tropomyosin towards 
the “off” state is associated with hypo-contractile phe-
notype (i.e., hypotonia, muscle weakness) [46, 131, 
143]. In this context, several substitutions (e.g., L100M, 
R168C, R168G, R168H, K169E, R245G) have been asso-
ciated with the reduction in myofilament Ca2+ sensitiv-
ity (pCa50) in muscle fibers from patients [46, 144]. In 
contrast, the relationship between the freezing of tro-
pomyosin towards the “on” state and hyper-contractile 
phenotype (i.e., contractures, muscle stiffness) has been 
hypothesized for E219 and E225 deletions [92]. However, 
for several other mutations, there exists no such linear 
relationship. Substitutions R168H, E151A, and K169E 
have been associated with reduced or increased Ca2+ 
sensitivity in different studies [46, 131, 137, 140, 142, 
144–146]. This may indicate the complexity of mature 
fibers in which the mechanical properties of myofila-
ments not only depend on tropomyosin but also on other 
factors which may have adapted to disease. For instance, 
fast α-actinin 3 and fast troponin T can be ectopically 
expressed in patient slow muscle fibers, which may par-
tially explain phenotype discrepancy [43, 46]. Addi-
tionally, the use of different tropomyosin and troponin 
isoforms in reconstructed thin filaments and the use of 
different slow and fast myosin in in vitro motility assays 
can cause such discrepancies, while the effects of the 
mutations also highly depend on the dimer population 
used (homodimers vs. heterodimers) [137].

Altogether these studies show that TPM3 mutations 
can lead to reduced affinity of tropomyosin for actin and 
troponin resulting in abnormal displacement of the tro-
pomyosin molecule throughout the ATP cycle (Fig. 6).

Impaired myosin cross‑bridges during contraction
The incorrect position of Tpm3.12 mutant protein can 
lead to less efficient and less stable transit of myosin 
along actin filaments during muscle fiber contraction 
[46, 92, 144, 145] (Fig.  6). A recent study suggests that 
substitutions associated with CFTD (e.g., E174A, R91P, 
E151A) increase the number of myosin heads in strong-
binding state at low and high Ca2+ concentration [142]. 
In contrast, substitutions associated with cap myopa-
thy (e.g., A156T) decrease the amount of myosin heads 
bound strongly to F-actin at high Ca2+ concentration 
[142]. However, this model presents some drawbacks and 
does not explain the disparities observed in patients car-
rying the same mutation (e.g., mutations on R168 resi-
due). Immunostaining reveals that thin filament length 
is shorter in patient muscle fibers carrying the R168H 
mutation [144]. In this situation, fewer myosin binding 
sites would be exposed on the thin filaments and fewer 

myosin cross-bridges would be formed, limiting force 
production. In this study, force generation was depressed 
at long sarcomere lengths [144]. This profound change 
is caused by the reduction in length of the nebulin-free, 
Tmod4-capped pointed-end extension, while the length 
of the nebulin-stabilized core region of the thin filament 
was not affected [144]. The Arg168 residue is relatively 
far from the N-terminal segment of the tropomyosin 
molecule in which Tmod-binding region is located, and 
it remains unclear how R168H substitution can affect the 
polymerization and depolymerization of the thin fila-
ments. In this context, the R91C substitution significantly 
decreases Tmod1 binding to Tpm3.12 and Tmod1 activ-
ity in reconstructed thin filaments in vitro [132]. Molecu-
lar dynamics (MD) simulation, a computational method 
that evaluates the motion of atoms and molecules, sug-
gests that the reduced motion between Tpm3.12 and 
the thin filaments could perturb the binding of Tmod1 
at the pointed-end [132]. The M9R substitution located 
in Tmod-binding region has been shown to reduce the 
helical content in the N-terminal segment of tropomyo-
sin [18], leading to reduce affinity of tropomyosin for 
Tmod [43]. Unlike the R168H mutation, the M9R muta-
tion leads to reduced force production at low sarcomere 
length in mice [147]. In contrast, A4V substitution does 
not interfere with the structure of the N-terminal seg-
ment and has little or no effect on Tmod binding and 
activity, suggesting a mutation-dependent mechanism 
[132].

Collectively, these studies suggest that TPM3 muta-
tions can affect thin filament length via changes in bind-
ing affinity for Tmod and Tmod activity. Abnormal 
displacement of tropomyosin and reduced thin filament 
length are likely to cause changes in the number of myo-
sin heads bound to the thin filaments, therefore affect-
ing contractile properties (Fig. 6). However, these studies 
have been limited to very few mutations and such mech-
anisms need to be further explored.

Skewing in tropomyosin dimer population
It has been shown that the M9R substitution destabi-
lizes head-to-tail interaction between neighboring tro-
pomyosin molecules and leads to the marked skewing 
in tropomyosin dimer population [43, 59, 137] (Fig.  6). 
This mutation abolishes the preferential formation of γβ 
heterodimers as well as the formation of γγ homodimers 
with both γ-chains being mutated. Instead, the pairing of 
γγ homodimers with only one γ-chain being mutated is 
predominantly found [43, 59, 137]. Because ββ homodi-
mers are unstable under physiological conditions, the 
expression of β-tropomyosin (i.e., Tpm2.2) is drastically 
reduced in both mouse and human skeletal muscles 
carrying the M9R mutation [43, 46, 59]. Expression of 
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β-tropomyosin is also reduced in deltoid muscle from a 
patient carrying a compound heterozygous variant in the 
TPM3 gene. In this case, the X286S located within the 
overlap junction in the C-terminal segment of tropomy-
osin includes an additional 57 amino acids to the struc-
ture which may prevent dimerization [94]. However, the 
expression of β-tropomyosin was within normal range 
in quadriceps muscles from this patient, suggesting a 
muscle-dependent mechanism [145]. Other substitutions 
such as R91P, L100M, R168C, R168H, and E241K do not 
lead to a marked reduction in β-tropomyosin content in 
muscles, suggesting that the formation of γβ heterodi-
mers is not significantly affected [46, 145]. However, such 
effects remain to be investigated in  vitro since most of 
the studies have been conducted with homodimers (for 
recent discussion, see [77]). In conclusion, the switch of 
the tropomyosin dimer population appears to be a muta-
tion-dependent and muscle-dependent mechanism and 
is likely to contribute to contractile dysfunction (Fig. 6).

Collectively, these studies indicate that TPM3 muta-
tions have diverse effects on the structural and func-
tional properties of tropomyosin, resulting in altered thin 
filament function and ultimately causing a decrease in 
force production in slow muscle fibers [46, 92, 144, 145] 
(Fig. 6).

Animal models and secondary disease mechanisms
Animal models leveraged the discovery of secondary 
mechanisms related to TPM3-related myopathy. The 
transgenic TPM3M9R mice, also referred to as HSA-
αTmslow(Met9Arg) mice, recapitulate several features of 
the human disease for patients carrying this same muta-
tion, such as an early formation of nemaline rods, an ele-
vated content in oxidative muscle fibers, and late-onset 
muscle weakness [58]. In this model, disease severity var-
ies significantly across muscle groups and is influenced 
by several factors including age, activity, and fiber type, 
rather than the expression of the mutant tropomyosin 
per se [58, 59, 147–151]. Additionally, skeletal muscles 
show significant disparities in the mechanisms underly-
ing muscle weakness. For instance, reduced in vitro force 
production is associated with impairment in the level of 
myosin cross-bridges and increased Ca2+ sensitivity in 
gastrocnemius muscle fibers, while both cross-bridge and 
Ca2+ sensitivity levels are unaltered in EDL muscle fib-
ers, suggesting that muscle weakness is likely governed 
by muscle-dependent mechanisms [151]. Microarray 
analysis reveals that the diaphragm exhibits the highest 
number of transcriptional changes compared to distal 
muscles which may indicate that the diaphragm is more 
profoundly affected in this model, concomitant with 
patients having reduced respiratory function and requir-
ing mechanical ventilation while still being ambulant 

[150]. A prominent upregulation of genes related to myo-
genesis, muscle development, and myofiber immaturity is 
observed in several muscle groups (Fig.  6). In this con-
text, it is suggested that the increased content in slow/
fast oxidative fibers is due to an alteration in the matu-
ration of muscle fibers rather than a defect in fiber type 
transition in TPM3M9R mice. This finding was accompa-
nied by an elevated number of centrally located nuclei 
positive fibers without signs of necrosis and degenera-
tion, indicative of ongoing focal repair [150]. However, 
it is worth noting that muscle regeneration following 
stretch-induced muscle damage is associated with a sig-
nificantly reduced number of fibers with central nuclei 
compared to wild-type mice, suggesting abnormal repair 
processes. Additionally, the diaphragm displayed a prom-
inent downregulation of mitochondrial membrane oxi-
doreductase genes accompanied by a marked variation 
in the size and aberrant structure of mitochondria, as 
well as by the presence of lipofuscin inclusions indica-
tive of oxidative stress [150]. Interestingly, basal mito-
chondrial respiration and ATP production are reduced 
in transgenic TPM3E151A and TPM3E151G zebrafish [113] 
(Fig. 6). This finding was associated with a reduction in 
swimming activity in both transgenic lines, with the 
E151G line being more severely affected. Additionally, 
the TPM3E151G zebrafish line resembles congenital fiber 
type disproportion (CFTD), while TPM3E151A zebrafish 
line resembles nemaline myopathy, suggesting that not 
only the site but also the type of substitution play an 
important role in TPM3-related myopathy. Bulk RNA 
sequencing performed in the E151G line shows a large 
downregulation of genes involved in anatomy structure 
development, cell differentiation, cell morphogenesis, ion 
channels, and fatty acid metabolism which may contrib-
ute to the pathogenesis [113] (Fig. 6).

Therapeutic strategies
Currently, there is no cure for TPM3-related myopathy, 
and treatment is supportive and based on the individual’s 
specific symptoms and needs. Physical therapy, occu-
pational therapy, and speech therapy may be helpful in 
managing muscle weakness and feeding difficulties. Res-
piratory support, such as noninvasive ventilation or tra-
cheostomy, may be necessary in individuals with severe 
respiratory insufficiency. Surgery may also be considered 
in some cases to address scoliosis.

However, several therapeutic strategies have been 
tested in the laboratory (Fig.  6). Pharmacological strat-
egies targeting thin and thick filaments aim at revers-
ing contractile dysfunction at the sarcomere level. For 
instance, the use of troponin activators (e.g., EMD 
57033, tirasemtiv), troponin inhibitors (e.g., epigallocat-
echin-3-gallate, W7), myosin activator (e.g., Omecamtiv 
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Mecarbil) and myosin inhibitor (e.g., BDM) partially 
reverse contractile defects in patient muscle fibers and 
reconstructed thin filaments in vitro [134, 140, 141, 144]. 
In these studies, diverse effects on contractile proper-
ties are observed depending on the strategy used and 
the mutation. Because TPM3 substitutions can have dif-
ferent effects on the behavior of tropomyosin, troponin, 
and myosin, it is likely that different pharmacological 
strategies will be required. However, the beneficial effect 
of such strategies is still unclear since these studies have 
been limited to a few substitutions (e.g., R91P, R168H, 
E174A) and have not been tested in  vivo. Furthermore, 
compounds used in slow, type 1 muscle fibers target both 
cardiac and slow skeletal isoforms, and the effect on car-
diac function in the context of TPM3-related myopathy is 
still unknown.

Pharmacological strategies targeting secondary mech-
anisms have also been tested (Fig.  6). For instance, 
altered muscle function, mitochondrial respiration, and 
molecular pathways were partially reversed in trans-
genic E151G zebrafish larvae with the use of L-carnitine 
[113]. It is hypothesized that L-carnitine can enhance 
long-chain fatty acyl-CoA into the mitochondria for 
β-oxidation to generate ATP to rescue muscle weak-
ness. However, L-carnitine did not restore the swimming 
performance neither in adult zebrafish nor in trans-
genic E151A zebrafish. Furthermore, the use of tyros-
ine, terazosin, taurine, and creatine did not restore the 
swimming performance in both zebrafish lines [113]. 
Beneficial effect of L-carnitine in TPM3 patients has 
not been yet assessed. In contrast, the use of neuromus-
cular transmission-enhancing agents pyridostigmine 
and 3,4 diaminopyridine produced a modest increase in 
function in a 19-year-old patient carrying R168H muta-
tion with abnormal function of neuromuscular junction 
[99]. This patient presented abnormal function of neuro-
muscular junction, yet salbutamol failed to produce any 
clinical benefit [99]. Myopathic EMG is a common fea-
ture observed in TPM3 patients. However, neuromuscu-
lar junctions have not been studied in this context, and 
such a therapeutic strategy to improve neuromuscular 
transmission has not been reported for TPM3 patients in 
other studies. Additionally, endurance exercise does not 
exacerbate muscle pathology in TPM3M9R mice and can 
alleviate disuse-induced weakness [148, 149] (Fig. 6).

Conclusion
In summary, several TPM3 isoforms are temporally and 
spatially expressed in developing and mature skeletal 
muscles. While great progress has been made in identify-
ing these isoforms and understanding some of their func-
tions, much work still needs to be done to completely 
elucidate the complexity of their different roles. In this 

context, the role of cytoskeletal isoforms in the patho-
genesis of congenital myopathy is currently unknown. 
Therefore, new model systems need to be developed to 
better understand the multiple roles played by TPM3 
within myofibers and disease. Additionally, these models 
will serve as valuable tools for facilitating efficient high-
throughput drug screening and gene therapy testing. We 
anticipate that in the next decade, much progress will 
be made towards these goals and viable therapies will 
be developed for patients. We hope that this review will 
stimulate interest for future work focused on the func-
tion of all TPMs, including TPM1 and TPM2 in skeletal 
muscle and in myopathies.
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