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Strict regulation of Ca2+ homeostasis is essential for normal cellular physiology. Store-

operated Ca2+ entry (SOCE) is a major mechanism controlling basal Ca2+ levels and 

intracellular Ca2+ store refilling, and abnormal SOCE severely impacts on human health. 

Overactive SOCE results in excessive extracellular Ca2+ entry due to dominant STIM1 or 

ORAI1 mutations, and has been associated with tubular aggregate myopathy (TAM) and 

Stormorken syndrome (STRMK). Both disorders are spectra of the same disease and involve 

muscle weakness, myalgia, and cramps, and additional multi-systemic signs including miosis, 

bleeding diathesis, hyposplenism, dyslexia, short stature, and ichthyosis. To elucidate the 

physiological consequences of STIM1 over-activation, we generated a murine model 

harboring the most common TAM/Stormorken syndrome mutation and characterized the 

phenotype at the histological, ultrastructural, metabolic, physiological, and functional level. 

In accordance with the clinical picture of TAM/Stormorken syndrome, the Stim1R304W/+ mice 

manifested muscle weakness, thrombocytopenia, skin and eye anomalies, and spleen 

dysfunction, as well as additional features not yet observed in patients such as abnormal bone 

architecture and immune system dysregulation. The murine muscles exhibited contraction 

and relaxation defects as well as dystrophic features, and functional investigations unraveled 

increased Ca2+ influx in myotubes. In conclusion, we provide insight into the 

pathophysiological effect of the STIM1 R304W mutation in different cells, tissues, and 

organs, and thereby significantly contribute to a deeper understanding of the 

pathomechanisms underlying TAM/Stormorken syndrome and other human disorders 

involving aberrant Ca2+ homeostasis and affecting muscle, bones, platelets, or the immune 

system. 
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Introduction 

Store-operated Ca2+ entry (SOCE) is a conserved and ubiquitous mechanism regulating 

intracellular Ca2+ balance, and small disturbances can severely impact on the physiology of 

various cells, tissues, and organs (1). Ca2+ is mainly stored in the endoplasmic/sarcoplasmic 

reticulum, and its release to the cytosol initiates a plethora of cellular pathways and processes 

including muscle growth and contraction, T-cell differentiation, or platelet activation. Ca2+ 

store refill relies on the concerted activity of the reticular Ca2+ sensor STIM1 and the plasma 

membrane Ca2+ channel ORAI1. STIM1 senses the luminal Ca2+ concentration through EF-

hands, and Ca2+ store depletion induces a conformational change enabling STIM1 

oligomerization. The cytosolic domains of the STIM1 oligomers then activate the Ca2+ 

release-activated Ca2+ (CRAC) channel ORAI1 to trigger extracellular Ca2+ entry (2-4).    

Abnormal SOCE has been associated with different human disorders. Recessive STIM1 and 

ORAI1 loss-of-function mutations resulting in insufficient SOCE cause severe 

immunodeficiency involving recurrent and chronic infections, autoimmunity, ectodermal 

dysplasia, and muscular hypotonia (OMIM #612782 and 612783) (1, 5, 6). In contrast, 

dominant STIM1 and ORAI1 gain-of-function mutations inducing excessive Ca2+ entry 

through SOCE over-activation were found in patients with tubular aggregate myopathy 

(TAM, OMIM #160565 and #615883) and Stormorken syndrome (STRMK, OMIM 

#185070) (7-10). Both conditions are part of a clinical continuum and are characterized by 

progressive muscle weakness, cramps, and myalgia (11), and additional multi-systemic signs 

including thrombocytopenia, hyposplenism, miosis, ichthyosis, short stature, hypocalcemia, 

and dyslexia (12-18). Age of onset, disease severity, and occurrence of non-muscle features 

are heterogeneous and generally correlate with the genotype. The most common gain-of-

function mutation R304W, affecting a conserved amino acid in the cytosolic domain of 

STIM1, was found in twelve unrelated families essentially presenting with the full multi-
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systemic picture constituting the diagnosis of Stormorken syndrome (8-10, 14, 19, 20). 

Functional studies demonstrated that the R304W mutation induces a helical elongation of the 

cytosolic domain of STIM1 and thereby promotes the exposure of the ORAI1-interacting 

SOAR domain, resulting in constitutive ORAI1 channel activation (21). Moreover, 

electrophysiological studies have shown that the R304W mutation suppresses fast Ca2+-

dependent channel inactivation (CDI) of ORAI1, suggesting that R304W also entails 

prolonged Ca2+ influx (10). 

Mammalian models with abnormal SOCE are rare, impeding a detailed analysis of the long-

term consequences of abnormal Ca2+ homeostasis on the entire organism and in different 

tissues, and precluding functional investigations on the sequence of events leading to the 

multi-systemic aberrations observed in severe combined immunodeficiency or 

TAM/Stormorken syndrome. Stim1-/- and Orai1-/- mice showed high neonatal lethality, and 

surviving animals manifested low body weight and significant hypotonia leading to death 

within a few weeks (22-24). A similar phenotype was observed for Orai1R93W/R93W knock-in 

mice expressing a non-functional Ca2+ channel (25). Tissue-specific knockout of Stim1 

demonstrated a decrease in number and function of T cells (26) and a  reduced ability of 

platelets to switch from a pro-adhesive to a pro-coagulant state (27), but provided only a 

narrow view on the physiological consequences of SOCE suppression. The Stim1Sax mouse, 

generated through random mutagenesis and harboring the same D84G mutation as in a single 

family with tubular aggregate myopathy (7), displayed spleen enlargement and increased 

basal Ca2+ levels in the platelets resulting in a pre-activation state and elevated platelet 

consumption (28). However, a potential phenotype of muscle, skin, or bones was not 

evaluated.  

In order to shed light on the multi-systemic features of TAM/Stormorken syndrome, we 

generated a targeted knock-in mouse model harboring the most common STIM1 gain-of-
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function mutation R304W. Our exhaustive phenotypic characterization revealed that the 

Stim1R304W/+ mice recapitulate the main clinical features observed in TAM/Stormorken 

patients including muscle weakness, thrombocytopenia, skin and eye anomalies, and spleen 

dysfunction. We also detected increased glucose tolerance, abnormal bone architecture, and 

abnormal immune cell counts, which all might have escaped diagnosis in TAM/Stormorken 

syndrome patients to date. Overall, this study highlights the relevance of SOCE in several 

tissues and organs in normal and pathological conditions, and describes a new mouse model 

as a valuable tool to study the physiopathology and possible therapeutic approaches for 

TAM/Stormorken syndrome, as well as for other Ca2+-related disorders involving aberrations 

of muscle, bones, platelets, or the immune system. 

Results 

To address the physiological impact of SOCE over-activation, we generated a mouse model 

carrying the most recurrent STIM1 gain-of-function mutation found in patients with 

TAM/Stormorken syndrome (8-10). The c.910A>T (p.R304W) point mutation was 

introduced by homologous recombination targeting exon 7 of Stim1 in C57BL/6N mouse 

embryonic stem cells (ESCs) to generate heterozygous Stim1R304W/+ and homozygous 

Stim1R304W/R304W mice (Supplemental Figures S1A and S1B). 

Viable homozygous Stim1R304W/R304W mice were not obtained at genotyping 3 days after birth, 

and in breeding cages containing Stim1+/+ (WT) and Stim1R304W/+ animals, the statistically 

significant offspring ratio was 59% Stim1+/+ and 41% Stim1R304W/+. The absence of 

homozygous Stim1R304W/R304W mice and the decreased birth rate of heterozygous Stim1R304W/+ 

animals suggests that the STIM1 R304W mutation causes embryonic or perinatal lethality 

especially in the homozygous state. The point mutation however did not significantly alter the 
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STIM1 protein level in muscle, as it was comparable in WT and Stim1R304W/+ tibialis anterior 

(TA), soleus, and gastrocnemius muscles (Supplemental Figure S1C). 

The Stim1R304W/+ animals underwent thorough phenotypic examinations to investigate the 

multi-systemic signs and symptoms of TAM/Stormorken syndrome patients and to 

potentially uncover anomalies not reported in patients yet. Importantly, the Stim1R304W/+ mice 

had a reduced life span with only half of the Stim1R304W/+ males and females living longer 

than 9 months (Figure 1A). Functional and morphological investigations were therefore 

carried out at 4 months and 9 months to assess disease development. 

Stim1R304W/+ mice are smaller and manifest spleen enlargement 

Tracking of body weight and length revealed that the Stim1R304W/+ mice were smaller and 

lighter than the WT littermates. At 4 months of age, the body weight was reduced by 21.3% 

in Stim1R304W/+ males and by 11.9% in Stim1R304W/+ females (Figure 1B), and body length was 

reduced by 7.7% in Stim1R304W/+ males and by 7.2% in Stim1R304W/+ females (Figure 1C). 

Accordingly, patients with TAM/Stormorken syndrome and STIM1 R304W mutation were 

described with a shorter stature (8, 9, 29). Using quantitative nuclear magnetic resonance 

(qNMR), we also detected a decreased lean and fat mass rate in Stim1R304W/+ compared to WT 

mice, especially in males (Supplemental Figure S2). To investigate whether the delayed 

growth results from bone anomalies, we assessed the morphology of the 5th lumbar vertebra, 

the distal femur, and the midshaft tibia by micro-CT. We detected a decreased cellular 

density, a reduced bone marrow area, and abnormal mechanical properties with a 10% 

decrease of polar moment of inertia (MOI), indicating a reduced strength and stiffness of the 

bones of Stim1R304W/+ mice. (Figure 1D and Supplemental Tables S1-S3).  

We next weighed various organs, and in agreement with the reduced body size, Stim1R304W/+ 

heart, brain, and liver were slightly smaller and lighter or similar compared to WT 
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littermates. We noted a significant spleen enlargement in Stim1R304W/+ mice with an increase 

in spleen weight of 55% in Stim1R304W/+ females and 31% in Stim1R304W/+ males as compared 

to wild-type controls (Figure 1E). The analysis of different lower limb muscles revealed 

specific weight discrepancies. While the tibialis anterior and extensor digitorum longus 

(EDL) were comparable in Stim1R304W/+ and WT littermates, the Stim1R304W/+ gastrocnemius 

was hypotrophic with a 36.6% weight reduction in Stim1R304W/+ females and a 19.3% 

reduction in Stim1R304W/+ males, while the soleus was hypertrophic with an increased weight 

of 57.3% in Stim1R304W/+ females and 58.4% in Stim1R304W/+ males (Figure 1F). 

Stim1R304W/+ mice manifest upward gaze paresis, thrombocytopenia, and skin anomalies  

We assessed a potential eye phenotype in Stim1R304W/+ mice using a slit lamp. Although a 

miosis was not apparent, we noted an upward gaze paresis (Figure 1G), a limitation of eye 

movement described in TAM/Stormorken syndrome patients (7, 14). Both Stim1R304W/+ males 

and females manifested prolonged bleeding times, and blood counts showed a marked 

reduction of platelets of 78% in Stim1R304W/+ females and 79% in Stim1R304W/+ males 

compared to control littermates (Figure 1H). The platelets were significantly bigger in the 

knock-in animals with an increase of mean platelet volume of 63% in Stim1R304W/+ females 

and 74.4% in Stim1R304W/+ males. Bleeding diathesis is also commonly seen in 

TAM/Stormorken syndrome patients, and was shown to result from abnormal platelet 

structure and function (8, 9, 14, 19). 

Patients with TAM/Stormorken syndrome also often manifest ichthyosis (8, 9, 19), and 

accordingly we observed skin irritations in Stim1R304W/+ mice. Histological skin analyses 

revealed an enlarged dermis and a reduced fat layer compared to the wild-type controls, 

conforming the qNMR data showing a decreased lean and fat mass rate in Stim1R304W/+ mice 
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(Supplemental Figure S3), and potentially corresponding to the skin phenotype in 

TAM/Stormorken syndrome patients and mice. 

The Stim1R304W/+ mice manifest abnormal immune cell counts 

SOCE plays a pivotal role in the proliferation and activation of T and B cells, and suppressed 

Ca2+ entry resulting from STIM1 or ORAI1 loss-of-function mutations has been associated 

with life-threatening immunodeficiency (5, 6). 

To investigate the impact of the STIM1 R304W mutation on the immune system, we 

quantified the hematopoietic cells in the blood and detected increased numbers of neutrophils 

and monocytes and decreased numbers of total lymphocytes in Stim1R304W/+ mice compared 

to WT littermates (Figure 2A and 2B), and we obtained similar results in spleen 

(Supplemental Figure S4). Histological investigations on Stim1R304W/+ spleen revealed 

megakaryocyte hyperplasia (Figure 2C). Of note, further analyses uncovered a significant 

reduction of regulatory T cells and natural killer cells in Stim1R304W/+ spleen (Figure 2D and 

Supplemental Figure S4). Regulatory T cells modulate the immune system and maintain the 

tolerance to self-antigens to prevent auto-immune disorders. Our findings of regulatory T cell 

reduction might therefore indicated an over-active immune system in Stim1R304W/+ mice. 

Stim1R304W/+ mice exhibit reduced muscle force and delayed muscle relaxation 

In the open field test, especially the Stim1R304W/+ females covered less distance and moved 

with lower pace compared to WT littermates (Figure 3A). To assess whether this difference 

results from impaired coordination or abnormal muscle force or fatigue, we performed a 

series of physiological tests. 

Both Stim1R304W/+ and WT littermates performed similarly on the rotarod, indicating that 

balance, motor coordination, and the ability for short-duration exercise are not significantly 

altered in knock-in animals (Figure 3B). Plethysmography essentially revealed comparable 
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breathing values between Stim1R304W/+ and WT littermates with exception of an enhanced 

pause suggesting partial bronchial obstruction in the knock-in animals (Supplemental Table 

S4). However, grip strength and hanging time were significantly reduced in Stim1R304W/+ mice 

(Figure 3C-D). Compared to the WT littermates, the 4-paw grip strength was reduced by 

18.7% in female Stim1R304W/+ mice, and by 27.3% in male Stim1R304W/+ mice. The majority of 

WT mice successfully accomplished the 60 s hanging test, and all sustained for at least 46 s. 

In contrast, female Stim1R304W/+ mice fell after 20 s in average, and male Stim1R304W/+ mice 

after 17 s, which corresponds to a reduction of hanging time of 64.4% and 70.8%, 

respectively. 

To further investigate the muscle phenotype, we quantified the in situ muscle force and 

resistance to fatigue of the tibialis anterior from 9 months old Stim1R304W/+ mice using the 

Aurora force transducer. Following sciatic nerve stimulation, especially Stim1R304W/+ males 

manifested a significantly reduced maximal and specific force compared to WT littermates. 

While WT mice developed an average specific force of 14.7 mN/mg, female Stim1R304W/+ 

mice reached 14.3 mN/mg, and male Stim1R304W/+ mice 11.3 mN/mg (- 23.7%) (Figure 3E). 

We obtained similar results by direct stimulation of the muscle, demonstrating that the nerve-

to-muscle signal transmission in not altered (Supplemental Figure S5).   

Noteworthy, we observed a shift in muscle relaxation subsequent to stimulation in 

Stim1R304W/+ compared to WT tibialis anterior (Figure 3E). We therefore applied a continuous 

stimulation of the sciatic nerve and quantified the decrease of force over time (Figure 3F). 

We observed that the specific force of WT mice drops to 50% after 11.6 s in average, and 

after 17.7 s in case of Stim1R304W/+ mice, representing an increased time to fatigue. We also 

noted that the Stim1R304W/+ mice developed maximal specific force at lower stimulation 

frequencies compared to WT mice (Supplemental Figure S6). Taken together, our force 

transducer experiments revealed that Stim1R304W/+ tibialis anterior contracted at lower 
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stimulation frequencies, produced less force at higher stimulation frequencies, and relaxed 

with delay in comparison with WT controls, demonstrating that the STIM1 R304W mutation 

affects both muscle contraction and muscle relaxation. 

Stim1R304W/+ mice do not show tubular aggregates in muscle fibers 

Tubular aggregates represent the main histopathological hallmark in skeletal muscle from 

TAM/Stormorken syndrome patients. These central or subsarcolemmal basophilic 

accumulations appear in red on modified Gomori trichrome staining, and in dark blue on 

nicotinamide adenine dinucleotide-tetrazolium reductase (NADH-TR) staining especially in 

fast-twitch type II fibers (11, 30). Additional features as fiber size variability, internalized 

nuclei, endomysial fibrosis, type I fiber predominance, and type II fiber atrophy are 

consistently seen as well (7, 12, 13, 15, 16, 19, 31-33) .  

Histological analyses of tibialis anterior sections from Stim1R304W/+ mice at 4 months and 9 

months, and of EDL, soleus, and gastrocnemius muscles at 4 months revealed a 4 to 8 fold 

increase of internalized nuclei, fibrosis, and infiltration of inflammatory cells, but tubular 

aggregates were not detected (Figure 4A, Supplemental Figures S7-S12). We also noticed an 

altered fiber type composition with an increased ratio of slow-twitch type I fibers in all 

analyzed muscles. To investigate fiber size, we measured the MinFeret diameter and 

uncovered a slight reduction in Stim1R304W/+ TA fiber caliber in males compared to WT 

littermates at 4 months of age (Figure 4B), while no difference was seen in females 

(Supplemental Figure S13A). We also noted a subset of fibers with abnormal shape on the 

Stim1R304W/+ tibialis anterior, EDL, soleus, gastrocnemius muscle sections, and circularity 

measurements on TA sections confirmed a tendency of increased rounded fibers in both male 

and female Stim1R304W/+ mice (Figure 4C, Supplemental Figure S13B). Alizarin red staining 
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demonstrated that the 4-7% of rounded fibers contain high amounts of Ca2+ (Figure 4A and 

Supplemental Figures S7 and S9-11), indicating that these fibers are damaged. 

Ultrastructural analyses on transversal and longitudinal Stim1R304W/+ tibialis anterior sections 

uncovered swollen mitochondria at both 4 and 9 months of age in largely intact muscle fibers, 

and confirmed the absence of tubular aggregates (Figure 4D and Supplemental Figure S14). 

Stim1R304W/+ mice manifest blood hypocalcemia and increased Ca2+ influx in skeletal muscle  

In view of the abnormal contraction and relaxation properties of Stim1R304W/+ muscle, and the 

histological findings of fibers with elevated Ca2+ content, we next focused on the Ca2+ level 

in blood and skeletal muscle. This is of particular importance, as TAM/Stormorken syndrome 

patients were commonly reported with blood hypocalcemia (8-10, 12, 13, 15, 19), and 

functional investigations demonstrated that the STIM1 gain-of-function mutations induce 

excessive Ca2+ entry in patient myoblasts through SOCE over-activation (7, 16). 

We measured decreased Ca2+ levels and consequently increased phosphate levels in the blood 

from Stim1R304W/+ mice (Figure 5A). We also detected a 6 to 8 fold increase of serum creatine 

kinase (CK) (Supplemental Figure S15), residing within the range of typical CK elevation in 

TAM/Stormorken syndrome patients (7, 9, 12). In addition, we found altered hepatic enzyme 

activities (Supplemental Figure S16A), and increased insulin and decreased glucose levels in 

accordance with increased glucose tolerance (Supplemental Figures S16B and S16C). It has 

recently been demonstrated that inhibition of SOCE has an adverse effect and results in 

impaired insulin secretion from pancreatic islets and systemic glucose intolerance (34, 35). 

Together with our data, it illustrates that tight Ca2+ regulation is essential for ß-cell function 

and that abnormal SOCE directly impacts on insulin secretion and the glucose level in blood.  

We next assessed Ca2+ homeostasis in cultured myotubes obtained by differentiation of 

myoblasts from Stim1R304W/+ and WT mice. At physiological 2 mM Ca2+ conditions in the 
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medium, the Stim1R304W/+ myotubes exhibited increased resting Ca2+ levels compared to WT 

myotubes (Figure 5B). In a second experiment, we kept the myotubes in Ca2+-free media, and 

administration of 10 mM Ca2+ to the medium induced a significantly more pronounced Ca2+ 

influx in myotubes from Stim1R304W/+ as compared to the control (Figure 5C-D). Using a 

combination of caffeine and thapsigargin to maximally deplete the Ca2+ stores, we found that 

the Ca2+ content in the reticulum was comparable in WT and Stim1R304W/+ myotubes 

(supplemental Figure S17). Taken together, the Stim1R304W/+ myotubes exhibited increased 

resting Ca2+ levels and increased extracellular Ca2+ influx, while Ca2+ storage was not 

affected. 

To investigate the downstream effects of excessive Ca2+ influx, we scaled the expression of 

the SOCE genes Stim1 and Orai1, as well as of Casq1 and selected skeletal muscle genes 

regulated by the Ca2+-dependent transcription factor NFAT. Quantitative RT-qPCR on 

tibialis anterior from Stim1R304W/+ mice revealed a downregulation of Stim1 in males but not 

in females, ofNfatc1 and Nfatc3, and an upregulation of the myogenic differentiation markers 

Myog and Myf5 (Figure 4E). We also noted a reduced expression of Casq1 in Stim1R304W/+ 

tibialis anterior. Casq1 is however specifically expressed in type II fibers, and the abnormal 

composition of the Stim1R304W/+ tibialis anterior with an increased ratio of type I fibers most 

probably accounts for the seemingly downregulation of Casq1. 

Overall, these data demonstrate that the STIM1 R304W mutation induces excessive Ca2+ 

influx in skeletal muscle, and leads to partial muscle fiber degeneration involving elevated 

serum CK levels and the upregulation of muscle differentiation factors, conforming to the 

dystrophic features observed on muscle sections. 

Discussion 
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Ca2+ serves as a second messenger in a variety of biological processes in both excitable and 

non-excitable cells. Store-operated Ca2+ entry (SOCE) is a primary mechanism regulating 

extracellular Ca2+ entry, and abnormal SOCE leads to severe human disorders. Insufficient 

SOCE resulting from STIM1 or ORAI1 loss-of-function causes immunodeficiency, while 

overactive SOCE resulting from STIM1 or ORAI1 gain-of-function causes TAM/Stormorken 

syndrome (1). To elucidate the physiological effect of STIM1 over-activation, we generated a 

mouse model harboring the most common STIM1 gain-of-function mutation R304W. The 

Stim1R304W/+ mice phenotypically mimicked TAM/Stormorken syndrome, and we also 

discovered additional characteristics of high medical importance that have not been reported 

for TAM/Stormorken syndrome patients yet. With a main focus on skeletal muscle, our in-

depth investigations on the Stim1R304W/+ mouse provides a first insight into the 

pathomechanisms resulting from SOCE over-activation and leading to Ca2+-related 

physiological dysfunction. 

The Stim1R304W/+ mouse as a tool to study TAM/Stormorken syndrome and SOCE over-

activation 

Tubular aggregate myopathy and Stormorken syndrome are clinically overlapping multi-

systemic disorders characterized by tubular aggregate myopathy, miosis, thrombocytopenia, 

hyposplenism, short stature, ichthyosis, and dyslexia (29). In agreement with the clinical 

presentation of TAM/Stormorken syndrome patients, the Stim1R304W/+ mice were smaller than 

the control littermates, and manifested muscle weakness, thrombocytopenia, spleen dysplasia, 

and skin irritations, demonstrating that our mouse model is a suitable and valuable tool to 

study the physiopathology and the disease development of TAM/Stormorken syndrome. In 

line with the reported Ca2+ overload and excessive Ca2+ influx in myoblasts and myotubes 

from TAM/Stormorken syndrome patients (7, 16), we measured hypocalcemia in the blood 

and elevated resting Ca2+ levels in Stim1R304W/+ myotubes, as well as SOCE over-activation 
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and excessive extracellular Ca2+ entry without prior Ca2+ store depletion. This confirms that 

the muscle dysfunction and most probably also the multi-systemic aberrations of 

TAM/Stormorken syndrome are a direct consequence of abnormal Ca2+ homeostasis, and 

demonstrates that our Stim1R304W/+ mouse can serve as a model to investigate the 

consequences and treatment options of overactive SOCE in Ca2+-related disorders. 

Impact of SOCE over-activation on muscle contraction and relaxation 

The STIM1 R304W mutation was previously shown to induce excessive extracellular Ca2+ 

entry through a dual pathogenic effect: it induces constitutive STIM1 and SOCE activation 

and suppresses fast inactivation of the ORAI1 Ca2+ entry channel (10, 21). Accordingly, we 

observed higher resting Ca2+ levels as well as excessive extracellular Ca2+ entry despite 

replete Ca2+ stores in myotubes from Stim1R304W/+ mice. In resting skeletal muscle, cytosolic 

Ca2+ concentrations are low and vary between 30 and 60 nM depending on the fiber type 

(36), and small Ca2+ level changes induce major physiological processes. Ca2+ release from 

the sarcoplasmic reticulum triggers muscle contraction and the generation of force, repeated 

contractions require the maintenance of high Ca2+ gradients and the strict regulation of 

luminal and cytosolic Ca2+ balance, and muscle relaxation occurs when Ca2+ is removed from 

the contractile unit (37). The Stim1R304W/+ mice manifested reduced muscle force as well as 

abnormal muscle contraction and relaxation, all three presumably resulting from aberrant 

Ca2+ homeostasis. The elevated resting cytosolic Ca2+ levels in Stim1R304W/+ muscle provoked 

rapid fiber contraction, diminished the effect of high stimulation frequencies on force 

production, and also extended the relaxation time. The delayed muscle relaxation might 

thereby explain the muscle cramping phenotype observed in a large number of 

TAM/Stormorken syndrome patients (8, 10-13, 17, 19, 31, 38). The high resting Ca2+ levels 

most probably also account for the swollen mitochondria and the dystrophic features 

observed in Stim1R304W/+ muscle. Histological analyses revealed rounded and Ca2+-rich fibers, 
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typically seen to a larger extent in dystrophies involving major fiber degeneration and 

regeneration (39). Accordingly, we observed a subset of regenerating fibers in Stim1R304W/+ 

muscle, increased expression of the myogenic regulators factors Myf5 and Myog (40), as well 

as 6 to 8 fold increased serum creatine kinase levels, demonstrating intensified muscle fiber 

degeneration and myogenesis in Stim1R304W/+ mice. 

The role of tubular aggregates in disease development  

Histological analyses of muscle biopsies from TAM/Stormorken syndrome patients typically 

show basophilic accumulations in the muscle fibers appearing in red on modified Gomori 

trichrome staining, and corresponding to densely packed membrane tubules (7-11). Tubular 

aggregates also naturally accumulate in normal murine muscle with age, and can especially 

be seen in type II fibers from 10 months in most laboratory mice strains (41).  

Surprisingly, analyses of different muscles failed to detect tubular aggregates in the 

Stim1R304W/+ mice at different time points and up to 9 months. Given the explicit and multi-

systemic TAM/Stormorken syndrome phenotype developed by Stim1R304W/+ mice, we 

conclude that physiological differences between humans and mice most probably account for 

the presence or absence of tubular aggregates in pathologic skeletal muscle, and that tubular 

aggregate formation and disease-related muscle dysfunction are not causally linked. This of 

particular importance for potential therapeutic approaches, as tubular aggregates do not 

represent suitable therapeutic targets, and cannot serve as readouts to assess treatment 

efficacy. 

It is conceivable that the abundant tubular aggregates in the muscle fibers of 

TAM/Stormorken syndrome patients do not impair muscle function, but rather exert a 

protective role and prevent fiber degeneration by trapping excessive Ca2+. In compliance, 
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signs of dystrophic-like fiber degeneration are more prominent in muscle from Stim1R304W/+ 

mice compared to muscle from TAM/Stormorken syndrome patients. 

Impact of the STIM1 R304W mutation on coagulation and the immune system 

The bleeding diathesis observed in many TAM/Stormorken patients results from abnormal 

platelet number, structure and function. It could be shown that the TAM/Stormorken 

syndrome platelets display increased basal Ca2+ levels prior to activation, leading to 

diminished response to stimulation and reduced platelet-platelet adhesion (8, 9, 14, 19). 

Thrombocytopenia with a reduced platelet number resulting in prolonged bleeding times was 

also seen in our Stim1R304W/+ mice. We additionally observed an increased mean platelet 

volume, considered as a marker for diverse inflammatory diseases (42-44). 

The immune system provides protection against various disease-causing pathogens and is 

based on a complex interplay between different effector cells with specialized function. 

T helper 17 cells (Th17) are pro-inflammatory cells recruiting neutrophils to the sites of 

infection, whereas regulatory T cells (Treg) have an antagonistic effect and inhibit immune 

response. The balance between Th17 and Treg cells is therefore critical for the development 

of autoimmune and inflammatory diseases (45). The Stim1R304W/+ mice displayed a significant 

reduction of Treg cells and a simultaneous upregulation of neutrophils and monocytes, 

suggesting an imbalance of Th17 and Treg, promoting the maintenance of inflammation. 

Indeed, the Stim1R304W/+ mice showed multiple signs of inflammation as infiltration of 

inflammatory cells in muscle, increased mean platelet volume, spleen hyperplasia, bronchial 

obstruction, and an enlarged dermis. Ichthyosis has often been described in TAM/Stormorken 

syndrome patients (8, 9, 19), but detailed investigations on skin biopsies have not been 

performed. The Stim1R304W/+ mice manifested a skin phenotype as well, and our findings 

point to an underlying inflammatory disease causing the urticarial eruptions. Noteworthy, the 
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Stim1Sax mouse, harboring another Stim1 gain-of function mutation, similarly displayed 

spleen enlargement and increased platelet size (28), and additional signs of inflammation 

might be more discreet due to the milder mutational effect of the Stim1 D84G mutation 

compared to R304W. 

Impact of the STIM1 R304W mutation on growth and lifespan  

Here we show that the Stim1R304W/+ mice manifest an abnormal architecture of cortical and 

trabecular bones, resulting in diminished mechanical properties and bone strength. It has 

previously been reported that mice lacking ORAI1 are smaller than control littermates, which 

partially results from deficient bone development (46, 47). It could be demonstrated that 

impaired SOCE in precursor cells of both osteoblasts and osteoclasts leads to reduced 

differentiation and consequently to decreased bone density (46, 47). This suggests that 

normal bone physiology strongly depends on strict SOCE regulation, and that bone anomalies 

resulting from insufficient or overactive SOCE compromise bone stability and growth.  

A striking feature of the Stim1R304W/+ mouse is the reduced life span. We did not observe any 

correlation between the overall health status or the physical performances of the Stim1R304W/+ 

mice and the time of death, and we didn’t note specific behavioral anomalies preceding death. 

The discrepancy in body weight and size, and in motor performances between WT and 

Stim1R304W/+ mice increases with time, and only 50% of the Stim1R304W/+ mice live longer than 

9 months. We also detected spleen and bone anomalies, indications for an inflammatory 

disease, and we found evidences for abnormal hepatic function and glucose metabolism. The 

totality of these signs might reflect an accelerated ageing process or might be the result of 

multi-organ deterioration due to continuous Ca2+ stress. Premature mortality and a subset of 

the multi-systemic murine phenotypes including bone, metabolic, or immune system 

anomalies have not been reported for TAM/Stormorken patients yet, but may currently be 
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unrecognized due to the recent discovery of the causative genes and the respective 

possibilities of molecular diagnosis. Regular clinical examinations and an extended follow-up 

of multiple organs and tissues is therefore of major medical importance for TAM/Stormorken 

syndrome patients.   

SOCE insufficiency and over-activation cause mirror diseases  

STIM1 and ORAI1 mutations have been associated with different human disorders depending 

on the mutational impact and the mode of inheritance. Recessive STIM1 and ORAI1 loss-of-

function mutations induce severe immunodeficiency characterized by early-onset and 

recurrent infections, autoimmunity, muscular hypotonia, and ectodermal dysplasia (1). 

Functional investigation demonstrated that the mutations abolished SOCE either through 

STIM1 or ORAI1 loss, impaired STIM1-ORAI1 interaction, or through ORAI1 channel 

impermeability, and the profound inhibition of Ca2+ influx in T cell, B cells, and myofibers 

are the primary cause of the immune system and muscle dysfunction observed in the patients 

(5, 6, 48-53). By contrast, dominant STIM1 and ORAI1 gain-of-function mutations induce 

TAM/Stormorken syndrome, and SOCE over-activation is presumably responsible for the 

multi-systemic phenotype encompassing muscle weakness, miosis, thrombocytopenia, 

hyposplenism, ichtyosis short stature, and dyslexia (7-10, 12-14, 17, 19). 

Despite the opposite mutational impact, SOCE insufficiency or SOCE over-activation 

involving Ca2+ imbalance can have a similar effect on different tissues as shown by platelet 

dysfunction and prolonged bleeding times, muscle weakness, reduction of regulatory T cells, 

and abnormal bone architecture in Stim1-/- (23), Orai1-/- (46, 47) or Stim1R304W/+ mice (this 

study). 

Concluding remark 
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In conclusion, the present study significantly contributes to a better understanding of the 

pathomechanisms leading to TAM/Stormorken syndrome and our mouse model proved to be 

a valuable tool to investigate the pathophysiological consequences of SOCE over-activation 

and aberrant Ca2+ homeostasis in various cells, tissues, and organs, associated with a plurality 

of rare and common human disorders.     

Materials and Methods 

Animal care and generation of the Stim1R304W/+ mouse model 

Animal care and experimentation was in accordance with French and European legislation 

and approved by the institutional ethics committee (project numbers 2016031110589922, 

2016040511578546, 2017092717177977). Mice were housed in ventilated cages with free 

access to food and water in temperature-controlled rooms with 12 hours day light/dark cycles. 

The Stim1R304W/+ (Stim1tm3Ics) mutant mouse line was established at the ICS (Institut Clinique 

de la Souris; http://www.ics-mci.fr/en/). In brief, C57BL/6N mouse embryonic stem (ES) 

cells were electroporated with a targeting vector carrying the A>T transversion at cDNA 

position 910 (NM_009287.5) and a floxed neomycin resistance cassette with an auto-excision 

transgene. Following G418 selection, the clones were analyzed by long-range PCR and 

Southern blot using an internal neomycin probe and an external 5’ probe. The selected ES 

clone was karyotyped and micro-injected into BALB/C blastocysts. Resulting male chimeras 

were bred with WT C57BL/6N females, and germline transmission with direct excision of the 

selection cassette was achieved in the first litter. Genotyping was performed with following 

primers: GCAGGTAGGAGAGTGTACAGGATGCCTT (forward, Ef) and 

CTTTCCATCCCCACTGCCATTTT (reverse, Er). Sequencing primers were 

CAGGAGGAGCACCGAACTGTGGAA (forward, Mf) and 

TTACGCACCGCCCAAGGCAT (reverse, Nr). 
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Open field, rotarod, grip test, hanging test 

The open fields (Panlab, Barcelona, Spain) were placed in a homogeneously illuminated 

room and virtually divided into central and peripheral areas. Each mouse was placed in the 

periphery and allowed to freely explore the field for 20 min, with the experimenter out of the 

animal’s sight. The covered distance and the average speed of moving were recorded.  

The coordination of the animals was measured using a Rotarod apparatus (Bioseb, Vitrolles, 

France) with an accelerating scale from 4 to 40 rpm. The 4 paw grip strength was assessed 

with a dynamometer (Bioseb), and for the hanging test, mice were suspended on a cage lid 

for up to 60 s and the time to fall was recorded.  

Pupillary reflex and pupil imaging 

The pupillary light reflex was examined on restrained mice using a SL990 slit lamp 

biomicroscope (CSO, Florence, Italy) at 16x magnification using broad beam illumination, 

and varied back and forth from the minimal to the highest intensity setting. For pupil 

imaging, mice were anesthetized with isofluorane (2% in a 50/50 mix of air and O2 at 0.4 

ml/min), the corneas were covered with a carbomere ophthalmic gel (TVM, Lempdes, 

France), and imaged with a Micron III camera equipped with the mouse lens (Phoenix 

Research Laboratories, Pleasanton, USA).    

qNMR and bone morphology 

Whole body composition of fat content, lean tissues, and free body fluid was assessed with a 

Minispec+ analyzer (Bruker, Billerica, USA) by Nuclear Magnetic Resonance (NMR) during 

light period on conscious fed mice.  

Bone morphology was assessed on the 5th lumbar vertebra, the distal femur and midshaft tibia 

using the Quantum micro-CT scanner (Perkin Elmer, Waltham, USA). All scans were 
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performed with an isotropic voxel size of 10 µm, 160 µA tube current, and 90 kV tube 

voltage. Gray scale images were pre-processed using the ImageJ software, and morphological 

3D measurements were further performed using the CTAn software (Bruker). For the 5th 

lumbar vertebra and the distal femur, the analysis included bone volume fraction, and 

trabecular thickness, number, and separation. For the tibia midshaft, the analysis included 

measures of cortical thickness, bone area fraction, total area, bone area, marrow area and 

polar moment of inertia. Representative images were created by using the CTvol software 

(Bruker). 

Metabolic studies and blood counts 

Blood chemistry was assessed following retro-orbital puncture under isoflurane anesthesia to 

determine glucose, Ca2+, phosphor (P), transaminases (ASAT, ALAT), creatine kinase (CK) 

and alkalin phosphatase (ALP) levels using the OLYMPUS AU-400 automated laboratory 

work station (Beckmann Coulter, Brea, USA) with kits and controls supplied by Beckmann 

Coulter, Wako Chemical Inc (Richmond, USA), or Randox Laboratories (Crumlin, UK). 

Insulin was measured on a BioPlex analyser (BioRad, Hercules, USA) using the Mouse 

Metabolic Magnetic bead panel kit (Merck, Darmstadt, Germany). Blood counts were 

performed on the ADVIA 120 system (Siemens, Munich, Germany). 

To assess glucose tolerance, glucose was administered by intraperitoneal injection, and blood 

glucose levels were measured at different time points over 120 min during the light period, 

and after overnight fasting using the Accu-Chek (Roche Diagnostics, Basel, Switzerland).  

Immunology 

Mouse spleens were collected in 1 mL sample collection buffer, transferred to a 

GentleMACS C tube (Miltenyi Biotec, Bergisch Gladbach, Germany) containing enzyme 
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cocktail mix, and dissociated with the GentleMACS tissue dissociator (Miltenyi Biotec). Cell 

suspensions were filtered and diluted 1:100 in Sytox green solution (ThermoFisher Scientific, 

Waltham, USA), and run on an ATTUNE NxT Flow Cytometer® (ThermoFisher Scientific) 

with 4x106 cells per sample and well. Red blood cells were lysed in 30 µL 1x RBC lysis 

buffer for 1 min at RT, and the reaction was stopped with 250 µL FACS buffer. Fc receptors 

were then blocked with 100 µL 2.4G2 serum. IMPC1 and IMPC2 Immunostaining was 

performed in 100 µL antibody cocktails and incubated in the dark for 20 min at 4°C. Finally, 

cell pellets were resuspended in 250 µL HBSS/2% (v/v) FCS with Sytox blue solution 

(ThermoFisher Scientific) for exclusion of dead cells. Samples were acquired on a SORP® 

BD LSR2 FORTESSA (BD Biosciences, Franklin Lakes, USA), data were compensated with 

BD FACS DIVA 8.0.1 software (BD Biosciences), and FCS files were run on R using 

Flowdensity package for automated supervised gating. Frequencies of populations were 

calculated as defined in https://www.mousephenotype.org/impress/protocol/174/7. Results 

per panel were visualized as fold change on a radar plot, frequencies were transformed in 

asinh, and run on the TMEV software for PCA analysis, hierarchical clustering (Euclidian 

distance, centered linkage) or statistical tests (ANOVA). 

In vivo muscle force and fatigue 

The tibialis anterior is well characterized and suitable for force measurements, and the TA 

contraction properties were assessed in situ using the Complete1300A Mouse Test System 

(Aurora Scientific, Aurora, Canada). Mice were anesthetized through intraperitoneal injection 

of domitor/fentanyl mix (2/0.28 mg/Kg), diazepam (8 mg/Kg) and domitor (0.28 mg/Kg). 

Knees and feet were fixed, and the distal tendon of the tibialis anterior was excised and 

attached to the isometric transducer. The sciatic nerve or the muscle were stimulated by 

pulses of 1-125 Hz to measure maximal force. The specific force corresponds to the maximal 
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force divided by the tibialis anterior weight. Following a rest period of 5 min, sciatic nerve or 

muscle were then stimulated at 50 Hz for 20 s and the time corresponding to a force decrease 

of 50% was recorded as the time to fatigue. 

Histology and electron microscopy 

Spleen and skin were fixed in formaldehyde and embedded in paraffin, and 5 µm sections 

were stained with hematoxylin and eosin (H&E) using routine protocols to assess histological 

anomalies. Tibialis anterior, EDL, soleus, and gastrocnemius muscles were frozen in liquid 

nitrogen-cooled isopentane, and 8 µm sections were stained with H&E, ATPase (pH 4.3), 

modified Gomori trichrome, and Alizarin red to assess muscle fiber morphology and typing, 

nuclear positioning, presence of tubular aggregates, and Ca2+ deposits using the Nanozoomer 

2HT slide scanner (Hamamatsu, Japan). 

Fiber MinFeret distribution and circularity were determined on 8 µm tibialis anterior sections 

stained with Hoechst (Sigma-Aldrich, St. Louis, USA) and Wheat Germ Agglutinin, Alexa 

FluorTM 647 conjugate (ThermoFisher Scientific) to highlight nuclei and plasma membrane. 

After 20 minutes, the sections were mounted using FluorsaveTM Reagent (Merck). The 

images were recorded using the Nanozoomer 2HT slide scanner (Hamamatsu) and analyzed 

using a homemade ImageJ plugin.  

For electron microscopy, the muscles were fixed in 2.5% glutaraldehyde and 2.5% 

paraformaldehyde and 50 mM Ca2+ in cacodylate buffer (0.1 M, pH 7.4), washed in 

cacodylate buffer for 30 min, postfixed in 1% osmium tetroxide in 0.1M cacodylate buffer for 

1 h at 4°C, and incubated with 5% uranyl acetate for 2 h at 4°C. The samples were 

dehydrated through graded alcohol (50, 70, 90, and 100%) and propylene oxide for 30 

minutes each, and embedded in Epon 812. Semithin sections were cut at 2 µm on an Leica 

Ultracut microtome (Leica, Wetzlar, Germany) and contrasted with toluidine blue, and 
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ultrathin sections were cut at 70 nm and contrasted with uranyl acetate and lead citrate and 

examined at 70 kv with a Morgagni 268D electron microscope (FEI, Electron Optics, 

Eindhoven, the Netherlands). Images were captured digitally by Mega View III camera (Soft 

Imaging System, Münster, Germany).  

Protein studies 

Tibialis anterior, soleus, and gastrocnemius cryosections were lysed in radio 

immunoprecipitation (RIPA) buffer supplemented with 1 mM PMSF and complete mini 

EDTA-free protease inhibitor cocktail (Roche). Protein concentrations were determined using 

DCTM Protein Assay kit (BIO-RAD), and 10 µg of denatured protein samples in 5x Lane 

Marker Reducing Buffer (ThermoFisher Scientific) were loaded on a 10% SDS-PAGE gel 

containing 2,2,2-Trichloroethanol (TCE). The gel was then UV-activated for 45 s on a 

ChemiDocTM Touch Imaging System (BIO-RAD), and transferred to a nitrocellulose 

membrane for 7 min at 2.5 A using Transblot® TurboTM RTA Transfer Kit (BIO-RAD). 

Membranes were blocked for 1 hour in Tris-buffered saline (TBS) buffer containing 5% non-

fat dry milk and 0.1% Tween 20. For immunofluorescence, tibialis anterior cryosections were 

fixed, and blocked with fetal calf serum. Following primary and secondary antibodies were 

used: rabbit anti-STIM1 (AB9870, Millipore, Burlington, USA), mouse anti-MHCI (BA-F8, 

DHSB, Iowa, USA), mouse anti MHCIIa (SC-71, DHSB), peroxidase-coupled goat anti-

rabbit (112-036-062, Jackson ImmunoResearch, Ely, UK),. Images were recorded with the 

Amersham Imager 600 (Amersham, UK) and the DMRXA2 microscope (Leica). 

Expression studies 

RNA from tibialis anterior and soleus muscles was extracted with TRI Reagent (Molecular 

Research Center, Cincinnati, USA), and cDNA synthesis was performed using the 

SuperScriptTM II Transcriptase (ThermoFisher Scientific). For quantitative PCR, the cDNA 
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was amplified with SYBR Green Master Mix I (Roche) and 0.1 µM forward and reverse 

interexonic primers (Supplemental Table S5), and amplicons were analyzed with a 

Lightcycler® 480 (Roche). Primers specificity was determined through a melting curve, and 

PCR products were Sanger-sequenced. Primer sequences for Rpl27 were obtained from the 

literature (54).Ca2+ measurements 

Primary myoblasts from 5 days old WT and Stim1R304W/+ mice were isolated as described 

before (55), and non-adherent cells were collected and plated in IMDM supplemented with 

20% FCS and 1% CEE (chicken embryo extract) on Matrigel Reduced Factor-coated plates 

(Corning Life Sciences, Corning, USA). Cells were grown and transferred to laminin-coated 

ibidi (ibidi GmbH, Martinsried, Germany) or MatTek dishes (MatTek Corporation, Ashland, 

USA), and differentiated at 70% confluency. Experiments were carried out 4 days post 

differentiation  

To quantify Ca2+ entry and Ca2+ store content, myotubes were incubated in Ringer solution 

containing 2 mM Ca2+ and 5 µM Indo-1 or fura-2 for 30 min, washed, and incubated in 2 mM 

Ca2+ Ringer solution for another 30 min. The resting Ca2+ concentration was assessed in 

Fura-2 loaded myotubes as previously described (56). For Ca2+ entry, the medium was then 

replaced by Ca2+-free Ringer solution, 10 mM Ca2+ was added after 5 min, and 25 mM 

caffeine after additional 2 min. For the Ca2+ store content, the medium was replaced by Ca2+-

free Ringer solution for 1 minute prior to addition of 10 mM caffeine and 1 µM thapsigargin. 

The Ca2+ store content was calculated as the area under the curve between 50 and 300 

seconds. The emission ratio of the Ca2+ indicator (405nm/485nm) was measured every 1.3 

seconds on a SP8 UV confocal microscope (Leica). Statistical analyses 

Data were verified for normal distribution using the Shapiro-Wilk test, and are presented as 

mean ± SEM. For normally distributed data, significance of changes between WT and 
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Stim1R304W/+ mice of same gender was examined using a Student’s t-test (with or without 

Welch’s correction). For other data, a Mann-Whitney statistical test was performed. For the 

circularity and MinFeret distribution of fibers, the significance was assessed by two-way 

ANOVA followed by post hoc Bonferroni. Significant differences are illustrated as 

*(p<0.05), **(p<0.01), ***(p<0.001) and **** (p<0.0001). 
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Figure legends 

Figure 1. Stim1R304W/+ mice manifested a multi-systemic phenotype. (A) Survival rate 

shows a decrease of 50% for Stim1R304W/+ mice at 9 months (n=9-11). (B, C) At 4 months, 

whole-body weight and size of Stim1R304W/+ mice were significantly reduced compared to 

controls. (D) 3D representations illustrating the abnormal trabecular microarchitecture (in 

pink) in the distal femur of 4 months old Stim1R304W/+ mice. (E) Spleen enlargement was 

evident in 4 months old Stim1R304W/+ mice, while heart, brain, and liver weight were normal 

(n=3-19). (F) Relative muscle weight at 4 months revealed hypertrophy of the soleus and 

hypotrophy of the gastrocnemius from Stim1R304W/+ mice, while EDL and tibialis anterior 

(TA) were comparable to the controls (n=6-14). (G) Representative pupil orientation at 4 

months showed upward gaze paresis in Stim1R304W/+ mice. (H, I) Blood counts revealed a 

reduced platelet number and an increased mean platelet volume in Stim1R304W/+ mice. 
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Figure 2. Abnormal immune system in Stim1R304W/+ mice. (A, B) Blood counts at 4 months 

disclosed increased neutrophils and monocytes, and decreased lymphocytes Stim1R304W/+ mice 

compared to controls (n=8-15). (C) H&E staining on spleen sections revealed megakaryocyte 

hyperplasia (dark arrows) in Stim1R304W/+ mice at 4 months. (D) Compared to controls, 

regulatory T cells (Treg) and nuclear killer cells (NKc) were decreased in Stim1R304W/+ spleen 

at 4 months (n=5). 
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Figure 3. Stim1R304W/+ mice produced less force and exhibited delayed muscle relaxation. 

(A) The open field test at 9 weeks of age revealed a reduction in speed and covered distance 

for Stim1R304W/+ mice compared to WT controls. (B) The Rotarod test at 9 weeks of age did 

not reveal coordination differences between Stim1R304W/+ and WT mice. (C, D) Stim1R304W/+ 

mice had less grip strength and showed reduced hanging time compared to controls. (E) 

Tibialis anterior (TA) force measurements at 9 months (left) and representative traces 

revealed reduced specific force of Stim1R304W/+ males, while Stim1R304W/+ females were 

comparable to controls. Both Stim1R304W/+ males and females showed a delay in force 

decrease subsequent to stimulation (right). (F) At 9 months, Stim1R304W/+ tibialis anterior 

exhibited an increased time to fatigue upon continuous stimulation (left). Representative 

traces over 20 s illustrate the slower force decrease of Stim1R304W/+ mice compared to controls 

(middle and right). 
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Figure 4. Stim1R304W/+ muscle histology showed dystrophic features, but no tubular 

aggregates. (A) H&E, Gomori trichrome, ATPase, and Alizarin red staining of transverse 

tibialis anterior sections at 4 months revealed internalized nuclei (green arrow), regenerating 

fibers (blue arrow), infiltration of inflammatory cells (red arrow), fibrosis (pink arrow), 

higher proportion of dark type I fibers, and rounded fibers with intense Ca2+ signals (black 

arrows) in Stim1R304W/+ mice (scale bar = 50 µm). (B) MinFeret distribution showed a reduced 

proportion of large fibers (> 50 µm) in Stim1R304W/+ tibialis anterior at 4 months (n=4, 1900 

fibers/mice in average). (C) Circularity distribution revealed a higher proportion of rounded 

tibialis anterior fibers in Stim1R304W/+ mice at 4 months. Circularity ranges from 0 a.u. (line) 

to 1 a.u. (circle). (D) Electron microscopy on longitudinal (left) and transversal (right) TA 

sections at 9 months revealed swollen mitochondria in Stim1R304W/+ mice (scale bar = 2 µm). 
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Figure 5. Abnormal Ca2+ homeostasis in Stim1R304W/+ mice (A) Blood analyses revealed 

hypocalcemia and hyperphosphatemia in Stim1R304W/+ mice at 4 months (n=6-15). (B) Ca2+ 

measurements revealed increased resting Ca2+ in differentiated myotubes from Stim1R304W/+ 

mice compared to controls (left, n=51-57 from 5-6 mice per genotype). (C) Mean normalized 

Indo-1 ratio measurements over time demonstrated an increased extracellular Ca2+ entry in 

Stim1R304W/+ myotubes upon addition of 10 mM Ca2+ to the medium. Subsequent addition of 

caffeine confirmed the differentiation state of the myotubes (left, n=27-29 from 5–6 mice per 

genotype). (D) SOCE amplitude, representing the maximal Indo-1 ratio following addition of 

Ca2+, was increased in Stim1R304W/+ myotubes compared to WT controls (right, n=27-29 from 

5-6 mice per genotype). The basal Indo-1 fluorescence of the Stim1R304W/+ myotubes were 

normalized to the WT level to highlight the relative differences in SOCE amplitude. (E) 

Logarithmic illustration of gene expression shows downregulation of the Ca2+ regulators 

Stim1 and Casq1 and upregulation of the NFAT target genes Myog and Myf5 in Stim1R304W/+ 

tibialis anterior at 4 months compared to controls (n=5). 
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