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Stormorken syndrome is a rare autosomal dominant disease that is characterized by a complex phenotype that includes tubular aggregate myopathy (TAM), bleeding diathesis, hyposplenism, mild hypocalcemia and additional features, such as miosis and a mild intellectual disability (dyslexia). Stormorken syndrome is caused by autosomal dominant mutations in the STIM1 gene, which encodes an endoplasmic reticulum Ca2+ sensor. Here, we describe the clinical and molecular aspects of a 21-year-old Italian female with Stormorken syndrome. The STIM1 gene sequence identified a c.910C > T transition in a STIM1 allele (p.R304W). The p.R304W mutation is a common mutation that is responsible for Stormorken syndrome and is hypothesized to cause a gain of function action associated with a rise in Ca2+ levels. A review of published STIM1 mutations (n = 50) and reported Stormorken patients (n = 11) indicated a genotype-phenotype correlation with mutations in a coiled coil cytoplasmic domain associated with complete Stormorken syndrome, and other pathological variants outside this region were more often linked to an incomplete phenotype. Our study describes the first Italian patient with Stormorken syndrome, contributes to the genotype/phenotype correlation and highlights the possibility of directly investigating the p.R304W mutation in the presence of a typical phenotype.

Highlights

- Stormorken syndrome is a rare autosomal dominant disease.

- Stormoken syndrome is caused by autosomal dominant mutations in the STIM1 gene.

- We present the features of a 21-year-old Italian female with Stormorken syndrome.

- Our review of published STIM1 mutations suggests a genotype-phenotype correlation.

- The p.R304W mutation should be investigated in the presence of a typical phenotype.

Keywords: stormorken syndrome, STIM1, tubular aggregate myopathy, muscle, myopathy

INTRODUCTION

Stormorken syndrome is a rare disorder (OMIM: #185070) with a complex phenotype comprising muscle fatigue associated with tubular aggregate myopathy (TAM), asplenia, a bleeding diathesis associated with thrombocytopenia and/or thrombocytopathy, miosis, and additional features, including ichthyosis, short stature, a minimal cognitive impairment (dyslexia) and migraines (1–6).

TAM is a rare disorder in which tubular aggregates are the main pathological hallmarks in muscle tissue (7). Tubular aggregates may also be found in congenital myasthenic syndromes (8) and in other hereditary myopathies as an accompanying feature (9). Tubular aggregates are composed of tubules derived from the sarcoplasmic reticulum oriented in regular arrays (10). A “pure” form of TAM, which is clinically characterized by cramps, myalgias, muscle stiffness and, eventually, proximal muscle weakness, has been described. TAM may be sporadic or inherited as an autosomal dominant trait (9).

Heterozygous dominant mutations in the STIM1 gene (chromosome 11p15) have been determined to be causative of Stormorken syndrome (6). The STIM1 gene encodes the major Ca2+ sensor of the endoplasmic reticulum (ER), called “stromal interaction molecule 1” (STIM1) (11, 12).

STIM1 is a conserved protein in which the N-terminal (luminal) region is separated from the C-terminal (cytoplasmic) domain by a single transmembrane domain. The C-terminal domain harbors three coiled coil (CC) domains, and the N-terminal region harbors two EF-hand domains that act as calcium sensors within the ER. Depletion of calcium from the endoplasmic reticulum causes the dissociation of Ca2+ from the STIM1 luminal domain, which in turn, induces the generation of higher-order STIM1 oligomers. These changes in the STIM1 conformation were proposed to lead to its migration toward the so-called “puncta regions,” which are discrete cell sites originating from the endoplasmic reticulum-plasma membrane (ER–PM) apposition. In these sites, STIM1 oligomers interact with ORAI1, a cytoplasmic membrane Ca2+ release-activated Ca2+ (CRAC) channel, causing the ORAI1 channel to open, as well as stimulating store-operated calcium entry (SOCE) (11, 12). STIM1 protein oligomerization may be constitutively activated by STIM1 gene mutations (such as R304W and L251S) located in the region encoding the cytosolic domain. These events lead to STIM1 puncta development and Ca2+ influx through CRAC channels. These mutations lead to a STIM1 gain of function and can mimic the activated conformations of STIM1 (1, 12, 13). In addition to STIM1, TAM may be caused by mutations in ORAI1 (1, 14).

The most common STIM1 mutation (c.910C>T, p.R304W) described in subjects affected by classic (complete) Stormorken syndrome involves the first CC domain (1, 2, 6). However, several heterozygous mutations have been described in the EF-hand domain of STIM1, leading to incomplete phenotypes, such as non-syndromic tubular aggregate myopathies (TAM) with miosis and York platelet syndrome (YPS) (15). There is marked diversity in the neuromuscular features of subjects with mutations in the EF-hand vs. those with mutations in the CC domain. In particular, subjects with a mutation in the EF-hand have an earlier onset of neuromuscular symptoms and higher prevalence of myalgia, contractures, ophthalmoplegia, and progressive weakness than those with mutations in the CC domain (4). Finally, recessive mutations in STIM1 have been described to be associated with immunodeficiency and Kaposi's sarcoma (16–18). Taken together, these data suggest a possible genotype–phenotype correlation associated with the site of the mutation.

Here, we describe a novel case of a 21-year-old Italian patient with the p.R304W STIM1 mutation who presented with the classic Stormorken phenotype.

MATERIALS AND METHODS

The subject of this observational study was evaluated at the IRCCS Foundation Ca' Granda Maggiore Hospital was performed according to the Declaration of Helsinki. Written informed consent was obtained from the participant for the publication of this case report. A complete neurological examination was performed, and signs of Stormorken syndrome were examined in the proband. The study was extended to the parents.

The blood tests performed included evaluation of the full blood count, liver function tests, inflammatory markers, serum electrolytes, markers of renal function, creatine phosphokinase (CK), thyroid stimulating hormone (TSH), parathyroid hormone (PTH), and coagulation.

To assess whether clinical and biochemical features were associated with the involvement of the nerves and muscles, neurophysiological studies were conducted, including a nerve conduction study (NCS) and needle electromyography (EMG).

A standard brain MRI and muscle MRI were performed with 1.5 Tesla equipment (Philips Achieva, Eindhoven, the Netherlands). Non-contrast axial images were generated using T1-TSE (turbo spin echo) sequences to detect fatty replacement. Short tau inversion recovery (STIR) sequences were acquired on the axial plane to determine muscle edema.

A biopsy of the patient's left biceps muscle was performed, and 10 μm cryostatic cross sections were processed according to standard histological/histochemical techniques (Gomori Trichrome and Hematoxylin and eosin stain) (19). Enzymatic activity was demonstrated by ATPASE (9.4, 4.6, 4.3), COX, succinic dehydrogenase (SDH) and double staining for COX and SDH, acid phosphatase, NADH, Oil Red O, PAS, myoadenylate deaminase, and myophosphorylase (20). Moreover, thin sections were evaluated with an electron microscope (EM 109 Zeiss) (20, 21).

To isolate genomic DNA, peripheral blood was taken from the proband and her family members. We used previously described primers (2) and Touch Down 64–54 PCR. The PCR products were purified by exonuclease I and alkaline phosphatase (Thermo Scientific) and were directly sequenced on both strands using an ABI 3130 Genetic analyzer with Big Dye Terminator chemistry. Sequence alignments were performed using the SeqScape v2.5 software (Applied Biosystems). After detecting the mutation in the proband, the genomic DNA of all family members was screened for variant segregation by sequencing exon 7 in the STIM1 gene.

To estimate the mutation frequency, clinical presentation and genotype/phenotype correlation of Stormorken syndrome, we performed a comprehensive literature search in MEDLINE from 1985 until September 2017 and retrieved 11 studies reporting this condition. The key words utilized for the database-search were the following: “STIM1,” “Stormorken syndrome,” and “Tubular aggregate myopathy.” The collected data included the clinical phenotype, gender of all patients, age of onset, laboratory, and histological data and genotype. We then compared these features between two main groups of patients: those who harbored mutations within the CC-hand domain (n = 19) and those who harbored mutations within the EF-hand domain (n = 30; Tables 1, 2).


Table 1. Genotype/Phenotype of STIM1 patients in literature.
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Table 2. Clinical features of STIM1 mutations CC and EF.
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RESULTS

Clinical Findings: History and Clinical Examination

A 21-year-old female of Italian origin was referred to our Neuromuscular Center because of chronic CK elevation that ranged from 439 to 2350 UI/l and mild symptoms. She only complained of episodes of diffuse myalgia during fever episodes. Because of these symptoms, she was admitted to the emergency department three times over the last three years, during which she underwent blood tests, urinalyses, chest radiographs, arterial blood gas measurements, electrocardiography, and abdominal and cardiac ultrasounds. High CK serum levels, low blood platelet counts, a low calcium serum concentration (corrected for albumin level) and a reduced spleen size were detected.

Her past medical history revealed several associated clinical conditions, including the following: congenital bilateral miosis without eye pain, an increased ocular tone or other signs of retinopathy; a diagnosis of idiopathic thrombocytopenic purpura (ITP) when she was 6 years old with several episodes of mucosal bleeding, such as epistaxis and menorrhagia. A diagnosis of dyslexia was made in the same year; ten years later, the patient was diagnosed with an episode of autoimmune thyroiditis associated with antithyroglobulin antibodies. Finally, in the last year, a functional platelet defect characterized by impaired platelet activation and secretion after stimulation with ADP, collagen and TRAP (Thrombin receptor-activating peptides) was discovered.

A clinical examination revealed a short stature (148 cm) without dysmorphic signs. The patient appeared alert and oriented to person, place, and time. The clinical examination of the cranial nerves revealed bilateral, symmetric miosis (Figure 1A) and a poor response to a light stimulus without diplopia or ptosis. Examination of the ocular extrinsic musculature revealed no defects. She presented with very mild symmetrical muscle weakness with predominant impairment of the proximal lower limbs (MRC score 5-/5) and an even milder involvement of the axial muscles and upper limbs. No other abnormalities of motor or sensory functions were detected except for a slight postural tremor in the upper arms when the arms were outstretched. No abnormalities in gait, posture or coordination were detected. She was independently ambulant, even if she reported exercise intolerance. Partial syndactyly of the second and third toes (Figure 1B) was detected when the lower limbs were examined.
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FIGURE 1. Morphological and ophthalmological findings in a 21-year-old Italian female with Stormorken syndrome. (A) Close-up photo of the patient's eyes showing bilateral and symmetric miosis. (B) Photo of the patient's feet showing partial syndactyly of the second and third toes.



Blood tests revealed elevated CK serum levels (898 U/L), low platelet counts (87000/mm3), hypocalcemia (2.03 mmol/L) with normal phosphatemia and a serum PTH concentration of 9.2 pg/mL, which was inappropriately low given her low calcium level. All of the other laboratory findings were normal.

Electroneurography did not reveal alterations in the amplitude of the compound muscle action potentials or sensory nerve action potentials. Electromyography did not reveal pathological findings.

Brain and brainstem MRI (without contrast medium) showed no abnormal focal areas of altered signal intensity in the cerebral hemispheres, brainstem, or cerebellum. Lower limb MR imaging revealed a mild fatty replacement within the gluteus maximus muscles, especially in the right gluteus maximus (Figure 2A). In the leg, the gastrocnemius lateralis was slightly affected by fatty replacement (Figure 2B). There was sparing of the tibialis anterior and posterior muscles (Figure 2B). T1-weighted MR imaging of the upper limb and cingular girdle demonstrated some alterations that were characterized by mild fatty infiltration in the subscapularis and pectoralis major (Figures 2 C,D). The masticatory muscles (temporal, masseter and lateral pterygoid) were normal. In the upper limbs, the triceps and biceps brachii were spared. No bright signal was observed on the STIR sequence, suggesting the absence of areas with inflammatory edema. Compared to other reported cases, only mild changes were described. Moreover, in STIM1 disease, a peculiar involvement of the flexor halluces longus, which was not present in this case, has been reported.
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FIGURE 2. (A) Axial T1 image at the pelvis showing atrophy and moderate fatty replacement involving the gluteus maximus, particularly on the right side (black arrow); (B) axial T1 MR image at the level of the calf showing the relative sparing of the muscles with only moderate involvement of the gastrocnemii lateralis (dotted white arrow); (C,D) coronal and axial T1 MR images at the level of the cingular girdle showing mild fatty infiltration in the subscapularis muscles.



A histological examination of the biopsy of the left biceps (Figures 3A–F) revealed the presence of diameter variations of type 1 and 2 fibers. We also detected multiple basophilic cytoplasmic inclusions in many muscle fibers that were consistent with tubular aggregates (TA; Figure 3A). No signs of necrosis or inflammation were observed. Slightly augmented internalized nuclei, few fiber splittings and type 2 fiber atrophy were observed. A histochemical examination including the NADH reaction showed many cytoplasmic dark stained areas (Figure 3B). The areas positive for NDAH were negative for SDH, supporting an endoplasmic reticulum origin (Figure 3F). Moreover, the histochemical analysis detected small accumulation of PAS-positive material (Figure 3E) In conclusion, the histopathological data obtained from examining the biceps sample revealed significant pathological muscular involvement indicative of tubular aggregate myopathy.
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FIGURE 3. Histological, histochemical and ultrastructural findings. (A) A Modified Gomori Trichrome stain (40X) showing tubular aggregates and a lack of tubular aggregates. (B) NADH (40X) reaction showing many cytoplasmic dark stained areas. (C,D) (C: 12000X) (D: 20000X) EM. Subsarcolemmal evidence of tubular aggregates (asterisks). (E) small accumulations of PAS positive material was detected in some fibers. (F) SDH staining showed no accumulations even in the described vacuolated areas. Scale bar: (A,B) 12.5 μm (C) 0.42 μm (D) 0.25 μm (E, F) 25 μm.



The electron microscopy analysis revealed the presence of tubular aggregates constituting single-walled (250 nm diameter) membrane tubules (Figures 3C,D).

STIM1 gene analysis in our patient using Sanger direct sequencing showed a de novo heterozygous missense mutation, a c.910C > T transition (NM_003156.3; rs483352867), which caused a p.R304W amino acid substitution in the protein and affected a highly conserved cytoplasmic CC domain (Figure 4). This protein alteration, which has already been reported in the literature in patients with Stormorken syndrome (6), impaired the conformation of the STIM1 inhibitory helix by unlocking the inhibitory state of STIM1 (2) and was able to stimulate the CRAC channel. This mutation was absent in the unaffected relatives (Figure 4).
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FIGURE 4. DNA sequencing analysis of the patient and her parents demonstrating a de novo heterozygous transition in the patient with the common c.910C>T mutation in STIM1.



Correlation Between the Genotype and Phenotype in Stormorken Syndrome: A Review of the Literature

We conducted a review of published STIM1 (dominant) gain of function mutations (n = 50). Patients were grouped according to their STIM1 genotype: 19/50 harbored mutations within the CC-hand domain and 30/50 patients harbored mutations within the EF-hand domain (Table 1). One patient harbored a mutation within the CTID domain (24). All reported classic Stormorken patients harbored a common mutation in p.R304W in a coiled coil domain. Moreover, when these genotypic groups were compared, CC-hand domain mutations were found to be associated with a more complete extra-muscular involvement (presence of miosis, thrombocytopenia/platelet dysfunction, asplenia or hyposplenia and hypocalcemia) than those harboring EF-hand domain mutations. These data suggest a genotype-phenotype correlation between mutations within the coiled coil domain that is associated with complete Stormorken syndrome, whereas mutations outside of this region more often present with an incomplete phenotype.

DISCUSSION

Stormorken syndrome, the only recognized syndrome combining myopathy and congenital hypo/asplenia, was reported in 1985 by Stormorken et al. in a family from Norway that had an autosomal dominant transmission. Stormorken syndrome is a rare condition in which a combination of hypocalcemia, hematological abnormalities (including asplenia, anemia, thrombocytopenia, or thrombocytosis), TAM and other features, such as short stature, miosis, migraine, dyslexia, and ichthyosis, may be observed (5). Recent reports have described that a wide range of STIM1 mutations are the cause of Stormorken syndrome: the most common mutation, p.R304W, involves the coiled coil domain and appears to lead to a gain of function of the STIM1 protein (1, 2, 6).

Our patient who was of Italian origin presented with the clinical features of Stormorken syndrome, including myopathy, miosis, bleeding tendency, thrombocytopenia, hyposplenia, and dyslexia.

Muscular involvement in Stormorken syndrome consists of a gradually progressive muscle weakness, primarily of the proximal lower limb, in association with exercise intolerance, joint contractures, ophthalmoparesis without diplopia or ptosis, and elevated CK levels (15). Our patient showed a phenotype consistent with the previously described phenotype and presented with increased CK, mild muscle weakness, exercise intolerance and sporadic myalgia. In general, the CK serum levels reported in the literature show very high variability among cases, independent of the severity of the symptoms or the localization of the mutation within the STIM1 gene. It may be possible that other unrecognized genetic and epigenetic factors can act as modifiers of the clinical phenotype by altering calcium homeostasis, stabilizing muscular cell membranes or influencing cellular stress-response pathways. Further research should be performed to clarify this high variability.

Muscle imaging was performed in five patients with STIM1-associated TAM (28). In the lower limb, fatty substitution of the obturator and gluteal muscles was found in early disease stages. Similar findings were found in the sartorius muscle.

In later stages, general alterations of the anterior and posterior thigh were found, with relative preservation of the adductor longus, gracilis, and the short head of the biceps femoris. In the lower leg, alterations of the posterior compartment (gastrocnemii and soleus) were present. In the upper limb, the subscapularis muscle was consistently involved and the trapezius was preserved. However, only mild changes were observed in our case.

Muscle biopsy agreed with the histological and electron microscopy findings of TAM.

Sanger analysis of the patient's genome revealed the common p.R304W mutation.

Previous functional analyses suggested that this mutation causes constitutive STIM1 activation, with a consequent dysregulation of intracellular Ca2+ homeostasis and an increase in the basal Ca2+ levels in patient's derived fibroblasts and STIM1-R304W overexpressing HEK 293T cells (2). Therefore, the administration of SOCE inhibitors, such as resveratrol, could be a possible therapeutic approach (29). Resveratrol is a natural phytoalexin that is used as a nutrition supplement due to its health-promoting benefits and is an inhibitor of store-operated calcium entry (SOCE) (29). In fact, it has been demonstrated that resveratrol inhibits the ERK1/2 activation triggered by Ca2+ store depletion. Since resveratrol is already used in humans, it can be transferred to the clinic. Indeed, further knowledge of the molecular mechanism underlying this inhibition will allow the effective design of therapies that include resveratrol or related stilbenoids (29).

In a patient with hypocalcemia, the use of calcitriol was shown to have a significantly ameliorated neuromuscular function (30), but these findings were not investigated further.

Mutations in STIM1 are believed to cause either TAM or Stormorken syndrome in correlation with the domain that the mutation affects. To clarify the correlation between the STIM1 genotype and phenotype, we reported comprehensive clinical and genetic features from 50 patients described in the literature with STIM1 dominant gain of function mutations in the EF-hand or CC domains. Our findings suggest that extra-muscular features, such as hypocalcemia, thrombocytopenia, platelet defect and hyposplenia or asplenia, are related to mutations within the coiled domain of the STIM1 protein. Moreover, the neuromuscular phenotype was substantially different according to which STIM1 protein domain was affected; subjects with EF-region domain mutations presented with a more severe neuromuscular dysfunction that was characterized by progressive hyposthenia and contractures and earlier onset than patients harboring mutations in the CC region domain, in which neither weakness nor contractures was reported. In fact, mutations in the EF-hands constitutively activate STIM1, leading to permanent, store-independent calcium entry. By contrast, mutations in the STIM1 CC domains confer a gain of function that is only revealed by store depletion. Therefore, tissues relying on store-operated calcium entry for differentiation and function might be preferentially affected by this mutation (1). This mechanistic difference might explain the genotype-phenotype correlation.

Our study is the first report of an Italian patient with Stormorken syndrome and confirms the association between the most common STIM1 gain of function mutation (c.910C>T, p.R304W) within the CC domain and the majority of the clinical features already described in Stormorken syndrome.

Our data strengthen this genotype/phenotype correlation between the STIM1 p.R304W mutation and points to the possibility of directly investigating this mutation in the presence of a typical phenotype.

AUTHOR CONTRIBUTIONS

OB: data acquisition, manuscript writing. DP: molecular analysis. SCos: data acquisition, review of literature, manuscript writing. AG and FM: data acquisition. AA: haemathological clinical data acquisition. CC: MRI analysis. GF: muscle pathology data. PC: histopathological experiments. MM: muscle data interpretation and analysis. NB and GC: study support and manuscript revision. SCor: data acquisition, manuscript writing.

ACKNOWLEDGMENTS

The authors would like to thank the patient and her family members for their cooperation and the Associazione Amici del Centro Dino Ferrari for its support.

REFERENCES

 1. Nesin V, Wiley G, Kousi M, Ong EC, Lehmann T, Nicholl DJ, et al. Activating mutations in STIM1 and ORAI1 cause overlapping syndromes of tubular myopathy and congenital miosis. Proc Natl Acad Sci USA. (2014) 111:4197–202. doi: 10.1073/pnas.1312520111

 2. Morin G, Bruechle NO, Singh AR, Knopp C, Jedraszak G, Elbracht M, et al. Gain-of-function mutation in STIM1 (P.R304W) is associated with stormorken syndrome. Hum Mutat. (2014) 35:1221–32. doi: 10.1002/humu.22621

 3. Noury JB, Böhm J, Peche GA, Guyant-Marechal L, Bedat-Millet AL, Chiche L, et al. Tubular aggregate myopathy with features of Stormorken disease due to a new STIM1 mutation. Neuromuscul Disord. (2017) 27:78–82. doi: 10.1016/j.nmd.2016.10.006

 4. Harris E, Burki U, Marini-Bettolo C, Neri M, Scotton C, Hudson J, et al. Complex phenotypes associated with STIM1 mutations in both coiled coil and EF-hand domains. Neuromuscul Disord. (2017) 27:861–72. doi: 10.1016/j.nmd.2017.05.002

 5. Stormorken H, Sjaastad O, Langslet A, Sulg I, Egge K, Diderichsen J. A new syndrome: thrombocytopathia, muscle fatigue, asplenia, miosis, migraine, dyslexia and ichthyosis. Clin Genet. (1985) 28:367–74. doi: 10.1111/j.1399-0004.1985.tb02209.x

 6. Misceo D, Holmgren A, Louch WE, Holme PA, Mizobuchi M, Morales RJ, et al. A dominant STIM1 mutation causes Stormorken syndrome. Hum Mutat. (2014) 35:556–64. doi: 10.1002/humu.22544

 7. Chevessier F, Bauché-Godard S, Leroy JP, Koenig J, Paturneau-Jouas M, Eymard B, et al. The origin of tubular aggregates in human myopathies. J Pathol. (2005) 207:313–23. doi: 10.1002/path.1832

 8. Belaya K, Finlayson S, Slater CR, Cossins J, Liu WW, Maxwell S, et al. Mutations in DPAGT1 cause a limb-girdle congenital myasthenic syndrome with tubular aggregates. Am J Hum Genet. (2012) 91:193–201. doi: 10.1016/j.ajhg.2012.05.022

 9. Funk F, Ceuterick-de Groote C, Martin JJ, Meinhardt A, Taratuto AL, De Bleecker J, et al. Morphological spectrum and clinical features of myopathies with tubular aggregates. Histol Histopathol. (2013) 28:1041–54. doi: 10.14670/HH-28.1041

 10. Schiaffino S. Tubular aggregates in skeletal muscle: just a special type of protein aggregates? Neuromuscul Disord. (2012) 22:199–207. doi: 10.1016/j.nmd.2011.10.005

 11. Putney JW. Pharmacology of store-operated calcium channels. Mol Interv. (2010) 10:209–18. doi: 10.1124/mi.10.4.4

 12. Ma G, Wei M, He L, Liu C, Wu B, Zhang SL, et al. Inside-out Ca(2+) signalling prompted by STIM1 conformational switch. Nat Commun. (2015) 6:7826. doi: 10.1038/ncomms8826

 13. Muik M, Fahrner M, Schindl R, Stathopulos P, Frischauf I, Derler I, et al. STIM1 couples to ORAI1 via an intramolecular transition into an extended conformation. EMBO J. (2011) 30:1678–89. doi: 10.1038/emboj.2011.79

 14. Endo Y, Noguchi S, Hara Y, Hayashi YK, Motomura K, Miyatake S, et al. Dominant mutations in ORAI1 cause tubular aggregate myopathy with hypocalcemia via constitutive activation of store-operated Ca2+ channels. Hum Mol Genet. (2015) 24:637–48. doi: 10.1093/hmg/ddu477

 15. Lacruz RS, Feske S. Diseases caused by mutations in ORAI1 and STIM1. Ann N Y Acad Sci. (2015) 1356:45–79. doi: 10.1111/nyas.12938

 16. Picard C, McCarl CA, Papolos A, Khalil S, Lüthy K, Hivroz C, et al. STIM1 mutation associated with a syndrome of immunodeficiency and autoimmunity. N Engl J Med. (2009) 360:1971–80. doi: 10.1056/NEJMoa0900082

 17. Byun M, Abhyankar A, Lelarge V, Plancoulaine S, Palanduz A, Telhan L, et al. Whole-exome sequencing-based discovery of STIM1 deficiency in a child with fatal classic Kaposi sarcoma. J Exp Med. (2010) 207:2307–12. doi: 10.1084/jem.20101597

 18. Fuchs S, Rensing-Ehl A, Speckmann C, Bengsch B, Schmitt-Graeff A, Bondzio I, et al. Antiviral and regulatory T cell immunity in a patient with stromal interaction molecule 1 deficiency. J Immunol. (2012) 188:1523–33. doi: 10.4049/jimmunol.1102507

 19. Heckmatt JZ, Dubowitz V. Needle biopsy of skeletal muscle. Muscle Nerve (1984) 7:594.

 20. Sciacco M, Bonilla E. Cytochemistry and immunocytochemistry of mitochondria in tissue sections. Methods Enzymol. (1996) 264:509–21. doi: 10.1016/S0076-6879(96)64045-2

 21. Prelle A, Tancredi L, Sciacco M, Chiveri L, Comi GP, Battistel A, et al. Retrospective study of a large population of patients with asymptomatic or minimally symptomatic raised serum creatine kinase levels. J Neurol. (2002) 249:305–11. doi: 10.1007/s004150200010

 22. Walter MC, Rossius M, Zitzelsberger M, Vorgerd M, Müller-Felber W, Ertl-Wagner et al. 50 years to diagnosis: Autosomal dominant tubular aggregate myopathy caused by a novel STIM1 mutation. Neuromuscul Disord. (2015) 25:577–84. doi: 10.1016/j.nmd.2015.04.005

 23. Markello T, Chen D, Kwan JY, Horkayne-Szakaly I, Morrison A, Simakova O, et al. York platelet syndrome is a CRAC channelopathy due to gain-of-function mutations in STIM1. Mol Genet Metab. (2015) 114:474–82. doi: 10.1016/j.ymgme.2014.12.307

 24. Okuma H, Saito F, Mitsui J, Hara Y, Hatanaka Y, Ikeda M, et al. Tubular aggregate myopathy caused by a novel mutation in the cytoplasmic domain of STIM1. Neurol Genet. (2016) 2:e50. doi: 10.1212/NXG.0000000000000050

 25. Hedberg C, Niceta M, Fattori F, Lindvall B, Ciolfi A, D'Amico A, et al. Childhood onset tubular aggregate myopathy associated with de novo STIM1 mutations. J Neurol. (2014) 261:870–6. doi: 10.1007/s00415-014-7287-x

 26. Böhm J, Chevessier F, Maues De Paula A, Koch C, Attarian S, Feger C, et al. Constitutive activation of the calcium sensor STIM1 causes tubular-aggregate myopathy. Am J Hum Genet. (2013) 92:271–8. doi: 10.1016/j.ajhg.2012.12.007

 27. Böhm J, Chevessier F, Koch C, Peche GA, Mora M, Morandi L, et al. Clinical, histological and genetic characterisation of patients with tubular aggregate myopathy caused by mutations in STIM1. J Med Genet. (2014) 51:824–33. doi: 10.1136/jmedgenet-2014-102623

 28. Tasca G, D'Amico A, Monforte M, Nadaj-Pakleza A, Vialle M, Fattori F, et al. Muscle imaging in patients with tubular aggregate myopathy caused by mutations in STIM1. Neuromuscul Disord. (2015) 25:898–903. doi: 10.1016/j.nmd.2015.07.008

 29. Casas-Rua V, Alvarez IS, Pozo-Guisado E, Martín-Romero FJ. Inhibition of STIM1 phosphorylation underlies resveratrol-induced inhibition of store-operated calcium entry. Biochem Pharmacol. (2013) 86:1555–63. doi: 10.1016/j.bcp.2013.09.018

 30. Stormorken H. Stormorken's syndrome. Tidsskr Nor Laegeforen. (2002) 122:2853–6.

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 Borsani, Piga, Costa, Govoni, Magri, Artoni, Cinnante, Fagiolari, Ciscato, Moggio, Bresolin, Comi and Corti. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fneur-09-00859-g003.gif





OPS/images/fneur-09-00859-g004.gif





OPS/images/fneur-09-00859-g001.gif





OPS/images/fneur-09-00859-g002.gif





OPS/images/fneur-09-00859-t001.jpg
References Patients Gender Age of Inherited STIM1 Protein Muscular Contractures Walking ~ Miosis Asplenia Thrombocytopenia  CK level Hypocalcaemia Muscle

onset /de novo Mutations domain weakness or platelets () biopsy,
dysfunction TAM
Harisetal. (4) Fi-k-i M 39yo. Denovo ¢910C>T CC  + + Ambulant  + + + 1500-5000 + TAM
(p-R304W)
F2-I-1  F  14months Denovo ©242G>A EF1  + + Ambulant  + + + 1125 + TAM
(.G81N)
F3I2  F  Congental Denovo c262A>G EF1  + + Non- + + + 823 + Dystrophic
(0.588G) ambulant
F45 M 48yo. Inherited  ¢911G>A CC - + Ambulant  + - - 800 - TAM
(p.R304Q)
Fall2  F 2 Inherited  ¢911G>A CC - - Ambulant - - - 225 - ?
(p.R304Q)
F4ll-5 F 18yo. Inherted  ¢.911G>A CC - + Ambulant - - + 13 + ?
(p-R304Q)
Nouryetal. (3) Proband ~ F  Chidhood ~ Denovo c.252T>A EF1  Proximal muscle + Ambulant - + - 880 + TAM
(p.084E) weakness with
lower limb
predominance
Walter et al., 5] M Eary Unknown ©¢.242G>A EF1  Severe, upper Neck, elbows, Ambulant  + - - 420 ? TAM
(22) Childhood (p.G8IN) and lower limbs, wrists, fingers, with cane
predominantly  hips and since age
proximal Achiles 20,
tendon wheelchair
since age
27
1.1 M Eary Inherited  ¢.242G>A EF1  Lowerlimbs  Midin elows, Ambulant, - ? ? 500 ? Mainly in
Childhood (p.G8IN) proximal, upper wrists, fingers hyperlordosis typel
limbs mild and hip and fixed fibers,
proximal knee joints VMC and
c
Morinetal ) Fi43 M 2 Unknown ¢910C>T CC  +/- ? ? + + + 4412 + TAM
(p-R304W)
Fid2 M 2 Inherited  ¢.910C>T CC  + ? ? + - + 769 + TAM
(pR304W)
2 F 2 Unknown ¢.910C>T CC  + ? ? + + + 919 +- ?
(p-R304W)
Fl-i - F 2 Inherited  ¢910C>T CC - ? ? + = + 491 ? ?
(p.R304W)
Misceoetal. F1--2  F  4yo. Unknown ¢.910C>T CC  ++ ? Ambulant  + + + 487-875 + ?
©) (p.R30AW)
Fidl-i - M 35yo0. Inherited  ¢.910C>T CC  ++ ? Ambulant  + + + 2703-2814 + TAM
(p-R304W)
F24-8 M 26yo. Denovo ©910C>T CC  + ? ? + + + 8201718 + ?
(p.R304W)
F3l-1 M 40yo. Denovo c910C>T CC  +/- ? ? +  Splenectomy - 4000-5000 - TAM
(p-R304W)
F4-8  F  Adolescence Unknown c.910C>T CC + ? ? + + + 327 ? ?
(p-R304W)
F4-ll4  F  Chidhood  Inherited c910C>T CC  + ? ? + + + 1923-4017 - TAM
(p.R304W)
Nesinetal. (1)  Fi- Fo? Unknown ¢910C>T CC  + ? ? + + + 1668 ? ?
Casel (p-R304W)
F2- M2 Unknown ¢.910C>T CC + ? ? + + + 3819 ? ?
Case2 (p-R304W)
Markeloetal, All2  F  <2yo. Unknown ¢.343A>T EF2  Predominantly ? Ambulant  + + + 450 ? ?
©3 (P15 proximal with cane
Al M Congenital Inherited ©.343A>T EF2  Predominantly 2 Ambulant  + - + 2451 ? ?
(p115F) proximal
ANl M Congenital Inherited c.343A>T EF2  ? ? ? - ? + 751 ? ?
(P15
Markeloetal, B2 ~ F 1yearod  Denovo c343A>T EF2  Difficultin ? ? - ? + 668 ? ?
©3) (1157 dlimbing stairs,
and walking long
distances
Cll-1 M Congenital Denovo c910C>T CC 2 2 ? - ? + 412 ? ?
(p-R304W)
D11 M Chidhood  Unknown c.910C>T CC  Predominantly ? P - ? ? 3000-4000 ? ?
(p-R304W) proximal
D1 M Congenital Inherited ©910C>T CC 72 ? ? - ? + 350-500 ? ?
(p.R304W)
Okumaetal. Proband M 37 yo. Inherited  ¢.1450_145 CTID  + + Ambulant, - - - 790 - TAM
©4) 1insGA lordotic
(p.le484Arg
fsx21)
Hedberg etal., Patient1 ~ F  Early Denovo c326A>G EF2  Proximal muscle - Ambulant, 2 2 ? 1300 ? TAM
©5) Childhood (pH109R) weakness in wide-
both upper and based,
lower extremities drop foot
Patient2  F 3yo. Denovo cB326A>G EF2  Limbgirdle  + Ambulant, 2 ? 2 600-1200 ? TAM
(pH109R) wadding
gait
Patent3 F  Early Denovo cB43A>T EF2  Limbgirdle  + Ambulant 2 ? 2 1200-1500 ? TAM
Childhood (PI115F)
Bohmetal, Fi-I1 F Adolescence Unknown c.251A>G EF1  Lowerlmbs - Ambulant 2 ? 9 elevated ? ?
(6) (p.D84G) proximal
F1l1 M Chidhood  Inherited c251A>G EFf  Lowerlmbs  Heels, wrists, Ambulant — ? ? ? 8x P Intype|
(p.084G) proximal, upper fingers and I
limbs mild and fibers,
diffuse VMC and
c
F1-l2 M Chidhood  Inherited c2561A>G EFt  Lowerlmbs  Heels, wrists, Ambulant — ? ? ? ax % %
(p.D84G) proximal fingers
F2-l2  F  Adolescence Inherited ©.325C>A EF2  Lowerlmbs - Ambulant 2 ? ? 4x ? Intypel
(pH100N) proximal and I
fibers,
VMC and
c
F20.10 M Chidhood  Inherited c.325C>A EF2  Lowerlmbs  Knees Ambulant 2 ? ? 5x ? Intype |
(pH109N) proximal and I
fibers,
VMC and
c
F2ll1  F  Chidhood  Inherited c.325C>A EF2  Lowerlmbs  Heels Ambulant 7 ? ? 7x ? Mainly in
(pH109N) proximal, upper typel
limbs mild and fibers,
proximal VMC and
1c
F312 M Chidhood  Unknown c.326A~G EF2  Severe,upper Neck, Non- 2 ? ? 5x ? Mainly in
(pH109R) and lower limbs, elobows, ~ ambulant typel
predominantly  wrists, fingers fibers,
proximal VMC and
c
Bohmetal, F3-l2 M  Chidhood  Inherited ©¢.326A>G EF2  Lowerlmbs  Neck heels ~Ambulant 72 ? ? 12x ? Intype |
(6) (pH109R) proximal, upper and I
limbs mild and fibers,
proximal VMG and
1c
F4l2 M Asymptomatic Unknown ¢216C>G EF1 - - Ambulant 2 ? ? 5x ? Intype |
(p-H72Q) and I
F4-l1 M Asymptomatic Inherited ©.216C>G EF1 - - Ambulant 7 ? ? 27x ? In type |
(pH72Q) and
fioers,
VMC and
c
F412 M Asymptomatic Inherited ¢216C>G EF1 - - Ambulant  ? ? ? 9x ? Intypel
(p.H72Q) and I
fivers,
VMG and
ic
Béhmetal, F1-l1 M Chidnood ~ Denovo c289A>C EF1  Proximal, lower — Ambulant 2 ? ke 10x ? TAs
@7 (p-N8oT) limbs (mainly
type ),
VoM
F2.6 M Adithood  Unknown c239A>C EF1  Proximal, Heels Ambulant,  ? ? ? [ ? TAs, IC
(p-N8OT) predominantly foot drop,
lower limbs unable to
walk on
heels
F31  F Chidhood  Denovo ©286C>G EF1  Lowerlmbs - Ambulant 2 ? ? 8 ? TAs
(p.L96V) mainly
(type I,
c
F42 M Chidhood  Inherited ©322T>A EF2  Predominantly Heels Ambulant 2 ? ? ax ? TAsn.a.
(p-F108) proximal with
support,
unable to
walk on
heels
Bohmetal, F4-l.3  F  Chidhood  Inherted ©c.322T>A EF2  Predominantly Heels Ambulant 2 ? ? ? ? TAs, 1B
(27) (p-F108)) proximal with andIC
support,
unable to
walk on
heels
F52  F  40yo. Unknown ¢.322T>A EF2 - - Ambulant  ? ? ? Normal ? TAs, n.a.
(p-F108)
F6N1 M Chidhood  Unknown ¢325C>A EF2 - - Ambulant 2 ? ? 15x g TAs, type
(p-H109N) Ifibre
predominance,
VCMand
c

Y.0., years old; F; female; M, male; CC, coiled-coil domain; EF, EF-Hand domain; IU/L, International Units Per Litre; CK, Creatine Kinase; TAM, tubular aggregate myopathy; CTID, C-temninal inhibitory domain; VIMC, vesicular membrane
collection; IC, tubular aggregates with empty or moderately dense flocculent material; TAs, tubular aggregates (Classification, Ib, tubular aggregates with central tubulo; Ic, tubular aggregates with empty or moderately dense floccuient
material); n.a., not assessed.
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CC(n=19) EF(n=30)

Gender, M (%) 58 53
Age of onset (%)

Asymptomatic o 3(10)
Congenital 2(10) 3(10)
Childhood/Adolescence 6(31) 22(79)
Adulthood 41 20
Myalgia, yes (%) 8(42) 11@7)
Muscular weakness, yes (%) 13(68) 24(80)
Contractures, yes (%) 3(16) 16 (53)
Ambulant, yes (%) 6(32) 25(83)
Miosis, yes (%) 14 (73) 5(17)
Ophtalmoplegia, yes (%) 2(10) 1137
Thrombocytopenia/platelets dysfunction, yes (%) 15 (79) 6(20)
Asplenia/hyposplenia, yes (%) 10(53) 4(13)
Cardiac dysfunction, yes (%) 0 3(10)
Respiratory dysfunction, yes (%) 0(0) 4(13)

Hypocaloemia, yes (%) 8(42) 3(10)
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