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Abstract
Here, we report the identification of three novel missense mutations in the calsequestrin-1

(CASQ1) gene in four patients with tubular aggregate myopathy. These CASQ1 mutations affect

conservedaminoacids in position44 (p.(Asp44Asn)), 103 (p.(Gly103Asp)), and385 (p.(Ile385Thr)).

Functional studies, based on turbidity and dynamic light scattering measurements at increasing

Ca2+ concentrations, showed a reducedCa2+-dependent aggregation for theCASQ1protein con-

taining p.Asp44Asn and p.Gly103Asp mutations and a slight increase in Ca2+-dependent aggre-

gation for the p.Ile385Thr. Accordingly, limited trypsin proteolysis assay showed that p.Asp44Asn

andp.Gly103Aspweremore susceptible to trypsin cleavage in thepresenceofCa2+ in comparison

with WT and p.Ile385Thr. Analysis of single muscle fibers of a patient carrying the p.Gly103Asp

mutation showed a significant reduction in response to caffeine stimulation, compared with nor-

mal control fibers. Expression of CASQ1 mutations in eukaryotic cells revealed a reduced abil-

ity of all these CASQ1 mutants to store Ca2+ and a reduced inhibitory effect of p.Ile385Thr and

p.Asp44Asn on store operated Ca2+ entry. These results widen the spectrum of skeletal muscle

diseases associated with CASQ1 and indicate that these mutations affect properties critical for

correct Ca2+ handling in skeletal muscle fibers.
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1 INTRODUCTION

Calsequestrin (CASQ) is a protein of 45 kDa localized in the lumen of

the sarcoplasmic reticulum (SR) of striated muscles where, thanks to

its ability to bind Ca2+ with low affinity and high capacity, is responsi-

ble for Ca2+ storage in relationship with activation of muscle contrac-

tion. Two isoformsofCASQ, encodedby twodifferent genes, havebeen

identified: the skeletal isoform CASQ1 (MIM# 114250) expressed in

fast skeletal muscle fibers and the cardiac isoform CASQ2 (MIM#

114251) expressed in cardiac muscle and slow skeletal muscle fibers

(Schiaffino & Reggiani, 2011). Mutations in the CASQ2 gene have been

associated to catecholaminergic polymorphic ventricular tachycardia

(Lahat et al., 2001). This disorder is usually caused by emotional stress

or exercise in young individuals, and is characterized by recurrent syn-

copal episodes and seizures or sudden death due to the impaired Ca2+

handling properties of cardiomyocytes expressing mutated CASQ2

(Faggioni, Kryshtal, & Knollmann, 2012). More recently, we reported

thefirstmutation inCASQ1 in patientswith vacuolar aggregatemyopa-

thy (MIM# 616231), an autosomal dominant muscle disorder charac-

terized by the presence of large vacuoles containing distinctive inclu-

sions of variable size that result from the aggregation of SR proteins

(Rossi et al., 2014b; Tomelleri et al., 2006).

In the SR of skeletal muscle fibers, CASQ1 may exist both as

monomers and polymers, where polymerization depends on Ca2+

concentrations. Low concentrations of Ca2+ induce dimerization by

favoring front-to-front interactions between two adjacent monomers.

Further increases in Ca2+ levels lead to the formation of polymers,

mediated by back-to-back interactions, that result in an increased

ability to bind Ca2+ (Park, Wu, Dunker, & Kang, 2003; Sanchez et al.,

2012). CASQ1 participates, together with other proteins as triadin,

junctin, and the ryanodine receptor Ca2+ release channel (RyR1) in

the assembly of a large macromolecular machinery dedicated to Ca2+

release from the SR (Barone, Randazzo, Del Re, Sorrentino, & Rossi,

2015). Previous studies have provided evidence that CASQ1may have

an inhibitory effect on the pathways that regulate Ca2+ entry (Shin

et al., 2003; Zhao et al., 2010). A physical interaction between CASQ1

and the Stromal Interaction Molecule 1 (STIM1), localized on the SR,

has been also reported (Wang et al., 2015; Zhang, Wang, Li, Xue, &

Luo, 2016). STIM1, together with the Ca2+ release-activated Ca2+

modulator 1 (ORAI1) on the plasma membrane, functions to allow the

replenishing of depleted intracellular Ca2+ stores, amechanism known

as Store-Operated Ca2+ Entry (SOCE).

Recently, missense mutations in STIM1 (MIM# 605921) and ORAI1

(MIM# 610277) genes have been identified in patients affected by

tubular aggregate myopathy (TAM) (Böhm et al., 2013, 2014, 2017;

Endo et al., 2015; Okuma et al., 2016). TAM is a progressive condition

characterized by muscle weakness, cramps, myalgia, and the presence

of tubular aggregates inmuscle fibers that originate from the SRmem-

brane (Engel, Bishop, & Cunningham, 1970) and contain numerous SR

proteins including, among others, sarco-endoplasmic reticulum Ca2+

ATPase (SERCA), triadin, and CASQ1 (Chevessier et al., 2005; Salviati

et al., 1985; Boncompagni, Protasi, & Franzini-Armstrong, 2012). The

processes leading to the formation of these structures are not fully

understood. Tubular aggregates formation has beenproposed to result

from aggregation of SR-derived membranes possibly caused by mis-

folding and aggregation of SR proteins as a consequence of heredi-

tary or acquired conditions (Agbulut, Destombes, Thiesson, & Butler-

Browne, 2000; Chevessier et al., 2005; Giacomello et al., 2015; Kuncl,

Pestronk, Lane, & Alexander, 1989; Schiaffino, 2012). Activatingmuta-

tions in STIM1 have been also detected in patients with Stormorken

syndrome, who present thrombocytopenia and bleeding diathesis in

association with miosis and TAM (Misceo et al., 2014; Nesin et al.,

2014). Activating mutations in ORAI1 have been detected in patients

with a Stormorken-like syndrome lacking hematological disorders but

presentingwithmiosis andTAM(Nesin et al., 2014).On theother hand,

loss-of-function mutations in ORAI1 and STIM1 have been detected in

patients with severe combined immunodeficiency syndrome that also

present a non-progressive muscle hypotonia (Feske et al., 2006; Maus

et al., 2015) indicating that mutations resulting in either decreased or

increasedCa2+ influxhave thepotential to affect skeletalmuscle tissue

(Lacruz & Feske, 2015).

Here, we report the first identification of three different mutations

in the CASQ1 gene in patients with TAM. Characterization of these

CASQ1 mutations indicated that they have altered Ca2+-dependent

polymerization and reduced ability to store Ca2+.

2 MATERIALS AND METHODS

2.1 Ethics statement

Ethics committee approval andwritten informedconsentwasobtained

for all patients. This study complies with the ethical standards laid

down in the 1964Declaration of Helsinki.

2.2 Morphological analysis of patients’ muscle

biopsies

All patients underwent an open biopsy of vastus lateralis mus-

cle. Serial 10 𝜇m-thick transversal or longitudinal sections were

stained with standard histological and histochemical methods includ-

ing hematoxylin and eosin (H&E), reduced nicotinamide adenine

dinucleotide-tetrazolium reductase (NADH), succinate dehydroge-

nase (SDH), and cytochrome c oxidase (COX). For immunofluorescen-

sce experiments, 8 𝜇m-thick sections were incubated with the fol-

lowing primary antibodies: anti-CASQ1 mouse monoclonal antibody

(cloneMA3-913; ThermoFisher Scientific,Waltham,MA); anti-CASQ1

rabbit polyclonal antibody (ThermoFisher Scientific, Waltham, MA);

anti-STIM1 mouse monoclonal antibody (clone 44/GOK; BD Bio-

sciences, Franklin Lakes, New Jersey), anti-ORAI1 mouse mono-

clonal antibody (clone 6D11A11; ThermoFisher Scientific, Waltham,

MA), anti-SERCA mouse monoclonal antibody (clone IIH11; Ther-

moFisher Scientific, Waltham, MA), and anti-RyR1 rabbit poly-

clonal antibody (Rossi et al., 2014a). Cy2- or Cy3-conjugated anti-

mouse or antirabbit secondary antibodies (Jackson ImmunoResearch

Laboratories, Westgrove, PA) were used for immunofluorescence

detection. All procedures for histochemical and electron micro-

scope analysis have been previously described (Rossi et al., 2014b;

Tomelleri et al., 2006).
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2.3 Genetic analysis

Genomic DNA was extracted from peripheral blood leucocytes by

standard procedures. All CASQ1 exons were amplified using spe-

cific primers designed with Primer3 software (https://bioinfo.ut.ee/

primer3). Amplified DNA fragments were directly sequenced using

an ABI Prism 310 apparatus (Applied Biosystems, Waltham, MA)

as previously described (Rossi et al., 2014b). DNA mutation num-

bering was based on cDNA reference sequence (NM_001231.4),

taking nucleotide +1 as the A of the ATG translation initiation

codon. The mutation nomenclature used follows that described at

https://www.hgvs.org./mutnomen/. The CASQ1 mutations have been

submitted to the locus-specific database (www.lovd.nl/CASQ1).

Whole-exome sequencing (WES) was performed at CRIBI Biotech-

nology Center (Padova, Italy). Briefly, DNA libraries were constructed

following the standard protocol of the Ion AmpliSeqTM Exome RDY

Kit (ThermoFisher Scientific, Waltham, MA). Starting from 100 ng of

gDNA, a multiplex-PCR with 12 primer pools was perfomed, allowing

the amplification of 24,000 amplicons per pool, covering the exonic

regions of the genomes (about 58 Mb). Further, 9 𝜇l of 100 pM bar-

coded libraries were amplified by emulsion PCR in the OneTouch2

instrument.

Finally, the barcoded samples were loaded into Ion Proton P1 v3

chip and sequenced on the Ion Proton instrument using the Ion Proton

HiQ Sequencing kit. The bioinformatic analysis was performed on

the Ion Torrent Server and the Torrent SuiteTM (https://ts-pgm.epige

netic.ru/ion-docs/Torrent-Variant-Caller-Plugin.html) for variant call-

ing and to align the reads to the human genome reference 19 (hg19,

https://grch37.ensembl.org/). Data were then analyzed by QueryOR

web platform (https://queryor.cribi.unipd.it/cgi-bin/queryor/mainpa

ge.pl) (Bertoldi et al., 2017) and genetic variants (missense, nonsense,

indels) filtered for a global minor allele frequency ≤0.001, shared

by the affected individuals but not present in five healthy controls.

Multiple protein alignment was performed using the ClustalW soft-

ware (https://www.ebi.ac.uk/Tools/msa/clustalo/). Structural analysis

of CASQ1 mutations was performed using the “PyMOL molecular

visualization system” (https://pymol.org) on the crystal structure of

hCASQ1 (PDB code: 3UOM).

2.4 Generation and purification of recombinant

CASQ1

The human CASQ1 cDNA (NM_001231.4) was amplified by poly-

merase chain reaction (PCR) using specific primers with BamHI and

SalI restriction sites (Forward: 5′ cgg gat cca tgg ggc cca gag ctg tgc

cg; Reverse: 5′ gac gtc gac cta gtc atc atc atc atc gtc). The cDNA

was cloned in frame with GST in the plasmid vector pGEX-4T-1

(GE Healthcare, Chicago, Illinois) digested with the same restriction

enzymes. Site-directed mutagenesis of double-stranded cDNA was

performed using the Q5 Site-Directed Mutagenesis Kit (NEB Inc,

Ipswich, MA). All the constructs were sequenced using an ABI Prism

310 apparatus (Applied Biosystems, Waltham, MA). Recombinant

plasmids were transformed by electroporation in the BL21 E. coli

strain. Expression and purification of recombinant proteins have been

previously described (Rossi et al., 2014a). Thrombin cleavage was

performed to separate GST from the protein of interest using the

Thrombin Cleavage Capture Kit (Millipore) according to manufac-

turer's instructions.

2.5 Limited trypsin proteolysis assay

Wild-type (WT) andmutant CASQ1proteinswere incubated in 20mM

Tris–HCl, pH 7.4 at 25◦C for 20 min in a reaction volume of 100 𝜇l

in the presence or absence of 0, 1, 3 mM Ca2+. Five micrograms of

protein was taken before trypsin (Sigma-Aldrich, St. Louis, Missouri)

was added at a protease:CASQ1 ratio of 1:500 (w/w). Samples (5 𝜇g)

were taken at specific time points of 5, 30, and 120 min, mixed with

sample buffer 4× to stop trypsin proteolysis and heated at 95◦C for

3 min before the analysis on 15% SDS-PAGE. The gels were stained

with Blue-Coomassie. Experimentswere repeated at least three times.

2.6 Turbidity assay, dynamic light scattering, and

structural analysis

Turbidity assay was performed to study CASQ1 aggregation as a func-

tion of Ca2+ concentration (Scherer, Leung, Owyang, & Shire, 2012).

Turbidity was detected using a spectrophotometer and measuring the

absorbance at 350 nm. In particular, 2.5 𝜇M of protein was incubated

in 100𝜇l of a solution containing 20mMTris–HCl and 150mMKCl, pH

7.4 in a quartzmicro cuvette. IncreasingCa2+ concentrations from0 to

10 mMwere added in the sample and mixed by pipetting. Absorbance

measurements were recorded at intervals of 10 min at 25◦C. Experi-

ments were repeated at least three times. The Ca2+-dependent aggre-

gation of the proteins was analyzed also by dynamic light scattering

(DLS), using aZetasizerNanoۛ (Malvern Instruments,Malvern,U.K.) and

a low volume quartz cuvette. Sampleswere centrifuged at 10,000 g for

10min and filtered using 0.45 𝜇mfilters prior to data collections.Mea-

surementswereperformedat25◦Cwith3mg/ml of proteinbuffered in

20mMTris–HCl, 300mMKCl, pH7.4, with the followingCa2+ concen-

trations: 0, 3, 5, and10mM.Toevaluate the reversibility of theaggrega-

tion process, 10mMEGTAwas added at the sample with 10mMCa2+.

2.7 Patient's single fiber Ca2+ release and force

measurement

Small fragments of muscle biopsies were immersed in glycerol-

containing skinning solution (Salviati &Volpe, 1988). Single fiberswere

manually dissected and segments of approximately 1-mm in length

were cut andmountedwith small aluminum clips (T clips) at both ends.

The experimental setup has been previously described (Doria et al.,

2011). The ability of the SR to store and release Ca2+ was tested with

a protocol of cyclic SR loading in the presence of ATP at low pCa2+

and releasing Ca2+ with caffeine in low Mg2+ and low EGTA (Rossi

et al., 2014b, Rossi, Bottinelli, Sorrentino, & Reggiani, 2001). Caffeine

concentrations tested were in the range 0.5–20 mM, the latter being

sufficient to induce a maximal release, virtually emptying SR (Fryer &

Stephenson, 1996; Lamb, Cellini, & Stephenson, 2001; Lamboley et al.,

2015). Therefore, maximal response to caffeine provided an approxi-

mation of the total Ca2+ content of the SR, while the curve linking the

https://bioinfo.ut.ee/primer3
https://bioinfo.ut.ee/primer3
https://www.hgvs.org./mutnomen/
http://www.lovd.nl/CASQ1
https://ts-pgm.epigenetic.ru/ion-docs/Torrent-Variant-Caller-Plugin.html
https://ts-pgm.epigenetic.ru/ion-docs/Torrent-Variant-Caller-Plugin.html
https://grch37.ensembl.org/
https://queryor.cribi.unipd.it/cgi-bin/queryor/mainpage.pl
https://queryor.cribi.unipd.it/cgi-bin/queryor/mainpage.pl
https://www.ebi.ac.uk/Tools/msa/clustalo/
https://pymol.org
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amount of Ca2+ release to the caffeine concentration was taken as an

indication of the ryanodine receptor channel properties. Tension time

area, normalized to the amplitude of the contractile response elicited

by a direct maximal activation with pCa 4.3, was adopted as an indica-

tionof the amount ofCa2+ released (Endo& Iino, 1988; Lamboley et al.,

2015;Makabe,Werner, & Fink, 1996, Fryer & Stephenson, 1996, Lamb

et al., 2001).

2.8 Cell culture, DNA transfection, and Ca2+

measurement

HeLa cells were cultured in DMEM supplemented with 10% heat-

inactivated fetal bovine serum as previously described (Giurisato et al.,

2014). Cells were plated on four-wells glass chambers slides (Sarst-

edt, Nümbrecht, Germany) at the density of 4 × 104cells/chamber.

After 24 hr, cells were co-transfected with pcDNA3.1 vectors express-

ing CASQ1 and GFP using Lipofectamine-Plus reagent following the

manufacturer's instructions. Changes in cytosolic Ca2+ concentration

were measured with Fura-2/AM (Life Technologies, Waltham, MA).

Transfected HeLa cells were loaded with 3 𝜇M Fura-2 as described

(Giurisato et al., 2014). Transfected cells were identified by detection

of GFP fluorescence and only cells expressing comparable levels of

GFP fluorescencewere selected. For Ca2+ measurements, Fura-2 fluo-

rescence was analyzed with aMetaFluor imaging system; experiments

were carried out at room temperature inCa2+-free solution containing

0.5 mM EGTA. Ca2+ release from the endoplasmic reticulum (ER) was

induced by 1𝜇M Thapsigargin (Tg; Sigma-Aldrich, St. Louis, Missouri).

Ca2+ influxwas evaluated following the addition of 1.5mMCaCl2. The

ratio (R) between fluorescence signals 340/380 nm was used to calcu-

late cytosolic Ca2+ concentration according to the following formula:

[Ca2+]i =Kd * [(R−Rmin)/(Rmax −R)] * Sf/Sb;Rmax was obtainedby treat-

ing the cells with 5 𝜇M ionomycin and 10mMCa2+ and Rmin by adding

5 𝜇M ionomycin and 20mMEGTA inCa2+-freeHepes buffer. Sf and Sb

are the emission intensities at 380 nm for Ca2+ free and Ca2+ bound

Fura-2, respectively. Kd for Fura-2 at 25◦C was assumed 135 nM. In

order to quantify the Ca2+ released from the ER, the area under the

curve (AUC), which represents the Ca2+ released in 5 min after the

addition of Tg, was measured. An indication of Ca2+ influx was calcu-

lated measuring the difference between [Ca2+]i peak after Ca2+ re-

addition and basal [Ca2+]i. Statistical significancewas estimated by the

two-tailed unpaired Student's test with systematic Welch correction

for variance with GraphPad Prism 6.0.

2.9 Time-lapse live imaging and image analysis

GFP-fusion proteins were obtained by cloningWT andmutant CASQ1

cDNAs in the pEGFP expression vector (Clontech Laboratories,Moun-

tain View, CA). HeLa cells were co-transfectedwith vectors expressing

WT or mutant GFP-CASQ1 and mRFP-STIM1 (Giurisato et al., 2014).

Cells were plated on four-chamber glass bottom dishes (In vitro Sci-

entific, Mountain View, CA) and treated with 1 𝜇MTg to induce SOCE

in Hepes buffer medium. Time-lapse live imaging was performed with

a confocal laser scan microscopy (Zeiss LSM 510 Meta). Single cells

were selected and top to bottom focal planes were acquired at a time

interval of 3 min, at a 1024 × 1024 resolution and with a maximum

voxel size of 0.11 × 0.11 × 1 𝜇m (X, Y, and Z dimensions). The distri-

bution of the CASQ1GFP fluorescence signal was evaluated by count-

ing the number of cells showing linear structures, round structures

and a homogeneous distribution in the ER at t = 0 and t = 12 min

after Tg addition. The relative percentage of each class of distribu-

tion was calculated and expressed as average value from at least

four independent experiments. Statistical analysiswas performedwith

GraphPad Prism 6.0 software and the Holm-Sidak's multiple compar-

isons test. Image analysis was performed with ImageJ software v.10.2

(https://imagej.nih.gov/ij/). For evaluation of the average size ofmRFP-

STIM1 clusters, selected images were corrected for background fluo-

rescence. The ImageJ “Auto Threshold” function (version 1.14) of the

GDSC plugin was set on corrected images and average size of clus-

ters was calculated using the ImageJ “Analyze Particles” plugin. Sta-

tistical analysis was performed with GraphPad Prism 6.0 software and

the Holm-Sidak's multiple comparisons test.

3 RESULTS

3.1 Missense variants in the CASQ1 gene are
present in four patients affected by TAM

Sequence analysis of the CASQ1 gene (NC_000001.11) in a group of

21 patients with a clinical history of molecularly undiagnosed myopa-

thy resulted in the identification of a NM_001231.4:c.130G > A vari-

ant, predicting an amino acid change from aspartic acid to asparagine

(p.(Asp44Asn), RNA not analyzed), in a 32-year-old male (patient 1),

who complained of fatigue and diffuse exercise-induced myalgia. Elec-

tromyography showed a myopathic pattern in the muscles examined

(bilateral anterior tibial, rectus femoris, deltoid and biceps brachii, and

right vastus median). Repetitive stimulation excluded neuromuscu-

lar junction disorders. Echocardiography and electrocardiogram were

normal. At the histological level, patient 1 presented features of tubu-

lar aggregates compatible with a diagnosis of TAM (Figure 1A). Based

on this evidence, we extended the analysis to seven unrelated patients

with a diagnosis of TAM. This analysis resulted in the identification

of two additional CASQ1 heterozygous missense variants in three

patients (Figure 1B). The NM_001231.4:c.308G > A variant, predict-

ing an amino acid change from glycine to aspartic acid (p.(Gly103Asp),

RNA not analyzed), was found in two different probands, a 67-year-

old male (patient 2) who complained of fatigue, and a 52-year-old

woman (patient 3) with a 10-year history of exercise-induced mus-

cle pain, stiffness, and early fatigue. The NM_001231.4:c.1154T > C

variant, predicting an amino acid change from isoleucine to threo-

nine (p.(Ile385Thr) RNA not analyzed), was detected in an 82-year-old

woman (patient 4) suffering of myalgia and proximal muscle weakness

(Figure 1B). The serumCKwas normal in all patients except for patient

2,whoexhibited occasional elevation ofCK serum (752UI/l). No family

history has been documented for these patients.

Light microscopy analysis of muscle biopsies of all probands

revealed, as a distinguishing feature, the presence of tubular aggre-

gatesmainly in type II fibers that stained stronglywithNADH,whereas

https://imagej.nih.gov/ij/
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F IGURE 1 Histological, immunohistochemical, and ultrastructural characterization of patients’ muscle biopsies. A: Tubular aggregates were
basophilic followinghematoxylin andeosin (H&E). Tubular aggregates stained indarkbluebynicotinamideadeninedinucleotide-tetrazoliumreduc-
tase reaction (NADH), whereas they were not detected by either succinate dehydrogenase (SDH) or cytochrome c oxidase (COX) staining. Arrows
point to tubular aggregates. Asterisks denote the same fiber in serial biopsy sections. All patients’ biopsies displayed tubular aggregates that were
stained by anti-SERCA1 antibody. Electron microscopy (EM) analysis confirmed the presence of tubular aggregates. EM micrographs were not
available for patient 4. Bars: 50 𝜇m in H&E, NADH, COX, and SERCA1 pictures; 1 𝜇m in EMmicrographs. B: Electropherogram of the CASQ1 gene
sequence of patients heterozygous for the c.130G > A (patient 1), c.308G > A (patients 2 and 3) and c.1154T > C (patient 4). C: Protein sequence
alignment of CASQ1 regions of different species: the aspartic acid (D) in position 44, the glycine (G) in position 103 and the isoleucine (I) in position
385 are highlighted in yellow and are conserved among species ranging from snakes to humans. D: Proposed model of polymerization based on
the crystal structure of CASQ1 in presence of high Ca2+ (PDB-ID 3UOM). Dimers of CASQ1 held together by front-to-front interactions (yellow
andmagenta monomers) can interact with other dimers both via “linear” back-to-back contacts (dimers green/cyan and red/gray) and via “branch-
ing” back-to-back contacts (dimer blue/olive green), originating a branched polymer.Mutation in position 244 (blue spheres for Asp244) interferes
with linear back-to-back contactswhilemutation inposition385 interferes (red spheres for Ile385)withbranchingback-to-back contacts. Residues
Asp44 andGly103 are indicated by light blue and green spheres, respectively, and both are localized at the front-to-front interaction surfacewhere
they can interfere with dimer formation
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F IGURE 2 Immunofluorescence experiments on cross sections of biopsies from patients 3 and 4 revealed that nearly all tubular aggregates
contained CASQ1. The vast majority of CASQ1 positive tubular aggregates were also positive for STIM1 and RYR1, whereas ORAI1 was rarely
detected and at much lower extent in CASQ1 positive aggregates. Bars: 20 𝜇m

they were negative to SDH or COX staining, indicating a reticular

rather than amitochondrial origin of the aggregrates (Figure 1A). Biop-

sies of patients 2, 3, and 4 were also stained with H&E, which stains

tubular aggregrates in pink. Electron microscopy analysis was per-

formed on specimens from patients 1, 2, and 3 and showed the typical

presence of cytoplasmic aggregrates of swollen membranous tubules.

Immunostaing of cross sections from all patients’ biopsies with anti-

body against SERCA confirmed the SR origin of these aggregrates

(Figure 1A). Additional analysis performed on sections from patients

3 and 4 biopsies, carrying the p.(Gly103Asp) and the p.(Ile385Thr)

mutations, respectively, revealed that additional SR proteins such as

CASQ1, RYR1 and STIM1 were present in the aggregrates (Figure 2).

ORAI1 was usually not detectable in CASQ1-positive tubular aggre-

grates or only at much lower levels (Figure 2).

All the variants identified affect amino acid residues conserved

across species (Figure 1C). Two of the variants identified in TAM

patients are reported in the ExAC exome database (exac.broadinsti-

tute.org) as rs140253806 (c.130G > A) and rs371278891 (c.1154

T>C) with a minor allele frequency established of 0.002 and 0.00011,

respectively. It is worth noting that the frequency of these variants,

being higher than that reported for TAM cases, may reflect an under-

diagnosis of TAM in the general population and/or that some individu-

alsmight be asymptomatic carrier, thusmaking it difficult to determine

the real frequency of this disorder. The other variant, c.308G > A, has

not been described, although two distinct rare substitutions affecting

the same codon (rs567336006) have been reported. Damage predic-

tion on protein function was assessed using established online tools

(SIFT [https://sift.bii.a-star.edu.sg/index.html] and Polyphen-2 [https://

genetics.bwh.harvard.edu/pph2/index.shtml]). This analysis indicated

the p.(Asp44Asn) substitution as deleterious (SIFT: 0.0; PolyPhen2:

1.0). SIFT and PolyPhen2 analysis indicated the p.(Gly103Asp) and

p.(Ile385Thr) as tolerated (SIFT: 0.553; PolyPhen2: 0.007 and SIFT:

0.117; PolyPhen2: 0.593, respectively). These predictions are based

exclusively on the CASQ1 sequence and on the degree of amino acid

residues conservation in closely related sequence alignments. The

effects of these mutations on the tertiary structure as well as possible

consequences on polymeric forms of the protein are not considered.

To exclude mutations in other genes, WES was performed on the four

patients. No mutations were detected in STIM1 and ORAI1 genes.

Moreover, variants were filtered for a frequency ≤ 0.001, shared

among the affected individuals and not present in five healthy con-

trols. This analysis revealed no other potentially pathological variants

in the four probands. The position of these three TAM mutations is

reported in Figure 1D, along with that of the p(Asp244Gly) mutation

identified in patients with vacuolar aggregate myopathy, using a

model of polymerization based on the crystal structures of WT and

p.Asp244Gly CASQ1 (Lewis, Ronish, Ríos, & Kang, 2015; Wang et al.,

1998). Interestingly, these mutations are located at sites of back-to-

back (p.Asp244Gly and p.Ile385Thr) or front-to-front interactions

(p.Asp44Asn and p.Gly103Asp).

3.2 p.Asp44Asn and p.Gly103Asp proteins aremore

susceptible to proteolysis

Proteases can be used at low concentrations to distinguish folded

from unfolded proteins, based on the observation that unfolded

proteins are cut more rapidly than structured proteins due to the

inability of proteases to access buried sites. To investigate CASQ1

https://sift.bii.a-star.edu.sg/index.html
https://genetics.bwh.harvard.edu/pph2/index.shtml
https://genetics.bwh.harvard.edu/pph2/index.shtml
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F IGURE 3 Limited trypsin proteolysis assay. WT CASQ1 and
mutantswere subjected toproteolysis in theabsenceofCa2+ (A), in the
presenceof 1mMCa2+ (B) or 3mMCa2+ (C).D: Densitometric analysis
of the intact protein (arrows) at 30 and 120 min of trypsin incubation,
in presence of 1 mMCa2+. P values≤0.05 and 0.005 are indicated by *
and **, respectively. Experiments were repeated three times

proteins conformation/aggregation at increasing Ca2+ concentrations,

recombinant CASQ1 proteins containing the three different TAM

mutations were purified from bacteria together with the WT and

the p.Asp244Gly previously reported in vacuolar aggregate myopa-

thy (Di Blasi et al., 2015; Rossi et al., 2014b). CASQ1 aggregation

propensity was analyzed by limited trypsin proteolysis in absence or

presence of increasing Ca2+ concentrations. In the absence of Ca2+,

all proteins were highly sensitive to trypsin digestion. The addition

of Ca2+ reduced the proteolysis of WT and mutated CASQ1 proteins

demonstrating appropriate changes in the aggregation state of these

proteins. Densitometric analysis of the intact protein at 0 min (input)

compared with the different trypsin incubation times revealed, at 1

and 3 mM Ca2+, that p.Asp44Asn and p.Gly103Asp remained more

susceptible to trypsin proteolysis, although this tendency decreased

for p.Gly103Asp. No differences were detected for the p.Ile385Thr

and p.Asp244Gly mutations. In particular, in presence of 1 mM Ca2+,

the amount of residual p.Asp44Asn was 46% and 32% and the amount

of residual p.Gly103Asp was 56% and 37%, whereas WT displayed a

maximum value of residual protein of 67% and 52% at 30 and 120min

of incubation, respectively (Figure 3).

3.3 TAM-associated CASQ1mutations show altered

Ca2+-induced aggregation properties

To study the aggregation properties of the CASQ1 mutants, turbid-

ity measurements were performed exposing purified CASQ1 proteins

to increasing Ca2+ concentrations and measuring the absorbance at

350 nm. Increasing absorbance was detected with WT CASQ1 across

the tested Ca2+ concentrations, as expected. The p.Asp244Gly muta-

tion aggregated more than WT, displaying an increase in absorbance

F IGURE 4 Ca2+-dependent aggregation of purified CASQ1 pro-
teins. A: CASQ1 turbidity is measured as absorbance at 350 nm (blue
circle, WT; orange diamond, p.Asp44Asn; green triangle, p.Gly103Asp;
red square, p.Asp244Gly; violet inverted triangle, p.Ile385Thr). Exper-
iments were carried out in a buffer containing 20 mM Tris–HCl,
150 mM KCl (pH 7.4), and 0–10 mM Ca2+. Data are presented as
mean± SEMand statistical analysis versusWTwas performed by two-
tailed unpaired Student's test. P values ≤0.005 and 0.0005 are indi-
cated by ** and ***, respectively. B: DLS measured correlation curves
at increasing Ca2+ concentrations (red, 0; green, 3; blue, 5; and black,
10 mM Ca2+) for WT and CASQ1mutants. The right-shifting of the
profiles to higher correlation times is correlated to the increase in the
mean size of the samples, that is, to the formation of aggregates. In
absence ofCa2+, the correlograms are very similar for the five samples,
indicating a similar initial state. In all cases, the aggregation process
induced by Ca2+ is reversible as indicated by the effect of the addition
of 10mMEGTA

that started between 1 and 2mMCa2+ and that remained higher until

10 mM Ca2+, in agreement with reported data (Lewis et al., 2015).

TAM-associated CASQ1 mutations have a different behavior com-

pared with WT and p.Asp244Gly. The p.Ile385Thr mutant showed an

increase in turbidity consistently higher, although not significantly dif-

ferent from WT. On the contrary, turbidity values observed between

1 and 10 mMCa2+ with both p.Gly103Asp and p.Asp44Asn were con-

stantly lower thanWT (Figure4A). All aggregationswere fully reversed

by the addition of EGTA (not shown).
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TheCa2+-dependent aggregation tendency of the proteinswas also

evaluated by DLS, a technique highly sensitive to the presence of

aggregates as the signal depends on the hydrodynamic properties of

the scattering object in solution and hence on its dimensions (both size

and shape). As shown in Figure 4B, WT protein did not appreciably

change its aggregation state between 0 and 3mMCa2+. At 5mMCa2+,

the signal revealed a more aggregated sample and at 10 mM Ca2+ the

sample appeared even more aggregated. The p.Asp244Gly mutation

had the highest tendency to aggregate, showing aggregation already at

3 mM Ca2+, with the correlogram shifted to higher correlation times.

The mutation p.Ile385Thr showed a similar behavior, starting aggre-

gating from 3 mM Ca2+ on. In contrast, mutations p.Gly103Asp and

p.Asp44Asn did not change their aggregation state up to 5 mM Ca2+

and were found aggregated only at 10 mM Ca2+. With all proteins,

aggregation was fully reversed by the addition of EGTA.

3.4 Singlemuscle fibers from patient with the

p.Gly103Aspmutation show altered response to

caffeine stimulation

To correlate SR alterations to the myopathic phenotype, the tension

elicited by stimulation with increasing concentrations of caffeine was

studied in single muscle fibers isolated from a biopsy of patient 3

(p.Gly103Asp) and compared with fibers dissected from four healthy

subjects of comparable age, as described in Materials and Methods.

Examples of response to 2 mM and 20 mM caffeine are given in Fig-

ure 5A: the response induced by 2 mM caffeine (Figure 5A1 and A3)

and by 20 mM caffeine (Figure 5A2 and A4) were much lower in a

fiber of the patient 3 (Figure 5A3 and A4) compared with a fiber of

a control subject (Figure 5A1 and A2). As can be seen in Figure 5B,

average dose–response curves show that the maximal response was

significantly reduced in a balanced pool of fast and slow fibers of the

patient 3 in comparison with healthy control fibers of comparable age,

although the responsiveness to caffeine measured as log EC50% was

not reduced.

3.5 Altered Ca2+ handling in HeLa cells expressing

CASQ1mutations

To directly analyze the ability of CASQ1 mutations to increase the ER

Ca2+ storage capability, theWTandCASQ1mutationswere expressed

in HeLa cells and intracellular Ca2+ levels were measured following

Fura-2 loading. Transfected cells were treated with Tg to measure the

total content ofCa2+ in theER. ExpressionofWTCASQ1 increased the

intracellular Ca2+ content, as expected (Figure 5C andD). Transfection

of the three novel TAM-associated mutations and of the p.Asp244Gly,

responsible for vacuolar aggregate myopathy, resulted in a significant

lower increase in the amount of Tg-releasable Ca2+ revealing that all

CASQ1mutants analyzedhave a reducedability in increasing the intra-

cellular Ca2+ store content compared toWT CASQ1. Earlier work has

shown that CASQ expression has an inhibitory effect on the pathways

that regulate SOCE, the mechanism needed to refill intracellular Ca2+

store in eukaryotic cells (Shin et al., 2003; Wang et al., 2015; Zhao

et al., 2010). Therefore, we measured the peak phase following the

addition of extracellular Ca2+ to measure the amount of Ca2+ enter-

ing cells after emptying stores with Tg (Figure 5E and F). In agree-

ment with reported data, following addition of 1.5 mM extracellular

Ca2+, expression ofWTCASQ1 inhibited SOCE. However, under these

conditions, the expression of the TAM-associated p.Asp44Asn and

p.Ile385Thr mutations did not result in a significant reduction of Ca2+

influx, suggesting a reduced ability to inhibit SOCE. On the contrary,

expression of the p.Gly103Asp mutation found in TAM patients and of

the p.Asp244Gly mutation, found in patients with vacuolar aggregate

myopathy, resulted in an inhibition of Ca2+ influx comparable to that

obtainedwithWTCASQ1.

3.6 Expression ofWT andmutant CASQ1 proteins

does not affect the subcellular localization of STIM1

in transfected cells

CASQ1 was reported to inhibit SOCE by preventing STIM1 aggrega-

tion (Zhang et al., 2016). We thus investigated the effects of CASQ1

mutants on STIM1 clusters assembly. HeLa cells were co-transfected

with expression plasmids encoding mRFP-STIM1 and GFP fusion pro-

teins of WT or mutant CASQ1. Cells were treated with 1 𝜇M Tg to

induce activation of SOCE. STIM1aggregation andCASQ1depolymer-

ization were analyzed by live imaging confocal microscopy on four to

five focal planes to image the cortical ER close to the plasma mem-

brane and the regular ER positioned in the interior of the cell (Supp.

Figure S2). Under resting conditions, WT CASQ1-GFP formed linear

and round aggregates in the ER, which reflect the assembly of large

CASQ1polymers at physiologicalCa2+ concentration,while in aminor-

ity of cells CASQ1 proteins were more homogeneously diffused in the

ER lumen (Supp. Table S1). Similarly, transfection of the p.Asp44Asn-

GFP, p.Gly103Asp-GFP, and p.Ile385Thr-GFP mutants resulted in the

assembly of linear aggregates and clusters, with a remaining fraction

of cells showing a CASQ1-GFP signal diffused in the ER. In contrast,

expression of the p.Asp244Gly-GFP protein resulted in assembly of

round aggregates in the majority of the cells, with only a minor frac-

tion of cells showing linear polymers (Supp. Table S1). Imaging of the

mRFP-STIM1 in these cells resulted in fluorescence signal compatible

with ER localization, both in cells expressing WT and mutant CASQ1,

thus showing no co-localization with the linear and round aggregates

of CASQ1 (Supp. Figure S2).

Following treatment with Tg, the linear structures formed by WT

CASQ1 as well as p.Asp44Asn and p.Ile385thr mutants disappeared

and theGFPfluorescence signal redistributed to the ER and, to a lesser

extent, in round aggregates. At variance, linear aggregates formed by

the p.Gly103Asp mutant disappeared and the signal was mainly found

in round clusters and to a lesser extent diffused in the ER. Finally,

the distribution of p.Asp244Gly did not significantly change following

Tg treatment, suggesting a reduced ability of this protein to depoly-

merize (Supp. Figure S2). In parallel, the formation of STIM1 clusters

at the plasma membrane was analyzed in cells co-expressing WT and

mutant CASQ1. Measurement of the average size of STIM1 clusters

formed following Tg treatment showed that clusters assembled in cells

expressing WT or p.Asp244Gly were apparently larger compared to

thosemeasured in cells expressingmutants p.Asp44Asn, p.Gly103Asp,
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F IGURE 5 Response to caffeine ofmuscle fibers of patient 3 and analysis of intracellular Ca2+ stores andCa2+ entry inHeLa cells expressingWT
andmutant CASQ1.A: Response to caffeine of muscle fibers from patient 3 and from healthy controls. Examples of fibers response to the adminis-
tration of 2mMcaffeine (panels 1 and 3: control and patient 3, respectively) and 20mMcaffeine (2 and 4: control and patient 3, respectively). Each
release induced a wave of contraction, whose amplitude was expressed as tension-time area and was normalized to the amplitude of the response
induced by maximal direct activation with pCa 4.3. The greater amplitude of the response induced by a given concentration of caffeine in control
(panels 1 and 2) compared with patient 3 (panels 3 and 4) is clearly detectable. B: Caffeine dose–response curves of permeabilized muscle fibers
from control healthy subjects (black dashed line, open circles) and patient 3 (continuous black line, filled circles). Contraction, analyzed as an indi-
rect measure of Ca2+ release, was induced by concentrations of caffeine in the range from 0.1 to 20 mM (expressed in logarithmic scale). Curves
were interpolated by a sigmoidal Hill equation: Y= B+ {(Amax −B)/(1+ 10ˆ([log EC50 − X]∗n)}.C: Representative traces of Ca2+ release from intra-
cellular stores ofHeLa cells untransfected (CTR) or transfectedwithWTor differentCASQ1mutations and loadedwith Fura-2 following treatment
with Thapsigargin (Tg) in the absence of extracellular Ca2+. D: Quantification of Ca2+ release. Mean values ± SEM of area under the curve (AUC)
measurements were calculated from traces of all experiments. E: Representative traces of Ca2+ influx from single cells evoked by the re-admission
of 1.5 mMCa2+ in HeLa cells pre-treated with Tg. F: Quantification of Ca2+ influx. Bars indicateΔ[Ca2+]I (nM) ± SEM. Data presented in panels D
and F are from 172, 166, 99, 260, 130, and 141 cells for CTR, WT, and p.Asp44Asn, p.Gly103Asp, p.Ile385Thr, and p.Asp244Gly mutants, respec-
tively. Measurements were obtained from at least 16 independent experiments. Data are mean ± SEM and statistical evaluation of the data in D
and F was performed by the two-tailed unpaired Student's test with systematic Welch correction for variance. Statistically significant differences
versusWT are indicated by * (P values≤ 0.05), ** (P values≤ 0.005) and *** (P values≤ 0.0005)
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and p.Ile385Thr, although statistical analysis did not reveal significant

differences (Supp. Table S2). Analysis of top to bottom focal planes

acquired in resting conditions and following Tg treatment showed that

the mRFP-STIM1 fluorescence signal progressively increased from

median to top focal planes resembling the assembly of cortical ER

structures induced by Ca2+ store depletion and SOCE activation. On

the contrary, the GFP-CASQ1 fluorescence signal did not apparently

follow the assembly of cortical ER structures and remained mainly

in median planes even at the end of Tg treatment (Suppl. Figure S2).

No significant co-localization between STIM1 and WT and CASQ1

mutants before and after Tg treatment was detected by Pearson coef-

ficient analysis.

4 DISCUSSION

Here, we report the first identification and characterization of three

missense mutations in the CASQ1 gene in four unrelated patients

with TAMwith diffuse myalgia, post-exercise fatigue, and typical cyto-

plasmic tubular aggregates. Until now, only mutations in STIM1 and

ORAI1 have been identified in patients with TAM. The TAM patients

with CASQ1 mutations have a milder phenotype compared with TAM

patients with mutations in STIM1 and ORAI1 and to patients with

vacuolar aggregate myopathy, a related disorder that is caused by a

different mutation in CASQ1. No one of the TAM patients carrying

mutations in CASQ1 presented additional signs related to Stormorken

syndrome. Functional characterization of these CASQ1 mutations

revealed altered polymerization tendency and a common reduced abil-

ity to increase intracellular Ca2+ stores. However, the ability of CASQ1

mutations to inhibit Ca2+ entry pathways was maintained in only one

of the threemutations, suggesting a further potential level of complex-

ity in the pathomechanisms of TAMdue tomutations in CASQ1.

4.1 CASQ1mutations are localized at sites of

interactions between CASQ1 subunits

The extraordinary ability of CASQ1 to bind Ca2+ with high-capacity

appears to depend on its propensity to form large polymers in a

highly regulated, Ca2+-dependent process. Indeed, the current model

for CASQ1 polymerization indicates that low concentrations of Ca2+

induce formation of dimers by favoring front-to-front interactions

between monomers, while increasing Ca2+ concentrations result in

the assembly of tetramers, through back-to-back interactions, which

will then result in large, complex CASQ1 polymers that contain addi-

tional Ca2+ binding sites at the interface between CASQ1 dimers

and tetramers (Kumar et al., 2013, Park et al., 2003). Initial studies

on the p.Asp244Gly revealed an extremely rapid aggregation and a

significant reduction of the Ca2+ binding properties of this protein

(Lewis et al., 2015). We observed altered aggregation ability in all

three CASQ1 mutations identified in patients with TAM. Aggregation

of the p.Ile385Thr mutation was more sensitive to Ca2+ than WT

CASQ1, even if much less than the p.Asp244Gly mutation. In contrast,

both p.Asp44Asn and p.Gly103Asp mutations were less susceptible to

aggregate at rising Ca2+ concentrations than WT CASQ1, similarly to

what reported for the p.Met87Thr mutation (Lewis et al., 2015). Using

the available crystal structures ofWT and p.Asp244Gly CASQ1 (Lewis

et al., 2015;Wang et al., 1998), we noticed the threeCASQ1mutations

identified in TAMpatients are located at sites that can affect the inter-

actions betweenCASQ1 subunits. Initial studies with the p.Asp244Gly

mutation (Lewis et al., 2015) indicated that it may decrease the associ-

ation of dimers through linear back-to-back interactions. As shown in

Figure 1D, the p.Ile385Thr mutation is located at the interface of “lat-

eral” back-to-back contacts that are responsible for the formation of

thebranchedpolymers formedbyWTCASQ1 (Perni, Close,&Franzini-

Armstrong, 2013). Moreover, the negatively charged C-terminal tail,

immediately downstreamof Ile385, has been shown to be important to

hamper the formation of not-specific polymerization products (Beard

& Dulhunty, 2015; Park et al., 2004). Hence, it can be hypothesized

that the p.Ile385Thrmutation favors the assembly of atypical, not-fully

functional, polymeric forms. On the other hand, residues 44 and 103

are positioned at the interface responsible for the formation of CASQ1

dimers (Figure 1D and Supp. Figure S1). Accordingly, the p.Asp44Asn

andp.Gly103Aspmutations can affect the interactions that strengthen

the front-to-front dimerization of the protein, resulting in dimers less

efficient in supporting the formation of back-to-back tetramers, sim-

ilarly to what proposed for the p.Met87Thr mutation (Lewis et al.,

2015; Supp. Figure S1). It can be noted that the CASQ1 mutations

that have increased polymerization (p.Asp244Gly and p.Ile385Thr) are

located at sites of back-to-back interactions, while CASQ1 mutations

that have a reducedpolymerization (p.Asp44Asn andp.Gly103Asp) are

positioned at sites of front-to-front interactions.

4.2 CASQ1mutations impair intracellular Ca2+

homeostasis

Analysis of single muscle fibers isolated from patient 3, carrying

the p.Gly103Asp mutation, revealed a significant reduction in ten-

sion developed following maximal stimulation with caffeine, a result

that suggests a possible reduced ability to store Ca2+ in these fibers.

Indeed, all three TAM CASQ1 mutations, when transfected in HeLa

cells, showed a reduced ability to increase the intracellular Ca2+ store

content compared with WT CASQ1. Given that either increased or

decreased polymerization tendency may reduce the ability of CASQ1

to bind Ca2+, we hypothesize that the altered polymerization proper-

ties of the TAM CASQ1 mutations may explain their reduced capacity

to enhance intracellular Ca2+ stores inmuscle fibers and in transfected

cells.

CASQ1 has been shown to inhibit SOCE by interacting with

STIM1 and by reducing STIM1 aggregation (Wang et al., 2015; Zhang

et al., 2016). Surprisingly, we observed different effects among the

TAM CASQ1 mutations on the mechanisms of Ca2+ entry. Indeed,

p.Asp44Asn and p.Ile385Thr showed loss of the ability to inhibit

Ca2+ influx, while p.Gly103Asp presented an inhibitory effect simi-

lar to that of WT and of p.Asp244Gly. The observed effects on Ca2+

influx did not correlate with Ca2+-induced polymerization ability, or

trypsin resistance, or ability to increase intracellular Ca2+ stores of the

CASQ1mutations (Supp. Table S3). It is worth noting that the observed

increase in total Ca2+ content observed in transfected cells expressing
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WT or CASQ1mutants is due to Ca2+ bound to CASQ1 in the SR, thus

it should not affect intracellular levels of free Ca2+ or influence SOCE

(Rios, 2010). In spite of the contrasting effects on SOCE observedwith

WT and mutant CASQ1 proteins, we did not notice significant dif-

ferences between expression of WT and mutant CASQ1 proteins on

STIM1 localization and aggregation before or after Tg treatment. Alto-

gether, these data suggest that changes in the ability to inhibit SOCE

might not be an obligatory event in the pathogenicmechanismof TAM-

associated CASQ1mutations, at variance with the mechanisms of dis-

ease for TAM- associated mutations in STIM1 and ORAI1. It is possible

that identification of more subtle changes in the properties of CASQ1

mutants may help to understand the mechanisms whereby CASQ1

inhibits SOCE. Additional studies are needed to further address this

point.

4.3 CASQ1mutations in TAMand vacuolar

aggregatemyopathy

Although the exact mechanisms responsible for inducing tubu-

lar aggregates formations are not fully understood, it is currently

accepted that these structures may result from proliferation of the

SR membrane triggered by conditions of ER stress due, among other

causes, to misfolding of SR proteins resulting in the formation of pro-

tein aggregates and/or by altered Ca2+ homeostasis (Chevessier et al.,

2005; Schiaffino, 2012). The results reported here indicate that, sim-

ilar to mutations in STIM1 and ORAI1, TAM-associated CASQ1 muta-

tions can also affect intracellular Ca2+ homeostasis. It is therefore pos-

sible that the SR proteins aggregates observed in the biopsies of TAM

patientsmay result as a consequence of impaired Ca2+ homeostasis or

of themodified polymerization properties of CASQ1mutations, or of a

combined effect of the two.

TAM patients with CASQ1 mutations refer symptoms like diffuse

myalgia, muscle weakness, post-exercise fatigue, and, at the histolog-

ical level, present typical aggregates of membrane tubules in type II

fibers. Patients with vacuolar aggregate myopathy, who all carry the

p.Asp244Gly CASQ1mutation, in addition to the symptoms described

above for TAM patients with CASQ1 mutations, report also cramps

and, more frequently, present elevated plasma creatine kinase levels.

At the histological level, the distinctive hallmark of vacuolar aggregate

myopathy are large vacuoles containing compact electron-dense inclu-

sions of variable size and shape, that do not stain with several routine

histochemical techniques, like the NADH reaction, which in contrast

stains tubular aggregates.

All three CASQ1mutations identified in TAM patients have either a

mild increase in Ca2+-dependent polymerization ability (p.Ile385Thr)

or are less able to polymerize than WT CASQ1 (p.Asp44Asn and

p.Gly103Asp). This differs from the property of the p.Asp244Gly

mutation that shows a strong increase in Ca2+-dependent polymer-

ization (Lewis et al., 2015). The p.Asp244Gly mutation also displays

a reduced ability to increase intracellular Ca2+ store content, a

property common to all CASQ1 TAM mutations analyzed, and an

inhibitory effect on SOCE similar to that of WT and p.Gly103Asp

mutation. Interestingly, all TAMCASQ1mutations can form elongated

polymers, similar to those formed by WT CASQ1, that differ in their

structure and dynamics properties from the aggregated polymers

formed by the p.Asp244Gly mutation (Rossi et al., 2014b and Supp.

Figure S1). Thus, the major difference between p.Asp244Gly and the

TAM CASQ1 mutations is represented by its exaggerated tendency

to aggregate in irregular CASQ1 polymers (Lewis et al., 2015; Rossi

et al., 2014b). Accordingly, we hypothesize that the large vacuoles

of several 𝜇m in diameter that represent the hallmark of vacuolar

aggregate myopathy (Tomelleri et al., 2006) develop as a result of the

large dimensions of the p.Asp244Gly aggregates that, given their size,

cannot be accommodated within the lumen of tubular aggregates,

which usually have a diameter of 60–100 nm, and only more rarely of

200–400 nm.

5 CONCLUSIONS

We report here the discovery of three novel missensemutations in the

CASQ1 gene in four unrelated patients with TAM. These findings iden-

tify CASQ1 as a new gene responsible for inducing TAM, in addition to

STIM1 and ORAI1. Characterization of these mutations indicated that

they all modify the polymerization properties of CASQ1 and have a

reduced ability to increase intracellular Ca2+ stores, compared with

WT CASQ1. A reduction in caffeine response, which also points to

reduced intracellular Ca2+ stores content, was also observed in fibers

form a patient carrying the p.(Gly103Asp) mutation. We propose that

altered polymerization ability of the CASQ1 mutations diminish their

capacity to attain maximal Ca2+ binding and this might explain the

decreased Ca2+ content of intracellular stores. Less clear remains, at

the moment, the relationship between the above reported properties

and the various effects of CASQ1 mutation on Ca2+ entry. More work

will help to better understand the multiple mechanisms operated by

CASQ1 in maintaining physiological skeletal muscle Ca2+ homeostasis

and function, and how mutations in CASQ1 modify these mechanisms

in TAM and vacuolar aggregatemyopathy.
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