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Gain-of-function mutations on STIM1 and ORAI1 genes are responsible for an increased store-operated calcium
entry, and underlie the characteristic symptoms of three overlapping ultra-rare genetic disorders (i.e tubular
aggregate myopathy, Stormorken syndrome, York platelet syndrome) that can be grouped as tubular aggregate
myopathies. These mutations lead to a wide spectrum of defects, which usually include muscle weakness and
cramps.

Negative modulators of store-operated Ca®*-entry targeting wild-type STIM1 and ORAI1 have entered clinical
trials for a different array of disorders, including pancreatitis, COVID-19, cancer, and autoimmune disorders and,
while efficacy data is awaited, safety data indicates tolerability of this

STIM1/0RAI1 mutations are amenable to pharmacological intervention. If this were so, given that there are no
approved treatments or clinical trials ongoing for these rare disorders, it could be envisaged that these agents
could also rehabilitate tubular aggregate myopathy patients. In the present contribution we characterized the
Ca®"-entry patterns induced by eleven STIM1 and three ORAI1 mutations in heterologous systems or in patient-
derived cells, i.e. fibroblasts and myotubes, and evaluated the effect of CIC-37 and CIC-39, two novel store-
operated calcium entry modulators. Our data show that all STIM1 and ORAI1 gain-of-function mutations
tested, with the possible exception of the R304Q STIM1 mutation, are amenable to inhibition, albeit with slightly
different sensitivities, paving the way to the development of SOCE modulators in tubular aggregate myopathies.

the disease that is predominantly characterized by thrombocytopenia is
known as York Syndrome [7].
These disorders arise from an abnormal store-operated calcium entry

1. Introduction

Tubular aggregate myopathies (TAM) are ultrarare genetic disorders

characterized histologically by tubular aggregates in skeletal muscle
that can be observed by electron microscopy [1,2]. From a clinical
perspective, muscle weakness and cramps are usually present, although
the disorder can manifest itself as a multisystemic syndrome that, among
other features, presents thrombocytopenia [3]. The classical multi-
systemic disorder is also known as Stormorken syndrome [4-6] while

(SOCE), i.e. the mechanism by which cells sense a decrease in luminal
Ca?" in the endoplasmic reticulum (ER) and trigger its replenishment by
inducing Ca%"-entry across the plasma membrane [8]. TAM arises from
gain-of-function mutations in the genes encoding for the two main
players in SOCE: ORAI1, the Ca?*-channel that resides on the plasma
membrane, or STIM1, the calcium sensor within the ER that upon store

Abbreviations: TAM, tubular aggregate myopathy; SOCE, store-operated calcium entry; ER, endoplasmic reticulum; STIM, stromal interaction molecule; ORAI,

calcium release-activated calcium channel protein; SAM, sterile alpha-motif.
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depletion directly triggers ORAI1 opening [9]. More recently, mutations
in calsequestrin, an ER Ca®*-buffering protein, have also been associated
with cases of TAM [10,11]. As depicted in Fig. 1, numerous mutations on
either ORAIL or STIM1 have been associated to TAM. Most reported
mutations on ORAI1 reside in the first transmembrane domain, although
gain-of-function mutations in all transmembrane domains have been
reported [1,12]. Regarding STIM1, most reported mutations, albeit
mostly in single families, are located in the canonical and non-canonical
EF hand domains that sense intraluminal Ca2+, and this has been shown
to lead to constitutive oligomerization and activation of SOCE [1,13]. A
mutation on the sterile alpha-motif (SAM), also known to participate in
protein-protein interactions, has been recently reported to lead to TAM
in a single family [14]. Mutations in the cytosolic portion of the protein,
where coiled-coil domains for protein-protein interactions are present,
have a lower variety but the p.R304W is the most frequently reported
mutation, with at least 13 families affected [15]. Again, constitutive
oligomerization and SOCE activation were reported [16]. A recent re-
view attempted to create a genotype/phenotype correlation of the dis-
order [13], but given the paucity of data, the results are difficult to
interpret unambiguously. Briefly, mutations in the EF-hands motifs do
not predict clinical severity (from asymptomatic to childhood-onset
symptoms), R304W mutation leads to Stormorken syndrome [17],
while ORAI1 mutations lead to childhood-onset symptoms [13].

Due to the involvement of SOCE in important cellular processes both
in non-excitable and excitable cells, a number of different compounds
have been developed that hamper Ca?*-entry plausibly via binding to
ORAIl. CM4620 is at present the most advanced SOCE inhibitor in
clinical development, has completed Phase II studies for acute pancre-
atitis [18-22] and is also being investigated for other conditions,
including COVID-19 [23-25]. SOCE inhibitors are also in Phase I and
Phase I/Ib for the treatment of autoimmune disorders (RP3128,
[26-28]) and for relapsed or refractory lymphomas (RP4010, [29]).
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Figure 1. Gain-of-function mutations reported to lead to tubular aggre-
gate myopathy in humans. In blue, the mutations used in the present
contribution.
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Overall, RP3128 has been shown to have good tolerability in humans
[26,27], and reports on efficacy are eagerly awaited.

Alongside the above molecules, a number of groups are now
reporting further molecules that affect SOCE [30-33]. Due to the
ultra-rare nature of TAM, with just over 50 families reported in the
literature [13], no specific drug program is, to our knowledge, active.
Yet, one could speculate that SOCE inhibition could be an effective and
convenient mean to counteract the gain-of-function effect of mutations,
also in view of the tolerability shown by these agents in clinical trials for
other disorders. Importantly, given that TAM may arise from a number
of different mutations on ORAI1 or STIM1, the sensitivity of these nat-
ural mutations has been scarcely investigated in the literature and
should be established. A few studies have concentrated on mutations
designed to understand ORAIl function or binding mode of specific
inhibitors. Among the best characterized inhibitors of SOCE is 2-APB
which according to the concentration can either facilitate or inhibit
SOCE. These actions have been shown to be attributable both to a direct
and indirect action on ORAI1 [34]. 2-APB has been shown to inhibit
STIM1-independent currents when constitutively active ORAI1 mutants
are used (p.P245T and p.V102A), while it loses its inhibitory activity on
the p.V102C mutant. These data would suggest that disease-leading
mutant ORAI1 channels can be pharmacologically inhibited. Similarly,
Synta66, a specific SOCE inhibitor, that computational docking studies
have suggested to bind to the extracellular loop 1 and 3 of ORAI1 is
effective in some mutants [32], but loses activity in mutants around the
selectivity filter (e.g p.E106D). A similar effect of this mutation was
observed more recently with the lead compound of a novel series of
SOCE inhibitors [33]. While the above ORAI1 mutations were designed
to gather insights on the binding mode of SOCE inhibitors, Bulla et al
investigated natural TAM-associated mutations of ORAI1 to understand
whether these could be amenable to pharmacological intervention [31].
The Authors found that the p.V107M, p.L138F, p.T184M and the p.
P245L were all sensitive to GSK-7975A, a specific ORAI1 and ORAI3
inhibitor [35] that was shown to be effective in models of acute
pancreatitis [36], while the p.G98S mutation was resistant to inhibition.
Overall, the above observations indicate that SOCE inhibitors that bind
to the ORAII channel are able to inhibit the activity of most mutated
ORAI1 channels. To our knowledge, with the exception of the paper by
Bulla et al. [31], no other natural mutations of ORAI1 have been
investigated and the ability of SOCE inhibitors to modulate SOCE trig-
gered by mutated STIM1 has so far not been investigated.

In the present contribution, we used heterologous systems to char-
acterize the Ca?"-entry patterns induced by different mutations and to
establish the sensitivity of CIC-37 and CIC-39, two structurally-distinct,
recently described, SOCE inhibitors. CIC-37 was developed starting from
a class of pyrazole-bearing molecules that had micromolar activity [37]
but also suffered from off-target effects on other channels and was
proven to be selective compared to the parent compounds [38]. CIC-39
is a biphenyl-triazole and was designed starting from Synta66 [39], a
chemical tool often used in cellular experiments to inhibit SOCE [40].
Both compounds were shown to be selective over other channels and
were effective at reducing cerulein-induced pancreatitis in rodent
models [38,40]. Overall, we conclude that TAM-leading mutations in
cellular fluorimetry models of Ca®*-signaling behave similarly and are
mostly sensitive to CIC-37 and CIC-39. To confirm this, we also inves-
tigated patient-derived fibroblasts and myotubes and found similar re-
sults, with the exception of the R304Q mutation, which is less sensitive
to inhibition by both CIC-37 and CIC-39. Our data therefore suggest that
these compounds could be developed as therapeutic agents for most,
albeit not all, genetic mutations leading to TAM.

2. Materials and methods
2.1. Cell culture

The use of human fibroblasts was approved by the Newcastle MRC
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Centre Biobank for Neuromuscular Diseases (REC reference 19/NE/
0028). Human fibroblasts and human embryonic kidney HEK cells
(ATCC, Rockville, MD, USA) were cultured in Dulbecco’s Modified Ea-
gle’s Medium (DMEM; Sigma-Aldrich, Italy), supplemented with 10%
heat-inactivated Fetal Bovine Serum (FBS, Gibco, Italy), L-glutamine 50
mg/mL (Sigma-Aldrich, Italy), penicillin 10 U/mL and streptomycin 100
mg/mL (Sigma-Aldrich, Italy) at 37°C, under a 5% CO; humidified at-
mosphere. Human myoblasts were obtained and differentiated into
myotubes as previously reported [41]. Informed consent was obtained
from the patient and the research protocol for the use of the biopsy taken
for diagnostic reasons was planned and carried out in accordance of the
policies of Sapienza University.

For calcium imaging experiments, human fibroblasts and HEK cells
were plated onto glass coverslips at concentrations of 15x 10* and
5x10* per mL, respectively (24 mm diameter coverslips in 6 well plates),
while, for differentiation in myotubes, human myoblasts were plated in
DMEM with 10% heat-inactivated horse serum at a concentration of
20x10* per well. Experiments were performed 6-7days after myoblast
isolation from muscle biopsy at cell passage number P2 and P3.

2.2. Mutagenesis and generation of STIM1/0ORAI1 mutated HEK cells

The pMAX-RFP plasmids carrying the cDNA for STIM1 and ORAI1
were obtained from a collaborating group (Barbara Niemayer; Saarland
University; Homburg).

The STIM1 (c.252T>A p.D84E; c¢.312A>T p.K104N; c.322T>A p.
F108I; ¢.326A>G p.H109R; ¢.343A>T p.I115F c.412G>A p.V138I;
¢.1889C>T p.S630F; ¢.2246G>A p.R749H) and ORAI1 (c.290C>G p.
S97C; ¢.292G>A p.G98S; ¢.734C>T p.P245L) mutants were created by
exchanging the corresponding codons using QuikChange lighting site
directed mutagenesis kit (Agilent, USA) and specific primers. The list of
primers used is reported in Supplementary Tablel and 2. PCR products
were controlled by Sanger LIGHTrun sequencing from Microsynth AG
(Switzerland). For cell transfection, 7 pg of each plasmid DNA were
transfected using lipid reagent lipofectamine (Lipofectamine 2000
Transfection Reagent, Life Technologies). Twenty-four hours after
transfection, PCR was performed to evaluate the gene expression.

2.3. Real time quantitative PCR (qRT-PCR)

Total RNA isolation and qRT-PCR were performed as previously re-
ported [42]. Primers used are listed in Supplementary Table 3.

2.4. Western blot analysis

HEK cells were lysed in RIPA buffer. Lysates were clarified by
centrifugation at 14,000 g for 15 min at 4°C and 20 pg of protein from
each sample were loaded on SDS-PAGE gels. STIM1 (4916 Cell signal-
ling) was prepared in 5% bovine serum albumin in TRIS-buffered saline
solution containing 0.1% Tween-20 (T-TBS) while ORAI1 (PA-74181,
Invitrogen) ws prepared in 3% non-fat dried milk in TRIS-buffered saline
solution containing 0.1% Tween-20 (T-TBS), according to the manu-
facturer instructions.

2.5. Fura-2 Ca®>" measurements

Cells were loaded with 5 pM Fura-2 AM in the presence of 0.02% of
Pluronic-127 (both from Life Technologies, Italy) and 10 pM sulfinpy-
razone (Sigma Aldrich, Italy) in Krebs-Ringer buffer (KRB, 135 mM
NaCl, 5 mM KCl, 0.4 mM KH5PO4, 1 mM MgSOy4, 5.5 mM glucose, 20
mM HEPES, pH 7.4) containing 2 mM CaCl; (30 min, room temperature)
on poly-L-lysine (P4832, Sigma Aldrich) coated glass coverslips. Basal
calcium and SOCE measurements were performed as stated elsewhere
[38,42]. For those experiments in which a Ca®"-calibration was per-
formed, at the end of each recording, HEK cells were perfused with a
solution containing 10 uM ionomycin with either 10 mM Ca* or 25 mM
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EGTA. Concentrations of Ca" were calculated according to Grynkiewicz
etal. [43].For Mn?>" quenching assays, cells were treated for 10 min with
50 uM tBHQin a Ca>*-free KRB solution containing 500 uM to induce ER
release. Thereafter, 500 uM Mn?* was added. After 300 s SOCE activa-
tion was evaluated considering the decay slope in the presence or
absence of selected compounds (CIC-37 and CIC-39).

2.6. Statistical analysis

Data are presented as mean + SEM or median and interquartile
range (IQR). The normality of data distributions was assessed using the
Shapiro—Wilk test. Parametric (Student t-test) or nonparametric (Mann-
Whitney U test) statistical analyses were used for comparisons of data.
All statistical assessments were two-sided and a value of P <0.05 was
considered statistically significant. Statistical analyses were performed
using GraphPad Prism software (GraphPad Software, Inc., USA).

3. Results

3.1. ORAI1 and STIM1 mutations associated to TAM lead to an
increased [Ca®' Jpesa and an increased SOCE in HEK cells

Of the mutations reported to lead to TAM (Fig. 1), the p.F108I and p.
[115F mutations on STIM1 have not been previously characterized for
cellular Ca®* signalling changes, although their clinical consequences
have been reported [1,3,44]. We therefore generated these sequences by
mutagenesis and complemented the collection with other mutations to
cover other protein regions on the two incriminated proteins (in blue in
Fig. 1). We also chose the ORAI1 p.G98S and p.P245L mutations to
bridge our findings with those obtained by Bulla et al. on GSK-7975A
[31]. Some important mutations, such as the R304Q on STIM1, were
not generated as the lab also had access to some patient-derived fibro-
blasts or myotubes bearing these mutations (see below). To characterize
the impact of these mutations on Ca?-signalling, we took advantage of
the dominant nature of the disorder and therefore transiently trans-
fected wild-type HEK cells. To control for the increased protein due to
the transfection, control cells were transfected with either the wild-type
STIM1 or ORAIl gene. When evaluating mRNA levels in the different
cell lines by real-time PCR (Supplementary Fig. 1A), transfected cells
showed a significant increase over untransfected cells, but no significant
differences were observed between mutants and transfected control
cells. Regarding the protein levels, all STIM1 transfected cells showed a
STIM1 expression significantly increased as compared to un-transfected
cells (HEK WT). The p.D84E and p.K104N mutants surprisingly revealed
an increased level also compared to control transfected cells (HEK
STIM1 Ctrl, Supplementary Fig. 1B upper panel). Such increase, sur-
prisingly, was reflected also in the ORAII protein. Transfected cells with
the ORAI1 constructs showed an increased ORAI1 protein compared to
untrasfected cells, while no difference was observable between control
and mutant proteins.

We next proceeded to evaluate [Ca®*1pasa; and the presence of os-
cillations, as changes in this have been reported previously for other
mutations in patient derived cells [3,17,41,45,46]. As it can be observed
in Fig. 2A, all STIM1 and ORAI1 mutants led to a significantly increased
[Ca”]basal, although the level of this increase was variable. In HEK cells,
no oscillations were evident with any of the mutants when observing
untreated cells for 10 min (not shown).

We next proceeded to evaluate Ca®*~entry triggered by store
depletion. Briefly, cells were depleted of intracellular Ca" by incu-
bating them with the SERCA poison tBHQfor 10 min and then Ca?* was
re-added. As it can be observed, in wild-type HEK cells this re-addition
triggered an expected cytosolic Ca®*-rise, which corresponds to SOCE.
Transfection of cells with wild-type STIM1 or wild-type ORAI1 led to a
greater Ca2t entry, possibly due to an increased protein level. Impor-
tantly, though, cells bearing the p.F108I and p.I115F mutations on
STIM1 showed a significantly higher level of Ca®*-entry, compared to
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Figure 2. Evaluation of [Ca?" ]y and SOCE.

(A) Average [Ca%*Tpasal in cells transfected with
the indicated mutations, transfected with the
wild-type (Ctrl) STIM1/0RAI1 sequences or un-
transfected (WT). Box and whisker plots show
median and IQR of [Ca®*]pasa. Mann-Whitney
U test. [Ca®*Tpasal **** P<0.0001 vs HEK WT;
####<p0.0001 vs HEK STIM1 (Ctrl) or HEK
ORAI1 (Ctrl). (B) SOCE triggered by re-addition
of extracellular Ca®* after tBHQ-induced store
depletion in cells transfected with the indicated
mutants. Average Ca>*-traces of approximately
200 cells from eight separate coverslips per-
formed on 2 separate days. (C) Area under the
curve (AUC) of SOCE in cells transfected with
the indicated mutations, with the wild-type
(Ctrl) STIM1/ORAIl sequences, oOr un-
transfected (WT). For tBHQ-induced Ca’*-
release, AUC was quantified for 270 s (from
second 30 to second 300). For SOCE, AUC was
quantified for 300 s (from second 300 to second
600).

Box and whisker plots show median and IQR of
the AUC. AUC *P= 0.046, **P <0.043,
##xp—=0,001 vs HEK WT; ""P<0.025 vs HEK
STIM1(Ctrl), "P=0.048 vs HEK ORAI1 (Ctrl).

and R749H displayed a greater effect among STIM1 mutations, while the
p-G98S mutation exhibited the most pronounced effect among ORAI1
mutations (Supplementary Fig. 2A).We also evaluated the store deple-
tion phase due to tBHQtreatment and found that the amount of stored
Ca2*, as determined by -induced release, was not significantly modified.
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All these evidences are supported by the parameters evaluated (area
under the curve, peak amplitude and slope, Fig. 2C and D; Supplemen-
tary Fig. 2C-E). Given the heterologous nature of this model, the un-
controlled protein levels and the non-systematic nature of clinical data
reporting for individual families, we did not attempt to correlate the
Ca?*-differences between mutations with any clinical repercussion.

3.2. STIM1 and ORAII gain-of-function mutations are sensitive to SOCE
modulators

We next tested whether this aberrant increase of Ca" triggered by
mutations could be sensitive to the SOCE modulators we have previously
described as effective on wild-type systems [38,40]. CIC-37 was tested at
a concentration of 10 uM, that in our hand inhibits wild-type SOCE by
82.5+1.6 % (IC50= 4.4 + 1.2 pM) in HEK cells, while CIC-39 was tested
at a concentration of 3 uM, that inhibits SOCE by 96.5 + 2.4 % (ICso=
851454 nM). As shown in Table 1 and Supplementary Figs. 3 and 4, all
STIM1 and ORAI1 mutations tested in HEK cells were sensitive to in-
hibition by these compounds, although with some slight differences. It
should be noticed that the recently described p.V138I mutation, the
mutation that responds with the least potency, is the only known STIM1
mutation in the SAM domain, setting it apart from all other mutations,
located either in the intraluminal EF hands or in the cytosolic coiled-coil
domains. Independently of the differences, the two compounds at the
concentrations tested inhibited more than 50% of SOCE in all mutations.

Furthermore, it is important to note that, unlike previous data re-
ported in the literature which revealed that the ORAI1 p.G98S mutation
is completely resistant to GSK-7975A [31], we demonstrated that this
mutation was sensitive to both tested compounds, even if the com-
pounds showed a slightly decreased potency compared to other
mutations.

Last, to further support these data, we performed Mn“" quench
experiments in the presence or absence of the selected compounds.
Briefly, cells were treated with tBHQ for 10 min and Mn3t (500 uM) was
added. The activation of SOCE was evaluated considering the decay
slope of Fura-2 fluorescence upon Mn?" addition and, as reported in
Supplementary Fig. 5, un-transfected HEK cells (HEK WT) treated with
CIC-37 and CIC-39 exhibited an abolishment of the quench, demon-
strating the inhibitory effect of the selected compounds. The same ex-
periments were also performed in HEK cells transfected with mutants
and, accordingly Mn?" quench was sensitive to inhibition by CIC-37 and
CIC-39 (data not shown), in accord to Table 1 and Fura-2 measurements.

24—

Table 1
SOCE inhibition by CIC-39 and CIC-37 in HEK cells transfected with STIM1/
ORAII mutants.

GoF Mutations SOCE Inhibition %(CIC-37 10 SOCE Inhibition %(CIC-39 3

uM) uM)
STIM1p.D84E 709 £ 8.1 93.8 £2.2
STIM1 p. 89.3 +£ 2.6 91.4+29
K104N
STIM1 p.F108I 70.5 £ 2.2 81.7 £3.3
STIM1 p. 751 +7.3 82.7 £ 2.3
H109R
STIM1 p.I115F 90.9 + 2.2 82.5+3.5
STIM1 p.V138I 71.2+73 62.8 = 6.2
STIM1 p.S630F  83.4 £7.2 85.9 + 2.2
STIM1 p. 82.1 £ 6.5 92.9 + 6.9
R749H
ORAI1 p. 98.1 £3.5 98.2+ 2.3
P245L
ORAI1 p.G98S 67.4 + 6.1 76.6 + 6.6
ORAI1 p.S97C 81.4+7.3 78.7 £ 4.6

Values represent the % inhibition of the area under the curve (AUC) + S.E.M.
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3.3. Patient derived cells are also sensitive to SOCE modulators, with the
exception of the R304Q mutation

Having established that natural gain-of-function mutations are
broadly sensitive to SOCE modulators, we turned our attention to cells
from affected individuals to establish whether contextualized mutations
could also be druggable. In this respect, we had availability of fibroblasts
harbouring p.G81D, p.S88G and p.R304Q STIM1 mutations (reported in
[44]) and of myotubes derived from an Italian family harbouring the p.
S97C ORAI1 mutation (reported in [41]). The p.G81D and p.S88G mu-
tations are located in the EF-hand Ca*-binding motifs, and presumably
affect the affinity for Ca®" ions. The p.R304Q mutation is instead
localized on the cytosolic coiled-coil domain of STIM1, presumably af-
fects dimerization and resting state of the protein [15,44], and leads to
the classical Stormorken syndrome.

We first investigated gene expression of the main SOCE components
(STIM1, STIM2, ORAI1, ORAI2 and ORAI3) by gqRT-PCR. Overall,
mutated fibroblasts showed a slight, but significant, increase in STIM1 in
comparison to fibroblasts harbouring wild-type STIM1 (Fig. 3A). These
data suggest that these mutations do not significantly affect transcrip-
tion of SOCE genes, in accord with other STIM1 and ORAIl gain-of-
function mutations previously described [1]. Next, we evaluated
Ca?*-signalling in these fibroblasts. We first monitored for 10 min fi-
broblasts cultured in a Ca®*-containing solution without any stimula-
tion. As it can be observed in Fig. 3B, [Ca®*1pasar in fibroblasts from
affected patients was significantly higher compared to control fibro-
blasts. Furthermore, while [Ca2+]basal in WT fibroblasts was stable (0/80
cells showed oscillations), most cells harbouring the p.G81D, p.S88G or
p-R304Q mutations (78/80, 71/80 and 68/80, respectively) showed
oscillations, which were slightly different in terms of frequency and
intensity depending on the mutation (Fig. 3B). Oscillations have been
reported previously in patient-derived cells, although not by all Authors
[3,17,41,45]. We next analysed SOCE in these cells with the protocol
described above, i.e. incubation of cells in tBHQ for 10 min and
re-addition of extracellular Ca?t. As it can be seen in Fig. 3C, all mu-
tations induced a potentiation in SOCE. This was supported by all sta-
tistical parameters evaluated (maximum peak, slope and area under
curve (AUQC), Fig. 3D). Last, we primed the effect of the two inhibitors on
these fibroblasts. In accordance with the effect on heterologous systems,
both mutations residing on the EF hand motifs were sensitive to inhi-
bition (Table 2, Fig. 4A,B). Yet, to some surprise, the R304Q mutation
residing on the first coiled-coil motif, which gives rise to the archetyp-
ical Stormorken syndrome [15], was significantly less sensitive, with
less than 40 % inhibition induced by CIC-39 (Fig. 4C; Table 2) and less
than 20% inhibition by CIC-37.

We have previously characterized the effect of the p.S97C ORAI1
mutation in patient-derived myotubes. Briefly, as for the mutations
above, myotubes harbouring the mutation show an increased
[Ca®*1pasal, oscillations and an enhanced SOCE [41]. Given the scarcity
of the tissue, we could only test a single agent on these myotubes, and, as
depicted in Fig. 5A and 5B, CIC-37 (3 uM) effectively mitigated SOCE
overactivation also in p.S97C myotubes, restoring Ca2* to a level similar
to what observed in ORAI1 wild-type myotubes, while the concentration
of 10 uM completely blocked SOCE (Supplementary Fig. 6). This is in
accord to the effect of the two inhibitors on the ORAI1 p.S97C mutation
in heterologous systems.

4. Discussion and conclusion

In the present contribution, we have characterized by fluorescence
microscopy the Ca?*-signalling changes occurring in cells harbouring
STIM1 or ORAI1 mutations known to lead to TAM. For this, we used
either a heterologous cellular system in which mutated genes were
transfected in HEK cells or patient-derived fibroblasts and myotubes.
The main difference observed in these two systems is the occurrence of
spontaneous oscillations in contextualized cells, while in both systems
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Figure 3. Characterization of Ca®* alterations in patient-derived fibroblasts
(A) RT-PCR analysis of STIM and ORAI gene expressions in patient fibroblasts. Values represent mean + S.E.M and are expressed as 272" of genes/S18 of four

independent cultures. Unpaired two-tailed Student’s t-test. *P= 0.0174 versus wild-type fibroblasts (WT). (B) Representative traces of [Ca“]basal in fibroblasts from
TAM patients compared to fibroblasts harbouring wild-type STIM1; (C) SOCE triggered by store depletion by tBHQ in WT and patient-derived fibroblasts. Average
traces of approximately 200 cells from ten separate coverslips performed on 4 separate days. Data are expressed as the change in the 340/380 ratio from the first
point measured to the actual illustrated point (AF) over the 340/380 ratio of the first point recorded (Fy). All traces are then off-set to zero from graphical reasons. (D)
Evaluation of area under the curve (AUC), peak amplitude, and slope of the Ca®*-rise in WT and patient-derived fibroblasts. Box and whisker plots show median and
IQR of AUC, peak amplitude and slope of the Ca*"-rise. Mann-Whitney U test. AUC *P < 0.042; peak amplitude ****P< 0.0001; slope of Ca®* rise **P= 0.0033, ****
P<0.0001 versus WT fibroblasts. AUC was quantified for 270 s (from second 30 to second 300).

the mutations tested led to other gain-of-function features, namely an
increased [Ca? Jpasar and an increased Ca>" entry upon store depletion.
Given the heterologous nature of the HEK model and the non-systematic
nature of data reporting for individual families, it would be unwise to
correlate the differences between the mutations with any clinical
repercussion. In cells in which the mutation was contextualized, i.e. fi-
broblasts, we also observed spontaneous Ca?* oscillations, an observa-
tion that parallels our earlier observation in myotubes from a carrier of
the p.S97C ORAI1 mutation [41]. Overall, our data support the
gain-of-function nature of the mutations which have not been func-
tionally characterized previously (STIM1 p.F108I and p.I115F) and also
suggest that the heterologous model is a convenient, ethical, economic
and rapid method to evaluate the consequences of new STIM1 and
ORAI1 mutations, although it lacks mechanistic insights on the conse-
quence of the mutation, as the readout appears largely similar

throughout all tested clones.

We also tested two chemically distinct molecules which have been
previously shown to affect wild type SOCE to evaluate whether the
mutations might hamper their pharmacological action. All mutations
were sensitive to pharmacological inhibition by both agents with two
exceptions. First, the p.V138I mutation located on the SAM [14] was
differentially affected by CIC-37 and CIC-39. Given our overall data, that
shows that the presence of a mutated STIM1 still confers sensitivity to
SOCE inhibitors, why this occurs remains to be established. Second,
SOCE in ORAI1 p.R304Q-harboring cells seems to be only marginally
affected by either of the two novel compounds. An important observa-
tion from our work is that CIC-37 and CIC-39 are efficacious in the
ORAI1 p.G98S mutation, which has been reported not to be sensitive to
the pharmacological inhibition induced by GSK-7975A [31]. These data
might therefore suggest that the activity of the different modulators
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Figure 4. Effect of CIC-39 and CIC-37 on SOCE modulation in patient-derived fibroblast.

Representative traces of SOCE triggered by tBHQ store depletion in STIM1 patient-derived fibroblasts in the presence or absence of CIC-37 (10 pM) or CIC-39 (3 uM).
Average traces of approximately 100 cells from ten separate coverslips performed on 3 separate days. Data are expressed as the change in the 340/380 ratio from the
first point measured to the actual illustrated point (AF) over the 340/380 ratio of the first point recorded (Fy). All traces are then off-set to zero from graph-
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Figure 5. Effect of CIC-37 on SOCE modulation in patient-derived myotubes.

(A) Representative traces of SOCE triggered by tBHQ store depletion in myotubes from a healthy donor or from a patient bearing the p.S97C ORAI1 mutation in the
presence or absence of CIC-37 3 uM. Data are expressed as the change in the 340/380 ratio from the first point measured to the actual illustrated point (AF) over the
340/380 ratio of the first point recorded (Fy). All traces are then off-set to zero from graphical reasons.

(B) Area under the curve (AUC), peak amplitude, and slope of the Ca®"-rise in presence or absence of CIC-37. Box and whisker plots show median and IQR of AUG,
peak amplitude and slope of the Ca®*-rise. Mann-Whitney U test. AUC, peak amplitude and slope of Ca?* rise **** P<0.0001 versus ORAI1 p.S97C mutated
myotubes. AUC was quantified for 270 s (from second 30 to second 300).
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might be distinct on the different ORAI1 mutants.

In conclusion, our manuscript demonstrates that all SOCE aberra-
tions, with the possible exeption of the R304Q, stemming from STIM1
and ORAI1 mutations are sensitive to the novel SOCE modulators, CIC-
37 and CIC-39. Combining this with the acceptable tolerability that
SOCE inhibitors have shown in the clinical trials reported so far [21,27],
our data, together with the observations by Bulla et al. [31] are prom-
ising in envisaging a pharmacological solution in the rehabilitation of
TAM patients in the future. If these or other SOCE modulators are
brought forward in the clinic, provided that they hold their promise in
the mouse models so far developed [47,48], clinical trials should be
designed taking into account that some mutations could display a
reduced sensitivity to the selected agent.
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