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1.- Introduction
a. Store Operated Calcium Entry

Calcium (Ca?") is a well-known second messenger able to regulate boundless cellular
processes. Its versatility is due to the ability to modulate Ca?*-rises in terms of
concentration, as well as in terms of spatial and temporal localization. A huge repertoire
of cellular components, known collectively as the calcium toolkit, drives the coding and
the decoding of Ca?*-signals (Berridge et al. 2000; Bootman et al. 2019; Carafoli et al.
2001; Schulte et al. 2022).

In cells, basal cytosolic Ca?* is maintained at low nanomolar levels (10-50 nM) by the
combination of Ca?*-buffering proteins and the action of ion-exchange mechanisms
(e.g. Na*/Ca?* exchanger and Ca?*-pumps) into the extracellular space or in intracellular
organelles (e.g. endosarcoplasmic reticulum ER/SR). A Ca?*-signal is given by a rise in
cytosolic Ca?* which can derive from the extracellular space, for example via the
opening of Ca?*-channels located on the plasma membrane (PM), or from the opening
of receptors (e.g. IPsR, RYR, TRP) located on the intracellular organelles (Amini et al.
2021; Berridge et al. 2003; Bootman et al. 2002; Lewis, 2019; Putney et al. 1981;
Schulte et al. 2022). Store-Operated Calcium Entry (SOC Entry) is a ubiquitous cellular
mechanism that allows the influx of extracellular calcium after the depletion of the
ER/SR. The two principal protagonists of SOC Entry are (i) STIM (STromal Interaction
Molecule), Ca?*-sensor on the ER membrane; and (ii) ORAI, as principal Calcium
Release-Activated Calcium (CRAC) channel located in the PM (Lacruz and Feske,
2015; Lewis, 2019; Naoble et al. 2020; Putney, 1986; Schulte et al. 2022).

As represented in Figure 1, SOC Entry begins with the depletion of ER/SR calcium
through channels sensitive to Ca?* located on the ER/SR membrane, as Inositol-1,4,5-
triPhosphate Receptor (IPsR) or RYanodine Receptor (RYR) (Carafoli et al. 2001;
Noble et al. 2020; Pallippadan et al. 2017; Putney, 2014). The drop in stored Ca?
concentrations then leads to a reduced ion binding to the intraluminal binding domains
of STIM1 and the subsequent conformational change leading to the formation of dimers

that accumulate at the ER-PM junctions. Then, these dimers of STIM1 interact and
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activate ORAIL, allowing the influx of calcium to the cytosol and the consecutive
replenishment of the depleted organelles through the Endo(Sarco)plasmic Reticulum
Ca?" ATPase (SERCA,; Fahrner et al. 2020; Lewis, 2019; Noble et al. 2020; Putney,
2014; Prakriya and Lewis, 2015; Schulte et al. 2022; Yang et al. 2021). Cytosolic
calcium level after SOC Entry is not only restored at resting levels by SERCA, but also
by plasma membrane ATPases (PMCAs), Na*/Ca?" exchangers, and (Conte et al. 2021;
Gehlert et al. 2021).

Caz+

Extracellular
medium

Figure 1.- Store-Operated Calcium Entry (SOC Entry) mechanism. SOC Entry begins with
the depletion of the stores through IPsR and RYR (Left) and follows with the dimerization of
STIM1 and interaction with ORAI1 (Right) for the refilling of the stores. ER/SR:
Endo(Sarco)plasmic Reticulum; IP3R: Inositol-1,4,5-triPhosphate Receptor; RYR: Ryanodine
Receptor; STIM: STromal Interaction Molecule; SERCA: Sarco(Endo)plasmic Reticulum
Ca?* ATPase. (Figure created through Smart Servier Medical Art.)
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Calcium fluxes through SOC Entry have a key role in a number of specific cellular

functions, recapitulated in Table 1. The implication of SOC Entry in skeletal muscle

and platelets will be detailed in chapters (1.a.iii) and (1.a.iv) respectively.

Table 1. Cellular functions modulated by SOC Entry.

Function

Reference

Apoptosis
Bone-forming osteoblasts
Bone-resorbing osteoblasts

Contraction in skeletal muscle
Keratinocyte differentiation

Milk expulsion from mammary glands

Neutrophil chemotaxis

Secretion

Sperm development

Platelet functionality

Vascular smooth muscle proliferation
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i. ORAIl

Three homolog proteins (ORAI1, ORAI2, and ORAI3) of ~33 KDa with 4 highly
conserved transmembrane domains (TM) constitute the ORAI family, with ORAI1 as
the principal subunit composing the CRAC channel (Figure 2; Cai et al. 2007; Feske et
al. 2006; McNally and Prakriya, 2012; Vig et al. 2006).

TM domains are responsible for the permeability and selectivity of the ORAI channels.
Specifically, the TM1 domain, rich in cross-linking cysteine residues forming a-helices,
constitutes the central pore of the ORAIL, highly selective for calcium (Mignen et al.
2008). Concretely, amino acids R91C, L95C, G98C, and V102C are crucial in
conductance in ORAI1, although other substitutions in TM2, TM3, or TM4 also affected
ORAI1 conductance (Bohm et al. 2017; Bulla et al. 2019; Endo et al. 2015; McNally et
al. 2009; Nesin et al. 2014). Moreover, TM3 has been associated with calcium
permeation, since the E178N mutant directly abolishes calcium permeation, and the
V174A mutant is constitutively activated (Yang et al. 2021). Indeed, E190Q mutation
has been demonstrated to increase pore diameter (from 3.8 to 7.0 A), compromising

calcium selectivity (Pakriya and Lewis, 2015; Zhou et al. 2010).

Besides, negatively charged residues held by extracellular loop 1 (E106, D110, D112,
and D114) are crucial for calcium selectivity, and mutations in this location lead to a
loss of calcium selectivity (Bulla et al. 2019; Prakriya et al. 2006; Vig et al. 2006).
Instead, intraluminal loop 2 is responsible for calcium-dependent inactivation, where
mutations such as R155S, K159S, and K163S lead to a permanent close ORAIL channel
(Yang et al. 2021).

Last, as shown in Figure 2, both N and C-termini are extended to the cytosol, making
ORAI a teardrop-shaped molecule that allows the exposure of crucial domain for STIM
direct interaction (Amcheslavsky et al. 2015; Derler et al. 2013; McNally et al. 2013;
Maruyama et al 2009; Palty et al. 2015; Palty and Isacoff. 2016; Zhang et al. 2006).
Indeed, the interaction of N-termini and intraluminal loop 2 has been demonstrated to
be crucial for the pH-dependent property of ORAIL (Rychkov et al. 2022).
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2+ 5
Ca?* selectivity Ca® permeation

Central pore

Extracellular
medium

Plasma

membrane C- termini

Inactivation

STIM1 binding

Figure 2-. Scheme of overall human ORAI1 subunit structure. ORAI1 subunit scheme
comprehends a summary of the principal function of each structural component. TM: Transmembrane
domain. Numbers correspond to number of amino acid. (Figure created through Smart Servier Medical
Art.)

Some authors have suggested that ORAI channels are constituted by tetramers
(Maruyama et al 2009; Mignen et al. 2008; Penna et al. 2009; Zhou et al. 2010) while
others hinted at hexamers (Cai et al. 2016; Thompson and Shuttleworth, 2013; Yen et
al. 2016). Stoichiometry studies of STIM1 and ORAI1 studies indicate that 8 molecules
of STIM1 interact with a single channel of ORAI1 (Hoover and Lewis, 2011),
reinforcing the hypothesis of ORAI tetramers since STIM1 forms dimers.
Unfortunately, higher-resolution structural studies are needed to characterize and

understand better the behaviour and functionality of ORAI channels and their subunits.
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ii.  STIM1

Two family members of STIM have been reported: (i) STIM1 with 685 amino acids;
and (ii) STIM2, with 833 amino acids. STIML1 is the principal stored-calcium sensor
that activates CRAC channels and therefore SOC Entry. This was demonstrated by (i)
the increase of SOC Entry when co-overexpression of STIM1 and ORAIL (Mercer et
al. 2006; Soboloff et al. 2006), and (ii) the strong reduction of CRAC entry after STIM1
knockdown (Liou et al. 2005; Roos et al. 2005). The function of STIM2 has been
associated with the control of basal calcium homeostasis due to (i) its lower affinity for
calcium than STIM1; and (ii) the interaction with ORAI1 at resting ER Ca?* levels
(Grabmayr et al. 2021; Stathopulos et al. 2006; Zheng et al. 2011). This evidence has
been supported by the formation of STIMZ2 but not STIM1 puncta upon subtle decreases
of ER-stored calcium (Bird et al. 2013; Brandman et al. 2007).

Both STIM proteins bear a single-pass transmembrane (TM) domain (Figure 3; Fahrner
et al. 2020; Grabmayr et al. 2021; Prakriya and Lewis, 2015), and share highly
conserved domains within cytosolic and luminal regions (Roos et al. 2005; Liou et al.
2005).

1 63 96 128131 200 234 423
N- termini EH EF1 I EF2 H SAM H ™ H ORAl interaction domain _ C- termini
Luminal domain Cytosolic domain

Figure 3.- Scheme of human STIM1 structure. S: signal peptide; EF1: Canonical EF-hand; EF2: non
canonical EF-hand; TM: transmembrane region. Numbers correspond to number of amino acid. (Figure
created through Powerpoint)

The cytosolic domain contains the ORAIL interaction region (Figure 3), which is
responsible for (i) the oligomerization of STIM1 upon depletion of Ca?* (Convington et
al. 2010); (ii) of the targeting of STIM1 to the ER-PM junctions; and (iii) of the
interaction with ORAIL (Baba et al. 2006; Huang et al. 2006; Liou et al. 2007; Li et al.
2007).
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The intraluminal domain is composed of a highly conserved EF-SAM domain, which is
formed by two EF-hands and a SAM domain (Figure 3; Collins and Meyer, 2011,
Fahrner et al. 2020; Grabmayr et al. 2021). The canonical EF-hand (EF1) is capable of
calcium-binding, while the non-canonical (EF2) domain is responsible for the
stabilization of that binding. Both EF-hands consist of helix-loop-helix motifs and
create the hydrophobic core for cation binding in the presence of stored calcium. In
STIM1, side chains of 12 amino acids head the calcium-binding side: Val68, 1le71,
Hist72, Leu74, Met75, Val83, Leu92, Leu96, Lys104, Phel08, Ile115 and Leul20
(Figure 4). Therefore, mutations in these amino acids directly lead to a defect in
calcium-sensing and consequently lead to constitutive activation of STIM1 and SOC
Entry (Jinhui et al. 2017).

STIM1 EF1/EF2
F108 1115
K104

-

Lo2——— Figure 4.- Scheme of EF hands of STIML.

// S = (Jinhui et al. 2017)
L95 // [ \

V83
M75 L74 Q72 171

The SAM domain folds in five-helix compact bundles and increases the hydrophobic
pocket and the stability of the EF-SAM domain (Stathopulos et al. 2006). Furthermore,
other STIM stability studies have revealed that EF-SAM domains lose the a-helicity in
the absence of calcium, and consequently become less stable. The calcium-lacking
instability leads to a quaternary conformational change, resulting in dimerization of
STIM (Stathopulos et al. 2006; Zheng et al. 2008).
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iii.  Store-Operated Calcium entry in skeletal muscle

Skeletal muscle contraction initiates with the membrane depolarization of the muscle
fiber that leads to a conformational change of voltage-gated Ca?* channels. At this point,
the excitation-contraction coupling process starts, where calcium influx activates RYR
channels that release to sarcoplasm calcium stored in SR (Figure 5, point A; Launikonis
et al. 2003; Launikonis & Rios, 2007).

Muscle Muscle fascicle Muscle fiber

Myofibril

Myofibril

Figure 5.- Scheme of skeletal muscle. Muscle is formed by muscle fascicle composed at the same time by
muscle fibers. Muscle fiber cells contain myofibrils, constituted by contractile units of actin and myosin.
(A) Calcium signalling in muscle fibers. VGCC allow calcium influx that activates RYR channels.
Emptiness of stored calcium lead to activation of SOC Entry mechanism, heading to further calcium influx.
(B) Myofibril sarcomere composition. Sarcomere unit comprehends from one Z disc to the next.
Contraction of sarcomeres consist in Ca2-dependent progression on actin and myosin filaments, carrying to
the reduction of H zone. SP: Sarcoplasma; SR: Sarcoplasmic Reticulum; Receptor; RYR: Ryanodine
Receptor; STIM: STromal Interaction Molecule; SERCA: Sarco(Endo)plasmic Reticulum Ca?* ATPase
VGCC: Voltage-gated calcium channels. (Figure created through Smart Servier Medical Art.)

The increase of sarcoplasmic calcium has been demonstrated to be critical for the
interaction of myosin and actin of the myofibrils, direct conductors of muscle
contraction by the regulatory troponin-tropomyosin complex. In the absence of calcium,

troponin | and tropomyosin blocks myosin-binding sites in actin. After calcium binding,
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troponin C interacts with troponin I, liberating actin and allowing the rotation of
tropomyosin on the actin filament. This movement allows the myosin-actin binding and
the progression of actin filaments through myosin filament which leads to the reduction
of the H zone, and therefore, to myofibril contraction (Figure 5, point B; Schiaffino and
Reggiani, 2011).

Since SOC Entry kinetics is slower than the influx of calcium from SR through RYRL,
SOC Entry has a key role in the maintenance of sarcoplasmic calcium concentrations
and consequently the maintenance of the contractile function (Bulla et al. 2019; Gehlert
et al. 2021; Koenig et al. 2018). Indeed, reduction of contractility of skeletal muscle
with age has been proposed to be due to a reduction in SOC Entry contribution
(Thornton et al. 2011).

Apart from this, repetitive muscle contraction requires a fast and huge calcium
mobilization and a high calcium sensitivity of myofilaments (Gehlert et al. 2021).
Surprisingly, recent studies demonstrated that mice pre-exercised, that display higher
resistance to fatigue compared to non-pre-exercised mice, show a co-localization of
STIM1 and ORAIL in skeletal muscle, suggesting that training molecularly prepares
fibers to overcome faster responses (Boncompagni et al 2017; Protasi et al. 2021).

During muscle relaxation, calcium levels have to be restored to resting conditions.
SERCA is the main responsible for calcium removal, refilling the SR store at the
expense of ATP. Different isoforms of SERCA have been found according to the fiber
type: SERCAL is present in type Il myofibers while SERCAZ is in type | myofibers.
Uptake comparison between the different isoforms of SERCA differs, conferring
dissimilar fatigue resistance, leading to more fatigable type Il fibers (Lilliu et al. 2021,
Schiaffino and Reggiani, 2011). As in other cell types, also PMCA contributes to the

restoration of cytosolic calcium levels (Conte et al. 2021; Gehlert et al. 2021).
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iv.  Store-Operated Calcium entry in platelets

Stored calcium is the principal conductor of cytosolic calcium increase that triggers the
cellular cascade pathway for platelets functionality, emphasized by the contribution of
SOC Entry and other calcium channels in the plasma membrane. Dense tubular system
(DTS) and lysosomal-like acidic organelles are the principal responsible for calcium
storage in platelets (Figure 6; Lopez et al. 2005; Mammadova-Bach et al. 2019; Miinzer
and Borst, 2022).

PAR,, PAR4,
TRPM7 c
GPVI TRPC6
PIP, (PLC (S
a-kinase - DAG —
7o 5 Orai1 Ca?
™. Ca?* a*
=) Ca?*,
A
Caz* Ca* STIM1
Integrin Ca?* Ca? )
= -
Ca?* Ca* Ca?*
P2Y,, Ca2t
Ca® () ‘ ‘ Orai1
Ca?* Na*/Ca?*
exchanger

Ca?*

Figure 6.- Calcium implication in cellular pathway in platelet functionality. PLC isoforms activation by a
wide number of plasma membrane receptors lead to DAG and IPs formation from PIP2. 1Ps open IPsR
allowing the release of stored calcium and activation of Stored-Operated Calcium entry (SOC Entry). In the
meanwhile, DAG proceed with the opening of TRPC6 channels evoking an additional influx of calcium.
P2X1 channels contribute in cytosolic calcium increase while PMCA, Na*/Ca®" exchanger and SERCA
contribute in cytosolic calcium level restore. Ca?*: calcium ion ;P2X1: receptor-operated calcium channel;
P2Y12: purinergic G protein-coupled receptor 12; Pls-K: phosphatidylinositol 3-kinase; GPVI: glycoprotein
VI; Syk: spleen tyrosine kinase; PLCy2 and PLCB: phospholipase C isoforms; TRPM7: Transient receptor
potential melastanin 7; PAR1 and 4: protease-activated receptor 1 and 4; TRPC6: Transient receptor
potential canonical 6; PIP2: hydrolysephosphatidilinositol-4,5-bisphosphate; DAG: diacylglycerol;IPs:
Inositol-1,4,5-triPhosphate; 1PsR: IP3 Receptor; SERCA: endoplasmic reticulum Ca?* ATPases; STIM:
STromal Interaction Molecule I; PMCA: plasma membrane Ca%* ATPases. (Simplified Mammadova-Bach
et al. 2019)
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Concretely, stored calcium and SOC Entry orchestrate (i) activation by agonists, such
as thrombin, adenosine diphosphate (ADP), or thromboxane A, (Rink and Sage, 1990;
Varga-Szabo et al. 2009) and (ii) adhesion and spreading on collagen, the trigger for
aggregation and thrombus formation (Gavin et al. 2020; Gresele et al. 2002; Inoue et al.
2003 Mazzucato et al. 2002;). Thrombus formation is induced by thrombin-stimulation
which activates protease-activated receptors (PARs), PAR-1, and PAR-4 (Jardin et al.
2007; Gilio et al. 2010; Munzer and Borst, 2022). Other agonists are also able to evoke
thrombus formation such as collagen or ADP, which activate GPVI or P2Y 1, receptors,
respectively (Gilio et al. 2010; Mammadova-Bach et al. 2019). Activation of these
receptors directly or indirectly activates PLC, leading to calcium store depletion by IPsR
activation with IP; (Figure 6) and to the influx of calcium through P2Y1, or TRPC
channels. This increase of cytosolic calcium orchestrates granule exocytosis by Ca?*-
dependent regulatory proteins of actin filaments, which are simultaneously critical for
the spreading of platelets in the aggregation process as well (Marcu et al. 1996; Munzer
and Borst, 2022; Ren et al. 2010). Granule exocytosis liberates collagen and fibrinogen,
among other autocrine and paracrine agonists indispensable in platelet recruitment for
aggregation (Amor et al. 2009; Gresele et al. 2002; Yoshioka et al. 2001).

The role of stored calcium and SOC Entry have been shown in the STIM15* mouse
model, partly elucidating the direct role of STIM1 in platelet function. The gain-of-
function mutation of STIML1 in this mouse model leads to the overloading of calcium
through the SOC Entry mechanism, even in the absence of previous store depletion.
Impairment in STIM1 function perturbs physiological responsiveness of platelets to
GPVI and integrin stimulation, pointing to stored calcium and SOC Entry mechanisms
as central regulators of platelet function (Grosse et al. 2007; Liou et al. 2005; Zhang et
al. 2005).

Concomitantly, mutations in ORAIL lead to GPVI and integrin deficient signalling, as
well (Bergmeier et al. 2009; Braun et al 2009; Gilio et al. 2010). Indeed, further studies
have demonstrated that ORAIL is the principal CRAC channel in platelet SOC Entry
(Braun et al 2009; Varga-Szabo 2008)
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The importance of SOC Entry in platelet activation and aggregation processes is the
main reason why mutations in STIM1 and ORAIL lead to bleeding diathesis (Minzer
and Borst, 2022).

b. CRAC channelopathies

Due to the importance of SOC entry in all processes described above, mutations in
Stim1 and ORAI1 genes consequently head to pathophysiological phenotypes, leading
to several human disorders. Table 2 recapitulates diseases associated with SOC Entry
impairment. Both loss-of-function and gain-of-function mutations in SOC Entry
members give rise to a wide range of rare-genetic disorders (Bohm and Laporte, 2018;
Feske, 2010; Lacruz and Feske, 2015; Silvio-Rojas et al. 2020).

The best-known disorder caused by loss-of-function mutations is Severe Combined
Immunodeficiency (SCID) despite the lack of ORAIL is not the most common aetiology
(la Marca et al. 2013; Sauer et al. 2017; Vaeth et al. 2021). The families identified with
this inherited immunodeficiency bear a missense mutation in ORAIL in the highly
conserved arginine (R91W) in the TM1 of the ORAI1 subunit and this leads to the lack
of the CRAC current (Icrac; Feske et al. 2006). Other loss-of-function mutations have
been related to SCID. In particular, (i) missense mutations in the TM1 (A103E) and
TM3 (L149P) of ORAIL (McCarl et al. 2009); (ii) an insertion in ORAIL (A88SfsX25)
resulting in a premature stop codon at TM1; and (iii) insertion mutation in STIM1
(E128RfsX9) resulting in a premature stop codon (Lacruz and Feske, 2015). Several
loss of function mutations of STIM1 or ORAI1 has also been directly associated with

other diseases as:

Q) autoimmune hemolytic anemia (AIHA), where the selection of mature
auto-reactive T cells and B cells is altered; (Feske, 2020; Lacruz and
Feske, 2015; Lian et al. 2018).

(i) anhidrotic ectodermal dysplasia (EDA), in which case T-cell cytokine
production is affected; (Eckstein and Lacruz, 2018; Feske, 2020; Lacruz
and Feske, 2015; Lian et al. 2018).
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(iii) hypocalcified amelogenesis imperfect, where ameloblasts maturation is
seriously compromised (Eckstein and Lacruz, 2018; Feske, 2020; Lacruz
and Feske, 2015; Lian et al. 2018).

Gain-of-function mutations of STIM1 or ORAI1 lead to an increased or constitutively
active influx of calcium that primarily affects skeletal muscle and platelets. Both STIM1
and ORAIL gain-of-function mutations are directly linked to the three separate, but
overlapping, disorders: Tubular Aggregate Myopathy (TAM), Stormorken syndrome,
and York Platelet Syndrome (YPS; Feske, 2010; Lacruz and Feske, 2015). Given their
rarity compared to other myopathies, the disorders have not been tackled systematically
in the clinic, and disease registries are not currently available nor is the exact prevalence
known. Unfortunately, the lack of a fast and solid platform or method of diagnosis of
rare diseases incentivizes this drastic situation. The diseases will be deeply explained in
the next chapter (1.b.i.).

Concurrently, some disorders are not directly associated with genetic mutations of SOC
Entry players but are characterized by an overload of intracellular calcium orchestrated
by this mechanism (Gukovskaya et al. 2016; Lee et al. 2019; Lur et al. 2011; Prakriya
and Lewis, 2015; Parekh and Putney, 2005; Zhen-Dong et al. 2018). In acute
pancreatitis case, exacerbated SOC Entry activity evokes an uncontrolled release of
digestive enzymes in pancreatic acinar cells (Gerasimenko et al. 2014; Gerasimenko et
al. 2018) leading to necrosis that can even injure extra-pancreatic organs (Lee et al.
2019). Interestingly, it has been demonstrated that one of the principal originators of
acute pancreatitis, metabolic alcohol products, triggers the opening of IPsR, provoking

the emptying of stored calcium and consequently SOC Entry (Lur et al. 2011).

Apart from this, a role for SOC Entry has been also postulated in psoriasis, since some
studies have reported the implication of calcium signalling in neutrophil chemotaxis and
the release of pro-inflammatory cytokines (Steinckwich et al. 2015). Besides,
hyperactivity of SOC Entry has been associated with cell migration, proliferation,
metastasis, and angiogenesis in cancer (Hammad et al. 2021; Jardin and Rosado, 2016;

Shapovalov et al. 2021; Smani et al. 2015). Concretely, SOC Entry has been proposed
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as the mechanism of apoptosis resistance, except in prostate cancer cells, lymphoma and
myeloma, and fibrosarcoma (Hammad et al. 2021; Dubois et al. 2014; Jardin and
Rosado, 2016). Last, hyperactivity of STIML1 in platelets in diabetes mellitus type 2,
increasing prone to thrombosis (Xia et al. 2015), has been shown. Evidence of SOC
Entry dysfunction in myotubes of both Duchenne Muscular Dystrophy (DMD) patients
and the mdx mice have also been found (Harisseh et al. 2013; Goonaseka et al. 2014;
Millay et al. 2009).
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Table 2. Diseases associated with SOC Entry impairment.

Disease Aetiology Reference
A88SfsX25
RI1W Feske et al. 2006;
Severe Combined ORAIL LoF
- _ Al103E Lacruz and Feske, 2015;
Immunodeficiency (SCID) mutations
L149P McCarl et al. 2009
E128RfsX9
Autoimmune hemolytic P165Q
anemia (AIHA) and/or STIM1 LoF R426C
» ) . Lacruz and Feske, 2015
Hypocalcified amelogenesis mutation R429C
imperfecta E128RfsX9
A88SfsX25
RI1W
Anhidrotic ectodermal
GI98R
dysplasia (EDA) ORAI1 LoF Lacruz and Feske, 2015;
with/without hypocalcified mutation ALO3E Lian et al. 2018
amelogenesis imperfecta H165PfsX1
V181SfsX8
L194P

Tubular Aggregate
Myopathy (TAM)

Stormorken Syndrome

York Platelet Syndrome
(YPS)

Acute pancreatitis
Psoriasis
Cancer disease
Diabetes mellitus type 2
Duchenne Muscular
Dystrophy (DMD)

GoF mutation ORAI1 and STIM1
(Chapter 1.b.i.).

GoF mutation ORAI1 and STIM1
(Chapter 1.b.i.).

GoF mutation ORAI1 and STIM1
(Chapter 1.b.i.)
Hyperactivity of SOC Entry
Hyperactivity of SOC Entry
Hyperactivity of SOC Entry
Hyperactivity of SOC Entry

Hyperactivity of SOC Entry

LoF: Loss of function. GoF: gain of function
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Hammad et al. 2021
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Goonaseka et al. 2014
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i.  Tubular Aggregate Myopathy, Stormorken syndrome, and York Platelet

Syndrome

Tubular Aggregate Myopathy (TAM) is characterized by variable combinations of
myalgias, cramps, and muscle stiffness, with or without muscle weakness (Bohm et al,
2014; Nesin et al, 2014) and the characteristic presence of tubular aggregates
(Schiaffino, 2012). Tubular aggregates appear in skeletal muscle, specifically in type Il
fibers and especially in rat male muscles kept in hypoxic medium (Schiaffino, 2012).
These aggregates are inclusions of regular arrays of tubules originally from the
sarcoplasmic reticulum (SR) that were firstly described in 1970 (Engel, 1970). Several
SR proteins have been found in tubular aggregates, such as calsequestrin, SERCA, or
RYR. Tubular aggregates are usually identified by electron microscopy, but
histochemistry staining as Gomori trichrome or NADH tetrazolium reductase dye them
(Jain et al. 2008).

Only Stormorken Syndrome and York Platelet Syndrome are characterized by bleeding
diathesis and thrombocytopenia besides myopathy (Feske, 2010; Lacruz and Feske,
2015).

Stormorken syndrome (Stormorken et al, 1995) is variably characterized by myopathic
signs, including tubular aggregate myopathy and proximal muscle weakness, mild
bleeding tendency due to platelet premature activation, thrombocytopenia, anemia,
asplenia, congenital miosis, ichthyosis, headache, and recurrent stroke-like episodes
(Nesin et al, 2014; Misceo et al, 2014, Morin et al. 2014). Human platelets of
Stormorken patients are less responsive to stimulation and present a higher PS exposure
than healthy donors, lighting that the platelets are in a constitutively activated state. This
condition evokes a decrease in the lifespan of platelets and causes thrombocytopenia
and bleeding diathesis (Misceo et al. 2014).

Last, York Platelet Syndrome (YPS) shows blood dyscrasias as the main phenotype,
thrombocytopenia, altered morphology, delta granule deficiency in platelets, and
myopathy (Markello et al. 2015).

Introduction



Patients with autosomal dominant mutations of STIM1, as R304W, have been
diagnosed as both Stormorken and YPS. Concretely, this is a missense mutation in the
exon 7 of STIM1 gene replace the arginine at 304 with a tryptophan (R304W) located
in the coiled-coil region, responsible for the interaction with ORAI1. Other mutations
in STIM1 have been related to TAM, as H72Q, D84G, or HL09N/R (Bohm et al. 2014).
Figure 7 comprises all mutations reported in literature associated with this cluster of
rare genetic diseases (Bohm et al. 2014; Bohm et al. 2017; Claeys et al. 2020; Conte et
al. 2021; Garibaldi et al. 2017; Endo et al. 2015; Harris et al. 2017; Morin et al. 2020;
Noury et al. 2017; Okuma et al. 2016; Walter et al. 2015). At the same time, mutation
p.1115F has been associated with both TAM and YPS (Lacruz and Feske, 2015).
Indeed, some authors defend that all these three disorders are the spectra of the same
disease since all of them have the presence of myopathy and tubular aggregates (Bohm
and Laporte, 2018a; Markello et al. 2015; Morin et al. 2020; Silvio-Rojas et al. 2019;
Hedberg et al. 2014; Misceo et al. 2014). Concretely, Peche et al. have recently
demonstrated that TAM and Stormorken syndrome share the pathomechanism, where a
constitutive clustering of STIM1 and consequent recruitment of ORAIL occurs. Instead,
differences in patients” symptomatology are explained by a divergent inactivation

capacity according to the location of the mutation (Peche et al. 2020).
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c. Contemporary mouse models

Up to now, three mouse models bearing gain-of-function mutations of STIM1 have been
reported. The first model bears a spontaneous mutation of STIM1 (STIM1%*; D84G)
located in the intraluminal EF-hand domain. STIM1%* model displayed a reduced
lifespan and is characterized by severe thrombocytopenia, but no muscular phenotype
was reported (Grosse et al. 2007). Recently, two groups described mice bearing the
R304W mutation, which leads to Stormorken syndrome (Gamage et al. 2018; Silva-
Rojas et al. 2018). Both groups found strong thrombocytopenia and myopathic-like
phenotype but the absence of tubular aggregates, the principal hallmark of TAM,
Stormorken syndrome, and YPS.

Since each disease is an ultra-rare disease, the frequency of each mutation is extremely
low. No mouse model has been designed bearing a luminal STIM1 mutation associated
with the clinical diagnosis of any of the diseases. Therefore, we believe that a mouse
model bearing 1115F mutation is extremely needed, to guarantee the effectiveness of
putative treatment in patients bearing luminal STIM1 mutations. We esteem that models
mimicking both luminal and cytosolic mutations are complementary, and that decidedly
increase the likelihood of success of the development of effective treatments for these

patients uncared of therapeutic options.
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d. Current Store-Operated Calcium Entry Inhibitors

Hitherto, many allosteric modulators of SOC Entry, recapitulated in Table 3, have been

identified and clinically developed for a wide variety of diseases.

The first of the compounds that demonstrated an effect in vitro in acute pancreatitis is
GSK-7975A. This compound has been identified as a concentration-dependent CRAC
channel inhibitor (Gerasimenko et al. 2013), ceasing the necrotic cell death pathway in

human and mouse pancreatic acinar cells.

Afterward, a second SOC Entry inhibitor, CM4620, was demonstrated to prevent acute
pancreatitis in three different murine models (Wen et al. 2015; Waldron et al. 2019). At
present, CM4620 has already completed the preclinical phase and Phase Il trial for acute
pancreatitis (NCT03401190). Indeed, CM4620 has initiated an ongoing Phase I/11 trial
for asparaginase-associated acute pancreatitis, a rare condition of the disease triggered
by asparaginase treatment (NCT04195347). Noteworthy, CM4620 recently initiated
Phase Il for severe COVID-19 pneumonia (NCT04345614). The recent worldwide
pandemic virus, SARS-CoV2, causes severe pulmonary injury by increasing pro-
inflammatory cytokine signals in the lungs. Due to its already demonstrated effects in
acute inflammation, CM4620 appears to be also able to reduce pulmonary inflammation
(Miller et al. 2020).

Furthermore, two approved drugs have shown SOC Entry inhibition activity at
therapeutic doses (Rahman et al. 2017): Teriflunomide, a dihydroorotate dehydrogenase
(DHODH) inhibitor (Davis et al. 1996), and leflunomide its pro-drug (Breedveld and
Dayer, 2000; Schattenkirchner et al. 2000). Both drugs have been approved for

rheumatoid arthritis and multiple sclerosis, respectively.

L-651582 has been the first SOC Entry inhibitor to enter clinical trials for cancer. While
its development was initially discontinued due to lack of promising efficacy in tumors,

it is now gaining novel impulse in glioblastoma (NCT01107522; Omuro A. et al, 2018).

Besides, other two SOC Entry modulators whose structure has not been disclosed,
PRCL-02 and RP3128, have been clinically studied. PRCL-02 has initiated a Phase Il
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trial for psoriasis (NCT03614078) while RP3128 has been demonstrated to be well
tolerated with no limiting toxicities for autoimmune disorders (NCT02958982; Barde

et al. 2021).

Chemical structure
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Compound

GSK-7975A

CM4620

Teriflunomide

Leflunomide

L-651582

PRCL-02

RP3128

Pyr6

Synta66

Targeted
disease

Acute
pancreatitis

Acute
pancreatitis
Asparaginase-
associated
acute
pancreatitis
Severe
COVID-19
pneumonia

Glioblastoma

Psoriasis

Mild
Asthmatics
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In vitro
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Phase I/lla
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Gerasimenko et
al. 2013

NCT03401190

NCT04195347

NCT04345614

Rahman et al.
2017

Rahman et al.
2017

NCT01107522

NCT03614078

NCT02958982

Riva et al. 2018

Di Sabatino et al.
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Recently, our group has characterized a chemical library of modulators of SOC Entry
derivate of Pyr6, a well-known SOC Entry probe (Riva et al. 2018). Compound CIC-
37 (39) has been proposed as a promising drug candidate, able to ameliorate acute
cerulein-induced pancreatitis. CIC-37 showed a short half-life (1.3 h) and high volume
of distribution (32 L/kg), without any sign of toxicity.

This pharmacokinetic profile is not generally suitable for drugs, pushing us to synthesize
and develop further inhibitors. Consequently, another class of compounds has been
created based on another chemical probe, Synta66, a known inhibitor of CRAC channel
with an 1Cso of 1.4-3.0 uM (Di Sabatino et al. 2009; Ng et al. 2008; W02005009954;
W02005009539). the precise mechanism of action of Synta66 is unclear, but (i) it has
been demonstrated that it does not interfere with STIM1 clustering (Li et al. 2011); and
(ii) ORAIL has been proposed as a putative target (Ng et al. 2008), strengthened by in
silico data (Waldherr et al. 2020). Furthermore, Synta66 has been demonstrated
selective over other ion channels or receptors, including Ca?* ATPase pump, voltage-
gated Ca?*, Na* channels, and TRPC1/5 channels (Di Sabatino et al. 2009; Ng et al.
2008; Li et al. 2011). All this data made us, in collaboration with Prof. Pirali’s group,

bet on Synta66 as a reliable starting point to synthesize new SOC Entry modulators.

Introduction 21



22

Introduction



2.- Outline of the Thesis

My thesis project is focused on the characterization of a novel mouse model for Tubular
Aggregate Myopathy (TAM). Up to now, there is no mouse model bearing a mutation
in the intraluminal domains of STIM1 clinically associated with TAM. This project
intends to fulfil this gap: the lack of a valid platform for testing future putative
treatments that guarantee efficacy in patients with intraluminal mutations in STIM1.
Consequently, Prof. Genazzani and Dr. Riva designed the mouse model (KI-
STIM1"%F) bearing the p.I1115F mutation in STIM1, diagnosed both TAM and York
Platelet Syndrome (YPS).

The principal aims of my thesis are:

- To validate the KI-STIM1"*F mouse model for TAM by demonstrating the
myopathy picture.

- To study whether the KI-STIM1"**F mouse model present also YPS-like disease or
not and to identify aetiology of thrombocytopenia, if exists.

- To find a hit compound from a chemical library of putative modulators of SOC
Entry for treating KI-STIM1"*5F mice.

Taking the aims of my thesis into account, to characterize the mouse model for
TAM/YPS and the screening of compounds, my thesis will be divided into two parts.
The first part of my thesis is focused on demonstrating the presence of myopathy and
bleeding dyscrasia in KI-STIM1"**F mice. The second part of my thesis is dedicated

to the characterization of a chemical library of putative modulators of SOC Entry.

Since most of the results obtained have been published, each part of the thesis will
have a chapter for each published or submitted article/s. | am the first or co-first author

of the three articles composing this thesis.

This project has been possible thanks to our collaborators, the groups of Prof. Pirali,
Prof. Bertoni, Prof. Filigheddu (University of Piemonte Orientale), and Dr. Sanghalini
(Instituto di Tumori di Milano). The project has been supported by Telethon foundation
funding to Armando Genazzani (GGP19110).
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3. PART I:

Characterization of the KI-
STIM1'115F mouse model

a. Validation of KI-STIM1"*F mouse
model for Tubular Aggregate Myopathy
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i.  Synopsis
Aim
The aim of this article is (i) to characterize the KI-STIM1**F mouse model which was

generated in the lab and (ii) to bridge its phenotype to that of patients bearing the same
mutation (STIM1 p.I1115F).

The main findings of the manuscript are that:

Q) Heterozygous are fertile and viable, while no live homozygous mouse was
found;

(ii) KI-STIM1"15F mice are smaller in size;

(iii)  SOC Entry was enhanced in KI-STIM1'15F myotubes;

(iv)  KI-STIM1"F muscle were underweight and presented fiber frequency
alteration, necrosis, and regeneration evidence;

(V) Morphological aggregation similar to tubular aggregates was observed in KI-
STIM1"%5F muscles;

(vi)  KI-STIM1"%F mice presented muscle functional deficits and bleeding
diathesis. This is in accord with the clinic diagnosis since p.I115F has been
associated with both Tubular Aggregate Myopathy and York Platelet Syndrome
(Lacruz and Feske 2015; Morin et al. 2020).

Key take-home message

KI1-STIM1'5F mouse model displays both myopathy and bleeding diathesis.

Personal Contribution

In the present contribution, 1 managed the colony and designed and performed all
experiments except those contained in figure 4, under the supervision of Prof. Filigheddu
and Prof. Genazzani. KI-STIM1''5F founders in a C57BI/6N background were
commissioned to PolyGene transgenics (CH, https://www.polygene.ch/) and the
conceptualization of the mouse occurred before my arrival in the lab by Dr. Riva and Prof.

Genazzani.
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A luminal EF-hand mutation in STIM1 in mice causes the clinical
hallmarks of tubular aggregate myopathy

Celia Cordero-Sanchez'*, Beatrice Riva'*, Simone Reano?*, Nausicaa Clemente?, lvan Zaggia?,
Federico A. Ruffinatti’, Alberto Potenzieri'*, Tracey Pirali!, Salvatore Raffa3, Sabina Sangaletti*,
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ABSTRACT

STIM and ORAI proteins play a fundamental role in calcium signaling,
allowing for calcium influx through the plasma membrane upon
depletion of intracellular stores, in a process known as store-operated
Ca?* entry. Point mutations that lead to gain-of-function activity of either
STIM1 or ORAI1 are responsible for a cluster of ultra-rare syndromes
characterized by motor disturbances and platelet dysfunction. The
prevalence of these disorders is at present unknown. In this study, we
describe the generation and characterization of a knock-in mouse
model (KI-STIM1'"15F) that bears a clinically relevant mutation located
in one of the two calcium-sensing EF-hand motifs of STIM1. The mouse
colony is viable and fertile. Myotubes from these mice show an
increased store-operated Ca?* entry, as predicted. This most likely
causes the dystrophic muscle phenotype observed, which worsens
with age. Such histological features are not accompanied by a
significant increase in creatine kinase. However, animals have
significantly worse performance in rotarod and treadmill tests,
showing increased susceptibility to fatigue, in analogy to the human
disease. The mice also show increased bleeding time and
thrombocytopenia, as well as an unexpected defect in the myeloid
lineage and in natural killer cells. The present model, together with
recently described models bearing the R304W mutation (located on the
coiled-coil domain in the cytosolic side of STIM1), represents an ideal
platform to characterize the disorder and test therapeutic strategies for
patients with STIM1 mutations, currently without therapeutic solutions.

This article has an associated First Person interview with Celia
Cordero-Sanchez, co-first author of the paper.
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INTRODUCTION

High concentrations of calcium ions are present in intracellular
organelles [in particular in the endoplasmic reticulum (ER)/
sarcoplasmic reticulum (SR)], and the opening of Ca>* channels
located on these membranes (e.g. ryanodine receptors, inositol
1,4,5-trisphosphate receptors) allows this ion to flux out of the
deposit and elicit cellular signals. A crosstalk mechanism between
the ER and the plasma membrane exists that allows for the refilling
of the depleted organelles (Putney, 2011). This crosstalk is known
as store-operated Ca®* entry (SOCE). The principal components of
SOCE are a Ca>* sensor on the ER membrane (STIM protein) and a
plasma membrane Ca?* channel (ORAI protein) (Lacruz and Feske,
2015; Berna-Erro et al., 2012). STIM proteins are single-span
membrane proteins, highly conserved across species. Two members
of the family have been described, STIM1 and STIM2, of which the
former appears more expressed. ORAI channels reside on the
plasma membrane, and three members of the family (ORAII,
ORAI2 and ORAI3) have been described, with ORAII1 being the
most abundant. Importantly, other crucial proteins participate in the
SOCE process, including transient receptor potential canonical
(TRPC) channels (Ong and Ambudkar, 2015).

Genetic defects of STIM and ORAI proteins have been described
that give rise to loss-of-function and gain-of-function genetic
disorders (Lacruz and Feske, 2015; Bohm and Laporte, 2018;
Feske, 2010). Gain-of-function disorders primarily affect skeletal
muscles and platelets, although other organs also seem to be
affected. Given the rarity of the disorders, compared to other
myopathies, their prevalence is currently unknown; they have not
been tackled systematically in the clinic, and disease registries are
not available at present. Both STIM1 and ORAIIl mutations are
linked to three separate, but overlapping, disorders: tubular
aggregate myopathy (TAM), Stormorken syndrome and York
platelet syndrome. TAM is characterized by variable combinations
of myalgias, cramps and muscle stiffness, with or without weakness
with a predominantly proximal distribution (Béhm et al., 2014), and
by the presence of tubular aggregates, which are regular arrays of
tubules derived from the SR (Schiaffino, 2012). Stormorken
syndrome (Stormorken et al., 1995) is variably characterized by
myopathic signs, mild bleeding tendency due to platelet
dysfunction, thrombocytopenia, anemia, asplenia, congenital
miosis, ichthyosis, headache and recurrent stroke-like episodes
(Nesin et al., 2014; Misceo et al., 2014; Noury et al., 2017). In York
platelet syndrome, blood dyscrasias is the main phenotype
(Markello et al., 2015). Fig. 1A illustrates the mutations reported
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Fig. 1. See next page for legend.

so far. Briefly, mutations of STIM1 mostly reside in the EF-hand
Ca”"-binding motifs, most likely modifying the affinity for Ca®"
ions of the protein, with few exceptions located on the cytosolic
coiled-coil domains. The R304W mutation has recently been
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shown to affect the dimerization and resting state of STIMI1
(Fahrner et al., 2018). A second substitution at the same position
(R304Q; Harris et al., 2015) and a deletion on the third coiled-coil
domain have also been reported (I484R fs*21; Okuma et al., 2016).
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Fig. 1. Characterization of KI-STIM1'"15F mice multi-systemic phenotype.
(A) Known point mutations leading to gain-of-function phenotypes in humans.
ER, endoplasmic reticulum; PM, plasma membrane. (B) Kaplan—Meier for
survival of WT and KI-I115F. Numbers below the graph indicate numbers at
risk, i.e. the number of true observations made to estimate survival. (C) Body
weight at 1 (WT n=6, KI-1115F n=5), 3 (WT n=6, KI-I115F n=6), 6 (WT n=4,
KI-1115F n=4) and 12 (WT n=8, KI-I1115F n=8) months, shown as ratio to
anal-nose length (ANL) on the left axis and net body weight on the right axis.
Scatter plots and histograms show the meansts.e.m. of the indicated number
of mice. Unpaired Student’s t-test with Welch'’s correction. *P<0.0386,
**P=0.0068, ****P<10~* versus WT. (D) Body length at 1 (WT n=6, KI-1115F
n=5), 3 (WT n=6, KI-1115F n=6), 6 (WT n=4, KI-I115F n=4) and 12 (WT n=8,
KI-1115F n=8) months, shown as ratio to tibial length on the left axis and net
body length on the right axis. Scatter plots and histograms show the means
+s.e.m. of the indicated number of mice. Unpaired Student’s t-test with Welch’s
correction. (E) Heart weight at 1 (WT n=6, KI-I115F n=5), 3 (WT n=6, KI-I115F
n=6), 6 (WT n=4, KI-1115F n=4) and 12 (WT n=8, KI-1115F n=8) months, shown
as ratio to body weight on the left axis and net weight on the right axis. Graph
shows median and IQR of heart weight/body weight, or heart net weight.
Mann—Whitney U-test. **P=0.003 versus WT. (F) Spleen weight at 1 (WT n=6,
KI-1115F n=5), 3 (WT n=6, KI-I115F n=6), 6 (WT n=4, KI-1115F n=4) and 12
(WT n=8, KI-1115F n=8) months, shown as ratio to body weight on the left axis
and net weight on the right axis. Graph shows median and IQR of spleen
weight/body weight, or spleen net weight. Mann—Whitney U-test. *P<0.026,
**P=0.0037 versus WT.

The mutations of ORAII are located in the transmembrane domains
in positions that might lead to the assumption that the resultant
amino acids participate in the channel lining.

There are three reported mouse models bearing gain-of-function
mutations of STIMI. The first model originated from a mutation
of STIMI (STIMI15%; D84G), generated via random chemical
mutagenesis, located in the intraluminal EF-hand domain.
STIM15# is characterized by severe thrombocytopenia, but no
muscular phenotype was reported (Grosse et al., 2007). Recently,
two groups have described mice bearing the R304W mutation,
which leads to Stormorken syndrome (Silva-Rojas et al., 2018;
Gamage et al., 2018). Both groups found bleeding disorders and a
muscular phenotype. Surprisingly, no models exist that investigate
and reproduce clinically relevant mutations located on the luminal
side of STIMI.

In this study, we have generated and characterized a knock-in
animal bearing a mutation in one of the two EF-hand motifs.
Heterozygous mice bearing the 1115F mutation display important
histological and functional muscle dysfunctions associated with
thrombocytopenia, and unexpected hematological defects related to
the myeloid lineage and natural killer (NK) cells.

RESULTS

Development of the KI-STIM1'115F mouse colony

The knock-in (KI) STIMI"'*F mouse model was generated by
homologous recombination by PolyGene Transgenetics. Details are
provided in the Materials and Methods section.

Both male and female mice are fertile. Given that the disorder is a
dominant gain-of-function, it was decided to routinely breed wild-
type (WT) and heterozygous (KI-STIM1'"''°F) mice. The genotype
ratio of born pups was 120:118 and did not significantly deviate
from the expected Mendelian ratio of 1:1. Average litter size was
7.2+0.5 (n=36 litters). Anecdotally, two matings were attempted
between heterozygous animals. One of the matings did not result in
a litter, while the other resulted in two pups (one WT and one
heterozygous). Given that characterization of homozygosity was not
an aim, we did not analyze whether this was a result of embryonic
lethality, and we did not breed between heterozygous animals
further.

The Kaplan—Meier of survival shows that there are no signs of
early mortality, and KI-STIM1"''>F mice survive over 1 year, like
WT animals (Fig. 1B). Animals were not bred for longer, and
therefore data are not sufficient to define the median survival of
animals and whether the mutation leads to a decreased lifespan.
With age, KI-STIM1"''5F mice may display an arched back that
worsens with age, may limp and show tremors, and manifest an
instantaneous post-mortem rigidity.

On visual inspection, KI-STIM1'''5F mice are smaller than WT
mice, and this rendered blinding difficult for behavioral tests. The
size difference (Fig. 1C) could be better appreciated when mice were
weighed, and a significant difference between KI-STIM1'"!5F and
WT could be observed at all time points evaluated (1, 3, 6,
12 months), when net weight or body weight adjusted for length
(anus-nose) were considered (Fig. 1D). Animal length was not
significantly different between KI-STIM1'"'F and WT mice, also
when normalized for tibial length.

At necropsy, the weights of the heart and spleen from KI-
STIM1"5F animals were determined and were not statistically
different from those of WT (Fig. 1E,F). However, when body
weight was taken into account, a statistically significant increase in
heart size was evident at 12 months, while an increased spleen/body
weight ratio was already observable at 3 months.

We also proceeded to analyze whether males (50 WT and 58 KI-
STIM1"15F) and females (71 WT and 59 KI-STIM1'''5F) differed.
We did not find any significant differences between the sexes
regarding survival at 1 year, body weight, animal length, heart size
and spleen size (Figs S1 and S2), thereby suggesting that there is not
a sex difference in penetrance of the disease.

Myotubes from the KI-STIM1'115F mouse colony retain
increased SOCE

We next examined whether myotubes from KI-STIM1''5F mice
retained the fundamental cellular characteristic of increased Ca®*
entry upon store depletion (SOCE). Myotubes were generated from
four animals in each condition. We also analyzed whether SOCE in
WT myotubes was modified during the lifespan of these animals. To
do this, we employed a classical protocol for Ca" entry, in which
stores are depleted with 2,5-t-butylhydroquinone (tBHQ) in a Ca*-
free buffer, and, after 10 min, cells are perfused in a Ca®*-containing
solution (2 mM).

As can be observed in Fig. 2, myotubes from KI-STIM1''!F
display a significantly augmented SOCE compared to WT at
1 month. The increased SOCE was retained throughout all time
points examined (1, 3, 6, and 12 months). Interestingly, SOCE
from WT myotubes appeared to be higher in younger animals
(1 month) and decreased at the subsequent time points. It is also
interesting to note that, in myotubes from mice at 6 and 12 months,
there was a reduced sustained entry compared to the earlier
time points.

We next analyzed the Ca®" entry pattern and found that slope,
peak Ca®* entry and area under the curve differed between KI-
STIMI'"'5F and WT mice, except at 1 month, when the slope
appeared similar (Fig. 2; Fig. S3). We also investigated whether we
could observe any spontaneous oscillations in intracellular Ca>*, or
whether there were changes in basal Ca®* between WT and KI-
STIM1""5F mice. No difference in basal Ca®>" between the two
groups was observed when considering the same age group.
Furthermore, analysis for 20 min of ~50 cells per time point did not
yield any oscillations, in any of the two strains.

We evaluated whether Ca?" entry genes (Tipcl, Trpc2, Trpc3,
Trpc4, Trpe5, Orail, Orai2, Orai3, Stim1 and Stim2) were modified
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Fig. 2. SOCE alterations in myotubes. Evaluation of SOCE by calcium imaging in myotubes from WT and KI-1115F at (A) 1, (B) 3, (C) 6 and (D) 12 months
of age. Traces are the average of at least 180 myotubes from 6-well plates on two different experimental days. At all time points, myotubes from four

animals (two males, two females) for each condition were used.

in their expression between the two groups at 1, 3, 6, and 12 months
(Fig. S4). No major differences were observed by quantitative real-
time PCR (qRT-PCR). Indeed, we did not observe a compensatory
decrease in Stiml mRNA expression. Although we did observe
some minor, albeit statistically significant, differences at different
time points, these were not consistent and are most likely a result of
bias for multiple testings.

Muscles in KI-STIM1'""5F mice present significant
histological and functional alterations

We then analyzed muscle weight in animals of different ages. As
shown in Fig. 3A, the gastrocnemius and quadriceps muscles in KI-
STIM1''"5F animals weigh significantly less compared to in WT
animals at 3 months (no change was observed at 1 month; data not
shown), and all muscles evaluated, except for the soleus, weigh less
in KI-STIM1'"''5F than in WT animals at 12 months. Similar trends
were observed when a subanalysis was performed between male and
female animals (Fig. S5). The paradoxical finding of the increased
weight of the soleus at 6 and 12 months parallels the report on
R304W mice by Silva-Rojas et al. (2018). Cross-sectional area

(CSA) analysis of the tibialis anterior (TA) fibers shows a higher
frequency of smaller areas in KI-STIM1'''3F animals compared to
WT, and this worsens with age (Fig. 3B). A similar trend was
observed in the quadriceps and extensor digitorum longus, but not
in the soleus (Fig. 3C), in accord with the data obtained from muscle
weight analyses (Fig. 3A).

Histological sections of the quadriceps and upper biceps were
obtained to evaluate muscle morphology. Hematoxylin-Eosin,
Masson Trichrome and Gomori Trichrome stainings were
performed (Fig. 4A,B). A myopathic process was evident from
1 month and worsened with age. It was characterized by marked
fiber size variability, necrosis and regeneration with newly formed
myofibers with central nuclei, and increased connective tissue.
Interestingly, in the quadriceps and upper biceps of 6-month-old
animals, endomysial inflammatory infiltrates as well as cytoplasmic
fuscinophilic areas in Gomori Trichrome staining were observed
(Fig. 4B). In electron microscopy of 6-month-old animals
(quadriceps and upper biceps), enlarged mitochondria with
abnormal morphology were observed (for example, hypertrophic
with loss of the mitochondrial crest; Fig. 4C, left column), which at
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Fig. 3. Reduced muscle growth and damage in KI-STIM1'"5F mice. (A) Muscle weight in WT and KI-1115F mice at 3 (WT n=6, KI-I1115F n=6), 6 (WT n=4,
KI-1115F n=4) and 12 (WT n=8, KI-1115F n=8) months. (Gastro, gastrocnemius; TA, tibialis anterior; Quad, quadriceps; EDL, extensor digitorum longus).
Histograms show median and IQR of muscle weight. Mann—Whitney U-test. *P<0.0303, **P<0.0022, ***P<0.0003 versus WT. (B) Cross-sectional area (CSA)
frequency distribution of fibers in TA at 3 (WT n=6, KI-1115F n=6), 6 (WT n=4, KI-I115F n=4) and 12 (WT n=6, KI-1115F n=6) months. (C) CSA frequency
distribution of fibers in quadriceps (Quad, top; WT n=4, KI-1115F n=3), extensor digitorum longus (EDL, middle; WT n=3, KI-1115F n=4) and soleus (bottom; WT

n=3, KI-I115F n=3) at 6 months.

times formed circular structures (Fig. 4C, top left). Some
mitochondria were located in a subplasmallemal position
(Fig. 4C, middle and bottom left), which might explain some
features observed in Gomori staining (e.g. Fig. 4B, bottom row).
Inside the circular structures formed by mitochondria, no
sarcomeric structures were observed, although pseudo-aggregate
structures were at times visible (Fig. 4C, middle and bottom right),

and they resembled, in part, the characteristics of the human
disorders, but were disorganized and chaotic. However, no true
tubular aggregates were observed at either 6 or 12 months, and these
pseudo-aggregates were not observable in 12-month-old animals.
These features were accompanied by a partial disorganization of
myofibrils (Fig. 4D). Subsequently, we proceeded to analyze
myosin in fibers. The frequency distribution of type Ila fibers
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Fig. 4. Muscle histology of KI-STIM1'""5F mice. (A) Representative images of Hematoxylin-Eosin (top row), Masson Trichrome (middle row) and Gomori
Trichrome (bottom row) staining of the quadriceps at 6 months of age. Green arrows indicate fibrotic tissue and inflammatory cell infiltration; yellow arrows indicate
necrotic fibers. (B) Representative images of Gomori Trichrome staining in the quadriceps (left column) and upper biceps (right column) from 6-month-old
KI-1115F mice that show cytoplasmic fuscinophilic areas (top and middle rows) and inflammatory infiltrates (bottom row). (C) Representative electron microscopic
images of the quadriceps of 6-month-old KI-1115F mice, showing pseudo-tubular aggregates (right column) and mitochondrial alterations (left column).

(D) Representative electron microscopic images of the quadriceps of 6-month-old KI-1115F mice, showing myofibrillar dysorganization. (E) Creatine kinase (CK)
plasma concentrations. Meants.e.m. at 3 (WT n=16, KI-1115F n=15), 6 (WT n=17, KI-1115F n=11) and 12 (WT n= 20, KI-I115F n=15) months. *P=0.011
versus WT.
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was increased in the quadriceps, whereas no differences were
observed in the extensor digitorum longus. In the soleus, both
type Tla and type I fibers were decreased in KI-STIMI1!!'!SF
compared to WT animals, but this was paralleled by a marked
increase in fibers that were negative for both type Ila and type I
myosin (Fig. S6).

Despite the marked histopathological alterations in muscle
tissue, only small differences in serological creatine kinase (CK)
levels were observed between KI-STIM1"'!'5F and WT during the
entire lifespan (Fig. 4E). A significant variability in CK levels
was observed, presumably due to the low levels detected. Similar
trends were observable in a subanalysis of male and female animals
(Fig. S7).

Finally, we analyzed the motor and strength performances of the
animals. KI-STIM1'''5F mice performed similarly to WT mice, both
in the grip strength and hanging test, although a reduced performance
was evident at around 2-3 months, which then recovered to levels
comparable to WT (Fig. 5A,B). In contrast, when animals were tested
on the rotarod or the treadmill, an underperformance of KI-
STIMI"'5F with respect to WT was already evident at 3 months
(the earliest age at which these tests can be performed reproducibly)
and was maintained up to 1 year (Fig. SC,D).
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Fig. 5. Characterization of muscular functionality of KI-STIM1'"'5F mice. (A) Grip strength performance at 1 (WT n=45, KI-1115F n=40), 2 (WT n=35,
KI-1115F n=27), 3 (WT n=39, KI-|115F n=34), 4 (WT n=34, KI-I1115F n=30), 5 (WT n=34, KI-|1115F n=25), 6 (WT n=19, KI-I1115F n=14) and 12 (WT n=13, KI-1115F
n=12) months. Graph shows the meanszts.e.m. of the falling score. Unpaired Student’s t-test with Welch’s correction. *P=0.02 versus WT. (B) Hanging test
performance at 1 (WT n=45, KI-[115F n=37), 2 (WT n=37, KI-I115F n=32), 3 (WT n=42, KI-1115F n=33), 4 (WT n=35, KI-1115F n=29), 5 (WT n=32, KI-1115F
n=26), 6 (WT n=17, KI-I115F n=14) and 12 (WT n=18, KI-I115F n=18) months. Graph shows the meanszs.e.m. of the score (see Materials and Methods).
Unpaired Student’s t-test with Welch’s correction. *P=0.0312, **P=0.0064 versus WT. (C) Rotarod test performance at 3 (WT n=11, KI-1115F n=17), 6 (WT n=13,
KI-1115F n=10) and 12 (WT n=13, KI-1115F n=13) months. The 3-month data were analyzed by one-sample Student’s t-test KI-I115F versus 300 s. All WT mice
achieved the endpoint of the experiment (300 s). Graph shows the meansts.e.m. of the latency to fall in WT and KI-1115F. Unpaired Student’s t-test with Welch’s
correction. **P=0.0034 KI-I115F versus 300 s. **P=0.0096, ****P<10~* versus WT. (D) Treadmill test performance at 3 (WT n=7, KI-I1115F n=9), 6 (WT n=15,
KI-1115F n=15) and 12 (WT n=16, KI-1115F n=8) months. Graph shows the meansts.e.m. of the time to exhaustion. Unpaired Student’s t-test with Welch’s

correction. *P=0.0116, **P=0.0041, ****P<10~* versus WT.

KI-STIM1'""5F mice display h tological defect:

We next proceeded to determine platelet count in animals at 3, 6 and
12 months. As shown in Fig. 6A, significant thrombocytopenia was
evident in KI-STIM 15 mice of all ages. This reduced number of
platelets was reconciled with an increased bleeding time, which was
evaluated via the tail test (Fig. 6B). Of the 19 KI-STIM1'''5F mice
tested, only two stopped bleeding within 10 min of the incision,
compared to 20 out of 23 in the WT animals.

To gain an insight into other hematological dyscrasias, we next
evaluated the frequency of circulating B and T lymphocytes in WT
or KI-STIM1'"'!5F mice at 6 months of age. As shown in Fig. 6C
(top row), we could not detect any difference in the frequency of T
cells (CD45"CD3"cells), B cells (CD457B220cells) and CD11b"
cells (CD45°Cd11b") between KI-STIM1'''3F and WT. We also
evaluated the myeloid populations, and found that KI-STIM1'!15F
mice displayed similar levels of total granulocytes
(CD457Cd11b"Ly6G™) compared to WT (Fig. 6C, bottom row).
In contrast, KI-STIM1"''F showed impairment of the monocyte
subsets. As shown in Fig. 6C (bottom row), the number of Ly6Chigh
monocytes (CD45"Cd11b*Ly6G~Ly6Chieh cells) was increased in
KI-STIM1'"'5F mice, with a marked reduction in the levels
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compared to WT. These data demonstrate that KI-STIM1''15F mice
have a normal T and B subset, but suggest an alteration in monocyte
differentiation. Furthermore, to investigate the impact of the
mutation on the immune system, we quantified regulatory T
(Treg) (CD4"FOXp3"CD25%) and NK (CD3~CDI11b~CD49b")
cells in the spleen of WT and KI-STIM1'''5¥ mice. As shown in

Fig. 6D, only the number of NK cells was significantly reduced
in KI-STIM1"''5F compared to WT animals, suggesting a putative
role of the STIMI p.I115F mutation in the differentiation/
maturation of NK cells (Abel et al., 2018). The gating strategies
of fluorescence-activated cell sorting (FACS) analyses are reported
in Fig. S8.
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DISCUSSION

TAM, Stormorken syndrome and York platelet syndrome represent
a cluster of ultra-rare genetic diseases that can be attributed to
overactivation of SOCE, a fundamental mechanism that allows
calcium replenishment after ER store emptying. These disorders are
driven by mutations in one of two key proteins involved in SOCE
(STIM and ORAI). These mutations lead to gain-of-function
proteins, and the clinical hallmarks are muscle weakness and
platelet dysfunction. The two hallmarks may have variable
penetrance in each individual, also according to the mutation.

In the present study, we generated a mouse colony bearing the
T115F (c.343A>T) constitutive knock-in point mutation (KI-
STIMI1''15F), on a C57B1/6 background. This mutation is located
in one of the two luminal EF-hand Ca?*-binding motifs, and has
been associated in the clinic with TAM and York platelet syndrome
(Lacruz and Feske, 2015). Although a mouse bearing a mutation in
the EF-hand motifs (STIM15%; D84G) has been described, the
muscle phenotype was either not present or was not investigated
(Grosse et al.,, 2007), as only a severe thrombocytopenia was
reported. Two independent groups have reported the generation and
characterization of mouse colonies that bear the R304W mutation,
which is characteristic of TAM and Stormorken syndrome (Silva-
Rojas et al., 2018; Gamage et al., 2018). The R304W mutation is
located on the cytosolic domains of STIM1, and therefore our model
is perfectly complementary to that described earlier.

KI-STIM1'''5F mice are fertile, breed well in heterozygosity
and ~50% of newborns display the mutation. The Mendelian ratio
obtained when heterozygous animals were mated with WT was 1:1,
which was as expected. This is partly in contrast to results reported
by Silva-Rojas et al. (2018) for STIM1R3%4W ag fewer than expected
heterozygous pups were observed.

KI-STIM1'''5F mice are lighter than WT mice, which might
reconcile with the decreased muscle weight that is observed.
Importantly, this manifestation can be observed at 1 month of age,
making it a good surrogate early endpoint to investigate drugs in the
future. Similarly, platelet dysfunction can also be observed early,
providing a further early read-out.

KI-STIM1'"5F mice showed a normal performance in the grip
strength and hanging tests. This somehow differs from the model
described by Silva-Rojas et al. (2018), in which STIM1%3%W mice
showed impaired performance at 9 weeks (the only time assessed).
We found, instead, a strong impairment in both the rotarod
and treadmill tests, which also contrasts with observations by
Silva-Rojas et al. (2018) (at 9 weeks) and Gamage et al. (2018) (at
5-6 months). Our model, therefore, appears to show functional
deficits in tests that evaluate motor coordination (rotarod test) and
speed activity (treadmill test), suggesting a prevalent impairment in
actions that require running or sprinting, a deficit also reported
in TAM patients (Walter et al., 2015). The negative performance of
KI-STIM1''"'5F mice in the rotarod test is unlikely to be attributable
to balance impairment, as this is not supported by the hanging test
(a functional test that also requires coordination), demonstrating
muscle involvement but not a cerebellar deficit.

In line with the Ca®" overload detected in myotubes from TAM
patients, in KI-STIM1'''5F myotubes, we observed a SOCE
overactivation that was maintained during the entire lifespan,
unlike what was observed in WT mice. However, in contrast to
previous data reported in TAM patient myotubes (Garibaldi et al.,
2016), we did not observe any increase in basal calcium levels or
spontaneous oscillations in KI-STIM1'''5"  myotubes. This
observation at present has no explanation, although preliminary

evidence reveals that platelets from KI-STIM1"''>F animals instead
show an increased basal Ca>" level (C.C.-S., unpublished).

Histopathological findings in KI-STIM1"'F mice revealed a
progressive muscle degeneration. Muscle tissue showed histological
features consistent with a myopathic process, similar to those
observed in the other mice models (Silva-Rojas et al., 2018;
Gamage et al., 2018). Given the different times at which muscles
were evaluated in the different models, comparison of the severity of
the myopathy is not possible. In our model, at 12 months, muscles
showed a severe myopathic process. When evaluating different
muscles at 6 months, we found mitochondrial alterations and the
presence of aggregates that, in part, may represent the counterpart of
the human hallmark, although they were not superimposable. It is
worth noting, therefore, that all three models lack true tubular
aggregates (Silva-Rojas et al., 2018; Gamage et al., 2018), although
the pseudo-aggregates observed in KI-STIM1"''5F mice will require
more investigation in the future. Interestingly, we detected in some
mice abundant endomysial inflammatory infiltrates, a pathological
feature that has been reported in a mouse model overexpressing
STIMI (Goonasekera et al., 2014). In KI-STIMI"'!5F  the
myopathic process was not paralleled by significant increases in
CK levels. Although an increasing trend was observed, the
variability, which might have been due to the technology used or
to true inter-individual variability, did not lead to consistent
statistical significance.

As reported in patients carrying the STIM1 p.I115F mutation, our
mouse model also displays a severe platelet dysfunction. At all time
points evaluated, we observed a marked reduction in platelet
number, which is likely to be linked to the increased bleeding time.
It has previously been reported in the STIMI1* mouse that
thrombocytopenia is associated with increased basal calcium in
platelets, resulting in a pre-activation state (Grosse et al., 2007).
Such a mechanism would be compatible with our findings; indeed,
in preliminary experiments, we confirmed this increase in basal
Ca?". Importantly, the two R304W models have contradictory
findings on platelets: whereas Silva-Rojas et al. (2018) found a
significantly decreased platelet number, Gamage et al. (2018) found
no differences in heterozygous animals and attributed this negative
finding to a compensatory reduction in STIM1 protein. The KI-
STIM1'"'!5F model did not display compensatory mechanisms, at
least at the mRNA level.

Considering the crucial role of SOCE in the immune system
(Feske etal., 2010) and the involvement of STIM and ORAI loss-of-
function mutations in severe immunodeficiencies (Lacruz and
Feske, 2015), we investigated the impact of the STIM"' '*F mutation
on circulating T lymphocytes, B lymphocytes, neutrophils and
monocytes. In contrast to observations by Silva-Rojas et al. (2018),
in STIMR3%4W we did not find impairment of T cells or a significant
increase in the levels of neutrophils, but found alterations in
monocyte subsets and in NK cells, which are worth exploring in
patients in the future.

To date, 12 point mutations have been reported on the
intraluminal EF-hand motifs and four mutations/deletions
described in the cytosolic coiled-coil domains of STIM1. Given
the extremely low frequency of these mutations, it is plausible that
only drugs that will be able to counteract most of these mutations
will find sufficient patients to treat in clinical trials and be approved.
In this respect, we believe the presence of complementary models
mimicking luminal and cytosolic mutations will increase the
likelihood of success for the development of effective drugs for
patients that are — at present — lacking therapeutic options.
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MATERIALS AND METHODS

KI-STIM1'115F mouse model generation and animal care

The care and husbandry of animals were in conformity with the institutional
guidelines, in compliance with national and international laws and policies.
Mice were housed in ventilated cages in 22+1°C monitored rooms with 12 h
light/dark cycles, had access to food and water ad libitum, and were weaned
at 23 days by sex. The procedures were approved by the local animal-health
and ethical committee (Universita del Piemonte Orientale) and authorized
by the national authority (Istituto Superiore di Sanita; authorization number
N. 194/2019-PR).

KI-STIMI'"'F founders in a C57BI/6N background were obtained from
PolyGene Transgenics (https:/www.polygene.ch/). Briefly, this knock-in
mouse model was generated by homologous recombination in electroporation-
transfected embryonic stem (ES) cells on exon 3 of the Stim/ gene, located on
chromosome 7, inserting the ¢.343 A>T mutation (corresponding to isoleucine
to phenylalanine substitution; I115F). The linearized targeting vector F118.3
TV, with a flippase recognition target (FRT)-flanked neomycin resistance
cassette, inserted in an unsuspicious region in intron 3 of Stim1, was used for
the electroporation. The integrity of the targeting vector was confirmed by
sequencing exonic regions and by restriction analysis. G418 selection was
used to maintain stable transfection, and the clones obtained were analyzed
and validated by PCR and Southern blotting using BstEIl-digested DNA
(internal probe) and a 3’ external probe (LA probe).

The selected ES clones were injected into 49 blastocysts from gray
C57BI/6N mice. Forty-one surviving blastocysts were transferred to two
CD-1 foster mice. Resulting chimeras were mated to gray Flp-deleter mice.
The offspring from the chimeras were screened for the Flp-mediated
deletion of the neomycin cassette and the corresponding presence of the
remaining FRT site.

Mice were identified with the ear punch method at weaning and the piece
of tissue obtained was used to perform genotyping using a PCRBIO Rapid
Extract PCR Kit (PCR Biosystems, UK). DNA extraction was performed
according to the manufacturer’s instructions (5x PCRBIO Rapid Extract
Buffer A, 10x PCRBIO Rapid Extract Buffer B). For tissue lysis, the
samples were incubated at 75°C for 5 min. Another incubation at 95°C for
10 min was performed to deactivate proteases. Subsequently, the reaction
was stopped by adding mQ H,O, and centrifugation at 13,000 g for 1 min
was performed to eliminate the debris. The PCR reaction was conducted
using the following primers: FW, 5-CCAGCAACTGAGGCATTC-3’;
REV, 5-AAGAGGTGGAGTAGGCAGAG-3'. A single band was
obtained as a final PCR product in WT mice (617 bp), whereas a double
band was obtained in heterozygotes KI-STIM1""'5F (617 bp and 746 bp),
related to the presence of the remaining FRT site.

Bleeding time

From an isoflurane-anesthetized animal, a segment of 2 mm was cut from
the tail tip and immersed in a solution of 0.9% NaCl (Sigma-Aldrich, Italy)
at 37°C. Bleeding time was measured for a maximum of 10 min to avoid
unnecessary suffering.

Behavioral tests

All behavioral tests were performed according to the Standard Operating
Protocols (SOPs) of the TREAT-NMD neuromuscular network (http:/
www.treat-nmd.eu/research/preclinical/dmd-sops/).

Grip strength test

To measure the forelimb force in vivo, mice were suspended by the tail and
allowed to grasp on a rod. A force transducer, attached to the rod by the mice
grasp, was used to measure the force and the time of peak resistance. Five
trials per mouse were performed and data were normalized to mouse weight
(DMD_M.2.2.001). Experiments were performed in WT and KI-
STIM1"'5F mice at 1, 2, 3, 4, 5, 6 and 12 months.

Hanging wire test

To determine ‘subacute’ muscle function and coordination, mice were
allowed to grasp onto the middle of a wire. Mice attempted to reach one of
the wire ends and the number of “falls’ or ‘reaches’ was recorded. From an
initial score of 10, each fall decreased the score by one and each reach

increased the score by 1. The experiment was terminated after 180 s or when
the animal reached zero as a score, whichever was earlier. A Kaplan—-Meier-
like curve was created with all data obtained (DMD_M.2.1.004).
Experiments were performed in WT and KI-STIM1'"''5F mice at 1, 2, 3,
4,5, 6 and 12 months.

Rotarod test

To assess motor coordination and balance, animals were placed on a rotarod
with fixed speed (2.8 m/min or 10 rpm). Experiments were terminated after
five falls or after 5 min, whichever was earlier. Before the test, mice were left
to acclimatize to the experimental room, and mice habituation to the rotarod
for 1 min at low speed was performed (ESLIM_010_001; Shiotsuki et al.,
2010).

Treadmill test

To assess the resistance and fatigue of mice, enforced running on a treadmill
with no inclination at a fixed speed (12 m/min) was performed. The
experiment was terminated after 30 min or after the fifth grid-stop,
whichever came earlier. An acclimation period of 15min in the
experimental room was needed, and training for a maximum of 30 min
was performed the previous day. Following the SOPs, no electric shock was
used on the grid and it was substituted by a gentle touch of the tail, requiring
two experimenters for continuous supervision of this test
(DMD_M.2.1.003, DMD_M.2.1.001).

CK assay

Blood was collected from isoflurane-anesthetized mice by submandibular
vein puncture. Approximately 250 pl of blood was collected into heparin
tubes to obtain plasma by centrifuging samples at 1200 g for 10 min at room
temperature (RT). CK determination was performed according to the
manufacturer’s instructions using a standard spectrophotometric method
with enzyme-coupled assay reagent from Point Scientific (C7522-150).
Absorbance at 340 nm was measured every minute for 2 min at 37°C to
calculate enzyme activity. Duplicate measurements were performed on each
serum sample.

Histological analysis

Muscles were trimmed of tendons and adhering non-muscle tissue, mounted
in Killik embedding medium (Bio-optica, Italy), frozen in liquid nitrogen-
cooled isopentane and stored at —80°C.

For conventional histological techniques, 8- to 10-um-thick cryostat
sections were stained with Hematoxylin-Eosin, Masson Trichrome and
modified Gomori Trichrome (GT), to reveal general muscle architecture and
myopathological features.

For ultrastructural studies, small muscle specimens were fixed with
glutaraldehyde (2%, pH 7.4), then fixed with osmium tetroxide (2%),
dehydrated and embedded in resin. Longitudinally oriented ultra-thin
sections were obtained at different depths from one to three small blocks,
and stained with uranyl acetate and lead citrate. Ultra-thin sections of
transversally oriented blocks were obtained for only the most significant
findings. The grids were observed using a Morgagni Fei electron
microscope (The Netherlands) and were photo-documented using a Mega
View II Camera (SYS Technologies).

For CSA distribution, muscle slices were fixed in 4% paraformaldehyde
(PFA), permeabilized with 0.2% Triton X-100 in 1% bovine serum albumin
(BSA) for 15 min and blocked with 4% BSA for 30 min. They were then
incubated for 1h with anti-laminin antibody (1:200; Dako, Agilent
Technologies) and for a further 45 min with secondary antibody (1:400;
anti-rabbit Alexa Fluor 488, Thermo Fisher Scientific) at RT. Images were
acquired using a Leica CTR5500 B fluorescent microscope (Leica
Biosystems, Germany) with the Leica Application SuiteX 1.5 software.
CSA of the total muscle fibers was quantified with ImageJ software
(v1.490). For myosin heavy chain studies, muscle slices were not fixed with
PFA and were stained with anti-laminin antibody (1:200; Dako, Agilent
Technologies), BA-D5, Myosin Heavy Chain Type I (IgG2b; 1:50), SC-71,
Myosin Heavy Chain Type IIA (IgG1; 1:500), BF-F3 and Myosin Heavy
Chain Type IIB (IgM; 1:5), all obtained from the Developmental Studies
Hybridoma Bank (Iowa City, 1A, USA).
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Characterization of blood cell population

T cell, B cell, Treg cell, NK cell, monocyte and granulocyte determination
Blood cells were collected from the eye vein of anesthetized mice, and
splenocytes from the spleen after filtration through cell strainers (70 pm).
Ammonium-chloride-potassium lysing buffer was used for the lysis of red
blood cells. Blood cells were labeled for 15 min at 4°C with fluorochrome-
conjugated monoclonal antibodies: CD45-FITC BD Biosciences Clone
30-F11 (1:100), Ly6G BV421 BioLegend Clone 1A8 (1:500), Ly6C
BV605 BD Biosciences Clone AL-21 (1:500), CD3e BV786 BD
Biosciences Clone 5SO0OA2 (1:500), CD45R (B220) PE BD Biosciences
Clone RA3-6B2 (1:500) and CD11b PE-Cy7 eBioscience Clone M1/70
(1:500). Splenocytes were labeled for 15 min at 4°C with fluorochrome-
conjugated monoclonal antibodies: CD3 BV786 BD Biosciences
(1:500), CD11b BV510 BD Biosciences (1:500), CD49b PE eBioscience
(1:500), CD4 BV650 BD Biosciences (1:500), CD25 FITC BioLegend
(1:500) and Foxp3 PerCP-Cy5.5 eBioscience (1:100). Samples were
acquired with a BD LSRII Fortessa (BD Biosciences) and analyzed with
FlowJo software.

Number of platelets

To determine platelet number, 18 pl of blood extracted from the
submandibular vein was mixed with 2 pul acid citrate dextrose (Sigma-
Aldrich). Ten microliters of the mixture was then blended with 190 pl
NaNHj; (Sigma-Aldrich) for 5 min at RT to induce the lysis of red blood
cells. Then, 10 pl of this solution was diluted in 90 ul of phosphate-buffered
saline (PBS). Counts were performed in a Burker chamber on a microscope
with a 40x objective (Dhanjal et al., 2007).

Cell cultures

WT and KI-STIMI1"'5F primary myoblasts were obtained from the
following muscles: gastrocnemius, TA, quadriceps femoris, extensor
digitorum longus, soleus, biceps brachii and diaphragm. Each muscle was
placed in a 60-mm dish in PBS, removed from the tendon, separated
longitudinally and subsequently chopped into smaller pieces. The small
fragments were incubated with Pronase® (Protease, Streptomyces griseus,
Calbiochem®, 25 KU) for 1h at 37°C with shaking and neutralized
with Dulbecco’s modified Eagle medium (DMEM, Sigma-Aldrich),
supplemented with 10% heat-inactivated fetal calf serum (Gibco, Italy),
50 mg/ml L-glutamine (Sigma-Aldrich), 10 U/ml penicillin and 100 mg/ml
streptomycin (Sigma-Aldrich), and 1% chicken embryo extract (Sigma-
Aldrich). Tissues were then chopped into smaller pieces and passed through
pipettes of 10 ml and 5 ml, and the supernatant obtained was filtered in a
40-um strainer and centrifuged at RT for 10 min at 1200 rpm (235 g). The
pellets were re-suspended and myoblasts were plated in a 100-mm dish in
DMEM, supplemented with 10% heat-inactivated fetal bovine serum (FBS)
(Gibco), 50 mg/ml L-glutamine (Sigma-Aldrich), 10 U/ml penicillin and
100 mg/ml streptomycin (Sigma-Aldrich), and 1% chicken embryo extract
(Sigma-Aldrich) for 90 min at 37°C, in a 5% CO, humidified atmosphere, to
separate cells from debris. Supernatants were then centrifuged and plated in
a 2% gelatine-treated 35-mm dish in DMEM (Sigma-Aldrich),
supplemented with 20% heat-inactivated FBS (Gibco), 10% horse serum
(Gibco), 50 mg/ml L-glutamine (Sigma-Aldrich), 10 U/ml penicillin and
100 mg/ml streptomycin (Sigma-Aldrich), 1% chicken embryo extract
(Sigma-Aldrich) and 10 ng/ml fibroblast growth factor (Peprotech, UK) at
37°C, in a 5% CO, humidified atmosphere for 6-7 days, with a medium
change every 24-36 h.

For differentiation into myotubes, myoblasts were transferred for 48 h
into differentiation medium consisting of DMEM with 5% horse serum and
1% penicillin-streptomycin.

For calcium-imaging experiments, myotubes were further maintained in
the same medium for 24 h upon plating onto glass coverslips at a
concentration of 20x10* per well (24-mm diameter coverslips in 6-well
plates) and maintained in DMEM supplemented with 10% heat-inactivated
FBS (Gibco), 50 mg/ml L-glutamine (Sigma-Aldrich), and 10 U/ml
penicillin and 100 mg/ml streptomycin (Sigma-Aldrich), at 37°C in a 5%
CO, humidified atmosphere. Experiments were performed 6-7 days after the
extraction at cell passage number (P)2 and P3.

Fura-2 Ca?* experiments

Myotubes from WT and KI-STIM 1" 15F mice were loaded with 5 uM Fura-2
AM in the presence of 0.02% Pluronic-127 (both from Life Technologies,
Italy) and 10 pM sulfinpyrazone (Sigma-Aldrich) in Krebs—Ringer buffer
(KRB; 135mM NaCl, 5mM KCI, 0.4 mM KH,PO,, I mM MgSO,,
5.5 mM glucose, 20 mM HEPES, pH 7.4) containing 2 mM CaCl, (30 min,
RT). Then, cells were washed and incubated with KRB for 30 min to allow
the de-esterification of Fura-2.

To measure SOCE, changes in cytosolic Ca>" were monitored upon
depletion of the intracellular Ca®* stores. Experiments were carried out prior
to and during exposure of the cells to the Ca?'-free solution. In the absence
of Ca?’, the intracellular Ca?" stores were depleted by inhibition of the
vesicular Ca®>" pump by tBHQ (50 uM; Sigma-Aldrich). Re-addition of
2 mM Ca?" allowed assessment of the SOCE.

During the experiments, the coverslips were mounted into an acquisition
chamber and placed on the stage of a Leica DMI6000 epifluorescent
microscope equipped with S Fluor x40/1.3 objective. Fura-2 was excited by
alternating 340 nm and 380 nm using a Polychrome IV monochromator
(Till Photonics, Germany), and the probe emission light was filtered through
a 520/20 bandpass filter and collected by a cooled CCD camera
(Hamamatsu, Japan). The fluorescence signals were acquired and
processed using MetaFluor software (Molecular Devices, USA). To
quantify the differences in the amplitudes of Ca?" transients, the ratio
values were normalized using the formula AF/FO.

qRT-PCR
Total RNA from WT and KI-STIM1'!'*F myotubes was isolated using
TRI-Reagent® and reverse transcribed according to the manufacturer’s
instructions (Life Technologies). cDNA was then stored at —20°C until
further use. qRT-PCRs were performed on 96-well plates (CFX96™
Real-Time PCR Detection Systems, Bio-Rad, Italy), in triplicate, and
fluorescence intensity was assessed.

Primers used are listed in Table S1. Transcripts were normalized to the
expression of ribosomal protein S18 mRNAs; for each gene, the threshold
cycle (ACt) was calculated.

Statistical analysis
The normality of data distributions was assessed using Shapiro—Wilk test
and data are presented as mean+s.e.m. or median and interquartile range
(IQR), according to distribution. Parametric [unpaired Student’s #-test and
one-way analysis of variance (ANOVA) followed by Tukey’s post-hoc] or
non-parametric (Mann—Whitney U-test and one-way Kruskal-Wallis H test
followed by Dunn’s post-hoc) statistical analyses were used. All statistical
assessments were two-sided and P<0.05 was considered statistically
significant. Statistical analyses were performed using Prism software
(GraphPad Software, USA). Statistical significance was tested between the
two mouse strains at the same age and was not tested for changes in time.
In calcium-imaging in vitro experiments, n represents the number of cells,
and the number of independent experiments (defined as experiments
performed on different days) is provided in the respective figure legends.
For in vivo experiments, n represents the number of animals studied.
In experiments involving histology, the figures shown are representative of
at least three experiments (histologic coloration), performed on different
experimental days on the tissue sections collected from all animals in
each group.

This article is part of a special collection ‘A Guide to Using Neuromuscular
Disease Models for Basic and Preclinical Studies’, which was launched in a
dedicated issue guest edited by Annemieke Aartsma-Rus, Maaike van Putten and
James Dowling. See related articles in this collection at http:/dmm.biologists.org/
collection/neuromuscular.
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Figure S1. Characterization of KI-STIM11115F mice in female and male animals. (A) Sub-analysis of data for female
animals. Top panel shows Kaplan-Meier for survival. Middle panel shows body weight at 1 (WT n=3, KI-I115F n=2), 3
(WT n=3, KI-I115F n=4), 6 (WT n=2, KI-I115F n=2) and 12 (WT n=5, KI-1115F n=3) months of age. Scatter plots and
histograms show the means + S.E.M of the indicated number of mice. Unpaired Student t-test with Welch’s correction.*
P=0.0302, ** P<0.0033 versus WT. Bottom panel shows body length at 1 (WT n=3, KI-I115F n=2), 3 (WT n=3, KI-I115F
n=3), 6 (WT n=2, KI-1115F n=2) and 12 (WT n=4, KI-1115F n=3). Scatter plots and histograms show the means + S.E.M
of the indicated number of mice. Unpaired Student t-test with Welch’s correction versus WT. (B) Sub-analysis of data
for male animals; Top panel shows Kaplan-Meier for survival. Middle panel shows body weight at 1 (WT n=3, KI-I115F
n=3), 3 (WT n=3, KI-I115F n=3), 6 (WT n=2, KI-I115F n=2) and 12 (WT n=3 KI-I115F n=5) months of age. Scatter plots
and histograms show the means + S.E.M of the indicated number of mice. Unpaired Student t-test with Welch’s
correction.* P<0.0455, *** P=0.0005 versus WT. Bottom panel shows body length at 1 (WT n=3, KI-1115F n=3), 3 (WT
n=3, KI-I115F n=3), 6 (WT n=2, KI-I1115F n=2) and 12 (WT n=3, KI-I115F n=5) months of age. Scatter plots and histo-
grams show the means + S.E.M of the indicated number of mice. Unpaired Student t-test with Welch’s correctiorft

P=0.0093, **** P<10* versus WT.
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Figure S2. Sub-analysis of heart and spleen size in female (A) and male (B) animals. (A) Top panel represents
heart weight and bottom panel represents spleen weight at 1 (WT n=3, KI-I115F n=2), 3 (WT n=3, KI-I1115F n=3), 6
(WT n=2, KI-[115F n=2) and 12 (WT n=5, KI-[115F n=3) months of age. Graph shows median and IQR of heart
weight/body weight, or heart net weight. Mann-Whitney U test. * P=0.0357 versus WT. (B) Heart weight (top panel)
and spleen weight (bottom panel) at 1 (WT n=3, KI-1115F n=3), 3 (WT n=3, KI-I115F n=3), 6 (WT n=2, KI-I115F n=2)
and 12 (WT n=3, KI-1115F n=5) months of age. Graph shows median and IQR of heart weight/body weight, or heart
net weight. Mann-Whitney U test. * P=0.0357 versus WT.
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Figure S3
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Figure S3. SOCE alterations in myotubes. Evaluation of the area under the curve (AUC), the peak amplitude, and ﬁ
the slope of the Ca?*-rise in WT and KI-1115F at 1 (A), 3 (B), 6 (C) and 12 (D) months of age. Traces are the average ]
of at least 180 myotubes from 6-well plates on two different experimental days. At all time-point, the experiments were 8
performed on 4 different individual mice two males and two females per strain. Graph shows median and IQR of AUC, b
peak amplitude and slope of the Ca*-rise. Mann-Whitney U test. AUC 1 months *** P=0.0005, peak amplitude 1 3
months **** P<0.0001 versus WT; AUC, peak amplitude and slope of Ca?*-rise 3 months **** P<0.0001 versus WT; 3
AUC, peak amplitude and slope of Ca?*-rise 6 months **** P<0.0001 versus WT; AUC, peak amplitude and slope40§ g

Ca?-rise 12 months **** P<0.0001 versus WT.
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Figure S4. Gene expression alterations in muscle. RT-PCR of SOCE genes in WT and KI-I115F at 1 (A), 3 (B), 6
(C) and 12 (D) months of age. Values represent mean + S.E.M and are expressed as AC(t) of genes/S18 of four inde-
indent cultures. Unpaired two-tailed Student’s t-test ** P<0.00456, *** P<0.000351 versus WT.
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Figure S5. Sub-analysis of muscle growth and damage in female (A) and male (B) animals. (A) Muscle weight at 3
(WT n=3, KI-I115F n=3), 6 (WT n=2, KI-I115F n=2) and 12 months (WT n=>5, KI-115F n=3) of age. (Gastro: gastrocnemius,
TA: tibialis anterior, Quad: quadriceps, EDL: extensor digitorum longus). Histograms show median and IQR of muscle
weights. Mann-Whitney U test. * P=0.0357 versus WT. (B) Muscle weight at 3 (WT n=3, KI-I115F n=3), 6 (WT n=2,
KI-1115F n=2) and 12 months (WT n=3, KI-1115F n=5) of age. (Gastro: gastrocnemius, TA: tibialis anterior, Quad: quadri-
ceps, EDL: extensor digitorum longus). Histograms show median and IQR of muscle weights. Mann-Whitney U test. *
P=0.0357 versus WT.
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Figure S6. Muscle fiber frequency distribution in 12 months old WT and KI-1115F mice. Myosin heavy-chain (MyHC)
immunofluorescence fiber staining (n=3) on quadriceps (Quad) for type lla fibers (oxidative, fatigue resistant), on soleus
(Sol) for type | and lla fibers and on extensor digitorum longus (EDL) for type lla and IIb (glycolytic) fibers. Negative myofi-
bers for quadriceps represent type lIx and lIb fibers (MyHC lla(-)) for soleus type lIx and IIb (MyHC I(-)/lla(-)) and for EDL
type IIx (MyHC lla(-)/lIb(-)). The frequency is calculated above the total number of muscle fibers. Histograms show the
means + S.E.M of the indicated number of mice. Unpaired Student t-test with Welch’s correction.* P<0.042 versus WT.
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Figure S7
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Figure S7. Sub-analysis of Creatine Kinase plasma levels in female (A) and male (B) animals.

(A) Scatter plots and histograms show the means + S.E.M at 3 months (WT n=8, KI-I115F n=8), 6 months (WT
n=7, KI-1115F n=6), 12 months (WT n=11, KI-I115F n=10) of age. Unpaired Student t-test with Welch’s correction
versus WT. (B) Scatter plots and histograms show the means + S.E.M at 3 months (WT n=8, KI-I115F n=7), 6
months (WT n=10, KI-1115F n=5), 12 months (WT n=9, KI-I115F n=5) of age. Unpaired Student t-test with Welch'’s
correction. * P=0.016 versus WT.
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Figure S8
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Figure S8. Representative gating strategies in FACS analysis

(A) Evaluation of monocytes and granulocytes in mouse blood using anti-Ly6C and anti-Ly6G antibodies.

(B) Evaluation of Treg cells in mouse spleen determined by anti-FOXp3 and anti-CD25 antibodies. (C) Evaluation
of NK cells in mouse spleen using anti-CD11b and anti-CD49b antibodies. Please refer to the Material and method
section for further details.
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Table S1

Gene Symbol Forward Primers Reverse Primers

Trpcl 5’- GGACAGCCTCAGACATTCCA -3’ 5’- CGGGCTAGCTCTTCATAATCA -3’
Trpc2 5’- AGAGGCAGAGCTGGAGTTCA -3’ 5’- GGGGAATTTGAGCTTTTTGTT -3’
Trpc3 5’- GATCAATGTCTACAAGGGACT -3’ 5’- TGCATTGCATGGAGAGTTTC -3’
Trpc4 5’- ACGCCATCAGAAAAGAGGTG -3’ 5’- CCAAGATGATGGGTGTGATG -3’
Trpc5 5’- GAGGTGGTAGGAGCTGTGGA -3’ 5’- TGCCAACATAATGGGAGTGA -3’
Stim1 5’- TCTGAAGAGTCTACCGAAGCAG -3’ 5’- TGGTAATTGAGGTCTTCCCTTAG -3’
Stim2 5’- GACGAATGCGATCTGGTG -3’ 5’- TTCAGTGAAGCAAGGTGGACT -3’
Orail 5’- CCTGGCGCAAGCTCTACTTA -3’ 5’- TGCAGGCACTAAAGACGATC -3’
Orai2 5’- CACTGTCCTGGAGGAAGCTC -3’ 5'- GGGCTGAGGTACTGGTACTT -3’
Orai3 5’-GAACCCGGAGGTGGACAG -3’ 5’- GCTGGAGGCTTTGAGCATTAG -3’

Table S1. List of primers used
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mouse model
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mouse model for York
Platelet Syndrome
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i.  Synopsis
Aim
The aim of the present contribution is (i) to identify thrombocytopenia aetiology and (i) to
evaluate SOC Entry inhibitor efficacy in the KI-STIM1'5F mouse model.

The main findings of the manuscript are that:

0] Thrombocytopenia presented in this mouse model is characterized by platelet pre-
activation and hyper-aggregation.

(i) KI-STIM1'5F mouse model is valid not only for Tubular Aggregate Myopathy
(TAM) but also for York Platelet Syndrome (YPS), validating the hypothesis that
TAM, Stormorken Syndrome, and YPS are the spectra of the same disease (Bohm
and Laporte, 2018a; Peche et al. 2020).

(iii)  CIC-39Na, a SOC Entry inhibitor, reverts thrombocytopenia and decreases blood

loss in KI-STIM1"15F mice.

Key take-home message:

A SOC Entry inhibitor, CIC-39Na, reverts thrombocytopenia and bleeding diathesis in KI-
STIM1"5F mice.

Personal contribution:

In the present contribution, 1 managed the colony and designed and performed all
experiments except those contained in figure 5, under the supervision of Prof. Bertoni and
Prof. Genazzani.
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Key Points

e Thrombocytopenia in a mouse model of tubular aggregate myopathy (KI-STIM1'*F) is characterized
by platelet pre-activation and hyper-aggregation;
e CIC-39Na, a Store-Operated Calcium Entry inhibitor, reverts thrombocytopenia in KI-STIM1F mice

and decreases blood loss.
Abstract

Store-Operated Ca%*-Entry is a cellular mechanism that governs the replenishment of intracellular stores of
Ca” upon depletion caused by the opening of intracellular Ca**-channels. Gain-of-function mutations of the
two key proteins of Store-Operated Ca?*-Entry, STIM1 and ORAI1, are associated with several ultra-rare
diseases clustered as tubular aggregate myopathies. Our group has previously demonstrated that a mouse
model bearing the STIM1 p.I115F mutation recapitulates the main features of the disease: muscle weakness
and thrombocytopenia. Similar findings have been found in other mice bearing different mutations on STIM1.
At present, no valid treatment is available for these patients. In the present contribution, we report that (i)
platelets in tubular aggregate myopathy are characterized by pre-activation and hyper-aggregation; and (ii)
CIC-39Na, a Store-Operated Ca?*-Entry inhibitor restores platelet number and counteracts the abnormal
bleeding that characterizes these mice. This finding paves the way to a pharmacological treatment strategy
for tubular aggregate myopathy patients as well as to a biomarker to be used in clinical trials in these slowly-

progressing muscle disorders.



Introduction

Store-Operated Ca?*-Entry (SOCE; also known as capacitative-calcium entry) is a cellular mechanism which
governs the replenishment of intracellular stores of Ca?* upon depletion caused by the opening of
intracellular Ca?*-channels® (e.g. as inositol-1,4,5-triphosphate receptors (IPsR)). This mechanism is
orchestrated by two key proteins'™: (i) ORAI (of which there are three isoforms), a calcium channel located
in the plasma membrane; and (ii) STIM (of which there are two isoforms), a sensor of calcium located on the
endo(sarco)plasmic reticulum membrane that triggers the mechanism when intraluminal Ca?-

concentrations drop?.

Gain-of-function mutations of STIM1 and ORAI1 lead to dominant ultra-rare genetic diseases that historically
go under different names (e.g. Stormorken syndrome, York syndrome) but that may be clustered as tubular
aggregate myopathies® (TAM). The characteristic histological findings of these disorders are tubular
aggregates visible by electron microscopy in skeletal muscle?, while the primary clinical features are muscle
weakness and painful cramps®. Over 15 dominant gain-of-function mutations have been reported on STIM1
and 6 dominant mutations have been reported on ORAI1%°. These mutations lead to a wide range of
symptom severity, from asymptomatic patients to early-onset muscle weakness and multisystemic diseases®.
The full penetrance of the disorder is known as Stormorken syndrome and is characterized by the
involvement of multiple districts alongside muscle®. Recently, Morin et al. have performed a systematic
review of mutations and a genotype/phenotype correlation®. Importantly, thrombocytopenia is present in
the totality of patients bearing the classical Stormorken STIM1 mutation at position 304 (e.g. R304W, R304Q)
on the coiled-coiled domain thought to interact with ORAI1 and in about half of the patients that bear
mutations in luminal EF-hand motifs of STIM1, responsible for sensing intraluminal calcium®. Historically,
STIM1 mutations have been described as causing at times solely thrombocytopenia (York Syndrome)'?, but
further investigations have revealed that a muscle component is invariantly evident also in these patients?.
Bleeding episodes, likely correlated to thrombocytopenia, have also been described in patients that bear
ORAI1 mutations!®, It should be noticed that also mutations of one of the intra-luminal Ca*-buffering

proteins, calsequestrin, have been reported to lead to Tubular Aggregate Myopathy (TAM)>2¢,

SOCE has a crucial role in platelet aggregation and thrombus formation'’. Indeed, platelets from STIM-
knockout animals display a reduced ability to switch to a pro-coagulant state!®. The presence of

thrombocytopenia in TAM patients is therefore not surprising.

Four separate animal models have been developed that recapitulate TAM. In our previous work'®, we
characterized a STIM1 mutated mouse model (KI-STIM1"**f) bearing a gain-of-function mutation (p.1115F)
associated in humans with muscle and platelet involvement®. As expected, the p.I115F mutation in mice

showed the muscular phenotype of TAM but also presented blood alterations. In particular, alongside an
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increase in LyC6"®", a decrease in LyC6°" myeloid cells, and a reduction in splenic NK cells, the KI-STIM1'**5F

mouse model presented severe thrombocytopenia associated with a pathologically prolonged bleeding time.
Two separate mouse lines bearing the p.R304W mutation have been generated and described in the
literature?®?, In the mouse reported by Gamage et al.?, heterozygous R304W mice showed a normal number
of platelets, which was associated with a significantly reduced expression of STIM1 and a consequent
impairment of activation. Instead, in line with the KI-STIM1'*15F mouse, the p.R304W mouse reported by Silva-
Rojas et al.?! manifested a marked reduction in platelet count. Importantly, Grosse et al.?? reported a mouse
model developed by random mutations in which an activating mutation on STIM1 (STIM1%*), with no

counter-part in human disorders, also resulted in thrombocytopenia and an associated bleeding disorder.

A number of SOCE modulators have been postulated as of therapeutic interest in disorders characterized by
SOCE over-activation. L-651582 (CAI) was the first inhibitor to enter clinical trials for cancer. While its
development was initially discontinued due to lack of promising efficacy in tumors, it is now gaining novel
impulse in gliobastoma?. The most recent Phase Ib trial shows that the drug is tolerable with no dose-limiting
toxicities. SOCE inhibitors are being tested also for other conditions, including acute pancreatitis, given the
importance that Ca?* has in triggering exocytosis of zymogen granules?. In this respect, CM4620 (also known
as Auxora) has completed Phase | trials and is now in Phase Il (NCT03401190) for acute pancreatitis as well
as in Phase I/Il trials for asparaginase-associated acute pancreatitis, a rare condition triggered by
asparaginase treatment (NCT04195347). The same molecule is also in Phase Il for severe COVID-19
pneumonia (NCT04345614) for its potential to reduce pulmonary inflammation?. A small, Phase Il study has
been published on this compound showing that at a dose of 1.0 mg/Kg to 1.4 mg/Kg for four days it is well
tolerated?. A third compound, RP3128, developed for autoimmune disorders, has published data on its first-
in-human trial again showing that the drug was well tolerated with no limiting toxicities?”. Importantly, it has
been shown that two FDA- and EMA-approved drugs, teriflunomide and leflunomide bear at therapeutic
doses inhibitory activity on SOCE?, The above emerging data therefore suggest that safety associated with

SOCE inhibition is manageable.

Unfortunately TAM is an orphan disorder with no treatment and no known drug development programs
ongoing. In light of this, in the present manuscript we decided to characterize the platelet dysfunction in the
KI-STIM1'*F mouse model and to evaluate whether platelet number and function could be restored with
chronic pharmacological SOCE inhibition. We now report that (i) KI-STIM1'*>F mice are characterized by
thrombocytopenia and by pre-activation and hyper-aggregation of platelets; and (ii) that CIC-39Na?°, a SOCE
inhibitor, is able to revert the thrombocytopenic phenotype in adult mice. The compound is able to increase
platelet number and consequently reduce blood loss, providing for the first-time encouraging evidence of a

pharmacological strategy with small molecules targeting SOCE for TAM.



Methods

1. KI-STIM1"**F mice maintenance
Procedures were approved by the local animal-health and ethical Committee (Universita del Piemonte
Orientale) and were authorized by the national authority (Istituto Superiore di Sanita; authorization N.

98/2021-PR). Care, husbandry, and initial characterization have been described elsewhere®.

2. Platelet isolation

Platelet-rich plasma (PRP) was obtained by collecting blood in Acid Citrate Dextrose solution (Citric acid 130
mM, Trisodic citrate 152 mM and Glucose 112 mM). Samples were then diluted in Tyrode solution (HEPES 10
mM, NaCl 137 mM, KCl 2.9 mM, NaHCO; 12 mM; pH 7.4) and centrifuged 200 g for 7 minutes with
deceleration at 27 °C. To isolate platelets, 0.02 U/ml apyrase (A6237), 1 uM of prostaglandin E1 (P5515) and
10 uM of indomethacin (17378-5G) provided by Sigma Aldrich, were added to PRP before re-centrifuged at

850 g for 6 minutes at 27 °C and suspended in Tyrode. Platelets were counted as previously described?®.

3. Western blot

Washed platelets were lysed in RIPA buffer. Lysates were clarified by centrifugation at 14,000 g for 15
minutes at 4 °C and 15 ug of protein from each sample were loaded on SDS-PAGE gels.

All antibodies were prepared in TRIS-buffered saline solution containing 0.1% Tween-20 (T-TBS), and
supplemented with 3-5% non-fat dried milk or 3-5% bovine serum albumin, according to manufacturer

instructions.

4. Flow cytometry

a. Haematopoietic progenitors

Bone marrow cell suspensions were stained with a cocktail of PE-conjugated antibodies to Lin positive
markers (CD3, CD11b, CD45R, Gr-1, F4/80, CD11c,Ter-119) and with antibodies to CD117 (c-Kit, PE-Cy7), SCA-
1 (APC), CD34 (FITC), CD16/CD32 (PcP-Cy5.5), CD127 (IL-7Ra, BV421). Myeloid progenitors (CMP, GMP, MEP)
were discriminated based on the expression of CD34 and CD16/CD32 within the gate of Lin-CD117+ cells.
Common Lymphoid Progenitors were identified according to the expression of IL-7Ra+ within the Lin- gate.
Reagents are shown in supplementary Table 1. Cells were detected using the BD FACSCanto Il, BD LSRFortessa
or BD Accuri C6 and analyzed with BD FACSDiva and FlowJo (9.3.2) software.

b. Platelets
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Dilute whole-blood (25 uL) or washed platelets (1x10° cells/sample) were incubated in dark for 30 minutes
with Anti-Annexin V (640905, Biolegend), Anti-GPVI FITC (M011-1), Anti-Integrin a2 FITC (M071-1), Anti-P-
selectin FITC (CD62P), and Anti-active allbf3 PE (JON/A, D200), Anti-GPalb PE (CD42b, M040-2) antibodies
provided by Emfret Analytics, or Anti-GPallb CD41 FITC (553848; BD Biosciences). In some experiments
washed platelets were stimulated with 0.1, 0.05 and 0.025 U/mL of thrombin (605195, Sigma Aldrich). All the
analysis of the experiments with antibody incubation were performed referred to an unbinding control IgG
FITC (sc-2340) or IgG PE (sc-2871), provided by Santa Cruz Biotechnology, Inc. For calcium measurement PRP
was incubated with 2.5 uM Fluo-4 AM (Life Technologies, Italy) for 30 minutes. Samples were measured by

FACSCalibur flow cytometer and CellQuest software (Becton Dickinson).

5. Calcium Imaging experiments
Washed platelets were loaded with 5 uM Fura-2 AM (Life technologies, Italy) for at least 45 minutes and
plated onto poly-L-lysine (P4832, Sigma-Aldrich)-coated glass coverslips for at least 30 minutes at RT. Calcium

measurements were performed as previously described®.

6. Adhesion

Washed platelets (2-108 cells/mL) were plated for 15 or 30 minutes on 13 mm glass coverslips coated with
type | collagen or 0.5% BSA/PBS for 2 h at 37 °C,. Platelets were fixed with 3% paraformaldehyde-4% sucrose
in PBS for 5 minutes at RT, permeabilized by 0.2% Triton-X100 for 5 minutes, and saturated with 2% BSA in
PBS for 15 minutes. Platelets were stained with Alexa488-phalloidin (#8878; Cell Signalling Technology) for
30 minutes in the dark. Coverslips were washed twice with 0.2% BSA in PBS and mounted with 20% Mowiol®
4-88 (81381) and 2.5% Dabco (290734; Sigma Aldrich) in PBS. Platelets were viewed on a confocal microscope
(Leica TCS SP2) and digital images (63X) were acquired. The number of adherent cells and the average cell
area (index of platelet spreading) were determined using a purposely-developed script suitable for Image-J

2.1.0/1.53c.

7. Aggregation
Washed platelets (1-107 cells/ml, 250 pL) were stimulated at 37 °C with the indicate agonists in the presence
of 1 mM MgCl; and aggregation was monitored for at least 5 min in CHRONO-LOG lumi-aggregometer. The

analysis was performed using AggroLink CHRONO-LOG Software.

8. Study design of in vivo experiments



Thirty-two 12-week-old mice (16 WT and 16 KI-STIM1115F) were randomly distributed in four groups following
sex, weight (27 - 28 g for WT and 23 - 24 g for KI-STIM1'*'5F mice) and platelet number (6.0 - 6.2-10% /mL for
WT and 2.4 - 2.7-108 /mL for KI-STIM1'15F mice) evaluation.

Each strain, further divided in two subgroups, was anesthetized and Alzet osmotic minipumps (model 1002;
volume: 100 uL; infusion rate: 0.25uL/h; duration: 2 weeks) were filled with saline vehicle or CIC-39Na (60
mg/kg, dissolved in saline) and implanted intraperitoneally. Before implantation, the minipumps were
incubated in saline solution at 37 °C overnight.

Since KI-STIM1''*>F mice did not show gender differences in penetrance of platelet disorders'®, both sexes
were considered for these in vivo treatments (Supplementary Table 2).

Each mouse was placed in a separate cage and its health impact was monitored twice a day for all the
experimental period (30 days). All experimental procedures are summarized in Figure 5A. The hypothesis of
the experiment was at least a 75% increase in platelet number at day 15 with an alpha error of 5% and a
power of 80%. This led to groups of at least 5 animals. Not knowing the safety of the compound, it was

decided to raise the group size to 8 animals.

9. Platelet count in in vivo-treated mice
Blood was drawn 48 h before and 5, 10, 12, 15, 22, 30 days after minipump implantation. Platelet count was
determined as previously described'® with the exception that the executer of the platelet count was blinded

of group assignment.

10. Tail bleeding assay and red blood detection

15 and 30 days after minipump implantation, WT and KI-STIM1'**F mice were weighed, anesthetized, and
placed in prone position. 2 mm of the tail tip was amputated and the tail, positioned vertically, was immersed
in a falcon contained 14 mL of saline solution at 37 °C for 10 minutes. The precise bleeding time was
calculated using a stop clock. If bleeding interruptions and resumes occurred, the sum of bleeding times over
10 minutes was calculated. At the end of the 10 minutes, the experiment was stopped, the tail was cauterized
to stop bleeding. To determine blood loss, the falcon tube was centrifuged at 1000 RPM for 5 minutes at RT,
supernatant was removed, and erythrocytes were resuspended in 300 pL of double-distilled water. The
optical density of the resulting solution was then determined using a spectrophotometer (Victor®

PerkinElmer) at 570 nm. At the end of experiment, animals were sacrificed by cervical dislocation.

11. Evaluation of CIC-39Na plasma levels
Blood was drawn 24 h before and 5, 10, 15, 22, 30 days after minipump implantation. 100 pL of blood
extracted from the submandibular vein were mixed with 50 uL of EDTA solution (Sigma- Aldrich, Italy) and

processed as follow. Aliquots of plasma samples (50 uL) were diluted by adding 50 uL of IS (BIP29Na final
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concentration 100 pg/L) and 100 uL of acetonitrile. Samples were homogenized and centrifuged at 13,000 x
g for 10 min, and supernatants (5 pL) were injected into LC-ESI-HRMS system. Plasma calibration standards
were prepared using the same procedure by spiking the appropriate amount of CIC-39Na DMSO working
solutions into blank plasma aliquots. The calibration curves (y = ax + b), were constructed from the peak area
versus plasma concentration using the weighted (1/x) linear least-squares regression method (calibration

range 1-10000 pg/L).

12.Statistical analysis

The normality of data distributions was assessed using Shapiro—Wilk or KS normality tests. Data are presented
as mean + SEM or median + IQR. Parametric (unpaired t-test and One-way analysis of variance (ANOVA)
followed by Tukey’s post-hoc) or non-parametric (Mann-Whitney U test and One-way Kruskal-Wallis H test
followed by Dunn’s post-hoc) statistical analysis 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 sofware (GraphPad Sofware, Inc., USA).

For original data, please contact: armando.genazzani@uniupo.it
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Results and discussion
Thrombocytopenia drives an increased progenitor activity in the bone marrow

Figure 1A (left) confirms our previous findings®® that KI-STIM1''*5F mice display a significantly reduced number
of platelets compared to WT animals. We therefore decided to investigate whether an alteration of
haematopoietic progenitor differentiation was at the origin of the observed thrombocytopenia. To do so, we
evaluated the frequency of the lymphoid progenitor population LSK, of the common myeloid progenitors
(CMP), of the granulocyte-macrophage progenitors (GMP) and of the megakaryocyte-erythroid progenitors
(MEP) within the bone marrow of WT and KI-STIM1"'*>F mice. As represented in Figure 1B, we observed a
significant increase in the frequency of LSK stem cell compartment in KI-STIM1%F, Within LK cells, the
frequency of CMP was not different among WT and KI-STIM1'1**F mice, however the latter group showed
increased GMP paralleled by decreased MEP. Overall, the data would therefore suggest that there is either

a defect in differentiation in the megakaryocyte lineage in KI-STIM125F

mice or that the thrombocytopenia
drives a positive feedback on stem cells and progenitors. As red cells are the other final progeny of CMP, we
decided to investigate the haematocrit of KI-STIM1'*F mice, but no statistical difference could be observed
and, on the contrary, a slight increase in red blood cells in KI-STIM1"**F js noticeable (Figure 1A, right). None
of the previous studies on mice had evaluated haematopoietic precursors and therefore no comparison can
be made. Nonetheless, our data would appear to show that thrombocytopenia is not mainly arising from a

defect originating in the bone marrow but to higher use of the megakaryocyte lineage. This would be in

accord with the higher platelet turnover that has been reported in STIM15¥/* mice?.
KI-STIM1'**5F mice show an increased activation and aggregation

We next analyzed platelet activation. Hence, we measured the plasma membrane expression of two platelet
identifying markers (CD1 and CD42b) and then the main platelet receptors in resting conditions (Figure 2A):
integrin a2, GPVI, P-selectin and active allbB3. We found a decreased expression of integrin a2 and an
increased exposure of P-selectin and active allbB3 in KI-STIM1'115F platelets. This is accord to the report that
basal P-selectin and active allbf3 in STIM15/* animals are increased®? and led us to speculate that circulating
platelets in KI-STIM1''*>F mice are pre-activated. Pre-activation in KI-STIM1''%5F platelets can lead to (i)
unresponsiveness or (ii) hyper-responsiveness. In order to distinguish between these two, we measured P-
selectin and active allbB3 exposure upon stimulation with thrombin (Figure 2B, 2C). Hyper-exposure of both
P-selectin and active allbB3 in KI-STIM1'*'5F platelets was evident under basal conditions as well as at the
lower concentrations of thrombin tested (0.0025 U/mL and 0.025 U/mL) while smaller or no differences were
evident at higher concentrations (0.1 U/mL). When analyzing in detail the co-exposure of the two markers,
we noticed that a small sub-population of KI-STIM1'*5F platelets expose only active allbB3 under basal and

stimulated conditions (Figure 2B). This is also evident in STIM15®/* 2syggesting that the majority of KI-
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STIM1'15F platelets are hyper-responsive, but a small percentage (around 10%) of KI-STIM1''%5F platelets are

unable to undergo full activation.

We next evaluated what could the functional consequences be of the above changes in terms of adhesion
and aggregation. Figure 3A shows the number and the area of adhered platelets measured on collagen type
| coated-glass coverslips after 15 and 30 minutes. No large differences could be observed, although the area
of adhesion after 30 minutes was significantly larger in KI-STIM1''15F platelets, suggesting an increase in
spreading. These results differ from those reported in STIM1/* platelets, where adhesion in a perfusion test
demonstrated that platelets were unable to adhere??. We next proceeded to explore aggregation induced by
thrombin (0.1 U/mL and 0.05 U/mL). At high thrombin concentrations, there was no difference in the
maximal aggregation (aggregation; Figure 3B) but KI-STIM1''%>F platelets aggregated slower (slope; Figure
3B). At sub-maximal thrombin concentrations (0.05 U/mL), the slope was similar between the two groups

but more aggregation occurred.
CaZ*-signaling is at the basis of the platelet dysfunction

As mentioned in the introduction, in one of the TAM mouse models?, the number of platelets was found
normal and this was associated with a significantly reduced STIM1 expression. We next evaluated the level
of STIM1 in KI-STIM1'35F platelets. As shown in Figure 4A, by Western blotting we observed that STIM1 was
significantly reduced with no concurrent decrease in ORAI1. Given that the platelets collected from Ki-
STIM1'15F mice are significantly reduced, these data might suggest that circulating platelets belong to those
clones that express the least amount of STIM1, as the others most likely either aggregated or underwent cell
death.

Although conscious of looking only at a sub-population, we nonetheless decided to explore Ca?*-signaling.
We have previously shown that in myotubes from patients affected by TAM there is an increased basal
cytosolic Ca?* 3 In order to evaluate whether this occurs also in platelets, we determined basal calcium by
Fluo-4 and indeed found a significant increase in fluorescence, showing that basal Ca?* was elevated in these
cells (Figure 4B). An increased Ca?* could lead to death, but this was not the case since we did not find an
increase in membrane phosphatidylserine exposure (Supplemental Figure 1), a well-known biomarker of cell
death3! at least in the circulating population. Enhanced basal calcium and absence of difference in
phosphatidylserine exposure were also seen in other TAM models?®?2, It is possible, despite we have no
evidence of this, that higher STIM1-expressing platelets indeed undergo cell death.

We then evaluated the Ca%-responses to thrombin. As shown in Figure 4C, in KI-STIM1'*15F platelets the
response to thrombin was potentiated, in analogy to the results obtained in receptor exposure experiments
(Figure 2C). Despite this, when Ca?* was added to the extracellular medium to unmask thrombin-induced

SOCE, KI-STIM1'"F platelets showed a lower influx of Ca?" in comparison to WT. This is similar to the results
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described on STIM1%/* platelets??, where thapsigargin-induced SOCE was lower compared to WT, and might
be attributable to the increased release induced by thrombin, to an incomplete store filling attributable to a

STIM-mediated Ca?*-leak or to the lower expression of STIM1.

SOCE inhibition leads to reversal of the platelet defects in KI-STIM1'"*5F mice

TAM is a monogenic disorder and the above data strengthen the notion that the over-activation of SOCE is
responsible for thrombocytopenia. It could therefore be postulated that counteracting the pathological
activity of STIM1 with a negative SOCE modulator could restore the defect. To explore this, we made use of
CIC-39Na, which we have previously shown to have an ICso of around 800 nM at inhibiting SOCE in HEK cells
and a good aqueous solubility. We also evaluated whether CIC-39Na was able to inhibit SOCE triggered by
the STIM1 p.I1115F mutation by using myotubes from 6-month old KI-STIM1'*F mice. Indeed, this was the
case with an ICsp of around 1 uM (SOCE inhibition at 1 uM = 49.8 + 3.6 and at 3 uM = 77.3 £ 4.8). For this
proof-of-principle experiment, we decided to intraperitoneally implant minipumps that allowed to have a
constant infusion of CIC-39Na for about 2 weeks, thereby reducing animal manipulation. Preliminary
experiments showed that a dose of 60 mg/Kg/day i.p. was tolerated by mice for two weeks and we therefore
aimed to deliver a similar amount per day via infusion. To monitor pump efficiency, blood samples were
taken from treated WT and KI-STIM1'*15F mice at day 5, 10, 15, 22 and 30 (Figure 5A). The average plasma
drug concentration found when pooling data from day 5, 10 and 15 (in which the drug is supposed to be
released) was 251 pg/L corresponding to 625 + 89 nM, below the estimated ICso. Animals were kept for a
further 15 days and, during this time, drug concentrations dropped time-dependently to 97 + 48 nM at day
22 and 9.7 + 2.1 nM at day 30. Treatments were well tolerated and animals did not show and visible sign of
suffering. To strengthen this, usually KI-STIM1'*'5F mice are characterized by small weight, and treated
animals instead gained weight compared to their controls (Supplemental Figure 2).

As shown in Figure 5B, treatment of WT mice with CIC-39Na led to a small but significant increase in platelet
count at day 5 that recovered in the following determinations. Treatment of KI-STIM1''*>F mice led to a
striking increase in platelet number at 5 days which was maintained up to 15 days. This was paralleled by a
significant decrease in blood loss compared to its control (Figure 5C) and to a significant decrease in bleeding
time (Figure 5D). After 30 days, in which drug release from the pump was significantly reduced, platelet
number showed a significant drop from the peak (Figure 5B), and, similarly, blood loss (Figure 5C) and
bleeding time (Figure 5D) were increased.

In conclusion, TAM is a monogenic disorder and therefore we tested whether blunting the activity of SOCE,
the altered signaling pathway, could counteract thrombocytopenia. Indeed, we found that chronic
administration of a SOCE inhibitor is able to normalize platelet count and bleeding. Our results have

important repercussions. First, we have paved the way for a treatment strategy for the platelet disorder
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which affects more than half of the sufferers of this ultra-rare disorder. While we have tested a compound
which is still in preclinical evaluation, there are compounds that are already in clinical trials for other
indications that could be re-purposed to this aim with an appropriate clinical trial. Second, given the
observation that a SOCE-mediated dysfunction is amenable of intervention with a SOCE inhibitor, this finding
is the prelude to testing this or other compounds also for the muscular component of TAM. Importantly,
given that TAM is a slowly-progressive disease, clinical trials with hard muscular end-points could be
challenging. Were preclinical models to show a correlation between platelet number and muscle phenotype
amelioration, improvement of thrombocytopenia could therefore be used as a valid, relevant biomarker of

efficacy, thereby facilitating clinical trial design.

12



Acknowledgements
The present study was supported by research funding from the Italian Telethon Foundation to Armando
Genazzani. PoC instrument funding from LINKS Foundation and Compagnia di San Paolo, PoC UPO-Regione

Piemonte art. 12 L.R. n. 4 05/04/2018 to Beatrice Riva.
The authors wish to thank ChemlCare S.R.L. for providing CIC-39Na.

Authorship Contributions

A.A.G and A.B. contributed equally in supervision, A.A.G. provided funding. A.A.G, A.B, and C.C-S. conceived
the design of experiments. C.C-S., E.P., N.C,, B.R,, F.AR., P.P,, N.F,, I.Z, M.S., M.P.C,, S.S., T.P. performed
experiments and analysed the results. A.A.G and C.C-S. wrote the manuscript. All authors have given approval
to final version of manuscripts.

Disclosure of Conflicts of Interest

B.R. is an employer of Chemicare, of which she also owns stocks. T.P. owns stocks of Chemicare, a company

that owns the rights to CIC-39Na. All other Authors have no competing interests.

References

1. Berna-Erro A, Redondo PC, Rosado JA. Store-Operated Ca 2+ Entry. Vol 740.; 2012. doi:10.1007/978-
94-007-2888-2_15

2. Putney JW. Origins of the concept of store-operated calcium entry. Front Biosci. 2011;S3(1):980.
doi:10.2741/202

3. Prakriya M, Lewis RS. Store-operated calcium channels. Physiol Rev. 2015;95(4):1383-1436.
doi:10.1152/physrev.00020.2014

4. Liou J, Kim ML, Heo WD, et al. STIM is a Ca2+ sensor essential for Ca2+-store-depletion-triggered
Ca2+ influx. Curr Biol. 2005;15(13):1235-1241. doi:10.1016/j.cub.2005.05.055

5. Soboloff J, Spassova MA, Tang XD, Hewavitharana T, Xu W, Gill DL. Orail and STIM reconstitute store-
operated  calcium  channel function. J Biol Chem. 2006;281(30):20661-20665.
doi:10.1074/jbc.C600126200

6. Lacruz RS, Feske S. Diseases caused by mutations in ORAI1 and STIM1. Ann N Y Acad Sci.
2015;1356(1):45-79. doi:10.1111/nyas.12938

7. Schiaffino S. Tubular aggregates in skeletal muscle: Just a special type of protein aggregates?
Neuromuscul Disord. 2012;22(3):199-207. doi:10.1016/j.nmd.2011.10.005

8. Ticci C, Cassandrini D, Rubegni A, et al. Expanding the clinical and genetic spectrum of pathogenic

variants in STIM1 . Muscle Nerve. Published online August 26, 2021. doi:10.1002/mus.27391

13

67



68

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Silva-Rojas R, Laporte J, Bohm J. STIM1/ORAI1 Loss-of-Function and Gain-of-Function Mutations
Inversely Impact on SOCE and Calcium Homeostasis and Cause Multi-Systemic Mirror Diseases.
Front Physiol. 2020;11. doi:10.3389/fphys.2020.604941

Morin G, Biancalana V, Echaniz-Laguna A, et al. Tubular aggregate myopathy and Stormorken
syndrome: Mutation spectrum and genotype/phenotype correlation. Hum Mutat. 2020;41(1):17-37.
doi:10.1002/humu.23899

White JG, Ahlstrand GG. Giant electron dense chains, clusters and granules in megakaryocytes and
platelets with normal dense bodies: an inherited thrombocytopenic disorder Ill. Platelet analytical
electron microscopy. Platelets. 2003;14(5):305-312. doi:10.1080/0953710031000137046

Markello T, Chen D, Kwan JY, et al. York platelet syndrome is a CRAC channelopathy due to gain-of-
function mutations in STIM1. Mol Genet Metab. 2015;114(3):474-482.
doi:10.1016/j.ymgme.2014.12.307

Roman J, Palmer M, Palmer CA, Johnson NE, Butterfield RJ. Myopathy in the York Platelet Syndrome:
An Underrecognized Complication. Case Rep Pathol. 2018;2018:5130143. Published 2018 Aug 12.
doi:10.1155/2018/5130143

Nesin V, Wiley G, Kousi M, et al. Activating mutations in STIM1 and ORAI1 cause overlapping syn-
dromes of tubular myopathy and congenital miosis. Proc Nat! Acad Sci U S A. 2014;111(11):4197-
4202. doi:10.1073/pnas.1312520111

Barone V, Del Re V, Gamberucci A, et al. Identification and characterization of three novel mutations
in the CASQ1 gene in four patients with tubular aggregate myopathy. Hum Mutat. 2017;38(12):1761-
1773. doi:10.1002/humu.23338

Bohm J, Lornage X, Chevessier F, et al. CASQ1 mutations impair calsequestrin polymerization and
cause tubular aggregate myopathy. Acta Neuropathol. 2018;135(1):149-151. doi:10.1007/s00401-
017-1775-x

Gresele P, Lopez JA, Kleiman NS, Page CP. Platelets in thrombotic and non-thrombotic disorders:
Pathophysiology, pharmacology and therapeutics: An update. Platelets Thromb Non-Thrombotic
Disord Pathophysiol Pharmacol Ther an Updat. Published online 2017:1-1445. doi:10.1007/978-3-
319-47462-5

Gilio K, Van Kruchten R, Braun A, et al. Roles of platelet STIM1 and orail in glycoprotein VI- and
thrombin-dependent procoagulant activity and thrombus formation. J Biol Chem.
2010;285(31):23629-23638. doi:10.1074/jbc.M110.108696

Cordero-Sanchez C, Riva B, Reano S, et al. A luminal EF-hand mutation in STIM1 in mice causes the
clinical hallmarks of tubular aggregate myopathy. DMM Dis Model Mech. 2020;13(2).
doi:10.1242/dmm.041111

14



20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Gamage TH, Gunnes G, Lee RH, et al. STIM1 R304W causes muscle degeneration and impaired
platelet activation in mice. Cell Calcium. 2018;76(October):87-100. doi:10.1016/j.ceca.2018.10.001
Silva-Rojas R, Treves S, Jacobs H, et al. STIM1 over-activation generates a multi-systemic phenotype
affecting the skeletal muscle, spleen, eye, skin, bones and immune system in mice. Hum Mol Genet.
2019;28(10):1579-1593. doi:10.1093/hmg/ddy446

Grosse J, Braun A, Varga-Szabo D, et al. An EF hand mutation in Stim1 causes premature platelet
activation and bleeding in mice. J Clin Invest. 2007;117(11):3540-3550. doi:10.1172/JC132312
Omuro A, Beal K, Mcneill K, et al. JOURNAL OF CLINICAL ONCOLOGY Multicenter Phase IB Trial of
Carboxyamidotriazole Orotate and Temozolomide for Recurrent and Newly Diagnosed Glioblas-
toma and Other Anaplastic Gliomas. J Clin Oncol. 2018;36:1702-1709. doi:10.1200/JCO
Gerasimenko JV, Gryshchenko O, Ferdek PE, et al. Ca2+ release-activated Ca2+ channel blockade as
a potential tool in antipancreatitis therapy. Proc Natl Acad Sci U S A. 2013;110(32):13186-13191.
doi:10.1073/pnas.1300910110

Miller J, Bruen C, Schnaus M, et al. (2020). Auxora versus standard of care for the treatment of severe
or critical COVID-19 pneumonia: Results from a randomized controlled trial. Critical Care,
2020;24(1):1-9. doi:10.1186/s13054-020-03220-x

Bruen C, Miller J, Wilburn J, et al. Auxora for the Treatment of Patients with Acute Pancreatitis and
Accompanying Systemic Inflammatory Response Syndrome: Clinical Development of a Calcium Re-
lease-Activated Calcium Channel Inhibitor. Pancreas. 2021;50(4):537-543.
doi:10.1097/MPA.0000000000001793

Barde PJ, Viswanadha S, Veeraraghavan S, Vakkalanka S V., Nair A. A first-in-human study to evalu-
ate the safety, tolerability and pharmacokinetics of RP3128, an oral calcium release-activated cal-
cium (CRAC) channel modulator in healthy volunteers. J Clin Pharm Ther. 2021;46(3):677-687.
doi:10.1111/jcpt.13322

Rahman S, Rahman T. Unveiling some FDA-approved drugs as inhibitors of the store-operated

Ca2+ entry pathway. Sci Rep. 2017;7(1):12881. Published 2017 Oct 16. doi:10.1038/s41598-017-
13343-x

Serafini M, Cordero-Sanchez C, Di Paola R, et al. Store-Operated Calcium Entry as a Therapeutic Tar-
get in Acute Pancreatitis: Discovery and Development of Drug-Like SOCE Inhibitors. ] Med Chem.
2020;63(23):14761-14779. doi:10.1021/acs.jmedchem.0c01305Garibaldi M, Fattori F, Riva B, et al.
A novel gain-of-function mutation in ORAI1 causes late-onset tubular aggregate myopathy and con-
genital miosis. Clin Genet. 2017;91(5):780-786. doi:10.1111/cge.12888

Garibaldi M, Fattori F, Riva B, et al. A novel gain-of-function mutation in ORAI1 causes late-onset
tubular aggregate myopathy and congenital miosis. Clin Genet. 2017;91(5):780-786.
doi:10.1111/cge.12888

15

69



70

31. Schoenwaelder SM, Yuan Y, Josefsson EC, et al. Two distinct pathways regulate platelet phosphati-
dylserine exposure and procoagulant function. Blood. 2009;114(3):663-666. doi:10.1182/blood-
2009-01-200345

Abbreviations
CMP: common myeloid progenitors

EMA: European Medicines Agency
FDA: Food and Drug Administration

GMP: granylocyte-macrophage progenitor
IPsR: inositol-1,4,5,-triphosphate receptor
MEP (Megakaryocyte-erythroid progenitor.

PRP: Platelet-rich plasma

TAM: Tubular aggregate myopathy.
SOCE: Store-Operated Ca?*-Entry

Figure Legends

Figure 1. Blood and progenitor characterization of WT and KI-STIM1'**5F mice. (A) Circulating number of
platelets and erythrocytes; Unpaired t-test (WT n=7 and KI-STIM1'"5F n=12; p-value; ***=0.0002); Mann-
Whitney U test (WT n=7 and KI-STIM1''*>F n=6), respectively. (B) Frequency of the indicated progenitor cells;
Mann-Whitney U test (WT n=6 and KI-STIM1%F n=7; p value: **=0.0120; *=0.0221).

Figure 2. Membrane receptors in WT and KI-STIM1'*'5F platelets. (A) Basal exposure of the indicated
membrane receptors; Unpaired t-test (WT n=6 and KI-STIM1'*'>F n=7; p value: **<0.0074, *=0.0319); (B)
Representative flow cytometry results upon thrombin stimulation;

(C) Thrombin dose-Response in WT and KI-STIM15F mice. Data represent percentage of fluorescence of the
response obtained in WT with 0.1 u/ml of thrombin. Mann-Whitney U test (WT and KI-STIM1'115F n=3-5; p-
value: ***=0.0005, **=0.0017, *<0.0419)

Figure 3. Adhesion and aggregation of WT and KI-STIM1''** platelets. (A) Number and area of adhered
platelets. Unpaired Mann-Whitney test (15’: WT n= 6 and KI-STIM1"%F nh= 4; 30’: WT n= 6 and KI-STIM1"25F
n= 4); p value: p value: ****<0.0001); (B) Amount and speed of platelet aggregation. Unpaired t-test (THR
0.1 u/ml: WT and KI-STIM1''*>F n=5; THR 0.05 u/ml: WT and KI-STIM1"%>F n= 4; p value: **=0.0039); Unpaired
t-test (Both THR (thrombin) 0.1 u/ml and THR 0.05 u/ml: WT and KI-STIM1'*15F h= 4; p-value: **=0.0044).
Figure 4. Ca%*-signaling in WT and KI-STIM1''*5F platelets. (A) Densitometry analysis of Western blots for
STIM1; Unpaired t-test (WT and KI-STIM1'*F n=6; p value: ****<0.0001); (B) Resting Ca?* in platelets;

Unpaired t-test (WT and KI-STIM1'*15F n=8; p value: *=0.0257); (C) Ca?*-responses to thrombin in platelets;
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Cells were challenged with thrombin in Ca*-free conditions and then extracellular Ca** was re-added to
trigger SOCE. At least 430 platelets from 3 separate mice per group were analyzed in at least 2 different
experimental day.

Figure 5. In vivo effect of CIC-39Na in WT and KI-STIM1'**5F mice.

(A) Study design of in vivo treatments in WT and KI-STIM1'*'5F mice. (B) Platelet count in the four treated
groups (WT Vebhicle (saline), WT CIC-39Na (60mg/kg), KI-STIM1''*>F Vehicle (saline) and KI-STIM1'**F CIC-39Na
(60mg/kg)). Non parametric Kruskal-Wallis H test followed by Dunn’s post-hoc. P-value: *= 0.0334 for each
experimental point vs WT Vehicle. p value: #=0.0154, ##=0.016; ###=0.0001 for each experimental point vs
KI-STIM1'*%5F_(C) Absorbance values relative to blood lost in the four treated groups. Non parametric Kruskal-
Wallis H test followed by Dunn’s post-hoc. P-value: p value: #=0.0208 for each experimental point vs KI-
STIM1'5F (D) Bleeding time in mice treated with Vehicle or CIC-39Na. p value: #=0.0304 for each
experimental point vs KI-STIM1'**F, Data reported in B, C, D represent the mean + SEM of 8 animals for each

group from two independent experiments.
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Supplementary data

Antibodies

Name Company Clone/Cat. number
CD117 (cKit) eBioscience 2B8/cat#25-1171-82
CD11b eBioscience M1/70/cat#12-0112-85
CD11c TONBO Biosc. N418/cat#50-011-U100
CD16/32 eBioscience 93/cat#45-0161-82

CD34 eBioscience RAM34/cat#11-0341-82
CD3e TONBO Biosc. 145-2C11/cat#50-0031-U500
CD45R BD RA3-6B2/cat#561078
F4/80 TONBO Biosc. BM8.1/cat#50-4801-U100
Gr-1 eBioscience RB6-8C5/cat#12-5931-85
IL-7RE eBioscience SB/cat#199/562959
SCA-1 eBioscience D7cat#17-5981-83
Ter-119 BD TER-119/cat#553673

SupTablel. Reagent table of haematopoietic precursors.

KI-STIM1'15F CIC-39Na

Groups Strain Treatment N.
1 WT Saline vehicle 8 (5 male; 3 female)
2 WT CIC-39Na 8 (5 male; 3 female)
3 KI-STIM1'115F Saline vehicle 8 (5 male; 3 female)
4

8 (5 male; 3 female)

SupTable2. Treatment groups of the study
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Figure 1.- Phosphatidylserin (PS) exposure by flow cytometry. Unpaired t-test (WT n=7 and KI-sTIM1""*" n=9)
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4.PART II:
Development of small molecules

a. Screening of putative Store-
Operated Calcium Entry
Inhibitors
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i.  Synopsis
Aim
The aim of the present contribution is to identify a lead compound as SOC Entry

inhibitor manageable for human use in a chemical library based on Synta66 derivate.

The main findings of the manuscripts are that:

0] Identification of compound 34 as the lead compound;

(i) Compound 34 remarkably reduces SOC Entry at hanomolar concentrations, is
selective and not cytotoxic;

(iii)  Compound 34 possess suitable drug pharmacokinetic properties;

(iv) Compound 34 is effective in an acute pancreatitis mouse model.

Key take-home message
The present contribution demonstrates that the lead compound 34, also known as CIC-

39Na, is effective in an in vivo model of acute pancreatitis.

Personal contribution
My contribution in this project has been (i) the biological screening performed in the
identification of a hit compound and (ii) the in vivo sample collecting for

pharmacokinetic experiments under the supervision of Prof. Pirali and Prof. Genazzani.
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ABSTRACT: Store-operated calcium entry (SOCE) is important in

the maintenance of calcium homeostasis and alterations in this
mechanism are responsible for several pathological conditions,
including acute pancreatitis. Since the discovery of SOCE, many
inhibitors have been identified and extensively used as chemical probes
to better elucidate the role played by this cellular mechanism.
Nevertheless, only a few have demonstrated drug-like properties so far.
Here, we report a class of biphenyl triazoles among which stands out a
lead compound, 34, that is endowed with an inhibitory activity at
nanomolar concentrations, suitable pharmacokinetic properties, and in

vivo efficacy in a mouse model of acute pancreatitis.

B INTRODUCTION

Acute pancreatitis (AP) is an inflammatory life-threatening
disorder. It is characterized by autodigestion of the pancreas,
which causes inflammation, edema, vacuolization, necrosis,
and, in the worst scenario, induces injury of remote
extrapancreatic organs. AP represents an urgent and unmet
need as it affects about 35 individuals per 100,000 person-years
worldwide," with a mortality rate between 1.5 and 4.2%, and
no effective pharmacological treatment is available."”

Among the triggers of AP is an intracellular Ca>* overload in
pancreatic acinar cells (PACs) that induces the uncontrolled
release of intracellular digestive proenzymes. While there are
numerous mechanisms that control intracellular Ca** concen-
trations, store-operated Ca®* entry (SOCE) appears to have a
pivotal role in the induction of Ca®* overload in PACs.’

SOCE" is represented by the influx of Ca®* activated in
response to the depletion of the stores from the endoplasmic
reticulum (ER)® and is associated with the electrophysiological
current named Icpac (CRAC, calcium release-activated
channel).® The exact molecular mechanism behind this cellular
event was elucidated between 2005 and 2006, when the
principal components of SOCE machinery, STIM and Orai,
were discovered.” At present, three Orai isoforms (Orail—3)
and two STIM isoforms (STIM1-2) are known. STIM is a
single-span protein located on the ER membrane and behaves
as a sensor: the depletion of ER Ca® stores induces a
conformational change of STIM that, after oligomerization,
interacts with Orai. The latter is a plasma membrane Ca**

© 2020 American Chemical Society

WACS Publications

ICso: 851 nM

“ Aqueous solubility (34_Na*): 1.5 mg/mL
No off-target activity on DHODH
Invivo t,5: 3.2 h

Plasma Membrane . . . -
In vivo efficacy in acute pancreatitis

Endoplasmic Reticulum Sham Vehicle 34_Na*

channel that allows for Ca** influx from the extracellular
environment, eventually refilling the intracellular Ca** stores.

Other crucial proteins known to participate in SOCE are
transient receptor potential canonical (TRPC) channels,®
which were previously believed to be the primary contributors
of Ca’* rise in PACs and therefore mainly responsible for
AP.** Yet, more recent studies have demonstrated that the
metabolic alcohol products that are among the mediators of
acinar cell damage induce the opening of IP;Rs, Ca®* channels
located in the ER, resulting in the depletion of the ER stores
and in the activation of STIML.'® This event leads to Ca?*
entry through the Orail opening, sustaining toxic intracellular
Ca® elevation and pointing to Orail as a key culpable for AP
damage."’

Gerasimenko et al. demonstrated that a selective CRAC
channel blocker, GSK-7975A (1, Figure 1), with no inhibitory
activity on TRP-channel currents, is able to decrease the
overload of cytosolic Ca** in a concentration-dependent
manner and to prevent the activation of the necrotic cell
death pathway in both mouse and human PACs,"" confirming
the involvement of Orai in AP and its druggability.
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Figure 1. Negative modulators of SOCE reported in the literature.

Furthermore, GSK-7975A, together with another SOCE
inhibitor, CM4620 (2, Figure 1), were demonstrated to be
protective in three different murine models of chemically
induced AP.'> Based on these preclinical evidences, CM4620
has entered clinical trials,"> with a Phase II trial for AP already
completed and an ongoing Phase I/1I trial for a rare condition
in which AP is triggered by asparaginase treatment
(asparaginase-associated AP). This rare condition (incidence
between 7 and 18%) is a well-known complication of
childhood acute lymphoblastic leukemia (ALL) treatment
that is often responsible for the early discontinuation of drug
treatments.”” As the increase in Ca>* induced by asparaginase
and the related necrosis of PACs depend on CRAC channels,
recent findings have described the inhibition of CRAC
channels as the most promising therapeutic approach in this
pathology.*'*

Among the several medicinal chemistry campaigns aimed at
developing SOCE inhibitors,"® in 2018 our research group
described a class of SOCE modulators, named pyrtriazoles,'®
that were designed based on a known chemical probe for
SOCE, Pyr6."” Among the reported compounds, a promising
candidate (3, Figure 1) able to significantly ameliorate
cerulein-induced AP in rodents without signs of toxicity was
identified. Nevertheless, the pharmacokinetic (PK) profile of 3,
with its relatively short half-life (mouse, i.p., 1.3 h) and high
volume of distribution (32 L/kg), prompted us to undertake a
medicinal chemistry campaign aimed at developing more drug-
like SOCE modulators.

Among the previously reported SOCE modulators, Synta66
(4, Figure 2) is a CRAC channel blocker able to inhibit Icgac
with an ICq, of 1.4—3.0 uM."® Although its precise mechanism
on SOCE remains unknown, assays performed in siRNA
knock-down of Orail mast cells have suggested that Synta66
might be selective for the channel.'® Furthermore, experi-
ments in vascular smooth muscle cells have demonstrated that
it does not interfere with STIM1 clustering. Thanks to its
inhibitory activity toward Orail, an increasing number of in
vitro and in vivo studies have used Synta66 as a chemical probe
to gain better insight into Icgsc biology. Moreover, the
compound is selective over a panel of other ion channels or
receptors, including Ca>* ATPase pump, voltage—gated Ca**
and Na* channels, and TRPC1/S channels,"*>"? indicating
this molecule as a reliable starting point to develop new SOCE
modulators.

In the present contribution, we describe a family of biphenyl
triazoles that inhibit SOCE and are endowed with potency in
the nanomolar range, good PK profile, and efficacy in

o— [¢] —
N
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F
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Figure 2. Modifications of Synta66 moieties to synthesize biphenyl
triazoles.

Series 1B

Series 2A

counteracting cerulein-induced AP. While the compounds
had been initially designed as mere isosteres of Synta66,>
replacement of the arylamide moiety with the triazole ring
(Figure 2) gave unpredictable results in terms of structure—
activity relationships (SARs) and unmasked the fact that this
represents a completely new class of modulators.

B RESULTS AND DISCUSSION

SAR Study around 2-Fluoro-4-pyridine Gives Less-
Active Compounds Compared to Synta66 on SOCE.
Starting from the structure of Synta66, the amide moiety was
replaced with a 1,4-disubstituted 1,2,3-triazole ring by a click
chemistry approach.”" To this aim, azide 8 and alkyne 17 were
prepared according to Schemes 1 and 2. 8 was synthesized
starting from (2,5-dimethoxyphenyl)boronic acid and 4-
bromoaniline, which reacted in a Suzuki cross-coupling
reaction to give intermediate 7. Compound 7 underwent a
diazotization-azidation reaction to afford the desired azide 8
with a yield of 60%. Alkyne 17 was prepared from (2,5-
dimethoxyphenyl)boronic acid and 4-bromobenzaldehyde,
which, after a Suzuki cross-coupling reaction, gave inter-
mediate 16 that reacted in the presence of Bestmann—Ohira
reagent to give 17.

With these two compounds in hand, two click reactions were
performed and compounds 9 and 18 (Table 1), displaying the
same substructures as the reference compound Synta66, were
obtained with a yield of 31 and 60%, respectively. 9 and 18
were tested for activity on SOCE in HEK cells, a human
embryonic kidney (HEK) cell line, by fluorescence micros-
copy, as described elsewhere.'® After 600 s, Ca®* was added
and intracellular levels were measured. Compared to Synta66,
which exhibits an inhibition of 90.8 + 1.7%, compound 18
inhibited SOCE to a smaller extent (26.2 + 6.5%), whereas 9
showed a percentage of —4.9 + 21.3, indicating that the
molecule slightly increased Ca** entry compared to control
(Table 1). Therefore, the isosterical replacement of the aryl
amide moiety with a triazole ring led to active molecules,
although the activity was significantly reduced compared to the
parent compound Synta66.

Prompted by this observation, we decided to investigate the
SAR around the 2-fluoro-4-pyridine ring. To this aim, 10
additional molecules were designed and synthesized starting
from azide 8 and alkyne 17 that were clicked with five different

https://dx.doi.org/10.1021/acs.jmedchem.0c01305
J. Med. Chem. 2020, 63, 14761-14779
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Scheme 1. Synthesis of Compounds 9—14 (Series 1A)“
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“Reagents and conditions: (a) K,COs, Pd(OAc), EtOH, DMF, 80 °C, 3 h, 98%. (b) NaNO,, NaN,, HCI, H,O, rt, § h, 60%. (c) Sodium ascorbate,
CuSO,-SH,0, -BuOH, H,0, 50 °C, 16 h, 31-65%.

14

Scheme 2. Synthesis of Compounds 18—23 (Series 1B)“
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“Reagents and conditions: (a) K,COs, Pd(OAc), EtOH, DMF, 50 °C, 3 h, 99%. (b) Bestmann—Ohira reagent, K,CO3, MeOH, rt, 18 h, 82%. (c)
Sodium ascorbate, CuSO,-5H,0, t-BuOH, H,0, 50 °C, 16 h, 60—99%.

Table 1. First Series of Compounds and Their Biological Activity in HEK Cells

N=N, N=N,
C l\/l\/)\Rw N-R,
“0 -
0~ series 1A o~ series 1B
Cpd, %SOCE ., o Cpd, % SOCE o
R e /"(IVO‘abh‘)IW ICs (M) Ri inhibition /"(l‘g“b]\‘}l')‘y 1Cso (M)
Yield (%) (10 pM) D) Yield (%) (10 uM) s
4, Synta66 - 90.8+17  758+80 228433
R 3

9,31% =\, 49:213 - - 18, 60% =\ 262+6.5 - -

W/ \_ 7
10, 37% QN -128+144 - - 19, 79% &N 174126 - -

o =N o =N

11, 65% ) 14.0+319 , - 20, 78% |—@ 124334 - -

N COOMe
12, 50% 0.0+15 - - — 735+ 14 - -

° \_/ N
COOH COOH
13, 58% = 79.9+4.1 - - 22,75% = 572+83 - -
\ 7 \ 7
COOH COOH
14, 42% @ 762+52 - - 23,99% @ 87.8+2.9 718+0.5 1790+ 143
14763 https://dx.doi.org/10.1021/acs.jmedchem.0c01305
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Figure 3. Effect of Synta66 (4) and 23 on SOCE in HEK cells. (A) Average Ca*'-traces of SOCE in the absence or presence of Synta66 or 23 (10
pM). Traces are the average of 200 cells. (B) Evaluation of the AUC, peak amplitude, and slope of the Ca**-rise of the Ca**-traces in the absence or
presence of Synta66 or 23. The graph shows the median and IQR of the AUC, peak amplitude, and slope of the Ca**-rise. Mann—Whitney U test
of compounds vs control (*¥p < 0.0075 **¥p = 0.0002 **#¥p < 0.0001). (C) Concentration—response curves of Synta66 and 23.

alkynes and azides, respectively, affording compounds 10—14
(series 1A, Figure 2) and 19—23 (series 1B, Figure 2). All the
synthesized triazoles were tested as described above. Five
compounds (9, 10, 11, 19, 20) evoked a variable Ca®* entry,
leading to a remarkable standard error and suggesting that they
were not able to reliably inhibit SOCE (Table 1). Moreover,
only four molecules (13, 14, 21, 23) out of 12 inhibited SOCE
by a considerable level (arbitrarily chosen to be >70%).

14764

The most active compound, 23 (87.8 + 2.9% of inhibition)
showed an inhibitory activity comparable to Synta66 (90.8 +
1.7%; Figure 3A). The effects of both compounds on SOCE
were characterized analyzing the area under the curve (AUC),
peak amplitude, and slope. As shown in Figure 3B, both
Synta66 and 23 significantly reduced AUC and peak amplitude
compared to control. Whereas only Synta66 showed a
significant effect on the slope, it was apparent that also 23
had a similar effect. To determine the ICs, value, we obtained

https://dx.doi.org/10.1021/acs.jmedchem.0c01305
J. Med. Chem. 2020, 63, 14761-14779
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Table 2. Second Series of Compounds and Their Biological Activity in HEK Cells
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to Synta66 (ICs, = 228 + 33 nM). Moreover, 23 was slightly
cytotoxic, with a residual cell viability of 71.8% at 10 uM, a
characteristic shared by Synta66 (75.8 & 8.0%). To assess the

the concentration—response curves for both compounds
(Figure 3C). 23 showed an ICy, of 1.79 + 0.14 uM, revealing
approximately a 1 order of magnitude lower potency compared

14765 https://dx.doi.org/10.1021/acs.jmedchem.0c01305

J. Med. Chem. 2020, 63, 14761-14779
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Scheme 3. Synthesis of Compounds 27—40 (Series 2A)“
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K,CO;, Pd(OAc), EtOH, DMF, 80 °C, 6 h, 18—86%.

Scheme 4. Synthesis of Compounds 44—56 (Series 2B)“
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Figure 4. Effect of 47 on SOCE. (A) Average Ca**-traces of SOCE in the absence or presence of 47 (3 uM in HEK cells). Traces are the average of
200 cells. (B) Evaluation of the AUC, peak amplitude, and slope of the Ca>*-rise in the absence or presence of 47. The graph shows the median and
IQR of the AUC, peak amplitude, and slope of the Ca**-rise. Mann—Whitney U test of compound vs control (*p = 0.0286).

cytotoxicity profile of the biphenyl triazoles, viability assays
were performed on other molecules of the first series (10 uM)
and all the compounds showed a cell viability comparable to
23 (data not shown).

SAR Study around 2,5-Dimethoxyphenyl Gives
Compounds as Active as Synta66 on SOCE. The above
data demonstrate that all the synthesized biphenyl triazoles
showed a reduced activity on SOCE compared to Synta66. We
therefore synthesized a second series of compounds (series 2A

14766

and 2B, Figure 2) where the 2,5-dimethoxyphenyl ring, the
only structural motif that had been kept fixed in our
preliminary SAR, was extensively modified (Table 2). Given
that the most potent compound in the first series featured a 3-
carboxyphenyl ring, we decided to select this moiety as the one
to keep fixed. The choice was also guided by the fact that this
substructure was the preferred substitution in our previous
paper reporting pyrtriazoles (CIC-37, Figure 1) and by the

https://dx.doi.org/10.1021/acs.jmedchem.0c01305
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perception that the 3-carboxyphenyl substrate is a privileged
scaffold in SOCE modulation.'®

To obtain the second series of biphenyl triazoles, a Suzuki
cross-coupling reaction was exploited, starting from two aryl
bromides, 26 and 43, that were coupled with different boronic
acids. 26 and 43 were synthesized as depicted in Schemes 3
and 4. Click chemistry reaction between azide 24, prepared
from 4-bromoaniline by diazotization-azidation protocol, and
alkyne 2S5 afforded the aryl bromide 26. Similarly, 43 was
obtained by clicking alkyne 41, synthesized by reacting 4-
bromobenzaldehyde in the presence of the Bestmann—Ohira
reagent, with azide 42.

Starting from these two intermediates, 28 Suzuki reactions
were performed and compounds 27—40 (series 2A, Figure 2)
and 44—56 (series 2B, Figure 2) were synthesized. One
reaction was instead not successful.

As described above, all the compounds were initially tested
at 10 uM in HEK cells. This second series was significantly
more potent compared to the first, and several molecules
showed a noteworthy inhibitory activity, with percentage above
80% (data not shown). Therefore, in order to better
discriminate between the different candidates, we decided to
evaluate the effect of the compounds at 3 uM on SOCE. For
those compounds that displayed SOCE inhibitory activity
>70%, cell viability assays, this time at 10 uM, were then
performed. For those molecules showing an inhibitory activity
>70% and a cell viability >85%, the ICs, values were
calculated (Table 2).

The biological results highlighted that removal of both the
methoxy substituents from positions 2’ and §’ (27, S1.0 +
31.9%; 44, 1.8 + 3.1%), or the presence of the solely 2'-
methoxy substituent (28, 45.9 + 14.5%; 45, 12.0 + 18.9%),
caused a significant reduction of activity compared to Synta66
with a remarkable variability. On the other hand, the additional
methoxy group at position 4’ made the inhibition rise to 50%
(29, 56.4 + 21.0%; 46, 53.0 + 3.8%). When the same insertion
was performed at position 6’, for one compound a drop in
inhibitory activity occurred (30, 25.8 + 22.3%), whereas for
the other one (47) an increase in SOCE was surprisingly
observed (—22.8 + 0.9%, Figure 4A). The compound, tested at
a concentration of 3 uM, significantly increased the AUC of
calcium entry and the peak amplitude (Figure 4B), that is,
represents a positive modulator of SOCE.

Given the absence of effect on slope, it is highly likely that it
affects channel closure or desensitization. Given that the focus
of this study was to identify novel SOCE negative modulators
for the treatment of AP, the profile of compound 47 was not
investigated further, but its discovery supports the idea that
minor structural modifications of SOCE inhibitors can
interfere with channel gating and produce activators, as already
observed for pyrtriazoles (AL-2T (57), NM-3G (58); Figure
5)'¢ and for another recently described SOCE enhancer (IA6S
(59), Figure 5).2> 47 therefore represents an enhancer of
SOCE from a third distinct class of modulators and provides
grounds to develop models to understand the mechanism by
which this occurs.

Compound 31 in which the methoxy group is removed from
position 2" while bearing a 3’-methoxy substituent was more
active (85.1 + 9.0%; Figure 6A) compared to Synta66,
whereas the counterpart 48 was less active (29.5 + 22.7%).
The substitution of the methoxy group with a hydroxyl (32,
0.0 + 13.1%) or with a thioether (33, 23.6 = 33.7%; 49, 0.0 +
0.7%) was instead not tolerated. Compounds 34 and S0 with a

Y
Now CFy New
QoGm0
<N
FiC
P ¢ COOH
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57, AL-2T

N=n FaC
COOH
~ALO- . O
~ L s
Cl
58, NM-3G 59, 1A65

Figure S. Structures of compound 47 and other positive modulators
of SOCE reported in the literature.

2/,3’-dimethoxy phenyl substituent also showed a good activity
(96.5 + 2.4 and 93.3 + 5.1%, respectively; Figure 6A), whereas
if the two methoxy groups were fused together to form a 1,4-
dioxanyl ring, the activity was lower (35, 70.9 + 7.9% Figure
6A; 51, 441 * 17.1%). The 3',5'-dimethoxy phenyl
substituent provided a good inhibitory activity, as in the case
of 36, which induced an inhibition of 73.8 + 11.3% (Figure
6A). On the other hand, 52 had a good inhibitory activity but
due to its remarkable variability (75.4 + 28.8%), the
compound was not selected for further studies. The reduction
of SOCE inhibition was also observed with the 3',4’-dimethoxy
phenyl substituent but to a less extent (37, 54.3 + 6.3%; S3,
39.6 + 7.6%). When the substituents in 3’ and 4’ were fused
together in a six-member 1,4-dioxanyl ring, the activity rose
(38, 77.5 + 8.2%, Figure 6A; 54, 81.1 + 7.0%), whereas the
1,3-dioxolanyl was not tolerated in the case of 55 (0.0 + 4.3%)
and led to a less active compound with a high standard error in
the case of 39 (67.3 + 44.6%). Finally, a 2'-fluoro-5’-methoxy
phenyl ring provided two compounds with remarkable activity
on SOCE, 40 (747 + 6.3%) and 56 (88.9 = 7.5%), both
reported in Figure 6A.

For all selected compounds (31, 34, 35, 36, 38, 40, 50, and
56), the detailed analyses of the AUC, peak amplitude, and
slope demonstrated that, similarly to Synta66, all compounds
induced a drop in the three parameters, with 34 significantly
reducing the AUC when compared to the reference
compound. All these data are reported in the Supporting
Information.

In summary, in the second series we were able to discover
eight molecules with ICs, values in the nanomolar range
(Figure 6B, Table 2).

Triazole is an Indispensable Feature of the New Class
of Modulators and Reduces Off-Target Effects on
DHODH. To better elucidate the role of the triazole ring in
the interaction with SOCE machinery, we synthesized
analogues of 38 displaying the direct (64) and the inverse
(69) amides, according to Schemes S and 6. Suzuki cross-
coupling reaction between (2,3-dihydrobenzo[b][1,4]dioxin-6-
yl)boronic acid and 4-bromoaniline afforded amine 61 that,
after coupling with 3-(methoxycarbonyl)benzoic acid and
hydrolysis of the methyl ester, yielded compound 64. (2,3-
Dihydrobenzo[b][1,4]dioxin-6-yl)boronic acid and methyl 4-
iodobenzoate underwent a Suzuki cross-coupling reaction and,
after deprotection of the carboxylic group, afforded inter-
mediate 66. Then, 66 was coupled with methyl 3-amino-
benzoate and the methyl ester hydrolyzed to give compound
69.

The triazole ring is reputed to be a nonclassical bioisostere
of amides,**?" although we have shown in a number of
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J. Med. Chem. 2020, 63, 14761-14779

91


http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.0c01305/suppl_file/jm0c01305_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.0c01305/suppl_file/jm0c01305_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.0c01305?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.0c01305?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.0c01305?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.0c01305?fig=fig5&ref=pdf
pubs.acs.org/jmc?ref=pdf
https://dx.doi.org/10.1021/acs.jmedchem.0c01305?ref=pdf

92

Journal of Medicinal Chemistry

pubs.acs.org/jmc

2+,
@ Ca2*+tBhQ 50 um Ca?* 2 mM
600 sec. .
0.4
— Ctrl
0.3 ~—— Synta66
- 31
‘L? 0.2 34
w -
< 04 35
- 36
0.0
100 200 300
B Time (s)

Inhibition (%)

Concentration (uM)

@ Ca2*+tBhQ 50 um
2+
600 sec. Ca*2mM
L JL ]
r i 1
0.4+
- Ctrl
0.34 ~— Synta66
-= 38
& 021 40
o - 50
0.14 — 56
0.0
100 200 300
Time (s)

Inhibition (%)

Concentration (uM)

Figure 6. Effect of Synta66 and selected biphenyl triazoles on SOCE in HEK cells. (A) Average Ca®*-traces of SOCE in the absence or presence of
Synta66 or biphenyl triazoles (3 u#M). Traces are the average of 200 cells. (B) Concentration—response curves.
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“Reagents and conditions: (a) K,COs, Pd(OAc), EtOH, DMF, 80 °C, 6 h. (b) NaOH, H,0, THF, 4 h, 60 °C, 85%. (c) EDCI, DMAP, DIPEA,

dry CH,Cl,, t, 18 h, 63%. (d) NaOH, H,O, THF, 4 h, 60 °C, 61%.

occasions that this is not necessarily always the case.”> To
investigate the function of the triazole in this setting, we
evaluated the amides of 38 (64 and 69). Both molecules
displayed a significantly reduced activity compared to the
parent compound (Table 3). It should be noticed that such a
difference was also observed when comparing Synta66 with its
triazole-substituted close analogues (9 and 18; Table 1).
Surprisingly, 64, despite its low activity on SOCE, showed a
significant cytotoxicity, with a residual viability after 24 h of
50% at 10 #M in HEK cells, in contrast to its inverse amide 69

14768

and 38, that did not affect cell viability. When attempting to
rationalize this cytotoxicity, we noticed that 64 was structurally
closely related to dihydroorotate dehydrogenase (DHODH)
inhibitors.”* Indeed, a "DHODH inhibitor usually includes a
lipophilic moiety that guarantees the interaction with subsite 1
of the enzyme, together with a carboxylate moiety that
interacts with the Argl36 residue located in subsite 2, two
structural features that can be found in compound 64.

More surprisingly, a recent screening performed on an FDA
database has highlighted that teriflunomide (70, Figure 7), a

https://dx.doi.org/10.1021/acs.jmedchem.0c01305
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Table 3. Amide Analogues of 38

0L,

Cpd, % SOCE % Viability  [Cs,
inhibition
Yield (%) (3 uM) (10 uM)
64, 81% Q 51.8+9.5 50.3+0.8
J-NH
69, 61% 22.6+5.6 953+33

¢

o

DHODH inhibitor approved for multiple sclerosis,” s
endowed with a considerable inhibitory activity on SOCE
(ICs = 43 + 1.0 uM in HEK cells).*® This led to asking
whether 64 was a DHODH inhibitor and whether triazole-
bearing analogues shared this feature. To investigate the
involvement of DHODH, the cytotoxic activities of the two
compounds bearing an amide substructure, 64 and 69, and of
the five selected biphenyl triazoles, 31, 34, 36, 38, 40, were
evaluated after 72 h at a high concentration (50 #uM) in HEK
cells. Alongside, two well-characterized DHODH inhibitors,
teriflunomide itself (70, Figure 7) and brequinar (71, Figure
7)*7 were used as reference compounds. Gratifyingly, the
viability profile revealed that the biphenyl triazoles did not
impair cell viability even at these high concentrations. For the
arylamide-bearing molecules displaying a significant cytotox-
icity (64 and Synta66), the involvement of the de novo
pyrimidine synthesis pathway was evaluated by supplementing
the medium with an excess of uridine that should counter-
balance the effect of DHODH inhibition by triggering the de
novo pathway.”® As expected, brequinar and teriflunomide were
cytotoxic and their effect was reverted by uridine addition. The
cytotoxic effect of 64 was also fully reverted by uridine,
supporting our hypothesis that this is a DHODH inhibitor and
that the substitution with the triazole ring reduces the off-
target effects (Figure 7). While this observation deserves
additional investigations, it questions whether other previously
reported inhibitors bearing an aryl amide moiety might have
promiscuous effects on this enzyme. Indeed, most SOCE
inhibitors bear an amide-linkage as part of the pharmacophor-

e.">* We preliminarily tested CM4620 and found that it was
cytotoxic at SO #M in HEK cells but this cytotoxicity was not
reverted by uridine, suggesting that it is not a DHODH
inhibitor (not shown). A similar lack of effect was also
observable for Pyr6, while no other arylamide SOCE inhibitor
was tested.

Overall, these data corroborate previous evidence that the
amide to triazole substitution is not merely bioisosteric (REF),
as the presence of the triazole prevents off-target effects on
DHODH.

Biphenyl Triazoles as Sodium Salts Are More Soluble
Than Synta66. According to both potency and cell viability of
the second series of modulators, the five most promising
candidates were selected (31, 34, 36, 38, and 40), excluding
those molecules that differed from these candidates only for
the orientation of the triazole ring (50 and 56). To assess the
druggability of the molecules, their thermodynamic aqueous
solubility was evaluated. Unfortunately, the biphenyl triazoles
showed poor aqueous solubility (about 0.20 yg/mL, data not
shown) comparable to that of Synta66 (0.28 ug/mL, Table 4).
To overcome this limitation, the candidates were salified as
sodium salts and their aqueous solubility was reassessed (Table
4). Briefly, except for 36, all the tested biphenyl triazoles salts
were soluble in water in the 0.67—1.53 mg/mL range. The
presence of one or two methoxy substituents on the phenyl
ring considerably increased the solubility compared to the 1,4-
dioxanyl moiety of 38 as well as the addition of a fluorine atom
that slightly improved the solubility of 40 compared to 31.
Interestingly, the enhanced solubility given by the methoxy
substituents is minimally driven by the decrease in hydro-
phobicity but rather by the disruption of the molecular
symmetry, as shown by the 80-fold increase in aqueous
solubility of 34 compared to 36. In addition, to assess the
solubilization of the selected candidates in the aqueous vehicle
used for in vivo administration, compounds 34 and 40 were
dissolved at the nominal concentration of 6 mg/mL in saline
solutions containing cosolvents (see methods section). Only
34 gave a limpid solution in saline containing 10% dimethyl
sulfoxide (DMSO) + 20% PEG400, whose title was confirmed
by LC—UV analysis, pointing to this compound as the best
candidate for further in vivo evaluation.

Biphenyl Triazoles Are More Metabolically Stable
Than Synta66. Next, the in vitro metabolic stability of the five
candidates (31, 34, 36, 38, and 40) was evaluated in mouse
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Figure 7. Effects of the selected compounds on DHODH. HEK cells were treated for 72 h at the concentration of 50 M with or without uridine

(100 uM). The graph shows average + SEM of cell viability, peak

amplitude, and slope of the Ca**-rise. A Student t-test was performed on

compounds vs control (**¥%p < 427 x 107); (terif: teriflunomide, breq: brequinar).
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Table 4. Aqueous Solubility and Metabolic Stability of the
Selected Biphenyl Triazoles

—
COO Na
N

o

3

H,O0 solubility Metabolic
Ry Gzl (hg/mL) stability®
4, Synta66 0.28 15%

Q—( 31 Na 855.57 91%
(0]
:< 34 Na

\
—0
Q—{ 36_Na 18.72 92%
—0
QQ_( 38 Na 66834 94%
o
-
Q—{ 40_Na
o]

“Soluble at 6 mg/mL in saline containing 10% DMSO + 20%
PEG400. “Residual substrate after 1 h incubation in MLMs.

1528.18* 75%

1168.36 93%

liver microsomes (MLMs) activated by NADPH by measuring
the substrate residual after 1 h. For comparative purposes,
Synta66 was incubated in the same conditions. All the salified
biphenyl triazoles resulted in a quite stable microsomal
oxidation, with a residual substrate in the range of 75—94%
after incubation (Table 4). By contrast, Synta66 resulted in a
considerably less stable microsomal metabolism, with a
substrate residual of only 15% after incubation, amide
hydrolysis and O-demethylation metabolites showing the
most extensive transformations (data not shown).

Next, the structural characterization of the metabolites of 34
was performed by high-resolution mass spectrometry
(HRMS), processing the raw data with a workflow aimed at
drug metabolite identification provided by Compound
Discoverer 3.1 software (Thermo Scientific). Overall, data
analysis highlighted the occurrence of three main trans-
formations: O-demethylation (M1) followed by oxidation
(M2) and hydroxylation (M3). Furthermore, incubation of 34
with MLM:s in the presence of uridine diphosphate glucuronic
acid (UDPGA) gave the corresponding acyl glucuronide
metabolite G1 (Figure 8). Interestingly, data analysis did not
highlight the formation of glutathione (GSH) adducts,
suggesting that metabolism is not driven toward the formation
of reactive species. Full data of metabolite structures and mass
spectral data, as well as the metabolic pathways, are given in
the Supporting Information.

34 Is Effective In Vivo in AP. To further characterize the
compound, a PK analysis was performed in mice. Briefly, mice

O-demethylation G1

M3
w1 OH
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O HO  on

OH
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Figure 8. Metabolic biotransformation of compound 34 in MLMs.

were injected with 34 (iv., 7 mg/kg, once) and serial blood
sampling was performed. 34 showed a half-life of 3.2 h, with a
clearance of 0.5 L/h/kg, a volume of distribution of 2.3 L/kg,
and a Cy,, of 16.8 mg/L (see the Supporting Information for
the full set of PK parameters).

The PK profile of our candidate prompted us to investigate
its efficacy in a cerulein-induced murine model of AP.* The
compound was administered 30 and 150 min after the first
cerulein injection at a dose of 10 mg/kg i.p. The hematoxylin/
eosin (H&E) staining of the pancreatic tissues collected S h
after the first cerulein injection demonstrated that the
compound was able to significantly ameliorate the histological
scores, with reduction of inflammation and edema typical of
this disease (Figure 9), as expected from SOCE inhibitors with
profiles compatible with systemic administration.'®

Bl CONCLUSIONS

This work stems from our previous discovery that the
pyrtriazole derivative 3, originally designed from known
pyrazole inhibitors, is an inhibitor of SOCE (ICs, = 4.4 uM
+ 1.2).'° The compound demonstrated efficacy in the
cerulein-induced model of AP despite its short half-ife (i.p.,
1.3 h). With the aim of discovering drug-like SOCE inhibitors
endowed with a better PK profile, the replacement of the
amide with the triazole ring in Synta66, another well-known
SOCE inhibitor extensively employed as chemical probe, was
attempted.

The synthetic strategy relied on a two-step process based on
a click chemistry reaction, followed by a Suzuki coupling. The
performed SAR study highlighted that the pharmacophore of
this novel class of modulators includes the phenyl ring bearing
a methyl or methylene ether group in the meta position, the
phenyl ring featuring a carboxylic group in the meta position,
and the triazole ring. The latter, when switched into the direct
or inverse amide, not only leads to a decrease in SOCE
inhibition (64 and 69) but also to a significant cytotoxicity
(64), which may in part be reconducted to the fact that
arylamide substructures may act on DHODH. The summary of
the SAR investigations is schematized in Figure 10.

Our efforts resulted in compound 34 that compared to
Synta66 (i) displays a slightly decreased potency on SOCE
(ICso = 851 + 54 nM vs 228 + 33 nM) but, importantly, no
detectable cytotoxicity in HEK cells up to 60 uM; (ii) shows a
significantly higher in vitro metabolic stability in MLMs (75%
vs 15% of residual substrate after 1 h); and (iii) is endowed
with a carboxylic group that confers high aqueous solubility in
the sodium salt form (1528 pg/mL vs 0.28 pg/mL). This
yields a favorable PK profile in mice (i.v, t;;, of 3.2 h) and
efficacy in a mouse model of cerulein-induced AP.

https://dx.doi.org/10.1021/acs.jmedchem.0c01305
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Figure 9. Evaluation of compound 34 in AP. H&E sections of pancreatic tissues. Analysis was performed in a blinded manner and data represent
the mean + SEM of 10 mice for each group. ***p < 0.001 versus Sham; *p < 0.001 vs cerulein.
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B EXPERIMENTAL SECTION

Chemistry. General Experimental Methods. Reagents and
solvents were used without further purification, although, if required,
they were distilled and stored on molecular sieves. Column
chromatography was performed on silica gel. The following
instrumentation was used: Stuart scientific SMP3 apparatus (melting
point), FT-IR Thermo-Nicolet Avatar, FT-IR Bruker Alpha II, Jeol
ECP 300 MHz (*"H NMR), Bruker AVANCE Neo 400 MHz or Jeol
ECP 300 MHz (*C NMR), Thermo Finningan LCQ-deca XP-plus
equipped with an ESI source and an ion trap detector or mass
spectrometry (Thermo Scientific Q-Exactive Plus) equipped with a
heated electrospray ionization source. Chemical shifts are reported in
parts per million (ppm). All lead compounds displayed a purity of
95% or higher, determined by HPLC (see the Supporting
Information). Boronic acids, azides, and alkynes are commercially
available or were synthesized following procedures reported in the
literature, except for compounds 73, 75, 77, and 78 (intermediates for
the synthesis of 18, 21, 9, and 13, respectively) that were synthesized
as reported in the Supporting Information.
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2',5'-Dimethoxy-[1,1'-biphenyl]-4-amine, (7). 4-Bromoaniline 6
(2 g 11.63 mmol) was solubilized in DMF (23 mL) and ethanol (23
mL) under nitrogen atmosphere. 2,5-(Dimethoxyphenyl)boronic acid
S (3.17 g 17.44 mmol), Pd(OAc), (26.1 mg, 0.116 mmol), and
K,CO; (3.2 g 23.26 mmol) were added in order. The mixture was
stirred at 80 °C for 3 h and at room temperature overnight. The
reaction was then filtered under vacuo over a pad of celite, rinsed with
ethanol, and evaporated. The crude product was purified by column
chromatography using petroleum ether/ethyl acetate 7:3 v/v as
eluent, affording compound 7 as a yellow solid (2.61 g, 11.40 mmol,
98%); 'H NMR (300 MHz, CDCL): 6 7.39 (d, ] = 6.9 Hz, 2H),
6.97—6.88 (m, 2H), 6.84 (s, 1H), 6.70 (d, J = 6.9 Hz, 2H), 3.82 (s,
3H), 3.76 (s, 3H). MS (ESI) m/z: 230 [M + H]".

4'-Azido-2,5-dimethoxy-1,1'-biphenyl, (8). To a solution of 2’,5'-
dimethoxy-[1,1"-biphenyl]-4-amine (2 g, 8.73 mmol) in water (40
mL), HCI 37% (3.5 mL) was added dropwise and the resulting
mixture was cooled down at 0 °C. Then, a solution of NaNO, (0.60 g,
8.73 mmol) in water (2 mL) was added and, after 10 min, a solution
of NaNj (0.68 g, 10.48 mmol) in water (2 mL) was added dropwise.
The reaction was stirred at room temperature for $ h, diluted with
ethyl acetate, and washed with water (2x). The organic layer was
dried over sodium sulfate and the volatile was removed under vacuo.
The crude material was purified by column chromatography using
petroleum ether/ethyl acetate 98:2 v/v as eluent, yielding compound
8 as an orange solid (1.33 g, 5.24 mmol, 60%); 'H NMR (300 MHz,
CDCLy): & 831 (d, J = 7.1 Hz, 2H), 7.75 (d, ] = 7.1 Hz, 2H), 6.92—
6.83 (m, 3H), 3.85 (s, 3H), 3.79 (s, 3H).

General Procedure A. Compounds 9—14 were prepared from a
suspension of 8 (74 mg, 0.29 mmol, 1 equiv) in water (320 L) and t-
BuOH (320 pL) and the relative alkyne (0.29 mmol, 1 equiv).
Reactions were carried out overnight under vigorous stirring in the
presence of sodium ascorbate 1 M (29 L) and copper sulfate
pentahydrate (0.0029 mmol, 0.01 equiv). Evaporation of the volatile
and purification by silica gel column chromatography was performed.

4-(1-(2',5'-Dimethoxy-[1,1’-biphenyl]-4-yl)-1H-1,2,3-triazol-4-
yl)-3-fluoropyridine, (9). Following general procedure A, the reaction
of 8 and 4-ethynyl-3-fluoropyridine, after purification (petroleum
ether/ethyl acetate 6:4 v/v as eluent), yielded 9 as a yellow solid (34
mg, 0.09 mmol, 31%); mp 165—166 °C. 'H NMR (300 MHz,
CDCL,): & 8.60—8.50 (m, 3H), 8.31 (d, J = 6.1 Hz, 1H), 7.85 (d, ] =
8.5 Hz, 2H), 7.73 (d, J = 8.5 Hz, 2H), 6.97—6.89 (m, 3H), 3.83 (s,
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3H), 3.75 (s, 3H). IR (KBr) 7: 3159, 3058, 2939, 1620, 1490, 1233,
1051, 842, 789 cm™". MS (ESI) m/z: 377 [M + HJ".
4-(1-(2',5'-Dimethoxy-[1,1'-biphenyl]-4-yl)-1H-1,2,3-triazol-4-yl)-
pyridine, (10). Following general procedure A, the reaction of 8 and
4-ethynylpyridine, after purification (petroleum ether/ethyl acetate
4:6 v/v as eluent), yielded compound 10 as a whitish solid (38 mg,
0.11 mmol, 37%); mp 185—186 °C. 'H NMR (300 MHz, CDCl,): &
8.36 (s, 1H), 7.82 (d, J = 7.4 Hz, 2H), 7.73—7.64 (m, 4H), 7.52 (s,
1H), 6.97-6.90 (m, 4H), 3.82 (s, 3H), 3.80 (s, 3H). IR (KBr) v:
3110, 2930, 2858, 1726, 1499, 1215, 821, 752, 727 cm™". MS (ESI)
m/z: 359 [M + H]".
3-(1-(2',5'-Dimethoxy-[1,1'-biphenyl]-4-yl)-1H-1,2,3-triazol-4-yl)-
pyridine, (11). Following general procedure A, the reaction of 8 and
3-ethynylpyridine, after purification (petroleum ether/ethyl acetate
5:5 v/v, petroleum ether/ethyl acetate 3:7 v/v and petroleum ether/
ethyl acetate 2:8 v/v as eluents), yielded compound 11 as a yellow
solid (68 mg, 0.19 mmol, 65%); mp 190—191 °C. 'H NMR (300
MHz, CDCL): §9.11 (s, 1H), 8.63 (s, 1H), 8.31—8.29 (m, 2H), 7.83
(d,] = 8.3 Hz, 2H), 7.72 (d, ] = 8.3 Hz, 2H), 7.43 (s, 1H), 6.97—6.91
(m, 3H), 3.94 (s, 3H), 3.79 (s, 3H). IR (KBr) 7: 3108, 2996, 2838,
1777, 1501, 1394, 1220, 806, 706 cm™". MS (ESI) m/z: 359 [M +
H]".
2-(1-(2',5'-Dimethoxy-[1,1'-biphenyl]-4-yl)-1H-1,2,3-triazol-4-yl)-
pyridine, (12). Following general procedure A, the reaction of 8 and
2-ethynylpyridine, after purification (petroleum ether/ethyl acetate
7:3 v/v as eluent), yielded compound 12 as a yellow solid (52 mg,
0.15 mmol, 50%); mp 166—167 °C. "H NMR (300 MHz, CDCL,): &
8.65—8.59 (m, 2H), 8.26 (d, J = 8.0 Hz, 1H), 7.85—7.78 (m, 3H),
7.70 (d, ] = 8.5 Hz, 2H), 7.25 (t, ] = 6.6 Hz, 1H), 6.95—6.86 (m, 3H),
3.82 (s, 3H), 3.77 (s, 3H). IR (KBr) 7: 3106, 2998, 2827, 1761, 1610,
1397, 1289, 810, 704 cm™". MS (ESI) m/z: 359 [M + H]".
4-(1-(2',5'-Dimethoxy-[1,1'-biphenyl]-4-yl)-1H-1,2,3-triazol-4-yl)-
picolinic Acid, (13). Following general procedure A, the reaction of 8
and methyl 4-ethynylpicolinate, after purification (petroleum ether/
ethyl acetate 4:6 v/v as eluent), yielded methyl 4-(1-(2',5'-dimethoxy-
[1,1'-biphenyl]-4-yl)-1H-1,2,3-triazol-4-yl)picolinate as a yellow solid
(39 mg, 0.09 mmol, 32%). The compound (39 mg, 0.09 mmol) was
solubilized in acetone (390 uL) and water (390 4L). NaOH (7.2 mg,
0.18 mmol) was added and the mixture was stirred at room
temperature for 1 h. The volatile was then removed and the crude
material was purified by column chromatography using ethyl acetate/
methanol 7:3 v/v as eluent, yielding compound 13 as a pale yellow
solid (21 mg, 0.05 mmol, 58%); mp 162—163 °C. 'H NMR (300
MHz, DMSO-dy): § 9.72 (s, 1H), 8.70—8.56 (m, 3H), 8.01 (d, ] = 8.0
Hz, 2H), 7.75 (d, ] = 8.0 Hz, 2H), 7.75 (s, 1H), 6.96 (m, 2H), 3.76 (s,
3H), 3.73 (s, 3H). IR (KBr) 7: 3158, 2932, 2858, 1726, 1499, 1225,
1075, 812, 758, 716 cm™'. MS (ESI) m/z: 403 [M + H]".
3-(1-(2',5’-Dimethoxy-[1,1'-biphenyl]-4-yl)-1H-1,2,3-triazol-4-yl)-
benzoic Acid, (14). Following general procedure A, the reaction of 8
and 3-ethynylbenzoic acid, after purification (petroleum ether/ethyl
acetate 6:4 v/v as eluent), yielded compound 14 as a pale yellow solid
(49 mg, 0.12 mmol, 42%); mp 177—178 °C. '"H NMR (300 MHz,
CDCly): § 9.20 (s, 1H), 8.66 (s, 1H), 8.28 (d, ] = 8.0 Hz, 1H), 8.04
(d, J = 6.6 Hz, 2H), 7.73 (d, ] = 6.6 Hz, 2H), 7.67—7.53 (m, 2H),
7.08 (d, J = 8.0 Hz, 1H), 7.01-6.92 (m, 2H), 3.82 (s, 3H), 3.79 (s,
3H). IR (KBr) 7: 3155, 2961, 1727, 1497, 1263, 1217, 1073, 810, 756
cm™'. MS (ESI) m/z: 402 [M + H]".
2',5'-Dimethoxy-[1,1'-biphenyl]-4-carbaldehyde, (16). To a
solution of 4-bromobenzaldehyde 15 (500 mg, 2.70 mmol) in DMF
(8 mL) and water (2 mL) (2,5-dimethoxyphenyl)boronic acid § (540
mg, 2.97 mmol), Pd(OAc), (11.2 mg, 0.0S mmol) and K,CO; (933
mg, 6.75 mmol) were added in order under nitrogen atmosphere and
stirred at SO °C for 3 h. The reaction was filtered under vacuo over a
pad of celite, diluted with diethyl ether, and washed three times with
water. The organic phase was dried over sodium sulfate and
evaporated. Purification by column chromatography (petroleum
ether/ethyl acetate 98:2 v/v) yielded compound 16 as an orange
solid (647 mg, 2.67 mmol, 99%). '"H NMR (300 MHz, CDCL): §
10.06 (s, 1H), 7.89 (d, J = 7.7 Hz, 2H), 7.69 (d, ] = 7.7 Hz, 2H),

7.08—6.91 (m, 3H), 3.79 (s, 3H), 3.73 (s, 3H). MS (ESI) m/z: 243
[M + H]".

4'-Ethynyl-2,5-dimethoxy-1,1'-biphenyl, (17). To a solution of
intermediate 16 (636 mg, 2.63 mmol) in MeOH (6 mL), K,CO,
(727 mg, 5.26 mmol) and dimethyl (1-diazo-2-oxopropyl)-
phosphonate (759 mg, 3.95 mmol) were added in order under
nitrogen atmosphere. The mixture was stirred at room temperature
overnight, then the solvent was removed, water was added, and the
aqueous layer was extracted with CH,Cl, (3X). The organic phases
were collected, dried over sodium sulfate, and evaporated. Purification
by column chromatography (petroleum ether/ethyl acetate 98:2 v/v
as eluent) yielded compound 17 as a white solid (514 mg, 2.16 mmol,
82%). '"H NMR (300 MHz, CDCL): § 7.59-7.49 (m, 4H), 6.93—
6.85 (m, 3H), 3.86 (s, 3H), 3.76 (s, 3H), 3.10 (s, 1H). MS (ESI) m/
z: 239 [M + H]".

General Procedure B. Compounds 18—23 were prepared from a
suspension of 17 (0.29 mmol, 1 equiv) in water (320 uL) and t-
BuOH (320 uL) and the relative azide (0.29 mmol, 1 equiv).
Reactions were carried out overnight under vigorous stirring in the
presence of sodium ascorbate 1 M (30 uL) and copper sulfate
pentahydrate (0.0029 mmol, 0.01 equiv). Evaporation of the volatile
and purification by silica gel column chromatography was performed.

4-(4-(2',5'-Dimethoxy-[1,1'-biphenyl]-4-yl)-1H-1,2,3-triazol-1-
yl)-3-fluoropyridine, (18). Following general procedure B, the
reaction of 17 and 4-azido-3-fluoropyridine, after purification
(petroleum ether/ethyl acetate 7:3 v/v as eluent), yielded compound
18 as a yellow solid (95 mg, 0.25 mmol, 60%); mp 176—177 °C. 'H
NMR (300 MHz, CDCL): & 8.75 (s, 1H), 8.64 (d, J = 6.0 Hz, 1H),
8.48 (s, 1H), 8.22 (d, ] = 6.0 Hz, 1H), 7.96 (d, ] = 8.3 Hz, 2H), 7.66
(d, J = 8.3 Hz, 2H), 6.96—-6.89 (m, 3H), 3.82 (s, 3H), 3.76 (s, 3H).
IR (KBr) 7: 3135, 3002, 2837, 1735, 1488, 1216, 1022, 828, 805, 714
cm™'. MS (ESI) m/z: 377 [M + H]*.

4-(4-(2',5'-Dimethoxy-[1,1'-biphenyl]-4-yl)-1H-1,2,3-triazol-1-yl)-
pyridine, (19). Following general procedure B, the reaction of 17 and
4-azidopyridine, after purification (petroleum ether/ethyl acetate 9:1
v/v as eluent), yielded compound 19 as a yellow solid (119 mg, 0.33
mmol, 79%); mp 179—180 °C. '"H NMR (300 MHz, DMSO-d;): §
9.55 (s, 1H), 8.85 (s, 1H), 8.04—8.01 (m, 2H), 7.99 (d, ] = 8.3 Hz,
2H), 7.66 (d, ] = 8.3 Hz, 2H), 7.06 (d, ] = 6.9 Hz, 1H) 6.94—9.93 (m,
3H), 3.77 (s, 3H), 3.74 (s, 3H). IR (KBr) U: 3109, 2961, 2837, 1498,
1488, 1396, 1261, 819, 805, 753 cm ™. MS (ESI) m/z: 359 [M + H]*.

3-(4-(2',5'-Dimethoxy-[1,1'-biphenyl]-4-yl)-1H-1,2,3-triazol-1-yl)-
pyridine, (20). Following general procedure B, the reaction of 17 and
3-azidopyridine, after purification (petroleum ether/ethyl acetate $:5
v/v as eluent), yielded compound 20 as a yellowish solid (117 mg,
033 mmol, 78%); mp 184—185 °C. 'H NMR (300 MHz, CDCL): &
9.08 (s, 1H), 8.72 (s, 1H), 8.27—8.21 (m, 2H), 7.95 (d, J = 8.3 Hy,
2H), 7.65 (d, ] = 8.3 Hz, 2H), 7.53 (t, ] = 5.2 Hz, 1H), 6.96—6.88 (m,
3H), 3.82 (s, 3H), 3.78 (s, 3H). IR (KBr) 7: 3108, 2963, 2837, 1585,
1485, 1261, 1025, 820, 805, 700 cm™". MS (ESI) m/z: 359 [M + H]".

Methyl 4-(4-(2',5'-Dimethoxy-[1,1'-biphenyl]-4-yl)-1H-1,2,3-tria-
zol-1-yl)picolinate, (21). Following general procedure B, the reaction
of 17 and methyl 4-azidopicolinate, after purification (petroleum
ether/ethyl acetate 4:6 v/v as eluent), yielded compound 21 as a
yellowish solid (107 mg, 0.26 mmol, 61%); mp 145.5—146.5 °C. 'H
NMR (300 MHz, (CD;),CO): 5 9.38 (s, 1H), 8.93 (d, ] = 4.6 Hz,
1H) 8.65 (s, 1H), 8.26 (d, ] = 9.0 Hz, 1H) 8.05 (d, J = 8.3 Hz, 2H),
7.67 (d, J = 8.3 Hz, 2H), 7.05 (d, J = 9.0 Hz, 1H), 695691 (m,
2H), 4.03 (s, 3H), 3.81 (s, 3H), 3.77 (s, 3H). IR (KBr) : 3160, 2928,
2840, 1760, 1495, 1466, 1306, 1259, 1200, 828, 732 cm™". MS (ESI)
m/z: 417 [M + H]".

4-(4-(2',5'-Dimethoxy-[1,1'-biphenyl]-4-yl)-1H-1,2,3-triazol-1-yl)-
picolinic Acid, (22). Compound 21 (49 mg, 0.12 mmol) was
solubilized in acetone (490 uL) and water (490 uL). NaOH (9.6 mg,
0.24 mmol) was added and the mixture was stirred at room
temperature for 2 h. Evaporation of the volatile and purification by
column chromatography (ethyl acetate/methanol 8:2 v/v and ethyl
acetate/methanol 7:3 v/v as eluents) yielded compound 22 as a pale
yellow solid (36 mg, 0.09 mmol, 75%); mp 158—159 °C. '"H NMR
(300 MHz, DMSO-dg): § 9.71 (s, 1H), 8.70-8.62 (m, 3H), 8.02 (d, J
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= 8.0 Hz, 2H), 7.63 (d, J = 8.0 Hz, 2H), 7.09 (d, J = 9.6 Hz, 1H),
6.94—6.92 (m, 2H), 3.80 (s, 3H), 3.76 (s, 3H). IR (KBr) : 3159,
2931, 2856, 1706, 1490, 1485, 1308, 1260, 1206, 830, 742 cm™.. MS
(ESI) m/z: 403 [M + H]*.

3-(4-(2',5'-Dimethoxy-[1,1'-biphenyl]-4-yl)-1H-1,2,3-triazol-1-yl)-
benzoic Acid, (23). Following general procedure B, the reaction of 17
and 3-azidobenzoic acid, after purification (petroleum ether/ethyl
acetate 3:7 v/v as eluent), yielded compound 23 as a yellowish solid
(167 mg, 0.42 mmol, 99%); mp 215—216 °C. 'H NMR (300 MHz,
(CD,),CO): 5 9.18 (s, 1H), 8.58 (s, 1H), 8,26 (d, ] = 8.0 Hz, 1H),
8.15 (d, J = 8.0 Hz, 1H), 8.05 (d, ] = 6.9 Hz, 2H), 7.77 (t, ] = 8.0 Hz,
1H), 7.65 (d, ] = 6.9 Hz, 2H), 7.04 (d, ] = 9.0 Hz, 1H), 6.97—6.89
(m, 2H), 3.80 (s, 3H), 3.76 (s, 3H). 3C NMR (101 MHz; DMSO-
dg): 6 166.9, 153.9, 150.8, 147.9, 138.4, 137.3, 133.5, 130.9, 130.6,
130.3, 129.7, 1292, 125.5, 124.3, 120.8, 120.2, 1164, 114.1, 1137,
56.7, 56.0. IR (KBr) 7: 3159, 2931, 1711, 1495, 1312, 1243, 1210,
839, 753 cm™. MS (ESI) m/z: 402 [M + H]*.

1-Azido-4-bromobenzene, (24). To a solution of 4-bromoaniline
(3 g 17.44 mmol) in water (77 mL) HCl 37% (7 mL) was added
dropwise and the resulting mixture was cooled down at 0 °C. Then, a
solution of NaNO, (1.20 g, 17.44 mmol) in water (3 mL) was added
and, after 10 min, a solution of NaN; (1.36 g, 20.92 mmol) in water
(3 mL) was added dropwise. The reaction was stirred at room
temperature for 3 h, diluted with ethyl acetate, and washed with water
(2x). The organic layer was dried over sodium sulfate and the volatile
was removed under vacuo. Purification by column chromatography
(petroleum ether/ethyl acetate 98:2 v/v as eluent) yielded compound
24 as an orange solid (4.86 g, 14.13 mmol, 81%); 'H NMR (300
MHz, CDCL): 6 7.53—7.44 (m, 2H), 6.97—6.88 (m, 2H).

3-(1-(4-Bromophenyl)-1H-1,2,3-triazol-4-yl)benzoic Acid, (26).
To a suspension of l-azido-4-bromobenzene 24 (2.78 g, 14.04
mmol) in water (26 mL) and +-BuOH (26 mL) 3-ethynylbenzoic acid
25 (2.05 g 14.04 mmol) was added. Then, 1.4 mL of an aqueous
solution of sodium ascorbate 1 M and copper sulfate pentahydrate
(34.9 mg, 0.14 mmol) were added and the mixture was vigorously
stirred for 48 h. Evaporation and purification by column
chromatography (petroleum ether/ethyl acetate 2:8 v/v and ethyl
acetate/methanol 8:2 v/v as eluents) yielded compound 26 as a
yellow solid (4.22 g 1227 mmol, 87%); 'H NMR (300 MHz,
DMSO-dy): & 9.54 (s, 1H), 8.51 (s, 1H), 8.14 (d, J = 7.7 Hz, 1H),
7.98—7.94 (m, 3H), 7.86—7.83 (d, ] = 8.8 Hz, 2H), 7.60 (t, ] = 7.7
Hz, 1H). MS (ESI) m/z: 343 [M — H]".

General Procedure C. Compounds 27—40 were prepared from a
solution of 26 (0.29 mmol, 1 equiv) in DMF (750 L) and ethanol
(750 pL) under nitrogen atmosphere in the presence of the relative
boronic acid (0.44 mmol, 1.5 equiv). Reactions were carried out at 80
°C overnight in the presence of Pd(OAc), (0.0029 mmol, 0.01 equiv)
and K,CO; (0.58 mmol, 2 equiv). After filtration of the reaction
mixture under vacuo over a pad of celite and evaporation of the
volatile, purification by silica gel column chromatography was
performed.

3-(1-([1,1'-Biphenyl]-4-yl)-1H-1,2,3-triazol-4-yl)benzoic Acid,
(27). Following general procedure C, the reaction of 26 and
phenylboronic acid, after purification (petroleum ether/ethyl acetate
4:6 v/v as eluent), yielded compound 27 as a yellow solid (54.5 mg,
0.16 mmol, 55%); mp 232—234 °C dec. 'H NMR (300 MHz,
DMSO-dy): § 9.52 (s, 1H), 8.61 (s, 1H), 8.20 (d, ] = 6.9 Hz, 1H),
8.09 (d, J = 8.3 Hz, 2H), 7.98—7.85 (m, 3H), 7.77 (d, ] = 8.3 Hz,
2H), 7.63 (t, ] = 7.5 Hz, 1H), 7.54—7.50 (m, 2H), 7.43 (d,] = 7.5 Hz,
1H). '3C NMR (101 MHz; DMSO-dy): § 167.7, 147.1, 140.9, 139.3,
136.3, 134.5, 132.4, 131.1, 129.8, 129.5, 129.4, 128.5, 128.5, 127.2,
126.6, 120.9, 120.5. IR (neat) 7: 2922, 2852, 1719, 1687, 1525, 1489,
1299, 1227, 1154, 814, 158, 682 cm™". MS (ESI) m/z: 342 [M + H]".
HRMS (ESI) m/z: (M + H)* caled for C,,H;(N;0,, 342.1237; found,
342.1234.

3-(1-(2’-Methoxy-[1,1'-biphenyl]-4-yl)-1H-1,2,3-triazol-4-yl)-
benzoic Acid, (28). Following general procedure C, the reaction of 26
and (2-methoxyphenyl)boronic acid, after purification (ethyl acetate
as eluent), yielded compound 28 as a yellow solid (72 mg, 0.19 mmol,
67%); mp 208—209 °C. "H NMR (300 MHz, DMSO-d,): 5 9.45 (s,

1H), 8.56 (s, 1H), 8.18 (d, ] = 6.9 Hz, 1H), 8.03—7.95 (m, 3H), 7.74
(d, ] = 8.3 Hz, 2H), 7.53 (t, ] = 6.9 Hz, 1H), (d, J = 8.3 Hz, 2H),
7.24—7.14 (m, 2H), 3.82 (s, 3H). *C NMR (101 MHz; DMSO-d,):
5 1679, 156.6, 147.1, 139.0, 135.7, 133.3, 131.1, 130.8, 129.9, 129.8,
129.5, 128.9, 126.6, 122.3, 121.4, 120.6, 120.5, 120.1, 112.3, 56.0. IR
(neat) 7: 3127, 2923, 2851, 1718, 1685, 1595, 1487, 1227, 1024, 756,
745 cm™'. MS (ESI) m/z: 372 [M + H]*. HRMS (ESI) m/z: (M +
H)" caled for Cy,H (N304, 372.1343; found, 372.1337.
3-(1-(2',4’-Dimethoxy-[1,1'-biphenyl]-4-yl)-1H-1,2,3-triazol-4-yl)-
benzoic Acid, (29). Following general procedure C, the reaction of 26
and (2,4-dimethoxyphenyl)boronic acid, after purification (ethyl
acetate/methanol 9:1 v/v as eluent), yielded compound 29 as a
pale yellow solid (100 mg, 0.25 mmol, 86%); mp 235—236 °C. 'H
NMR (300 MHz, DMSO-dy): 8 9.47 (s, 1H), 8.56 (s, 1H), 8.17 (d,
= 8.2 Hz, 1H), 7.99—7.95 (m, 3H), 7.69 (d, ] = 9.2 Hz, 2H), 7.62 (t, ]
=82 Hz, 1H), 7.32 (d, ] = 8.2 Hz, 1H), 6.71 (s, 1H), 6.66 (d, ] = 6.2
Hz, 1H), 3.83 (s, 3H), 3.81 (s, 3H). *C NMR (75 MHz; DMSO-d,):
61682, 161.1, 157.8, 147.2, 139.1, 135.4, 133.4, 131.5, 131.1, 130.9,
129.7, 129.6, 129.5, 126.6, 121.6, 120.5, 120.1, 106.1, 99.6, 56.2, 55.9.
IR (neat) U: 3406, 3020, 2929, 1687, 1605, 1499, 1414, 1279, 1161,
1026, 803, 761 cm™". MS (ESI) m/z: 402 [M + H]*. HRMS (ESI) m/
z: (M + H)* caled for C,3H,(N;0,, 402.1448; found, 402.1441.
3-(1-(2',6’-Dimethoxy-[1,1'-biphenyl]-4-yl)-1H-1,2,3-triazol-4-yl)-
benzoic Acid, (30). Following general procedure C, the reaction of 26
and (2,6-dimethoxyphenyl)boronic acid, after purification (ethyl
acetate/methanol 9:1 v/v as eluent), yielded compound 30 as a
pale yellow solid (60 mg, 0.15 mmol, 52%); mp 248—250 °C dec. 'H
NMR (300 MHz, DMSO-d;): § 9.40 (s, 1H), 8.55 (s, 1H), 8.15 (d, ]
= 6.9 Hz, 1H), 7.97-7.95 (m, 4H), 7.84 (d, ] = 6.9 Hz, 1H), 7.62—
7.58 (m, 1H), 7.47 (d, ] = 8.2 Hz, 1H), 7.35 (t, ] = 8.2 Hz, 1H), 6.79
(d,] =82 Hz, 1H), 3.71 (s, 6H). 3C NMR (101 MHz; DMSO-dy):
168.3, 157.6, 147.4, 147.1, 135.5, 135.3, 133.3, 132.7, 130.4, 129.6,
129.3, 126.6, 1224, 120.5, 119.9, 117.8, 105.0, 56.3. IR (neat) T:
3409, 2923, 2834, 1701, 1591, 1400, 1246, 1100, 825, 756 cm™'. MS
(ESI) m/z: 402 [M + H]*. HRMS (ESI) m/z: (M + H)" calcd for
Cp5HaoN,0,, 402.1448; found, 402.1441.
3-(1-(3'-Methoxy-[1,1'-biphenyl]-4-yl)-1H-1,2,3-triazol-4-yl)-
benzoic Acid, (31). Following general procedure C, the reaction of 26
and (3-methoxyphenyl)boronic acid, after purification (ethyl acetate/
methanol 9:1 v/v as eluent), yielded compound 31 as a white solid
(73 mg, 0.20 mmol, 68%); mp 244—245 °C. '"H NMR (400 MHzg,
DMSO-dy): 9.57 (s, 1H), 8.56 (s, 1H), 8.23 (d, ] = 7.4 Hz, 1H), 8.09
(d, ] = 8.2 Hz, 2H), 7.96—7.94 (m, 3H), 7.65 (t, ] = 7.6 Hz, 1H), 7.43
(t,J=7.6 Hz, 1H), 7.33 (d, ] = 7.6 Hz, 1H), 7.30 (s, 1H), 6.99 (d, ] =
7.4 Hz, 1H), 3.86 (s, 3H). '*C NMR (101 MHz; DMSO-dj): & 167.5,
160.3, 147.1, 140.7 (2C), 136.3, 132.2, 131.1, 130.6, 129.9, 129.8,
129.4, 128.7, 126.5, 120.7, 120.6, 119.5, 114.1, 112.7, 55.7. IR (KBr)
U: 3450, 2837, 1909, 1513, 1244, 1033, 801, 677 cm™". MS (ESI) m/
z: 372 [M + H]". For biological evaluation, the sodium salt of 31 was
prepared by dissolving it in THF and adding a 50% aqueous solution
of NaOH (1 equiv). After stirring at 60 °C for 1 h, the solid
precipitate was collected by filtration; mp 182—183 °C dec.
3-(1-(3’-Hydroxy-[1,1'-biphenyl]-4-yl)-1H-1,2,3-triazol-4-yl)-
benzoic Acid, (32). Following general procedure C, the reaction of 26
and (3-hydroxyphenyl)boronic acid, after purification (ethyl acetate/
methanol 9:1 v/v and ethyl acetate/methanol 8:2 v/v as eluents),
yielded compound 32 as a dark yellow solid (19 mg, 0.05 mmol,
18%); mp 184—186 °C dec. 'H NMR (300 MHz, CD,0D): & 8.96
(s, 1H), 8.59 (s, 1H), 8.15 (s, 1H), 8.03 (d, ] = 7.8 Hz, 1H), 7.92 (d, ]
= 7.4 Hz, 1H), 7.58 (d, J = 7.8 Hz, 1H), 7.18—7.15 (m, 3H), 7.04—
6.99 (m, 2H), 6.82 (d, J = 5.8 Hz, 2H). '*C NMR (101 MHz, DMSO-
dg): 6 1682, 157.0, 133.3, 1309, 130.6, 130.4, 129.6, 129.4, 129.4,
129.2, 128.8, 128.4, 126.6, 125.2, 122.4, 121.3, 120.8, 120.5, 117.4. IR
(neat) 7: 3406, 2924, 1686, 1613, 1303, 1229, 1034, 887, 757, 700,
683 cm™. MS (ESI) m/z: 356 [M-H]". HRMS (ESI) m/z: (M + H)*
caled for C,H,{N;0;, 358.1186; found, 358.1180.
3-(1-(3'~(Methylthio)-[1,1'-biphenyl]-4-yl)- 1H-1,2,3-triazol-4-yl)-
benzoic Acid, (33). Following general procedure C, the reaction of 26
and (3-(methylthio)phenyl)boronic acid, after purification (ethyl
acetate/methanol 9:1 v/v as eluent), yielded compound 33 as a white
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solid (89.8 mg, 0.23 mmol, 80%); mp 258—259 °C. '"H NMR (300
MHz, DMSO-dg): 8 9.55 (s, 1H), 8.55 (s, 1H), 8.18 (d, J = 7.9 Hz,
1H), 8.08 (d, J = 9.3 Hz, 2H), 7.97-7.95 (m, 3H), 7.60 (d, J = 9.3
Hz, 2H), 7.52 (d, ] = 7.9 Hz, 1H), 7.45 (t, ] = 7.9 Hz, 1H), 7.31 (d, ]
= 6.2 Hz, 1H), 2.58 (s, 3H). *C NMR (75 MHz; DMSO-dy): 6
168.1, 147.3, 140.5, 140.1, 139.8, 136.5, 133.1, 1311, 130.5, 130.1,
129.8, 129.7, 129.5, 128.8, 126.6, 125.9, 124.5, 123.9, 120.8, 15.2. IR
(KBr) 7: 3450, 3127, 2917, 1521, 1305, 1229, 1043, 838, 696 cm™".
MS (ESI) m/z: 388 [M + H]*. HRMS (ESI) m/z: (M + H)" calcd for
Cy,H,4N,0,S, 388.1114; found, 388.1107.
3-(1-(2',3'-Dimethoxy-[1,1'-biphenyl]-4-yl)-1H-1,2,3-triazol-4-yl)-
benzoic Acid, (34). Following general procedure C, the reaction of 26
and (2,3-dimethoxyphenyl)boronic acid, after purification (ethyl
acetate/methanol 9:1 v/v and ethyl acetate/methanol 8:2 v/v as
eluents), yielded compound 34 as a yellow solid (88 mg, 0.22 mmol,
76%); mp 203—204 °C dec. 'H NMR (400 MHz, DMSO-dy): 8 9.48
(s, 1H), 8.58 (s, 1H), 8.18 (d, J = 7.2 Hz, 1H), 8.05 (d, ] = 8.4 Hz,
2H),7.98 (d, ] = 7.2 Hz, 1H), 7.74 (d, ] = 8.4 Hz, 2H), 7.64 (t, ] = 7.6
Hz, 1H), 7.20-7.11 (m, 2H), 7.00 (d, ] = 7.2 Hz, 1H), 3.87 (s, 3H),
3.60 (s, 3H). 3C NMR (101 MHz; DMSO-d,): 5 168.3, 153.4, 147.3,
146.5, 138.7, 136.0 (2C), 134.2 (2C), 130.9, 129.6, 129.4, 129.3,
126.6, 124.8, 122.4, 120.4, 1202, 113.3, 60.7, 56.3. IR (neat) 7: 3165,
2933, 2837, 1700, 1520, 1452, 1258, 1029, 791, 756 cm™'. MS (ESI)
m/z: 402 [M + H]*. HRMS (ESI) m/z: (M + H)" caled for
Cy3Hy N30, 402.1448; found, 402.1440. Sodium salt of 34: mp
178—179 °C dec.
3-(1-(4-(2,3-Dihydrobenzo[b][1,4]dioxin-5-yl)phenyl)-1H-1,2,3-
triazol-4-yl)benzoic Acid, (35). Following general procedure C, the
reaction of 26 and (2,3-dihydrobenzo[b][1,4]dioxin-S-yl)boronic
acid, after purification (ethyl petroleum ether/acetate 1:9 v/v and
ethyl acetate/methanol 9:1 v/v as eluents), yielded compound 35 as a
pale yellow solid (88 mg, 0.22 mmol, 76%); mp 218—220 °C dec. 'H
NMR (400 MHz, DMSO-d): 6 9.48 (s, 1H), 8.56 (s, 1H), 8.17 (d, J
= 5.9 Hz, 1H), 8.03 (d, ] = 8.5 Hz, 2H), 7.97 (d, ] = 7.5 Hz, 1H), 7.76
(d, J = 8.5 Hz, 2H), 7.62 (t, ] = 7.5 Hz, 1H), 6.96-6.93 (m, 3H),
4.31-4.29 (m, 4H). °C NMR (101 MHz; DMSO-dg): § 167.9,
147.1, 144.4, 141.2, 138.2, 135.9, 133.1, 131.0, 130.4, 129.7, 129.6,
1294, 129.3, 126.6, 122.6, 121.5, 120.5, 120.1, 117.4, 64.7, 64.3. IR
(neat) T: 3164, 2922, 2874, 1700, 1467, 1402, 1257, 1213, 1080, 758,
692 cm™'. MS (ESI) m/z: 400 [M + H]*. HRMS (ESI) m/z: (M +
H)* caled for C,3H gN;0,, 400.1292; found, 400.1283.
3-(1-(3',5’-Dimethoxy-[1,1'-biphenyl]-4-yl)-1H-1,2,3-triazol-4-yl)-
benzoic Acid, (36). Following general procedure C, the reaction of 26
and (3,S-dimethoxyphenyl)boronic acid, after purification (ethyl
acetate/methanol 9:1 v/v as eluent), yielded compound 36 as a
white solid (100 mg, 0.25 mmol, 86%); mp 209—210 °C. '"H NMR
(400 MHz, DMSO-d): & 9.46 (s, 1H), 8.59 (s, 1H), 8.13 (d, ] = 7.6
Hz, 1H), 8.06 (d, J = 8.2 Hz, 2H), 7.99 (d, ] = 7.6 Hz, 1H), 7.94 (d, ]
= 8.2 Hz, 2H), 7.58 (t, ] = 7.6 Hz, 1H), 6.89 (s, 2H), 6.55 (s, 1H),
3.84 (s, 6H). '*C NMR (101 MHz; DMSO-dy): 6 170.7, 161.5, 147.5,
141.4, 140.7, 136.5, 130.7, 129.5, 129.3 (2C), 128.8, 128.7, 126.7,
120.7, 120.3, 105.4, 100.4, 55.8 (2C). IR (KBr) 7: 3558, 3489, 3403,
3160, 2836, 1522, 1152, 1061, 825, 757 cm™'. HRMS (ESI) m/z: (M
+ H)" caled for C,3H,N;0,, 402.1448; found, 402.1441. MS (ESI):
m/z: 402 [M + H]". Sodium salt of 36: mp 169—170 °C dec.
3-(1-(3',4’-Dimethoxy-[1,1'-biphenyl]-4-yl)-1H-1,2,3-triazol-4-yl)-
benzoic Acid, (37). Following general procedure C, the reaction of 26
and (3,4-dimethoxyphenyl)boronic acid, after purification (ethyl
acetate/methanol 9:1 v/v and ethyl acetate/methanol 8:2 v/v as
eluents), yielded compound 37 as a pale yellow solid (50 mg, 0.12
mmol, 43%); mp 244—246 °C. 'H NMR (300 MHz, DMSO-dg): &
9.47 (s, 1H), 8.55 (s, 1H), 8.17 (d, J = 7.1 Hz, 1H), 8.03 (d, ] = 8.2
Hz, 2H), 7.97-7.90 (m, 3H), 7.62 (t, ] = 7.9 Hz, 1H), 7.33—7.29 (m,
2H), 7.07 (d, J = 7.9 Hz, 1H), 3.99 (s, 3H), 3.88 (s, 3H). 3C NMR
(101 MHz; DMSO-dy): 6 168.0, 149.7, 149.5, 147.1, 140.8, 135.7,
133.1, 1319, 131.0, 130.4, 129.7, 129.4, 128.1, 126.5, 120.7, 120.5,
119.5, 112.9, 110.9, 56.2, 56.1. IR (neat) T: 3407, 2924, 2851, 1686,
1504, 1227, 1139, 1024, 810, 757 cm™'. MS (ESI) m/z: 402 [M +
H]*". HRMS (ESI) m/z: (M + H)* caled for C,3H,(N;0,, 402.1448;
found, 402.1442.

3-(1-(4-(2,3-Dihydrobenzo[b][1,4]dioxin-6-yl)phenyl)-1H-1,2,3-
triazol-4-yl)benzoic Acid, (38). Following general procedure C, the
reaction of 26 and (2,3-dihydrobenzo[b][1,4]dioxin-6-yl)boronic
acid, after purification (ethyl acetate/methanol 9:1 v/v as eluent),
yielded compound 38 as a white solid (87 mg, 0.22 mmol, 75%); mp
255—256 °C. 'H NMR (400 MHz, DMSO-dy): & 9.48 (s, 1H), 8.56
(s, 1H), 8.18 (d, J = 7.5 Hz, 1H), 8.02 (d, ] = 8.4 Hz, 2H), 7.96 (d, ] =
7.5 Hz, 1H), 7.86 (d, ] = 8.4 Hz, 2H), 7.63 (t, ] = 7.5 Hz, 1H), 7.27—
724 (m, 2H), 6.97 (d, J = 82 Hz, 1H), 4.30—4.29 (m, 4H). BC
NMR (101 MHz; DMSO-d): § 168.0, 147.1, 144.3, 144.1, 140.3,
135.8, 133.1, 132.5, 131.0, 129.7, 129.6, 129.4, 127.9, 126.6, 120.7,
120.4, 120.1, 118.1, 115.7, 64.7, 64.6. IR (KBr) T: 3124, 2873, 1862,
1504, 1302, 1230, 1069, 812, 562 cm™. MS (ESI) m/z: 400 [M +
H]*. HRMS (ESI) m/z: (M + H)" caled for C,3H,4N;0,, 400.1292;
found, 400.1286. Sodium salt of 38: mp 196—197 °C dec.

3-(1-(4-(Benzo[d][1,3]dioxol-5-yl)phenyl)-1H-1,2,3-triazol-4-yl)-
benzoic Acid, (39). Following general procedure C, the reaction of 26
and benzo[d][1,3]dioxol-5-ylboronic acid, after purification (ethyl
acetate/methanol 9:1 v/v as eluent), yielded compound 39 as a
yellow solid (37 mg, 0.10 mmol, 33%); mp 263—264 °C. '"H NMR
(300 MHz, DMSO-d,): 5 9.51 (s, 1H), 8.54 (s, 1H), 8.17 (d, ] = 7.4
Hz, 1H), 8.03 (d, J = 8.5 Hz, 2H), 7.95 (d, ] = 7.9 Hz, 1H), 7.87 (d,
= 8.5 Hz, 2H), 7.61 (t, ] = 7.4 Hz, 1H), 7.42 (s, 1H), 7.27 (d, ] = 7.9
Hz, 1H), 7.04 (d, ] = 7.4 Hz, 1H), 6.09 (s, 2H). *C NMR (101 MHz;
DMSO-dg): 5 168.3, 148.7, 147.8, 147.3, 140.8, 135.9, 133.6, 131.1,
130.5, 129.7, 129.5, 128.3, 126.6, 121.1, 120.1, 120.5, 109.3, 107.7,
1019, 79.8. IR (KBr) 7: 3930, 3552, 3480, 3414, 2922, 1501, 1228,
1041, 936, 812, 614 cm™'. MS (ESI) m/z: 386 [M + H]*. HRMS
(ESI) m/z: (M + H)* caled for C,,H;(N;0,, 386.1135; found,
386.1129.

3-(1-(2'-Fluoro-5'-methoxy-[1,1'-biphenyl]-4-yl)-1H-1,2,3-tria-
zol-4-yl)benzoic Acid, (40). Following general procedure C, the
reaction of 26 and (2-fluoro-S-methoxyphenyl)boronic acid, after
purification (ethyl acetate/methanol 9:1 v/v as eluent), yielded
compound 40 as a white solid (52 mg, 0.13 mmol, 46%); mp 223—
225 °C. 'H NMR (400 MHz, DMSO-d;): § 9.45 (s, 1H), 8.54 (s,
1H), 8.16 (d, J = 7.1 Hz, 1H), 8.08 (d, ] = 7.8 Hz, 2H), 7.95 (d, ] =
7.1 Hz, 1H), 7.82 (d, ] = 7.8 Hz, 2H), 7.64 (t, ] = 7.8 Hz, 1H), 7.29
(t, ] = 9.2 Hz, 1H), 7.14 (dd, J, = 6.4, 3.2 Hz, 1H), 7.03—6.99 (m,
1H), 3.83 (s, 3H). 3C NMR (101 MHz; DMSO-di): § 167.9, 156.3,
155.1, 152.7, 147.2, 136.5, 135.8, 132.9, 131.0, 130.8, 129.6, 129.5,
128.1 (d, J = 316.3 Hz), 127.9 (d, J = 15.1 Hz), 120.6, 120.5, 117.5
(d,J =246 Hz), 115.6 (d, ] = 3.0 Hz), 115.5 (d, J = 8.4 Hz), 56.2. IR
(neat) : 3407, 2923, 1686, 1613, 1502, 1228, 1024, 808, 756, 611
cm™'. MS (ESI) m/z: 390 [M + H]*. HRMS (ESI) m/z: (M + H)*
caled for C,,H|,FN;0;, 390.1248; found, 390.1241. Sodium salt of
40: mp 191-192 °C dec.

1-Bromo-4-ethynylbenzene, (41). To a solution of 4-bromoben-
zaldehyde (2.15 g, 11.62 mmol) in MeOH (22 mL) K,CO; (3.21 g,
23.24 mmol) and dimethyl (1-diazo-2-oxopropyl)phosphonate (2.61
g, 17.43 mmol) were added in order under nitrogen atmosphere. The
mixture was stirred at room temperature overnight, then the solvent
was removed under vacuo, water was added, and the aqueous layer
was extracted with CH,Cl, (5X). The organic phases were collected,
dried over sodium sulfate, and evaporated. Purification by column
chromatography (petroleum ether/ethyl acetate 9:1 and petroleum
ether/ethyl acetate 8:2 v/v as eluents) yielded compound 41 as an
orange solid (1.12 g, 6.26 mmol, 54%); '"H NMR (300 MHz, CDCL,):
5745 (d, ] = 8.5 Hz, 2H), 7.34 (d, ] = 8.5 Hz, 2H), 3.11 (s, 1H). MS
(ESI) m/z: 180 [M + H]".

3-(4-(4-Bromophenyl)-1H-1,2,3-triazol-1-yl)benzoic Acid, (43).
To a suspension of 1-bromo-4-ethynylbenzene (1 g, 5.52 mmol) in
water (6 mL) and t-BuOH (6 mL) 3-azidobenzoic acid (0.89 g, 5.52
mmol) was added. Then, SS uL of an aqueous solution of sodium
ascorbate 1M and copper sulfate pentahydrate (13.7 mg, 0.05S mmol)
were added and the mixture was vigorously stirred overnight.
Evaporation and purification by column chromatography (petroleum
ether/ethyl acetate 3:7 v/v and ethyl acetate as eluents) yielded
compound 43 as a pale yellow solid (1.23 g, 3.59 mmol, 65%); 'H
NMR (300 MHz, DMSO-dy): 8 9.50 (s, 1H), 8.46 (s, 1H), 8.19 (d,
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= 7.6 Hz, 1H), 8.06 (d, ] = 7.6 Hz, 1H), 7.92 (d, J = 8.5 Hz, 2H),
7.78=7.69 (m, 3H). MS (ESI) m/z: 343 [M — H]".

General Procedure D. Compounds 44—56 were prepared from a
solution of 43 (0.29 mmol, 1 equiv) in DMF (750 L) and ethanol
(750 pL) under nitrogen atmosphere in the presence of the relative
boronic acid (0.44 mmol, 1.5 equiv). Reactions were carried out at 80
°C overnight in the presence of Pd(OAc), (0.0029 mmol, 0.01 equiv)
and K,CO; (0.58 mmol, 2 equiv). After filtration of the reaction
mixture under vacuo over a pad of celite and evaporation of the
volatile, purification by silica gel column chromatography was
performed.

3-(4-([1,1'-Biphenyl]-4-yl)-1H-1,2,3-triazol-1-yl)benzoic Acid,
(44). Following general procedure D, the reaction of 43 and
phenylboronic acid, after purification (ethyl acetate as eluent),
yielded compound 44 as a white solid (54 mg, 0.16 mmol, S5%);
mp 205-206 °C. '"H NMR (300 MHz, DMSO-dg): 5 9.48 (s, 1H),
8.48 (s, 1H), 8.13—8.03 (m, SH), 7.83—7.69 (m, 4H), 7.49 (m, 2H),
7.38 (d, J = 7.1 Hz, 1H). *C NMR (101 MHz; DMSO-dy): § 168.2,
147.6, 1403, 140.0, 136.9, 1302, 129.8, 129.7, 129.5, 128.1, 127.7,
127.0, 1264, 125.9, 122.9, 120.9, 120.3. IR (KBr) 7: 3104, 2852,
1480, 1399, 1324, 1231, 912, 761, 724 cm™". MS (ESI) m/z: 342 [M
+ H]*. HRMS (ESI) m/z: (M + H)* caled for C,H(N;0,,
342.1237; found, 342.1230.

3-(4-(2'-Methoxy-[1,1'-biphenyl]-4-yl)-1H-1,2,3-triazol-1-yl)-
benzoic Acid, (45). Following general procedure D, the reaction of 43
and phenylboronic acid, after purification (ethyl acetate as eluent),
yielded compound 45 as a white solid (24 mg, 0.06 mmol, 22%). The
title compound was synthesized following general procedure D
starting from compound 43 and (2-methoxyphenyl)boronic acid. The
crude material was purified by column chromatography using ethyl
acetate/methanol 9:1 v/v as eluent, yielding compound 45 as a white
solid (24 mg, 0.06 mmol, 22%); mp 222—223 °C. 'H NMR (300
MHz, DMSO-dg): 6 9.41 (s, 1H), 8.51 (s, 1H), 8.19 (d, ] = 7.7 Hg,
1H), 8.00 (d, J = 7.7 Hz, 1H), 7.71-7.62 (m, 3H), 7.37—7.35 (m,
3H), 7.13—7.05 (m, 3H), 3.81 (s, 3H). 3C NMR (101 MHz, DMSO-
dé): 5 168.1, 156.7, 147.8, 138.5, 137.1, 130.7, 130.4, 130.3, 129.7,
129.7, 129.5, 1292, 125.5, 123.4, 121.3, 120.9, 120.2, 112.3, 56.0. IR
(KBr) 7: 3126, 2932, 1658, 1599, 1456, 1323, 1251, 763, 709 cm™".
MS (ESI) m/z: 372 [M + H]*. HRMS (ESI) m/z: (M + H)" calcd for
C,,H,gN;0,, 372.1343; found, 372.1346.
3-(4-(2',4'-Dimethoxy-[1,1'-biphenyl]-4-yl)-1H-1,2,3-triazol-1-yl)-
benzoic Acid, (46). Following general procedure D, the reaction of 43
and (2,4-dimethoxyphenyl)boronic acid, after purification (ethyl
acetate/methanol 9:1 v/v as eluent), yielded compound 46 as a
yellow solid (114 mg, 0.28 mmol, 98%); mp 259—260 °C. '"H NMR
(300 MHz, DMSO-dg): & 9.41 (s, 1H), 8.47 (s, 1H), 8.13 (d, ] = 7.4
Hz, 1H), 8.04 (d, ] = 7.4 Hz, 1H), 7.96 (d, ] = 7.1 Hz, 2H), 7.71 (d,
= 6.6 Hz, 1H), 7.55 (d, ] = 7.1 Hz, 2H), 7.27 (t, ] = 7.4 Hz, 1H),
6.67—6.61 (m, 2H), 3.80 (s, 3H), 3.78 (s, 3H). *C NMR (75 MHz;
DMSO-dy): § 167.6, 160.8, 157.8, 147.9, 138.5, 137.2, 135.9, 131.4,
130.5, 1302, 129.7, 128.1, 125.6, 123.5, 122.5, 120.8, 120.1, 106.0,
99.6, 56.2, 55.9. IR (KBr) U: 3551, 3415, 3124, 2837, 1525, 1312,
1052, 834, 686 cm™". MS (ESI) m/z: 402 [M + H]*. HRMS (ESI) m/
z: (M + H)" caled for C,3H,(N;0,, 402.1448; found, 402.1440.
3-(4-(2',6’-Dimethoxy-[1,1'-biphenyl]-4-yl)-1H-1,2,3-triazol-1-yl)-
benzoic Acid, (47). Following general procedure D, the reaction of 43
and (2,6-dimethoxyphenyl)boronic acid, after purification (ethyl
acetate, ethyl acetate/methanol 9:1 v/v and ethyl acetate/methanol
8:2 v/v as eluents), yielded compound 47 as a pale yellow solid (53
mg, 0.13 mmol, 46%); mp 215—217 °C dec. '"H NMR (300 MHz,
DMSO-dy): & 9.40 (s, 1H), 8.55 (s, 1H), 8.15 (d, J = 7.4 Hz, 1H),
8.06 (d, ] = 7.4 Hz, 1H), 7.96—-7.92 (m, 3H), 7.72—7.70 (m, 4H),
729 (t J = 7.4 Hz, 1H), 3.69 (s, 6H). 3C NMR (100.1 MHz,
DMSO-dy): § = 167.4, 157.6, 146.9, 137.0, 132.4, 131.9, 130.6, 130.0,
129.8, 129.4, 127.8, 125.9, 125.1, 123.7, 121.8, 120.8, 105.0, 56.2. IR
(neat) T: 3409, 2920, 2850, 1686, 1399, 1227, 1009, 816, 756, 502
cm™'. MS (ESI) m/z: 402 [M + H]*. HRMS (ESI) m/z: (M + H)*
caled for C,3H,N;0,, 402.1448; found, 402.1443.
3-(4-(3’-Methoxy-[1,1'-biphenyl]-4-yl)-1H-1,2,3-triazol-1-yl)-
benzoic Acid, (48). Following general procedure D, the reaction of 43

and (3-methoxyphenyl)boronic acid, after purification (ethyl acetate/
methanol 9:1 v/v as eluent), yielded compound 48 as a white solid
(66 mg, 0.18 mmol, 61%); mp 216—217 °C. '"H NMR (300 MHzg,
DMSO-dg): & 9.53 (s, 1H), 8.50 (s, 1H), 8.25 (d, ] = 7.7 Hz, 1H),
8.07—8.05 (m, 3H), 7.84—7.75 (m, 3H), 7.40—7.27 (m, 3H), 6.96 (d,
J=7.7, 1H), 3.84 (s, 3H). *C NMR (101 MHz, DMSO-d;): § 166.9,
1603, 147.7, 141.5, 140.3, 137.3, 133.3, 130.9, 130.5, 129.9, 129.7,
127.8, 1263, 124.4, 120.8, 120.3, 119.4, 113.8, 112.5, 55.7. IR (KBr)
U: 3134, 2923, 1689, 1592, 1462, 1319, 1225, 758, 717 cm™\. MS
(ESI) m/z: 372 [M + H]*. HRMS (ESI) m/z: (M + H)* calcd for
Cp,H gN;0,, 372.1343; found, 372.1338.
3-(4-(3'-(Methylthio)-[1,1"-biphenyl]-4-yl)- 1H-1,2,3-triazol-1-yl)-
benzoic Acid, (49). Following general procedure D, the reaction of 43
and (3-(methylthio)phenyl)boronic acid, after purification (petro-
leum ether/ethyl acetate S:S v/v as eluent), yielded compound 49 as a
yellowish solid (111 mg, 0.29 mmol, 99%); mp 225-226 °C. 'H
NMR (300 MHz, DMSO-dy): 8 9.49 (s, 1H), 8.47 (s, 1H), 8.13—8.03
(m, 4H), 7.83 (d, J = 8.3 Hz, 2H), 7.70 (d, ] = 7.7 Hz, 1H), 7.58 (s,
1H),7.51 (d,J=7.1 Hz, 1H), 7.43 (t,] = 7.7 Hz, 1H), 7.28 (d, ] = 7.7
Hz, 1H), 2.56 (s, 3H). *C NMR (101 MHz, DMSO-d): & 168.2,
147.5, 140.8, 139.8, 139.5, 137.2, 137.0, 130.2, 130.1, 129.9, 129.7,
127.8, 1264, 125.6, 124.3, 123.7, 123.0, 120.9, 120.3, 15.2. IR (KBr)
U: 3525, 3127, 2825, 1688, 1593, 1304, 1043, 818, 757, 696 cm™'. MS
(ESI) m/z: 386 [M-H]. HRMS (ESI) m/z: (M + H)" calcd for
CpoH gN,0,8, 388.1114; found, 388.1107.
3-(4-(2',3'-Dimethoxy-[1,1'-biphenyl]-4-yl)-1H-1,2,3-triazol-1-yl)-
benzoic Acid, (50). Following general procedure D, the reaction of 43
and (2,3-dimethoxyphenyl)boronic acid, after purification (ethyl
acetate/methanol 9:1 v/v and ethyl acetate/methanol 8:2 v/v as
eluents), yielded compound 50 as a white solid (88 mg, 0.22 mmol,
76%); mp 189—190 °C dec. "H NMR (400 MHz, DMSO-dy): 5 9.45
(s, 1H), 8.53 (s, 1H), 8.12—8.04 (m, 4H), 7.70—7.60 (m, 3H), 7.14—
6.97 (m, 3H), 3.85 (s, 3H), 3.57 (s, 3H). *C NMR (101 MHz,
DMSO-dy): 5 168.3, 1534, 147.7, 146.5, 138.2, 137.0, 136.8, 135.0,
130.3, 130.0, 129.7, 129.5, 125.7, 124.7, 123.1, 122.4, 120.9, 120.3,
113.0, 60.6, 56.3. IR (neat) 7: 3410, 2929, 2834, 1687, 1539, 1400,
1259, 1003, 757, 709, 583 cm™. MS (ESI) m/z: 402 [M + H]".
HRMS (ESI) m/z: (M + H)" caled for C,3H,N;0,, 402.1448; found,
402.1440.
3-(4-(4-(2,3-Dihydrobenzo[b][1,4]dioxin-5-yl)phenyl)-1H-1,2,3-
triazol-1-yl)benzoic Acid, (51). Following general procedure D, the
reaction of 43 and (2,3-dihydrobenzo[b][1,4]dioxin-S-yl)boronic
acid, after purification (ethyl acetate/methanol 9:1 v/v and ethyl
acetate/methanol 8:2 v/v as eluents), yielded compound 51 as a pale
yellow solid (105 mg, 0.26 mmol, 91%); mp 186—188 °C dec. 'H
NMR (300 MHz, DMSO-dg): 6 9.42 (s, 1H), 8.49 (s, 1H), 8.11-7.99
(m, 4H), 7.70 (t, ] = 7.2 Hz, 1H), 7.63 (d, ] = 7.4 Hz, 2H), 6.93—6.90
(m, 3H), 429—4.26 (m, 4H). °C NMR (101 MHz, DMSO-d;): 6
167.6, 147.8, 144.3, 141.1, 137.7, 137.1, 132.4, 130.5, 130.2, 130.1,
129.4, 127.8, 125.5, 123.7, 122.6, 121.4, 120.8, 120.3, 117.1, 64.6,
64.3. IR (neat) U: 3408, 2921, 2873, 1687, 1466, 1400, 1238, 1042,
872,778 cm™". MS (ESI) m/z: 400 [M + H]*. HRMS (ESI) m/z: (M
+ H)* caled for C,3H gN;0,, 400.1292; found, 400.1287.
3-(4-(3',5'-Dimethoxy-[1,1'-biphenyl]-4-yl)-1H-1,2,3-triazol-1-yl)-
benzoic Acid, (52). Following general procedure D, the reaction of 43
and (3,5-dimethoxyphenyl)boronic acid, after purification (ethyl
acetate/methanol 9:1 v/v as eluent), yielded compound 52 as a
yellow solid (115 mg, 0.29 mmol, 99%); mp 253—254 °C. 'H NMR
(300 MHz, DMSO-dy): & 9.50 (s, 1H), 8.50 (s, 1H), 8.14 (d, J = 7.1
Hz, 1H), 8.06—8.04 (m, 3H), 7.82 (d, J = 8.2 Hz, 2H), 7.70 (t, ] = 7.1
Hz, 1H), 6.94—6.87 (m, 2H), 6.52 (s, 1H), 3.82 (s, 3H), 3.78 (s, 3H).
13C NMR (101 MHz; DMSO-dy): 8 167.9, 161.4, 160.3, 147.6, 142.2,
140.2, 137.1, 130.4, 130.0, 129.7, 127.8, 126.3, 123.3, 120.8, 120.3
(2C), 111.9, 1052, 100.1, 55.8, 55.4. IR (KBr) T: 3140, 2838, 1503,
1353, 1204, 1154, 820, 690 cm™'. MS (ESI) m/z: 402 [M + H]".
HRMS (ESI) m/z: (M + H)" calcd for C,3H,N;0,, 402.1448; found,
402.1439.
3-(4-(3',4’-Dimethoxy-[1,1'-biphenyl]-4-yl)-1H-1,2,3-triazol-1-yl)-
benzoic Acid, (53). Following general procedure D, the reaction of 43
and (3,4-dimethoxyphenyl)boronic acid, after purification (ethyl
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acetate/methanol 9:1 v/v and ethyl acetate/methanol 8:2 v/v as
eluents), yielded compound 53 as a white solid (65 mg, 0.16 mmol,
56%); mp 253—254 °C dec. "H NMR (300 MHz, DMSO-dy): & 9.41
(s, 1H), 8.49 (s, 1H), 8.16 (d, ] = 7.9 Hz, 1H), 8.08—8.02 (m, 3H),
7.79 (d, ] = 8.0 Hz, 2H), 7.71 (t, ] = 7.9 Hz. 1H), 7.30—7.27 (m, 2H),
7.06 (d, J = 7.9 Hz, 1H), 3.88 (s, 3H), 3.82 (s, 3H). 3C NMR (101
MHz, DMSO): § 168.2, 149.6, 149.2, 147.7, 140.3, 137.0, 132.8,
1324, 130.3, 129.1, 127.8, 127.3, 126.3, 123.2, 120.9, 120.1, 119.3,
1127, 110.8, 56.2, 56.1. IR (neat) T: 3408, 2927, 1686, 1519, 1399,
1248, 1139, 1011, 804, 757 cm™'. MS (ESI) m/z: 402 [M + H]".
HRMS (ESI) m/z: (M + H)" caled for C3H,(N;0,, 402.1448; found,
402.1444.
3-(4-(4-(2,3-Dihydrobenzo[b][1,4]dioxin-6-yl)phenyl)-1H-1,2,3-
triazol-1-yl)benzoic Acid, (54). Following general procedure D, the
reaction of 43 and (2,3-dihydrobenzo[b][1,4]dioxin-6-yl)boronic
acid, after purification (ethyl acetate as eluent), yielded compound
54 as a pale yellow solid (115 mg, 0.29 mmol, 99%); mp 192—193 °C.
"H NMR (300 MHz, DMSO-dq): 6 9.49 (s, 1H), 8.49 (s, 1H), 8.22
(d, J = 8.0 Hz, 1H), 8.02 (d, J = 8.5 Hz, 2H), 7.79—7.77 (m, 3H),
7.27-7.22 (m, 3H), 6.95 (d, ] = 8.0 Hz, 1H), 4.34—4.28 (m, 4H). *C
NMR (101 MHz; DMSO-dg): § 167.1, 147.7, 145.6, 144.2, 143.8,
143.2, 139.8, 137.2, 133.3, 130.7, 128.0, 127.2, 126.3, 123.3, 120.1,
119.9, 117.9, 116.6, 115.5, 64.7, 64.6. IR (KBr) v: 2880, 2362, 1676,
1483, 1420, 1311, 1252, 800, 752 cm™". MS (ESI) m/z: 400 [M +
H]*. HRMS (ESI) m/z: (M + H)* caled for Co3H N0, 400.1292;
found, 400.1286.
3-(4-(4-(Benzol[d][1,3]dioxol-5-yl)phenyl)-1H-1,2,3-triazol-1-yl)-
benzoic Acid, (55). Following general procedure D, the reaction of 43
and benzo[d][1,3]dioxol-S-ylboronic acid, after purification (ether/
ethyl acetate 1:9 v/v as eluent), yielded compound 55 as a yellowish
solid (65 mg, 0.17 mmol, 58%); mp 270—271 °C. 'H NMR (300
MHz, DMSO-dg): 6 9.48 (s, 1H), 8.49 (s, 1H), 822 (d, ] = 8.2 Hz,
1H), 8.05—7.94 (m, 3H), 7.79—7.74 (m, 3H), 7.33 (s, 1H), 7.23 (t, ]
=82 Hz, 1H), 7.02 (d, ] = 8.2 Hz, 1H), 6.11 (s, 2H). *C NMR (101
MHz; DMSO-dg): § 166.9, 148.5, 147.7, 147.5, 140.1, 137.3, 134.3,
132.5, 130.8, 129.7, 127.8, 127.4, 126.3, 124.3, 120.7, 120.2, 109.1,
107.4, 101.7, 79.8. IR (KBr) 7: 3109, 2900, 1736, 1480, 1399, 1322,
1233, 932, 803 cm ™. MS (ESI) m/z: 386 [M + H]*. HRMS (ESI) m/
z: (M + H)* caled for C,,H (N;0,, 386.1135; found, 386.1129.
3-(4-(2'-Fluoro-5'-methoxy-[1,1'-biphenyl]-4-yl)-1H-1,2,3-tria-
zol-1-yl)benzoic Acid, (56). Following general procedure D, the
reaction of 43 and (2-fluoro-S-methoxyphenyl)boronic acid, after
purification (petroleum ether/ethyl acetate 2:8 v/v as eluent), yielded
compound 56 as a yellow solid (46 mg, 0.12 mmol, 41%); mp 149—
150 °C dec. '"H NMR (400 MHz, DMSO-d): § 9.52 (s, 1H), 8.51 (s,
1H), 8.25 (d, ] = 8.0 Hz, 1H), 8.09—8.07 (m, 3H), 7.79 (t, ] = 7.9 Hz,
1H), 7.72 (d, ] = 8.0 Hz, 2H), 7.27 (t, ] = 9.2 Hz, 1H), 7.14 (dd, J, =
6.4, 3.2 Hz, 1H), 7.00—6.96 (m, 1H), 3.83 (s, 3H). *C NMR (101
MHz; DMSO»dﬁ): 6 166.9, 156.2, 155.1, 152.7, 147.6, 137.2, 133.9
(d, ] = 300.0 Hz), 130.9, 129.9, 129.8, 128.7 (d, ] = 14.6 Hz), 127.8,
126.0, 124.4, 120.6, 120.5, 117.4 (d, ] = 24.8 Hz), 115.5 (d, ] = 3.0
Hz), 1152 (d, ] = 8.5 Hz), 56.2. IR (neat) T: 2921, 2581, 2668, 1675,
1480, 1298, 1206, 1038, 807, 752, 674 cm™". MS (ESI) m/z: 390 [M
+ H]*. HRMS (ESI) m/z: (M + H)* caled for Cp,H,,EN,O,,
390.1249; found, 390.1240.
4-(2,3-Dihydrobenzo[b][1,4]dioxin-6-yl)aniline, (61). To a sol-
ution of 4-bromoaniline 6 (300 mg, 1.74 mmol) in ethanol (1.5 mL)
and DMF (1.5 mL), (2,3-dihydrobenzo[b][1,4]dioxin-6-yl)boronic
acid 60 (313 mg, 1.74 mmol), Pd(OAc), (11.7 mg, 0.017 mmol) and
K,CO; (481 mg, 3.48 mmol) were added in order. The mixture was
heated at 80 °C for 6 h and then was left at rt overnight. The mixture
was filtered over a pad of celite and rinsed with methanol and then the
volatile was removed. Purification by column chromatography
(petroleum ether/ethyl acetate 8:2 v/v as eluent) yielded compound
61 as a dark yellow oil (339 mg, 1.49 mmol, 86%); '"H NMR (300
MHz, CDCL): 8 =7.38 (d, ] = 8.2 Hz, 2H), 7.1 (s, 1H), 7.06 (d, ] =
8.5 Hz, 1H), 6.94 (d, ] = 8.5 Hz, 1H), 6.72 (d. ] = 8.2 Hz, 2H), 4.28—
427 (m, 4H). MS (ESI) m/z: 228 [M + H]".
Methyl 3-((4-(2,3-Dihydrobenzo[b][1,4]dioxin-6-yl)phenyl)-
carbamoyl)benzoate, (63). To a solution of compound 61 (320

mg, 141 mmol) in dry CH,Cl, (6.4 mL), 3-(methoxycarbonyl)-
benzoic acid 62 (254 mg, 1.41 mmol), 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDCI) (540 mg, 2.82 mmol),
DIPEA (723 uL, 4.22 mmol), and 4-dimethylaminopyridine (DMAP)
(17 mg, 0.14 mmol) were added in order under nitrogen atmosphere.
The reaction was stirred at rt overnight. Then, the mixture was diluted
with CH,Cl, and washed with HCl 3 N (3x). The organic layer was
dried over sodium sulfate and evaporated. Purification by column
chromatography (petroleum ether/ethyl acetate 8:2 v/v as eluent)
yielded compound 63 as a pale yellow solid (424 mg, 1.09 mmol,
77%); "H NMR (300 MHz, CDCl,): & = 8.49 (br s, 1H), 821 (d, ] =
6.3 Hz, 1H), 8.14 (d, ] = 6.3 Hz, 1H), 7.98 (s, 1H), 7.70 (d, J = 7.1
Hz, 2H), 7.62—7.50 (m, 3H), 7.09 (d, J = 7.1 Hz, 2H), 6.93 (d, J =
7.4 Hz, 1H), 4.29—4.28 (m, 4H), 3.96 (s, 3H). MS (ESI) m/z: 390
[M + H]"
3-((4-(2,3-Dihydrobenzo[b][1,4]dioxin-6-yl)phenyl)carbamoyl)-
benzoic Acid, (64). Compound 63 (250 mg, 0.64 mmol) was
solubilized in THF (2.8 mL). Then, a solution of NaOH (26 mg, 0.64
mmol) in water (2.8 mL) was added and the mixture was heated at 60
°C for 3 h. Water was then added and the aqueous phase extracted
with ethyl acetate (3x). The organic layers were dried over sodium
sulfate and evaporated. Purification by column chromatography (ethyl
acetate/methanol 8:2 v/v as eluent) yielded compound 64 as a white
solid (195 mg, 0.52 mmol, 81%); mp 227—228 °C dec. 'H NMR
(300 MHz, DMSO-d,): & 10.44 (br s, 1H), 8.53 (s, 1H), 8.14—8.12
(m, 2H), 7.84 (d, ] = 8.0 Hz, 2H), 7.64—7.58 (m, 3H), 7.15—7.13 (m,
2H), 6.92 (d, ] = 8.2 Hz, 1H), 4.28—4.27 (m, 4H). '*C NMR (101
MHz, DMSO-dy): 5 168.8, 165.5, 144.1, 143.3, 138.6, 135.5, 135.4,
133.6, 132.7, 131.6, 129.0, 128.9, 126.8, 121.2, 119.6, 117.9, 115.2
(2C), 64.6 (2C). IR (neat) T: 3282, 2922, 1686, 1647, 1495, 1299,
1245, 1072, 801, 695, 527 cm™'. MS (ESI) m/z: 376 [M + H]".
HRMS (ESI) m/z: (M + H)* caled for C,,H,{NOs, 376.1179; found,
376.1173.
4-(2,3-Dihydrobenzo[b][1,4]dioxin-6-yl)benzoic Acid, (66). Meth-
yl 4-iodobenzoate 65 (200 mg, 0.76 mmol) was solubilized in ethanol
(1.7 mL) and DMF (1.7 mL) under nitrogen atmosphere. (2,3
Dihydrobenzo[b][1,4]dioxin-6-yl)boronic acid 60 (137 mg, 0.76
mmol), Pd(OAc), (5.1 mg, 0.0076 mmol), and K,CO; (211 mg, 1.53
mmol) were added in order. The mixture was heated at 80 °C for 6 h
and then was left at rt overnight. The reaction was filtered over a pad
of celite and rinsed with methanol and then the volatile was removed,
yielding a dark yellow solid. The crude product was used in the next
step without further purification. The intermediate was solubilized in
THF (2.4 mL) and a solution of NaOH (31 mg, 0.76 mmol) in water
(2.4 mL) was added. The mixture was heated at 60 °C for 4 h, then
HCI 3 N was added until pH 4, and the aqueous layer was extracted
with ethyl acetate (X2). The organic layers were dried over sodium
sulfate and evaporated, yielding compound 66 as a white solid (166
mg, 0.65 mmol, 85%); "H NMR (300 MHz, CD;0OD): & = 8.02 (d, ]
=7.1 Hz, 2H), 7.56 (d, J = 7.1 Hz, 2H), 7.10~7.07 (m, 2H), 6.89 (d,
J =82 Hz, 1H), 4.30—4.31 (m, 4H). MS (ESI) m/z: 255 [M — H]".
Methyl 3-(4-(2,3-Dihydrobenzol[b][1,4]dioxin-6-yl)benzamido)-
benzoate, (68). Compound 66 (165 mg, 0.64 mmol) was solubilized
in dry CH,Cl, (4 mL) and methyl 3-aminobenzoate 67 (97.3 mg,
0.64 mmol), EDCI (247 mg, 1.29 mmol), DIPEA (331 uL, 1.93
mmol), and DMAP (7.9 mg, 0.064 mmol) were added in order under
nitrogen atmosphere. The mixture was stirred at rt overnight, then
was diluted with CH,Cl,, and washed with HCl 3 N (XS). The
organic layer was dried over sodium sulfate and evaporated.
Purification by column chromatography (petroleum ether/ethyl
acetate 8:2 v/v as eluent) yielded compound 68 as a pale yellow
solid (157 mg, 0.40 mmol, 63%); "H NMR (300 MHz, CDCL,): 5 =
8.16 (s, 1H), 8.07—8.01 (m, 2H), 7.91 (d, ] = 6.9 Hz, 2H), 7.82 (d, ]
=6.6 Hz, 1H), 7.63 (d, ] = 6.9 Hz, 2H), 7.45 (t, ] = 6.6 Hz, 1H), 7.13
(d, J = 7.7 Hz, 1H), 6.95 (d, ] = 7.7 Hz, 1H), 4.30—4.29 (m, 4H),
391 (s, 3H). MS (ESI) m/z: 390 [M + HJ*.
3-(4-(2,3-Dihydrobenzo[b][1,4]dioxin-6-yl)benzamido)benzoic
Acid, (69). Compound 68 (157 mg, 0.40 mmol) was solubilized in
THF (1.7 mL) and a solution of NaOH (16.1 mg, 0.40 mmol) in
water (1.7 mL) was added. The mixture was heated at 60 °C for 4 h
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and then was left at rt overnight. HCl 3 N was added until pH 4 and
the aqueous layer was extracted with ethyl acetate (x2). The collected
organic phases were dried over sodium sulfate and evaporated.
Purification by column chromatography (ethyl acetate as eluent)
yielded compound 69 as a white solid (91.5 mg, 0.24 mmol, 61%);
mp 234-235 °C dec. "H NMR (300 MHz, DMSO-dg): § 10.39 (br's,
1H), 8.44 (s, 1H), 8.06—8.00 (m, 3H), 7.77 (d, ] = 8.2 Hz, 2H), 7.69
(d,]=7.4Hz, 1H), 7.48 (t, ] = 7.4 Hz, 1H), 7.25 (d, ] = 8.2 Hz, 2H),
6.98 (d, ] = 8.2 Hz, 1H), 4.30—4.29 (m, 4H). 3C NMR (101 MHz,
DMSO-dy): 8§ 167.8, 165.8, 144.3, 144.2, 143.1, 139.9, 1333, 132.7,
131.9, 129.3, 128.8, 126.5, 124.9, 124.8, 121.6, 120.3, 118.1, 115.9,
64.7, 64.6. IR (neat) T: 3310, 2924, 1693, 1650, 1485, 1302, 1069,
811, 752, 677 cm™". MS (ESI) m/z: 376 [M + H]*. HRMS (ESI) m/
z: (M + H)* caled for C,,H gNOs, 376.1179; found, 376.1172.

In Vitro Metabolism Studies. Phase I and II (glucuronidation)
incubations were performed in MLMs (pooled male mouse CD-1,
protein concentration: 20 mg/mL, purchased from Corning B.V. Life
Sciences—Amsterdam, The Netherlands) using the procedure
previously described'® with the following modifications: S uM
substrate concentration for the determination of the residual
percentage and S0 uM for 34 metabolite characterization by
HRMS; when metabolic activation was studied, 3 mM GSH trapping
agent was added in the incubation mixture.

Aqueous Solubility. Thermodynamic aqueous solubility was
determined as follows: about 3 mg of the tested compound was
weighed and dissolved in 3 mL of deionized water. After vigorous
mixing by vortex followed by sonication for 5 min, the resulting
supersaturated solution was shaken horizontally overnight at 25 °C.
After filtration over a syringe filter (pore 0.22 ym, regenerate cellulose
membrane), 100 yL of DMSO was added to 1 mL of the filtered
solution. The resulting solution was further diluted in water (typically
1:10) before LC—UV analysis. Aqueous solubility was calculated
comparing the filtrate peak area to those of the tested compound
DMSO solutions. Solubility in aqueous media was also checked in the
following vehicles at the target concentration of 6 mg/mL: saline +
10% DMSO, saline + 10% DMSO + 20% PEG400, saline + 5%
ethanol.

Biology. Compounds. A S0 mM stock solution of Synta66,
CM4620, teriflunomide, brequinar, and all the biphenyl triazoles
synthetized was dissolved in 100% DMSO and stored at +4/—20 °C.
For each experiment, working concentrations of these compounds
were freshly prepared by diluting DMSO to 0.1% in different
physiologic solutions according to the experimental procedures (i.e.,
Krebs—Ringer buffer, culture medium, Locke solution).

Cell Culture and Calcium Imaging Experiments. Screening,
dose—response experiments, and calcium imaging experiments were
performed in HEK cells (ATCC, Rock, ville, MD, USA), as already
reported elsewhere.'®

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium Bromide
Assay. Viability assays were performed in HEK cells that were plated
in 24-well plates at the density of 20,000 cells per well. After 24 h, the
cells were treated for other 24 h with the selected compounds. At the
end of the treatments, the medium was removed and substituted with
300 puL of MTT reagent (Sigma-Aldrich Inc., Italy) at the final
concentration of 0.25 mg/mL for 60 min at 37 °C. Reactions were
then stopped and the crystals were solubilized by adding isopropyl
alcohol/HCI (1 M) (Sigma-Aldrich Inc,, Italy), before reading the
absorbance at 570 nm, using the multiplate reader Victor3 V
(PerkinElmer, Milan, Italy). To evaluate the effects on the DHODH
enzyme, HEK cells were treated with the selected compounds in the
absence or presence of 100 uM uridine for 72 h.

PK Analysis and Analysis of Pancreatitis. All animal experiments
observe the regulations in Italy (D.M. 116192) as well as the EU
regulations (O.J. of E.C. L 358/1 12/18/1986). Compound 34 was
injected iv. at a dose of 7 mg/kg in C57BL/6 mice. Blood was
collected after S, 15, 30, 60, 120, 240, 360 min and 24 h. Aliquots of
plasma samples were analyzed as previously reported.'® AP was
induced in mice by ip. injections of cerulein, as already reported
elsewhere.'®

Statistical Analysis. In in vitro experiments, 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 (unpaired t-test and one-way analysis of variance
(ANOVA) followed by Tukey’s post-hoc) or nonparametric (Mann—
Whitney U test and one-way Kruskal-Wallis H test followed by
Dunn’s post-hoc) statistical analysis was 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).

In in vivo experiments, results were analyzed by one-way ANOVA
followed by a Bonferroni post hoc test for multiple comparisons.
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B ABBREVIATIONS

ALL, acute lymphoblastic leukemia; AP, acute pancreatitis;
AUC, area under the curve; CDCl;, deuterated chloroform;
CD;0D, deuterated methanol; CH,Cl,, dichloromethane;
CRAC, calcium release-activated channels; DHODH, dihy-
droorotate dehydrogenase; DIPEA, diisopropylethylamine;
DMAP, 4-dimethylaminopyridine; DMEM, Dubelcco’s modi-
fied Eagle’s medium; DMF, dimethylformamide; DMSO,
dimethyl sulfoxide; DMSO-dy, deuterated dimethyl sulfoxide;
EDCI, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide;
EGTA, ethylene glycol-bis(f-aminoethyl ether)-N,N,N’,N’-
tetraacetic acid; ER, endoplasmic reticulum; EtOH, ethanol;
FBS, fetal bovine serum; Fura-2, fluorescent calcium indicator
2; GSH, glutathione; H&E, hematoxylin and eosin; HEK cells,
human embryonic kidney cells; HPLC, high-performance
liquid chromatography; HRMS, high-resolution mass spec-
trometry; I1Cs, half-maximum inhibitory concentration; IP;R,
inositol trisphosphate receptor; IR, infrared; KRB, Krebs—
Ringer buffer; LC—UV, liquid chromatography—ultraviolet;
MLMs, mouse liver microsomes; MeOH, methanol; mp,
melting point; MTT, 3-(4,S-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide; NADPH, nicotinamide adenine
dinucleotide phosphate; NMR, nuclear magnetic resonance;
Orai, calcium release-activated calcium channel protein; PACs,
pancreatic acinar cells; PEG, polyethylene glycol; PK,
pharmacokinetic; SAR, structure—activity relationship; SEM,
standard error of the mean; SERCA, sarco-endoplasmic
reticulum calcium ATPase; SOCE, store-operated calcium
entry; STIM, stromal interaction molecule; ¢-BhQ, tert-
butylhydroquinone; ¢t-BuOH, tert-butanol; THEF, tetrahydro-
furan; TLC, thin-layer chromatography; TRP, transient
receptor potential channels; TRPC, transient receptor
potential-canonical channels; UDPGA, uridine diphosphate
glucuronic acid
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Chemistry

Synthesis and characterization of azide 73

NH, N3
X F a X F
| — |
— —
N N
72 73

Reagents and conditions: (a) NaNO,, NaN3, TFA, 0 °C, 2 h, 76%.

4-Azido-3-fluoropyridine, (73). To a solution of 3-fluoropyridin-4-amine 72 (150 mg, 1.33 mmol) in
TFA (3.3 mL) NaNO, (111 mg, 1.61 mmol) was added at 0 °C. After 1 h, NaN; (1.88 g, 35.2 mmol)
was added and the mixture was maintained under vigorous stirring. After 1 h, saturated aqueous
NaHCOs solution was added until pH 8-9 and the aqueous phase was extracted with ethyl acetate
(x2). The collected organic layers were dried over sodium sulfate and evaporated to give 4-azido-3-
fluoropyridine 73 (139 mg, 1.01 mmol, 76%) as a pale brown oil. 'H NMR (300 MHz, CDCl;): § =

8.40 (d, J=3.0 Hz, 1H), 8.30 (d, /= 5.2 Hz, 1H), 7.27 (dd, Js = 5.2 Hz, 3.1 Hz, 1H).

Synthesis and characterization of azide 75

Br . N3
Dl
N” > COOMe z

N~ >cooMe
74 75

Reagents and conditions: (a) NaN;, DMF, H,0, 80 °C, 16 h, 59%.

Methyl 4-azidopicolinate, (75). Methyl 4-bromopicolinate 74 (300 mg, 1.91 mmol) was solubilized
in DMF (2.2 mL) and water (0.11 mL) and NaNj; (149 mg, 2.29 mmol) was added portionwise. The
reaction was heated at 80 °C overnight. Then, the mixture was diluted with ethyl acetate and washed

with water (x5). The organic phase was dried over sodium sulfate and evaporated to afford compound
S3
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75 as a pale yellow solid (200 mg, 1.13 mmol, 59%). 'H NMR (300 MHz, CDCl;): = 8.53 (d, J =

5.5 Hz, 1H), 7.74 (s, 1H), 7.31 (d, J = 5.5 Hz, 1H), 3.89 (s, 3H).

Synthesis and characterization of alkyne 77

F a,b
| X — x F
P |
N N
76 77

Reagents and conditions: (a) Ethynyltrimethylsilane, DIPEA, Cul, Pd(PPh;),Cl,, DMF, rt, 2 h. (b)
TBAF, THF, 0 °C, 30 min, 45%.

4-Ethynyl-3-fluoropyridine (77). Step 1: 3-Fluoro-4-iodopyridine 76 (118 mg; 0.53 mmol), DMF
(1.2 mL), Pd(PPh;),Cl, (35 mg; 0.05 mmol), Cul (9.52 mg; 0.05 mmol), DIPEA (0.36 mL; 2.11
mmol) and ethynyltrimethylsilane (0.22 mL; 1.59 mmol) were added in a Schlenk apparatus under
nitrogen atmosphere. After 2 h the mixture was filtered over a pad of celite, the volatile was removed
under reduced pressure and the reaction was worked up by diluition with ethyl acetate and washed
with water (x1). The organic layer was washed with brine, dried over sodium sulfate and evaporated.
The crude product was used in the next step without further purification. Step 2: 3-fluoro-4-
((trimethylsilyl)ethynyl) pyridine was dissolved in THF (3.3 mL) at 0 °C. After 5 min TBAF (0.62
mL; 0.62 mmol) was added. After 30 min the volatile was removed under reduced pressure and the
reaction was worked up by dilution with ethyl acetate and washing with water (x1). The crude
material was purified by column chromatography using petroleum ether/ethyl acetate 98:2 and then
petroleum ether/ethyl acetate 95:5 as eluents yielding 4-ethynyl-3-fluoropyridine 77 (28.9 mg, 0.23
mmol, 45%) as a brown oil. 'H NMR (300 MHz, CDCl;): 6 = 8.50 (s, 1H), 8.39 (d, J = 4.7 Hz, 1H),

7.38(d,J = 5.5 Hz, 1H), 3.51 (s, 1H). MS (ESI): m/z: 122 [M + H]".
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Synthesis and characterization of alkyne 78

Br ||

a,b
N A
N" "COOMe N” >CooMe
74 78

Reagents and conditions: (a) Ethynyltrimethylsilane, DIPEA, Cul, Pd(PPh;),Cl,, toluene dry, 100 °C,

2 h, 99%. (b) CH;COOH, TBAF, THF, 0 °C, 30 min, 93%.

Methyl 4-ethynylpicolinate, (78). Step 1: To a solution of methyl 4-bromopicolinate 74 (300 mg,
1.39 mmol) in dry toluene (3 mL), DIPEA (0.48 mL, 2.79 mmol), Cul (24 mg, 0.12 mmol),
Pd(PPh;),ClI; (29.33 mg, 0.04 mmol) and ethynyltrimethylsilane (0.59 mL, 4.19 mmol) were added in
a Schlenk apparatus. The reaction was stirred at reflux for 2 h under nitrogen atmosphere. Then, the
mixture was filtered over a pad of celite and rinsed with ethyl acetate. The organic phase was washed
with water (x1), dried over sodium sulfate and evaporated. The crude material was purified by column
chromatography using petroleum ether/ethyl acetate 8:2 and petroleum ether/ethyl acetate 7:3 as
eluents to give methyl 4-((trimethylsilyl)ethynyl)picolinate as a brown oil (322 mg, 1.38 mmol, 99%).
'H NMR (300 MHz; CDCl3): 8 =8.69 (d, J=4.8 Hz, 1H), 8.14 (s, 1H), 7.54 (d, J= 4.8 Hz, 1H), 4.06
(s, 3H), 1.19 (s, 9H). Step 2: methyl 4-((trimethylsilyl)ethynyl)picolinate (173 mg, 0.74 mmol) was
dissolved in THF (1.5 mL). The mixture was cooled at 0 °C and CH3;COOH (50.9 pL, 0.89 mmol)
and TBAF (0.89 mL, 0.89 mmol) were added. The reaction was stirred at 0 °C for 30 min. The volatile
was removed under vacuum, ethyl acetate was added and the organic layer was washed with water
(x1). After drying over sodium sulfate and evaporation of the solvent, the crude material was purified
by column chromatography using petroleum ether/ethyl acetate 6:4 and petroleum ether/ethyl acetate
5:5 as eluents to give compound 78 (111 mg, 0.69 mmol, 93%) as a brown solid. "H NMR (300 MHz,
CDCly): 6 =8.17 (s, 1 H), 7.96 (d, /= 6.5 Hz, 1H), 7.67 (d, /= 6.5 Hz, 1H), 7.40 (t, J = 6.5 Hz, 1H),

3.92 (s, 3H), 3.12 (s, 1H). MS (ESI): m/z: 161 [M + HJ".
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NMR Spectra of compounds 31, 34, 35, 36, 38, 40, 50, 56.
31: '"H (DMSO-dj), *C (DMSO-d;)
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34: 'H (DMSO-d;), *C (DMSO-d;)
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35: 'H (DMSO-d;), *C (DMSO-d;)
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36: 'H (DMSO-d;), *C (DMSO-d;)
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50: 'H (DMS-d;), 3C (DMSO-d;)
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Figure S1. Evaluation of the area under the curve (AUC), peak amplitude, and slope of the Ca?*-rise
in in the absence or presence of the indicated compounds. Graph shows median and IQR of the AUC,
peak amplitude and slope of the Ca?*-rise. Mann-Whitney U test of compound vs control (* p<0.0286,
** p<0.0038, *** p<0.0007, **** p<0.0001). Mann-Whitney U test. Mann-Whitney U test of

compound vs Synta66 (# = 0.0485).
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In vitro metabolism and pharmacokinetic.

A Thermo Scientific Q-Exactive Plus system equipped with a Thermo Scientific Vanquish UHPLC
system with a binary pump VF-P10, a split sampler VF-A10, and a column compartment VH-C10
were used. Data were acquired and processed using Xcalibur® software.

The operating conditions of the mass spectrometer were as follows: positive mode; sheath gas flow
rate, 45 Auxiliary Units (A.U.), auxiliary gas flow rate, 10 A.U.; sweep gas flow rate, 2 A.U.; spray

voltage, 3.50 kV; capillary temperature, 300 °C; auxiliary gas heater temperature, 300 °C.

1) LC-HRMS methods for metabolism studies.
- Column: Phenomemex Kinetex CI8 100 x 2.1 mm (2.6um d.p.) protected with a
SecurityGuard® and kept at 40 °C (Torrance, CA, USA).
- Eluent:
A: 0.1% formic acid in water.
B: methanol.
- Flow rate: 0.250 mL/min.
- Injection volume: 5 pL.
- Gradient program: 0.00 min [B%=20%], 14.00 min [B%=90%], 16.50 min [B%=90%], 17.00

min [B%=20%], 22.00 min [B%=20%].

For metabolic stability assays, samples were acquired in positive full-MS and parallel reaction
monitoring (PRM), using the parameters reported in Table S1 and monitoring the ions reported in the

inclusion list S2.
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PRM

Microscans 1
Resolution 35.000
AGC target 1x10°
Maximum IT 120 ms
Number of scan ranges 1
Loop count 1
MSX count 1
MSX isocronous ITs on
Isolation window 1.5m/z
Fixed first mass 180.0 m/z
Collision energy CE:37
Mass scan range 150-850 m/z

Table S1. Parameters used for metabolic stability assays.

Compound Mass [M+H]" Formula [M]
Synta66 353.12960 C,oH7FN,03
31 372.13427 CpH7N305
34 402.14483 Cy3H9N;04
36 402.14483 Cy3H9N;04
38 400.12918 CyH7N;0,
40 390.12485 CyH 6FN;04

Table S2. Tons monitored for metabolic stability assays.
For metabolite characterization of compound 34, samples were analysed in positive full-MS and dd-

MS? (topN) modes using the parameters reported in Table S3.

Full MS dd-M$? (topN)
Microscans 1 Microscans 1
Resolution 70.000 Resolution 17.500
AGC target 1x10° AGC target 1x10°

Maximum IT 200 ms Maximum IT 60 ms
Number of scan ranges 1 Loop count 4
Scan range 150-850 m/z MSX count 1
TopN 4

Isolation window 4.0 m/z
Collision energy (CE) 37

Minimum AGC target 6x10°

Intensity threshold 1x10°

Dynamic exclusion 3.0s

Table S3. Parameters used for metabolite characterization of compound 34.
S16
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2) LC-HRMS methods for pharmacokinetic analysis of compound 34.
- Column: Phenomemex Kinetex CI8 150 x 2.1 mm (2.6um d.p.) protected with a
SecurityGuard® and kept at 40 °C (Torrance, CA, USA).
- Eluent:
A: 0.1% formic acid in water.
B: acetonitrile.
- Injection volume: 5 pL.

- Analysis were performed in solvent and flow rate gradient elution (Table S4).

Time (min) B% Flow [mL/min]
0.00 30 0.300
5.00 98 0.300
7.00 98 0.400
7.50 30 0.400
10.00 30 0.300

Table S4. Solvent and flow rate gradient elution used for pharmacokinetic analysis of compound
34.
Data were acquired in parallel reaction monitoring (PRM) mode monitoring the ions [M+H]"
402.14483 (Cp3H 9N304) 34 and [M+H]" 390.12485 (C»,H;cFN303) 40 which was used as internal

standard (IS). The operating conditions are reported in Table S5.

PRM

Microscans 1
Resolution 35.000
AGC target 1x10°
Maximum IT 120 ms

Number of scan ranges 1

Loop count 1

MSX count 1

MSX isocronous ITs on
Isolation window 1.5 m/z
Fixed first mass 180.0 m/z

Collision energy CE:32

Table S5. Operating conditions used for pharmacokinetic analysis of compound 34.
S17
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Purity of lead compounds and thermodynamic aqueous solubility.

A Shimadzu HPLC system (Shimadzu, Kyoto, Japan), consisting of two LC-10AD Vp module
pumps, an SLC-10A Vp system controller, an SIL-10AD Vp autosampler, and a DGU-14-A on-line
degasser were used for the analysis. The SPD-M10Avp photodiode array detector was used to detect
the analytes. LC-Solution 1.24 software was used to process the chromatograms.
- Column: Phenomenex Kinetex CI8XB, 150 x 4.6 mm (5 um d.p.) protected with a
SecurityGuard® (Torrance, CA, USA).
- Eluent:
A: 0.2% formic acid in water.
B: 0.2% formic acid in acetonitrile.
- Flow rate: 1 mL/min.
- Injection volume: 20 pL.
- Wavelength: 220 and 280 nm
- Gradient program: 0.00 min [B%=30%], 10.00 min [B%=90%], 12.50 min [B%=90%], 13.00

min [B%=30%], 18.00 min [B%=30%].
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In vivo PK evaluation of compound 34.

Table S6. PK parameters of single administration of compound 34 (e.v., 7 mg/kg, n=5)

Parameter
ti
Tinax
Crnax
AL
Cl

Unit
h
h
ng/L
L/Kg
L/h/Kg

S19

Value
3.21
0.20

16,834
2.30
0.50

S.D.
0.57
0.18
4,829
0.76
0.15
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Metabolic stability data.
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5.- Discussion and conclusions

In the present project, we characterized a knock-in mouse model (KI-STIM1''15F),
proposing it as a model for tubular aggregate myopathy, in a C57BI/6 background. The
choice of this mutation was driven by the presence of these patients in the Italian setting
and by the absence of other models that replicate mutations in the second EF-hand of
STIM1, which are numerous as can be seen in Figure 7 of the introduction. Concretely,
p.1115F mutation has been associated with both TAM and YPS, which we retained

remarkable for increasing the understanding of the diseases.

The 1115F mutation is located in the second EF-hand, responsible for stabilization of
Ca?* binding. Undeniably, isoleucine (1) has a small non-reactive aliphatic side chain,
which is typically involved in substrate recognition or binding, while phenylalanine (F)
has an aromatic and very hydrophobic side chain, generally associated with Pi-Stacking
interaction and specific binding to certain amino acids, as proline. (Betts and Russel.
2003). Substitution of isoleucine to phenylalanine directly leads to an increase in the
topological polar surface area, from 63.3 to 83.1 A? according to PubChem (AA —
Isoleucine; AA-Phenylanaline). This substitution not only leads to the lack of the crucial
isoleucine side-chain interaction affecting the stabilizing role of 1115 in Ca®* binding
but most probably has a steric effect that could head a conformational change of the
second EF-hand. Consequently, the p.1115F mutation in STIM1 causes impairment in
calcium-sensing and therefore, to an increased entry of calcium through ORAIL. Further
crystallography studies should be performed to better understand in detail STIM1

structural consequences of STIM1 mutations.

Up to now, three mouse models have been described bearing STIM1 gain-of-function
mutations. First, the group of Grosse (Grosse et al. 2007) has reported a mouse colony
bearing the p.D84G STIM1 mutation, located in the first EF-hand. Stim15** mice
presented severe thrombocytopenia, but no investigations have been done regarding
muscle dystrophic-like phenotype. Recently, other two groups have generated mouse
colonies bearing the p.R304 STIM1 mutation, located in the cytosolic domains (Gamage
etal. 2018; Silva-Rojas et al. 2018) of the protein. Table 4 contains macroscopic features

of all four models compared to TAM patients.
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The KI-STIM1''5F colony is fertile, homozygous pups are not viable, and, as expected,
breeding follows the Mendelian ratio (1:1). As the rest of the TAM mouse models, KI-
STIM1"F mice weigh less from 1 month of age, and this, experimentally, precludes
blinding for behavioural experiments. At the same time, body weight differences
provide a first early end-point to measure in the evaluation of treatments. The difference
in KI-STIM1'5F body weight is not caused by growth disturbances since the anus-nose
length was normal, but it is due to the reduced muscle weight observed compared to
WT. KI-STIM1"%5F present evident movement difficulties and a remarkable hunchback,
a feature shared with homozygote Gamage mice (Gamage et al. 2018). Other symptoms
of TAM patients as congenital miosis and ichthyosis have not been studied in the KI-
STIM1"%F mouse model. Instead, Stim1R“W™* mice presented a limitation of the
movement of the eyes, namely gaze paresis, as observed in TAM patients (Silvio-Rojas
et al. 2018). Besides, ichthyosis, a skin disorder barely present in TAM patients, has
been occasionally observed in KI-STIM1"*F mice. A photographic register should be
performed to examine the severity of this symptom and determine its frequency in the
KI-STIM1"15F mice population.

Table 4. Macroscopic features in TAM mouse models and TAM patients

Mouse model TAM

Stim1R34W - Stim1RMW /- K|-STIM1 15 patients

Silva-Rojas et

Gamage et al. Cordero-Sanchez Morin et al.

al. 2018 and
2018 2021 etal. 2019 2020
Body weight * * *
Small stature
Body length - * N.D.
Congenital miosis - Gaze paresis - Present
Ichthyosis - - - Present

Parameters not measured are indicated with dash (-). Red arrows indicate a decrease. Green arrows
indicate an increase. N.D.: No differences.
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Myopathy in KI-STIM1"**F mouse model

In accord with the results obtained by the groups of Silvio-Rojas and Gamage (Silva-
Rojas et al 2018; Gamage et al, 2018), KI-STIM1"%*F mice show a strong myopathic
picture. Table 5 contains a synopsis of the features observed in the different mouse
models and patients. Myopathy in KI-STIM1"5F is characterized by a progressive
muscle degeneration with a weight reduction of most of the muscle measured and the
presence of (i) central nuclei fibers, (ii) necrotic and fibrotic tissue, (iii) endomysial
inflammatory infiltrate, (iv) cytoplasmic fuscinophilic areas, (v) smaller fibers
frequency, and (vi) myofibrillar disorganization. Surprisingly, but in accord with Silvio-
Rojas, the weight of the KI-STIM1''5F soleus is increased over WT. This is also present
in a transgenic mouse model of muscular dystrophy overexpressing TRPC3 (Millay et
al 2009). Millay et al. hypothesized the involvement of a “sarcolemmal mechanism”, so
further studies have to be performed for explaining and understanding in deep this
hypothesis. However, it has been recently shown that the degree of soleus hypertrophy
depends on circadian rhythms after eccentric exercise (Chang et al. 2022). Chang et al.
proposed mMTOR/p70S6K signalling as the key mechanism of modulation in soleus
muscle. The specific correlation of soleus hypertrophy and mTOR signalling could
reasonably explain soleus hypertrophy since SOC entry activity has been related to
mTOR signalling in different cell types (Ogawa et al. 2012; Abbonante et al. 2021).

Our model, similar to those reported in the literature, lacks the presence of tubular
aggregates, the core histological hallmark of the disease, but displays “pseudo-
aggregates”, which, unlike the human counterpart, are arranged chaotically. In addition,
electron microscopy revealed mitochondria hypertrophy and crest loss, with occasional
formation of circular structures in KI-STIM1"*F muscles. This alteration in
mitochondrial morphology should be further studied, especially to identify oxidative
stress due to calcium overload (Tsung-I et al. 2010) and dysfunction in the electron
transport chain and/or bioenergetics imbalance (Cardenas et al. 2010). These
experiments have been performed by Silvio-Rojas, revealing that mitochondrial

respiration is not compromised in Stim1R*W"* mice, while the number of those in
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muscle is drastically reduced, possibly contributing to muscle weakness (Silvio-Rojas
et al. 2021).

Unfortunately, creatine kinase (CK) serum levels are physiological in KI-STIM1"*5F
mice, excluding this easy-read and general marker of muscle damage as a biomarker,
contrary to the Silvio-Rojas group’s results. Nevertheless, increased CK levels in TAM

patients have incomplete penetrance, with no correlation with the mutation born.

In my thesis, | also investigated how the p.1115F mutation affects calcium signalling by
measuring calcium in myotubes prepared from both WT and KI-STIM1'*5F animals.
Although neither alteration in basal calcium nor spontaneous oscillations were observed
in KI-STIM1"%F myotubes, SOC Entry was over-activated. The absence of oscillations
in KI-STIM1"*F myotubes is contrary to results observed in our lab in fibroblast
patients bearing STIM1 mutations (unshown, Riva, et al. 2022, submitted). These
differences could be associated with the maturation state of KI-STIM1'*5F myotubes
when the experiments were performed. In any case, fibroblasts of patients bearing
ORAI1 mutations have been demonstrated to present these spontaneous oscillations,
reasonable taking into account that ORAIL is the calcium channel (Garibaldi et al.
2017).

Furthermore, no transcriptional alterations regarding Stiml or other SOC o TRPC
genes, were observed in our mice, fortifying the gain-of-function nature of the mutation.
However, quantification of STIM1 and ORAI1 proteins in myotubes should be
performed through western blotting to exclude transduction impairment or
compensatory mechanisms. Besides, stored calcium studies based on aequorin probes
targeting both ER and mitochondria should be performed to better understand calcium

signalling defects.

By means of several behavioural test performances, the muscle functionality of K-
STIM1"%F mice was evaluated. On the one hand, both grip strength and hanging test
demonstrated a normal performance of KI-STIM1''!*F mice. On the other hand, rotarod
and treadmill tests revealed an impairment in KI-STIM1'5F mice performance. These

results illustrate the absence of alterations in forelimb strength or subacute muscle
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function and coordination, but also suggest a defect in motor coordination, resistance,
and fatigue. These data suggest that KI-STIM1 '*35F presents a prevalent running or
sprinting impairment, as reported in TAM patients, with prevalent proximal muscle
weakness (Walter et al. 2015). Balance impairment in KI-STIM1'*F mice has been
discarded since hanging wire test performance was normal, and consequently, no signs
of cerebellar deficit were revealed. All these results surprisingly differ from Silvio-
Rojas and Gamage data, since mice showed impaired performance in grip strength and
hanging test but normal performance in rotarod and treadmill test. This dissonance
cannot be associated with the single mutation since some patients bearing one of the
both 1115F and R304W mutations present lower limb weakness with or without upper
limb weakness even though most of the TAM patients have a predominantly lower limb
weakness (Morin et al. 2020). However, for deeply studying muscle functionality, ex
vivo experiments should be performed in KI-STIM1"*5F muscles to measure specific
muscle force and fatigue of the entire organ (Gamage et al. 2018; Silvio-Rojas et al.
2018).

All in all, the data obtained strongly demonstrates the face and construct validity of our
mouse model, albeit some differences between the different animal models and the

human phenotype are evident.
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Table 5. Myopathy disorder in TAM mouse models and TAM patients

Mouse model TAM
patients
Stim1R304W StimlR3°4W I+ KI-STI M1I115F
Gamage et al, Silva-Rojas et al Cordero-Sanchez et Mozré)nzgt. il
2018 2018 and 2021 al. 2019 Riva et al. 2022.
CK serum levels - ‘ N.D. N.D./ ‘
. Organized
Tubular aggregates - - Chaotic g
Muscle degeneration Present Present Present Present

and/or regeneration

c \4 \4
TA - *

Myopathy
Q \4

UB - \ 4
Soleus - 4 ‘

Muscle
weight

Morpho_logy - Present Present
. . alteration
Mitochondria -
Functionality - N.D. -
SOC Entry Transcription - Downregulated N.D. N.D.
enes in -
rr?yotubes Transduction * - -
) Basal calcium levels * 4 N.D. 4
Calcium
signalling in Spontaneous ) ) Absent Present
myotubes Oscillations
SOC Entry N.D. 4 4 4
Ex vivo muscle force N.D. * )
measurement
Open field - * B}
Muscle GlipstEngi . * LD Lower limb
Functionality ) weakness
Hanging test - * N.D.

Rotarod -

Z
o

\/
Treadmill * - *

Parameters not measured have been indicated with dash (-). Red arrows indicate a decrease. Green arrows indicate an
increase. N.D.: No differences; CK: Creatin kinase; G: gastrocnemius; TA: Tibialis anterior; Q: Quadriceps; EDL:
extensor digitorum longus; UB: Upper biceps.
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KI-STIM1"**F mouse model is valid also for York Platelet Syndrome

As (i) p.1115F mutation has been diagnosed as the driving mutation in both TAM and
York Platelet Syndrome (YPS), and (ii) KI-STIM1"**5F mice showed splenomegaly, a
sign of bleeding dyscrasia, we studied also the bleeding phenotype. Table 6 contains all
parameters regarding the blood disorder. Splenomegaly found in KI-STIM1"%F mice is
not a common feature of TAM/ Stormorken patients, who occasionally present
hyposplenism or asplenia. The principal feature of patients carrying STIM1 p.1115F or
p.R304W mutations is the strong thrombocytopenia (Morin et al. 2020), observed in KI-
STIM1"%F mice early in time and maintained during the life-span and also in the other
three TAM mouse models. Hence, the platelet count is a realizable early and fast read-
out identified KI-STIM1%5F mice.

Taking into account (i) the rareness of the disease, (ii) the different penetrance in
patients, and (iii) the strong muscle phenotype, profoundly studying bleeding dyscrasia
has not been a priority in the literature. For this reason, we wanted to further investigate
the aetiology of thrombocytopenia in KI-STIM1"*F mice. We first hypothesized that a
defect in the hematopoietic stem cell development could be the origin of the platelet
lacking. This hypothesis was discarded as a significant increase in the frequency of
lymphoid progenitor population (LSK) stem cell, common lymphoid progenitors (CLP),
granulocyte-macrophage progenitors (GMP) were observed in KI-STIM1'%F, In
agreement, megakaryocyte-erythroid progenitors (MEP) were decreased in KiI-
STIM1"%F mice compared to WT. Instead, no difference between WT and Ki-
STIM1"%F mice were found in red cells, the other final MEP progeny, neither in
common myeloid progenitors (CMP) nor its progeny, granulocytes. This picture lets us
conclude that thrombocytopenia leads to positive feedback on hematopoietic
progenitors, most probably as an unsuccessful attempt of the organism to counteract
thrombocytopenia. Simultaneously, these data could explain splenomegaly in Ki-
STIM1"%F since abnormality of stem cells leads to spleen growth as reported in
myeloproliferative neoplasms (MPN; Penna, 2021). Not only hematopoietic stem cells
were studied, but also hematopoietic progeny. Contrary to the results of Silva-Rojas et

al., we did not observe an impairment of T cells nor neutrophils but reported an
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alteration in monocyte subsets. Particularly, Ly6C"9" monocytes, associated with
phagocytosis and pro-inflammatory processes, resulted in an increase in KI-STIM115F
mice compared to WT, while Ly6C'™ monocytes, linked to tissue repair, were strongly
decreased, in agreement with other TAM models. Moreover, as with other TAM mouse
models, a strong decrease of KI-STIM1''*°F NK has been observed, reasonable given
the recent demonstration of the crucial role of STIM1 in NK maturation (Abel et al,
2018).

We then moved to investigate platelets. First, the principal resting and activation
receptors were measured in both WT and KI-STIM1"%F mice at resting conditions. As
reported in the Stim15%/* model, an increase in P-selectin and active allbp3, and a
decrease in integrin a2, receptors associated with platelet activation and rest state
respectively, were observed, demonstrating the pre-activation status in KI-STIM1'115F
platelets. This pre-activation does not lead to cell death since PS exposure was normal,
contrary to TAM patients’ platelets, which present an increased exposure of PS in the
membrane. Instead, pre-activation of platelets can lead to (i) unresponsiveness or (ii)
hyper-responsiveness. In order to distinguish between these two hypotheses, P-selectin
and active allbB3 exposure were measured under stimulation with thrombin at 0.1,
0.025, and 0.0025 u/ml. No differences in maximal thrombin response between WT and
KI-STIM1'15F were observed, while hyper-exposure of both P-selectin and active
allbB3 occurred when stimulated with lower concentrations. All these results are in
accord with platelets of patients bearing p.R304W mutation, where resting platelets
showed increased exposure of the main activation receptors, indicating the pre-
activation state. Furthermore, when PARL1 receptor was stimulated in platelets from
patients, these platelets additionally exposed activation receptors, as KI-STIM115F
platelets. However, patients’ platelets were overall less responsive than healthy controls.
This absence of response might be explained if patients’ platelets were overcoming
death, as it could be indicated by the increased PS exposure. (Misceo et al. 2014).
During the analysis and in agreement with Grosse et al., we realized that a small sub-
population of KI-STIM1"*°F platelets constantly expose only active allbB3 under all

basal and stimulated conditions. These data suggest that despite the majority of KI-

136 Discussion



STIM1YF platelets are hyper-responsive, a small percentage (around 10%) are unable

to fully activate.

Consequently, platelet functionality tests are crucial to demonstrate that this hyper-
exposure of receptors directly leads to hyper-functionality. For this, static adhesion and
aggregation assays were performed. Along the same line, the area of adhered KiI-
STIM1"%5F platelets was higher in comparison to WT, demonstrating an increase in
spreading after 30 minutes. Nonetheless, adhesion experiments should be performed
also in a flow setting, in order to study functionality simulating physiological
conditions. Instead, aggregation tests were performed by stimulation with 0.1 and 0.05
u/ml of thrombin. In high thrombin concentrations, KI-STIM1%°F platelets aggregated
slower than WT but no differences in maximal aggregation were found. This event can
be explained by the 10% of the platelet population that is unable to fully activate. In low
thrombin concentrations, KI-STIM1'*15F platelets hyper-aggregate but no differences in
slope were found, in other words, the speed of aggregation was not altered. Therefore,
these data confirm the hyper-responsiveness of KI-STIM1''%°F platelets. Performance of
clearance experiments would be useful for understanding in vivo life-span of platelets
which could be even used as read-out during treatments. Besides, delta granule transport
and secretion should be studied for identifying whether KI-STIM1%5F platelets have
this deficiency, as in YPS platelets.

As in Grosse’s mouse model and TAM patients bearing p.R304W mutation, also Ki-
STIM1"%F platelets present an increase in cytosolic basal calcium compared to WT,
thus explaining the pre-activation state. In agreement, the calcium responses to thrombin
were higher in KI-STIM1''5F platelets with respect to WT. This data sheds some light
on the mechanism of hyper-exposure of receptors in a stimulated state since calcium
has been demonstrated to be crucial for platelet activation. This hyper-signalling of
calcium in absence of extracellular calcium demonstrates that, as reported in the
literature, activation with thrombin evokes the emptiness of the calcium stores in
platelets (Varga-Szabo et al. 2009). It would be extremely important to determinate
calcium levels also in the dense tubular system since it seems that stores emptiness are

higher in KI-STIM1'"5F platelets. Even so, (i) delicateness of platelets and (ii) absence
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of a nucleus makes extremely difficult or even impossible to use techniques of

measuring calcium stores, for example with targeted aequorin.

In accord with Grosse’s results, SOC Entry measured by the addition of calcium after
the thrombin-store depletion was reduced in comparison with WT. Reduced SOC Entry
in KI-STIM1*%5F platelets could be explained by two hypotheses. On the one hand, SOC
Entry reduction could be directly due to the reduction of the quantity of STIM1 protein
in KI-STIM1"%F platelets with respect to WT observed by western blot. This reduction
of STIML1 is absolutely reasonable if we take into account that we are probably studying
the survived platelet population, and a lower expression of STIM1 might confer an
evolutionary advantage. Independently, the hypothesis of SOC Entry reduction due to
the lower quantity of STIM1 cannot fully explain neither higher basal calcium nor
hyper-response to thrombin. On the other hand, constitutive activity of STIM1 would
lead to higher basal cytosolic calcium levels and to hyper-response to thrombin, by the
previous hyper-filling of the stores independently of luminal calcium levels. Since
ORAI1 is a calcium channel that allows the passive calcium influx through the plasma
membrane, higher cytosolic calcium levels after “fuller-stores” depletion could slow
down the calcium entry through ORAIL, despite the STIM1 gain-of-function. In any
case, in accord with Grosse’s group and TAM patients, KI-STIM1*F mice present
bleeding dyscrasia with an increase in bleeding time and blood loss. Experiments of
platelets clearance and proplatelet forming capacity of megakaryocytes should be

performed to discriminate specifically the aetiology of thrombocytopenia.

Finally, the data obtained strongly demonstrates the main bleeding phenotype observed
in YPS patients, validating the KI-STIM1"'**F mouse model also for YPS and
significantly contributing to base research of the disease. TAM, Stormorken syndrome,
and YPS belong to a cluster of ultra-rare genetic orphan diseases. However, some
authors consider the three of them as the spectra of the same disease with different
penetrance (Bohm and Laporte, 2018; Markello et al. 2015; Morin et al. 2020; Silvio-
Rojas et al, 2019). The present contribution strongly supports this hypothesis, since the
KI-STIM1'5F model presents both pathological phenotypes diagnosed as both TAM

and YPS in humans (Lacruz and Feske, 2015). Independently, due to the extremely low
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frequency of each mutation, we strongly believe that both luminal and cytosolic STIM1
mutated mouse models are complementary. This variety directly increases the

likelihood of success of the development of effective drugs as pharmaceutical therapy.
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Table 6. Blood disorder in TAM mouse models and TAM patients

Mouse model TAM
Stim15/*+ | Stim1R304 StimR304w i+ Kl- patients
w ST' M1I115F
Morin et al.
2020;
Grosseet = >amage ?t Silva-Rojas et Ciitre Lacruz and
al. 2018; Sanchez et .
al. 2007 and 2020 al. 2018 al. 2019 Feske, 2015;
’ Misceo et
al.2014
Hyposplenis
Splenomegaly Present Present Present Present m or
asplenia
Bone marrow structure alteration Present Present Present - -
Hematopoietic stem cells ) ) ) Present )

alteration

Neutrophils ‘
Granulocytes - - N.D.

Eosinophils N.D.

Lyschigh 4
Monocytes s -
Blood cell . 4 Ly6Clow * )
population
Lymphocytes - - N.D. N.D.
Treg - - * N.D.
NK : - \ 4 \ 4
Thrombocytopenia Present Present Present Present Present
Megakaryocyte’s * } ) } )
proplatelet forming
Clearance * - - - -
Preactivation Present - - Present Present
PS exposure - N.D. - N.D. 7'\
Platelets Agonist’s response * - - ‘ ‘
Adhesion and/or
aggregation * ) i 4 i
Basal calcium levels 4 = = 4 ‘
Store emptiness A - - A *
SOC Entry
signalling * ) i * *
L Bleedin
Bleeding time 4 . ) ‘ diathesig

Parameters not measured have been indicated with dash (-). Red arrows indicate a decrease. Green arrows
indicate an increase. N.D.: No differences; NK: Natural killer; PS: Phosphatidylserine.
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CIC-39Na, a SOC Entry inhibitor, reverts bleeding dyscrasia in the KI-STIM1''*°F

mouse model

A full chemical library of putative SOC Entry inhibitors which derivate from Synta66
has been characterized. Synta66 is an inhibitor of SOC Entry used as a tool since (i) is
selective also to other calcium channels, (i) has poor solubility, but (iii) is not
metabolically stable. In this study CIC-39 (firstly named as 34) was identified as a SOC
Entry inhibitor with suitable pharmacological properties. The first round of screening
of the chemical library, composed of 23 compounds, revealed that both triazole and 3 —
carboxy phenyl rings were essential to obtain a comparable inhibitory activity to
Synta66. From the second round, compounds 31, CIC-39, 36, 38, and 40 were selected
according to the screening criteria. The salt form of all of them resulted in more soluble
in H20 and more metabolically stable than Synta66, demonstrating their more suitable
properties for drugs. Only salted CIC-39 presented a good solubility in in vivo injection
solution, making compound CIC-39Na the best SOC Entry inhibitor candidate. These
results demonstrated that the methoxy group and fluorine atom increase solubility and
positively influence metabolic stability. Two remarkable events were found in this first
library. Surprisingly, one SOC Entry activator was found, compound 47, but no further
studies have been done since it was out of the aim of this study, despite its possible
interest in loss-of-function mutation. Considering the maintenance of the slope of
calcium entry during calcium signalling assays, it is likely to affect closure or
desensitization of ORAIL. The second event is the discovery of compound 64, a
compound without the triazole group, which is drastically more toxic than the rest of
the compound, which resulted chemically similar to a dihydroorotate dehydrogenase
(DHODH) inhibitor. DHODH is an enzyme involved in pyrimidine synthesis, target of
FDA-approved drugs as teriflunomide, also demonstrated to be a selective inhibitor of
SOC Entry. This promising discovery leads us to demonstrate not only that compound
64 could be used as a putative inhibitor of DHODH and therefore, for treating
rheumatoid arthritis but also that presence of triazole prevents off-target effects. The
typical adverse event associated with DHODH inhibition (e.g. hyperlipidemia, altered
hematological profile as leucopenia o lymphopenia, and liver function alteration) should

be taken into consideration in the future development of compound 64 (Kaur et al 2021).
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CIC-39Na showed an ICso of 800 nM and 1 uM at SOC Entry inhibition in HEK cells
and in KI-STIM1"'5F myotubes, respectively. Preliminary experiments of treatments
with 60mg/Kg/day of CIC-39Na in KI-STIM1"%F mice were performed by
intraperitoneally implanting minipumps for 14 days. Results showed that CIC-39Na is
able to (i) increase body weight (not shown); (ii) increase the number of platelets; (iii)
decrease of blood loss; and (iv) slightly decrease of bleeding time of KI-STIM1'*5F mice
compared to WT. Serum CIC-39Na concentration was 251 ug/L corresponding to 625
+ 89 nM, and effects were lost after 16 days.

The reversion of the thrombocytopenia and bleeding dyscrasias with CIC-39Na also
demonstrate that counteracting SOC Entry is a viable and reliable therapeutic strategy.
So, other SOC Entry inhibitors already in clinical trials can be re-purposed for this new
therapeutic indication. Noticeably, CIC-39Na has been demonstrated to be also
effective in acute pancreatitis, designating another therapeutic indication for CIC-39Na,
which could be not unique, taking into consideration the demonstrated implication of
SOC Entry in processes such as apoptosis or diseases as DMD or psoriasis. In any case,
the recent emerging clinical data suggest that safety associated with SOC Entry
inhibition is manageable. Noteworthy, small molecule drugs might present an economic
advantage to other strategies such as protein supplements, RNA, or gene therapy, due
to the simpler technology. Besides, pharmacological treatment has an easier and
autonomous dosage guideline, increasing the quality of patients’ life and facilitating

their daily life.
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Future expectations

Currently, the identification of tubular aggregates by electron microscopy in muscle
biopsies is the unique clinical procedure to diagnose TAM (Jain et al. 2008). This
immensely invasive and specific procedure directly affects the natural history of the
disease. It additionally difficults an arduous diagnosis in itself as ultra-rare disease.
Evidently, this fact radically limits the capacity of registering TAM patients. New
methods of diagnosis that may comprehend a cluster of rare diseases are of utmost

importance.

Concomitantly, there is a serious lack of putative biomarkers to evaluate the prognosis
of the disease. Given that (i) there is an imminent need of stabilizing biomarkers for the
prognosis of the disease, and (ii) muscle biomarkers are generally more invasive than
blood biomarkers, the objective of the next study is to individuate putative easy and
non-invasive parameters realizable to monitor myopathy prognosis in both mice and
human patients. For this reason, the next steps of the study will be to evaluate both RNA
sequencing and proteomics of principal muscles in KI-STIM1''%F mice, in order to
identify which gene transcription and/or proteins could act as a reliable muscle
biomarker and correlate it with any easy serum readouts. For this, we will treat again
KI-STIM1"*5F mice with CIC-39Na in order to stipulate a correlation between blood
and myopathy prognosis, as serum out-puts are generally less invasive than muscle read-
out that does require mice sacrifice or is extremely invasive in patients. This bleeding
read-out can be combined with body weight measure since amelioration of muscle
degeneration progression would be expected. We hope that these blood parameters
finding not only would be useful in mouse model platforms but feasible to be used also

in patients, avoiding hard and invasive muscle outputs.

As far as | am concerned, the data obtained from our lab and that of others is close to
be sufficient to bring any SOC entry inhibitor in clinical trials for TAM patients,
independently of which one. Obviously, using a molecule that has already been studied
in clinical trials, such as those indicated in Table 3 of the introduction, would speed up
the process. Though the results obtained are promising, several crucial information is

probably lacking yet. Up to now, no evidence of the effectiveness of molecules has been
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demonstrated in motor function in mice, and indeed, we are currently conducting these
experiments. Moreover, the effectiveness of SOC Entry inhibitors in every single
mutation listed in Figure 7 of the introduction is unknown. To evaluate the effectiveness
of our compound CIC-39Na in each mutation, SOC Entry measurements in patients’
fibroblasts bearing different should be performed. Precision personalized medicine
would guarantee the success of the treatment in each patient. For this reason, also the
development of cellular models would be needed that permit the first screening to
identify effective drugs in each mutation before testing in patients’ fibroblasts. All these
experiments were performed in our lab and results will be proximately published (not
shown; Riva et al. 2022, submitted).

Since TAM is a chronic disease, data demonstrating long-term safety is also extremely
necessary. Up to now, long-term safety in clinical trials of only PRCL-02 has been
demonstrated up to 12 weeks. The overall treatment-emergent adverse events reported
in literature comprehend nausea, dizziness, chromaturia, and psoriatic arthritis at the
maximum tolerated dose (Bruen et al. 2021; Desai et al. 2004; NCT03614078). Adverse
events observed have to be taken into account for future SOC Entry inhibitors

development.

Conclusion

Hence, the results of my thesis demonstrate that KI-STIM1'**%F is a valid mouse model
for both TAM/YPS that can be used as a solid platform for the development of putative
SOC Entry inhibitors, as CIC-39Na. The existence of this mouse model specially
guarantees the ability of test drug effectiveness in mutations in the second EF-hand of
STIML1. Furthermore, this model is a confirmation of the hypothesis where TAM,
Stormorken, and YPS are the spectra of the same disease and could be useful for the
identification of putative biomarkers to be tested in patients. However, further aspects
of the KI-STIM1'*%5F model should be more deeply investigated to better understand the
disease, as mitochondria alteration, pseudo-aggregate identification, and inflammatory

process involvement.
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AIHA: Autoinmunity with haemolytic anemia
Ca?*: Calcium ion

CICR: Calcium-Induce Calcium-Release
CK: Creatine Kinase

CMP: Common Myeloid Progenitors
CRAC: Calcium Release-Activated Calcium
DHODH: Dihydroorotate Dehydrogenase
DMD: Duchenne Muscular Dystrophy
DTS: Dense Tubular System

ER: Endoplasmic Reticulum

ER/SR: Endo-Sarcoplasmic Reticulum
GMP: Granulocyte-Macrophage Progenitors
ICso: Inhibition Concentration 50

IPsR: Inositol-1,4,5-triphosphate Receptor
LSK: Lymphoid Progenitor Population
MPN: Myeloproliferative Neoplasm

MEP: Megakaryocyte-Erythroid Progenitors
Na*: Sodium ion.

NK: Natural Killer

PAR: Protease-Activated Receptor

PM: Plasma Membrane

PKC: Protein Kinase C

PS: phosphatidylserine

RYR: Ryanodine Receptors

SCID: Severe Combined Immunodeficiency

SERCA: Sarco(Endo)plasmic Reticulum Ca?* ATPase
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SOC Entry: Store-Operated Calcium Entry.
SR: Sarcoplasmic Reticulum

STIM: Stromal Interaction Molecule
TAM: Tubular Aggregate Myopathy

TM: Transmembrane

YPS: York Platelet Syndrome
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