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1 Introduction
1.1 Platelet dysfunction in chronic kidney disease

1.1.1 Chronic kidney disease and cardiovascular events

In patients with chronic kidney disease (CKD), cardiovascular disease (CVD)
is associated with substantial morbidity and mortality in both developed and
developing countries (Edwards et al., 2006, Schiffrin et al., 2007), imposing a
tremendous burden on the health care system. The low estimated glomerular
filtration rate (eGFR) confers an approximately 3-fold increase in the risk of
cardiovascular mortality in patients with end-stage renal disease (ESRD)
(Chronic Kidney Disease Prognosis et al., 2010). Even patients with only mild or
moderate impaired renal function are at higher risk for subsequent cardiovascular
events than the general population is (Anavekar et al., 2004, Mann et al., 2001).

The function of the haemostatic system is profoundly disturbed in patients
with renal insufficiency, particularly in patients with ESRD (Ando et al., 2002,
Baaten et al., 2021). Accumulating data indicate that these patients have a high
prevalence of thrombotic complications, which present as acute coronary
syndrome, deep venous thrombosis with/without pulmonary embolism,
haemodialysis vascular access thrombosis, as well as peripheral artery occlusion
(Lutz and Jurk, 2020, Lutz et al., 2014). Although the imbalance between pro-
and anti-coagulant factors (Tomura et al., 1991, Matsuo et al.,, 1997) and
endothelial cell damage (Molino et al., 2006) may help explain excessive
thrombus formation, platelet hyperactivity plays a central role in the pathogenesis
of thrombosis. Therefore, we mainly discuss the pathogenetic mechanisms
underlying platelet dysfunction in the following section.
1.1.2 Mechanisms of platelet dysfunction in renal failure

Multiple mechanisms may be responsible for platelet hyperactivity in patients

with CKD (Figure 1).
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Figure 1. Factors associated with platelet dysfunction in patients with
chronic kidney disease (from Lutz and Jurk, 2020).

ICAM-1: intercellular adhesion molecule 1; GP: glycoprotein; VCAM-1: vascular
cell adhesion molecule 1.

First, the retention of uraemic toxins, especially indoxyl sulphate (IS), induces
platelet hyperactivity in advanced stages of CKD, which contributes to CKD-
associated thrombosis (Karbowska et al., 2017, Moradi et al., 2013). Platelet
function was found to be remarkably enhanced in a CKD mouse model after IS
treatment, which manifested as increased levels of platelet-derived microparticles
(PMPs) and platelet-monocyte aggregates in the serum (Yang et al., 2017). IS
exhibits a strong ability to promote thrombus formation via reactive oxygen
species (ROS)-mediated p38MAPK signalling (Yang et al., 2017), primarily due
to the direct impact of oxidative stress in the regulation of platelet activation (Krotz
et al., 2004).

In addition, elevated expression of aminophospholipid phosphatidylserine
(PS) on the outer surface of platelets obtained from chronic uraemic patients has
been described (Bonomini et al., 2007). The thrombophilic tendency of uraemia
is partially attributed to PS exposure, which provides a catalytic surface for

assembly of the prothrombinase complex that converts prothrombin to thrombin



(Bevers et al., 1991). An increase in caspase-3 activity may be causally linked to
this coagulation process (Bonomini et al., 2004).

Furthermore, platelet-leukocyte conjugates are essential for thrombus
formation. Physical interactions of activated platelets with leukocytes have been
shown to initiate inflammatory and atherogenic cascades at the vascular wall
(May et al., 2008, May et al., 2007). A number of studies confirm that circulating
platelets under uraemic conditions contain more P-selectin on the surface than
those of healthy controls (Sirolli et al., 2001). The engagement of P-selectin
glycoprotein ligand-1 (PSGL-1) by P-selectin drives the recruitment of monocytes
and neutrophils to the sites of vascular injury, which eventually promotes

inflammatory and thrombotic processes (Gawaz et al., 2005, Furie et al., 2001).
1.2 Store-operated Ca?* entry

1.2.1 ORAIs: structure and homologues

Named after the gatekeeper of heaven (Guo and Huang, 2008), ORAI
proteins reside in the plasma membrane (PM) and function as the pore-forming
subunit of the Ca?* release-activated Ca?* (CRAC) channel that allows Ca?* influx
upon stimulation (Hewavitharana et al., 2007, Berna-Erro et al., 2012, Frischauf
et al., 2016, Peinelt et al., 2006). Three homologues of the ORAI family were
identified in mammals: ORAI1, ORAI2 and ORAI3 (Hoth and Niemeyer, 2013,
Motiani et al., 2013). Each ORAI molecule is composed of cytosolic N- and C-
termini, as well as four predicted transmembrane (TM) domains that are
connected by one intracellular loop and two extracellular loops (Prakriya and
Lewis, 2015, Fahrner et al., 2018). A positively charged cluster of amino acids
within the TM1 domain exhibits the highest sequence similarity in ORAI family
members (Takahashi et al., 2007), whereas non-TM domains are less conserved.
The isoform ORAI3 has much longer sequences in the third loop than those of

ORAI1 and ORAI2 (Fahrner et al., 2018). Another obvious difference is in the N-
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terminus, which contains a proline-/arginine-rich region only in the ORAI1 protein
(Frischauf et al., 2011). Among the three ORAI isoforms, the C-terminal putative
coiled-coil (CC) domain is critical for channel activation by virtue of its physical
interaction with stromal interaction molecule (STIM) 1 (Muik et al., 2008, Frischauf
et al., 2009). In contrast, the N-terminal region shows a weaker affinity for STIM1
binding than the C-terminus does, which is likely to regulate STIM1-mediated
gating (Lis et al., 2010).
1.2.2 STIMs: structure and homologues

STIMs are single-pass transmembrane proteins comprising of an N-terminal
region within the endoplasmic reticulum (ER) lumen and a larger C-terminal
portion that faces the cytoplasmic side (Lewis, 2011). Structurally, the luminal part
of STIMs is characterized by multiple discrete domains, involving a canonical EF-
hand, a hidden EF-hand, a sterile a-motif (SAM), and an a-helical TM domain
(Stathopulos et al., 2006, Stathopulos and Ikura, 2010, Schultz et al., 1997). The
canonical EF-hand motif, with a typical helix-loop-helix structure, is known to
coordinate a single Ca?* ion. The non-canonical motif does not bind Ca?* but
facilitates the structural stabilization of the entire EF-SAM entity via hydrogen
bonding (Zheng et al., 2011, Stathopulos et al., 2008). The long cytosolic C-
terminal strand possesses three CC domains (CC1, CC2, CC3), a serine-/proline-
rich region, and a polybasic lysine-rich tail (Fahrner et al., 2017). Moreover,
several minimal fragments, such as ORAl-activating small fragment (OASF),
CRAC-activating domain (CAD), STIM/ORAI-activating region (SOAR) and Ccb9,
have been detected in the C-terminus (Muik et al., 2009, Park et al., 2009, Yuan
et al., 2009, Kawasaki et al., 2009), which are adequate to activate CRAC
currents in a Ca?* store-dependent manner.

Mammals express two STIM homologues, STIM1 and STIM2 (Soboloff et al.,
2012), which share 61% sequence identity (Cahalan, 2009). Differences are



mainly observed in variable regions of the downstream region of the CC2 domain
(Ercan et al., 2012, Nguyen et al., 2018). STIM1 is primarily located in the ER,
with a limited fraction in the PM (Maniji et al., 2000, Luik et al., 2006, Potier and
Trebak, 2008), while STIM2 is exclusively localized in the ER due to a strong ER
retention sequence at the end of the C-terminal region (Saitoh et al., 2011,
Soboloff et al., 2006).

1.2.3 Activation process of store-operated Ca?* entry

Store-operated Ca?* entry (SOCE), which emerged as a ubiquitous
mechanism for Ca?* influx (Johnson, 2019), is crucial to sustain a broad spectrum
of cellular functions that range from cell proliferation, differentiation and migration
to vascular calcification and platelet aggregation (Bootman et al., 2001, Navarro-
Borelly et al., 2008). Because of the vital roles of ORAI1 and STIM1 in the
regulation of SOCE (Johnstone et al., 2010), we herein focus on the
intermolecular steps underlying dynamic STIM1-ORAI1 coupling during SOCE
activation.

In the resting state, STIM1 is homogeneously distributed in the bulk ER (Baba
et al., 2006). However, upon ER Ca?* store depletion, the dissociation of pre-
bound Ca?* from the EF-hand initiates the STIM1 oligomerization process, in
which the structural change destabilizes the entire EF-SAM entity and
subsequently triggers ER-SAM aggregation (Shim et al., 2015, Stathopulos et al.,
2006). The luminal rearrangement further prompts conformational alterations in
the TM domain, thus propagating activation signals to the C-terminus (Derler et
al., 2016). Following the release of the intramolecular clamp, the undocking of the
ORAIl-activating domain CAD/SOAR from CC1 allows activated STIM1 to adopt
a more extended conformation and migrate towards the ER-plasma membrane
(ER-PM) junctions where STIM1 puncta form (Fahrner et al., 2014, Zhou et al.,
2013, Luik et al., 2008, Zhang et al., 2005b). In the final step, activated STIM1



multimers recruit ORAI1 to the puncta (Xu et al., 2006). The interaction of STIM1
with ORAI1 enables channel opening and extracellular Ca?* influx into the cytosol
(Bhardwaj et al., 2016). A schematic representation linking the depletion of ER
Ca?* stores to SOCE activation is depicted in Figure 2.
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Figure 2. Sequential steps of SOCE activation (from Lunz et al., 2019).

At the resting state, both STIM1 and ORAI1 form homodimers and diffuse evenly
in the ER membrane and PM, respectively. Upon a significant drop in ER Ca?*
concentration, Ca?*-disassociation from the EF-hand triggers STIM1
oligomerization, followed by the migration of STIM1 oligomers to ER-PM junctions.
After ORAI1 recruitment, the undocking of the SOAR domain from CC1 allows
the interaction between activated STIM1 and the ORAI1 protein, and thus causes
Ca?* influx. CC1: coiled-coil domain 1; CC2-3: coiled-coil domain 2-3; ER:
endoplasmic reticulum; PM: plasma membrane; SAM: sterile a-motif; TM:
transmembrane.

1.2.4 Regulation of platelet function by ORAI1/STIM1

At sites of vascular injury, platelet adhesion, degranulation, activation and



aggregation are essential to limit blood loss, but may also lead to ischaemia or
infarction of vital organs (Nieswandt and Watson, 2003). The central event of
platelet activation is an agonist-induced increase in intracellular Ca?*
concentration ([Ca?*])) (Berna-Erro et al., 2016), which occurs via Ca®* release
from internal stores and extracellular Ca?* influx (Varga-Szabo et al., 2011, Braun
et al., 2011). In human platelets, the Ca?* influx pathway primarily depends on
SOCE, which is accomplished by two major determinants, ORAI1 and STIM1
(Lang et al., 2013).

Bergmeier et al. observed that platelets expressing an inactive form of ORAI1
(ORAI1R3W) had a marked reduction in SOCE and a defect in agonist-induced
Ca?* responses. Moreover, ORAITR®W platelets were associated with blunted
integrin activation and reduced degranulation when stimulated by low
concentrations of agonist (Bergmeier et al., 2009). Varga-Szabo et al. reported
that, in addition to defective store-operated Ca?* influx, integrin activation and
thrombi growth were dramatically impaired in Stim7- platelets under conditions
of high shear stress (Varga-Szabo et al., 2008). Overall, these results establish
ORAI1 and its regulator STIM1 as important mediators of thrombin generation in

ischaemic cardiovascular events.
1.3 Ca?* signalling in megakaryocytes

1.3.1 Megakaryocyte development and platelet formation

Since platelets are anucleate cell fragments derived from megakaryocytes
(Garraud and Cognasse, 2015), they only contain post-transcriptional
mechanisms to regulate specific protein expression, due to the lack of genomic
deoxyribonucleic acid (DNA) (Nassa et al.,, 2018). At the final stage of
differentiation, megakaryocytes release platelets by converting their cytoplasm
into tubelike extensions (Golfier et al., 2010). As a result, platelets inherit

megakaryocyte cytoplasm, especially the messenger ribonucleic acids (mRNAs)
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and proteins in the cytoplasm (Garraud and Cognasse, 2015) which play key
roles in the following platelet activation. Therefore, we place particular emphasis
on the process of thrombopoiesis, by which mature megakaryocytes originate
from haematopoietic stem cells (HSCs) and produce platelets (Kaushansky, 2015,
Woolthuis and Park, 2016).

Megakaryocytes have large nuclei (50—100 um) and account for only 0.01%
of nucleated bone marrow cells (Machlus and lItaliano, 2013). Nevertheless, a
single megakaryocyte can generate up to 10* platelets during its lifespan
(Kaufman et al., 1965, Patel et al., 2005). The first phase of megakaryocyte
development generally takes a few days to complete. Early in ontogeny,
megakaryocytes increase their DNA content by initiating endomitosis to form
polyploid multilobed nuclei (Di Buduo et al., 2016). To assemble platelets, an
expansion of the megakaryocyte cytoplasm occurs, followed by the accumulation
of distinctive components, including cytoskeletal proteins, platelet-specific
secretory granules and the demarcation membrane system (DMS) (Italiano and
Shivdasani, 2003). During the second stage, megakaryocytes get in close
proximity to bone marrow sinusoids under the chemoattraction of stromal-derived
factor-1a (SDF-1a) (Hamada et al., 1998). Then, by remodelling their cytoskeletal
structures, megakaryocytes extend multiple long pseudopods (pro-platelets) into
the lumen of sinusoidal blood vessels, where they undergo subsequent fission
events to release platelets (Figure 3A) (Italiano et al., 1999). This phase is rapidly
completed within hours.
1.3.2 ORAI1/STIM1-dependent Ca?* signalling in megakaryocytes

Our previous observations revealed that the transcription factor nuclear factor
of activated T cells 5 (NFAT5) is a powerful stimulator of SOCE into
megakaryocytes via serum and glucocorticoid-inducible kinase 1 (SGK1)-

dependent upregulation of ORAI1 expression (Figure 3B).



The NFAT5 expression level and activity are enhanced in several clinical
disorders, such as inflammation, diabetes mellitus, dehydration and
hyperphosphatemia of CKD (Hernandez-Ochoa et al., 2012, Neuhofer, 2010,
Leibrock et al., 2015). Genes upregulated by NFATS include SGK1, a potent
regulator of ORAI1 (Sahu et al., 2017). Genetic knockout or pharmacological
inhibition of SGK1 contributes to lower ORAI1 abundance, impaired integrin
activation, as well as a decrease in collagen-triggered thrombus formation
(Eylenstein et al., 2011, Borst et al., 2012). SGK1 has recently been shown to
phosphorylate |kB kinase alpha/beta (IKKa/f), which phosphorylates the nuclear
factor-kB (NF-kB) inhibitory protein IkB, leading to the degradation of IkB and
subsequent translocation of the NF-kB p65 subunit to the nucleus (Lang et al.,
2015, Zhang et al., 2005a). In addition, NF-kB triggers the transcription of ORAI1
and the Ca?* sensor SITM1. The opening of the ORAI1 channel by STIM1 results
in SOCE, and thus controls megakaryocyte differentiation, migration and platelet

production via the regulation of cytosolic Ca?* activity (Sahu et al., 2017).
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Figure 3. The function and regulation of SOCE in physiological
thrombopoiesis.

(A). SOCE finely regulates physiological megakaryocyte functions (adapted from
Di Buduo et al., 2016). During physiological thrombopoiesis, HSCs commit and
differentiate toward megakaryocytes under the stimulation of thrombopoietin. In
megakaryocytes with replete ER, STIM adopts an inactive configuration on the
ER membrane. The depletion of ER Ca?* store initiates the STIM oligomerization
and subsequent translocation to the plasma membrane. Following ORAI
recruitment, the interaction between STIM and ORAI results in the opening of
SOCE, which in turn controls megakaryocyte differentiation, migration and final
platelet production through the regulation of cytosolic Ca?* concentration. (B).
Regulation of ORAI1/STIM1 by NFATS and SGK1 in megakaryocytes (adapted
from Lang et al., 2013). In megakaryocytes, genes upregulated by NFATS5 include
SGK1. SGK1 phosphorylates IKK3, which in turn phosphorylates and inactivates
IkB, the inhibitor of NF-kB. The release of NF-kB from NF-kB-IkB complex permits
the nuclear translocation of subunit p65 and the induction of ORAI1 and STIM1
transcription. HSC: hematopoietic stem cell; IKKB: IkB kinase beta; MKs:
megakaryocytes; NFATS: nuclear factor of activated T cells 5; NF-kB: nuclear
factor-kB; SERCA: sarco/endoplasmic reticulum Ca?*-ATPase; SGK1: serum and
glucocorticoid-inducible kinase 1; STIM1: stromal interaction molecule1; TRPC:
transient receptor potential canonical.

1.3.3 Effect of phosphate on Ca?* signalling

Renal phosphate excretion is the principal mechanism for the maintenance
of phosphate homeostasis (Hruska et al., 2008). Compromised renal elimination
results in a positive phosphate balance in CKD, with a subsequent increase in
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phosphate concentrations in plasma and diverse tissues. As CKD progresses,
hyperphosphatemia accelerates vascular calcification and atrial stiffness, which
in turn lead to cardiovascular events and a high risk for all-cause mortality
(Blacher et al., 2001, Mizobuchi et al., 2009).

In vascular smooth muscle cells (VSMCs), elevated extracellular phosphate
induces ORAI1/STIM1 expression and SOCE, which participates in the
orchestration of osteo/chondrogenic transdifferentiation and vascular calcification
(Ma et al., 2019). Similar results were observed in the same lab. Platelets from
patients with impaired renal function showed higher transcript levels of NFATS,
SGK1, ORAI and STIM isoforms than those of platelets isolated from healthy
subjects. Moreover, the phosphate-donor (3-glycerophosphate has been reported
to upregulate SOCE in megakaryocytes, an effect mediated by activation of the
signalling cascade involving NFAT5, SGK1, ORAI1/2/3, and STIM1/2 (Pelzl et al.,
2020).

1.4 Effect of Mg?*

1.4.1 Role of Mg?* in CKD

Mg?*, a major intracellular cation, serves as an important cofactor for enzyme
systems and transporters that are essential for many biological processes
(Swaminathan, 2003, Vormann, 2003). Normal Mg?* levels in human serum
range from 0.76 mM to 1.15 mM (Grober et al., 2015). In CKD, the occurrence of
hypomagnesemia is commonly observed due to inadequate dietary Mg?* intake
and the use of diuretics or medications such as antibiotics like tetracyclines that
inhibit Mg?* absorption. The use of large amounts of low-Mg?* dialysate or Mg?*-
free dialysate in patients receiving dialysis may be another potential reason for
the obvious decline in serum Mg?* concentration (Varghese et al., 2020, Seo and
Park, 2008).

Mg?* deficiency predisposes patients to atherosclerosis and arterial
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calcification, both of which are considered as strong predictors of cardiovascular
mortality in CKD (Xiong et al., 2019, Massy and Drueke, 2012). Several studies
have documented that dietary Mg?* supplementation prevents the development
of vascular calcification in different animal models of CKD (Kaesler et al., 2020,
Zelt et al., 2015). A meta-analysis of 22 longitudinal studies revealed that each
0.1 mM increment in Mg?* exposure was associated with a reduced overall risk
for cardiovascular mortality or events [hazard ratio (HR): 0.85; 95% confidence
intervals (Cl): 0.77-0.94; p < 0.001] and all-cause mortality (HR: 0.90; 95% CI:
0.87-0.94; p < 0.001) in patients with CKD (Leenders et al., 2021). In addition,
Mg?*-based interventions exert beneficial impacts on surrogate markers of
cardiovascular outcomes under CKD conditions, such as carotid intima-media
thickness and serum calcification propensity, and these results have been
validated in multiple randomized controlled clinical trials (Mortazavi et al., 2013,
Bressendorff et al., 2017, Bressendorff et al., 2018). It is, therefore, reasonable
to speculate that Mg?* supplementation confers an improved clinical prognosis
for CKD patients.
1.4.2 Mg?* and Ca?*-sensing receptor

Ca?*-sensing receptors (CaSRs) are unique members of the G protein-
coupled receptor (GPCR) superfamily (Conigrave and Ward, 2013), and these
receptors act as important master controllers of the Ca?* homeostatic system by
modulating the secretion of parathyroid hormone (PTH), the synthesis of active
vitamin D, as well as the absorption and resorption of Ca?* in response to
changes in serum Ca?* levels (Coburn et al., 1999). Existing evidence suggests
that CaSRs are highly expressed in key tissues that participate in extracellular
Ca?* homeostasis, such as the parathyroid gland, kidney, intestine and bone,
where its physiological roles have not been fully characterized (Riccardi et al.,

1995, Chang et al., 1999, Chattopadhyay et al., 1998). CaSR expression is also
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observed in many other tissues, where it is indirectly involved in Ca?*
homeostasis, such as the brain, breast, airway, liver and arteries. However, the
function of CaSRs in these tissues is so far undefined (Diaz-Soto et al., 2016).

Although extracellular Ca?* is the primary ligand of CaSRs with high
cooperativity, CaSRs also bind to diverse endogenous stimuli, including inorganic
divalent or trivalent cations (e.g., Mg?*, Gd®, Ba?*, and AI**) and basic
polypeptides (Gerbino and Colella, 2018, Brennan et al., 2013). In parathyroid
cells, Mg?* has been previously demonstrated to reduce PTH release via the
upregulation of CaSRs (Rodriguez-Ortiz et al., 2014). Similarly, CaSR activation
by Mg?* interferes with osteo/chondrogenic signalling and counteracts
calcification in VSMCs, and another CaSR orthosteric agonist, Gd%*, mimicked
this effect (Alesutan et al., 2017). The stimulation of osteo/chondrogenic
signalling by phosphate requires ORAI1 (Ma et al., 2019). Recent observations
indicated that Mg?* and Gd3* favourably influence phosphate-induced vascular
calcification by inhibiting the upregulation of ORAI1 and STIM1, as well as the
suppression of SOCE (Zhu et al., 2020).

The presence of CaSRs has been previously evidenced in both platelets and
megakaryocytes (House et al., 1997), and CaSR activation has been proposed
to counteract platelet aggregation in hyperhomocysteinemia (Wang et al., 2017b).
Nevertheless, to the best of our knowledge, whether Mg?* and the CaSR agonist
Gd®* reverse the stimulatory effect of phosphate on ORAI1 and STIM1

expression and SOCE activity in megakaryocytes has not been elucidated.
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1.5 Aim of the present study

The present study was designed to investigate whether Mg?* or Gd3* modifies
the transcript levels of NFAT5, SGK1, ORAI1, ORAI 2, ORAI 3, STIM1, STIM2
and the protein levels of ORAI1 and STIM1, and SOCE in megakaryocytes in the
absence and presence of prior incubation with the phosphate donor B-

glycerophosphate.
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2 Materials and methods
2.1 Materials

2.1.1 Chemicals and reagents

Table 1. List of chemicals and reagents in the study

Name Catalog number | Manufacturer
Acrylamide/Bis-solution 30
A124.2 Carl Roth
(29:1)
Ammonium persulfate (APS) A3678-25G Sigma-Aldrich
WAK-AQ-250- WAK-Chemie Medical
Aqua clean
50L GmbH
B-Glycerophosphate disodium . _
G9422-100G Sigma-Aldrich
salt hydrate
Bio-Rad protein assay dye
500-0006 Bio-Rad Laboratories
reagent concentrate
CaClz2+ 2H20 C3881-500G Sigma-Aldrich
Chloroform 6340.2 Carl Roth
RP X-OMAT
Developer solution Carestream Health
Developer
D-(+)-glucose G7528-1KG Sigma-Aldrich
Dimethyl sulfoxide (DMSO) A994 1 Carl Roth
Disinfection 00-311-010 Dr. Schumacher GmbH
Dulbecco’s phosphate buffered
D8537-500ML Sigma-Aldrich
saline (PBS)
Ethanol 20821.330 VWR International
Ethylene-glycol-bis(3-
aminoethyl)-N,N,N',N'- 325626 CalbioChem GmbH
tetraacetic acid (EGTA)
Foetal bovine serum (FBS) 10270-106 Gibco Life Technologies

Fixer solution RP X-OMAT LO Carestream Health
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Fixer

Fura-2, acetoxymethyl (AM) F1221 Invitrogen
GdCls 439770-5G Sigma-Aldrich
Glycine 3908.3 Carl Roth
GoScript™ reverse
transcription kit AS001 Promega
GoTag® qPCR Master Mix A6002 Promega
HCI 0281.1 Carl Roth
4-(2-Hydroxyethyl)-piperazine-
1-(ethazesuhz/onicya)cid (HEPES) AN78.2 Carl Roth
Isopropanol AE73.1 Carl Roth
KCI 6781.1 Carl Roth
Methanol 34860-2.5L-R Sigma-Aldrich
MgCl2 M8266-1KG Sigma-Aldrich
MgSOa4« 7H20 A6287,1000 AppliChem GmbH
NaCl S7653-1KG Sigma-Aldrich
NazHPO4 A2943,1000 AppliChem GmbH
NaOH S8045-500G Sigma-Aldrich
N,N,N’,N'"-
Tetramethylethylenediamine 2367.3 Carl Roth
(TEMED)
Nuclease-free water P119E Promega
PageRuler™ pre-stained

26616 Thermo Fisher Scientific

protein ladder (10 to 180 kDa)

Penicillin-Streptomycin (P/S)

P0781-100ML

Sigma-Aldrich

PeqGOLD TriFast™ 30-2010 VWR International
Pierce™ enhanced

chemiluminescence (ECL) 32106 Thermo Fisher Scientific
Western blotting substrate

Poly-L-lysine solution (0.01%) | P4704-50ML Sigma-Aldrich
Powdered milk T145.3 Carl Roth
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Protease inhibitor cocktail

87786 Thermo Fisher Scientific
(100x)
Protein gel loading buffer (4x) | K929.1 Carl Roth
Radioimmunoprecipitation Cell Signallin
precip 9806S 9 9
assay (RIPA) buffer (10x) Technology
Roswell Park Memorial
Institute medium (RPMI) 1640
61870-010 Gibco Life Technologies
medium, GlutaMAX™
supplement
Silicone paste 5874.3 Carl Roth
Sodium dodecyl sulphate
0183.3 Carl Roth
(SDS)
Thapsigargin T7458 Invitrogen
Tris-(hydroxymethyl)-
(hy Y % 4855.2 Carl Roth
aminomethane (Tris)
Trypan blue solution (0.4%) 15250061 Gibco Life Technologies
Tween-20 9127.1 Carl Roth
Water W3500-1L Sigma-Aldrich

2.1.2 Buffers, solutions and culture media

Table 2. List of buffers, solutions and culture media in the study

Buffers/Solutions/Culture media | Composition

10% APS APS 19
ddH20 10 mL

10% SDS SDS 59
ddH20 50 mL

1.5 M Tris-HCI Tris 1.5 M (36.33 g)
ddH20 200 mL
pH 8.8

1.0 M Tris-HCI Tris 1.0 M (24.22 g)
ddH20 200 mL
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pH

6.8

Sodium dodecyl sulphate- Tris 250 mM (30.3 g)

polyacrylamide gel electrophoresis | Glycine 1.92 M (144 g)

(SDS-PAGE) running buffer (10x) | SDS 1% (10 g)
ddH20 1L
pH 8.3

SDS-PAGE running buffer (1x) SDS-PAGE running | 10% (100 mL)
buffer (10x)
ddH20 900 mL

Transfer buffer (10x) Tris 250 mM (30.3 g)
Glycine 1.92 M (144 g)
ddH20 1L

Transfer buffer (1x) Transfer buffer (10x) | 10% (100 mL)
Methanol 20% (200 mL)
ddH20 700 mL

Tris buffered saline (TBS) (10x) Tris 200 mM (24.2 g)
NaCl 1.37 M (80 g)
ddH20 1L
pH 7.6

Tris buffered saline, with tween-20 | TBS (10x) 10% (100 mL)

(TBST) (0.1%) Tween-20 0.1% (1 mL)
ddH20 900 mL

Standard HEPES solution NaCl 125 mM (3.653 g)
KCI 5 mM (0.1864 g)
MgSQOa4 -« 7H20 1.2 mM (0.15 g)
HEPES 32 mM (3.84 g)
NazHPO4 2 mM (0.142 g)
Glucose 5 mM (0.45 g)
CaClz+ 2H20 1 mM (0.074 g)
ddH20 500 mL

pH

7.4
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Ca?*-free HEPES solution NaCl 125 mM (3.653 g)
KCI 5 mM (0.1864 g)
MgSOa « 7H20 1.2 mM (0.15 g)
HEPES 32 mM (3.84 g)
NazHPO4 2 mM (0.142 g)
Glucose 5 mM (0.45 g)
EGTA 0.5 mM (0.095 g)
ddH20 500 mL
pH 7.4

75% Ethanol Ethanol 75% (30mL)

Nuclease-free water

RPMI 1640 culture medium

RPMI 1640 medium

(
25% (10mL)
89% (445 mL)

number

FBS 10% (50 mL)
P/S 1% (5 mL)
2.1.3 Antibodies
Table 3. List of the used antibodies
Name Catalog number Manufacturer
Anti-GAPDH antibody 2118S Cell Signalling
Technology
Anti-ORAI1 antibody 13130-1-AP Proteintech
Anti-rabbit horseradish peroxidase | 7074S Cell Signalling
(HRP)-conjugated antibody Technology
Anti-STIM1 antibody 4916S Cell Signalling
Technology
2.1.4 Consumables
Table 4. List of the used disposables
Name Type Catalog Manufacturer
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Adhesive sealing 50 pcs 732-3228 VWR International
films

Amersham 18%x24 cm 28906837 GE healthcare
hyperfilm ECL

Cell culture dishes | 35x10 mm 627160 Greiner Bio-One GmbH
Cell culture flasks T-25 83.3910.002 | Sarstedt AG

Cell culture flasks T-75 83.3911.002 | Sarstedt AG

Cell culture plates 6-well 353046 Corning Inc.

Cell culture plates 12-well 351143 Corning Inc.

Centrifuge tubes 15 mL 188271 Greiner Bio-One GmbH
Centrifuge tubes 50 mL 227261 Greiner Bio-One GmbH
Cover glasses 30 mm 631-0174 VWR International
Cryogenic vials 1.2 mL 430487 Corning Inc.

Filter tips 0.1-10 yL 81-1010 VWR International
Filter tips 1-20 pL S1123-1810 | STARLAB GmbH

Filter tips 1-100 L 701061 Biozym Scientific GmbH
Filter tips 1-200 pL S1120-8810 | STARLAB GmbH

Filter tips 100-1000 yL | 81-1050 VWR International
Immun-Blot 0.2 um 1620177 Bio-Rad Laboratories
polyvinylidene

difluoride (PVDF)

membranes

Pipette tips 0.1-10 yL P866.1 Carl Roth

Pipette tips 1-200 pL E707.1 Carl Roth

Pipette tips 100-1000 yL | 686290 Greiner Bio-One GmbH
gPCR plates 96-well 732-2386 VWR International
Reaction tubes 200 pL 72.737.002 | Sarstedt AG

Reaction tubes 500 uL 0030124537 | Eppendorf AG

Reaction tubes 1.5 mL 616201 Greiner Bio-One GmbH
Semi-micro cuvette | 330 nm 67.742 Sarstedt AG
Serological pipettes | 2 mL 4021 Corning Inc.
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Serological pipettes | 5 mL 4051 Corning Inc.
Serological pipettes | 10 mL 4101 Corning Inc.
Serological pipettes | 25 mL 4251 Corning Inc.
UVette® 220-1600 nm | 0030106.30 | Eppendorf AG

0
Western blotting 7x8.4 cm 1703966 Bio-Rad Laboratories
filter papers

2.1.5 Equipment

Table 5. List of the instruments used in the study

Name

Manufacturer

Axiovert 100 inverted

fluorescence microscope

Zeiss, Oberkochen, Germany

Bio-photometer plus

Eppendorf AG, Hamburg, Germany

Block thermostat

Carl Roth, Karlsruhe, Germany

Camera control panel

Proxitronic, Bensheim, Germany

Centrifuge Andreas Hettich GmbH, Tuttlingen, Germany
Centrifuge Eppendorf AG, Hamburg, Germany
Centrifuge Thermo Fisher Scientific, Langenselbold,

Germany

CFX Connect™ real-time
polymerase chain reaction

(PCR) detection system

Bio-Rad Laboratories, Hercules, CA, USA

Clean bench Thermo Electron LED GmbH, Langenselbold,
Germany
Drying oven Memmert GmbH, Schwabach, Germany

Filter wheel changer

Sutter Instrument Company, Novato, CA, USA

Freezer (-20°C)

Liebherr International AG, Bulle, Switzerland

Freezer (-80°C)

Forma Scientific Inc., Marietta, GA, USA

Fridge (+4°C)

Liebherr International AG, Bulle, Switzerland

Heraeus incubator

Thermo Fisher Scientific, Waltham, MA, USA

21




Mini trans-blot

electrophoretic transfer cell

Bio-Rad Laboratories, Hercules, CA, USA

Objective fluor 40x/1.30 oil

immersion

Zeiss, Oberkochen, Germany

pH meter

Sl Analytics GmbH, Mainz, Germany

Platform shaker

Heidolph Instruments GmbH, Schwabach,

Germany

Precision scale

Kern & Sohn GmbH, Balingen, Germany

Precision scale

Denver Instrument GmbH, Goéttingen, Germany

Roller mixer Phoenix Instrument GmbH, Garbsen, Germany

Roller mixer Stuart Equipment, Staffordshire, United
Kingdom

Scanner Epson, Nagano, Japan

Thermal cycler

Eppendorf AG, Hamburg, Germany

Thermal printer

Seiko Instruments Inc., Chiba-shi, Japan

Vortex mixer

Scientific Industries Inc., New York, NY, USA

Water bath

Julabo GmbH, Seelbach, Germany

Xenon lamp XBO 75W/2

Leistungselektronik Jena GmbH, Jena,

Germany

2.1.6 Software

Table 6. List of the used software

Software Version Manufacturer

CFX Manager™ software 3.1 Bio-Rad Laboratories
EndNote 20 Clarivate

GraphPad Prism 8.0 GraphPad Software

ImagedJ 1.52 National Institutes of Health
MetaFluor 7.5 Universal Imaging Corporation
Photoshop CS4 Adobe Systems

SPSS 25.0 SPSS Inc.
Word/Excel/PowerPoint 2010 Microsoft
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2.2 Methods

2.2.1 Cell culture
2.2.1.1 Used cell line

The human megakaryoblastic cell line Meg-01 used in the current study was
acquired from American Type Culture Collection (ATCC, Manassas, VA, USA).
Meg-01 cells display similar phenotypic properties to those of normal human
megakaryocytes (Takeuchi et al., 1998, Ogura et al., 1985), thus allowing the cell
line to be widely used as an in vitro model for studying the mechanisms regulating
SOCE in thrombopoiesis.
2.2.1.2 Cultivation of Meg-01 cells

Meg-01 cells were cultured in RPMI 1640 medium containing GlutaMAX,
routinely supplemented with 10% FBS (Gibco, Paisley, United Kingdom) and 1%
P/S (Sigma-Aldrich, Steinheim, Germany). All of the cells were maintained in
ventilated culture flasks, stored at 37°C in a humidified 5% CO2 incubator and
passaged every three or four days. To avoid contamination, the culture
procedures were performed under sterile conditions inside a laminar flow hood.
2.2.1.3 Cryopreservation of cells

After washing and centrifugation, the cell pellet was resuspended in cell-
freezing medium comprising 70% RPMI 1640 medium, 20% FBS and 10% DMSO
(Carl Roth, Karlsruhe, Germany). One millilitre of the cell suspension was
aliquoted into each cryovial, which was kept at 4°C for 10 min, -20°C for 30 min
and -80°C overnight, and then transferred to the vapour phase of liquid nitrogen
at -196°C for long-term storage.
2.2.1.4 Cells thawing

For re-cultivation, the cryovial was removed from the liquid nitrogen tank and
quickly thawed at 37°C. To remove DMSO, cells were diluted with pre-heated
RPMI 1640 medium containing 10% FBS and centrifuged at 300 g for 5 min. The
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supernatant was discarded before the pellet was resuspended in 5 mL of cell
culture medium. Thereafter, the cell suspension was transferred to a new culture
flask filled with the culture medium to a final volume of 15 mL.

2.2.2 Quantitative polymerase chain reaction (QPCR)

To detect the relative transcription levels of CaSR, NFAT5, SGK1, ORAI1,
ORAI2, ORAI3, STIM1 and STIMZ2, real-time gPCR was employed.
Megakaryocytes were harvested in peqGOLD TriFast™ reagent (Peglab,
Erlangen, Germany), and total ribonucleic acid (RNA) extraction was conducted
according to the manufacturer’s protocols. Following DNase digestion, 5 ug of
total RNA was reverse transcribed to generate complementary DNA (cDNA) using
the GoScript™ reverse transcription system (Promega, Mannheim, Germany)
with Oligo(dT)1s primers (Promega, Mannheim, Germany). In the next step, PCR
amplification and real-time fluorescence monitoring were carried out using
CFX96 real-time detection system (Bio-Rad Laboratories, Munich, Germany). All
reactions were performed in duplicate with a final volume of 15 pL, which
contained 100 ng of template cDNA, 500 nM forward primer, 500 nM reverse
primer and 7.5 yL 2x GoTaq® gPCR Master Mix buffer (Promega, Hilden,
Germany). The thermal cycling conditions applied for amplification involved an
initial 3-min denaturation at 95°C, followed by 40 cycles at 95°C for 15 s, 60°C
for 30 s, and 72°C for 30 s. After amplification, melting curves were analysed in
each run to verify the amplification specificity of PCR products. An overview of
the real-time gPCR program is presented in Table 7.

Table 7. The program of real-time qPCR

Program Temperature | Duration Number of cycles
Initial denaturation 95°C 3 min 1

Denaturation 95°C 15s

Annealing 60°C 30s 40
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Elongation

72°C 30s

A melt curve generated by heating from 60°C to 95°C with 0.2°C increments

The relative mRNA expression level of each target gene was calculated using

the comparative cycle threshold (CT) method (2~ 22€T), and the housekeeping

gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH) served as an

internal reference for normalization. Specific primer sequences for PCR

amplification in the current study are provided in Table 8 (Invitrogen, Darmstadt,

Germany).

Table 8. List of the primers used in the study

Primer | Orientation | Sequence Species
GAPDH | Forward 5'-TCAAGGCTGAGAACGGGAAG-3' Human
GAPDH | Reverse 5'-TGGACTCCACGACGTACTCA-3' Human
CaSR | Forward 5'-ATGCCAAGAAGGGAGAAAGACTCTT-3' | Human
CaSR | Reverse 5'-TCAGGACACTCCACACACTCAAAG-3' | Human
NFAT5 | Forward 5'-GGGTCAAACGACGAGATTGTG-3' Human
NFAT5 | Reverse 5-GTCCGTGGTAAGCTGAGAAAG-3' Human
SGK1 Forward 5'-AGGAGGATGGGTCTGAACGA-3' Human
SGK1 Reverse 5-GGGCCAAGGTTGATTTGCTG-3' Human
ORAI1 | Forward 5'-CACCTGTTTGCGCTCATGAT-3' Human
ORAI1 | Reverse 5-GGGACTCCTTGACCGAGTTG-3' Human
ORAI2 | Forward 5'-CAGCTCCGGGAAGGAACGTC-3' Human
ORAI2 | Reverse 5-CTCCATCCCATCTCCTTGCG-3' Human
ORAI3 | Forward 5'-CTTCCAATCTCCCACGGTCC-3' Human
ORAI3 | Reverse 5'-GTTCCTGCTTGTAGCGGTCT-3' Human
STIM1 | Forward 5-AAGAAGGCATTACTGGCGCT-3' Human
STIM1 | Reverse 5'-GATGGTGTGTCTGGGTCTGG-3' Human
STIM2 | Forward 5-AGGGGATTCGCCTGTAACTG-3' Human
STIM2 | Reverse 5-GGTTTACTGTCGTTGCCAGC-3' Human
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2.2.3 Immunoblotting

Conventional immunoblotting was performed to determine the protein
abundance of ORAI1, STIM1 and GAPDH under various treatment conditions.
For this purpose, proteins were extracted from cells, separated using gel
electrophoresis, transferred onto PVDF membranes, incubated with specific
antibodies and detected by ECL reagents. All of the steps are described in greater
detail below.
2.2.3.1 Sample preparation

To prepare samples for electrophoresis, cells were lysed to release total
proteins. Before protein extraction, RIPA lysis buffer (Cell Signalling Technology,
Danvers, MA, USA) was supplemented with protease inhibitor cocktail (Thermo-
Fisher Scientific, Waltham, MA, USA), which effectively inhibits serine-proteases,
cysteine-proteases, aspartic acid-proteases and aminopeptidases to minimize
proteolytic degradation during cell lysis and protein extraction. The composition
of RIPA buffer is given in Table 9. Megakaryocytes were harvested and washed
twice with ice-cold PBS. Then the pellet was suspended in 40 uL ice-cold RIPA
buffer and incubated on ice for 30 min with gentle agitation every 5 min. After
centrifugation for 20 min at 20,000 g and 4°C, the supernatant was collected for
total protein concentration measurement using the Bradford assay (Bio-Rad
Laboratories, Munich, Germany). The lysate was denatured by boiling at 100°C
for 5 min following the addition of the loading buffer (Carl Roth, Karlsruhe,
Germany).

Table 9. The composition of 1x RIPA buffer

Solution components Concentration
Tris-HCI, pH 7.5 20 mM

NaCl 150 mM
Na2EDTA 1 mM
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EGTA 1 mM
NP-40 1%
Sodium deoxycholate 1%
Sodium pyrophosphate 2.5 mM
B-glycerophosphate 1 mM
NaszVO4 1 mM
Leupeptin 1 pg/mi

2.2.3.2 Gel electrophoresis

SDS-PAGE is a standard method for protein separation based on molecular
weight. Polyacrylamide gels were composed of a lower 10% acrylamide resolving
gel and an upper 5% acrylamide stacking gel, as detailed in Table 9. Equal
amounts of protein samples (30 ug) were loaded into each gel lane and separated
at a constant voltage of 80 V for 3 h until the dye front reached the bottom of the
gel. A pre-stained protein ladder (Thermo-Fisher Scientific, Waltham, MA, USA)
was run alongside the samples as a reference to estimate protein sizes.

Table 10. Solutions for preparing SDS-PAGE gels (sufficient for 2 gels)

Solution components 10% Resolving gels | 5% Stacking gels
ddHz20 59 mL 2.7 mL

30% Acrylamide/Bis-acrylamide | 5.0 mL 670 uL

1.5 M Tris-HCI, pH 8.8 3.8 mL -

1.0 M Tris-HCI, pH 6.8 - 500 pL

10% SDS 150 pL 40 pL

10% APS 150 pL 40 pL

TEMED 6 pL 4 uL

Total 15 mL 4 mL

2.2.3.3 Transfer of proteins and incubation
Size-separated proteins were immediately wet-transferred onto PVDF

membranes (Bio-Rad Laboratories, Hercules, CA, USA) at a constant 100 V for
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80 min. Following protein transfer, PVDF membranes were blocked with 5% non-
fat milk (Carl Roth, Karlsruhe, Germany) in TBST for 1 h at room temperature and
incubated overnight at 4°C with primary anti-ORAI1 antibody (1:1000, Proteintech,
Chicago, IL, USA), anti-STIM1 antibody (Cell Signalling Technology, Danvers, MA,
USA) and anti-GAPDH antibody (1:2000, Cell Signalling Technology, Danvers,
MA, USA). After washing three times with TBST for 10 min each, the blots were
incubated with HRP-conjugated anti-rabbit secondary antibody (1:2000, Cell
Signalling Technology, Danvers, MA, USA) for 2 h at room temperature and
washed again three times in TBST. Subsequently, protein bands were detected
by ECL detection reagents (Thermo-Fisher Scientific, Waltham, MA, USA) and
exposed to autoradiographic films (GE healthcare, Buckinghamshire, United
Kingdom). For densitometry analysis, immunoblots were scanned, and band
intensities were quantified using ImagedJ software (Version 1.52, NIH, Bethesda,
MD, USA). All of the results are presented as a ratio of target band intensity to
GAPDH band intensity.

2.2.4 Intracellular Ca?* imaging

2.2.4.1 Devices for intracellular Ca?* imaging

The experimental setup for intracellular Ca?* imaging is illustrated in figure 4.
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Figure 4. Intracellular Ca?* imaging setup.

Divices are 1: inverted phase-contrast microscope; 2: camera; 3. perfusion
chamber; 4: pump; 5: light source; 6: camera control panel; 7: lamp control panel;
8: filter wheel changer; 9: water bath.

2.2.4.2 Experimental procedure for intracellular Ca?* imaging

Fluorescence imaging using Ca?* indicator Fura-2/AM was employed to
determine the intracellular Ca%* concentration ([Ca?*])). To this end, Meg-01 cells
were plated on coverslips coated with poly-L-lysine (0.01%, Sigma-Aldrich,
Steinheim, Germany). The cells were loaded with 2 yM Fura-2/AM (Invitrogen,
Goettingen, Germany) in RPMI 1640 culture medium containing 10% FBS and 1%
P/S for 30—45 min at 37°C. Once the incubation was accomplished, the coverslips
were transferred to a perfusion chamber that was mounted on the stage of an
inverted phase-contrast microscope (Axiovert 100, Zeiss, Oberkochen, Germany)

equipped with a fluor 40x/1.30 oil immersion objective.
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The emitted fluorescence intensity was detected at 505 nm every 10 s
following dual excitation at 340 nm and 380 nm. Fluorescence images were
acquired and quantified using the specialized software Metafluor (Version 7.5,
Universal Imaging, Downingtown, PA, USA). To estimate cytosolic Ca?* activity,
changes in the 340/380 nm ratio were monitored at each time point after
subtracting the background fluorescence. SOCE was determined upon
intracellular Ca?* store depletion by inhibiting sarco/endoplasmic reticulum Ca?*-
ATPase (SERCA) activity with 1 pM thapsigargin (Invitrogen, Goettingen,
Germany) after extracellular Ca?* removal, subsequently followed by Ca?* re-
addition in the constant presence of thapsigargin. The slopes (velocity, delta
ratio/s) and peaks (magnitude, delta ratio) of the ratio increase were calculated
for quantification of ER store depletion and Ca?* entry, respectively. All
measurements were performed at room temperature. In each experiment,
fluorescent signals were obtained from 20-30 cells located in the field of view,
and only those cells displaying distinct responses to thapsigargin and
extracellular Ca?* influx were included and then averaged for final data analyses.
The standard HEPES solution and Ca?*-free HEPES solution were prepared as

described in Table 2.
2.3 Statistical analysis

All experimental data are presented as the means + standard deviation (SD),
and n values refer to the number of independent experiments (i.e., in experiments
of intracellular Ca?* imaging, the number of measured dishes). Data were
analysed using SPSS software (Version 25.0, SPSS Inc., Chicago, IL, USA). The
statistical significance was determined using two-tailed Student’s t tests for
comparisons between two groups. Ordinary one-way analysis of variance
(ANOVA) was performed for multiple comparisons, followed by Tukey’s post-hoc

tests. A value of p < 0.05 was considered statistically significant.
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3 Results

3.1 ORAI1 was the predominant ORAIl isoform and STIM1 was the prevailing
STIM isoform

Our gPCR analysis revealed that all three ORAI channel isoforms were
detected in Meg-01 cells, in line with the results of previous reports (Pelzl et al.,
2020). As shown in Figure 5A, ORAI1T mRNA was the most abundant among the
three isoforms. Both ORA/I2 and ORAI3 were expressed at much lower levels,
which suggests that ORAI1 is the predominant isoform present in Meg-01 cells.
Likewise, STIM1 and STIM2 showed different expression levels. The STIM1
MRNA was abundantly expressed in Meg-01 cells, whereas STIM2 exhibited a

lower mRNA expression (Figure 5B).
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Figure 5. Relative transcript levels of ORAI and STIM isoforms in Meg-01
cells.

(A). Scatter plot showing the transcript levels of three ORA/ isoforms in untreated
megakaryocytes. The relative expression of ORA/2 and ORAI3 were normalized
to ORAI1. (B). The mRNA expression of STIM isoforms under control conditions
in megakaryocytes. The relative expression of STIM2 was normalized to STIM1.
Values refer to means £ SD. n = 6 per group. **(p < 0.001), ****(p < 0.0001)
indicate statistically significant differences from the group ORAI1 or STIM1
(ANOVA or Student’s t test).

3.2 The appropriate concentration of MgCl2 was 1.5 mM

In the first series of experiments, we examined the effects of MgCl2 on
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ORAI/STIM expression and SOCE activity in Meg-01 cells under high B-
glycerophosphate conditions. To define the lowest concentration of MgCl2 with
effective suppression, Meg-01 cells were pre-incubated with increasing
concentrations of MgCl2 (0, 1.0, 1.5, and 2.0 mM) for 30 min, followed by 2 mM
phosphate donor B-glycerophosphate stimulation for 24 h. Consistent with our
earlier observations (Pelzl et al., 2020), NFATS, SGK1, ORAI1, ORAI2, ORAI3,
STIM1 and STIMZ2 levels were significantly enhanced at the transcript level in
response to B-glycerophosphate treatment. Moreover, the mRNA levels of NFATS,
SGK1, ORAI1, ORAI2, ORAI3, STIM1 and STIM2 were diminished with
increasing MgClz concentrations. Figure 6 illustrates that all effects reached
statistical significance at a concentration of 1.5 mM MgCl2. As a result, 1.5 mM

was selected as the optimal MgCl2 concentration for the subsequent experiments.
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Figure 6. Effects of different concentrations of MgCl2 on -
glycerophosphate-induced upregulation of NFAT5, SGK1, ORAI1,2,3, and
STIM1,2 transcription in megakaryocytes.

(A-G). The mRNA expression of NFATS5 (A), SGK1 (B), ORAI1 (C), ORAI2 (D),
ORAI3 (E), STIM1 (F) and STIM2 (G) in megakaryocytes exposed to various
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concentrations of MgClz (0, 1.0, 1.5, and 2.0 mM) for 30 min prior to a 24-h
treatment with 2 mM 3-glycerophosphate. Values refer to means + SD. n = 6 per
group. ** (p < 0.01), ***(p < 0.001) indicate statistically significant differences from
the CTR group; #(p < 0.05), #(p < 0.01) indicate statistically significant differences
from the B-GP group (ANOVA). CTR: control; NFAT5: nuclear factor of activated
T cells 5; B-GP: B-glycerophosphate; SGK1: serum and glucocorticoid-inducible
kinase 1; STIM1,2,3: stromal interaction molecule 1,2,3.

3.3 MgCl2 counteracted B-glycerophosphate-triggered transcriptional
elevation of ORAI and STIM isoform expression by activating CaSRs in
Meg-01 cells

To testify whether CaSR activation is involved in regulating ORAI and STIM
abundance, megakaryocytes were first exposed to MgCl2 for 30 min and then
incubated with B-glycerophosphate for 24 h. As indicated in Figure 7A, MgCl2
treatment dramatically induced transcriptional upregulation of CaSR both in the
absence and presence of 3-glycerophosphate. We also assessed the inhibitory
role of MgCl2 in the signalling pathway stimulated by B-glycerophosphate. A 24 h
pre-treatment of Meg-01 cells with 2 mM B-glycerophosphate apparently elevated
the transcript levels of NFAT5, SGK1, ORAI1, ORAI2, ORAI3, as well as STIM1
and STIM2 (Figure 7B-H). Notably, all of these effects were remarkably
attenuated upon the co-incubation of cells with 1.5 mM MgCl2. In cells treated
with MgCl2 alone, the transcript levels of NFAT5, SGK1, ORAI1, ORAI2, ORAI3,
STIM1 and STIM2 were not significantly modified.
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Figure 7. Upregulation of CaSR transcription by MgCl: and sensitivity of -
glycerophosphate-induced NFAT5, SGK1, ORAI1,2,3, and STIM1,2
transcription to MgCl2 in megakaryocytes.
(A-H). The transcript levels of CaSR (A), NFATS5 (B), SGK1 (C), ORAI1 (D),
ORAI2 (E), ORAI3 (F), STIM1 (G), STIM2 (H) in megakaryocytes following a 24-
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h pre-treatment without (CTR) and with 2 mM B-glycerophosphate (B-GP) in the
absence or presence of 1.5 mM MgClz. Values refer to means + SD. n = 6 per
group. *(p < 0.05), ** (p < 0.01), ***(p < 0.001) indicate statistically significant
differences from the CTR group; #(p < 0.05), #(p < 0.01) indicate statistically
significant differences from the B-GP group (ANOVA). CaSR: Ca?*-sensing
receptor; CTR: control; NFATS: nuclear factor of activated T cells 5; B-GP: B-
glycerophosphate; SGK1: serum and glucocorticoid-inducible kinase 1;
STIM1,2,3: stromal interaction molecule 1,2,3.

3.4 Exposure to MgCl: reversed the upregulation of ORAI1 and STIM1
protein abundance by B-glycerophosphate in Meg-01 cells

Based on the fact that ORAI1 and STIM1 are the key molecular components
of SOCE, we next investigated whether the alterations observed in ORAI/1 and
STIM1 transcript levels are accompanied by corresponding changes in the
protein abundance. Immunoblot analysis implied that a 24-h 3-glycerophosphate
treatment was followed by an obvious increase in ORAI1 and STIM1 protein
expression in Meg-01 cells, which was markedly blunted by additional treatment
with 1.5 mM MgCl2, as demonstrated in Figure 8. Moreover, MgCl2 treatment did
not significantly affect the ORAI1 and STIM1 protein levels in the absence of 3-
glycerophosphate.
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Figure 8. Sensitivity of B-glycerophosphate-induced ORAI1 and STIM1
protein expression to MgClz in Meg-01 cells.

(A). Representative immunoblots showing protein abundance of ORAI1, STIM1
and GAPDH in megakaryocytes without (CTR) and with prior 24-h exposure to 2
mM B-glycerophosphate (B-GP) in the absence or presence of 1.5 mM MgCl..
(B,C). Quantitative analyses of ORAI1 (B) and STIM1 (C) protein level following
a 24-h incubation without (CTR) and with 2 mM B-glycerophosphate (B-GP) in the
absence or presence of 1.5 mM MgCl2 in megakaryocytes. Values refer to means
+ SD. n =6 per group. ** (p <0.01), ***(p < 0.001) indicate statistically significant
differences from the CTR group; #(p < 0.05), #(p < 0.01) indicate statistically
significant differences from the B-GP group (ANOVA). CTR: control; GAPDH:
glyceraldehyde 3-phosphate dehydrogenase; 3-GP: B-glycerophosphate; STIM1:
stromal interaction molecule 1.

3.5 MgCl2 supplementation blunted the enhancement of SOCE by B-
glycerophosphate in Meg-01 cells

To further explore whether the attenuation of the 3-glycerophosphate-induced
increase in ORAI1 and STIM1 abundance by MgCl2 leads to SOCE suppression,
Ca?* imaging was conducted to monitor cytosolic Ca?* activity ([Ca?*]i). Figure 9
displays that human megakaryocytes treated with 2 mM B-glycerophosphate
(1.298 = 0.086, n = 6) had slightly higher baseline levels than untreated cells
(1.202 £ 0.094, n = 6) in a nominally Ca?*-free solution, but the difference did not
reach statistical significance. To empty intracellular Ca?* stores, thapsigargin was
applied to inhibit the SERCA pump and thereby generate a transient rise in the

340/380 mm ratio. Subsequently, the re-addition of extra Ca?* elicited a sharp
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increase, which was measured to characterize the thapsigargin-sensitive SOCE
response. In the present study, pre-incubation with B-glycerophosphate caused
a larger amplitude and shortened the time to reach the peak, and all effects were
effectively suppressed by additional exposure to 1.5 mM MgClz (Figure 9A,D,E).
The peak value and the rate of ratio elevation following SOCE activation were not
significantly modified by MgClz treatment in the absence of 3-glycerophosphate.
Furthermore, neither B-glycerophosphate nor MgCl2 significantly altered

thapsigargin-evoked ER Ca?* release (Figure 9A,B,C).
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Figure 9. Sensitivity of B-glycerophosphate-induced SOCE to MgCl2 in Meg-
01 cells.

(A). Representative tracings of Fura-2/AM fluorescence-ratio reflecting cytosolic
Ca?* activity of Meg-01 cells before and following the exposure to SERCA pump
inhibitor thapsigargin (1 uM) in the nominal absence of extracellular Ca?* and
subsequent extracellular Ca2* addition (1 mM). Megakaryocytes were pre-treated
without (CTR, blue) or with 1.5 mM MgCl2 alone (MgClz, yellow), or 2 mM (-
glycerophosphate alone (B-GP, red) or 2 mM B-glycerophosphate and 1.5 mM
MgCl2 (B-GP+MgCl2, green) for 24 h. (B,C). The increase of Fura-2/AM
fluorescence-ratio in the peak (B) and slope (C) after the addition of 1 uyM
thapsigargin into the Ca?*-free HEPES solution in megakaryocytes without (CTR)
and with 2 mM B-glycerophosphate treatment (3-GP) for 24 h in the absence or
presence of 1.5 mM MgClz. (D,E). The increase of Fura-2/AM fluorescence-ratio
in the peak (D) and slope (E) after the re-addition of 1 mM extracellular Ca?* in
megakaryocytes without (CTR) and with 2 mM B-glycerophosphate treatment (3-
GP) for 24 h in the absence or presence of 1.5 mM MgCl2. Values refer to means
+ SD. n =6 per group. ***(p < 0.001) indicates a statistically significant difference
from the CTR group; #(p < 0.05), #(p < 0.01) indicate statistically significant
differences from the Pi group (ANOVA). CTR: control; B-GP: B-glycerophosphate;
SOCE: store-operated Ca?* entry.

3.6 The optimal concentration of GdCIs was 50 uM

Our next series of experiments tested whether the inhibitory effects of MgCl2
are mimicked by treatment with another Ca?*-sensing receptor agonist, GdCls. To
identify the lowest effective concentration of GdCls, Meg-01 cells were exposed
to 2 mM B-glycerophosphate for 24 h in the absence or presence of GdCls at
various concentrations (10, 20, 50, and 100 uM). The results from gPCR analysis
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presented that B-glycerophosphate-triggered transcriptional upregulation of
NFAT5, SGK1, ORAI1, ORAI2, ORAI3, STIM1 and STIMZ2 levels was appreciably
alleviated by GdCls in a dose-dependent manner. At 20 uM, the upregulation of
STIM1 levels induced by B-glycerophosphate was strongly reduced (Figure 10F),
while the minimum inhibitory concentration in the genes NFAT5, SGK1, ORAI1,
ORAI2, ORAI3 and STIM2 was 50 pM (Figure 10A-E,G). Taken together, these
data suggested that a concentration of 50 yM was the most appropriate GdCls

concentration in the following experiments.
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Figure 10. Effects of different concentrations of GdCls on f-
glycerophosphate-induced upregulation of NFAT5, SGK1, ORAI1,2,3, and
STIM1,2 transcription in megakaryocytes.

(A-G). The mRNA expression of NFAT5 (A), SGK1 (B), ORAI1 (C), ORAI2 (D),
ORAI3 (E), STIM1 (F) and STIM2 (G) in megakaryocytes exposed to various
concentrations of GdClIs (10, 20, 50, and 100 uM) for 30 min prior to a 24-h
treatment with 2 mM B-glycerophosphate. Values refer to means + SD. n = 6 per
group. *(p < 0.05), **(p < 0.01), ***(p < 0.001) indicate statistically significant
differences from the CTR group; #(p < 0.05), #(p < 0.01), ##(p < 0.001) indicate
statistically significant differences from the B-GP group (ANOVA). CTR: control;
NFATS: nuclear factor of activated T cells 5; B-GP: B-glycerophosphate; SGK1:
serum and glucocorticoid-inducible kinase 1; STIM1,2,3: stromal interaction
molecule 1,2,3.
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3.7 The stimulatory effects of B-glycerophosphate on ORAI/ and STIM
transcription were attenuated by GdCls via activation of CaSRs in Meg-01
cells

We analysed multiple genes involved in the B-glycerophosphate-stimulated
Ca?* signalling pathway by utilizing gqPCR. Pre-treatment with GdCIz enhanced
CaSR mRNA expression in Meg-01 cells with or without B-glycerophosphate
(Figure 11A). In addition, the transcriptional upregulation of NFATS5, SGK1, ORAI1,
ORAI2, ORAI3, STIM1 and STIMZ2 expression induced by B-glycerophosphate
was effectively prevented upon co-incubation with 50 uM GdCls (Figure 11B-H).
In the absence of B-glycerophosphate, treatment with GdCls did not affect the
transcript levels of NFAT5, SGK1, ORAI1, ORAI2, ORAI3, STIM1 or STIM2.
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Figure 11. Upregulation of CaSR transcription by GdCls and sensitivity of B
-glycerophosphate-induced NFAT5, SGK1, ORAI1,2,3, and STIM1,2
transcription to GdClIs in megakaryocytes.

(A-H). The transcript levels of CaSR (A), NFAT5 (B), SGK1 (C), ORAI1 (D),
ORAI2 (E), ORAI3 (F), STIM1 (G), STIM2 (H) in megakaryocytes following a 24-
h pre-treatment without (CTR) and with 2 mM B-glycerophosphate (B-GP) in the
absence or presence of 50 yM GdCls. Values refer to means = SD. n = 6 per
group. *(p < 0.05), ** (p < 0.01), ***(p < 0.001) indicate statistically significant
differences from the CTR group; #(p < 0.05), #(p < 0.01) indicate statistically
significant differences from the B-GP group (ANOVA). CaSR: Ca?*-sensing
receptor; CTR: control; NFATS: nuclear factor of activated T cells 5; B-GP: -
glycerophosphate; SGK1: serum and glucocorticoid-inducible kinase 1;
STIM1,2,3: stromal interaction molecule 1,2,3.
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3.8 GdClIs modified the elevation of ORAI1 and STIM1 protein abundance by
B-glycerophosphate in Meg-01 cells

Immunoblotting was performed to check whether the altered transcript
abundance of ORAI1 and STIM1 is paralleled by respective changes in protein
content. In Meg-01 cells pre-treated with B-glycerophosphate, there were
markedly higher ORAI1 and STIM1 protein expression levels than those in the
control-cultured cells, which was significantly counteracted by additional
exposure to 50 yM GdCls (Figure 12). In addition, ORAI1 and STIM1 protein

abundance remained unaffected when cells were treated with GdCls alone.
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Figure 12. Sensitivity of B-glycerophosphate-induced ORAI1 and STIM1
protein expression to GdCls in Meg-01 cells.

(A). Representative immunoblots showing protein abundance of ORAI1, STIM1
and GAPDH in megakaryocytes without (CTR) and with prior 24-h exposure to 2
mM B-glycerophosphate (B-GP) in the absence or presence of 50 uM GdCls.
(B,C). Quantitative analyses of ORAI1 (B) and STIM1 (C) protein level following
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a 24-h incubation without (CTR) and with 2 mM 3-glycerophosphate (3-GP) in the
absence or presence of 50 yM GdCls in megakaryocytes. Values refer to means
+ SD. n =6 per group. ***(p < 0.001) indicates a statistically significant difference
from the CTR group; #(p < 0.05), #(p < 0.01) indicate statistically significant
differences from the B-GP group (ANOVA). CTR: control; GAPDH:
glyceraldehyde 3-phosphate dehydrogenase; B-GP: B-glycerophosphate; STIM1:
stromal interaction molecule 1.

3.9 GdCIs treatment suppressed the enhancement in SOCE activity by B-
glycerophosphate in Meg-01 cells

At last, we sought to determine the influence of GdCls in inhibiting (-
glycerophosphate-induced SOCE enhancement through intracellular Ca?*
imaging. Our results exhibit that 50 uM GdCls remarkably reversed the elevation
of SOCE under high B-glycerophosphate conditions, both in slope and peak
(Figure 13A,D,E). There were no notable changes observed in SOCE activity
without additional exposure to [B-glycerophosphate. Again, neither -
glycerophosphate nor GdCls significantly modified thapsigargin-mediated internal

Ca?* store release (Figure 13A,B,C).
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Figure 13. Sensitivity of B-glycerophosphate-induced SOCE to GdCls in
Meg-01 cells.

(A). Representative tracings of Fura-2/AM fluorescence-ratio reflecting cytosolic
Ca?* activity of Meg-01 cells before and following the exposure to SERCA pump
inhibitor thapsigargin (1 uM) in the nominal absence of extracellular Ca?* and
subsequent extracellular Ca2* addition (1 mM). Megakaryocytes were pre-treated
without (CTR, blue) or with 50 yM GdCls alone (GdCls, yellow), or 2 mM [3-
glycerophosphate alone (B-GP, red) or 2 mM B-glycerophosphate and 50 yM
GdCls (B-GP+GdCls, green) for 24 h. (B,C). The increase of Fura-2/AM
fluorescence-ratio in the peak (B) and slope (C) after the addition of 1 uM
thapsigargin into the Ca?*-free HEPES solution in megakaryocytes without (CTR)
and with 2 mM B-glycerophosphate treatment (3-GP) for 24 h in the absence or
presence of 50 uM GdCls. (D,E). The increase of Fura-2/AM fluorescence-ratio
in the peak (D) and slope (E) after the re-addition of 1 mM extracellular Ca?* in
megakaryocytes without (CTR) and with 2 mM B-glycerophosphate treatment (-
GP) for 24 h in the absence or presence of 50 uM GdCls. Values refer to means
1+ SD. n =6 per group. **(p < 0.01), ***(p < 0.001) indicate statistically significant
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differences from the CTR group; #(p < 0.05), #(p < 0.01) indicate statistically
significant differences from the B-GP group (ANOVA). CTR: control; B-GP: B-
glycerophosphate; SOCE: store-operated Ca?* entry.
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4 Discussion

NFATS, SGK1, ORAIl and STIM isoforms similarly participate in the activation
of circulating platelets (Lang et al., 2013, Borst et al., 2012, Zhou et al., 2021,
Pelzl et al., 2020), which contributes to the increased risk of developing
thrombosis and subsequent thrombo-occlusive events. As described before,
megakaryocytes undergo a complex differentiation process and convert their
cytoplasm into long branched pro-platelets that yield individual platelets into the
bloodstream (Patel et al., 2005, Italiano et al., 1999). Considering that the
abundance of respective proteins in platelets depends on megakaryocytic
transcript and protein synthesis, we give special attention to the molecular

regulation in megakaryocytes.
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Figure 14. Mg?* and Gd3** suppress phosphate-stimulated ORAI1/STIM1
upregulation and SOCE enhancement via the activation of CaSRs in
megakaryocytes—a schematic representation (from Zhou et al., 2021).

In megakaryocytes, the phosphate donor B-glycerophosphate upregulates the
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expression of NFAT5 and SGK1, which results in the degradation of the NF-kB
inhibitory protein kB, the nuclear translocation of NFkB and NFkB-dependent
transcription of ORAI1 and STIM1. Mg?* and Gd3* attenuate the enhancement of
SOCE mediated by phosphate, at least partially via CaSR activation and
subsequent downregulation of this signalling cascade. CaSR: Ca?*-sensing
receptor; ER: endoplasmic reticulum; NFATS5: nuclear factor of activated T cells
5; NF-kB: nuclear factor-kB; Pi: inorganic phosphate; SGK1: serum and
glucocorticoid-inducible kinase 1; STIM1: stromal interaction molecule1.

The present study supports earlier observations that the exposure of human
megakaryocytes to the phosphate donor [(-glycerophosphate stimulates
transcript upregulation of NFAT5, SGK1, ORAI1, ORAI2, ORAI3, STIM1 and
STIM2 expression as well as SOCE (Pelzl et al., 2020). Notably, the present study
further testifies that all of these effects were strongly attenuated or abolished by
1.5 mM MgCl2 and the 50 yM CaSR agonist GdCls. A schematic diagram

summarizing our findings is provided in Figure 14.
4.1 Store-operated Ca?* entry

The rise in cytosolic Ca?* concentration is recognized as a central event in
mediating platelet functions during the process of thrombus formation and
haemostasis (Davies et al., 1989). A continuously growing body of evidence
suggests that the main pathway of Ca?* entry into platelets is SOCE, where the
Ca?* sensor STIMs and CRAC channel pore-forming subunit ORAIs are the
primary elements participating in Ca?* signalling in platelet activation (Harper and
Poole, 2011, Berna-Erro et al., 2016). All three ORAI homologues function
similarly in coupling to STIM isoforms following ER Ca?* store depletion, causing
an increase in inwardly rectifying Ca?* currents (Wang et al., 2017a, Prakriya,
2013). The differences between these isoforms need to be clarified.

To date, ORAI1 is the best-known isoform highly expressed in a variety of
immune cells, such as macrophages, T cells and B cells, as well as non-immune

cells, such as platelets, endothelial cells and hepatocytes (Prakriya and Lewis,
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2015, Nguyen et al., 2018). Mercer JC et al. demonstrated that the magnitude of
ORAI2-dependent currents was smaller than that obtained in ORAI1 when co-
expressed with STIM1, while ORAI3 was able to rescue Ca?* entry after siRNA
knockdown of ORAI1 (Mercer et al., 2006). These ORAI proteins are capable of
constituting or augmenting SOCE in a rank order of efficacy of ORAI1 > ORAI2 >
ORAI3.

STIM1 and STIM2 are highly homologous in amino acid sequences and
domain architecture (Williams et al., 2001), but they harbour some differences
that may be responsible for their distinct physiological functions. Recent studies
have provided compelling evidence establishing STIM1 as the main Ca?* sensor
that communicates between the filling state of internal stores and Ca?* channels
in the PM. However, it should be noted that STIM1 merely responds to the
pronounced degree of store depletion, although it gets activated rapidly and
triggers considerably large Ca?* influx (Grabmayr et al., 2020). The STIM2 EF-
hand displays a lower binding affinity for Ca?* than that of STIM1, which makes it
more sensitive to minor fluctuations in ER luminal Ca?* levels (Nguyen et al.,
2018). Therefore, it is not surprising that, upon a small reduction in ER Ca?*
content, STIM2 triggers slow but sustained SOCE as a compensation for the
slight store depletion (Zhou et al., 2009, Grabmayr et al., 2020), which indicates
that STIM2 functions as a regulator in the feedback system stabilizing basal
cytoplasmic and ER Ca?* concentrations (Brandman et al., 2007).

The present study found that both the CRAC ion channels ORAI1, ORAI2,
ORAI3 and the ER-localized Ca?* sensor isoforms STIM1, STIM2 were
expressed in human megakaryocytes. According to qPCR results, ORAI1 was
the prevailing ORAI isoform and STIM1 was the predominant STIM isoform
involved in activating SOCE function. A previous study demonstrated that

platelets from Orai17- mice were characterized by severely defective SOCE,
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impaired agonist-induced increase in Ca?* and reduced thrombus formation
under flow in vitro. (Braun et al., 2009). Additionally, STIM1-deficient platelets
showed abrogated SOCE as a consequence of defective glycoprotein VI collagen
receptor (GPVI)-mediated Ca?* signalling. These platelets also displayed
diminished collagen-induced PS exposure and GPVI-stimulated procoagulant
activity, presumably due to their impaired agonist responses (Gilio et al., 2010,
Ahmad et al., 2011, Varga-Szabo et al., 2008). The similar results observed in
Orai1- or Stim1- platelets indicated that these two molecules work jointly in the
same Ca?* signalling pathway and revealed the prominent role of SOCE in
thrombus generation and stabilization. Nevertheless, additional efforts are
needed to clarify the contribution of ORAI2, ORAI3 and STIM2 to SOCE function

and the activation of blood platelets.
4.2 Signalling cascade of NFAT5/SGK1/ORAIs/STIMs

NFATS5, originally cloned as a tonicity-regulated transcription factor enhanced
by hyperosmotic cell shrinkage (Cheung and Ko, 2013), is upregulated in
hyperphosphatemic CKD patients, which in turn induces the expression of SGK1
(Chen et al., 2009). SGK1 acts as a powerful stimulator of the Ca?* channel
ORAI1/STIM1 and thus enhances the sensitivity of platelets to agonists of Ca?*
entry, resulting in the degranulation, aggregation and thrombus formation of
circulating platelets (Lang et al., 2017). SGK1-sensitive ORAI1/STIM1 expression
is partially mediated via NF-kB activity. By phosphorylating NF-kB inhibitory
protein IkB kinase (IKKa/B), SGK1 facilitates the phosphorylation of IkB with the
subsequent degradation of IkB, the nuclear translocation of NF-kB subunits and
NF-kB-dependent transcription of both ORAI/71 and STIM1 (Borst et al., 2012,
Lang et al., 2013). SGK1 is further effective by disrupting the action of Nedd4-2,
a ubiquitin ligase driving the ubiquitination and proteasomal degradation of

several channel proteins including ORAI1 (Lang and Shumilina, 2013). The
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expression of SGK1 and SGK1-sensitive upregulation of ORAI1 is stimulated by
diverse triggers, involving ischaemia, oxidative stress, excessive glucose
concentration, radiation, DNA damage, and a variety of factors, including
glucocorticoids, mineralocorticoids, fibroblast growth factor, transforming growth
factor beta (TGF-), thrombin, advanced glycation end products (AGEs), as well
as platelet-derived growth factor (PDGF) (Lang et al., 2006, Lang and Voelkl,
2013, Lang et al., 2018). Through megakaryocytic NF-kB induction and
ORAI1/STIM1 upregulation, SGK1 stimulation leads to enhanced SOCE, which
predisposes CKD patients to thrombosis and stroke.

In agreement with prior observations, our results demonstrated that the
transcript levels of NFAT5, SGK1, ORAI1, ORAI2, ORAI3, STIM1 and STIM2
were significantly upregulated by 2 mM phosphate-donor B-glycerophosphate in
human megakaryocytes (Pelzl et al., 2020). We also confirmed that the increase
in ORAI1 and STIM1 transcription levels was paralleled by the respective
increases in ORAI1 and STIM1 protein abundance, complementing the work of
previous studies. Considering that ORAI1 and STIM1 in megakaryocytes is likely
transferred into circulating platelets, SOCE is expected to be enhanced and thus
sensitizes platelets to activators. Exaggerated platelet activation is strongly linked
with thrombus formation, which accounts for the known high cardiovascular risk

in patients with advanced CKD (Renga and Scavizzi, 2017).
4.3 Inhibitory effects of Mg?* on Ca?* signalling and SOCE

Hypomagnesemia is a common clinical complication in CKD patients and is
inversely associated with cardiovascular and all-cause mortality (Wu et al., 2021,
Ferre et al., 2018). However, the underlying mechanisms that drive the inverse
association between Mg?* and adverse cardiovascular outcomes have not been
fully established. CsSRs are engaged in numerous physiological and pathological

processes beyond their role in kidney function by precisely controlling Ca?*
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homeostasis in response to extracellular stimuli (Zhang et al., 2016). Mg?*, a main
ligand of CaSRs, interacts with the receptor and stimulates downstream
signalling pathways. In VSMCs, Mg?* can interfere with osteo/chondrogenic
transformation and mitigate phosphate-induced vascular calcification upon CaSR
activation. Additionally, Mg?* and the CaSR agonist Gd3* alleviate the stimulation
of vascular calcification by phosphate via the inhibition of ORAI/STIM expression
and SOCE activity. The presence of CaSR protein has previously been
documented in both megakaryocytes and platelets (House et al., 1997). Moreover,
CaSR activation has been reported to arrest the aggregation of platelets in
hyperhomocysteinemia (Wang et al., 2017b).

Herein, we explored whether the B-glycerophosphate-triggered upregulation
of NFAT5, SGK1, ORAI1, ORAI2, ORAI3, STIM1 and STIM2, as well as SOCE
was reversed by 1.5 mM MgCl2 and 50 yM of the CaSR agonist GdCls in
megakaryocytes, at least partially via the activation of CaSRs. Our present study
does not, however, exclude the possibility that other signalling pathways may be
involved in the reversal of B-glycerophosphate-stimulated enhancement of
ORAI/STIM expression by Mg?* in megakaryocytes. Of note is the fact that the
signalling cascade shown in the present study is induced with a sustained
incubation of Mg?* or Gd®*. Different signalling molecules may predominate after
acute stimulation with Mg?* or Gd3*, such as through G protein-dependent
activation of phospholipase C and inositol trisphosphate formation, as shown in
other cell types (Zhang et al., 2019, Maltsev, 2018, Guo et al., 2021). In view of
our current results and the functional role of CaSRs in the modulation of
ORAI/STIM abundance, it can be inferred that Mg?* supplementation has a
protective influence on the suppression of platelet activation and thus lowers the
risk for developing cardiac infarction and stroke in CKD patients.

Furthermore, the concentration of Mg?* used in our study was 1.5 mM, a value
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slightly above the reference range. Raising serum Mg?* concentrations may be
easily achieved by increasing the dialysate Mg?* content in patients receiving
haemodialysis or peritoneal dialysis and by increasing dietary Mg?* intake or oral
Mg?* supplements in patients with non-dialysis CKD (Leenders et al., 2021). If
the addition of Mg?* indeed effectively decreases the occurrence of fatal and non-
fatal cardiovascular events, it is likely to be an inexpensive intervention with a
sufficiently high benefit-cost ratio. Nevertheless, additional experimental and
clinical studies are required to determine the optimal therapeutic concentration in

clinical practice.
4.4 Conclusion

In conclusion, MgCl2 and GdCls reverse the stimulatory impact of phosphate
released from B-glycerophosphate on NFAT5, SGK1, ORAI and STIM isoforms
as well as SOCE via the activation of CaSRs in megakaryocytes, suggesting that
Mg?* supplementation is a potentially useful therapeutic target to reduce
cardiovascular risk in hyperphosphatemic patients with CKD. Further
experiments are warranted to define the role of Mg?* in vivo using relevant animal

models.
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5 Summary

Background: Impaired renal elimination of phosphate in chronic kidney
disease (CKD) contributes to hyperphosphatemia, which in turn upregulates the
expression of nuclear factor of activated T cells 5 (NFAT5) and serum and
glucocorticoid-inducible kinase SGK1 (SGK1) in megakaryocytes and platelets.
SGK1 is a potent stimulator of ORAI1, a Ca?*-channel activated by Ca?* sensor
stromal interaction molecule 1 (STIM1) following the internal Ca?* store depletion.
Both ORAI1 and STIM1 are considered major components of store-operated Ca?*
entry (SOCE) and play a crucial role in platelet activation, thus accounting for the
high risk for cardiovascular events in CKD patients. In vascular smooth muscle
cells, sustained exposure to MgCl2 and the Ca?*-sensing receptor (CaSR) agonist
GdCls significantly attenuated the stimulatory effect of phosphate on
ORAI1/STIM1 expression as well as SOCE activity. Our present study
investigated whether phosphate-triggered upregulation of NFAT5, SGK1,
ORAI1/2/3, STIM1/2 and SOCE is similarly sensitive to MgCl2 or GdCls in
megakaryocytes. Methods: Human megakaryocytic cells (Meg-01) were exposed
to 1.5 mM MgCl2 or 50 uyM GdCls for 24 h without or with 2 mM f-
glycerophosphate treatment. Transcript and protein abundance were evaluated
utilizing gPCR and immunoblotting, respectively. Cytosolic Ca?* activity was
estimated by ratiometric Ca?* imaging with Fura-2 fluorescence. SOCE activity
was determined from the peak and slope of the increase in the 340/380 nm ratio,
following extracellular Ca?* re-addition after thapsigargin-evoked store depletion.
Results: 1.5 mM MgCl2 and 50 uM GdCls upregulated CaSR expression and
effectively reversed the phosphate-stimulated SOCE enhancement via inhibiting
the signalling cascade of NFAT5/SGK1/ORAIs/STIMs. Conclusions: MgClz and
the CaSR agonist GdCls are powerful regulators of ORAI1/STIM1 expression and

SOCE, involved in phosphate-mediated Ca?* signalling in megakaryocytes.
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6 Zusammenfassung

Hintergrund: Eine gestorte renale Elimination von Phosphat bei der
chronischen Nierenerkrankung (CKD) tragt zur Hyperphosphatamie bei, die
wiederum die Hochregulierung der Expression des nuklearen Faktors der
aktivierten T-Zellen 5 (NFAT5) und der Serum- und Glukokortikoid-induzierbaren
Kinase SGK1 (SGK1) in Megakaryozyten und Thrombozyten bedingt. SGK1 ist
ein potenter Stimulator von ORAI1, einem Ca?*-Kanal, der durch das Ca?*-
Sensor-Stroma-Interaktionsmolektul 1 (STIM1) nach der Erschépfung des
internen Ca?*-Speichers aktiviert wird. Sowohl ORAI1 als auch STIM1 gelten als
Hauptkomponenten des speichergesteuerten Ca?*-Eintritts (SOCE) und spielen
eine entscheidende Rolle bei der Thrombozytenaktivierung, wodurch das hohe
Risiko kardiovaskularer Ereignisse bei CKD-Patienten begriindet wird. In glatten
Gefalmuskelzellen schwachte eine anhaltende Exposition gegenuber MgCl2 und
dem Ca?*-erkennenden Rezeptor (CaSR)-Agonisten GdCls die stimulierende
Wirkung von Phosphat auf die ORAI1/STIM1-Expression, sowie die SOCE-
Aktivitat, signifikant ab. Unsere vorliegende Studie untersuchte, ob die durch
Phosphat ausgeldste Hochregulation von NFATS, SGK1, ORAI1/2/3, STIM1/2
und SOCE in Megakaryozyten ahnlich sensitiv gegentiber MgCl2 oder GdCls ist.
Methoden: Humane Megakaryozytenzellen (Meg-01) wurden ohne oder mit 2
mM B-Glycerophosphat-Behandlung fiir 24 h 1,5 mM MgCl2 oder 50 uM GdCls
ausgesetzt. Transkript und Proteingehalt wurden mittels gqPCR bzw. Immunoblot
bewertet. Die zytosolische Ca®*-Aktivitdit wurde mit Hilfe eines Fura-2-
Fluoreszenz-Ansatzes abgeschatzt. Die SOCE-Aktivitat wurde nach einer durch
Thapsigargin herbeigefuhrten Speicherdepletion anschlieRend bei erneuter
extrazellularer Ca%*-Zugabe aus dem Hohepunkt und der Steigung des Anstiegs
des 340/380-nm-Verhaltnisses bestimmt. Ergebnisse: 1,5 mM MgClz und 50 pM

GdCls regulierten die CaSR-Expression hoch und kehrten die Phosphat-

56



stimulierte SOCE-Verstarkung durch Hemmung der Signalkaskade von
NFAT5/SGK1/ORAIs/STIMs effektiv um. Schlussfolgerungen: MgClz2 und der
CaSR-Agonist GdCls sind starke Regulatoren der ORAI1/STIM1-Expression und
SOCE, die an der Phosphat-vermittelten Ca?*-Signalgebung in Megakaryozyten
beteiligt sind.
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