Check for
updates

|BC RESEARCH ARTICLE

Suppressed ORAI1-STIM1-dependent Ca** entry by protein
kinase C isoforms regulating platelet procoagulant activity

Received for publication, February 13, 2024, and in revised form, October 9, 2024 Published, Papers in Press, October 17, 2024,
https:/doi.org/10.1016/jjbc.2024.107899

Jinmi Zou'”", Pengyu Zhang”*"", Fiorella A. Solari"’, Claudia Schénichen”©, Isabella Provenzale’,
Nadine J. A. Mattheij’, Marijke J. E. Kuijpers’, Julia S. Rauch’, Frauke Swieringa', Albert Sickmann™®’,

Barbara Zieger®, Kerstin Jurk’, and Johan W. M. Heemskerk'**

From the 'Synapse Research Institute Maastricht, Maastricht, The Netherlands; Department of Biochemistry, CARIM, 6200 MD
Maastricht University, Maastricht, The Netherlands; 3Center for Thrombosis and Hemostasis (CTH), University Medical Center of
the Johannes Gutenberg University Mainz, Mainz, Germany; *Leibniz-Institut fiir Analytische Wissenschaften-ISAS-e.V, Dortmund,
Germany; 5Department of Clinical Chemistry and Hematology, Maxima Medical Center Veldhoven, Veldhoven, The Netherlands;
SMedizinische Fakultdt, Medizinische Proteom-Center, Ruhr-Universitét Bochum, Bochum, Germany; 7 Department of Chemistry,

College of Physical Sciences, University of Aberdeen, Aberdeen, United Kingdom; ®Department of Pediatrics and Adolescent
Medicine, Division of Pediatric Hematology and Oncology, Medical Center, University of Freiburg, Freiburg, Germany

Reviewed by members of the JBC Editorial Board. Edited by Mike Shipston

Agonist-induced rises in cytosolic Ca>* control most platelet
responses in thrombosis and hemostasis. In human platelets,
we earlier demonstrated that the ORAI1-STIM1 pathway is a
major component of extracellular Ca®>* entry, in particular
when induced via the ITAM-linked collagen receptor, glyco-
protein VI (GPVI). In the present article, using functionally
defective platelets from patients with a loss-of-function muta-
tion in ORAII or STIM1, we show that Ca®>* entry induced by
the endoplasmic reticulum ATPase inhibitor, thapsigargin,
fully relies on this pathway. We demonstrate that both the
GPVI-induced and thapsigargin-induced Ca®>* entry are
strongly suppressed by protein kinase C (PKC) activation while
leaving intracellular Ca®>* mobilization unchanged. Comparing
the effects of a PKC inhibitory panel pointed to redundant
roles of beta and theta PKC isoforms in Ca**-entry suppres-
sion. In contrast, tyrosine kinases positively regulated GPVI-
induced Ca®>* entry and mobilization. Label-free and stable
isotope phosphoproteome analysis of GPVI-stimulated plate-
lets suggested a regulatory role of bridging integrator-2 (BIN2),
known as an important mediator of the ORAI1-STIM1
pathway in mouse platelets. Identified were 25 to 45 regulated
phospho-sites in BIN2 and 16 to 18 in STIM1. Five of these
were characterized as direct substrates of the expressed PKC
isoforms alpha, beta delta, and theta. Functional platelet testing
indicated that the downregulation of Ca®>* entry by PKC
resulted in suppressed phosphatidylserine exposure and plas-
matic thrombin generation. Conclusively, our results indicate
that in platelets multiple PKC isoforms constrain the store-
regulated Ca®* entry via ORAI1-BIN2-STIMI1, and hence
downregulate platelet-dependent coagulation.

Earlier research with bone-marrow transplanted chimeric
mice (1, 2), platelets from immune-deficient patients (3) and
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pharmacological agents (4, 5) has indicated that the Ca*'
channel ORAI1 (CRACM1) operates as the main Ca>* entry
pathway in platelets. While in platelets and other cells, it is
established that the ORAI1 channel is activated upon coupling
to the STIM1 Ca®" sensor in the endoplasmic reticulum (6),
recent studies provide evidence that this coupling in mouse
platelets involves the adaptor protein BIN2 (bridging inte-
grator 2) (7). Thus, murine BIN2 links STIM1 to the reticular
inositol 1,4,5-triphosphate (IP3) receptors and thereby sup-
ports Ca®* release from intracellular stores and ensuing store-
operated Ca®* entry (SOCE) via ORAIL. In platelets, SOCE is
active in response to most receptor agonists and enhances the
agonist-induced rises in cytosolic [Ca®*];. The elevated [Ca®'];
promotes most platelet responses, including shape change,
granule secretion, thromboxane A, release, and platelet ag-
gregation. In particular, SOCE is essential for Ca®*-dependent
surface exposure of phosphatidylserine and thereby for platelet
procoagulant activity (8, 9).

The clinical importance of the ORAI1-STIM1 pathway ap-
pears from functional defects that are observed in platelets
from patients with a pathological mutation in ORAI1 (R91W)
or in STIM1 (R429C) (10, 11). These defects are accompanied
by a severe immune deficiency due to compromised T-cell
functions (12, 13). In contrast, patients with the autosomal
inherited Stormorken syndrome, who carry gain-of-function
mutations in ORAI1 or STIMI1, present with increased
platelet activation, leading to secondary thrombocytopenia and
a bleeding diathesis (14, 15). In mouse, the deletion of platelet
ORAI1 or STIM1 suppresses platelet activation and down-
regulates pathological arterial thrombus formation (1, 2).
These studies hence imply that the SOCE pathway is well-
controlled to prevent platelet under- or over-activation and
to ensure a proper hemostatic balance. Mouse studies suppose
that also in humans the BIN2 adaptor protein regulates
ORAI1-STIM1 dependent Ca** entry.

Recent high-throughput well-plate measurements of platelet
[Ca®*]i rises, using a panel of pharmacological inhibitors,
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Suppressed platelet Ca®* entry by protein kinase C isoforms

confirmed that the ORAI1-STIM1 axis is a major route for
Ca** entry in human platelets (16). This was true for platelets
stimulated via the protein tyrosine kinase-linked receptor for
collagen glycoprotein VI (GPVI) and via the protease-activated
thrombin receptors PAR1 and PAR4. Both receptor types act
through activation of protein kinase C (PKC) isoforms (17).
Structurally, these are separated into the conventional PKC
(cPKC) isoforms (¢, B, and y) with Ca** and diacylglycerol
binding sites, the novel PKC (nPKC) isoforms (9, €, 1, and 0)
with only a diacylglycerol-binding domain and the atypical
isoforms ({ and 1/A) acting independently of Ca** and diac-
ylglycerol. Well expressed in human platelets are the cPKC
isoforms PKCo. and PKCP and the nPKC isoforms PKCJ,
PKCH, and PKCn (Table 1) (18).

Whereas the platelet thrombin receptors PAR1 and PAR4 as
G protein-coupled receptors act via Gq and conventional
downstream signaling events, the ITAM-linked receptor GPVI
signals via the protein tyrosine kinase cascade, involving Src-
family kinases, Syk and Btk (8, 9). Where the PARs induce
transient [Ca®*]; rises in platelets, GPVI stimulation causes a
more persistent [Ca®*]; elevation, which is still not well un-
derstood (3, 9).

It is generally considered that in human and mouse platelets
cPKC and nPKC isoforms jointly regulate integrin activation
and aggregation (19, 20). However, paradoxical results exist
regarding the roles of PKC isoforms in platelet Ca®* signaling,
In mouse platelets, collagen-induced [Ca®']i rises were
downregulated upon deficiency of PKCo or PKCP, and
enhanced upon deficiency of PKCO but not PKCn (21). In
human platelets, inhibition of total PKC or nPKC isoforms
appeared to increase the [Ca*]; rises with collagen and other
agonists (21, 22). A complicating factor is that PKC-dependent
phosphorylation was found to interfere with GPVI-induced
phosphorylation of the tyrosine kinases Syk and Btk (23, 24).
If and how SOCE via ORAIl channels can separately be
regulated by PKC isoform activities is still unknown.

In this study, we employed the high-throughput assay for
measurements of Ca>* responses in human platelets (25) to
elucidate the roles of PKC isoforms in the SOCE process,
mediated by the ORAI1, BIN2, and STIM1 pathways. We

studied platelets from patients with index mutations in ORAI1
or STIMI to define activation conditions relying on this
pathway, and we performed two platelet phospho-proteome
analyses to identify PKC isoform-sensitive phosphorylation
regions in BIN2 and STIM1. Platelet procoagulant activity was
used as a functional test relying on high Ca*" rises.

Results

Suppression of GPVI-induced platelet Ca®* entry by Btk and
low cPKC inhibition

To systematically investigate the roles of protein kinases in
agonist-induced platelet Ca®* responses, we used human Fura-
2-loaded platelets and a previously standardized 96-well plate
assay, in which agonists are added at high throughput by ro-
botic injection (25). For discriminating between Ca>* entry via
SOCE and Ca** mobilization from intracellular stores, the
platelets were stimulated in the presence of either 2 mM CaCl2
or 0.1 mM EGTA with near-maximal stimulating doses of the
GPVI agonists, convulxin (50 ng/ml) or CRP (5 pg/ml) (16).

Preincubation of the platelets with Btk inhibitor acalabru-
tinib (0.3—10 puM) resulted in a dose-dependent inhibition of
peak and end-level [Ca*']i rises in response to convulxin,
regardless of the presence of CaCl2 or EGTA (Fig. 1, A-D). At
the highest dose of 10 UM, acalabrutinib essentially abolished
the effects of convulxin. When platelets were stimulated with
CRP, as a slowly acting crosslinked triple-helical peptide
requiring interactions with several GPVI molecules (16), aca-
labrutinib (0.3-10 puM) similarly suppressed the [Ca**]i peak
and end levels (Fig. S1, A and B). These data are in line with
the established tyrosine kinase-dependent mode of action of
GPV agonists and furthermore show that the kinase Btk next
to Syk is essential for the Ca®" response generation.

Different effects were obtained with the inhibitor G66976
(0.3-10 uM). This compound inhibits PKC isoforms d, B, M
and to a lesser extent PCK & and 0 (Table 1). G66976 has also
been shown to inhibit Syk activity (26). In contrast to the
lowest dose of 0.3 UM, G66976 caused at higher concentra-
tions a significant decrease in the convulxin-induced [Ca**]i
rises (Fig. 2, A and B). At =1 UM, it suppressed the Ca** signal

Table 1
Characteristics of platelet PKC isoforms and inhibitors
PKCa. PKCp PKCJ PKCn PKCH Ref
Copy number
Per platelet 7882 9774 6217 3871 668 (18)
Residual activity (%)
GF109203X 6 8 5 17 7 (43)
G66976 8 14 4 7 35 (43)
PKCP-IN 99 21 98 83 98 (43)
Inhibitory strength
RO31318425 (10) ++ ++ ++ ++ ++ (21)
PKCO-IN (1) o o o + ++ (21)
Predicted phosphorylation (PhosphoSite)
BIN2 T285 + + + + + (32)
BIN2 S429/430 + + + - - (32)
BIN2 T446/S451 + + + + (32)
STIM1 S512 + + + - (32)

Indicated are reported copy numbers per platelet, residual activity in high-throughput comparisons. Note that compounds were tested in Ref. 43 on isolated enzymes at 10 pM
ATP and 0.5 pM, which requires higher concentrations when applied to intact cells. Furthermore indicated is relative inhibitory strength at indicated concentration (M), as
reported in Ref. 21. Bottom part gives predicted role in phosphorylation of BIN2 and STIM1 serines/threonines, based on submitted phosphopeptides, obtained from our platelet

proteome analysis.
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Figure 1. Suppression of convulxin-induced platelet Ca®* responses by Btk inhibitor acalabrutinib. Fura-2-loaded platelets in 96-well plates were
preincubated with DMSO vehicle or acalabrutinib (0.3-10 uM) for 10 min at 37 °C, and stimulated with convulxin (Cvx, 50 ng/ml) in the presence of 2 mM

CaCl2 or 0.1 mM EGTA. Ratio fluorometric measurements were converted into calibrated nM levels of [Ca
and activated the platelets in a diffusion-limited way. A-B, representative [Ca®
D, Dose-dependent effect of acalabrutinib on [Ca**]i peak and end levels.

2*]i. Convulxin was injected at the indicated time
*1i traces upon stimulation with convulxin with CaCl2 (left) or EGTA (right). C-

Given are percentage changes versus control condition (vehicle medium).

Mean + SD (n = 4-6), significant p-values vs. control condition for peak levels in blue (Mann-Whitney U test).

over time to about 50% in the presence of CaCl2, but insig-
nificantly in the presence of EGTA (Fig. 2, C and D). Also for
the slower-onset GPVI agonist CRP, G066976 dose-
dependently suppressed the Ca”* response (Fig. S2, A and
B). When compared to acalabrutinib (Fig. 1), the higher, but
not lower dose effects of G66976 resembled those of Btk in-
hibition. The former can thus be explained by the off-target
effect of Syk inhibitor (26).

Enhancement of GPVI-induced platelet Ca** entry by pan-PKC
and PKC isoform inhibition

To check for the cumulative role of PKC isoforms in
platelet Ca®* responses, we examined the effects of two pan-
PKC inhibitors, namely GF109203X and RO318425,
affecting cPKC and nPKC forms (Table 1). At concentra-
tions of 0.3 to 3 M, GF109203X caused a major, up to 4-
fold enhancement of the Ca®>* response with
convulxin + CaCl2, and a small later-in-time peak increase
with EGTA (Fig. 3, A-D). However, at 10 uM, the
enhancement was annulled. Similar, major enhancing effects
at 0.3 to 3 UM were obtained with the GPVI agonist
CRP + CaCl2 (Fig. S3). Along the same line, the pan-PKC
inhibitor RO318425 enhanced the peak Ca?"' responses
with convulxin or CRP up to 3-fold over the full dose range
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of 0.3 to 10 UM with extracellular CaCl2 present (Fig. S4).
The Ca”*-signal potentiating effect of both inhibitors,
though biphasic at a high GF109203X dose, pointed to a
strong PKC-dependent suppression of GPVI-induced Ca**
entry. Being distinct from the suppressive effect of acalab-
rutinib, we concluded that the CaCl2-dependent potentia-
tion by overall PKC inhibition was disconnected from the
Btk-Syk pathway.

Subsequently, we compared the effects of several PKC
isoform-selective inhibitors (Table 1) on Ca** entry responses
induced by the common GPVI agonist CRP + CaCl2 (Fig. S5).
At optimally effective concentrations, PKCB- or PKCO-
directed inhibition with PKCB-IN or PKCO-IN caused Ca**
peak increases of 2.41 + 0.26 fold (mean + SD, p = 0.03) or
1.38 + 029 fold (p = 0.09), respectively, which though were
lower than the 3.5 to 3.8 fold enhancement obtained with pan-
PKC inhibitors GFX109203X and RO318425. In contrast,
maximal PKC stimulation with PMA together with CRP
resulted in a reduced, 0.70 + 0.11 fold (p = 0.03) Ca*" peak
level (Fig. S5). Together, this suggested a contribution of at
least two PKC isoforms in the suppression of Ca>* entry.

When testing this regulation with TRAP6 (PAR1 agonist) or
thrombin (PAR1/4 agonist) + CaCl2, the pan-PKC inhibitor
RO318425 caused moderate enhancing effects, while PMA
essentially abolished the Ca®* response (Fig. $6). This indicates

J. Biol. Chem. (2024) 300(12) 107899 3



Suppressed platelet Ca®* entry by protein kinase C isoforms

A B
300 1 cvx + CaCl, 100 1 cvx + EGTA
G66976 G66976
225 A 75 A
E‘] 50 A Control = 50 -
@ Cvx 3 &
8 75 - | 8 25 A
10 uM
(I T T T T T ) (O T T T T T )
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Time (s) Time (s)
C D
200 7 cyx + cacl, 200  cux + EGTA
G66976 G066976
150 A 150-$ mPeak  OEnd
;\? mPeak OEnd § j kY
;o '?‘;:.,,2.25—3 SIS T
.. C AN
g .. 2.2E-3 2.2E-3 2.2E-3 g S ; &
O 90 1 s n O 50 - [
O T T T T T 0 T T T T T
0 2 4 6 8 10 0 2 4 6 8 10

G66976 (uM)

G66976 (uM)

Figure 2. Low-dose enhancement convulxin-induced platelet Ca?* responses by compound G66976. Fura-2-loaded platelets were preincubated with
DMSO control medium or G66976 (0.3-10 M) for 10 min at 37 °C, and stimulated with convulxin (50 ng/ml) or CRP (5 pg/ml) in the presence of 2 mM CaCl,
or 0.1 mM EGTA. Data were collected as for Fig. 1. A-B, representative [Ca%*i traces with CaCl2 (left) or EGTA (right). C-D, Dose-dependent effect of G66976
on [CaMi peak and end levels (change vs. 100% of control). Mean + SD (n = 3-6), significant p-values vs. control condition for peak levels in blue (Mann-

Whitney U test).

a submaximal PKC stimulation by agonists and agrees with a
lower contribution of SOCE to the Ca®* signal of PAR stim-
ulation in comparison to GPVI (16).

Role of PKC isoforms in platelet SOCE regulation via ORAI1-
STIM1

In platelets, the SERCA inhibitor, thapsigargin causes long-
term Ca®* store depletion (27). To confirm a key role of the
ORAII-STIM1 Ca*' entry pathway after thapsigargin treat-
ment, we studied the platelets from patients with a genetic
defect in ORAI1 (homozygous R91W) or STIM1 (heterozy-
gous R429C). Both mutations are known to result in protein
dysfunction (11).

With platelets from healthy control subjects, CaCl2 addition
after thapsigargin resulted in a strong [Ca’']i increase,
reaching micromolar levels (Fig. 4, A and B). Strikingly, after
thapsigargin treatment of platelets from both patients, the
response to CaCl2 addition was essentially lost (Fig. 4, A-D).
Furthermore, in the patient platelets, the response to CaCl2
after convulxin stimulation was partly (ORAI1 R91W) or
slightly (STIM1 R429C) impaired. From these results, we
concluded that the thapsigargin + CaCl2 protocol provided a
suitable way to quantify the ORAI1-STIM1 pathway in
platelets.

4 Biol. Chem. (2024) 300(12) 107899

Using platelets from healthy subjects, we then found that
pretreatment with the pan-PKC inhibitors GF109203X or
RO318425 resulted in an additional increase in [Ca®*]i in
response to thapsigargin + CaCl2, raising the concentration to
as high as 8 to 10 uM (Fig. 54). In sharp contrast, platelet
pretreatment with the pan-PKC stimulus PMA strongly
reduced the Ca®* entry to ~1 WM. A similar reduction was
seen with the ORAIl-channel inhibitor 2-APB (Fig. 5B).
However, platelet pretreatment with the PKC isoform in-
hibitors PKCO-IN or G66976 did not affect the level of [Ca**]i
in response to thapsigargin + CaCl2. Control experiments
indicated that the compounds did not influence the low Ca**
signal in the absence of thapsigargin (Fig. 5C).

Quantification of normalized Ca**-time traces indicated a
30 to 40% Ca** entry increase (at 10 min) with the two pan-
PKC inhibitors, but no increase or rather a reduction with
G66976, PKCO-IN or PKCB-IN (Fig. 5D). Furthermore, the
suppressed Ca®" entry signal by PMA was restored by the
simultaneous addition of PKCB-IN > PKCO-IN. These data
hence suggested that the low PKC stimulation with thapsi-
gargin is substantially increased with PMA, then inducing a
potent constrain of the Ca®* entry due to Ca* store depletion.
The partial reversal effects by PKC or PKCH inhibition with
PMA present pointed to a role of at least these two isoforms in
the suppression of SOCE. Our data further agree with the

SASBMB
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Figure 3. Enhancement on convulxin-induced Ca* entry by pan-PKC inhibitor GF109203X. Fura-2-loaded platelets were preincubated with DMSO
control medium or GF109203X (0.3-10 pM) for 10 min at 37 °C, and stimulated with convulxin (50 ng/ml) in the presence of 2 mM CaCl2 or 0.1 mM EGTA.
See further Fig. 1. A-B, representative [Ca**)i traces with CaCl2 (left) or EGTA (right). C-D, dose-dependent effect of GF109203X on [Ca%1i peak and end
levels (change vs. 100% of control). Mean + SD (n = 3-6), significant p-values vs. control condition for peak levels in blue (Mann-Whitney U test).

established role of ORAI1- STIM1-mediated SOCE in platelet
activation (16).

PKC-induced suppression of platelet procoagulant activity and
thrombin generation

To assess for functional effects of the PKC-dependent
suppression of Ca>* entry, we assessed platelet responses
that are known to rely on consistently high levels of [Ca*']i,
namely agonist-induced externalization of the procoagulant
phospholipid  phosphatidylserine (28, 29), and the
phosphatidylserine-dependent amplification of thrombin gen-
eration, marking the coagulation process (30). Therefore, we
treated platelets with a panel of PKC inhibitors and monitored
convulxin-induced phosphatidylserine exposure by flow
cytometry. Pan-PKC inhibition with GF109203X or RO318425
increased the phosphatidylserine exposure from 17% to over
50 to 57% of the platelet population (Fig. 64, histograms in
Fig. S7). Treatment with PKCH- IN, but not G66976, also
increased phosphatidylserine exposure. On the other hand,
platelet treatment with pan-PKC activator PMA substantially
reduced the phosphatidylserine exposure to <10% (Fig. 6).

In addition, we measured the consequences of PKC mod-
ulation on thrombin generation in tissue factor-triggered
platelet-rich plasma, as a phosphatidylserine-dependent pro-
cess (30). In agreement with the flow cytometry data, pre-
treatment with GF109203X or RO318425 increased the

SASBMB

measured thrombin peak levels in a dose-dependent way to
over 2-fold (Fig. 6, B and C). In contrast, pre-stimulation of
PKC with PMA left thrombin peak levels unchanged, but
shortened the lag-time to thrombin generation (Fig. 6, D and
E), which is explained by the secretion-stimulating effect of
PKC, releasing coagulation factor V.

Altered serine/threonine phosphorylation of BIN2 and STIM1
in GPVI- and PAR-activated platelets

We then used proteomic approaches to find evidence on the
protein phosphorylation level for PKC-dependent modulation
of the ORAI1-BIN2-STIM1 pathway. For this purpose, plate-
lets from three healthy donors were stimulated with
CRP + CaCl2 (3 min) or thrombin + CaCl2 (30 s). The stim-
ulation times were chosen to give maximal [Ca®*]i rises, as
checked in parallel Ca®* measurements. After lysis, the platelet
samples were subjected to controlled trypsin digestion and a
label-free bottom-up phospho-proteome analysis, in order to
generate maximal numbers of phosphopeptides (31). For BIN2
as many as 249 phospho-peptides were obtained with 1 to 4
phosphorylations (Datafile S1). The phospho-peptides covered
45 different serines or threonines, which were mostly located
before and in four polar regions (labeled pre-a, a-d) of amino
acid residues 257 to 508 (Fig. 7A). Structurally, polar regions
are commonly found at a protein’s contour. Calculation of the
mean log2-fold changes per phospho-site indicated a pattern

J. Biol. Chem. (2024) 300(12) 107899 5
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Figure 4. Impaired Ca®* entry in platelets from patients with a dysfunctional mutation of ORAIT or STIM1. Fura-2-loaded platelets (2 x 108/ml) in
0.1 mM EGTA medium from indicated patients or day control subjects in cuvettes were triggered with 50 ng/ml convulxin (Cvx), followed by 2 mM CaCl2.
Alternatively, the platelets were triggered with 1 UM thapsigargin (TG), followed by 2 mM CaCl2. A, representative [Ca®*]i traces of platelets from control
subject-1 and patient ORAIT R91W (homozygous). B, representative [Ca**]i traces of platelets from control subject-2 and patient STIM1 R429C (hetero-
zygous). C-D, quantification of peak increases in [Ca®*]i. Data are mean + SD (n = 2-3 repeats).

of clusters in these regions, with agonist-induced changes that
were similar in platelets of the three donors. After CRP or
thrombin stimulation, the phospho-sites in the pre-a, a, and b
regions (§259-S381) were significantly increased (Fig. 7, B and
C). Regarding regions ¢ + d, the results for CRP were more
complex with specific phospho-site increases in ¢ (5429, S451)
and d (T497, S498).

For STIM1, we identified 18 different phospho-sites that
were all located in serine-rich cytoplasmic domains a + b of
the protein (Fig. S8A). Platelet stimulation with CRP more
than thrombin caused an increase in phosphorylations at
residues 512 to 528 (a), and stimulation with thrombin a
decrease at residues 595 to 626 (b) (Fig. S8, B and C). For the
relatively small ORAI1 protein, the only observed phospho-
sites in cytoplasmic residues 295 to 298 were not regulated
(Fig. S8D).

These proteomic results indicated extensive, previously
unknown serine/threonine phosphorylation of BIN2 in

6 . Biol. Chem. (2024) 300(12) 107899

platelets stimulated via GPVI or PAR. This is in line
with data, indicating that BIN2 in mouse platelets regulates
the functions of STIM1 and SOCE (7). To identify
PKC-dependent phosphorylations, all obtained phospho-
peptides were checked against the database PhosphoSite-
Plus, predicting substrate sites for 303 serine/threonine
kinases (32).

The analysis resulted for BIN2 in three predicted
PKC  isoform-dependent  phosphorylations,  namely
S285 (PKCa.fdn0), S429/S430 (PKCaxBd) and S451/S458
(PKCafd) (Datafile S1). Interestingly, we found for all three
sites increased CRP-induced phosphorylation, i.e. 1.06 + 0.74
(mean + SD, n = 3; p = 0.009), 0.64 + 0.23 (p = 0.039) and
1.58 + 0.25 (p = 0.008), respectively (Fig. 7B). Regarding the
STIM1 protein, S512 showed a strong positive prediction as
a substrate for PKCafdn0 isoforms. The CRP-induced in-
crease in phosphorylation at this site was significant at
2.55 + 1.21 (p = 0.034) (Fig. S6B).
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Figure 5. Modulation by PKC of thapsigargin-mediated Ca®* entry in platelets. Fura-2-loaded platelets in 96-well plates were pretreated for 10 min with
vehicle (control) or optimized doses of PMA (50 nM), GF109203X (3 uM), RO318425 (10 UM), G66976 (1 M), PKCO-IN (3 uM) or 2-ABP (30 UM) in the
presence of 0.1 mM EGTA. After the addition of 1 uM thapsigargin (A-B) or vehicle (C), fluorescence ratio changes were recorded in response to 2 mM CaCl2
(at 60 s). Shown are representative traces of changes in [CaZ™]i with (A-B) or without (C) of thapsigargin. D, Normalized [Ca®*]i values versus control condition
at 600 s, set at 100% per donor. A peak level of [Ca**]i was 12.1 + 6.7 UM (mean * SD, n = 6 experiments). Heatmaps represent normalized means (top), SD
(bottom left), and p-values (bottom right). Significant differences from the control condition are underlined (Mann-Whitney U test).
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Figure 6. Modulation by PKC activity of platelet procoagulant activity and thrombin generation. A, washed platelets were pre-treated with DMSO
control vehicle, GF109203X (3 uM), RO318425 (3 UM), PKCO-IN (3 M), Gb6976 (1 UM) or PMA (50 nM). The cells were then activated with convulxin (Cvx,
50 ng/ml) for 5 to 10 min in the presence of 2 mM CaCl2, labeled with FITC annexin A5 (0.25 pg/ml), and analyzed for phosphatidylserine (PS) expression.
Shown are % of positive platelets after 10 min of stimulation; mean + SD (n = 4-5); p-values vs. control condition in italics (Mann-Whitney U test). B-E,
samples of PRP in 96-wells plates were incubated for 10 min DMSO control, GF109203X (0.1-5.0 uM), RO318425 (0.1-5.0 uM), or PMA (50-500 nM).
Calibrated thrombin generation from cleaved Z-GGR-AMC substrate was measured per well upon triggering with 0.1 PM tissue factor in the presence of
CaCl,/MgCl,. Shown are first-derivative thrombin generation curves representative of three experiments. E, normalized effect of RO318425 (3 puM) on
thrombin lag time and thrombin peak level (mean + SD, n = 3). p-values vs. control condition in italics.

To confirm these phosphorylation changes, we performed a
second, independent phosphoproteome analysis, now assess-
ing the short-term (as above) and long-term (30 min) effects of
CRP and thrombin using tandem mass tag (TMT) labeling. For
BIN2 this resulted in similar changes in 13 phospho-sites in
regions pre-a, a, and b, often extending to 30 min of stimu-
lation (Fig. S9, A—C). Most consistent were increased CRP-
and thrombin-induced phosphorylations of predicted PKC
isoform sites S256 (PKCafdn0) and S451 (region ¢,
PKCa,p(d)). Regarding STIM1, with 16 phospho-sites obtained,
the data for S512 (PKCa,fom0) showed an increased CRP- and
thrombin-induced phosphorylation of 2.18 + 0.73 and
1.55 £ 0.70, respectively (Fig. S10, A-C). Interestingly, STIM1
Ser®'*Gly is also recorded as a genetic variant (unknown sig-
nificance) in ClinVar.

8 J Biol. Chem. (2024) 300(12) 107899

Given the important role of PKC isoforms proximal in the
network of protein kinases and phosphatases in agonist-
induced platelet activation, we concluded that hence specu-
late that multiple of the expressed a0 isoforms, directly or
indirectly, modulate the adaptor functions of BIN2 and STIM1
to interact with the ORAI1 channel in the plasma membrane.

Discussion

The present results provide the first evidence that several
PKC isoforms, in particular PKC and PKCH, in platelets exert
a constraining effect on the entry of extracellular Ca** oper-
ating via the ORAI1-STIM1 pathway, and furthermore that
this PKC activity downregulates GPVI-induced platelet pro-
coagulant activity and thrombin generation. In the majority of
Ca?* measurements, the two pan-PKC inhibitors used
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Figure 7. Alterations in BIN2 phosphorylation of platelets stimulated via GPVI or PAR1/4. Washed platelets from three donors (5 x 10%/ml) in buffer
containing 2 mM CaCl2 were stimulated with CRP (10 pg/ml, 3 min), with thrombin (4 nM, 30 s), or were left untreated. Bottom-up label-free phospho-
proteome analysis was performed of the trypsin-treated platelet lysates. For BIN2, this provided quantitative information on 45 phospho-sites (regions in
brackets): S257, $259, S263 (pre-a), T270, S272, S273, 5276, S277, 1279, 5280, T283, 5285, 5288, 5290, S294, T296 (a); S359, S364, 5369, S375, S381 (b); S411,
S415; T423, S425, S426, S429, S430, S435, 5436, T438, S440, S444, T446, T447, S451, T456, S458, T462, S466 (c); T478; T497, S498, T500, T503 (d). A, overall
structure of human BIN2 protein with five surface-exposed polar regions indicated in blue. Total numbers of phospho-sites of threonine (T) and serine (S) are
indicated. B, CRP-induced log2 fold changes per phospho-site. Symbol types represent one donor; gray symbols are for unstimulated platelets. Data are
shown as mean * SD for all peptides with the same phospho-site. C, Idem, thrombin-induced log2 fold changes per phospho-site. Fold-changes, as
compared to the control condition, for all donors were statistically evaluated per (pre)polar region, with P- values in italics (Mann-Whitney U-test). For 5285,
S429, and S451 with strong positive predictions as substrate for indicated PKC isoforms (see Table 1), CRP-induced fold-changes (mean + SD) for three
donors are: 1.06 + 0.74 (p = 8.9E-3), 0.64 + 0.23 (p = 3.9E-2), and 1.58 + 0.25 (p = 8.2E-3), respectively. Full data in Datafile S1.

(GF109203X and RO318425) at maximally effective concen-
trations, had larger stimulating effects than the isoform-
selective  inhibitors ~ (PKCB-IN, PKCO-IN, Go66976).
Conversely, additional PKC isoform stimulation with PMA
reduced the platelet Ca®* responses.

SASBMB

The observed defective Ca®* entry with thapsigargin in
platelets from patients with a loss-of-function mutation in
ORAII or STIM1 indicated that the addition of CaCl2 after
thapsigargin provides a suitable manner for assessment of the
ORAI1-STIM1 pathway. In the patients’ platelets, the CaCl2-
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induced rises in [Ca**]i were fully abolished, such in contrast
to the micromolar rises with platelets from control subjects. In
the control platelets, we observed that both the pan-PKC
stimulus. PMA and the SOCE blocker 2-APB nearly
completely suppressed the Ca®* entry after thapsigargin
treatment. The effects of PKCP and PKCO inhibitors, each
partly antagonizing the suppression by PMA, indicated that at
least these two isoforms contribute to the PKC- dependent
suppression of GPVI-induced Ca®" entry. In contrast, we
found that the tyrosine kinase Btk promoted this pathway. In
GPVI-stimulated platelets, the compound G66976 was inhib-
itory, which is explained by an off-target effect as inhibitor of
the tyrosine kinase Syk (26).

Searching for a contribution of the adapter protein BIN2, we
performed a label-free and stable isotope phospho-proteomic
analysis of GPVI- and PAR-stimulated platelets, which iden-
tified 25 to 45 regulated phospho-sites in BIN2 and 16 to 18 in
STIM1, clustered in serine/threonine-rich intracellular do-
mains of the proteins. Four of these showed a strong positive
prediction as substrates for PKC isoforms, partly for
PKCofBdnO and partly for PKCafd. Interestingly, no such
phospho-sites were found for the channel protein ORAIL.
Collectively, from these findings, we concluded that in human
platelets protein phosphorylation via PKC isoforms provides a
strong negative feedback mechanism of the store-regulated
Ca®* entry pathway via the ORAII-BIN2- STIM1 axis,
downregulating platelet procoagulant activity and platelet-
dependent coagulation.

Recent mouse knockout studies have identified BIN2 as an
important adaptor protein linking platelet IP3 receptors with
the Ca®*-store sensor STIM1 and thereby supporting the
SOCE mechanism (7). For human platelets, this adaptor role of
BIN2 is not confirmed, but our results strongly support the
mouse experiments. However, due to the lack of blocking in-
hibitors or antibodies of BIN2, we could not demonstrate this
directly, which is a limitation of our study. Yet, the observed,
extensive phosphorylation changes in BIN2 and STIM1 upon
platelet activation via GPVI or PAR, among which several
predicted PKC-dependent phosphorylation sites, is compatible
with a highly regulated ORAI1-BIN2-STIM1 pathway.

Both our inhibitor studies and the kinase prediction of
regulated phospho-sites in BIN2 and STIM1 point to a com-
bined role of several isoforms, at least PKC[ and PKC6 (lower
expressed), and likely other PKC isoforms as well in suppres-
sion of the concluded ORAI1-BIN2-STIM1 pathway. In other
words, it seems that in response to platelet agonists, phos-
phorylation events by multiple activated PKC isoforms are
responsible for constraining the SOCE process. Which of the
several PKC-dependent phosphorylations is responsible for the
suppression of ORAI1-mediated Ca”* entry still needs to be
studied.

In the past, a negative regulation by PKC of agonist-induced
[Ca**]i rises has been seen in platelets and other cell types, but
this was not linked to Ca®* entry. Thus, diacylglycerol analogs
(which can activate PKC) were found to suppress thapsigargin-
induced [Ca®*]i rises in rabbit neutrophils (33). In platelets and
cell lines, it was suggested that specifically PKCf} antagonizes
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thrombin receptor-induced Ca®* fluxes (34, 35), which is in
line with our results. In 2010, Harper and colleagues used
diacylglycerol analogs to distinguish between Ca®" entry
mechanisms in platelets and concluded that PKCH restricts a
store-independent pathway (36). The same authors reported
that oleoylacetyl glycerol induced a negative regulation of
PAR1-dependent Ca** fluxes along with phosphatidylserine
exposure (37). In 2013, the Kunapuli laboratory demonstrated
that in human (but not mouse) platelets, the PKCf isoform
induced hyperphosphorylation of Syk and PLCY2, thereby
enhancing GPVI-mediated responses (38). In light of the
current findings, such data may also be interpreted as PKC-
mediated suppression via the ORAI1-BIN2-STIM1 axis.

Platelet PKC activity is commonly known to be essential in
integrin activation, secretion and aggregate formation (21, 39,
40). The current finding of a negative role of PKC isoforms in
ORAI1-dependent platelet procoagulant activity hence places
this kinase in a key position to regulate the balance of pro-
aggregatory and procoagulant platelets. Currently, ORAI1
channel antagonists are proposed as a treatment option in
cases of exacerbated Ca®* signaling, such as observed in pul-
monary arterial hypertension (41). Our data suggest that such
antagonists may also influence platelet-dependent thrombotic
events.

Experimental procedures
Materials

Thrombin was obtained from Enzyme Research Labora-
tories. Thrombin receptor-activating peptide SFLLRN
(TRAP6) and AYPGKF were from Bachem (Bubendorf,
Switzerland). Cross-linked collagen-related peptide (CRP)
came from CambCol (Cambridge, UK). Fura-2 acetoxymethyl
ester was from Invitrogen, pluronic F-127 from Molecular
Probes (Eugene, OR, USA). Compounds RO318425 (bisindo-
lylmaleimide X), 2-aminoethyl diphenylborinate (2- APB),
phorbol myristate acetate (PMA), PKCH inhibitor (PKCH-IN)
and LY379196 (PKCB-IN) were from Sigma-Aldrich (St Louis,
MO, USA); PRT-060318 from Bio- Connect. Convulxin and
GF109203X (bisindolylmaleimide I) came from Enzo Life
Sciences (Lausen, Switzerland). Horm-type collagen (dissolved
in 0.1 M acetic acid) was obtained from Nycomed (Hoofddorp,
the Netherlands). From Merck-Calbiochem (Darmstadt, Ger-
many) came the non-maleimide compound G66976; acalab-
rutinib was from Abcam. Thapsigargin was from Santa Cruz
Biotechnology (Dallas, TX, USA); fluorogenic thrombin sub-
strate Z-Gly-Gly-Arg-aminomethylcoumarin (ZGGR-AMC)
from Bachem. Recombinant tissue factor (Innovin) came from
Siemens Healthineers. Other materials were from sources,
described before (42).

Characterization of pharmacological compounds

Panel comparison using 302 purified protein kinases (43)
provided for the PKC antagonists GF109203X (bisindolylma-
leimide I), G66976, and PKCB-IN percentual inhibitory ac-
tivities, as indicated in Table 1. Compound Go66976 is also
known to interfere with tyrosine kinase Syk (26). Relative
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inhibitory activities of RO318425 (bisindolylmaleimide X) and
PKCO-IN were obtained from earlier papers (21, 22) (Table 1).
Acalabrutinib acts as a selective blocker of platelet tyrosine
kinase Btk (44). The compound rottlerin was not used as a
PKC) inhibitor, given its abundant side effects.

Patients and blood collection

The included healthy male and female blood donors had not
taken anti-platelet medication for at least 10 days prior to
blood donation. All donors had given full informed consent
according to the Helsinki Declaration. The studies were
approved by the Medical Ethics Committee of Maastricht
University and the local Ethics Committee of the University
Medical Center Mainz (Study No. 837.302.12; 25.07.12; FF109/
2015). Approval excluded the recording of donor characteris-
tics. Patients with immune deficiency and a deleterious mu-
tation in ORAI1 (R91W, homozygous) or STIM1 (R429C, R/C
heterozygous), along with healthy day control subjects were
collected at the Department of Pediatrics and Adolescent
Medicine of the Medical Center, University of Freiburg. All
blood was taken by venipuncture and collected into 3.2% so-
dium citrate. Platelet counts were measured with a Sysmex
XN-9000 analyzer (Sysmex).

Preparation of Fura-2-loaded platelets

Platelet-rich plasma (PRP) and washed platelets were ob-
tained from citrated blood samples, as described (45). Pelleted
platelets were first resuspended in Hepes buffer pH 6.6
(10 mM Hepes, 136 mM NaCl, 2.7 mM KCl, 2 mM MgCl2,
5.5 mM glucose, and 0.1% BSA). Washed platelets were ob-
tained by a second centrifugation step in the presence of
apyrase (1 U/ml) and 1:15 vol/vol ACD. After resuspension in
Hepes buffer pH 7.45, the cells were loaded with Fura-2 ace-
toxymethyl ester (3 UM) and pluronic (0.4 pg/ml) (16). Final
platelet resuspension after another wash step was in Hepes
buffer pH 7.45 at the count of 2 x 10%/ml.

Calibrated changes in [Ca**]i

Calibrated nanomolar rises in [Ca?*]i of Fura-2-loaded
platelets were measured in 96-well plates using a FlexStation
three robot (Molecular Devices, San Jose, CA, USA), as
described (25). Briefly, samples of 200 ul (2 x 10® platelets/ml)
per well were pretreated with indicated inhibitor (10 min) at 37
°C, and supplemented with 1 mM CaClI2 or 0.1 mM EGTA.
During dual-wavelength recording of fluorescence changes, a
selected agonist (20 pl) was added by automated pipetting,
which resulted in diffusion-limited mixing (46). Parallel cali-
bration wells contained Fura- 2-loaded platelets with 0.1%
Triton-X-100 in the presence of either 1 mM CaCl2 or 1 mM
EGTA/Tris, for determining Rmax and Rmin values. Duplicate
time traces were generated of nanomolar [Ca®']i concentra-
tions, and were floating point averaged to obtain the curve
parameters: basal level (nM), peak value (nM), area under the
activation curve (nM x s), and 600 s end level (nM) (16). For
measurements of Fura-2-loaded patient platelets, calibrated
ratio fluorometry was performed in single cuvettes (47).
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Platelet procoagulant activity

Agonist-induced phosphatidylserine exposure of washed
platelets (5 x 107/ml in Hepes buffer pH 7.45) was performed
in the presence of 2 mM CaCl2, as described (28). Platelets
were activated for 5 to 10 min with convulxin in the presence
or absence of PKC inhibitor and then labeled with FITC-
annexin A5 (0.25 pg/ml). Fluorescence analysis of 5000
events per sample was done with an Accuri C6 flow cytometer.
Events were gated for SSC/FSC signals of platelets. Percent-
ages of phosphatidylserine-positive platelets were determined
from F1 fluorescence levels (unstimulated platelets set at 2%).

Thrombin generation

For calibrated thrombin generation (30), samples of PRP in
96-well plates were pre-incubated with selected inhibitor
(10 min, 37 °C), and mixed with thrombin substrate solution
(ZGGR-AMC) and trigger solution (tissue factor 0.1 PM,
11 mM CaCl2 and 5.5 mM MgCl2). Thrombin generation
curve parameters were obtained as before (30).

Label-free platelet phosphoproteome analysis

Purified washed platelets from three donors (5 x 10%/ml) in
the presence of 1 mM CaCl2 were stimulated with CRP (10 pg/
ml) or thrombin (4 nM) or kept untreated. Activations were
stopped with one volume of lysis buffer at peaks of the Ca**
signal, i.e. after 3 min for CRP or 30 s for thrombin. Platelets
were then lysed, cysteines were reduced, free sulthydryl groups
were alkylated, and proteins were digested with trypsin under
strictly regulated conditions, such as described in the supple-
mentary methods. Details of the mass spectrometry of the
label-free digests as well as the spectral analyses are also
provided in the supplementary methods.

Identified peptides were restrained to BIN2, STIMI, or
ORAI1 for high confidence with FDR <1% at the PSM level,
and a search engine rank of 1. This resulted in BIN2
(Q9UBWS5) in 125 phosphopeptides, STIM1 (Q13586) in 35
phosphopeptides, and for ORAI1 (Q96D31) in one phospho-
peptide. The peptides included carbamidomethyl derivatives as
well as monophospho, biphospho, triphospho, and qua-
trophospho peptides, all for serine and threonine residues.
Normalized abundance values (NAVs) from equal phospho-
sites across all peptides were rationed versus the control
condition per sample and donor and expressed as log2 fold
changes after CRP or thrombin stimulation (see Datafile S1).
Protein structural information was obtained from UniProt/KB
cards.

TMT-based platelet phosphoproteome analysis

Purified washed platelets (5.0 x 10°/ml) from one healthy
donor were activated in the presence of 1 mM CaCl2 with CRP
(10 pg/ml, three or 30 min) or thrombin (4 nM, 30 s or 30 min)
or were kept untreated (duplicate samples), as above. After
stopping reactions with SDS and PhosStop, lysed samples were
subjected to quality checks, cysteine reduction, free sulthydryl
alkylation, and trypsin digestion with TMT (tandem mass tag)
10-plex stable isotope labels, as described before (48) with

J. Biol. Chem. (2024) 300(12) 107899 11



Suppressed platelet Ca®* entry by protein kinase C isoforms

details in the supplementary methods. Lookup searches were
confined to high-confidence phosphopeptides (FDR < 1%)
from BIN2 (Q9UBWS5), STIM1 (Q13586) or ORAIL
(Q96D31). This resulted in 48, 27, and 3 phosphopeptides,
respectively (Datafile S1). Per individual sample phosphopep-
tide, log2 fold changes versus controls were calculated from
values of TMT pools.

Prediction of PKC isoform phosphorylation

Identified peptides with assigned phospho-sites were sub-
jected to a search in PhosphoSitePlus, using the recent kinase
library for substrate specificities of 303 serine/threonine pro-
tein kinases, including five relevant PKC isoforms (32). Amino
acid residues with a positive prediction (log2 score) for all five
PKCa./B/d/e/B isoforms were for BIN2: $256/5257 (0.25-2.17)
and $285 (0.61-1.69). Positive prediction scores for PKCa./[B/
O comprised the phospho-sites S429/5430 (3x, 0.70-1.15),
T447 (2x, 0.40-0.57), S451 (3x, 0.19-1.44) and S458 (2x,
0.79-1.28). For STIM1, positive prediction scores for PKCa./p/
0/e/0 comprised S512 (1.16-2.54), and S567 (2x, 0.36—1.45).
Prediction scores for other phospho-sites in peptides were
negative for >4 PKC isoforms. See Datafile S1. Genetic variants
of BIN2, STIM1, and BIN2 phospho-sites were checked in
ClinVar (ncbi.nlm.nih.gov/clinvar).

Statistics

Data are expressed as mean + SD. GraphPad Prism 8 was
used for analysis. Statistical differences in comparison to the
control condition were evaluated by the non-parametric
Mann-Whitney U-test. Significance was defined as p < 0.05.

Data availability

All experimental data are contained within the manuscript.
Raw mass spectrometry data and Proteome Discoverer search
results are deposited in ProteomeXchange repository, identi-
fier PXD0487897.

Supporting information—This article contains supporting informa-
tion (31, 48-53).
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