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Platelet CFTR inhibition enhances arterial thrombosis via

increasing intracellular C1— concentration and activation of
SGK1 signaling pathway

Han-yan Yang', Chao Zhang’, Liang Hu? Chang Liu’, Ni Pan™3, Mei Li*, Hui Han', Yi Zhou?, Jie Li®, Li-yan Zhao’, Yao-sheng Liu',
Bing-zheng Luo®, Xiong-qing Huang?®, Xiao-fei Lv, Zi-cheng Li', Jun Li', Zhi-hong Li', Ruo-mei Wang®, Li Wang'®, Yong-yuan Guan',
Can-zhao Liu"", Bin Zhang® and Guan-lei Wang'

Platelet hyperactivity is essential for thrombus formation in coronary artery diseases (CAD). Dysfunction of the cystic fibrosis
transmembrane conductance regulator (CFTR) in patients with cystic fibrosis elevates intracellular CI™ levels ([ClI"];) and enhanced
platelet hyperactivity. In this study, we explored whether alteration of [Cl”]; has a pathological role in regulating platelet hyperactivity
and arterial thrombosis formation. CFTR expression was significantly decreased, while [CI”]; was increased in platelets from CAD
patients. In a FeCls-induced mouse mesenteric arteriole thrombosis model, platelet-specific Cftr-knockout and/or pre-administration
of ion channel inhibitor CFTRinh-172 increased platelet [CI"];, which accelerated thrombus formation, enhanced platelet aggregation
and ATP release, and increased P2Y;, and PAR4 expression in platelets. Conversely, Cftr-overexpressing platelets resulted in
subnormal [Cl"T;, thereby decreasing thrombosis formation. Our results showed that clamping [Cl™]; at high levels or Cftr deficiency-
induced [Cl™]; increasement dramatically augmented phosphorylation (Ser422) of serum and glucocorticoid-regulated kinase (SGK1),
subsequently upregulated P2Y;, and PAR4 expression via NF-kB signaling. Constitutively active mutant $422° SGK1 markedly
increased P2Y;, and PAR4 expression. The specific SGK1 inhibitor GSK-650394 decreased platelet aggregation in wildtype and
platelet-specific Cftr knockout mice, and platelet SGK1 phosphorylation was observed in line with increased [Cl"]; and decreased
CFTR expression in CAD patients. Co-transfection of $422° SGK1 and adenovirus-induced CFTR overexpression in MEG-01 cells
restored platelet activation signaling cascade. Our results suggest that [Cl”]; is a novel positive regulator of platelet activation and
arterial thrombus formation via the activation of a [Cl™];-sensitive SGK1 signaling pathway. Therefore, [CI"]; in platelets is a novel
potential biomarker for platelet hyperactivity, and CFTR may be a potential therapeutic target for platelet activation in CAD.
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INTRODUCTION
Platelet activation and aggregation play critical roles in arterial

Abnormal chloride ion (CI™) transport plays a pivotal role in the
pathogenesis of cardiovascular diseases [6, 7]. Low serum chloride

thrombosis and are the primary pathogenic cause of arterial
thrombotic diseases, including coronary artery diseases (CADs)
[1, 2]. Hemostasis and pathological thrombus formation involve
platelet surface receptors (e.g., glycoproteins and G-protein
coupled receptors (GPCRs)). The pharmacological blockage of
these surface receptors is an effective antiplatelet therapy for the
treatment and prevention of arterial thrombosis. However, new
therapeutic agents that target key steps in platelet activation to
prevent arterial thrombosis remain warranted [3-5].

is a biomarker and predictor of mortality in patients with heart
failure and pulmonary arterial hypertension [8, 9]. Moreover,
altered ClI™ transport is associated with platelet activation [10, 11].
However, whether alterations in [CI™]; occur in platelets as part of
CAD pathogenesis, as well as the mechanism by which altered CI™
transport leads to platelet activation and thrombus formation
remain to be determined.

Cystic fibrosis transmembrane conductance regulator (CFTR),
a cAMP-dependent chloride channel, participates in platelet
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function [12]. The mutations in CFTR cause cystic fibrosis (CF), a
recessively inherited and lethal disease. Platelets derived from CF
patients demonstrate abnormal platelet [ClI"]; concentration and
platelet hyperactivity [13]. Recently, the role of CFTR in platelet
hyperactivation has been identified in platelet-specific Cftr
knockout mice, while CFTR deletion was shown to drive CF lung
inflammatory responses and impair bacterial clearance [14].
However, the role of the CFTR chloride channel and CFTR-
mediated CI™ transport in thrombus formation remains unknown,
while data on the pathophysiological significance of CFTR
regarding platelet activation and thrombus formation in patients
with CADs at a risk of thrombosis are limited.

In this study, we employ platelet-specific Cftr-knockout and
overexpressing murine models to demonstrate that CFTR is
responsible for increasing intracellular CI~ levels ([CI"];) during
platelet activation and thrombus formation. Moreover, we use
site-specific mutation and adenovirus-mediated CFTR cDNA over-
expression to determine how serum and glucocorticoid-regulated
kinase (SGK1), an important regulator of platelet activation, is
activated by [CI™]; which potentiates P2Y;, and PAR4 expression
via NF-kB signaling. Our mechanistic analysis suggests that SGK1
may function as a Cl -sensitive signal transducer required for
[CI"]-mediated platelet activation and thrombosis.

MATERIALS AND METHODS

Reagents

The sources of reagents are indicated in Table S1. Detailed
methods and any associated references are provided in the
online-only Supplemental Material.

Patient characterization

The study was conducted in accordance with the Declaration of
Helsinki and approved by the Ethics Committee of the Sun Yat-sen
University (2020-024) and the Ethics Committee of the Guang-
dong Provincial People’s Hospital (KY-2020-062-01-02). All indivi-
duals were enrolled from Guangdong Provincial People’s Hospital
and divided into the CAD and normal coronary artery (NCA)
groups according to the diagnostic criteria used after coronary
angiography [15]. The inclusion criterion for the CAD group stated
that CAD must be confirmed by coronary angiography (=50%
vascular stenosis). Patients with normal coronary angiographies
were included in the NCA group. Informed consents were
obtained from all participants. Participant details are listed in
Table S2, and additional information has been included in the
online-only Supplementary Material.

Intracellular CI~ measurement

[CI™]; was measured using a previously described procedure, with
slight modifications [16]. Briefly, washed platelets were incubated
with  5mM  N-(ethoxycarbonylmethyl)—6-methoxyquinolinium
bromide (MQAE, Invitrogen) for 30 min at 37 °C in the dark, and
then washed with Krebs HEPES (128 mM NaCl, 5 mM KCI, 1 mM
MgS0,4-7H,0, 15 mM glucose, 20 mM HEPES, 2 mM CaCl,, 296-298
mM mOsm, pH 7.4) before measurement. Fluorometric data were
obtained at 37 °C using a spectrofluorometer (SpectraMax M5) at
excitation and emission wavelengths of 355 and 460nm,
respectively. The cells were permeabilized using tributyltin
(10 uM) and nigericin (7 uM) in a high-K* solution. The calibration
curve was obtained by fitting fluorescence intensity correspond-
ing to known CI™ concentrations, and the [CI7]; platelet level was
calculated accordingly [17].

Generation of CFTR mice

We successfully designed and constructed Cftr conditional
knockout mice using Cre/loxP recombination, which was gener-
ated by Cyagen (Suzhou, China). The Cftr conditional knockout
mouse construct schematic is shown in Fig. S1a. Briefly, platelet-
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specific Cftr knockout (Cftr"™°) mice were generated by crossing

Cftr" mice with Platelet factor 4-Cre recombinase (Pf4-Cre)
transgenic mice. Pf4-Cre mice were purchased from the Jackson
Laboratory (Bar Harbor, USA). In experiments using Cftr™*° mice,
mice containing Cftr"" and Pf4-Cre were considered Cftr™°, and
mice containing Cftr'"? or Cftr* with Pf4-Cre negative were
considered Ctrl. The Cftr"™*® mice were genotyped using
polymerase chain reaction (PCR) with the flox and Cre primers
(Table S3). Genotyping results and platelet-specificity of the
animal genotypes are shown in Fig. S1b-d, and platelet CFTR
expression was substantially decreased in Cftr"™° mice compared
with that in the Ctrl mice.

CFTR-ROSA26 conditional overexpression mice were also
designed and successfully constructed by Cyagen (Suzhou, China).
The CFTR platelet-specific overexpression (Cftr"°%) mouse con-
struct schematic is shown in Fig. S2a. The Cftr"°% mice were
generated by crossing Rosa26 Cftr”® mice with Pf4-Cre mice. The
Cftr"°F mice were genotyped using PCR with flox and Cre primers
(Table S3). In experiments using Cftr"F mice, mice containing
Rosa26 Cftr'"1 and Pf4-Cre were considered Cftr"°f, and mice
containing Rosa26 Cftr'"™ or Rosa26 Cftr”* with Pfa-Cre negative
were considered Ctrl. Genotyping results and platelet-specificity of
the animal genotypes are shown in Fig. S2b-d, and platelet CFTR
expression was substantially increased in Cftr"°® mice compared
to that in the Ctrl mice.

All Cftr™©, CftrPOF, and their corresponding controls, as well as
C57BL/6 J mice in the present study were 8-16 weeks old and sex,
age, and body weight matched. C57BL/6J mice were obtained
from the Laboratory Animal Center of Sun Yat-sen University and
intravenously injected with the selective CFTR inhibitor, CFTRinh-
172 (2mg/kg every day), 24h before the experiments; mice
injected with the same volume of saline containing DSMO served
as the control. The dose of CFTRinh-172 was chosen based on
previous reports, and the exacerbating effects of CFTRinh-172 on
thrombosis was confirmed in our preliminary experiments [18].

All experimental procedures were approved by the Sun Yat-sen
University Animal Care and Use Committee (No. SYSU-IACUC-
2020-000446) and were in accordance with the “Guide for the Care
and Use of Laboratory Animals” issued by the Ministry of Science
and Technology of China, and conformed to the guidelines from
Directive 2010/63/EU of the European Parliament on the protec-
tion of animals used for scientific purposes. The mice were
anesthetized with an intraperitoneal injection of sodium pento-
barbital (30 mg/kg) before performing any procedures. After the
completion of all experiments, the mice were euthanized via
cervical dislocation. All mice used were of the C57BL/6)J
background and housed in the laboratory animal center of Sun
Yat-sen University.

Statistical analysis

Data are presented as mean+SEM. Statistical significance
between the experimental groups was analyzed using unpaired
t-tests. Three or more groups were compared using one-way
analysis of variance, followed by Dunnett's multiple comparisons
post-hoc test with 95% Cl. Partial correlation analysis was used to
examine the association between CFTR expression and platelet
aggregation induced by ADP or thrombin. The statistical
significance was evaluated using Prism software (GraphPad 8.0
Software, San Diego, CA, USA). Values with P<0.05 were
considered statistically significant. ns indicates non-significance
(P> 0.05).

RESULTS

Elevated [CI™]; induced by CFTR deficiency participates in platelet
aggregation in CAD

Abnormal transport of Cl™ is a risk factor for cardiovascular
diseases. To determine the dynamics of CI™ in the platelets of CAD
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Fig. 1 CFTR-dependent [Cl ; is associated with platelet aggregation during CAD. The study subjects were grouped into normal coronary

artery (NCA) and coronary artery disease (CAD) after coronary angiography. Washed platelets were collected from CAD patients and NCA
controls. a [CI™]; was analyzed using the chloride indicator MQAE probe. (NCA, n =18 vs CAD, n = 32; unpaired t test). b [Cl"]. was analyzed
using the ion-selective electrode method. (NCA, n =47 vs CAD, n = 39; unpaired t test). ¢ qRT-PCR analysis of CFTR mRNA expression. (NCA,
n=32 vs CAD, n=32; unpaired t test). d Western blot analysis of CFTR protein expression. (NCA, n =54 vs CAD, n=55; unpaired t test).
e, f, Aggregation of washed platelets in response to 10 pM ADP or 0.02 U/mL Thrombin. (NCA, n =10 vs CAD, n = 8; unpaired t test). g-h, The
correlation between the aggregation ratio and CFTR protein expression in platelets from NCA and CAD groups (In total, 18 samples from
experiment e, f). r and P values by Partial correlation analysis are presented. Data are shown as mean + SEM; ****P < 0.0001. ns not significant

patients, [CI"]; and extracellular CI~ concentration ([CI"].) of
platelets was measured. Intriguingly, platelet [CI"]; from CAD
patients (71.9 + 6.8 mM) was markedly increased compared to that
from NCA subjects (62.5 + 4.1 mM; Fig. 1a). However, no significant
differences were observed in [ClI"]. between the CAD and NCA
groups (Fig. 1b).

Since CI™ transport is regulated by chloride channels, we next
determined the chloride channels responsible for increasing [CI7];
in CAD platelets. CFTR, LRRC8A, and TMEM16A are well recognized
as principal molecular components of CFTR CI~, volume-regulated
CI~, and Ca®>"-activated CI~ channels, respectively [6, 19-22]. We
found that the mRNA and protein levels of CFTR in platelets from
CAD patients were significantly lower than those in NCA subjects
(Fig. 1¢, d); yet the expression levels of LRRC8A and TMEM16A
were not altered at either the mRNA or protein levels in CAD
patients (Fig. S3). In addition, the whole-cell patch clamp
recording showed a CFTR-dependent Cl~ current in the human
megakaryocytic cell line (MEG-01) during the resting state, which
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was effectively blocked by CFTRinh-172, a selective CFTR CI™
channel inhibitor (Fig. S4a). Immunofluorescence imaging con-
firmed that CFTR was highly expressed in MEG-01 cells (Fig. S4b).
These results suggested that Cl~ transport via the CFTR chloride
channel is indeed required for CI~ dynamics in platelets.

In line with the prothrombotic state in CAD, platelet aggrega-
tion in response to adenosine diphosphate (ADP) and thrombin
was enhanced in patients with CAD compared with NCA subjects
(Fig. 1e, f). The partial correlation analysis is used to assess the
association between two variables without specifying the direc-
tion of such association, while holding other variables constant
[23, 24]. We performed partial correlation analysis to examine the
association between CFTR expression and platelet aggregation
induced by ADP or thrombin. CFTR expression in human platelets
was negatively correlated with platelet aggregation induced by
ADP or thrombin, when the six confounders (total cholesterol, LDL,
HDL, blood platelet count, B-blockers, statins) remained constant
(Fig. 1g, h, Table S2). These findings suggest that the abnormal

Acta Pharmacologica Sinica (2022) 43:2596 - 2608



[CI7]; in platelets from CAD patients may be due to dysfunctional
CFTR chloride channels or decreased CFTR expression, implying
that CFTR plays an important role in platelet functioning
during CAD.

Megakaryocyte/platelet-specific Cftr-deficient mice, and CFTRinh-
172 exacerbates arterial thrombus formation in vivo

We next investigated the role of CFTR in arterial thrombus
formation in vivo using a FeClz-induced mouse mesenteric
arteriole thrombosis model. Thrombus formation was monitored
in real-time using fluorescence microscopy. To characterize the
specific role of CFTR in platelet function, we engineered Cftr (Cftr™™
floxed alleles and crossed Cftr'"™ mice with Pf4-Cre mice, which
expressed Cre-recombinase exclusively in the megakaryocytic line-
age, to generate platelet-specific Cftr knockout mice (Cftr™¥©, Fig. S1).
Compared with the control (Ctrl: Cfr™™ Cftr*) mice, Cftr™© mice
showed increased thrombus formation in the FeCls-induced
mesenteric arteriole thrombosis model (Fig. 2a). The time to the
first thrombus formation in the mesenteric arteriole was significantly
shorter in Cftr™“° mice than in Ctrl mice (Cftr™*©, 6.5 + 1.2 min vs. Ctrl,
9.1 + 3.1 min, P < 0.05; Fig. 2b). Additionally, the maximum thrombus
size in Cftr™© mice was larger than that in Ctrl mice [Cftr™®, (173.0+
35.0) x 10> um? vs Ctrl, (91.2 +27.2) x 10° um? P < 0.001; Fig. 2b]. As
a CFTR chloride channel blocker, CFTRinh-172 inhibits CFTR chloride
channel-mediated Cl~ transport by binding to the nucleotide
binding domains of the CFTR protein rather than affecting CFTR
expression (Fig. S5) [18, 25]. Consistent with the results from CFTR
genetic ablation in mice, pharmacological inhibition of CFTR by
CFTRinh-172 intravenous injection in wild-type mice also accelerated
FeCls-induced thrombus formation in mesenteric arteries, reflected
by a shorter time to the first thrombus formation and an increased
maximum thrombus size (Fig. 2¢, d). Together, these findings indicate
that platelet CFTR is important for arterial thrombus formation
in vivo.

To investigate the role of CFTR in hemostasis, we examined tail
blood loss and bleeding time in Cftr™© and Ctrl littermates. The
volume of tail blood loss was significantly decreased in Cftr"*©
mice compared with that in Ctrl mice (Cftr™© 108.5 + 64.1 pL vs.
Ctrl 408.3 L £309.2 uL, Fig. 2e), however, bleeding times were
indistinguishable between Ctrl and Cftr™° mice (Fig. 2f). These
findings suggest that CFTR plays a minor role in hemostasis.

We further measured hematologic parameters, including
platelet counts, mean platelet volume, hemoglobin concentration,
and coagulation parameters, and obtained similar values in Ctrl
and Cftr™© mice (Tables S4 and S5, P>0.05). Cftr"™*° mice
exhibited increased platelet surface CD62P compared with Ctrl
mice (Fig. 2g), suggesting that CFTR regulates platelet activation.

Electron microscopy did not reveal any ultrastructural abnorm-
alities, including morphological changes in the open canalicular
system or the number of a-granules and dense granules in
platelets of Cftr™© mice (Fig. 2h).

Megakaryocyte/platelet-specific Cftr-deficient mice, and CFTRinh-
172 enhances platelet aggregation and dense granule ATP release
induced by agonists

We further investigated whether CFTR regulates platelet aggrega-
tion and ATP release in vitro. As shown in Fig. 3, maximum platelet
aggregation in response to ADP (2.5, 5, and 10 puM; Fig. 3a),
thrombin at lower dosages (0.01 and 0.02 U/mL; Fig. 3b), and
collagen (0.5 pg/mL; Fig. 3d) was significantly enhanced in Cftr™<°
platelets compared with that in the controls. Under these
conditions, ATP release induced by thrombin (0.01 and 0.02 U/
mL) and collagen (0.5 pg/mL) was also significantly enhanced in
Cftr<© platelets (Fig. 3¢, e). However, there were no differences in
neither the maximum platelet aggregation (Fig. 3b), nor in the ATP
release (Fig. 3¢c) in response to a relatively high dose of thrombin
(0.05 U/mL) between Cftr™° and the corresponding controls. In
addition, CFTRinh-172 produced similar effects on platelet
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aggregation and ATP release in wild-type mice, as observed in
Cftr™ © platelets (Fig. 3f-h). These data indicate that CFTR
deficiency enhanced ATP release and platelet aggregation
induced by agonists.

Platelet-specific Cftr overexpression ameliorates platelet
aggregation, ATP release, and thrombosis

To determine the effects of CFTR on platelets during platelet
activation and arterial thrombosis, we constructed a conditional
knock-in mouse line that contained a CAG promoter followed by a
“loxp-Stop-loxp-Kozak-Cftr coding region” cassette using a
CRISPR/Cas9 genome-targeting system and crossed these mice
with Pf4-Cre mice to generate platelet-specific Cftr-overexpressing
mice (Cftr"°%; Fig. S2). Overexpression of CFTR in platelets
significantly alleviated thrombus formation and vessel occlusion
induced by FeCls injury (Fig. 4a). The time to the first thrombus
formation in the mesenteric arteriole was significantly delayed
(Cftr"E, 12.3 + 2.7 min vs. Ctrl, 8.8 + 1.8 min, P < 0.01; Fig. 4b), and
the maximum thrombus size was also reduced in Cftr"°t mice
[Cftr™E, (34.81 £9.41) x 10° pm? vs. Ctrl, (100.04 +24.11) x 10° pm?
P < 0.0001; Fig. 4b]. However, there was no significant difference in
the bleeding time or tail blood loss between Cftr"®t and Ctrl mice
(Fig. S6).

In contrast to Cftr "~ mice, the maximum platelet aggregation
in response to ADP (2.5, 5, and 10 uM; Fig. 4¢), thrombin at lower
dosages (0.01 and 0.02 U/mL; Fig. 4d), and collagen (0.5 ug/mL;
Fig. 4f) was significantly reduced in Cftr"°F platelets. Under
these conditions, ATP release induced by thrombin (0.01 and
0.02U/mL) and collagen (0.5pg/mL) was also significantly
reduced in Cftr"°F platelets (Fig. 4e, g). There were no differences
in maximum platelet aggregation in response to a relatively high
dose of thrombin (0.05U/mL) in Cftr'®® mice and their
corresponding controls (Fig. 4d). However, ATP release induced
by thrombin (0.05U/mL) was reduced in Cftr"®F platelets
compared with that in the controls (Fig. 4e). These data suggest
that CFTR overexpression ameliorates platelet aggregation, ATP
release, and thrombosis.

PKO

CFTR regulates platelet aggregation through the P2Y,, and
PAR4 signaling pathway

Platelet surface receptors, P2Y,/P2Y;,, PAR4, and TP, and
membrane glycoproteins, CD41 (GPlIb/llla), CD61 (GPllla), CD42b
(GPlba), and GPVI, are critical for platelet function [2, 4, 26].
Therefore, we screened platelet surface proteins in Cftr’© and
Cftr"©F platelets and found no significant differences in the surface
expression of the platelet glycoproteins (CD41, CD61, CD42b, and
GPVI; Fig. 5a, b). Meanwhile, the GPCR of P2Y;, and PAR4 were
significantly upregulated in Cftr’® mice compared with that in
Ctrl mice (Fig. 5¢, d). In line with the results of genetically modified
mice, protein expressions of P2Y;, and PAR4 were also
significantly augmented in CAD platelets (Fig. S7). However, there
was no significant difference in the mRNA expression of P2Y; and
TP in platelets from Cftr™© and Ctrl mice (Fig. 5e). Conversely,
Cftr’°F downregulated P2Y;, and PAR4 expression (Fig. 5f, g).
Similar to those in Cftr™*° mice, the protein level of GPVI and the
mRNA levels P2Y; and TP showed no changes in Cftr"°F platelets
compared with those in the Ctrl mice (Fig. 5h, i).

Therefore, we explored platelet activation and aggregation
signaling pathways associated with P2Y;, and PAR4. P2Y,, and
PAR4 activation induces platelet activation and aggregation
through the PI3K/Akt pathwag. The phosphorylation of PI3K and
Akt was enhanced in Cftr"™*° platelets but reduced in Cftr"°F
platelets (Fig. 5j-k and |, m). The results of the CFTR genetic
ablation on P2Y;, and PAR4-mediated platelet aggregation
signaling pathway were consistent with those of FeCls-induced
mesenteric arteriole thrombosis in Cftr"™° mice, suggesting that
CFTR regulates platelet aggregation and thrombus formation via
the P2Y;, and PAR4 pathways.
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Fig. 2 CFTR regulates FeCls-induced mesenteric arteriole thrombosis. a Representative images and time courses of FeCls-induced
mesenteric arteriole thrombus formation in Cftr’® and Ctrl mice. Time after FeCls-induced injury is indicated at the low right corner of each
image. Scale bars, 500 pm. b Summary of the time to first thrombi and maximal thrombus size of arterioles from the result of FeCls-induced
thrombosis in Cftr“® and Ctrl mice in Fig. 2a. (n = 8 mice per group; unpaired t test). ¢ WT mice were intravenously injected with CFTRinh-172
(2 mg/kg every day, 24 h) or the same volume of normal saline containing DSMO as a control before FeCls injury. Representative images of
FeCls-induced mesenteric arteriole thrombosis in WT mice treated with CFTRinh-172 or DMSO as recorded by real-time microscopy. Time after
FeCls-induced injury is indicated at the low right corner of each image. Scale bars, 500 pm. d Summary of the time to first thrombi and
maximal thrombus size of arterioles from the result of FeClz-induced thrombosis in WT mice treated with CFTRinh-172 or DMSO in Fig. 2c (n =
7 or 12 mice per group; unpaired t test). e, f Tail blood loss and tail bleeding time parameters were investigated in Cftr™° and Ctrl mice (n = 12
mice per group; unpaired t test). g Surface expression of CD62P (P-selectin) as determined using flow cytometry with PE-conjugated anti-
mouse/rat CD62P in Cftr"*© and Ctrl mice (n = 13 mice per group; unpaired t test). h Representative electron microscopy images of platelet
ultrastructure from Ctrl and Cftr™© mice. Scale bars, 2.0 pm (top) and 500 nm (bottom). Quantification of a-granules (white arrow) and dense
granules (black arrow) per platelet from Ctrl and Cftr™ C platelets. (n = 23-25; unpaired t test). Data are presented as mean + SEM; *P < 0.05,
**P <0.01, and ***P < 0.001. ns not significant
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Fig.3 Cftr™© and CFTRinh-172 platelets display enhanced aggregation and ATP release. a—e Aggregation or ATP release of washed Cftr

and Ctrl platelets were stimulated with different concentrations of ADP (2.5, 5, or 10 uM) (a), thrombin (0.01, 0.02, or 0.05 U/mL) (b, c) and
collagen (0.5 pg/mL) (d, e) at 37 °C under constant stirring. Representative tracings (left) and quantification graphs (right) are presented. (n =
5-10 mice per group; unpaired t test). f-h, WT mice were intravenously administered CFTRinh-172 (2 mg/kg every day, 24 h) or the same
volume of normal saline containing DSMO as a control before stimulation. Washed platelets were stimulated with different concentrations of
ADP (2.5, 5, or 10 uM) (f) and thrombin (0.01, 0.02, or 0.05 U/mL) (g, h) at 37 °C under constant stirring. Platelet aggregation and ATP release
were monitored using an aggregometer. Representative tracings (left) and quantification graphs (right) were presented. (n = 5-6 mice per
group; unpaired t test). Data are shown as mean + SEM; *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. ns not significant

Elevated [Cl7]; induced by CFTR deficiency promotes platelet
aggregation via SGK1 activation
We next investigated the molecular pathways underlying platelet
activation in Cftr knockout and overexpressing mice. Based on the
abnormally high [CI"]; in CAD platelets, we hypothesized that
CFTR regulates platelet [CI7];. Hence, measurements of platelet
[CI7]; from CftrP© and Cftr"® mice were performed using MQAE,
a fluorescent indicator for intracellular CI™. The platelet [CI"]; of
Cftr"™© mice was higher than that of Ctrl mice (Fig. 6a). In contrast,
platelet [CI7]; in Cftr"° mice was much lower than that in Ctrl
mice (Fig. 6b). As shown in Fig. 6c, incubation of circulating
platelets from wild-type mice with CFTRinh-172 (5 uM) produced a
time-dependent increase in [CI”]; with [CI”]; beginning to increase
immediately after CFTRinh-172 administration, reaching its max-
imum level after 20 min (from 50.2 £ 1.8 mM to 73.6 + 3.1 mM vs.
from 49.6+3.1mM to 47.6+22mM, P<0.0001, n=10). These
data indicate that CFTR genetic intervention or pharmacological
inhibition of CFTR chloride channels could regulate platelet [CI™];.
Increasing evidence suggests that [CI]; plays a role in
modulating protein function and gene expression via activation
of ClI™-sensitive kinases [16, 27, 28]. SGK1 plays an important role
in platelet activation and thrombosis and is a potential Cl™-
sensitive kinase in regulating multiple cellular functions [16, 29].
These findings suggest that CFTR-mediated Cl™ transport reg-
ulates platelet function via SGK1 activity. To determine whether
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[CI]; could modulate SGK1 activity, we established an in vitro
model with [CI7]; gradients in platelets by changing extracellular
ClI™ concentrations [16]. SGK1 phosphorylation at Ser422 was
upregulated by increasing platelet [CI"]; in a concentration-
dependent manner (Fig. 6d). Moreover, SGK1 phosphorylation
greatly increased in Cftr"© platelets, but, decreased in Cftr"°F
circulating platelets (Fig. 6e, f). In line with the significant increase
of platelet [CI™]; from CAD patients, increased SGK1 phosphoryla-
tion at Ser422 was observed in CAD platelets (Fig. 6g). In addition,
GSK-650394, a specific SGK1 inhibitor, potently inhibited platelet
aggregation and reversed the increased aggregation rates in
Cftr’*© platelets (Fig. 6h). These results suggest that CFTR
deficiency promoted platelet activation via elevated [Cl™]; activat-
ing SGK1 signaling.

SGK1 transduces the [CI7]; signal from decreased CFTR to
downstream NF-kB/P2Y;, and PAR4 activation

Increased SGK1 activity (phosphorylation of SGK1 S422) in Cftr
platelets led us to address the role of [Cl ]-sensitive, SGK1-
dependent signaling in platelet activation and aggregation. The
activation of SGK1 has been shown to phosphorylate IkBa and
trigger its degradation, which in turn promotes nuclear transloca-
tion and activation of NF-kB, leading to the upregulation of Orai1-
dependent store-operated Ca®" entry [30, 31]. Given that NF-kB is
the signaling molecule upstream of P2Y;, and PAR4, we

PKO
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Fig. 4 Cftr"°F reduces thrombosis in vivo and decreases aggregation and ATP release in vitro. a Representative images and time courses of
FeCls-induced mesenteric arteriole thrombus formation in Cftr"%F and Ctrl mice. Time after FeCls-induced injury is indicated at the low right
corner of each image. Scale bars, 500 pm. b Summary of the time to first thrombi and maximal thrombus size of arterioles from the result of
FeCls-induced thrombosis in Cftr"F and Ctrl mice in Fig. 4a. (n =8 or 9 mice per group; unpaired t test). c-g Aggregation or ATP release of
washed Cftr"°F and Ctrl platelets were stimulated with different concentrations of ADP (2.5, 5, or 10 uM) (c), thrombin (0.01, 0.02, or 0.05 U/mL)
(d, e) and collagen (0.5 pg/mL) (f, g) at 37 °C under constant stirring. Representative tracings (left) and quantification graphs (right) are

presented (n=5-7 mice per group; unpaired t test). Data are presented as mean = SEM; *P < 0.05, **P < 0.01, and ****P < 0.0001. ns not
significant
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Fig. 5 CFTR regulates platelet aggregation through the P2Y,, and PAR4 signaling pathway. a Surface expression of CD41, CD61, and
CD42b in Cftr™ ® and Ctrl platelets were detected using flow cytometry, and the values were expressed as mean fluorescence intensity (MFI)
(n=6-9 mice per group; unpaired t test). b Western blot analysis of GPVI expression in Cftr"™° and Ctrl platelets (n =6 mice per group;
unpaired t test). ¢ Western blot analzsis of P2Y;, expression in Cftr™° and Ctrl platelets (n = 8 mice per group; unpaired t test). d Western blot
analysis of PAR4 expression in Cftr"*° and Ctrl platelets (n =8 mice per group; unpaired t test). e qRT-PCR analysis of P2Y; and TP mRNA
expression in Cftr"™° and Ctrl platelets (n =5 mice per group; unpaired t test). f, Western blot analysis of P2V, expression in Cftr"©F and Ctrl
platelets (n = 8 mice per group; unpaired t test). g Western blot anal)ésis of PAR4 expression in Cftr"°F and Ctrl platelets (n = 6 mice per group;
unpaired t test). h Western blot analysis of GPVI expression in Cftr"°F and Ctrl platelets (n = 6 mice per group; unpaired t test). i qRT-PCR
analysis of P2Y; and TP mRNA expression in Cftr"°F and Ctrl Elatelets (n =5 mice per group; unpaired t test). j-m, Western blot analysis of total
and phosphorylated PI3K and Akt protein expression in Cftr™< (j-k), Cftr" E (I, m), and their age-matched Ctrl platelets (n = 6 mice per group;
unpaired t test). Data are presented as mean + SEM; *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. ns not significant.
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Fig. 6 CFTR-mediated [Cl ]; regulates platelet aggregation via SGK1 activation. a, b [CI]; in platelets from Cftr™© (a), Cftr"°F (b), and
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blot analysis of total and phosphorylated SGK1 (5422) expressions in Cftr™ ° (e), Cftr"°F (f), and their corresponding Ctrl platelets (n =6 mice
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hypothesized that CFTR-mediated [Cl7]; influences P2Y,, and
PAR4 expression via the activation of SGK1-dependent IkBa/NF-kB.
To test this, MEG-01 cells were transfected with a constitutively
active mutant $422° SGK1 or an inactive mutant $422* SGK1
(Fig. S8a). S422° increased the expression of P2Y;, and PAR4,
which was reversed by $422* transfection (Fig. 7a). In addition,
IkBa phosphorylation was increased in MEG-01 cells transfected
with 5224°, but inhibited by S422" (Fig. 7b). Notably, neither
5422° nor S422* affected CFTR expression or [Cl~]; in MEG-01 cells
(Fig. 7c-d), whereas CFTR genetic intervention affected SGK1
activity (Fig. 6e, f). Taken together, the results shown in Fig. 7a-d
indicate that SGK1 acted downstream of CFTR-mediated signaling
pathways in platelet activation, with no feedback regulation of
platelet CFTR expression and [CI"]; after SGK1 activation.

To further verify the role of SGK1 and CFTR in platelet activation,
CFTR overexpression adenovirus and the active SGK1 mutant
5422° were co-transfected into MEG-01 cells (Fig. 7e, f, Fig. S8b).
CFTR overexpression alone abolished IkBa activation and the
subsequent expression of P2Y;, and PAR4 (Fig. 7e, f) by
decreasing SGK1 phosphorylation (Fig. S8b). The co-transfection
of CFTR overexpressing adenovirus and S422D restored the
platelet activation signaling cascade, which, had no effect on
constitutively active SGK1 (Fig. 7e, f). These data support the
notion that SGK1 is a downstream kinase of CFTR in P2Y;, and
PAR4-mediated platelet activation signaling pathways. Collec-
tively, these data suggest that CFTR-mediated elevation of [CI7];
activates the phosphorylation of SGK1 and thereby potentiates
the downstream IkBa/NF-kB/P2Y,, and PAR4 platelet activation
signaling pathway.

DISCUSSION

To the best of our knowledge, this is the first study to report that
[CI7]; is increased, while CFTR protein expression is decreased, in
platelets of patients with CAD with enhanced platelet aggrega-
tion, suggesting [Cl"]; as a potential biomarker of thrombosis risk,
and CFTR as a novel antiplatelet target for thrombotic diseases. By
engineering constructed Cftr-knockout and -overexpressing mice,
this study provides the first evidence of CFTR and CFTR chloride
channels regulating platelet aggregation and platelet-mediated
arterial thrombosis formation. The ablation of CFTR in platelets
upregulated [CI"]; and accelerated FeCls-induced thrombus
formation, whereas thrombus formation and vessel occlusion
were ameliorated in Cftr-overexpressing mice, accompanied by
downregulated platelet [ClI"];. These results illustrate that CFTR-
mediated platelet [ClI]; homeostasis is critical for platelet
functioning.

Our results also showed that decreased CFTR expression
increased platelet [ClI7];, thereby enhancing P2Y;, and PAR4
expression via an SGK1-dependent NF-kB pathway. Although
previous studies have suggested that CI™ transport is responsible
for platelet activation [10, 32], whether alteration in [CI™]; occurs in
platelets during CAD pathogenesis remains to be determined.
Here, platelets from CAD patients showed markedly elevated
[CIT];, accompanied by elevated platelet aggregation, as well as
P2Y;, and PAR4 expression. Furthermore, the results obtained
from Cftr™ © directly show that the basal platelet [CI™]; upregu-
lated by CFTR deficiency is essential for platelet activation and
aggregation as well as arterial thrombus formation. Additionally,
increased [CI7]; was observed in platelets from Cftr™© and
wildtype mice treated with CFTRinh-172, which activated the
downstream SGK1/NF-kB signaling to potentiate P2Y;, and PAR4
expression. Moreover, increased SGK1 activation induced by
elevated [CI™]; was abolished in Cftr-overexpressing mice. These
data indicate that CFTR is an important chloride channel
responsible for platelet CI~ homeostasis, which is essential for
maintaining platelet functions. Moreover, [CI"]; may effectively
predict risk of cardiovascular events; that is, maintenance of
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platelet CI™ homeostasis, mediated by CFTR, significantly reduces
the risk of experiencing a cardiovascular event. Although platelets
from patients with CAD expressed similar levels of the well-
recognized chloride channel proteins, LRRC8A and TMEM16A, as
NCA subjects, we cannot exclude the possibility that other
unknown ClI™ transporters might have contributed to the platelet
activation and thrombus formation under CAD conditions.

[CI"], similar to other ion concentrations, serves as an
intracellular signal [16, 27, 28]. Our study showed that SGK1
kinase activity is increased in a ClI™ -dependent manner. SGK1 is a
kinase with Cl™-sensing properties; SGK1 phosphorylation at
Ser422 increases platelet activation and granule biogenesis [33].
Previous studies on the role of SGK1 in platelet functioning have
focused largely on the SGK1-sensitive regulation of Orail-
dependent store-operated [Ca®']-sensitive Ca®" entry signaling
pathways. Thus, it is unclear how SGK1 is activated in platelet
activation. Here, our results provide the first evidence that SGK1 is
activated by higher [CI"]; induced by CFTR deficiency in platelets,
which then potentiates P2Y;, and PAR4 expression via NF-«kB
signaling. Moreover, increased activation of SGK1 is accompanied
by higher platelet [CI"]; and platelet hyperactivity in CAD,
suggesting an important role for CI~ sensitive, SGK1-dependent
pathways in the regulation of platelet function during CAD. The
role of SGK1 in thrombus formation has been demonstrated in
SGK1 global knockout mice [33]. Here, the mechanistic link
between SGK1 and platelet aggregation caused by CFTR-mediated
CI™ transport is further supported by the observation that the
specific SGK inhibitor, GSK-650394, effectively counteracted the
enhanced platelet activation and aggregation in Cftr"™° mice.
These results suggest that elevated [CI™]; may serve as a novel
“second messenger” linking extracellular disease-relevant stimuli
to the downstream [Cl™Ji-sensitive signaling pathways.

Although SGK1 is implicated in granule biogenesis in platelets
from SGK1 global knockout mice, Cftr’® mice showed no
differences in the number of a-granules and dense granules.
SGK1 phosphorylation activates NF-kB and regulates downstream
platelet signaling pathways. The effects of platelet-specific Cftr
knockout on platelet activation through SGK1/NF-kB may bypass
granule biogenesis in platelets. Although the results from Cftr™<°
and Cftr"°F mice provide strong platelet-specific evidence that
platelet [CI™]; changes resulting from genetic intervention of CFTR
can regulate SGK1 activity, evidence of SGK1 mediating platelet
[CIT]; and activation and aggregation is currently unavailable in
human research. Taken together, our results suggest a novel Cl™-
sensitive, SGK1-dependent mechanism of platelet activation and
aggregation associated with thrombosis generation during CAD.

Our in vivo and in vitro results further demonstrate that SGK1
transduces the abnormal [CI™7]; signal to the subsequent platelet
activation pathway. Activation of NF-kB signaling is an upstream
regulator of P2Y;, and the PAR4-mediated platelet activation
signaling pathway. Recently, we reported that NF-kB signaling
pathways increase P2Y,, expression in platelets from subjects with
diabetes [31]. Meanwhile, our current results reveal that platelet
[CI7]; changes, induced by CFTR, modulate the expression levels of
P2Y,, and PAR4 via SGK1/NF-kB signaling, which is consistent with
the findings that SGK1 activates NF-kB in megakaryocytes. SGK1
can upregulate CFTR in airway epithelial cells and, thus, may
contribute to epithelial chloride secretion [34]. However, neither
5422° nor $422" affects CFTR expression or the [CI"]; in MEG-01
cells (Fig. 7c, d). The co-transfection of CFTR overexpressing
adenovirus and $422° restored the platelet activation signaling
cascade (Fig. 7e, f), which supports the notion that SGK1 is a
downstream kinase of CFTR in platelet activation signaling
pathways and suggests that CFTR deficiency promoted platelet
activation via the [Cl™ Ji-activated SGK1 signaling pathway.

P2Y,, and PAR4 play a central role in platelet activation and are
the major antiplatelet targets. Herein, the screening of platelet
surface proteins revealed the upregulation of P2Y;, and PAR4 on
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Fig. 7 SGK1 transduces the [Cl ]; signal from decreased CFTR to downstream NF-kB/P2Y,, and PAR4 activation. a MEG-01 cells were
treated with active mutant $422° of SGK1 or inactive mutant S422” of SGK1for 48 h, respectively, and the expression of P2Y;, and PAR4 was
analyzed using Western blotting. (n = 5 independent experiments; one-way ANOVA). b Immunoblot analysis of effects of $422° or $422* on
IkBa, p-lkBa, and NF-xB p65 in MEG-01 cells (n=5 indeEendent experiments; one-way ANOVA). ¢ Western blot images showing CFTR
expression in MEG-01 cells transfected with $422° or $422” mutant (n = 7 independent experiments; one-way ANOVA). d MEG-01 cells [Cl7];
transfected with S422° or $422" mutant was measured using the MQAE probe (n=5 independent experiments; one-way ANOVA).
e Immunoblot analysis indicating effects of transfection with ad-CFTR alone or co-transfection with ad-CFTR and $422° on expressions of
P2Y,, and PAR4 in MEG-01 cells (n = 5 independent experiments; one-way ANOVA). f Immunoblot analysis indicating effects of ad-CFTR or ad-
CFTR and $422° on IkBa, p-IkBa, and p65 in MEG-01 cells (n = 5 independent experiments; one-way ANOVA). Data are presented as mean +
SEM; *P < 0.05, ¥*P < 0.01, ***P < 0.001, and ****P < 0.0001. ns not significant
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Cftr" © platelets. Moreover, stimulation of P2Y; receptors by ADP
amplifies the activation response to other platelet activators (such
as fibrinogen, fibronectin, and vitronectin) resulting in sustained
aggregation and secretion; hence, P2Y;, receptor inhibitors
effectively reduce ischemic risk in CAD management [35].
Thrombotic factors, such as fibrinogen, fibronectin, and vitronec-
tin, should be investigated in CFTR genetically modified mice [36-
39]. Our results also show that CI™-sensitive SGK1 phosphorylation
and its downstream P2Y;; and PAR4 expression are upregulated in
platelets from patients with CAD. Hence, CFTR abundance, as well
as its mediated [CI™]; abnormality in platelets, may function as a
potential predictor for thrombotic events in patients with CAD.
Platelet activation is a common pathogenic mechanism under-
lying not only thrombosis, but also thrombo-inflammation in
cardiovascular events [1, 40, 41]. Thus, restoring normal [CI™]; by
increasing CFTR expression is a potential anti-thrombotic
approach for the prevention and treatment of cardiovascular
events in CAD.

Recently, Ortiz-Munoz et al. confirmed the essential role of CFTR
in CD62P expression, showing that CFTR deficiency results in
increased platelet activation using similar platelet-specific Cftr-
knockout mice [14]. However, Cftr-knockout mice in this study
displayed normal platelet aggregation in response to thrombin and
collagen. The differences between Ortiz-Munoz's results and our
results may be attributed to the different dosage range of thrombin
tested. We found that a lower thrombin dosage significantly
increased the platelet aggregation rate in Cftr'<® mice while
eliciting the opposite effect in Cftr"°F mice (Figs. 3b, 4d). However,
the higher dosage of thrombin did not affect the platelet
aggregation rate in any group. Furthermore, the findings in Cftr™<°
mice exposed to FeCl; suggest a critical role for Cftr- knockout
platelets in the worsening of thrombosis. Increased P2Y;,, PAR4,
and P-selectin expression, enhanced ATP secretion, and activated
NF-kB signaling contributed to the increased thrombosis risk in
CAD, which was also observed in Cftr"™° mice. Conversely, platelet-
specific CFTR overexpression (Cftr"°F) lowered mouse platelet [C7];
and decreased platelet activation and thrombus generation
induced by FeCls. Therefore, the present study provides strong
evidence supporting the critical role of CFTR in thrombosis.

The abnormal [CI™]; in Cftr-knockout and -overexpressing mice
is consistent with the findings of previous studies using global
Cftr-knockout mice, supporting the notion that CI™ signaling may
contribute to platelet hyperactivation and subsequent platelet-
mediated inflammation in CF [13, 14]. Interestingly, several CAD
risk factors have been associated with patients with CF, including
respiratory tract inflammation, strong oxidative stress, multi-
faceted lipid abnormalities, endothelial dysfunction, and platelet
hyperactivation, which have attracted considerable interest in
terms of investigating the prevalence of CAD in patients with CF
[42]. However, data regarding CAD and/or its risk factors in
patients with CF are limited since patients with CF do not
generally survive to middle age before the advent of CFTR
correctors/potentiators (e.g., Ivacaftor (VX-770)). Our study demon-
strated that platelet [CI7]; is closely associated with increased
thrombosis risk in patients with CAD. Moreover, Cftr*°F signifi-
cantly reduced platelet activation and thrombus generation by
decreasing [Cl7]; -dependent SGK1 signaling. This finding suggests
decreased endogenous CFTR protein expression in CAD platelets
as a novel target for the development of anti-thrombotic therapies
regulating abnormal [CI™]; and subsequent changes. Our results,
together with recent findings demonstrating that clinical CFTR
correctors/potentiators successfully enhance CFTR-mediated Cl™
transport in non-CF cells, suggest the restoration of CFTR-
mediated platelet [CI"]; as a potential anti-thrombotic therapeutic
strategy [43]. Therefore, [CI"]; may be a potential biomarker of
thrombosis risk, with CFTR as a novel potential therapeutic target
for CAD and other arterial thrombosis-related cardiovascular
diseases, such as stroke. Notably, the mRNA and protein levels

Acta Pharmacologica Sinica (2022) 43:2596 - 2608

CFTR-mediated [Cl™]; regulates platelet activation
HY Yang et al.

of CFTR in platelets from patients with CAD were significantly
lower than those in NCA subjects. Both CFTR genetic intervention
and pharmacological inhibition of CFTR chloride channels induce
increased thrombus formation in an FeCls-induced mesenteric
arteriole thrombosis model, while enhancing platelet aggregation
and ATP secretion. Thus, our findings have expanded on the
previously recognized pathological role of the CFTR chloride
channel beyond its activity to also include the effect elicited upon
its decreased abundance.

This study has some limitations. First, the thrombosis model
itself was limited. The FeCl; injury induces endothelial cell
denudation and exposure of subendothelial matrix proteins,
which mimics some pathophysiological conditions of arteries in
CAD, such as rupture of atherosclerotic plaque and artery trauma
[44]. The currently used models of arterial thrombosis have major
drawbacks when exploring the pathophysiological role of platelets
in CAD. Considering that arterial thrombosis is induced in the
absence of atherosclerotic lesions, no model can truly mimic
human pathological states during CAD. The results obtained from
human research are in line with those from FeCls-indcued
thrombosis model in platelet-specific Cftr knockout mice. There-
fore, our study suggests that platelet-specific Cftr knockout mice
can mimic, to some degree, clinical platelet hyperactivity during
CAD. To determine the degree in which CFTR genetic intervention
mimics CAD phenotype, Cftr™“®/ApoE™'~ and Cftr"°t/ApoE~'~
atherosclerotic mouse models should be constructed to investi-
gate the influence of platelet-specific Cftr genetic intervention on
the pathogenesis of CAD. Second, differences among participants
in the NCA and CAD groups (in terms of cardiovascular
medications, total cholesterol, LDL and HDL levels, and blood
platelet count; Table S2) made it difficult to examine the
association between CFTR and arterial thrombosis formation in
CAD in the same clinical-experimental conditions. Nevertheless,
we have made every effort to provide the most relevant data
supporting that CFTR-mediated [CI7]; regulates arterial thrombus
formation. This association remains to be experimentally strength-
ened, and we recommend that more clinically relevant models
should be employed in future studies.

In conclusion, we demonstrated that elevated [ClI"];, due to
decreased CFTR expression, may have a critical role in activating
platelets and inducing formation of arterial thrombosis via a SGK1-
dependent pathway in CAD patients. Specifically, we have shown
that Cl™ -sensitive SGK1 activity, which is required for CFTR-
mediated platelet activation, is significantly enhanced in CAD
patients and Cftr"™° mice. The increased [Cl7]; activates SGK1,
which in turn upregulates NF-kB and downstream P2Y;, and
PAR4 signaling. Conversely, Cftr-overexpressing platelets showed
attenuated activation and arterial thrombosis via reduced [CI7];.
Our results demonstrate [CI"]; as a potential biomarker of
thrombosis risk, with CFTR may represent a novel antiplatelet
target for thrombotic diseases.
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