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Abstract

Rationale: Bone marrow kinase on the X chromosome (BMX) is highly expressed in the arterial
endothelium from the embryonic stage to the adult stage in mice. It is also expressed in
microvessels and the lymphatics in response to pathological stimuli. However, its role in
endothelial permeability and sepsis remains unknown.

Objective: We aimed to delineate the function of BMX in thrombin-mediated endothelial
permeability and the vascular leakage that occurs with sepsis in cecal ligation and puncture (CLP)
models

Methods and Results: The CLP model was applied to wild-type and BMX knockout mice to
induce sepsis. Meanwhile, the electric cell-substrate impedance sensing assay was used to detect
trans-endothelial electrical resistance in vitro and the modified Miles assay was used to evaluate
vascular leakage in vivo. We showed that BMX loss caused lung injury and inflammation in early
CLP-induced sepsis. Disruption of BMX increased thrombin-mediated permeability in mice and
cultured endothelial cells (ECs) by 2-3-fold. The expression of BMX in macrophages, neutrophils,
platelets and lung epithelial cells was undetectable compared with that in ECs, indicating that
endothelium dysfunction, rather than leukocyte and platelet dysfunction, was involved in vascular
permeability and sepsis. Mechanistically, biochemical and cellular analyses demonstrated that
BMX specifically repressed thrombin-protease-activated receptor 1 (PARL) signaling in ECs by
directly phosphorylating PAR1 and promoting its internalization and deactivation. Importantly,
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pre-treatment with the selective PAR1 antagonist SCH79797 rescued BMX loss-mediated
endothelial permeability and pulmonary leakage in early CLP-induced sepsis.

Conclusion: Acting as a negative regulator of PAR1, BMX promotes PAR1 internalization and
signal inactivation through PAR1 phosphorylation. Moreover, BMX-mediated PAR1
internalization attenuates endothelial permeability to protect vascular leakage during early sepsis.

Graphical Abstract

Sepsis has high mortality and is pathologically characterized by diffuse alveolar damage caused by
increased alveolar capillary permeability. However, the pathogenesis of alveolar capillary leak
during sepsis remains unknown and no current therapy is available that directly prevents or
reverses this underlying capillary leak. The thrombin-PARL1 signaling play a crucial role in the
pathogenesis of sepsis by mediating endothelial permeability and alveolar edema. In the present
study, we demonstrate that in a CLP model BMX functions as an endogenous antagonist of PAR1
in the endothelium to regulate vascular homeostasis during sepsis. Mechanistically, we show that
BMX directly phosphorylates PAR1 and promotes its internalization and signal inactivation to
repress thrombin-PAR1-mediated endothelial permeability. The identification of BMX as a novel
antagonist of PARL in the endothelium provides a new therapeutic target for PAR1-mediated
vascular disease.
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INTRODUCTION

Sepsis is a common cause of hospital admission and has high mortality. Sepsis is
characterized by dysregulated inflammation and can rapidly lead to multiorgan failure
affecting most commonly of the cardiovascular and respiratory systems.1=3 Lung injury in
sepsis is initially characterized by transudation of fluid and proteins across the alveolar wall,
described clinically as acute respiratory distress syndrome (ARDS) and pathologically as
diffuse alveolar damage.? The increased alveolar capillary permeability causes the
paracellular leak of fluid, solutes and proteins across the endothelium.>~" However, the

Circ Res. Author manuscript; available in PMC 2021 February 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

Page 3

pathogenesis of alveolar capillary leak during sepsis remains unknown and no current
therapy is available that directly prevents or reverses this underlying capillary leak.

One hallmark of acute sepsis is microvessel dysfunction, in which increased endothelial
permeability and deposited thrombosis appear to play pivotal roles.2 Accompanied by
activation of the coagulation system, sepsis typically leads to deposition of thrombin in the
microvasculature.8-11 Thrombin plays a crucial role in regulating vascular homeostasis,
including vascular permeability, thrombosis, and vascular tone, primarily through its
receptor protease-activated receptor (PAR1).12-16 PAR1, which is primarily expressed in the
endothelium and platelets in the vasculature,12 17 is proteolytically activated by thrombin at
the N-terminal extracellular domain, generating a new N-terminal site that functions as a
tethered ligation by binding to the second loop of PAR1.18 In sepsis, thrombin-cleaved
PAR1 activation causes platelet activation and aggregation; meanwhile, thrombin-activated
PAR1 in ECs causes increased endothelial permeability and promotes VWF secretion from
the endothelium to recruit platelets and then initiate thrombosis.12-14 PAR1 signaling is
regulated by multiple independent mechanisms at different temporal and spatial levels.
Among the multiple regulatory mechanisms, PAR1 internalization has been proven to be
crucial for the regulation of PAR1 signaling. It has been reported that a tyrosine-based motif,
YXXL, is involved in PAR1 internalization,19-21 but the mechanism is unclear.

Bone marrow kinase on the X chromosome (BMX), which is expressed mainly in the
arterial endothelium and cardiac endothelium, is a non-receptor tyrosine kinase belonging to
the Tec family that plays pivotal roles in cardiovascular pathology.?2: 23 Various proteins,
including tyrosine receptors and G-protein-coupled receptors, have been shown to interact
with specific domains of BMX to facilitate intracellular signaling pathways that control
cellular processes such as migration, proliferation, survival, and differentiation.24-28 The
association between BMX and PARL1 has been reported in tumor cells. PAR1 activation
induces BMX, with subsequent Shc binding to its C-tail to form a complex. BMX via its PH
domain binds to a region of seven residues containing the YVY motif at the PAR1 C-tail.
Functionally, this binding is required for PAR1-mediated tumor migration and invasion.2° It
has also been reported that PAR1-induced tumor-promoting processes depend on the
presence of PAR2 by forming PAR1-PAR2 complex.30 Interestingly, BMX-deficient mice do
not have an obvious phenotype in the steady state and BMX appears to be dispensable for
embryonic and postnatal development in mice.3! However, BMX plays important roles in
inflammatory responses. We first reported that BMX in the endothelium and bone marrow
cells are required for ischemia/inflammation-induced angiogenesis.32-34 BMX-deficient
mice exhibit reduced cardiac hypertrophy induced by Angiotensin Il or transverse aortic
constriction.3% 36 Furthermore, BMX can be upregulated in blood capillaries and LYVE-1*
lymphatic vessels during endothelial remodeling.32 37 38 |mportantly, BMX contributes to
vascular remodeling in these models. However, the role of BMX in endothelial permeability
remains unknown.

In this study, using a mouse model of severe sepsis with ARDS and the “gold standard”
technique of CLP,3%-41 we demonstrated that BMX regulates endothelial integrity and
vascular permeability in early CLP-induced sepsis and thrombin-mediated permeability in
ECs and in mice in vivo. Mechanically, BMX represses PARL signaling in ECs by
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promoting PAR1 phosphorylation and internalization. Furthermore, BMX loss-mediated
endothelial barrier dysfunction and pulmonary leakage in early CLP-induced sepsis is PAR1
dependent. Thus, BMX functions as an endogenous antagonist of PAR1 in the endothelium
to regulate vascular homeostasis and influences the vascular leakage that occurs with sepsis.

The authors declare that all supporting data are available within the article or in the online-
only Data Supplement or from the corresponding author on request.

Sepsis Model.

BMX-deficient mice were from Dr. Kari Alitalo (University of Helsinki, Finland) under
MTAS3L and were subsequently bred 6 generations in the C57BL/6 (Jackson Laboratory)
background. Mice were cared for in accordance with National Institutes of Health
guidelines, and all procedures were approved by the Yale University Animal Care and Use
Committee. Both male and female mice that were 8-10 weeks of age were used to select
age- and sex-matched WT and BMX-KO mice for experiments. Sepsis was induced in mice
by CLP with 19-gauge needle as described3%-41. Briefly, age- and weight-matched WT and
BMX-KO mice were anesthetized with ketamine (80-100 mg/kg body weight). The cecum
was ligated at the designated position which depends on the desired severity grade, and then
the ligated cecum was subjected to a single “through and through” puncture with 19-gauge
needle. Sham-operated mice underwent the same procedure except for ligation and
perforation of the cecum. Paraffin-embedded sections 5 um in thickness prepared from the
lungs were used for hematoxylin and eosin staining (HE), immunohistochemical staining
(IHC) and immunofluorescence (IF). Inflammatory cells in the BALF were collected and
measured by Complete Blood Count (CBC). Cytokines in the BALF were measured by
enzyme-linked immunosorbent assay (ELISA).

Trans-endothelial electrical resistance (TEER) measurement by electric cell-substrate
impedance sensing (ECIS) assay.

The barrier function in human umbilical vein ECs (HUVECSs) and human pulmonary
microvascular ECs (HPMVECs) were assayed by measuring the resistance of cell-covered
electrode by using an ECIS instrument (Applied BioPhysics). An 8W10E plate was
incubated for 15 min with L-cysteine (10 mM) solution, followed by gelatin 0.1% for 30
min. Cells were plated on the electrode at 7x10% cells per well. After 72 h incubation, ECs
were exposed to thrombin, and the resistance was monitored.

Study Design and Statistical Analysis.

Group sizes were determined by an a priori power analysis for a two-tailed, two-sample t-
test with an a of 0.05 and power of 0.8, in order to detect a 10% difference in lesion size at
the endpoint. Animal were grouped with no blinding but randomized during the
experiments. Male and female animals were used in equal numbers for all experiments. No
samples or animals were excluded from analysis. All quantifications (survival, permeability,
junctional integrity, histology analyses, confocal imaging) were performed in a blind
fashion. All figures are representative of at least three experiments unless otherwise noted.
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Representative figures/images reflected the average level of each experiment. All graphs
report mean + SEM values of biological replicates. Normality of the data (using Shapiro-
Wilk test) and the equality of group variance (using Brown-Forsythe test) were performed on
all data using SigmaPlot 14. Comparisons between two groups were performed by unpaired,
two tailed t-test, between more than two groups by one-way ANOVA or by two-way
ANOVA followed by Bonferroni’s post-hoc using Prism 6.0 software (GraphPad).
Experiment-wide multiple test correction was not applied. P values were two-tailed and
values < 0.05 were considered to indicate statistical significance.

Expanded materials and methods are provided in the Supplemental Materials and include
details about the mouse CLP sepsis model, the modified Miles assay, CRISPR/Cas9
knockdown and lentivirus packaging, cell surface, biotinylation and internalization assays,
cell resistance measurement, cell culture, in vitro kinase assays, immunoprecipitation and
western blot analysis, immunofluorescence microscopy, and statistical analyses.

BMX ablation causes lung injury and inflammation in early sepsis.

To define the role of BMX in sepsis, age- and weight-matched male C57BL/6 (WT) and
BMX global knockout (BMX-KO) mice were subjected to the CLP-mediated sepsis model.
Assessments of the survival rate indicated that 100% of BMX-KO mice died within 40 h
after CLP surgery, whereas only 33% of WT mice died within the same time period and
100% died 52 h post-CLP (Figure 1A). Moreover, we observed edema and hemorrhage in
the lungs of WT mice, as indicated by fresh tissue images and the increased lung wet weight
at 6 and 12 h post-CLP (Figure 1B-C). BMX-KO mice exhibited accelerated CLP-induced
lung injury, as indicated by more severe lung edema and increased lung weight at 6 h post-
CLP (Figure 1B-C). We further measured lung vascular permeability using a modified Miles
assay and Evans blue dye.#? As shown in Figure 1D with quantifications in 1E, ablation of
BMX augmented CLP-induced pulmonary vascular permeability by 3-fold at 6 h post-CLP.
We also observed increased edema and permeability as measured by Evans blue dye in the
brain, Kidney, spleen and liver tissues of BMX-KO mice at 12 h post-CLP compared to WT
mice. However, overall responses in these tissues of both WT and BMX-KO were 3-fold
(kidney, spleen and liver) and 10-fold (brain) less than the lung tissues (Online Figure | A—
E). Similar augmented CLP-induced lung injury and tissue edema were observed in female
BMX-mice.

CLP typically induces ARDS, as indicated by pulmonary fluid collections. The transudate,
which may be sampled by bronchoalveolar lavage fluid (BALF), is initially cell poor but
becomes enriched in infiltrated neutrophils and monocytes at later times.#3-45 Increased
levels of proinflammatory cytokines in local lung tissues are tightly associated with ARDS
in sepsis.*6 We measured the cytokine levels in BALF by enzyme-linked immunosorbent
assay (ELISA). Tumor necrosis factor (TNF)a was detected at a low level in the BALF of
WT and BMX-KO mice (15-20 pg/ml) at 6-12 h post-CLP (Figure 1F). However, the levels
of monocyte chemoattractant protein-1 (MCP1; also known as chemokine C-C motif ligand
2 CCL2) and interleukin-6 (IL-6) were detected at high levels in BALF of WT after CLP
(Figure 1F). Deletion of BMX caused 3-fold increase in MCP-1 at 6 h, followed by a decline
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at 12 h, and a steady increase of IL-6 at 6-12 h post-CLP (Figure 1F). This finding is
consistent with that in clinical samples where the IL-6 level correlates with sepsis
symptoms.4” Complete blood count (CBC) analyses indicated increased numbers of
infiltrating white blood cells (WBCs), monocytes, neutrophils and red blood cells (RBCs) in
the BALF of BMX-KO mice at 6-12 h post-CLP compared with those of WT mice (Figure
1G). Additionally, the numbers of infiltrating WBCs, monocytes and neutrophils in blood
were increased by 2-fold in BMX-KO mice at 6 h compared with that in WT mice (Online
Figure I1). Together, these experiments indicated that BMX loss promotes lung injury and
inflammatory response in early sepsis.

Depletion of BMX increases pulmonary vascular permeability during early sepsis.

CLP typically induces a marked increase in alveolar capillary permeability and increased
lung weight, and infiltrated cells in the BALF of BMX-KO mice were likely due to an
augmented disruption of the alveolar vascular integrity. It is known that paracellular leak
through the endothelial adhesion junction and tight junction disruption, as well as
dissociations of EC-pericyte interactions, contribute to vascular barrier dysfunction.8 We
examined CLP-induced damage to the alveolar vasculature in the early phases of sepsis.
Hematoxylin and eosin (H&E) staining indicated that CLP induced ARDS-like changes in
the alveolar wall of WT mice, as evident by an enlarged alveolar space and infiltrated cells;
these changes were more dramatic in BMX-KO lung tissue (Figure 2A). Sepsis is well
known to induce expression of inducible nitric oxide synthase (iNOS) and large amount of
peroxynitrite from iNOS can disrupt endothelial barrier function®. We detected 4-fold
increases in iINOS expression and peroxynitrite-mediated protein modification nitrotyrosine
by immunohistochemistry (IHC) in BMX-KO lung tissues (Figure 2B-E). Next, we
examined endothelium integrity by immunostaining to detect the EC adhesion junctional
protein vascular endothelial (VE)-cadherin, tight junctional protein Claudin-5 (CLDNS5) and
pericyte marker NG2. CLP induced disruptions of the continuity of VE-cadherin, CLDN5
and NG2 in alveolar capillaries (Figure 2F, H, J) with a 65% reduction in VE-cadherin,
CLDNS5 and NG2-coverages (Figure 2G, I, K). Again, these changes were more drastic in
BMX-KO mice. These results suggest that BMX loss augments CLP-induced disruptions of
the alveolar vascular barrier, leading to enhanced CLP-induced vascular permeability and a
sepsis phenotype.

BMX specifically block augments thrombin-mediated permeability both in vivo and in vitro.

To determine whether the dysfunction of inflammatory cells mainly contributes to BMX-
mediated lung injury in CLP-induced sepsis, we first tested the expression of BMX in
different cell types. BMX is highly expressed in mouse lung microvascular ECs but not in
neutrophils, macrophages or platelets (Online Figure 111 A). Interestingly, we observed that
blood clotting was increased in BMX-KO mice after CLP. Consistently, the bleeding time
was markedly decreased to 1.6 min in BMX-KO mice compared to 4 min in WT mice at 12
h post-CLP in the tail-bleeding assay (Online Figure 111 B). The blood platelet count was
higher in BMX-KO mice than in WT mice after CLP (Online Figure H11I1C). Similarly, the
pulmonary deposition of CD41-positive platelets was significantly increased in BMX-KO
mice at 6 h post-CLP (Online Figure 1l D-F). However, we detected no change at the basal
and in fact slightly decreased upon CLP in the total levels of prothrombin and thrombin in
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the serum of BMX-KO compared to WT mice (Online Figure 111 F). In summary, these data
suggest that BMX-KO mice may have augmented vascular permeability during sepsis
through endothelial barrier dysfunction rather than leukocyte or platelet dysfunction. To test
the idea that BMX potentially regulates thrombin-mediated endothelial permeability, we first
determined the effect of BMX on thrombin-mediated vascular leakage in vivo using the
modified Miles assay. After the intradermal injection of thrombin, the extravasation of Evans
blue dye, as an index of protein leakage into tissue, was significantly increased (>4-fold) in
BMX-KO mice compare with that in WT mice (Figure 3A-3B). To determine whether BMX
directly regulates thrombin-mediated endothelial permeability, we measured the thrombin-
induced change in the trans-endothelial monolayer electrical resistance (TEER) of
endothelial cells by the electric cell-substrate impedance sensing (ECIS) assay. As shown in
Figure 3C, thrombin treatment in human umbilical vein endothelial cells (HUVECS) caused
a sharp reduction in the trans-endothelial monolayer electrical resistance of ECs by about
35% in 15 min, and then this resistance returned to nearly the normal level by 2 h. By
contrast, knockdown of BMX by short interfering RNA (siRNA) decreased this electrical
resistance by >50% in 15 min and this decreased resistance only recovered to about 70%
after 2 h (Figure 3C-D). The delayed recovery in electrical resistance in BMX-siRNA-
transfected HUVECSs was correlated with a slower recovery in VE-cadherin junctional
expression without increasing cell death compared to Scr-siRNA-transfected cells (Figure
3E; Online Figure IV A-B). Phospho-MLC2 functions as a thrombin downstream effector to
regulate thrombin-mediated endothelial permeability.12: 13 To address the effect of BMX on
thrombin signaling in ECs in vitro, we silenced BMX expression in HUVECs using BMX-
SiRNA. As shown in Figure 3F, knockdown of BMX markedly increased thrombin-induced
phosphor-MLC2 (4-fold at 2 min compared to 2.8-fold at 30 min), indicating that BMX
negatively regulates thrombin signaling in vitro. Furthermore, we found that the knockdown
of BMX in HUVEC: significantly promoted thrombin-mediated secretion of Angiopoietin-2
(Angpt2) and VWF (Figure 3G).%0 In contrast to the thrombin response, BMX knockdown
had no effects on TNF-induced EC barrier dysfunction while BMX knockdown actually
attenuated LPS and VEGF-induced EC permeability by 2-fold, consistent with its effects on
the TNF, LPS and VEGF signals (Online Figure V A-D).

Since permeability changes in lung epithelial cells may also contribute to alveoli
dysfunction, we examined if BMX was expressed in human lung epithelial cells (HPEpiC).
We did not detected any BMX protein expression in HPEpIC (Figure 3H). We next verified
expression and function of BMX in lung microvascular ECs, a cell type more close to sepsis.
We found human pulmonary microvascular ECs (HPMVECs) and HUVECs expressed
similar levels of BMX (Figure 3H). Knockdown of BMX also augmented thrombin-induced
MLC activation in HPMVEC (4-fold at 2 min compared to 2.2-fold at 10 min; Figure 31).
More important, similar to the observations in HUVECs, BMX deletion sensitized thrombin-
induced barrier dysfunction in HPMVECs (Online Figure V E; Figure 3J). These data
suggested that the disruption of BMX specifically augments the pro-permeability effect of
thrombin in vivo and in vitro potentially by up-regulating thrombin-mediated PAR1
signaling in ECs.
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BMX directly phosphorylates PAR1 at the C-terminal Y381/Y381 motif.

PAR1 is the main receptor for thrombin-mediated signaling.12 Our data showed that BMX is
essential for thrombin-mediated permeability in ECs. Here, we decided to test whether
PAR1 was involved. Because BMX acts as a crucial kinase in many cellular processes, 23 28
we first tested whether BMX phosphorylated PAR1. To this end, we created the BMX-
knockout (KO) HUVECs by CRISPR/Cas9 and thrombin-induced PAR1 phosphorylation
was determined in control and BMX-KO HUVECSs. As shown in Figure 4A-B, thrombin
increased PAR1 phosphorylation while BMX deletion abolished it. Conversely,
overexpression of BMX-WT by lentivirus in HUVECs increased PAR1 phosphorylation by
4-fold while BMX-KR (kinase active site mutation) attenuated PAR1 phosphorylation by 2-
fold compared to vector control (Figure 4C-D), consistent with BMX-KR as a dominant
negative form. Importantly, we detected reduced tyrosine phosphorylation of PAR1 in BMX-
KO lung tissues in response to CLP injury (Online Figure VI).

To determine the phosphorylation sites on PAR1, we created the PAR1 Y 3g1FY 3g3F mutant
because these two sites were predicted phosphorylation sites of BMX on PAR1. As shown in
Figure 4E-F, BMX overexpression increased PAR1-WT phosphorylation but had no effect
on PAR1 Y3g1FY3g3F mutant, indicating that BMX phosphorylated PAR1 at Y3g1 and Y 3g3.
To determine BMX directly phosphorylates PAR1, we performed in vitro kinase assays
using recombinant BMX or immunoprecipitated BMX or with purified GST fused to the
PAR1 C-terminal tail (375-425 aa) as a substrate. Recombinant BMX phosphorylated GST-
PAR1-C but not GST (Figure 4G). Similar to the observations in HUVECs, GST-PAR1-C
was phosphorylated by BMX-WT but not by BMX-KR (Figure 4H). Interestingly, we
detected GST-PAR1-C, not GST, pulled down BMX (see Figure 4G), suggesting that BMX
could bind to the PARL1 at the C-terminal motif. To further confirm the interactions between
BMX and PARL1 in cells, endogenous co-immunoprecipitation was performed to determine
the interaction between BMX and PAR1 in HUVECSs. As shown in Figure 41, BMX could
associate with PAR1 in the presence of thrombin treatment but not at the basal level.
Furthermore, domain mapping showed that the mutation of Y3g1FY3g3F in the C-terminus of
PAR1 markedly decreased its interaction with BMX in vitro (Figure 4J), indicating that the
Y 381V'Y3g3S motif in the C-terminus of PARL1 is critical for PAR1 binding to BMX. In
summary, these data showed that BMX binds to the C-terminal domain of PAR1 and directly
phosphorylates PAR1 on Y3gq and Y3gs Sites.

BMX promotes PARL1 internalization via phosphorylation of PAR1 without significant
effects on PARL1 protein stability.

Given that BMX attenuates thrombin-induced PAR1 signaling, we proposed that BMX could
regulate thrombin-mediated PAR1 internalization in ECs. To test the hypothesis, we first
measured the internalized and surface PARL1 levels in the presence of thrombin treatment in
a biotin assay. BMX knockdown by siRNA decreased the internalized PAR1 protein level by
3-fold and retained the surface PAR1 protein level in HUVECs (Figure 5A and 5B),
indicating that BMX regulates thrombin-mediated PAR1 internalization. We determined the
internalization of surface PAR1 in the presence of thrombin treatment by immunostaining.
As shown in Figure 5C, thrombin treatment caused PAR1 endosome localization in Scr-
siRNA-transfected HUVECS, whereas BMX-siRNA retained part of PAR1 on the membrane
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surface in response to thrombin treatment. Consistent with this finding, pre-treatment with
the BMX inhibitor AG879, but not with dimethyl sulfoxide, the ERK inhibitor PD98059 or
the Src inhibitor PP2, caused part of PAR1 to localize on the membrane surface in response
to thrombin treatment (Figure 5D).

To determine if the Y3g1V'Y3g3S motif in the C-terminus of PARL1 is critical for PAR1
internalization, siRNA against the PAR1 3’- untranslated region was transfected into
HUVEC:s, followed by transient transfection with WT-PAR1 or PAR1-Y3g1FY3g3F
constructs. After starvation, the HUVECs were treated with thrombin for
immunofluorescence staining. The PAR1 mutant, but not WT-PAR1, maintained membrane
surface localization in response to thrombin treatment (Figure 5E). To further prove that
BMX-phosphorylated PAR1 participates in PAR1 internalization, we overexpressed BMX-
WT and BMX-KR in BMX-KO ECs. As shown in Figure 5F and 5G, thrombin treatment
increased the levels of internalized PAR1 but decreased the levels of surface PAR1 protein in
BMX-WT-overexpressed ECs by 4-fold compared with those in BMX-KR-overexpressed
ECs, indicating that BMX phosphorylation activity is essential for thrombin-mediated PAR1
internalization. Taken together, these data indicated that BMX promotes PAR1
internalization via phosphorylation.

As we shown previously,>! increased receptor endocytosis is associated with increased
protein degradation. To study whether BMX regulated PAR1 protein stability, BMX-KO
ECs and control ECs were treated with cycloheximide (CHX) to block translation at the
indicated time. Western blot analysis showed no significant difference in the PAR1 protein
level between BMX-KO ECs and control ECs (Online Figure VII A-B). We also found that
the PAR1 protein level was comparable in BMX-WT- and BMX-KR-overexpressed ECs
(Online Figure VII C-D), indicating that BMX-phosphorylated PAR1 was not involved in
PARL1 protein stability. Despite inducing PAR1 endocytosis and signaling, thrombin did not
significantly affect the PAR1 protein level in control and BMX-KO ECs (Online Figure VI
E-F). Taken together, these data suggest that BMX-promoted PAR1 internalization is not
associated with its PAR1 protein stability.

Pre-treatment with SCH79797 rescues BMX loss-mediated lung injury during early sepsis.

To determine whether BMX loss-mediated lung injury in early CLP-induced sepsis could be
PARL1 dependent, WT and BMX-KO mice were pretreated with the PAR1-selective
antagonist SCH79797 every 12 h over 3 days, followed by CLP-mediated sepsis. As shown
in Figure 6A, pre-treatment with SCH79797 extended the survival rate of BMX-KO mice
from 28 h to 44.5 h post-CLP. We also found that pre-treatment with SCH79797
significantly alleviated BMX-mediated lung injury at 6 h post-CLP (Figure 6B and Online
Figure VIII). Moreover, pre-treatment with SCH79797 markedly decreased the numbers of
infiltrating WBCs, monocytes, neutrophils, and RBCs within BALF in BMX-KO mice at 6 h
post-CLP (Figure 6C). Furthermore, pre-treatment with the PAR1 antagonist SCH79797
significantly protected against the deposition of CD41-positive platelets in the BMX-KO
lung tissue at 6 h post-CLP (Figure 6D). Consistent with these data, we also found that the
BMX loss-mediated disruption of endothelial integrity was markedly alleviated at 6 h post-
CLP under SCH79797 treatment (Figure 6E). Moreover, the number of NG2-positive
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pericytes at 6 h post-CLP could largely be rescued by pre-treatment with SCH79797 (Figure
6F). To further confirm these results in vitro, we blocked PAR1 by SCH 79797 (Figure 6G—
6H) or PAR1 siRNA (Figure 61-6J) in BMX-KO HUVECs or control HUVECs. The results
showed that BMX loss disrupted endothelial integrity, as indicated by immunofluorescence
analysis of VE-cadherin (Figure 6G, 61) and CLDN5 (Figure 6H, 6J). However, blocking
PARZ1 significantly ameliorated this effect (Figure 6G—6J). Together, these data indicated
that pre-treatment with PAR1 antagonist SCH79797 can rescue BMX loss-mediated lung
injury in early CLP-induced sepsis.

DISCUSSION

Thrombin generation, thrombin-mediated immunothrombosis, and thrombin-mediated
endothelial permeability and alveolar edema play a crucial role in the pathogenesis of sepsis.
52 Our data present compelling evidence that BMX protects mice from sepsis-induced lung
injury in early CLP-mediated sepsis through suppressing the thrombin pathway. BMX loss
in vivo markedly accelerated CLP-induced lung injury, and increased disruption of vascular
integrity can be observed in BMX-KO mice in early CLP-induced sepsis. Furthermore,
BMX loss caused increased levels of inflammatory cytokines (IL-6 and MCP1) and
increased numbers of infiltrating cells from BALF in lung tissue in CLP-induced sepsis.
Consequently, we found that sepsis-induced BMX-KO mice died earlier than WT mice after
post-CLP.

BMX is not only highly expressed in arteries but also expressed in capillaries and shows
inducible expression in the lymphatics as well as in epithelial cells.3”- 53 Previously, we have
found that BMX-KO mice have reduced inflammatory angiogenesis by regulating and
vascular endothelial growth factor receptor signaling.32: 37 Although TNFa plays a crucial
role in sepsis,>* 55 our evidence demonstrated that TNFa did not contribute to BMX-
mediated endothelial permeability lung injury in early sepsis. First, the TNFa, level from
BMX-KO mice was lower than that in WT mice at 6 h post-CLP. Second, knockdown of
BMX did not increase TNFa-induced phosphor-nuclear factor (NF)-xB activity and TNFa
induced the ICAM-1 protein level. BMX has been found involving in VEGF signaling and
acting as both upstream activator and downstream effector of VEGFR2.37 Given VEGFR2
playing crucial role in endothelial permeability in response VEGF stimulation,>¢ 57 BMX
potentially promoted endothelial permeability in response to VEGF. However, BMX
knockdown had no effects on TNF-induced EC barrier dysfunction while BMX knockdown
actually attenuated LPS and VEGF-induced EC permeability. In this study we proved that
BMX loss increased thrombin-mediated permeability in vitro in ECs and in vivo in mice
during early sepsis. Moreover, inhibition PAR1 signaling rescued BMX loss-induced
endothelial permeability. Further investigation will be need to delineated the function of
BMX in endothelial permeability under different stimulations and pathological conditions.

PAR1 is highly expressed in ECs and platelets.12: 17 However, BMX expression is
predominantly detectable in ECs but not in platelets, indicating that endothelial BMX
specifically regulates PAR1-mediated endothelial barrier dysfunction. To support this idea,
we found that the disruption of BMX significantly promotes thrombin-mediated
permeability in ECs in vitro and in mice in vivo. Furthermore, BMX-deficient ECs showed a
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marked increase in the thrombin-mediated p-MLC2 level and thrombin-mediated vWF and
Angpt2 secretion from ECs. Consistent with this data, thrombin-activated PAR1 in ECs

activated MLC2 signal, and caused an increase in VWF secretion from endothelial cells.
12,13,17,58

PAR1 activation on ECs promotes the conversion of these cells into a proinflammatory
phenotype, causing increased vascular permeability, increased exposure/secretion of proteins
and increased levels of cytokines mediating the local accumulation of platelets and
leukocytes.12: 13, 17 These effects contribute to the vascular consequences of sepsis and
diseases such as acute lung injury and ARDS.3 Thrombin-activated PAR1 can transactivate
PAR?2 through the donation of its tethered ligand domain. Interestingly, this transactivation
in ECs during the late stage of sepsis switches thrombin signaling from barrier disruptive to
barrier protective.®? Here, several lines of evidence strongly support that BMX-mediated
lung injury in early sepsis is mainly caused by PAR1 dysfunction. First, BMX depletion
markedly increased platelet deposition in lung tissue. Second, pre-treatment with a PAR1
selective antagonist rescued BMX loss-mediated vascular barrier dysfunction and lung
injury in early sepsis.

Receptor internalization plays a crucial role in the regulation of PAR1 signaling, which is
clathrin and dynamin dependent.19: 61.62 Here, our data supported that BMX negatively
regulates PAR1 signaling in ECs through directly promoting PAR1 phosphorylation and
internalization in response to thrombin treatment. First, an endogenous interaction between
BMX and PAR1 can be detected in response to thrombin treatment. Second, thrombin
treatment increases PAR1 phosphorylation through BMX activity. Interestingly, both
thrombin and BMX have no effect on PAR1 protein stability and degradation. Although the
Y381V 'Y3g3SIL tyrosine-based motif in the C-terminus of PAR1 has been reported to
regulate thrombin-triggered PAR1 internalization,3 the mechanism is not clear. Here, we
first discovered that BMX phosphorylated PAR1 at Y3g; and Y3g3 through binding to this
Y381V Y3g3SIL tyrosine-based motif of the PAR1 C-tail. Given that the PAR1 C-tail plays a
pivotal role in its internalization,1® we supposed that BMX negatively regulated the PAR1
signal by PAR1 phosphorylation and internalization. Knockdown of BMX decreased
thrombin-mediated PAR1 internalization. Consistent with this finding, treatment with the
BMX/ETK inhibitor AG879 treatment retained partial PAR1 surface localization in response
to thrombin treatment. Furthermore, BMX-mediated PAR1 internalization could occur in
connection with the Y3g1V'Y3g3SIL tyrosine-based motif of PARL. The PAR1- Y3g1FY3g3F
mutant mimicked BMX loss-mediated thrombin-induced PAR1 internalization. Finally,
overexpression of BMX-WT, rather than overexpression of BMX-KR, in BMX-deficient
ECs promoted thrombin-mediated PARL internalization. Consistent with these data, the
suggested mechanism constitutes a novel regulator of BMX for PAR1 phosphorylation and
internalization that depends on the Y3g1VY3g3SIL tyrosine-based motif in the PAR1 C-tail
and that suppresses the PARL1 signal, endothelial permeability, and lung injury in early sepsis
(Figure 7: A model for the role of BMX in thrombin-PAR1 signaling). Although our in vitro
data suggest that BMX-promoted PAR1 internalization is not associated with its PAR1
protein stability, we notice that PAR1 is degraded in lung tissues in response to CLP injury
(see Online Figure VI). It needs further investigation to determine if increased
proinflammatory cytokines during sepsis induce PAR1 degradation.
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In summary, this work illustrates that BMX represses lung injury in CLP-induced sepsis in a
PAR1-dependent manner and that BMX antagonizes thrombin-mediated permeability in ECs
in vitro and in mice in vivo through regulating PAR1 phosphorylation and internalization.
The identification of BMX as a novel antagonist of PAR1 in the endothelium provides a new
therapeutic target for PAR1-mediated vascular disease.
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Nonstandard Abbreviations and Acronyms:

Angpt2 angiopoietin-2

ARDS acute respiratory distress syndrome

BALF bronchoalveolar lavage fluid

BMX Bone marrow kinase on the X chromosome
CBC Complete blood count

CLDN5 Claudin-5

CLP cecal ligation and puncture

CHX cycloheximide

ELISA enzyme-linked immunosorbent assay

EC endothelial cell

ECIS electric cell-substrate impedance sensing assay
HE hematoxylin and eosin staining

HUVEC human umbilical vein endothelial cells
ICAM-1 intercellular adhesion molecule-1

IHC immunohistochemistry

iNOS inducible nitric oxide synthase

PAR1 protease-activated receptor

TEER trans-endothelial monolayer electrical resistance
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NOVELTY AND SIGNIFICANCE
What Is Known?

. In sepsis, thrombin-cleaved PAR1 activation increases endothelial cell (EC)
permeability in lung, causing diffuse alveolar damage and associated acute
respiratory distress syndrome (ARDS).

. Among the multiple regulatory mechanisms, PAR1 internalization is crucial
for the regulation of PAR1 signaling.

. BMX is highly expressed in the arterial endothelium and is also expressed in
microvessels in response to pathological stimuli. However, its role in
endothelial permeability and sepsis is unknown.

What New Information Does This Article Contribute?

. Using a mouse cecal ligation and puncture (CLP) model of severe sepsis with
ARDS, we demonstrated that BMX regulates endothelial integrity and
vascular permeability in early CLP-induced sepsis.

. BMX loss-mediated endothelial barrier dysfunction and pulmonary leakage in
early CLP-induced sepsis is PAR1 dependent.

. BMX represses PARL1 signaling in ECs by promoting PAR1 phosphorylation
and internalization followed by signal inactivation.
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Figure 1. BMX ablation augments lung injury and inflammation during early sepsis.
(A-G) WT and BMX-KO mice were subjected to CLP-induced sepsis surgery. (A) Survival

analysis post-CLP, with 12 mice in each group. P<0.001, comparison of survival curves
between WT and BMX-KO mice using the log-rank (Mantel-Cox) test. (B) Gross
morphology of lung tissue. (C) Lung weight per body weight at the indicated times post-
CLP. (D) Evans blue dye (30 mg/ml) was injected into mice at 6 h post-CLP, and then lung
tissue was harvested for imaging. (E) The data were quantified as the relative fold of Evans
blue dye per mg of the dry tissue weight. (F) ELISA for IL-6, TNFa and MCP1 in BALF at
the indicated times post-CLP. (G) CBC test for WBCs, neutrophils, monocytes, and RBCs in
BALF at the indicated times post-CLP. (B-G) Six mice in each group were quantified. Error
bars represent the mean+SEM. ns: non significance; £< 0.05 were considered to indicate
statistical significance between WT and BMX-KO mice at various time points using two-
way ANOVA and Bonferroni post-hoc multiple comparisons (C, E, F, G). Scale bar: 2 mm
(B,D).
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Figure 2. BMX ablation exacerbates pulmonary vascular permeability in early sepsis.
WT and BMX-KO mice were subjected to CLP-induced sepsis surgery. (A) H&E staining of

lung tissue after CLP at the indicated times. (B-E) Immunohistochemistry (IHC) for iNOS
(B) and nitrotyrosine (D) with quantifications of % positive cells in (C) and (E). (F-K)
Immunofluorescence analysis of the EC marker VE-cadherin (F), endothelial adherens
junction marker CLDN5 (H) and the pericyte marker NG2 (J) in lung tissue sections after
CLP at the indicated times with quantifications of % positive cells in (G), (1) and (J),
respectively. Six mice in each group were used and quantified. Error bars represent the mean
+SEM. ns: non significance; £ < 0.05 were considered to indicate statistical significance
between WT and BMX-KO mice at various time points using two-way ANOVA and
Bonferroni post-hoc multiple comparisons. Scale bar: 20 um (A,B,D,F,H,J).
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Figure 3. BMX ablation augments thrombin-mediated permeability in mice and in cultured ECs.
(A) The mouse tail vein was injected with Evans blue dye (30 mg/ml), and then thrombin

(20 ng/ml) or phosphate-buffered saline was immediately injected into the ventral skin. (B)
The relative fold of Evans blue dye per mg of dry tissue weight was quantified, n=6. (C)
Post-confluent HUVECSs were treated with thrombin (1.5 U/ml) as shown by the arrow, and
then TEER was immediately measured for the indicated times. An expanded 0-1 h window
is shown on the right. (D) % TEER losses at indicated times are presented. (E-F) HUVECs
were transfected with Scr-siRNA or BMX-siRNA. About 72 h after transfection, HUVECs
were starved overnight and then were treated with thrombin (1.5 U/ml) at the indicated
times, followed by immunofluorescence analysis of VE-Cadherin (E) or by Western blot for
thrombin signaling as indicated (F). (G) After starvation overnight, Scr-siRNA-transfected
or BMX-deficient HUVECs were treated with thrombin (1.5 U/ml) for 2 h, and then the
medium was collected for ELISA to test secreted Ang2 and vVWF levels. (H) HUVECs,
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HPMVECs and HPEpiC were transfected with Scr-siRNA or BMX-siRNA. BMX and PAR1
protein levels were determined by Western blot with specific antibodies. (I) HPMVECs were
transfected with Scr-siRNA or BMX-siRNA. About 72 h after transfection, HPMVECs were
starved overnight and then were treated with thrombin (1.5 U/ml) at the indicated times,
followed by Western blot for thrombin signaling as indicated. (J) Post-confluent HPMVECs
were treated with thrombin (1.5 U/ml) and then TEER was measured. % TEER losses at 0.5
h are presented. All experiments were repeated three times with biological replicates. Error
bars indicate SEM. ns: non significance; £ < 0.05 were considered to indicate statistical
significance between WT and BMX-KO mice (B) or between Scr-siRNA and BMX-siRNA
groups (D,G,J) using two-way ANOVA and Bonferroni post-hoc multiple comparisons.
Scale bar: 200 um (A); 20 um (E).
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Figure 4. BMX directly phosphorylates at the Y381/383 sites.
(A-D). Phosphorylation of endogenous PAR1. The endogenous BMX was knocked down by

CRISPR/Cas9 in HUVECs. The cells were treated with thrombin (1.5 U/ml) for the
indicated times. PAR1 was isolated by immunoprecipitation using PAR1 antibody, and
PAR1 phosphorylation was detected by western blot using a p-Y antibody (A with
quantification of p-PARL in B). BMX-WT or BMX-KR was overexpressed by lentivirus in
ECs, and PAR1 phosphorylation was detected (C with quantification of p-PARL in D). (E-F).
Phosphorylation of PAR1 at Y381/383 sites. Co-expression of BMX-WT with GFP-PAR1-
WT or GFP-PAR1-Y381/383F in HUVECs by lentivirus. Exogenous PAR1 was isolated by
immunoprecipitation using a GFP antibody, and PAR1 phosphorylation was detected by
Western blot using a p-Y antibody (E with quantification in F). (G-H). In vitro kinase assay.
Recombinant BMX (G), immunoprecipitates containing BMX-WT or BMX-KR (H) was
incubated with GST-PAR1-C in a kinase reaction. The p-PAR1-C, GST-PAR1 and BMX
proteins were detected by immunaoblotting with specific antibodies. (I). Interactions of
endogenous BMX and PAR1 in HUVECs. The HUVECs were starved overnight and then
were treated with thrombin (1.5 U/ml) for 10 min. Association of PAR1 with BMX was
determined by co-IP with anti-PAR1 followed by Western blot with anti-BMX. (J). The
Y381/383 sites on PARL is critical for the BMX binding. GFP-BMX and PAR-WT/PAR1-
Y 381/383F constructs were transfected into 293T cells. At 48 h after transfection, the cells
were starved overnight, followed by thrombin treatment (1.5 U/ml). The cells were
harvested for IP with a GFP antibody followed by immunoblotting with respective
antibodies. All experiments were repeated at least three times. Error bars indicate SEM. ns:
non significance; £< 0.05 were considered to indicate statistical significance between
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indicated groups using one-way ANOVA (D) or two-way ANOVA and Bonferroni post-hoc
multiple comparisons (B,F).
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Figure 5. PAR1 phosphorylation by BMX promotes PAR1 internalization.
(A) Scr-siRNA-transfected or BMX-deficient HUVECs were biotinylated with sulfo-NHS-

SS-biotin at 4°C to label cell surface protein for 1 h. The cells were then treated with
thrombin (1.5 U/ml) at 37°C for the indicated times. After internalization, the cells were
immediately chilled to stop endocytosis and residual biotin on the cell surface was stripped
with a reducing agent. The cells were collected for IP with streptavidin beads. (B) HUVECs
transfected by Scr-siRNA or BMX-siRNA were starved overnight, followed by thrombin
(1.5 U/ml) treatment at the indicated times. Next, the cells were biotinylated with sulfo-
NHS-SS-biotin at 4°C to label cell surface protein for 1 h. After washing, the cells were
collected for IP with streptavidin beads. (C) Scr-siRNA-transfected or BMX-deficient
HUVECs were starved overnight. (D) HUVECs were starved overnight, followed by
treatment with PD98059, PP2 or AG879. (E) HUVECs were transfected with PAR1-siRNA
against PAR1-3UTR and then were co-transfected with the PAR-WT or PAR1-Y 3g1FY 3g3F
construct for 48 h. After starvation, HUVECs were incubated with the PAR1 antibody at 4°C
for 1h, followed by thrombin treatment (1.5 U/ml) at 37°C for the indicated times.
Immunofluorescence was performed to analyze antibody-labeled PAR1 (Green) distribution
(C-E). The internalized PAR1 (F) and surface PAR1 (G) in BMX-WT or BMX-KR
overexpressed BMX-KO HUVECSs under thrombin treatment were detected by the biotin
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label method as described previously. All experiments were repeated at least three times.
Scale bar: 5 um (C,D,E).
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Figu_re 6. The PAR inhibitor SCH79797 rescues BMX loss-mediated lung injury during early
Sepsis.

WQI' and BMX-KO mice were intraperitoneally injected with 100 uM SCH79797 or saline
every 12 h over 3 days, followed by sepsis surgery, with six mice in each group. (A) Survival
analysis post-CLP. P<0.001 comparison of survival curves between untreated and
SCH79797-treated BMX-KO mice whereas ns (P>0.05) between SCH79797-treated WT
and SCH79797-treated BMX-KO mice, using the log-rank (Mantel-Cox) test. (B) Gross
morphology of lung tissue. (C) CBC test for WBCs, neutrophils, monocytes and RBCs in
BALF at 6 h post-CLP. (D) Platelet deposition in the lung tissue at 6 h post-CLP. (E)
Quantification of deposited platelets in lung tissue. (F) Immunofluorescence analysis of the
endothelial adherens junction marker VE-cadherin in the lung tissue at 6 h post-CLP. (G)
Quantification of the VE-cadherin relative intensity per vessel. (H) Immunofluorescence
analysis of the pericyte marker NG2 in lung tissue sections at 6 h post-CLP. (I)
Quantification of the percent of the NG2-positive pericyte number per field. (G-J) BMX was
knocked down by CRISPR/CAS9 in HUVECs. The cells were then treated with SCH79797
(150 nM) (G—-H) or were transfected with PAR1 siRNA (20 nM) to block PAR1 for 48 h.
Immunofluorescence analysis of VE-cadherin (G, 1) and CLDNS5 (H, J). All experiments
were repeated at least three times. Error bars represent the mean+=SEM. Data were analyzed
between WT and BMX-KO, and between untreated and SCH79797-treated BMX-KO mice,
using 2-way ANOVA and Bonferroni post-hoc multiple comparisons (C,D,E,F). ns, non-
significant (P>0.05). Scale bar: 2 mm (B); 20 um (D,E,F); 50 um (G,H,1,J).
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Figure 7. A model for the role of BMX as a novel negative regulator in thrombin-PAR1-mediated
vascular permeability and sepsis.

CLP causes thrombin deposition in lung vasculature, and, in turn, PAR1 is activated on the
endothelial membrane and promotes vascular permeability during sepsis. (A) Endothelial
BMX increases PAR1 phosphorylation and internalization to attenuate PAR1 signaling. (B)
BMX loss exacerbates CLP-induced endothelial permeability, lung injury and sepsis. (C)
However, the PAR1 selective antagonist SCH79797 ameliorates these effects, providing a
therapeutic approach for the treatment of sepsis.

Circ Res. Author manuscript; available in PMC 2021 February 14.



	Abstract
	Graphical Abstract
	INTRODUCTION
	METHODS
	Sepsis Model.
	Trans-endothelial electrical resistance (TEER) measurement by electric cell-substrate impedance sensing (ECIS) assay.
	Study Design and Statistical Analysis.

	RESULTS
	BMX ablation causes lung injury and inflammation in early sepsis.
	Depletion of BMX increases pulmonary vascular permeability during early sepsis.
	BMX specifically block augments thrombin-mediated permeability both in vivo and in vitro.
	BMX directly phosphorylates PAR1 at the C-terminal Y381/Y381 motif.
	BMX promotes PAR1 internalization via phosphorylation of PAR1 without significant effects on PAR1 protein stability.
	Pre-treatment with SCH79797 rescues BMX loss-mediated lung injury during early sepsis.

	DISCUSSION
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.

