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Summary

Non-muscle myosin heavy chain 1A (NMMHC I1A) has been shown to be involved in thrombus
formation and inflammatory microparticle release in endothelial cells. However, the role of
NMMHC IIA in regulating the expression of tissue factor (TF) and deep venous thrombosis
remains to be elucidated. In the present study, endothelial cells were stimulated with tumour
necrosis factor-a (TNF-a) to induce TF expression. Pretreatment with the NMMHC I1 inhibitor
blebbistatin suppressed the mRNA and protein expressions as well as the procoagulant activity of
TF in a dose-dependent manner. Blebbistatin enhanced Akt and GSK3p phosphorylation and
inhibited NF-xB p65 nuclear translocation and 1«BO degradation. These observations were
similar to the effect of CHIR99021, a GSK3p inhibitor. TF downregulation by blebbistatin was
antagonised by the PI3K inhibitor, wortmannin. Furthermore, siRNA knockdown of NMMHC 1A,
but not 11B or I1C, inhibited TF expression, activated Akt/GSK3p and suppressed NF-xB
signalling pathways, whereas the overexpression of NMMHC I1A increased TF expression. The
binding of NMMHC 1A and TNF receptor 2 mediated signal internalisation in TNF-a-stimulated
endothelial cells. Importantly, blebbistatin decreased endothelium NMMHC 1A and TF
expression, deactivated GSK3p by inducing its phosphorylation, suppressed p65 nuclear
translocation, and inhibited thrombus formation in a mouse deep venous thrombosis model. Our
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findings provide solid evidence that inhibition of NMMHC I1, most likely NMMHC I1A, impedes
TF expression and venous thrombosis via AKt/GSK3p-NF-«xB signalling pathways in the
endothelium both /in vitroand in vivo. NMMHC I1A might be a potential novel target for the
treatment of thrombotic disorders.
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Introduction

Deep venous thrombosis (DVT), the formation of a blood clot within a deep vein, is
associated with various adverse outcomes (e.g. pulmonary embolism [PE], chronic venous
insufficiency [CVI], and the postthrombotic syndrome [PTS]) (1). DVT is one of the leading
causes of morbidity and mortality worldwide (2, 3). Many risk factors related to venous
thrombosis have been identified, including altered blood flow, activation of the endothelium,
and increased blood coagulation (4). However, the precise cellular mechanisms that trigger
clotting in the venous system have not been fully elucidated (2, 5). It has been reported that
the endothelial lining of the blood vessels plays a critical role in regulating thrombosis by
preventing the attachment of inflammatory cells to the surface (6). Under normal conditions,
endothelial cells show anti-coagulant and anti-inflammatory properties. While in an
activated state, these cells exhibit procoagulant and proinflammatory activities. This
transformation is primarily mediated by the gene expression of procoagulant molecules,
such as tissue factor (TF), and adhesion molecules, such as vascular cell adhesion
molecule-1 (7).

The full-length TF (aka coagulation factor 111) is a transmembrane glycoprotein that is
responsible for initiating the coagulation cascade upon tissue damage (8-10). Under
pathological conditions, vascular endothelial cells and monocytes are two major cell types
that release TF to trigger the formation of venous clots (2, 11). In the TF-initiated extrinsic
coagulation pathway, prothrombin is converted into thrombin, which then causes subsequent
cellular responses including fibrin formation, platelet activation, and thrombus formation
(5). It has been proposed that the inhibition of TF may represent an effective strategy for the
treatment of DVT (11).

In response to various inflammatory stimuli such as tumour necrosis factor (TNF)-a.,
interleukin-1 and bacterial lipopolysaccharide, the expression of TF is primarily regulated by
the nuclear factor (NF)-xB, the phosphoinositide 3-kinase (P13K) and the mitogen-activated
protein kinase (MAPK) signalling pathways (8, 12-14). Activation of the NF-xB and
MAPK signalling pathways promotes TF expression, whereas the PI3K/Akt pathway
negatively regulates TF expression through GSK3p (7, 15). The activated PI3K/Akt
pathway also directly or indirectly inactivates the MAPK and NF-xB pathways by
negatively regulating their upstream kinases (13, 16). Modulation of these inter-related
signalling pathways and inhibition of TF expression or activity may exert therapeutic effects
against venous thrombosis.
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Non-muscular myosin Il is an actin-based motor protein that is essential to cell adhesion,
migration, proliferation and differentiation (17-20). The holoenzyme consists of two
identical heavy chains and two sets of light chains. The non-muscular myosin heavy chains
(NMMHCs) are encoded by three genes, MYH9, MYH10, and MYHZ14, which generate
three different non-muscular myosin Il isoforms, i. e. I1A, 11B, and 1IC, respectively (21).
Previous studies suggest that NMMHC 11A deficiency or inhibition can reduce platelet
aggregation and arterial thrombus formation (17, 22, 23). In TNF-a-stimulated endothelial
cells, myosin 11 regulates the expression of various proinflammatory factors (24). In
addition, myosin Il mediates the release of proinflammatory microparticles and upregulates
E-selectin, intercellular adhesion molecule 1, vascular cell adhesion molecule 1, and TF in
endothelial cells activated by anti-B2GPI antibodies (25). However, the direct evidence of
the underlying mechanism of NMMHC I1A in modulating TF expression in endothelial cells
and its involvement in DVT remains unclear.

In the present study, we demonstrated that inhibiting NMMHC 1l ATPase activity or
suppressing NMMHC I1A expression decreased TNF-a-induced TF expression by
modulating GSK3p and NF-xB signalling pathways in endothelial cells. We uncovered that
NMMHC 1A overexpression increased TF expression in 293T cells and the interaction of
NMMHC 1A with tumor necrosis factor receptor 2 (TNFR2) in TNF-a.-stimulated
endothelial cells. Furthermore, NMMHC Il inhibition suppressed thrombus formation in a
mouse model of DVT. Both the in vitro and in vivo findings point to a key role of NMMHC
1A in TF expression and venous thrombus formation.

Materials and methods

Reagents

Dulbecco’s modified Eagle medium (DMEM) was purchased from GIBCO/BRL (Life
Technologies, Carlshad, CA, USA). Prothrombin complex was purchased from Hualan
Bioengineering Company (Xinxiang, China). Factor Xa chromogenic substrate, human
TNF-a and blebbistatin were purchased from Sigma-Aldrich (St. Louis, MO, USA).
CHIR99021 was purchased from Selleckchem (Houston, TX, USA). Antibodies against
human TF and mouse TF (for western blotting, full length) were purchased from R&D
Systems (Minneapolis, MN, USA). An antibody against TF (for immunohistochemistry) was
purchased from Epitomics (Burlingame, CA, USA). An antibody against GAPDH was
purchased from KangChen Bio-tech (Shanghai, China). Antibodies against myosin A,
myosin 11B, myosin I1C, p65, phospho-p65, 1xBa, phospho-1kxBa, Akt, phospho-Akt,
GSK3p, and phospho-GSK3p were obtained from Cell Signalling Technology (Boston, MA,
USA). Wortmannin and 4’,6— diamidino-2-phenylindole (DAPI) were purchased from
Beyotime biotechnology (Shanghai, China). Antibodies against PI3K, and phospho-PI13K
and horseradish peroxidase (HRP)-conjugated secondary antibody were purchased from
Bioworld Technology (St. Louis Park, MN, USA). RIPA lysis buffer, protease inhibitor, a
first-strand cDNA synthesis kit, ExFect Transfection Reagent and enhanced
chemiluminescence (ECL) reagent were purchased from Vazyme Biotech (Nanjing, China).
SYBR Green Master Mix was purchased from Bio-Rad (Hercules, CA, USA). Alexa Fluor®
488 Donkey Anti-Goat 1gG (H+L), Alexa Fluor® 594 Donkey Anti-Goat IgG (H+L)
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antibodies and TRIzol reagent were purchased from Invitrogen (Carlsbad, CA, USA), and
all other regents used in this study were of the highest purity commercially available.

The EA.hy926 endothelial cells and HEK 293T cells were purchased from the Cell Bank of
the Chinese Academy of Sciences (Shanghai, China) and were cultured in DMEM
supplemented with 10 % fetal bovine serum (ScienCell, San Diego, CA, USA) at 37 °Cina
humidified atmosphere of 5 % CO, and 95 % air. For all experiments, cells were plated at an
appropriate density according to the experimental design and were grown to 80-90 %
confluence before experimental use. The primary HUVECs were purchased from ScienCell
(Catalog Number: 8000) and cultured as per the manufacturer’s instructions. Primary
HUVECs at passages 2—4 were used for the experiments.

Measurement of TF procoagulant activity

The TF procoagulant activities of the cell lysates, cell surface and mouse plasma were
measured by a chromogenic assay as previously reported (26). The cell lysates were frozen
and thawed three times before they were used in the assay. The cells were washed twice and
incubated with fresh medium before TF activity on the cell surface was assayed. Mouse
plasma was prepared by centrifugation at 3,000xg for 15 minutes (min), and stored at

—70 °C before use. Briefly, the samples (45 ul) were incubated with a reagent mixture (5 pl,
pH 7.3) containing 10 g/l prothrombin complex and 100 mM CaCl2 in a 96-well plate. After
incubation at 37 °C for 15 min, 50 pl of factor Xa chromogenic substrate (0.5 mM)
containing 100 mM EDTA (pH 8.4) was added. The reaction was incubated at 37 °C for 5
min, and the absorbance was measured at 405 nm. TF activity of the model group was set as
100 %.

Western blotting analysis

Western blotting analyses were performed as described previously. After washing with ice-
cold phosphate-buffered saline (PBS), the cells or inferior vena cava (IVC) vessels were
lysed with RIPA lysis buffer supplemented with protease inhibitor. Equal amounts of
proteins were loaded into a 10-12.5 % SDS-PAGE and transferred to PVDF membranes
(Millipore Corporation, Billerica, MA, USA) by electroblotting. After blocking with 5 %
non-fat milk (BD Biosciences, San Jose, CA, USA) for 2 hours (h), PVDF membranes were
probed overnight at 4 °C with primary antibodies against TF, GAPDH, myosin II1A, p65,
phospho-p65, IxBa, phospho-1xBa, Akt, phospho-Akt, GSK3p, phospho-GSK3p, PI3K,
and phospho-PI13K (dilution 1:800, 1:8000, 1:1000, 1:1000, 1:600, 1:800, 1:600, 1:1000,
1:600, 1:1000, 1:1000, 1:600, and 1:600, respectively). The blots were then incubated with
horseradish peroxidase (HRP)-conjugated secondary antibody (dilution 1:10,000; Bioworld
Technology) and developed with ECL reagent. The immunoreactive bands were visualised
using the ChemiDoc™ MP System (Bio-Rad) and analysed using the Image Lab™ Software
(version 4.1, Bio-Rad).
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Flow cytometry

Flow cytometry analysis was performed as previously described. Trypsin-digested cells were
washed with PBS and stained with CD142 antibody (Miltenyi Biotec, Bergisch Gladbach,
Germany) for surface antigen analysis. The cells were sorted using a FACSCalibur flow
cytometer (BD Biosciences). Data were analysed using FlowJo software (Tree Star Inc., San
Carlos, CA, USA).

Immunofluorescence analysis

To determine the NF-xB p65 cytoplasmic-nuclear translocation after drug treatment, the
EA.hy926 cells were cultured on glass coverslips. After pre-incubated with blebbistatin for 1
h, the cells were exposed to TNF-a for an additional 30 min. The cells were then fixed,
permeabilised and incubated with anti-NF-kB p65 primary antibody, followed by incubation
with an Alexa Fluor® 488 conjugated Donkey Anti-Goat 1gG (H+L) antibody and DAPI.
The pictures were taken using an Olympus Confocal Laser Scanning Microscope (Olympus,
Nagano, Japan). Analyses of NF-kB p65 cytoplasmic—nuclear translocation were
accomplished using the Image-Pro Plus 6.0 software.

Real-time quantitative polymerase chain reaction (QPCR)

Total RNAs were extracted from cells or frozen tissues with Trizol reagent (Invitrogen,
Carlsbad, CA, USA). The cDNA was synthesised with a first-strand cDNA synthesis kit
(Vazyme Biotech, Nanjing, China) according to the manufacturerds instruction. Real-time
quantitative PCR was performed using Bio-Rad CFX Manager 3.0 system and SYBR Green
Master Mix (Bio-Rad). The relative amount of each gene in each sample was estimated
using the AACT method. The following primers were used: hTF forward,
GAACCCAAACCCGTCAAT; hTF reverse, TCTCATACAGAGGCTCCC; mTF forward,
ACAAGCTATGATTTTCTCCAGG; mTF reverse, AAACTCTTCCATTGCTCGGT;
hMYH9 forward, AGGGCACTGTCAAGTCCAA; hMYH9 reverse,
CCTTCAGCTTCTTCTCGGTC; mMYH9 forward, AGCGTGAGCTGGAAGATGC;
mMYH9 reverse, GCGAGTCACGACAAATGGC; h18S forward,
AAACGGCTACCACATCCAAG,; hi8S reverse, CCTCCAATGGATCCTCGTTA; m18S
forward, TGTGATGCCCTTAGATGTCC and m18S reverse, TGGGGTTCAACGGGTTAC.

Plasmid and siRNA transfection

The plasmid of NMMHC I1A (EX-T1335-M98) and negative control plasmid (EX-NEG-
M98) were purchased from the FulenGen Company (Guangzhou, China). Plasmid was
transfected into cells using the Endofectin Transfection Reagent (FulenGen, Guangzhou,
China). Before transient transfection, the HEK 293T cells were seeded onto six-well plates
(4x%105) and cultured for 24 h. They were then transfected at 70-80 % confluence with 3 g
of plasmid using 9 ul the Endofectin reagent. After 48 h, the cells were harvested, and the
whole-cell extracts were assayed in subsequent experiments.

MYH9 siRNA, and control non-specific SIRNA were designed and synthesised by Biomics
Biotechnologies (Nantong, Jiangsu, China). siRNA transfection was performed using ExFect
Transfection Reagent (Vazyme Biotech, Nanjing, China) instructions. The MYH9 sequences
were: forward, 5-GAGGCAAUGAUCACUGACUITIT-3 and reverse, 5-
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AGUCAGUGAUCAUUGCCUCITAT-3. To assess the MYH9 siRNA efficiency, total cell
lysates were subjected to SDS—PAGE for immunoblotting analysis with GAPDH (Kangchen
Bio-tech, Shanghai, China) as a reference.

Co-immunoprecipitation

The primary HUVECs were lysed in a RIPA lysis buffer containing protease inhibitor. Anti-
NMMHC lIA antibody (Abcam, Cambridge, UK), together with protein A/G agarose, was
used to immunoprecipitate TNFR2 and associated proteins. Proteins were resolved by SDS-
PAGE and detected by western blotting analysis.

Proximity ligation assays (PLA)

To demonstrate a complex between native TNFR2 and NMMHC 1A in the primary
HUVECs, a PLA kit (Sigma-Aldrich) was used as per manufacturer protocols (27). Primary
antibodies to TNFR2 and NMMHC I1A were used, and secondary antibodies were
conjugated to oligonucleotides for ligation and subsequent rolling circle amplification.

Inferior vena cava ligation (IVCL)

C57BL/6J mice (22-25 g) were purchased from Model Animal Research Centre of
Yangzhou University (Yangzhou, Jiangsu, China). The animals were housed in a standard
vivarium with free access to food and water. All procedures were conducted in accordance
with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Briefly, mice were anesthetised, and a midline laparotomy was performed. The small bowel
was exteriorised and placed onto a moistened gauze pad next to the animal. The infrarenal
IVVC was identified, and all side branches were ligated with nonreactive 7-0 Prolene suture.
Posterior venous branches were cauterised. A 7-0 Prolene suture was tied down on the IVC,
caudally to the left renal vein (28, 29). After surgery, peritoneum and skin were closed by
monofilament suture. Two days later, plasma and the thrombosed 1VC were collected for
analysis.

Histology and immunohistochemistry

The excised vessels were dehydrated with 40 % sucrose, embedded in OTC, and frozen at
=70 °C. The IVVC was sectioned into slices of 10 pm thickness with a cryotome (Leica,
Mannheim, Germany). Specimens were washed in PBS and stained with hematoxylin and
eosin (H&E). For immunohistochemical staining, slides were incubated with primary
antibodies against TF, CD31, p65, phospho-GSK3p and myosin I1A at 4 °C overnight
(dilution 1:100, 1:100, 1:50 1:300 and 1:50, respectively). Alexa Fluor® 488-conjugated
Donkey Anti-Goat 1gG (H+L) antibody (1:600) and Alexa Fluor® 594-conjugated Donkey
Anti-Goat IgG (H+L) antibody (1:800) were used as secondary antibodies (Invitrogen,
Carlsbad, CA, USA). The nuclei were stained with DAPI. Pathological changes in IVC were
observed under fluorescence microscopy (Leica).

Statistical analysis

All data were expressed as the means + SEM from at least three independent experiments.
The data were analysed by a two-tailed Student’s t-test (two groups) or two-way analysis of
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variance (ANOVA) followed by Bonferroni’s test (three or more groups). Differences were
considered significant with a p-value of less than 0.05.

The NMMHC Il inhibitor, blebbistatin, suppresses TNF-a-induced TF expression and
procoagulant activity in endothelial cells

To determine whether NMMHC |1 regulates TF expression in activated endothelial cells, we
treated the cells with blebbistatin, a myosin Il inhibitor (30, 31). As observed in Figure 1 A-
B, pretreatment of blebbistatin down-regulated TNF-a-stimulated TF mRNA and protein
expression in EA.hy926 endothelial cells and the primary HUVECSs. Flow cytometry
analysis also showed that blebbistatin decreased TF protein expression in endothelial cells
stimulated with TNF-a (Figure 1 C), further confirming the inhibitory effect of blebbistatin
on TF expression. Consistent with the altered TF expression, blebbistatin treatment also
functionally decreased the clotting activity of TF induced by TNF-a both in the total cell
lysate and on the cell surface (Figure 1 D-E). Together, these data demonstrate that
NMMHC Il inhibition suppressed TNF-a-induced TF expression and procoagulant activity
in endothelial cells.

Blebbistatin inhibits TNF-a-activated NF-xB signalling pathway and NF-xB p65 nuclear
translocation in the endothelial cells

NF-xB activation is mediated through NF-xB p65 nuclear translocation and then binds to
the xB binding site in the TF promoter (7). Therefore, we next determined whether
NMMHC Il inhibition could affect the TNF-a-induced NF-xB activation in endothelial
cells. As shown in Suppl. Figure 1LA-B (available online at www.thrombosis-online.com),
TNF-a challenge induced IxBa phosphorylation with IxBa degradation, but these
alterations were reversed by treatment with blebbistatin. As a result, we observed that TNF-
a-induced NF-xB p65 phosphorylation was also inhibited by blebbistatin in EA.hy926
endothelial cells and the primary HUVECs (Figure 2 A and Suppl. Figure 1C, available
online at www.thrombosis-online.com). Immunocytochemistry analysis also demonstrated
that blebbistatin suppressed the p65 translocation into the nuclei in response to TNF-a
exposure (Figure 2 B-C). Figure 2 D further showed that blebbistatin reversed TNF-a.-
induced cytoplasmic p65 protein decrease and nucleic p65 protein increase. Taken together,
these findings showed that NMMHC II inhibition by blebbistatin attenuated TNF-a-induced
NF-xB activation.

Blebbistatin activates the Akt/GSK3p signalling pathway and inhibits NF-xB p65 nuclear
translocation and TF expression in endothelial cells

The PI3K/Akt signalling pathway has been shown to negatively regulate TF expression (32—
34). We then investigated whether blebbistatin could regulate TF by affecting the PI3K/Akt
pathway. TNF-a initiated minor PI3K and Akt phosphorylation, whereas blebbistatin
treatment further enhanced PI13K and Akt phosphorylation substantially in the presence of
TNF-a (Suppl. Figure 1D-E, available online at www.thrombosis-online.com). Because
GSK3p is a major downstream regulator of Akt, we further observed that GSK3p activity in
EA.hy926 endothelial cells and the primary HU-VECs were subjected to TNF-a exposure.
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Although TNF-a stimulation mildly increased GSK3p phosphorylation, blebbistatin
treatment significantly increased GSK3p phosphorylation, and the phosphorylation
remained at a higher level (Figure 3 A and Suppl. Figure 1F, available online at
www.thrombosis-online.com). This result indicated that blebbistatin inhibited GSK3p
activation by inducing its phosphorylation. GSK3p activation has been shown to be required
for the regulation of NF-xB activation (8, 35). To determine whether this action is also
present in the endothelial cells, we examined TNF-a-induced NF-xB p65 translocation in
the presence of the PI3K inhibitor wortmannin or the GSK3p inhibitor CHIR99021.
Blocking PI3K signalling by wortmannin enhanced TNF-a-induced NF-xB p65
translocation (Figure 3 B), which is indicative of the inhibitory role of PI3K in NF-xB
activation. In contrast, CHIR99021 blocked the TNF-a-induced NF-xB p65 translocation
from the cytosol to the nuclei (Figure 3 C), further confirming the role of GSK3p signalling
in the promotion of NF-xB activation in endothelial cells. Consistent with these results,
wortmannin blocked the inhibitory action of blebbistatin and CHIR99021 reduced TF
induction expression (Figure 3 D-E), suggesting that blebbistatin inhibited TF expression
through PI3K/AKkt signalling with suppression of GSK3p activity.

NMMHC IIA modulates TF expression and PI3K/Akt-NF-xB signalling pathways

Blebbistatin is an inhibitor of myaosin Il that includes three subtypes: NMMHC IIA, 1IB and
I1C. NMMHC lIA encoded by MYH9 has been shown to modulate platelet function and
artery thrombosis (17-20). We performed a series of experiments to examine whether
NMMHC 1A was the major subtype of myosin responsible for controlling TNF-a induced
TF expression. NMMHC I1A was successfully knocked down by a siRNA specific target
MYH9, without any effect on the expression levels of other myosin subtypes in the
endothelial cells (Figure 4 A-B). MYH9 knock-down significantly decreased both the basal
and TNF-a-induced TF mRNA and protein expression (Figure 4 C-D). Furthermore,
NMMHC HA knock-down facilitated PI3K/Akt activation and GSK3B phosphorylation
(deactivation) with or without TNF-a stimulation (Figure 4 E and Suppl. Figure 2A-B,
available online at www.thrombosis-online.com), an effect similar to the NMMHC 11
inhibitor blebbistatin. Meanwhile, NF-xB signalling was significantly inhibited by NMMHC
I1A silencing (Figure 4 F and Suppl. Figure 2C-D, available online at www.thrombosis-
online.com). These findings indicate that NMMHC I1A was the major myosin subtype in
regulating PI3K/Akt-NF-xB pathways and TF expression in the activated endothelial cells.

Furthermore, NMMHC IIA overexpression in 293T cells significantly increased both the
basal and TNF-a-induced TF protein expression (Figure 4 G and H), which provided
additional evidence for the correlation of NMMHC 1A and TF expression.

TNF-a stimulation disassociates basal TNFR2 and NMMHC IIA interaction in primary
HUVEC cells

As previously documented (24), both myosin regulatory light chain (MRLC) and NMMHC
I bound to TNFR2 and mediated signal internalisation in TNF-a.-stimulated endothelial
cells. To investigate the involvement of NMMHC 1A in the regulation of TNFR2 signalling,
we examined the potential protein-protein interaction of NMMHCIIA and TNFR2 in
untreated and TNF-a—stimulated primary HUVECs. As observed in Figure 4 1, TNFR2 was
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co-immunoprecipitated with NMMHCIIA in untreated cells but not under the TNF-a.-
stimulated conditions. Similar results were obtained by the Duolink Proximity ligation assay
(Figure 4 J). These results suggest that TNF-a stimulation disrupts the basal interaction of
the NMMHC I1A-TNFR2 interaction. The release of NMMHC I1A from TNFR2 may be
critical for TNF-a-dependent signal activation.

NMMHC IIA inhibition alleviates thrombus formation in a mouse model of DVT

Considering the role of TF in DVT (11), we examined whether NMMHC I1A played a role
in the thrombus formation in a mouse model of DVT induced by IVC ligation (IVCL). As
observed in Figure 5 A-B, compared with the sham-operated mice, the IVCs from IVCL
mice expressed much higher mRNA and protein levels of NMMHC I1A, which were
significantly reduced by blebbistatin. The response of blebbistatin on the expression of
NMMHC A in the IVCL mice was further confirmed by immunofluorescence staining
(Figure 6 D). More importantly, blebbistatin treatment reduced the mass of thrombus up to
65 % compared with IVCL group, thus demonstrating its inhibitory effect on thrombus
formation (Figure 5 C-D). Morphological analysis revealed no thrombi formation in the
sham-operated group (Figure 5 E, left panel). In the IVCL and blebbistatin treated groups,
the thrombi consist mainly of fibrin, platelets, and erythrocytes (Figure 5 E). The endothelial
surface of the I'\VC appeared intact in the sham-operated group. In contrast, an extensive
fibrin network and cell aggregates were found on the 1\VVC endothelial surface at 48 h after
ligation, a phenotype suppressed by blebbistatin (Figure 5 E, right panel). Conversely,
blebbistatin treatment alone had no obvious effect compared with the sham-operated group
(Suppl. Figure 5, available online at www.thrombosis-online.com).

Blebbistatin inhibits TF activity and expression in DVT mice

To confirm the modulation of TF by NMMHC 1A, we then examined whether blebbistatin
could inhibit TF expression and procoagulant activity /n vivo. Figure 6 A showed that DVT
mice had higher plasma TF procoagulant activity than did sham-operated animals.
Furthermore, the TF mRNA level and protein expression (Figure 6 B—C) in IVVC tissues from
the DVT mice were significantly increased compared with those in the sham group.
Blebbistatin treatment markedly reduced the TF expression and activity (Figure 6 B-C).
Immunohistochemistry also demonstrated that in deep venous endothelium labelled by
CD31, the IVCL group displayed higher expression levels of TF compared with the sham
group. Blebbistatin treatment dramatically decreased the TF expression in deep venous
endothelium (Figure 6 D).

Blebbistatin induces phosphorylation of GSK3p and suppresses NF-xB activation in DVT

mice
Because NMMHC I1A inhibition could modulate the Akt/GSK3p and NF-xB pathways and
suppress TF expression /n vitro, we next tested whether these effects persist /n vivo. The
expression levels of phospho-GSK3p and phospho-p65 in 1VC tissue were evaluated by
immunofluorescence staining. As observed in Figure 6 E, IVCL significantly increased
phospho-GSK3p (a deactivated form of GSK3p), suggesting that IVCL activated PI13K/Akt
and suppressed GSK3p activity. Blebbistatin treatment further enhanced GSK3p
phosphorylation (Figure 6 E), presumably by PI3K/Akt activation. Similar to the report that
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active GSK3p can enhance NF-xB/p65 (13), phospho-p65 was elevated in IVCL mice
compared with those from the sham group. Alternatively, blebbistatin suppressed phospho-
p65 overexpression in DVT mice (Figure 6 F). Taken together, these data suggested that
NMMHC lIA inhibition by blebbistatin suppressed thrombus formation and TF expression
by modulating Akt/GSK3p and NF-xB signalling pathways /n vivo.

Discussion

Much evidence has indicated a key role of TF present on circulating monocytes and
activated endothelium under inflammatory stimulation in the formation of DVT (2, 11-14).
However, its upstream modulating molecules remain to be explored. Myosin Il is an
adenosine triphosphate-driven molecular motor protein that participates in many
physiological and pathological functions (17-20). Recent studies have shown that mice with
a platelet-specific deletion of NMMHC Il A display a strong increase in bleeding time,
absence of clot retraction and inhibition of artery thrombosis (17, 22), suggesting its
regulatory role in thrombosis. However, the pathological importance of NMMHC Il in DVT
and its modulation in TF expression in TNF-a.-activated endothelial cells have not been
explored in the literature.

In the present study, we first use blebbistatin, an inhibitor of myosin Il ATPase activity (30,
31), to explore the function of NMMHC Il on the regulation of TF expression and DVT. The
results /n vitroand in vivo show that blebbistatin significantly inhibits TF expression and
procoagulant activity (Figure 1 and Figure 6). The full-length TF protein is the main trigger
of the coagulation cascade (33) and is considered the main source of procoagulant activity
(36). It can catalyze the conversion of prothrombin to thrombin, which cleaves fibrinogen
into fibrin, activates platelets, and finally induces clot formation. Our data present the first
evidence that NMMHC Il modulates TF and is involved in the coagulation and fibrinolytic
pathways in endothelial cells.

Our findings demonstrate that inhibition of TF expression by blebbistatin in the endothelial
cells occurs through the activation of the Akt/GSK3p signalling pathway and the inhibition
of the NF-xB signalling pathway (Figure 3 and Figure 4). As documented, TF expression is
primarily regulated by NF-xB, the phosphoinositide 3-kinase (P13K) and the mitogen-
activated protein kinase (MAPK) signalling pathways (12-15). NF-xB is a homo- or
heterodimeric complex of proteins, and the c-Rel/p65 heterodimer is critically involved in
regulation of TF gene expression (37). In non-stimulated endothelial cells, NF-xB is
localised in the cytoplasm as an inactive form bound to 1xB. TNF-a stimulation induces NF-
kB activity, thus leading to the dissociation and subsequent degradation of IxB proteins and
allowing NF-xB dimers to enter the nucleus and induce TF gene expression (37). The
P13K/Akt pathway is a conserved family of signal transduction enzymes that participate in
the regulation of cell proliferation and survival. A number of studies have demonstrated that
PI3K/AKkt is a negative-feedback regulator of TF expression (33). In response to TNF-a
stimulation, activated endothelial cells have increased NF-xB-mediated TF expression and
mildly enhanced activation of PI3K/AKkt for survival (15). Our data (Figure 3) show that
blebbistatin further activated the PI3K/Akt pathway, inactivated GSK3p by inducing its
phosphorylation, and inhibited TF expression (8, 38). Furthermore, the inhibitory effect of
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blebbistatin on TF expression in endothelial cells is similar to the GSK3p inhibitor CHIR
and can be partially reversed by the PI3K inhibitor wortmannin. Despite a few reports (39,
40), the relationship between P13-kinase/Akt and NF-xB is not linear. However, our data
support the regulation of PI3-kinase/Akt with NF-xB p65 activation (8, 13, 15) and present a
possible explanation as to how NMMHC Il modulates TF expression.

To further explore which subtype of NMMHC Il is primarily involved in inhibiting TF
expression through the Akt/GSK3B-NF-xB pathway, we then specifically knocked down
NMMHC 1A with MYH9-siRNA /n vitro, considering its function in endothelial activation
and thrombosis (22-24). Our findings indicate that knocking down NMMHC IIA, but not
I1B or IIC, significantly reduces TF protein and gene levels in TNF-a-stimulated endothelial
cells. Furthermore, knocking down NMMHC 1A inactivated GSK3p by inducing its
phosphorylation and suppressed the NF-xB signal pathway (Figure 4 E-F). Moreover, we
have also shown that the overexpression of NMMHC 1A increased TF expression in HEK
293T tool cells, suggesting that both the biological function and the expression of NMMHC
I1A are critical in mediating TF expression and related signalling pathways (Figure 4).

It has been reported that NMMHC 11 (or its subunits) participate in the trafficking and
positive or negative regulation of multiple receptors, including the chemokine receptors
CXCR4 and CXCR5, the multidrug resistance protein 1, the N-methyl-D-aspartate (NMDA)
receptor, and TNF-a receptors (TNFRS) (24). TNFR2 is a proinflammatory and
proatherogenic molecule (41, 42). Activation of TNFR2 displays prothrombotic activity /n
vivo, whereas stimulation of TNFR1 shows an antithrombotic effect (43). A previous study
has shown that both the myosin regulatory light chain (MRLC) and NMMHC 11 bound to
TNFR2 in endothelial cells (24). Under TNF-a stimulation, the ROCK1-mediated release of
MRLC from TNFR2 was critical for TNF-a-dependent gene expression. However, the role
of NMMHC Il in TNFR2 signalling and target gene expression has not been investigated. In
this paper, we give solid evidence for the binding and release of NMMHC 1A and TNFR2
in the primary HUVECSs by co-immunoprecipitation and PLA assays (Figure 4 1-J).
NMMHC 1A is likely located upstream of Akt/GSK3B-NF-xB based on its regulation of the
signalling pathways verified in our present study.

Our current study further demonstrates that NMMHC 11A acts as a critical regulatory protein
of TF expression in DVT. The IVCL model has been widely used to study venous
thrombosis (28). In general, thrombus weights in mice are much larger after 48 h of ligation
(28, 44). As previously documented (45), the rapid development of thrombosis after IVCL
reflects a combination of stasis-induced vein wall injury and enhanced TF expression in
endothelial cells and leukocytes, which was also demonstrated in our experiments (Figure 6
D and Suppl. Figure 3, available online at www.thrombosis-online.com). However, in the
current study, we focused on the function of NMMHC I1A in the endothelial cells, but not
leukocytes, on the pathogenesis of DVT /n vitroand /n vivo. Our present study gives the first
evidence that blebbistatin inhibits plasma TF procoagulant activity, TF expression in CD31
positive-cells and thrombus mass in mice 48 h after I\VCL, accompanied by phospho-GSK3p
enhancement and phospho-p65 downregulation (Figure 6). We also confirmed that TF
expression in the IVCL group was detected in endothelial cells adherent to the vein wall,
where it was highly expressed with NMMHC IIA and phospho-p65 but did not have a
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significant influence on the other myosin subtypes /n vivo, raising the possibility that
NMMHC l1A-induced Akt/GSK3B-NF-xB pathway and TF expression play a role in DVT.
It is a potential molecular mechanism /n vivothat NMMHC 1A inhibits TF expression by
modulating the Akt/GSK3p-NF-xB signalling pathways.

Of note, the myosin Il ATPase inhibitor, blebbistatin, is commonly used as a tool to explore
the function of NMMHC 11 (46). As documented (24, 47), the concentration /n vitro and
dosage /n vivo of blebbistatin are usually 10-100 puM and 10 mg/kg, respectively. However,
in our present study, blebbistatin has been found to modulate TF expression at 0.01-1 uM in
activated endothelial cells /7 vitroand at 1 mg/kg in vivo. Blebbistatin alone did not exert
obvious side effects on the normal endothelial cells and sham-operated mice. These findings
indicate the safety and efficiency of NMMHC I1A as a potential target for DVT. However,
given blebbistatin’s photosensitivity, phototoxicity and other side effects (48, 49), it might
be very meaningful to screen for safer and/or low-cost inhibitors from natural products, in
the future. In addition, blebbistatin suppresses both the NMMHC I1A function and the
NMMHC 1A expression /n vivo, suggesting that conditional NMMHC IHA-KO in
endothelial cells may contribute to prevent DVT in mice, which requires further study.

Taken together, we use the NMMHC I1A inhibitor blebbistatin and MYH9-siRNA in the
endothelial cells and overexpression of NMMHC 1A in tool cells to examine the function of
NMMHC IIA on the pathogenesis of DVT /n vitroand in vivo. Our findings uncover a key
role of NMMHC IlA in modulating TF expression and activity by interacting with TNFR2
followed by modulating the Akt/GSK3B-NF-xB signalling pathways. These results provide
compelling evidence of the role of NMMHC IIA in venous thrombosis and may lead to new
strategies for the treatment of venous thrombosis and many other inflammation-related
thrombotic diseases.
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What is known about this topic?

. The endothelial lining of blood vessels plays a critical role in regulating
thrombosis by preventing procoagulant and proinflammatory activities.

. Tissue factor (TF), a coagulation cascade promote, is primarily regulated by
the NF-xB, the phosphoinositide 3-kinase (PI3K) and the mitogen-activated
protein kinase (MAPK) signalling pathways.

. Non-muscle myosin heavy chain IlA deficiency or inhibition can reduce
platelet aggregation and arterial thrombus formation.

What does this paper add?

. The study is the first to confirm that non-muscle myosin heavy chain l1A is
involved in TF expression and deep venous thrombosis.

. Inhibiting or knocking down non-muscle myosin heavy chain I1A decreases
TF expression and thrombus formation mainly through the Akt/GSK3p-NF-
B signalling pathway.

. Non-muscle myosin heavy chain IIA inhibition is a potential treatment
strategy for many inflammation-related thrombotic diseases.
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Figure 1. Blebbistatin suppressed TNF-a-induced TF expression and procoagulant activity in

endothelial cells

EA.hy926 endothelial cells (E) and the primary HUVECs (P) were pretreated with
blebbistatin for 1 h at various concentrations, followed by TNF-a. (10 ng/ml) stimulation for
5h. A) TF mRNA expression levels after TNF-a exposure in the presence or absence of
blebbistatin at 0.01-1 pM. B-C) TF protein expression levels were analysed by western
blotting and flow cytometry. D-E) TF procoagulant activities of cell lysates and cell surfaces
were examined with a chromogenic assay. Data were shown as the means + SEM of three
independent experiments. ##P< 0.01 vs the unstimulated group; *P< 0.05, **P< 0.01 vs
TNF-a alone group.
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Figure 2. Blebbistatin downregulated the NF-xB pathway and inhibited NF-xB p65 nuclear
translocation induced by TNF-a in the endothelial cells

EA.hy926 endothelial cells (E) and the primary HUVECs (P) were treated with TNF-a. (10
ng/ml) with or without blebbistatin (1 uM) for the indicated time. A) Total and
phosphorylated p65 were examined by western blotting. #P< 0.05, ##P< 0.01 vs the
unstimulated group at 0 min; *P< 0.05, **P< 0.01 Os TNF-a stimulated group at certain
time. B) Immunofluorescent staining of NF-xB p65 in endothelial cells after treatment with
1 uM blebbistatin for 1 h, followed by 30 min stimulation of TNF-a. (10 ng/ml) or vehicle.
Scale bar, 20 um. Representative images from three individual experiments with similar
results were shown. C) Quantitative analysis of cytoplasmic and nuclear fractions of NF-xB
p65 using the Image-Pro Plus 6.0 software (means = SEM). ##P< 0.01 vs the unstimulated
group; **P< 0.01 vs TNF-a stimulation group. D) NF-xB p65 expression in the cytoplasm
and nucleus of blebbistatin-treated endothelial cells. Cells were pretreated with blebbistatin
(1 uMm) for 1 h and stimulated with TNF-a. (10 ng/ml) for 30 min. Proteins were extracted
from the cytoplasm and nucleus, with p-actin and histone H3 as the internal standards.
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Figure 3. Blebbistatin activated the Akt/GSK3p signalling pathway and inhibited NF-xB p65
nuclear translocation and TF expression induced by TNF-a in the endothelial cells

EA.hy926 endothelial cells (E) and the primary HUVECs (P) were treated with either
blebbistatin (1 pM) or TNF-a (10 ng/ml) and blebbistatin (1 pM) for different periods and
lysed. A) GSK3p and phosphorylated GSK3B were examined by western blotting. #P< 0.05,
##P< 0.01 vs the unstimulated group at 0 min; *P< 0.05, **P< 0.01 vs TNF-a model group
at certain time. B—C) NF-xB p65 protein expression in the cytoplasm and nucleus of
wortmannin and CHIR99021-treated endothelial cells. Cells were, respectively pretreated
with 10 uM wortmannin and 5 uM CHIR99021 for 1 h and stimulated with TNF-a. (10
ng/ml) for 30 min. Proteins were extracted from the cytoplasm and nucleus, with -actin and
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Histone H3, respectively, as the internal standards. D-E) TF in endothelial cell was
examined by western blotting at 5 h after treatment with TNF-a (10 ng/ml) or TNF-a and
blebbistatin (1 uM) or TNF-a and blebbistatin with wortmannin (10 pM) or TNF-a and
CHIR99021 (5 uM). Data are shown as the means + SEM of three independent experiments.
##P< 0.01 vs the unstimulated group; **P< 0.01 vs TNF-a stimulated group.
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Figure 4. Knockdown or overexpression of NMMHC 1A modulates TF expression and PI3K/

Akt-NF-xB signalling pathways in vitro

EA.hy926 endothelial cells were transfected with 100 nM of MYH9-siRNA or control-
SiRNA for 48 h. HEK 293T cells were transfected with MYH9-plasmid or control-plasmid
for 48 h. A) Total cellular RNA was extracted, and MYH9 mRNA expression was analysed
by gRT-PCR. B) Cell lysates were examined for NMMHC I1A, 1I1B and I1C expression by
western blotting. C-D) Control and MYH9 knock-down cells were stimulated with 10 ng/ml
TNF-a for 5 h, and TF expression was examined by qRT-PCR and western blotting. E-F) At
48 h post-transfection, endothelial cells were treated with 10 ng/ml TNF-a for 15 min or 30
min. Total and phosphorylated GSK3p, p65 were analysed by western blotting. G) HEK
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293T cell lysates were examined for NMMHC I1A expression by western blotting. H) HEK
293T cell lysates were examined for TF expression by western blotting. 1) Co-
immunoprecipitation of NMMHC I1A and the TNFR2 from primary HU-VECs lysates.
Cells were harvested, lysed, and immunoprecipitated with NMMHC IIA antibody.
Immunocomplexes were separated by SDS-PAGE and immunoblotted with the indicated
antibodies. Normal serum (1gG) was used as a negative control for immunoprecipitation. J)
Confocal micrographs of primary HUVECs or primary HUVECs with blebbistatin (1 uM) in
the presence or absence of 10 ng/ml TNF-a for 8 min, followed by PLA reaction for
NMMHC IIA-TNFR2 interaction (red signal) and DAPI (blue) staining (n=3). Bar, 50 pum.
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Figure 5. Inhibiton of NMMHC I1A by blebbistatin alleviated thrombus formation in a mouse
model of DVT

C57BL/6J mice (male, 22-25 g) were injected with vehicle (5 % ethanol in saline) or
blebbistatin (1 mg/kg) intraperitoneally and then underwent I\VVCL to initiate thrombus
formation in the IVC 1 h later. At 24 h after surgical procedure, mice were given blebbistatin
once, and 1VCs were collected for RNA extraction or processed for western blotting and
histochemical analysis at 48 h after surgical procedure. ##P< 0.01 vs the sham group; **P<
0.01 vs IVCL group. A) MYH9 mRNA expression was analysed by gRT-PCR. B) IVC
lysates were prepared and NMMHC I1A expression was analysed by western blotting. C-D)
The thrombosed 1VVC was weighed and the length of the thrombus was measured. The size
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of the thrombus was quantified as mg/cm. Six or more representative thrombosed 1VC from
eight mice in each group and the quantitative data of thrombosed I'VC are shown. E)
Histological evaluation of the ligated 1\VVC. Histological analysis: Representative photos of
hematoxylin-eosin (HE) staining at 48 h after ligation (original magnification x50 and
x400).
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Figure 6. Blebbistatin inhibited TF activity and expression in DVT mice
At 48 h after IVCL, plasma was collected and used to determine TF procoagulant activity

and IVCs were harvested for RNA extraction or processed for western blotting and
histochemical analysis. A) Plasma from mice was measured for TF procoagulant activity. B—
C) TF mRNA and protein levels were analysed by gRT-PCR and western blotting. D) IVC
sections were immunostained with a combination of anti-TF pAbs (green), anti-myosin I1A
pAbs (indigotin), anti-CD31 pAbs (red) and DAPI (blue). Images were digitally merged.
Representative results are shown. Bar, 25 um. E-F) Double-colour immunofluorescence
analysis of p-GSK3pB (green) and CD3L1 (red), of p-p65 (green) and CD31(red) in the
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thrombi. IVC sections were immunostained with a combination of anti-p-GSK3p pAbs, anti-
pp65 pAbs and anti-CD31 pAbs. Images were digitally merged. Representative results are
shown. Bar, 20 um (arrows indicate vessel wall). ##P< 0.01 vs sham group; *P< 0.05, **P<
0.01 vs IVCL group.
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