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Abstract

Objective—Thrombomodulin (TM) is highly expressed on the lumenal surface of vascular
endothelial cells (ECs) and possesses potent anticoagulant, anti-fibrinolytic, and anti-inflammatory
activities in the vessel wall. However, the regulation of TM expression in ECs remains largely
unknown.

Approaches and Results—In the present study, we characterized nuclear receptor 4A (NR4A)
family as a novel regulator of TM expression in vascular ECs. We demonstrated that both NR4A
receptor Nur77 and Norl robustly increase TM mRNA and protein levels in human vascular ECs
and in mouse liver tissues after adenovirus-mediated transduction of Nur77 and Norl cDNAs.
Moreover, Nur77 deficiency and knockdown of Nur77 and Norl expression markedly attenuated
the basal and VEGFg5-stimulated TM expression. Mechanistically, we found that Nur77 and
Norl increase TM expression by acting through two different mechanisms. We show that Nur77
barely affects TM promoter activity, but significantly increases TM mRNA stability, while Norl
enhances TM expression mainly through induction of Kruppel-like factor 2 and 4 in vascular ECs.
Further, we demonstrate that both Nur77 and Nor1 significantly increase protein C activity and
inhibit tumor necrosis factor alpha (TNF-a)-induced prothrombotic effects in human ECs.
Deficiency of Nur77 increases susceptibility to arterial thrombosis, while enhanced expression of
Nur77 and Norl protects mice from arterial thrombus formation.

Conclusions—Our results identified NR4A receptors as novel regulators of TM expression and
function in vascular ECs and provided a proof-of-concept demonstration that targeted increasing
expression of Nur77 and Norl in the vascular endothelium might represent a novel therapeutic
approach for the treatment of thrombotic disorders.
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Introduction

The vascular endothelium plays pivotal roles in maintaining the health and homeostatic
states of the mammalian circulatory system via the complementary actions of endothelial
cell-derived vasoactive factors®. Dysregulation of these vasoactive factors has serious
clinical outcomes ranging from endothelial dysfunction to atherosclerosis, stroke, and
thrombosis2. One of these factors is namely thrombomodulin (TM), which is highly
expressed on the surface of all vascular endothelial cells and mediates the anticoagulant and
anti-inflammatory pathways in vascular endothelium3. For instance, TM has been shown to
bind to thrombin to potentiate the protein C (PC) activation cascade to generate activated
protein C (APC), which in turn exerts potent anticoagulant effects through the proteolytic
inactivation of factor Va and factor VIlla%. In addition, through binding to thrombin, TM has
been shown to inhibit inflammation through reducing circulating levels of thrombin as well
as switching its substrate specificity toward of thrombin activatable fibrinolysis inhibitor
(TAFI) to yield TAFIa, hence exerting anti-inflammatory and antifibrinolytic activities®67.
Recently, much attention has been devoted to the therapeutic values of recombinant TM in
various human diseases. Experimental studies demonstrate that recombinant soluble TM
(sTM) is effective in attenuating neointimal hyperplasia following balloon injury and
inflammatory disorders, such as heat stroke and radiation toxicity8. Moreover, recent
clinical trials also demonstrate the potential therapeutic benefits of TM in the treatment of
DIC1011 and transplantation-associated sepsis'2. Therefore, understanding the molecular
mechanisms underlying the regulation of TM expression and function in vasculature is of
great scientific and therapeutic interests.

The nuclear orphan NR4A subfamily includes three members, namely Nur77 (also called
NR4A1), Nurrl(NR4A2) and Norl (NR4A3)13, These receptors have no known ligands and
therefore are sometimes referred to as orphan nuclear receptors. As immediate-response
genes, the NR4A receptors play essential roles in a variety of critical biological processes,
including proliferation, differentiation, cell survival, inflammation, glucose and lipid
metabolism, and vascular remodeling?4. Recently, much attention has been paid to the
functional role of NR4A receptor in cardiovascular system. In vascular endothelial cells,
expression of NR4A receptor Nur77 and Norl are increased by hypoxia, TNF-a,, and
vascular endothelial growth factor (VEGF) to modulate EC growth, angiogenesis, and
inflammation516_ In vascular smooth muscle cells, expression of NR4A receptor Nur77 and
Norl are regulated by multiple mitogens, including PDGF, serum and ox-LDL, thus
implicating the functional significance of these receptors in proliferative vascular
disorders!718, In contrast to the functional role of Nur77 and Nor1 in vascular biology,
Nurrl has been shown to play critical roles in the survival of the dopamine neurons and
development of schizophrenial920,

Although NR4A receptors are critical in EC proliferation, inflammation and angiogenesis,
their importance in regulating endothelial thrombotic functions has yet to be explored. In the
present study, we identified both NR4A receptor Nur77 and Norl as potent positive
regulators of TM expression in vascular ECs and demonstrated that overexpression of NR4A
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receptors substantially attenuates TNF-a.-induced downregulation of TM expression in vitro
and inhibits arterial thrombus formation in vivo.

Materials and Methods

Materials and Methods are available in the online-only Data Supplement.

Results

TM expression is increased by Nur77 and Norl

Since both NR4A receptor Nur77 and Norl have been shown to play important roles in
regulating endothelial functions, such as angiogenesis, inflammation and vascular barrier
functionl’, we hypothesized that these receptors may regulate endothelial function through
affecting the expression of TM, which is a key regulator implicated in EC homeostasis?. To
test this hypothesis, human umbilical vein endothelial cells (HUVECS) were transduced with
either Ad-Nur77 or Ad-Norl at indicated multiplicity of infection (MOI). 48 hr after
adenovirus transduction, the expression of TM was determined by both quantitative real-
time PCR (gRT-PCR) and western blot. As shown Figure 1A-D, in a dose dependent
manner, transduction of Ad-Nur77 or Ad-Nor1 substantially increased TM expression at
both mRNA and protein levels. Furthermore, we found that Nu77 overexpression barely
affected the Norl expression, and vice-versa (data not shown). Together, these data suggest
that NR4A receptor Nur77 and Nor1l are potent regulators of TM expression in vascular
ECs.

NR4A receptors Nur77 and Norl increase TM expression through distinct mechanisms

NR4A receptors have been shown to function as transcriptional factors or co-factors to
regulate gene expressiont4. To determine the molecular mechanism by which Nur77 and
Norl induce TM expression, we first attempted to determine whether Nur77 and Norl affect
TM expression at transcriptional levels. To this end, we constructed TM promoter luciferase
reporter gene. As shown in Figure 2A-B, Nur77 overexpression barely affected TM
promoter activity, but significantly prolonged the TM mRNA half-life (from 2.9 + 0.6 hr to
5.1 £0.8 hr, /< 0.05, n=3), as determined by qRT-PCR in HUVECSs. Similar results were
obtained in mouse lung microvessel endothelial cells (Figure 1 in the online-only Data
Supplement). To further corroborate the TM-promoter driven luciferase assays, we
transduced ECs with adenovirus bearing dominant negative mutant (DN-Nur77), which
lacks the transcriptional activation domain of Nur7721, As shown Figure 2C, overexpression
of DN-Nur77 also markedly increased TM expression to the extent similar to wild-type
Nur77 in HUVECSs, further indicating that Nur77 regulates TM expression occurred at the
post-transcriptional levels. In contrast to Nur77, overexpression of Norl significantly
increased TM promoter activity (Figure 3A), but barely affected TM mRNA half-life (Figure
3B). Computer based sequential analysis of TM promoter (Figure Il in the online-only Data
Supplement) did not reveal any conservative Norl binding sites located in the human TM
promoter region, suggesting that Norl may regulate TM promoter activity indirectly through
acting on other transcriptional factors. Since KLFs are critically involved in TM expression
at transcriptional levels?22324 e attempted to determine whether Nor1 affects expression of
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KLFs in ECs. As shown in Figure 3C, in a dose dependent manner, overexpression of Norl
significantly increased KLF2 and KLF4, but not KLF6 expression in HUVECs, as
determined by qRT-PCR. Furthermore, siRNA-mediated knockdown of KLF2, KLF4 or
both markedly attenuated Norl-induced TM expression in ECs (Figure 3D), further
suggesting that Norl increases TM expression through inducing KLF2 and KLF4
transcriptional activities in vascular ECs.

NR4A receptors Nur77 and Norl are involved in VEGF-induced TM expression in ECs

VEGF has been shown to upregulate the expression of both TM and NR4A receptors in
vascular ECs1525 which prompted us to investigate whether up-regulation of NR4A
receptors is attributed to the VEGFqg5-induced TM expression in ECs. Consistent with
previous studies25, we demonstrated that in a time and dose dependent manner, VEGF1¢s5
significantly increased TM expression in HUVECs (Figure 4A and 4B). To investigate the
functional role of NR4A receptors in endothelial TM expression, we performed a loss-of-
function study by using a small interference RNA (siRNA) approach. Transfection of Nur77
or Norl specific siRNA markedly inhibited both basal and VEGFg5-induced expression of
Nur77 or Norl in HUVECs, as determined by both qRT-PCR (Figure I11 in the online-only
Data Supplement) and western blot (Figure 4C). Accordingly, both basal and VEGF¢g5-
induced TM expression was significantly attenuated in Nur77 or Norl knockdown cells
(Figure 4C and 4D), suggesting that both Nur77 and Nor1 are essentially involved in the
basal and VEGFg5-induced TM expression in ECs.

To further substantiate the functional significance of NR4A receptor in TM expression, we
examined the expression of TM in Nur77 knockout mice. As shown in Figure 4E, TM
expression was significantly decreased in the heart, liver, lung and aorta of Nur77 knockout
(KO) mice, as determined by gRT-PCR. In an ex vivo experiment, VEGFg5 stimulation
significantly increased TM expression in the aorta of the wild-type (WT) mice, but not in the
aorta of Nur77 KO mice (Figure 4F). Together, these results suggest that Nur77 is critically
involved in the expression of TM in the vascular wall.

Overexpression of Nur77 and Norl promotes protein c activity and inhibits blood clotting

in vitro
TM is a key regulator of the thrombin-mediated activation of the natural anticoagulant
APC*. To investigate whether NR4A receptor Nur77 and Nor1 affect the function of TM in
ECs, we determined the enzymatic activity by measuring the production of APC. As shown
in Figure 5A, transduction of Ad-Nur77 or Ad-Nor1 significantly increased the activity of
APC in HUVECs. Consistent with previous reports28, we found that TNF-a treatment
significantly decreased TM expression in HUVECs, which was substantially reversed in ECs
overexpressing either Nur77 or Norl (Figure 5B). Interestingly, overexpression of Nur77
and Norl markedly inhibited the expression of tissue factor under both basal and TNF-a-
stimulated conditions (Figure IV in the online-only Data Supplement). To further determine
the functional consequence of Nur77 and Norl-induced TM expression in ECs, we
performed an in vitro blood clotting assays. HUVECs were transfected with Ad-LacZ, Ad-
Nur77 or Ad-Norl for 48 hr, and then the clotting time of recalcified human plasma was
determined in the presence or absence of TNF-a stimulation. As shown in Figure 5C,
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exposure of recalcified human plasma to HUVECSs transduced with Ad-Nur77 or Ad-Norl
significantly prolonged the clotting time, as compared with that in LacZ-infected cells.
Moreover, TNF-a stimulation significantly shortened the clotting time, and this pro-
thrombotic effect was markedly prevented in HUVECS overexpressing either Nur77 or Norl.
Together, these results suggest that NR4A receptor Nur77 and Norl are critically involved in
modulating TM function in vascular ECs under both baseline and inflammatory conditions.

Deficiency of Nur77 Enhances Susceptibility to Arterial Thrombosis

We next examined the effect of Nur77 deficiency on susceptibility to arterial thrombosis by
using the Rose Bengal laser injury method?’. Baseline white blood cell (WBC), hemoglobin
(HB), and platelet (PLT) counts were similar in Nur77 KO mice and their WT littermates
(Figure 6A). After photochemical injury of the carotid artery, the time to occlusive thrombus
formation was significantly faster in Nur77 KO mice than in WT mice (22.3+4.9 versus
34.0+5.8 minutes, respectively; £<0.05; Figure 6B). Tail bleeding time was similar in Nur77
KO mice and their WT littermates (Figure 6C). To further determine whether Nur77 and
Norl could be potential therapeutic targets for thrombotic orders, the mice were transduced
with either Ad-Nur77 or Ad-Norl via a tail vein injection. The expression of TM in the liver
was determined at 6 days after virus injection. Similar to the in vitro studies, the in vivo
transduction of either Ad-Nur77 or Ad-Norl markedly increased the expression of TM in
mouse liver tissues, as determined by Western blot (Figure 6D). Importantly, mice
transduced with Ad-Nur77 and Ad-Nor1l displayed a significantly prolonged time to
occlusive arterial thrombus formation as compared with Ad-LacZ group (43.2+6.5, 45.3£7.2
versus 32.8+6.1 minutes, respectively; £<0.05; Figure 6E). Together, these data demonstrate
that Nur77 deficiency increases susceptibility to arterial thrombosis, while targeted
overexpression of Nur77 and Norl in vivo prevents thrombus formation.

Discussion

NRA4A receptors are immediate-early genes that are regulated by various physiological
stimuli including growth factors, hormones, and inflammatory signals in cardiovascular
systeml’. An increasing number of studies have demonstrated that NR4A receptors play
important roles in the development of various cardiovascular diseases, including
atherosclerosis, restenosis, angiogenesis and heart failure2829301521 previously, our studies
identified Nur77 as a potent inhibitor of vascular inflammation through inhibiting NF-xB
transcriptional pathway16. Here, we provide further evidence highlighting the critical
importance of NR4A receptors Nur77 and Norl in regulating TM expression in vascular
ECs as well as arterial thrombus formation in vivo.

TM is one of the important anticoagulant substances produced by the vascular endothelium
to maintain blood fluidity. The binding of TM to thrombin has shown to potentiate the
generation of activate protein C and facilitate the formation of TAFIa, thus exerting potent
anticoagulant, anti-inflammatory, and antifibrinolytic benefits314. Indeed, homozygous mice
with TM mutant (Glu404Pro) exhibit reduced ability to generate activated protein C (APC),
hence resulting in severe hypercoagulable state and massive thrombosis32. Despite its
importance in the regulation of vascular homeostasis, the molecular mechanisms regulating
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TM expression in vasculature remain largely obscured. In this study, our data provide
compelling evidence implicating the functional significance of NR4A receptors in regulating
TM expression in vascular ECs and thrombotic function in vivo. Importantly, we found that
overexpression of Nur77 and Norl robustly increase the TM expression, attenuates the TNF-
a-induced pro-thrombotic states in ECs, and inhibits arterial thrombus formation in vivo.
Furthermore, we demonstrate that Nur77 deficiency significantly increases susceptibility to
arterial thrombus formation, further implicating importance of NR4A receptors in
maintaining vascular homeostasis in endothelium.

Several molecular mechanisms at transcriptional, post-transcriptional, and posttranslational
levels have been implicated in the regulation of TM expression and function in the vascular
endothelium. At transcriptional levels, hypoxia33, oxidized LDL34, phorbolesters (PMA)3,
cyclic adenosine monophosphate (CAMP)3%, and TNF-a26 have been shown to downregulate
endothelial TM expression, while statins36, VEGF25, retinoic acid®’, and heat shock3® have
been shown to upregulate TM expression. Particularly, Kruppel-like factors including KLF2
and KLF4 have been shown to play essential roles in the regulation of TM expression at
transcriptional levels?224. 39, For example, laminar shear stress, statins, proteasome and
inhibitors have been shown to enhance endothelial TM expression via induction of KLF
transcriptional activities?224 39, Indeed, KLF2 and 4 have multiple endothelial protective
effects, which may collectively contribute to the anti-thrombotic effects of Norl in ECs.
Nevertheless, identification of Norl as a novel regulator for KLF2 and KLF4 expression in
vascular ECs is of great importance. Although the TM promoter does not contain a classic
NF-xB consensus motif, the activation of NF-xB has been implicated in the cytokine-
induced repression of TM expression in ECs, possibly through competing p300 for its
binding to the TM promoter28. Furthermore, miRNAs, such as miR-92a, have been recently
reported to regulate TM expression through post-transcriptional mechanisms. In the
present study, we demonstrate that NR4A receptors Nur77 and Norl are critically involved
in the regulation of basal and VEGF-stimulated TM expression in ECs. Although the
members of the NR4A subgroup are well conserved in the DNA binding domain (~91-
95%), these receptors normally exert different or even opposite biological effects through
interacting with other co-factorsl’. Interestingly, in this study, we found that Nur77 and
Nor1 regulate TM expression through distinct molecular mechanisms. Nur77 increases TM
expression predominantly through increasing TM mRNA stability, while Norl involves an
induction of KLF2 and KLF4 in ECs. Indeed, depending on the nature of the stimuli and
their cellular localization, NR4A receptors can exert biological effects through both genomic
and non-genomic actions?L. For instance, in the nucleus, NR4A receptors can function as
transcription factors to regulate the expression of the target genes by binding to NGFI-B
response element (NBRE) (NBRE) (5'-AAAAGGTCA-3") or Nur-responsive element
(NUrRE)(5’-TGATATTTX6AAAGTCCA-3")14. In this study, our data suggest that such a
genomic action is not likely involved in the stimulatory effects of Nur77 on TM expression,
since DN-Nur77, which lacks the functional N-terminal AF-1 domain of Nur77, induces TM
expression to a similar extent as did wild-type Nur77. In addition, the sequential analysis of
the TM promoter did not reveal any NR4A receptor binding consensus sites, further
suggesting that the nongenomic action of Nur77 may contribute to its stimulatory effect on
TM expression. In contrast to Nur77, Norl augments the TM promoter activity indirectly
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through induction of both KLF2 and KLF4 in ECs. Future studies will be aimed at
elucidating the molecular mechanisms underlying increasing TM mRNA stability by Nur77
and induction of KLFs by Nor1 in vascular ECs.

Inflammation has been shown to induce prothrombotic effects in vascular endothelium?.
Inflammatory cytokines, including TNF-a and IL-18, have been shown to attenuate the
expression of TM through activating NF-xB pathways2®. Previous studies from our
laboratory identified Nur77 as a potent negative regulator of NF-xB activation in ECs
through transcriptionally up-regulating the expression of 1xBa1®. Indeed, our results
demonstrate that overexpression of Nur77 and Norl markedly prevented TNF-a-induced
repression of TM in vascular ECs. Accordingly, we show that overexpression of Nur77 and
Norl also significantly increases the clotting time under both basal and TNF-a-stimulated
conditions. To further define the mechanism by which Norl prevents TNF-a-induced
downregulation of TM in ECs, we examined the effect of Norl on NF-xB activation in TNF-
a-stimulated cells. We found that overexpression of Norl barely affected TNF-a-stimulated
NF-xB activation as determined by EMSA (Figure IV in the online-only Data Supplement).
Based on these observations, it is attempted to speculate that in unstimulated ECs, Nur77
increases TM expression mainly through increasing TM mRNA stability, while in TNF-a.-
stimulated cells, Nur77 increases TM expression most likely through inhibiting NF-xB
activation or through both inhibiting NF-xB activation and increasing TM mRNA stability.
The molecular mechanism underlying induction of TM expression by Norl, however, is
different, and it may involve the upregulation of the KLF2 and KLF4 transcriptional
activities under both basal and TNF-a-stimulated conditions, which merits further
investigation. Furthermore, VEGF has been shown to potently increase basal TM expression
and block IL-1B-induced suppression of TM expression in ECs, which is believed to be
essential for maintaining local hemostasis during angiogenesis and inflammatory
processes2®. The molecular mechanism underlying VEGF-induced TM expression, however,
has never been explored thus far. Since VEGF is a potent stimulus for the expression of
NRA4A receptors in ECs1%, we attempted to speculate that NR4A receptors may also mediate
VEGF-induced TM expression in vascular ECs. Indeed, we show that both basal and VEGF-
induced TM expression were substantially attenuated in Nur77 and Norl knockdown cells as
well as in the aorta of Nur77 deficient mice. Collectively, these data clearly demonstrate that
NR4A receptors Nur77 and Norl are essential regulators of endothelial TM expression
under various pathophysiological circumstances.

In conclusion, we identified NR4A receptors Nur77 and Norl as critical regulators of
endothelial TM expression and arterial thrombosis in vivo and further implicate the essential
roles of NR4A receptors in the pathological processes of the inflammatory and thrombotic
diseases. Collectively, our results provide a proof-of-concept demonstration that targeting
NR4A receptor Nur77 and Norl in the vascular wall might have a therapeutic role in
ameliorating the onset and/or progression of thrombotic disorders.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance

Thrombomodulin (TM) is highly expressed on the lumenal surface of vascular
endothelial cells (ECs) and elicits potent anticoagulant, anti-fibrinolytic, and anti-
inflammatory activities in the vessel wall. Understanding the molecular mechanism
regulating TM expression and activity is essential for developing effective therapies to
combat inflammatory and thrombotic disorders. In the present study, we unveiled a
fundamental mechanism governing TM expression at multiple levels in ECs. We
identified the NR4A receptors Nur77 and Nor1 as critical regulators for inducing TM
expression in vascular ECs. Overexpression of Nur77 and Nor1 significantly increases
TM expression and prevents inflammation-induced pro-thrombotic states in ECs, while
Nur77 gene deficiency predisposes the mice to the thrombus formation. Our results
indicate that specific activation of NR4A receptors such as Nur77 in vascular
endothelium may represent a novel therapeutic approach for prevention and treatment of
thrombotic disorders.
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Figure 1.
NR4A receptors Nur77 and Norl increases thrombomodulin mMRNA and protein expression

in HUVECs. A, HUVECs were transduced with Nur77 adenovirus (Ad-Nur77) or LacZ
adenovirus (Ad-LacZ) with a total MOI at 100. 48 hours after transduction, expression of
TM was determined by qRT-PCR (n=3). */<0.05 vs MOI at 0. B, HUVECs were infected
with Ad-Nur77, Ad-LacZ or both with a total MOI at 100. 48 hours after transduction, the
expression of TM was determined by western blot (n=3). */<0.05 vs Ad-Nur77 at
MOI=0. #<0.05 vs Ad-Nur77 at MOI=0. C, HUVECSs were transduced with Nor1l
adenovirus (Ad-Norl), Ad-LacZ or both with a total MOI at 100. 48 hours after
transduction, expression of TM was determined by gRT-PCR (n=3). */<0.05 vs MOl at 0.
D, HUVECs were infected with Ad-Norl, Ad-LacZ or both with a total MOI at 100. 48
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hours after transduction, the expression of TM was determined by western blot (n=3).
*P<0.05 vs Ad-Norl at MOI=0. #/<0.05 vs Ad-Nor1 at MOI=0.
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Figure 2.
Nur77 increases Thrombomodulin mRNA stability. A. The effect of Nur77 on the TM

promoter activity. EA.Hy926 cells were transduced with Ad-Nur77 at indicated MOls, and
24 hours after transduction of adenovirus, cells were transfected with TM promoter-Luc
reporter plasmid. 24 hours after transfection, cells were harvested to detect the relative TM
promoter luciferase activity level (n=5). B. Nur77 prolongs TM mRNA stability. HUVECs
were transduced with Ad-Nur77 at MOI=50. 48 hours after transduction, cells were treated
with actinomycin D for O h, 0.5 h,1 h,2 h,4 h and 6 h. Cells were harvested for the extraction
of total RNAs and gRT-PCR was performed to determine the TM mRNA half-life. The data
are representative of 3 independent experiments. C. DN-Nur77 increased TM protein levels
in a dose dependent manner. HUVECSs were transduced with dominant negative Nur77 (DN)
adenovirus (Ad-DN-Nur77) at indicated MOIs. 48 hours after transduction, cells were
harvested for the determination of TM expression by Western blot. Relative expression of
TM was determined by densitometric analysis. *A<0.01 vs Ad-DN-Nur77 at 0 MOI. The
data are representative of 3 independent experiments.

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2017 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yang et al. Page 15
A os, \ B 5 100 |
..g > 1 . X g :Ad-LacZ
ES 2.0 . o Ad-Nor1
S & 1.5 - 2 d
=2 » 50
8 q0- 2
s9 3
% S 05 1 %
o 0- = . T.2=2.9 h
Ad-Nort 0 1 5 10 50 100 (MOl) = 0 1 2 3 4 5 6(hn
C D - 30 -
=~ S *
o ) .
= 18 E&H;ﬁ 2 25 OAd-LacZ
(2] — - # * Pl
<50 16 4 O KLF6 s 20 - mAd-Nor1
3 S 14- S
2 o > 15 4 # #
< @ 12- # =
Z o 10- = 10 -
X o 8 - . 9 #
EJ . 5 54 i
= 6 - ©
5 Q # ()]
! 'E 4 7 (1 0 T T T
© -
= 2 ‘LI:I ' v D O
g o4 lm i & & & &
Ad-Nort 0 1 5 10 50 100 (MOI) o 2 \i‘(ﬁ
&
Figure 3.

Norl upregulates augments thromobodulin promoter activity through Kruppel-like
transcription factors (KLFs). A. Norl increases TM promoter activity. EA.hy926 cells were
infected with Ad-Nor1 at indicated MOls, and 24 hours after transduction of the adenovirus,
cells were transfected with TM promoter-Luc reporter plasmid. 24 hours after transfection,
cells were harvested to detect luciferase activity (n=5). */£<0.05 vs MOI at 0. B. Effect of
Norl on TM mRNA stability. HUVECs were transduced with Ad-Norl at MOI=50. 48
hours after virus transduction, cells were treated with actinomycin D. Cells were harvested
at0h, 0.5h,1h,2h4hand 6 h after actinomycin D treatment for the extraction of total
RNAs and qRT-PCR then was performed to determine the TM mRNA half-life (n=3). C.
Norl increases expression of KLF2 and KLF4 in HUVECs. HUVECs were transduced with
Ad-Norl at indicated MOIs. 48 hours after virus transduction, cells were harvested for the
detection of KLF expression by gRT-PCR (n=3). */<0.05 vs MOl at 0. D, Knockdown of
KLF2 and KLF4 attenuates Norl-induced TM expression. HUVECs were transfected with
control siRNA (siCTL), KLF2 siRNA (siKLF2), KLF4 siRNA (siKLF4) and siRNAs for
KLF2 and KLF4 (siKLF2/KLF4). 24 hours after transfection, cells were transduced with
Ad-LacZ or Ad-Norl (MOI=50). 48 hours after virus transduction, the expression of TM
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was determined by qRT-PCR (n=5). */<0.05 vs siCTL/Ad-LacZ; #£<0.05 vs siCTL/Ad-
Norl.
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Figure 4.

Nur77 and Norl are involved in VEGF1g5-induced TM expression in HUVECs. A. VEGF¢5
increases TM expression in a dose dependent manner. HUVECs were treated with increasing
concentrations of VEGF 145 for 24 hours and the expression of TM was determined by
Western blot and quantitated by densitometry (n=3). */<0.05 vs VEGF at 0 ng/ml. B,
HUVECs were treated with 100 ng/ml VEGF for indicated time points. Expression of TM
was determined by Western blot and quantitated by densitometry (n=3). */<0.05 vs VEGF
at time 0 hr. C, Effect of Nur77 or Norl siRNA knockdown on TM expression in HUVECs.

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2017 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Yang et al.

Page 18

HUVECs transfected with control siRNA (siCTL), Nur77 siRNA (siNur77), Norl siRNA
(siNorl) or both. 72 hours after transfection, cells were treated with VEGF (100ng/ml) or
vehicle. Expression of TM was determined at 24 hours after VEGF treatment by western
blot (C) and quantitated by densitometry (D) (n=3). Expression of Nur77 and Norl was
determined by western blot at 3 hours after VEGF treatment. */<0.05 vs siCTL/vehicle;
#P<0.05 vs siCTL/VEGF. E, The expression of TM was determined by gRT-PCR in the
aorta, lung, heart and liver tissues of both Nur77 KO mice and their WT littermates (n=5).
*£<0.05 vs WT littermates. F, Thoracic aorta from wild-type (WT) and Nur77 knockout
mice (KO) was incubated with 100 ng/ml VEGF-165 for 24 hours. The expression of TM
was then determined by gRT-PCR. *£<0.05 vs WT/vehicle; #£<0.05 vs WT/VEGF-165.
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Figure5.

Nur77 and Norl overexpression promote protein ¢ activity and inhibit blood clotting in
vitro. A, HUVECs were transduced with Ad-LacZ, Ad-Nur77 or Ad-Norl (MOI=50) for 48
hours, then incubated with protein C (80 nM), CaCl, (5mM), thrombin (2 nM). At the end of
2 hr of incubation at 37 °C, hirudin (4 units/ml) was added to neutralize thrombin, and
protein ¢ activity was measured using chromogenic substrate S-2366 (0.5 mM). Ad-Nur77
or Ad-Norl significantly increase protein ¢ activity as compared with Ad-LacZ control
group in HUVECs (n=5). */<0.05 vs Ad-LacZ. B, HUVECs were transduced with Ad-
LacZ, Ad-Nur77 or Ad-Norl (MOI=50) for 48 hours, and treated with TNF-a (20 ng/ml)
for 6 hours, the expression of TM was determined by Western blot analysis (n=3). */<0.05
vs Ad-LacZ/vehicle; #P<0.05 vs Ad-LacZ/TNF-a. C, Overexpression of Nur77 and Norl
inhibits blood clotting in vitro. HUVECs were transduced with Ad-LacZ, Ad-Nur77 or Ad-
Norl (MOI=50) for 48 hours, and treated with vehicle or TNF-a. (20 ng/ml) for 5 hours.
Cells were then washed, and recalcified plasma was added to wells. Clotting kinetics was
measured by monitoring the absorbance at 405 nm. Analysis of kinetic profiles was
performed to determine time to reach half-maximal absorbance (T1/2 max) (n=4). *P< 0.05
vs Ad-LacZ; #P< 0.05 vs Ad-LacZ/TNF-a..
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Figure 6.

Nur77 gene deficiency increases susceptibility to thrombus formation in vivo. A, WBC
count, hemoglobin (HB), and platelet (PLT) counts in Nur77 KO mice and their WT
littermates (n=7 per group). B, Nur77 gene deficiency (Nur77 KO) enhances susceptibility
of the mice to carotid artery thrombus formation (n = 7-9 per group). *£<0.05 vs WT mice.
C, Tail bleeding time was not changed in Nur77 KO mice and their wild-type (WT)
littermates (n=7 per group). D, Mice were administrated with 100 pl Nur77 and Norl
adenoviruses (Ad-Nur77 and Ad-Nor1, 1x10 pfu/ml) by a tail vein injection. 6 days after
virus transduction, mice were sacrificed and liver tissues were collected. TM protein
expression in mouse liver tissues was determined by western blot analysis (n=8 per group).
*P<0.05 vs Ad-LacZ. E, Mice were administrated with either 100 ul Ad-LacZ or Ad-Nur77
or Ad-Nor1 (1x1011 pfu/ml) by a tail vein injection. 6 days after adenovirus transduction,
carotid artery thrombosis was performed (n=7-9 per group). */<0.05 vs Ad-LacZ group.
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