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Abstract

Endothelin-1 (ET-1) produced by vascular endothelial cells plays essential roles in the regulation
of vascular tone and development of cardiovascular diseases. The objective of this study is to
identify novel regulators implicated in the regulation of ET-1 expression in vascular endothelial
cells (ECs). By using quantitative real-time PCR (qRT-PCR) and Enzyme-linked immunosorbent
assay (ELISA), we show that either ectopic expression of orphan nuclear receptor Nur77 or
pharmacological activation of Nur77 by 6-mercaptopurine (6-MP) substantially inhibits ET-1
expression in human umbilical vein endothelial cells (HUVECS), under both basal and thrombin-
stimulated conditions. Furthermore, thrombin-stimulated ET expression is significantly augmented
in both Nur77 knockdown ECs and aort from Nur77 knockout mice, suggesting that Nur77 is a
negative regulator of ET-1 expression. Inhibition of ET-1 expression by Nur77 occurs at gene
transcriptional levels, since Nur77 potently inhibits ET-1 promoter activity, without affecting
ET-1 mRNA stability. As shown in electrophoretic mobility shift assay (EMSA), Nur77
overexpression markedly inhibits both basal and thrombin-stimulated transcriptional activity of
AP-1. Mechanistically, we demonstrate that Nur77 specially interacts with c-Jun and inhibits AP-1
dependent c-Jun promoter activity, which leads to a decreased expression of c-Jun, a critical
component involved in both AP-1 transcriptional activity and ET-1 expression in ECs. These
findings demonstrate that Nur77 is a novel negative regulator of ET-1 expression in vascular ECs
through an inhibitory interaction with the c-Jun/AP-1 pathway. Activation of Nur77 may represent
a useful therapeutic strategy for preventing certain cardiovascular diseases, such as atherosclerosis
and pulmonary artery hypertension.
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1. INTRODUCTION

ET-1, a 21-amino acid peptide, is released continuously and predominantly from vascular
ECs and is of significant importance in the regulation of cardiovascular function [1].
Through binding to 2 types of receptors, namely ET and ETg, ET-1 exerts multiple
biological functions in the cardiovascular system, including vasoconstriction,
proinflammatory and mitogenic properties in vascular ECs and smooth muscle cells (SMCs)
[2]. ET 5 receptors are mainly expressed in vascular SMC and cardiac myocytes, whereas
ETg receptors are predominantly localized on ECs and certain vascular SMCs [3]. The
binding of ET-1to ETa and ETg receptors in vascular SMCs results in a potent
vasoconstriction, whereas the activation of endothelial ETg receptors by ET-1 stimulates the
release of NO and prostacyclin and causes an endothelium-dependent vasodilation [4, 5].
Recently, multiple lines of evidence suggest that increased expression of ET-1 has been
implicated in the development of endothelial dysfunction, which is associated with many
cardiovascular events, such as atherosclerosis and vascular complications in diabetes [6, 7].
In fact, the increased expression of ET-1 has been documented in atherosclerotic lesions and
human coronary artery diseases [8] [9]. Furthermore, endothelial specific overexpression of
ET-1 markedly increased the formation of atherosclerotic lesions in Apo-E knockout mice
fed with a high fat diet [10], further implicating its essential role in the development of
vascular diseases. In the lungs, increased ET-1 has been shown to cause potent
vasoconstriction and vascular remodeling, hence, contributing significantly to the
development of both primary and secondary pulmonary hypertension [11]. Accordingly, the
ET-1 receptor antagonists have been shown to dramatically improve the clinical outcome of
the patients with severe pulmonary artery hypertension [12].

Because of critical roles of ET-1 in cardiovascular system, its expression is tightly
controlled and primarily regulated at the gene transcriptional levels [13]. Several
transcriptional factors, including AP-1, GATA-2, vascular endothelial zinc finger 1(Vezfl),
forkhead box O (FOXO), and NF-«B, have been identified to bind to the ET-1 promoter
region and transcriptionally regulate the ET-1 expression [14-17]. The AP-1 binding site is
located at —108 bp of human ET-1 promoter and recruits both c-Fos and c-Jun, which is of
importance for the high basal levels of ET-1 promoter activity in ECs [14]. In addition, PKC
dependent activation of AP-1 has also been shown to mediate the increased ET-1 expression
stimulated by thrombin, angiotensin 11, and High-density lipoprotein [18-20]. Recently, the
nuclear receptors have emerged as critical regulators for the ET-1 expression in the
cardiovascular system. For instance, through directly binding to the promoter of ET-1, both
the mineralocorticoid receptor and the glucocorticoid receptors have been shown to mediate
the aldosterone dependent induction of ET-1 expression [13]. Importantly, activation of
several nuclear receptors, including estrogen receptor (ER), retinoic acid receptor (RAR),
farnesoid X receptor (FXR), peroxisome proliferator-activated receptors (PPAR) a and v,
has been shown to attenuate the ET-1 expression in vascular cells [19, 21-23], further
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implicating the functional importance of the nuclear receptor superfamily in the regulation
of cardiovascular function.

NR4A receptors are immediate-early genes that are regulated by various physiological
stimuli including growth factors, hormones, and inflammatory signals and involved in a
wide array of important biological processes, including cell apoptosis, brain development,
glucose and lipid metabolism, and vascular remodeling [24]. The NR4A subfamily consists
of 3 well-conserved members, Nur77 (NR4A1), Nurrl (NR4A2), and NOR-1 (NR4A3),
respectively. Like other nuclear receptors, NR4A receptors consist of an N-terminal
transactivation domain, a central 2-zinc-finger DNA-binding domain, and a C-terminal
ligand-binding domain. So far, no ligands have been identified for these receptors and
therefore they are classified as orphan receptors. Recently, there has been much attention
paid to the function of these receptors in cardiovascular system [25]. In vascular smooth
muscle cells, the expression of Nur77 and NOR-1 was significantly induced by atherogenic
stimuli, such as platelet-derived growth factor-BB, epidermal growth factor, and a-
thrombin, and overexpression of Nur77 has been shown to inhibit cell proliferation and
attenuate vascular injury-induced neointimal formation in vivo [26] [27]. NR4A nuclear
receptors are also induced in vascular ECs by several stimuli, such as hypoxia, TNF-a, and
vascular endothelial growth factor, and modulate EC growth, survival, and angiogenesis
[28] [29]. Most importantly, our recent study has implicated Nur77 as a potent negative
regulator for the pro-inflammatory responses in ECs via a selective inhibition of NF-xB
pathway [29]. Recently, Nur77 has been shown to inhibit the development of the
atherosclerosis through its anti-inflammatory responses in microphages [30] [31]. Whether
Nur77 elicits vascular protective effects through regulating ET-1 production, however, is
undetermined.

In the present study, we investigated the effect of Nur77 on the expression of ET-1 in
HUVECs. Our results demonstrated that Nur77 potently inhibited the ET-1 production under
both basal and thrombin stimulated conditions. Mechanistically, we found that Nur77
inhibits ET-1 production at the gene transcriptional levels, through attenuating the
expression of c-Jun, which is a critical component for the activation of AP-1 transcriptional
pathway.

2. Material and Method
2.1. Cell Culture

2.2. Mice

Human umbilical vascular ECs (HUVECSs) were purchased from ATCC and cultured in
EBM-2 medium (Lonza) supplemented with EGM-2 BulletKit (Lonza). Human pulmonary
artery smooth muscle cells were purchased from ATCC and cultured in SmMGM-2™ Growth
Medium (Lonza). EA.hy926 cells and HEK293 cells were purchased from ATCC and
cultured in DMEM supplemented with 10% FBS.

Nur77 knockout mice were purchased from Jackson Laboratory (Bar Harbor, Maine, USA)
and animals were maintained on a C57BL/6 and 129SvJ hybrid background. Nur77+/~ mice
were crossed to obtain the wildtype and knockouts. Wildtype (WT) and Nur77 knockouts
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(KO) (10-12 weeks of age, 5-6 per group) were subjected to intraperitoneal injection (i.p)
of thrombin (70 units/g body weight). 3 hours after injection, aorta from WT and Nur77 KO
were then collected and total RNA was isolated by using TRIzol reagent (GIBCO/BRL)
according to the manufacturer’s instruction. The expression of ET-1 was then quantitated by
quantitative real-time PCR (gRT-PCR). This study was reviewed and approved by the
Institutional Animal Care and Use Committee at Thomas Jefferson University.

2.3. Adenovirus Construction

Adenoviruses harboring wild-type Flag-tagged Nur77 (Ad-Nur77) and Norl (Ad-NOR1)
were made using AdMax (Microbix) as previously described [29]. The viruses were
propagated in Ad-293 cells and purified using CsCI2 banding followed by dialysis against
20 mmol/I Tris-buffered saline with 10% glycerol.

2.4. Electrophoretic mobility shift assay (EMSA)

HUVECs were transduced with Ad-Lac Z, Ad-Nur77 for 48 h and then treated with or
without 10 U/ml thrombin (Haematologic Technologies) for 4 hours, subcellular fractions
were prepared as described previously [29]. Electrophoretic mobility shift assay (EMSA)
were performed with Odyssey® IRDye® 700 infrared dye labelled double-stranded
oligonucleotides coupled with the EMSA buffer kit (LI-COR Bioscience) according to
manufacturer’s instructions. The specificity of the binding was examined using competition
experiments, where 100-fold excess of the unlabelled oligonucleotides were added to the
reaction mixture prior to add the infrared dye labelled oligonucleotide. The gel supershift
assay was performed by adding c-Jun antibody (Cell Signaling) for AP-1 prior to the
addition of the fluorescently labeled probe.

2.5. Western blot

Cell lysates were made using RIPA buffer (Thermo Scientific) containing 25mM TriseHCI
pH 7.6, 150mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS and proteinase
inhibitor cocktail containing 2 mM PMSF, 20 pg/ml aprotinin, 10ug/ml leupeptin.
Supernatants were resolved by SDS-PAGE, and transferred to nitrocellulose (BioRad). Blots
were blocked with 5% nonfat milk in PBS with 0.1% Tween 20 (PBST) and then developed
with diluted antibodies for Flag (1:1000 dilution; Genescript), Nur77 (1:250 dilution; BD
Biosciences), GAPDH (1:2000 dilution; Santa Cruz Biotechnology) and c-Jun (1:1000
dilution; Cell Signaling) at 4 °C overnight, followed by incubation with goat anti-rabbit 19gG
(H+L) (DyLight 680 conjugated, Thermo Scientific) or goat anti-mouse 1gG (H+L)
(DyL.ight 800 conjugated, Thermo Scientific) for 1 hour.

2.6. Co-immunoprecipitation

Immunoprecipitation was performed as described previously [29]. After preclearing for 1
hour at 4°C with protein A/G agarose (Sigma Aldrich). Anti-flag M2 agarose (Sigma
Aldrich) was added, and immune complexes were collected after overnight incubation at
4°C. To identify the binding domains of Nur77 and c-Jun, HEK293 cells were transiently
transfected with flagged tagged Nur77 mutant and Myc-tagged c-Jun mutant cDNAs using
FUGENE 6 as described by the manufacturer (Roche Applied Science).
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Coimmunoprecipitation of Nur77 and c-Jun in HEK293 cells was performed essentially as
described [29]. The following antibodies were used for detection and immunoprecipitation;
rabbit polyclonal c-Myc (Invitrogen), mouse monoclonal FLAG M2 (Sigma), and rabbit
polyclonal c-Jun (Cell Signaling). Secondary antibodies were goat anti-rabbit IgG (H+L)
(DyL.ight 680 conjugated, Thermo Scientific) or goat anti-mouse 1gG (H+L) (DyLight 800
conjugated, Thermo Scientific). Blots were visualized on an Odyssey Imaging System
(Licor). The intensity of the bands was quantified by using the Odyssey software.

2.7. Knockdown of Nur77 and c-Jun by Small Interfering RNA

Human Nur77 (5-GGCUUGAGCUGCAGAAUGA-3, and 5'-
UCAUUCUGCAGCUCAAGCC-3’), human c-Jun (Santa Cruz), and a negative control
siRNA (Sigma—Aldrich) were used for the transfection of HUVECs with Lipofectamine
RNAIMAX transfection reagent (Invitrogen) in serum-free medium according to the
recommendations of the manufacturer.

2.8. Quantitative Real Time-PCR (qRT-PCR)

Total RNA was extracted from cells and treated with DNase | using the RNeasy® Micro kit
(Qiagen). mMRNA levels of human Nur77 and ET-1 were determined by gRT-PCR using
cDNA obtained from the reverse transcription reactions as template, with MyiQ™ Single-
Color Real-Time PCR Detection System (Bio-Rad) and HotStart-IT SYBR Green One-Step
gRT-PCR Master Mix Kit (Affymetrix). The primer sequences are described as follows:
human Nur77 forward, 5-AAGATCCCTGGCTTTGCTGAGCTG-3 and reverse 5’-
AGGCCAGGATACTGTCAATCCAGT-3; human ET-1 forward, 5'-
GCTCGTCCCTGATGGATAAA-3 and reverse 5’-ATTCTCACGGTCTGTTGCCT-3;
Mouse ET-1 forward, 5-TCCTCTGCCCGTCTGAACAAGAAA-3' and reverse 5
GCCATCAGCAATAGCATCAAGGCA-3; 18S forward, 5’
TCAAGAACGAAAGTCGGAGG-3 and reverse, 5-GGACATCTAAGGGCATCAC-3;
18S mRNA served as a control for the amount of cDNA present in each sample. Data were
analyzed using the comparative difference in cycle number (ACT) method according to the
manufacturer’s instructions.

2.9. Measurement of Endothelin-1 by ELISA

HUVECSs were transduced with Ad-Lac Z, Ad-Nur77 for 48 hours as described above.
Supernatants were collected before and after stimulation of thrombin at 4 U/ml for 24 hours.
Human Endothelin-1 QuantiGlo ELISA Kit (R&D systems) was used for the quantitative
determination of human ET-1.

2.10. Transient Transfection and luciferase assay

The human ET-1 promoter was amplified by PCR using human genomic DNA (Clontech)
with primers and cloned into the luciferase reporter plasmid pGL3-Basic (Promega). A
luciferase reporter regulated by 7 tandem AP-1 repeats was purchased from Stratagene.
NBRE-luc reporter plasmid was kindly provided by Dr. Astar Winoto (University of
California, Berkeley). HUVECs were seeded in 24-well plates and incubated overnight. The
cells were transfected with either 200 ng pGL3-ET-1 promoter luciferase reporter, c-Jun
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promoter luciferase reporter or NBRE luciferase reporter in the presence or absence of
indicated expression vectors using Lipofectamine™ LTX (Invitrogen) transfection reagent.
36 hrs after transfection, cells were treated with or without 4U/ml thrombin for 6 hr or 6-
mercaptopurine (6-MP, Sigma—Aldrich) for 24 hr, then directly lysed in the lysis buffer
(Promega). 20 pl of the cell lysates were assayed for luciferase activity with a luciferase
reporter assay system (Promega) and determined with a Synergy 2 Multi-Mode Microplate
Reader (Bio-Tek) according to the manufacturer’s instructions.

2.11. Chromatin Immunoprecipitation Assays

Chromatin immunoprecipitation (ChIP) assays were performed using a ChIP assay kit
(Upstate) according to the instructions of the manufacture. Soluble chromatin was prepared
from HUVECs transduced with either Ad-LacZ or Ad-Nur77 (MOI1=100) for 48 hours.
DNA-bound c-Jun subunit was immunoprecipitated by incubating with antibody directed
against c-Jun (5 pg, Cell Signaling) overnight at 4°C with rotation. After reversal of cross
links and digestion of bound proteins, the recovered DNA was quantified by PCR amplified
using primer pairs that cover an AP-1 consensus sequence in the ET-1 promoter as follows:
sense, 5-GCCTCTGAAGTTAGCAGTGA-3'; antisense: 5'-
GGGGTAAACAGCTCCGACTT-3'.

2.12. Statistical analyses

Data are expressed as means = SEM. The statistical significance of differences was assessed
with unpaired Student’s t test or ANOVA, as appropriate; In all cases, P<0.05 was
considered statistically significant.

3. RESULTS
3.1. Overexpression of Nur77 inhibits ET-1 expression in HUVECs

To investigate the role of Nur77 in the regulation of ET-1 expression in ECs, we transduced
the HUVECs with recombinant adenovirus bearing human Nur77 cDNA (Ad-Nur77).
Transduction of HUVECSs with increasing MOIs of Ad-Nur77 led to an increased expression
of Nur77 (Figure 1A). To determine whether Nur77 affects the ET-1 expression in ECs, we
examined the effect of adenovirus mediated Nur77 over-expression on ET-1 mRNA levels,
under both basal and thrombin-stimulated conditions, by gRT-PCR. As shown in Figure 1B,
under basal unstimulated conditions, Nur77 overexpression markedly inhibited the ET-1
expression in a dose dependent manner. Likewise, the thrombin-induced ET-1 expression
was also substantially inhibited (Figure 1C). To detect whether Nur77 influences the ET-1
peptide levels in cultured HUVECs, we performed ELISA to determine the levels of ET-1 in
the supernatants of HUVECs. Consistent with the ET-1 gene expression results, in a dose
dependent manner, Nur77 overexpression markedly inhibited the ET-1 levels under both
basal and thrombin stimulated conditions (Figure 1D and 1E). Furthermore, Nur77
overexpression also significantly attenuated the basal and TGF-gL-stimullated ET-1
expression in human pulmonary artery sooth muscle cells (Figure 1F). The expression of
both ETp and ETg receptors in HUVECs was not altered by Nur77 overexpression. Taken
together, these results suggest that Nur77 may be a critical regulator for the ET-1 expression
in vascular cells.
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3.2 Knockdown of Nur77 augments ET-1 expression in ECs

After demonstrating the inhibitory effect of Nur77 on ET-1 expression in HUVECSs, we
attempted to define the role of endogenous Nur77 in the regulation of ET-1 in ECs by
performing loss-of-function studies using Nur77 specific sSiRNA. Transfection of HUVECs
with Nur77 specific sSiRNA markedly inhibited the expression of Nur77 in HUVECs by
approximately 70% (Figure 2A), but not affect the expression of other NR4A members,
including Norl and Nurrl (data not shown). Interestingly, consistent with the previous
report showing that thrombin increases the expression of Nur77 in VSMCs [24], thrombin (4
U/ml) markedly increased Nur77 and NOR-1 expression in HUVECs (Figure 2B). In
HUVECG:s transfected with Nur77 siRNA, both basal and thrombin-induced Nur77
expression were markedly attenuated (Figure 2C). Furthermore, we sought to examine the
ET-1 expression, by using gRT-PCR, under both basal and thrombin stimulated conditions.
As shown in Figure 2D, expression of ET-1 was markedly augmented in Nur77 knockdown
ECs. To further substantiate the functional significance of Nur77 in regulating ET-1
expression in vivo, we investigated the effect of Nur77 deficiency on ET-1 expression by
using Nur77 knockout mice. As shown in Figure 2E, both basal and thrombin-induced ET-1
expression was substantially increased in the aorta of Nur77 knockout mice, as compared to
their wild-type littermate control. Together, these results suggest that Nur77 functions as an
endogenous inhibitor for ET-1 expression in vasculature.

3.3. 6-MP inhibits ET-1 expression through activation of Nur77 in ECs

To examine whether pharmacological activation of Nur77 could affect the ET-1 expression
in ECs, we employed 6-mercaptopurine (6-MP), which was previously identified as an
activator of Nur77 [32]. First, we examined whether 6-MP induces the expression of NR4A
family in HUVECs. Consistent with the previous report [32], 6-MP, indeed, dose-
dependently increased the expression of Nur77 in HUVECS, as determined by gRT-PCR. At
the concentration of 25 uM, the expression of Nur77 was increased about 8-fold (Figure
3A). Accordingly, the transcriptional activity of Nur77, as determined by the Nur77-binding
response element (NBRE) driven luciferase activity, was also significantly increased (Figure
3B). To investigate whether 6-MP affects the ET-1 expression in HUVECs, we then treated
HUVECs with increasing concentrations of 6-MP. As shown in Figure 3C, 6-MP markedly
inhibited the ET-1 gene expression in a dose dependent manner. Additionally, in control
siRNA transfected cells, the thrombin-stimulated ET-1 production was also inhibited by
approximately 60% by 6-MP (Figure 3D). However, in Nur77 knockdown cells, 6-MP-
induced inhibitory effect on ET-1 expression was substantially diminished (Figure 3D),
under both basal and thrombin stimulated conditions. Furthermore, cytosporone B, which
has been shown to activate Nur77 [33], also markedly inhibited both basal and thrombin
induced ET-1 expression in a Nur77 dependent manner. Together, these results highlight the
functional importance of Nur77 in the regulation of ET-1 expression in ECs.

3.4. Nur77 downregulates ET-1 Expression at transcriptional levels

Since ET-1 expression is mainly regulated at gene transcriptional levels [13], to determine
the molecular mechanism underlying the regulation of ET-1 by Nur77, we investigated the
effect of Nur77 on ET-1 promoter activity. As shown in Figure 4A and 4B, ectopic
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expression of Nur77 not only inhibited the basal ET-1 promoter activity, but also
substantially inhibited the thrombin-induced ET-1 promoter activity. Interestingly, the
dominant negative Nur77 (DN-Nur77), which lacks the transcriptional activation domain of
Nur77 [29], also markedly inhibited both basal and thrombin-induced ET-1 promoter
activity (Figure 4C and 4D), indicating that the non-genomic effect of Nur77 might be
involved in the regulation of ET-1 in ECs. Furthermore, ET-1 promoter activity was only
inhibited by Nur77, but not by NOR-1 and Nurrl (Figure 4E), indicating the specificity of
NR4A family receptors in the regulation of ET-1 expression. Taken together, these findings
indicate that Nur77 transcriptionally regulates the expression of ET-1, probably through its
non-genomic effect in ECs.

3.5. Nur77 attenuates ET-1 transcription by inhibiting the AP-1 transcriptional activity

AP-1 site is essential for the activation of ET-1 promoter in endothelial cells [14]. To
determine whether AP1 participates in the Nur77-mediated inhibition on ET-1 expression,
we performed EMSA to determine whether Nur77 affects the AP-1 activity in the nuclear
extracts of thrombin stimulated HUVECSs. As shown in Figure 5A and 5B, transduction of
HUVECs with Ad-Nur77 significantly attenuated the basal AP-1 binding activity, as
compared with that in Ad-GFP transduced cells. Furthermore, in Ad-GFP transduced
HUVECs, thrombin markedly increased the AP1 binding activity, which was substantially
inhibited when Nur77 was overexpressed, suggesting that Nur77 inhibits the ET-1
expression through attenuating the AP1 transcriptional activity. Strikingly, in a dose
dependent manner, Nur77 overexpression was found to inhibit the expression of c-Jun
(Figure 5C), which is a major component of the AP1 transcriptional complex. Moreover,
knockdown of Nur77 specifically increased the expression of c-Jun, but barely affected the
expression of Jun B and c-fos (Figure 5D), further implicating the role of Nur77 in
regulating c-Jun expression. Consistent with the results obtained in EMSA, Nur77
overexpression markedly inhibited the AP-1 dependent luciferase activity, under both basal
and thrombin stimulated conditions (Figure 5E). In addition, the binding of c-Jun to the
AP-1 consensus site in ET-1 promoter was significantly attenuated by Nur77 (Figure 5F).
Together, these results suggest that Nur77 attenuates the ET-1 expression and AP-1
transcriptional pathway by inhibiting c-Jun expression in HUVECs.

3.6. Nur77 attenuates AP-1 activity through inhibiting c-Jun transcription

Having shown that the c-Jun expression was down-regulated by Nur77 in ECs, we sought to
determine the molecular mechanism involved. Previous studies have demonstrated that the
expression of c-Jun is primarily regulated at the transcriptional levels, and is mainly
involved in the binding of AP-1 to the c-Jun gene promoter [34, 35]. In addition, the non-
genomic effect of Nur77 on ET-1 promoter activity, as shown in Figure 4C and 4D, further
indicates that a protein-protein interaction might contribute to the regulation of ET-1 by
Nur77. Therefore, we attempted to speculate that Nur77 might inhibit the c-Jun gene
expression through an inhibitory interaction with the transcriptional factor AP-1. To this
end, we investigated the potential interaction of Nur77 with c-Jun in HUVECS by using
immunoprecipitation. As shown in Figure 6A, immunopreciptation of the Flag-tagged
Nur77 led to a co-immunoprecipitation of c-Jun with Nur77 in the nuclear fraction of ECs.
Furthermore, co-immunoprecipitation in HEK293 cells indicated that the ligand-binding

J Mol Cell Cardiol. Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Qinetal.

Page 9

domain (LBD) of Nur77 specifically interacted with c-Jun (Figure 6B and 6C), while both
N-terminal and C-terminal fragments of c-Jun interact with Nur77 (Figure 6D and 7E).
Accordingly, c-Jun-induced activation of ET-1 promoter was inhibited by the full-length
Nur77, DN-Nur77, and Nur77 LBD, but not by DNA binding domain (DBD) of Nur77
(Figure 6F), further indicating the importance of Nur77-c-Jun interaction in regulating ET-1
expression.

To further determine the functional importance of this interaction in the regulation of c-Jun
expression, we investigated whether Nur77 inhibits the AP-1 dependent c-Jun promoter
activity. As shown in Figure 7A, c-Jun overexpression significantly increased the c-Jun
promoter driven luciferase activity, which was markedly inhibited by overexpression of
either wild-type Nur77 or DN-Nur77. Similarly, overexpression of c-Jun resulted in an
increased AP1 binding activity to its consensus site, as determined by EMSA, which was
also substantially inhibited by Nur77 overexpression (Figure 7B and 7C). Taken together,
these results suggest that Nur77 inhibits the c-Jun expression through functionally
interacting with c-Jun and subsequently inhibiting the AP-1 binding to the c-Jun promoter.

4. DISCUSSION

In the present study, we for the first time demonstrated that Nur77 is a novel negative
regulator of ET-1 expression in vascular ECs. Ectopic expression of Nur77 suppresses the
expression of ET-1 at transcriptional levels through inhibiting the AP1 transcriptional
activity, which is a key transcriptional factor implicated in both basal and thrombin-induced
ET-1 expression in vascular ECs. Furthermore, we show that 6-MP, a pharmacological
activator of Nur77, potently inhibits ET-1 expression in ECs through an induction of Nur77,
which is in fact consistent with a recent study showing that 6-MP decreases ET-1 production
in an aneurysmal subarachnoid hemorrhage (SAH) model [36]. Mechanistically, we
demonstrate that Nur77 functionally interacts with c-Jun, which leads to an inhibition of
AP1 transcriptional activity and attenuation of c-Jun expression in vascular ECs.

Transcriptional regulation is thought to be a major mechanism controlling ET-1
bioavailability [13]. Several key transcriptional factors, including Vezfl, FOXO1, GATA-2,
AP-1, and NF-xB, have been shown to be involved in this process [14-17]. Our data also
indicate that Nur77 inhibits the transcriptional activity of AP-1, a critical transcriptional
factor implicated in both basal and induced transcription of ET-1 by thrombin. In vascular
ECs, AP-1 is composed of two important major components, namely, ¢c-Fos and c-Jun. ¢-Jun
is the founding member and the most potent transcriptional activator of the AP-1 family
[37]. Indeed, thrombin has been shown to increase c-Jun mMRNA levels and AP-1 binding
activity, which contributes significantly to the increased expression of ET-1 in vascular ECs
[38]. Consistent with this role, the activation of nuclear receptors, such as PPARy, ER, and
FXR, has been shown to inhibit the ET-1 expression in vascular ECs by forming a
nonproductive complex with c-Jun, and thus preventing the AP-1 binding to the ET-1
promoter [19, 21-23]. Phosphorylation of c-Jun has been implicated in the initiation of the
AP1 activation, however, AP-1 activity is more closely associated with a steady elevation of
c-Jun expression [39]. Indeed, a high-affinity AP-1 binding site has been identified in the c-
Jun promoter, thus constituting a positive feedback circuit in the regulation of AP1 activity,
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in which AP-1 can activate the c-Jun promoter and gene expression to further enhance AP-1
activity and potentiate its gene promoter activation [39]. In the present study, we
demonstrate that Nur77 potently inhibits the ET-1 promoter activity through suppressing the
expression of c-Jun in vascular ECs. Furthermore, we showed that in the nucleus of
endothelial cells, Nur77 is specifically associated with c-Jun, which in turn inhibits the AP-1
transcriptional activity and AP-1 dependent c-Jun promoter activity. In this regard, our
findings provide significant novel insights into the molecular mechanism controlling the
activation of AP-1 and ET-1 expression in ECs under both physiological and patho-
physiological conditions.

NRA4A receptors are immediate-early genes that are regulated by various physiological
stimuli including growth factors, hormones, and inflammatory signals in cardiovascular
system [25]. An increasing number of evidence suggests that NR4A receptors are highly
expressed in advanced atherosclerotic lesions and injury induced vasculature [27].
Additionally, Nur77 deficiency has recently been shown to promote the development of
atherosclerotic lesions in Apo-E knockout mice fed with a high fat diet through modulating
inflammatory responses in microphages [31], further implicating their important roles in
vascular diseases. Since ET-1 is highly expression in human atherosclerotic lesions [8, 9], it
is attempted to speculate that Nur77 deficiency may cause a higher expression of ET-1 and
this may partially contribute to the increased atherosclerotic formation in Nur77 knockout
mice. Depending on the stimuli and its cellular localization, Nur77 can exert biological
effects through both genomic and non-genomic actions [40]. For instance, in response to
certain apoptosis-inducing agents, Nur77 expression is induced in some cancer cells, and
subsequently translocates from the nucleus to mitochondria, where it causes the
conformational change of Bcl-2 to promote apoptosis [41]. While in the nucleus, Nur77 can
function as a transcription factor by binding to its DNA response elements to regulate the
expression of its target genes [29]. In this study, our data suggest that such a genomic action
of Nur77 is not likely involved in its inhibitory effect on ET-1 expression in vascular ECs,
since DN-Nur77, which lacks the functional N-terminal AF-1 domain of Nur77, exerts the
same inhibition on ET-1 promoter activity as wild-type Nur77. In addition, the sequential
analysis of the c-Jun promoter did not reveal any potential Nur77 binding sites, further
suggesting that the nongenomic action of Nur77, such as protein-protein interactions, may
contribute to its inhibitory effect on ET-1 expression. Indeed, our results demonstrate that
Nur77 functionally interacts with c-Jun in ECs and inhibits the AP-1-mediated c-Jun and
ET-1 expression.

Recently, the NF-xB pathway has been shown to be involved in the regulation of ET-1
expression by some inflammatory cytokines, such as IL-1f and TNF-a [42]. In endothelial
cells, our recent study demonstrated that Nur77 transcriptionally up-regulates the expression
of IKBa via directly binding to the promoter region of IKBa, which eventually leads to the
suppression of the nuclear factor (NF)-«xB pathway in ECs under inflammatory
conditions[29]. Indeed, in this study, we found that in addition to inhibiting thrombin-
stimulated ET-1 expression, Nur77 also markedly inhibited IL-1B-induced ET-1 expression
in HUVECs through inhibiting NF-xB activation (data not shown). Furthermore, we found
that hypoxia induced ET-1 expression was also markedly inhibited, although Nur77
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increases HIF1a expression in ECs (data not shown). In this regard, our finding is
consistent with the notion showing that a cooperative interaction between AP-1 and HIF1a
is necessary for the hypoxia induced ET-1 expression[43]. Therefore, it is attempting to
speculate that Nur77 may inhibit ET-1 expression in response to multiple stimuli, through
both genomic and non-genomic actions, thus eliciting its vascular protective effects under
various patho-physiological circumstances.

In summary, the data reported herein provide the evidence that the orphan nuclear receptor
Nur77 is a novel negative regulator of ET- expression in vascular ECs. Specifically, Nur77
interacts with c-Jun and functionally inhibits the AP-1 dependent ET-1 promoter activity
through suppressing the expression of c-Jun. Given the critical roles of both ET-1 and AP-1
in the regulation of cardiovascular function, identification of Nur77 as a negative regulator
of ET-1 production in vascular ECs may provide new insights into the molecular
mechanisms underlying the development of atherosclerosis, vascular complications of
diabetes, and pulmonary artery hypertension.
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Figure 1. Nur77 inhibits both basal and thrombin-induced ET-1 expression
(A) HUVECs were transduced with Ad-Nur77 at indicated mois. 48 hours after

transduction, total protein was extracted for the detection of Nur77 expression by western
blot analysis. (B) HUVECs were transduced with Ad-Nur77 at the indicated mois. 48 hours
after transduction, ET-1 mRNA expression was detected by gRT- PCR. *P<0.05 compared
with MOI=0; n=3. (C) HUVECs were transduced with Ad-Nur77 at the indicated mois. 48
hours after transduction, HUVECSs were treated with 4 U/ml thrombin for 2 hours. ET-1
MRNA expression was detected by gqRT-PCR. *P<0.05 compared with MOI=0 without
thrombin stimulation; #P<0.05 compared with MOI=0 with thrombin stimulation. n=3. (D)
HUVECs were transduced with Ad-Nur77 at indicated mois. 48 hours after transduction,
ET-1 expression was measured by ELISA in HUVEC supernatants. *P<0.05 compared with
MOI=0. n=3. (E) HUVECs were transduced with Ad-Nur77 at indicated mois. 48 hours
after transduction, HUVECSs were treated with 4 U/ml thrombin for 24 hours. The ET-1
levels in supernatants were measured by ELISA. *P<0.05 compared with MOI=0 without
thrombin stimulation; # P<0.05 compared with MOI=0 with thrombin stimulation. n=3. (F)
HPASMCs were transduced with Ad-Nur77 (mois 100). 24 hours after transduction, cells
were starved for 48 hours and stimulated with TGF-£1 (10 ng/ml) for 24 hours, the
expression of ET-1 was determined by detected by gRT- PCR. *P<0.05 compared with no
TGF-A1/Ad-Nur77 treatment; #P<0.05 compared with TGF-A1 without Ad-Nur77 treatment;
n=3.
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Figure 2. Nur77 knockdown augments both basal and thrombin-induced ET-1 expression in
HUVECs

(A) HUVECSs were treated with thrombin at different concentrations for 2 hours. The
expression of Nur77, Nurrl and Norl were detected by qRT-PCR. *P<0.05 compared with
control; #P<0.05 compared with control. (B) 72 hours after transfection of Nur77-specific
siRNA or control siRNA, the Nur77 protein was determined by western blotting analysis.
(C) 72 hrs after transfection of Nur77-specific sSiRNA or control siRNA, HUVECs were
treated with or without 4 U/ml thrombin for 2 hours. The expression of Nur77 was detected
by gRT-PCR. *P<0.05 compared with control; # indicates P<0.05 compared with control
plus thrombin stimulation. (D) 72 hours after transfection of SiRNA, HUVECs were treated
with or without 4U/ml thrombin for 2 hours. The expression of ET-1 mRNA was detected
by gRT-PCR. *P<0.05 compared with control; # indicates P<0.05 compared with control
plus thrombin stimulation. (E) Wildtype and Nur77 knockout mice were intraperitoneally
injected with thrombin (70 units/g body weight). 3 hours after injection, total RNA was
extracted from aorta and the expression of ET-1 was then quantitated by qRT-PCR. *
indicates P<0.05 compared with WT mice injected with PBS; # indicates P<0.05 compared
with WT mice injected with thrombin. gRT-PCR results are shown as means + SEM and the
data is representative of three individual experiments.
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Figure 3. 6-MP inhibits ET-1 expression through induction of Nur77 in ECs
(A) HUVECs were treated with 6-MP at different concentrations for 3 hours. The expression

of NR4A receptors was detected by qRT-PCR. *, # 8P<0.05 compared with no 6-MP
stimulation. (B) HUVECs were transfected with 200 ng of NBRE-luc and the luciferase
assays were performed 24 hours after treatment with 6-MP. *P<0.05 compared with no 6-
MP stimulation. (C) HUVECs were treated with 6-MP for 3 hours. ET-1 mRNA was
detected by gRT-PCR. *P<0.05 compared with no 6-MP stimulation. (D) HUVECs were
transfected with Nur77-specific siRNA and control siRNA. 72 hours after transfection,
HUVECs were pretreated with 25 uM 6-MP for 2 hours and then treated with 4 U/ml
thrombin for 2 hours. ET-1 mRNA levels were detected by gRT-PCR. *P<0.05 compared
with no 6-MP/thrombin; #P<0.05 compared with no 6-MP but with thrombin; NS indicates
non-significant. qRT-PCR results and luciferase results are shown as means + SEM. All the
data is representative of 4 individual experiments. (E) HUVECs were transfected with either
control siRNA or specific Nur77 siRNA. 72 hours after transfection, HUVECs were then
treated with or without 10uM cytosporoneB (CsnB) for 1 hour and then treated with 10 U/ml
thrombin for 2 hours. ET-1 mRNA levels were detected by gRT-PCR. qRT-PCR results are
shown as means + SEM and the data is representative of three individual experiments. *
P<0.05 compared with control siRNA transfected cells treated with vehicle; # indicates
P<0.05 compared with control siRNA transfected cells treated with thrombin.
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Figure 4. Nur77 inhibits ET-1 promoter activity
(A) EA.hy926 cells were transfected with 200 ng of pGL3-ET-1 promoter-luc with

increasing amounts of pFlag-Nur77. 36 hours after transfection, luciferase assays were
performed. *P<0.05 compared with no Nur77. (B) EA.hy926 cells were transfected with
200 ng of pGL3-ET-1 promoter-luc with increasing amounts of pFlag-Nur77. 36 hours after
transfection, luciferase assays were performed 6 hours after treatment with10 U/ml
thrombin. *P<0.05 compared with thrombin without Nur77; #P<0.05 compared with
thrombin stimulation without Nur77. (C) EA.hy926 cells were transfected with 200 ng of
pGL3-ET-1 promoter-luc together with increasing amounts of pFlag-DN-Nur77. 36 hours
after transfection, luciferase assays were performed. *P<0.05 compared with no DN-Nur77.
(D) EA.hy926 cells were transfected with 200 ng of pGL3-ET-1 promoter-luc with
increasing amounts of pFlag-DN-Nur77. 36 hours after transfection, luciferase assays were
performed 6 hours after treatment with10 U/ml thrombin. *P<0.05 compared with thrombin
stimulation without DN-Nur77; ¥P<0.05 compared with thrombin stimulation without DN-
Nur77. (E) EA.hy926 cells were transfected with 200 ng of pGL3-ET-1 promoter-luc with
either Nur77 or NOR-1 or Nurrl expression vectors. 36 hours after transfection, luciferase
assays were performed. *P<0.05 compared with empty vector (EV). Luciferase results are
shown as means + SEM and the data is representative of four individual experiments.
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Figure 5. Nur77 inhibits thrombin induced AP-1 activation through inhibiting c-Jun expression
(A) HUVECs were transduced with Ad-GFP, Ad-Nur77 (mois 100) for 48 hours and then

treated in the presence or absence of 4 U/ml thrombin for 4 hours. Nuclear protein was
extracted and EMSA was performed. (B) quantitative analysis of AP-1 binding intensity
from three independent experiments. Band intensity was normalized to Ad-GFP without
thrombin stimulation. *P<0.05 compared with Ad-GFP without thrombin stimulation or Ad-
Nur77 plus thrombin; #P<0.05 compared with Ad-GFP without thrombin. (C) HUVECs
were transduced with Ad-Nur77 at the indicated mois. 48 hours after transduction, the total
protein was extracted for the western blot analysis of Nur77 and c-Jun expression.
Quantitative data from three independent experiments was shown. *P<0.05 compared with
MOI=0. (D) 72 hours after transfection of Nur77-specific sSiRNA or control siRNA in
HUVEC:s, the protein expression of c-Jun, JunB, and c-Fos was determined by western
blotting analysis. (E) EA.hy926 cells were transfected with 200 ng AP-1 promoter-luc and
200 ng of either empty vector (EV) or pFlag-Nur77. 36 hours after transfection, luciferase
assays were performed with or without treatment of 4 U/ml thrombin for 6 hours (n=5).
*P<0.05 compared with no Nur77 and no thrombin or Nur77 plus thrombin; #P<0.05
compared with thrombin without Nur77. (F) Nur77 inhibits the binding activity of c-Jun to
ET-1 promoter. HUVECs were transduced with either Ad-GFP or Ad-Nur77 for 72 hours.
PCR analysis of sheared DNA from control and adenovirus infected cells before
immunoprecipitation (input) and after Chromatin immunoprecipitation (ChIP) with antibody
directed against c-Jun. Quantitative analysis of ChiP result from three independent
experiments.
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Figure 6. Functional interaction of Nur77 with c-Jun
(A) HUVECs were transduced with Ad-LacZ or Ad-Nur77 for 48 hours. Nuclear fraction

was isolated and immunoprecipitation was performed with either normal IgG or anti-Flag
M2 antibody. Immunocomplexes were washed and then separated by 10% SDS-PAGE. The
transferred membrane was immunoblotted with either anti-Flag, anti-c-Jun or anti-fos
antibody. (B) Schematic representation of Flag Nur77 domains and deletion mutants. (C) c-
Jun expression vector in combination with either empty vector or expression vectors of Flag-
Nur77 mutants were co-transfected into HEK293 cells. Extracted proteins were precipitated
by anti-Flag antibody and then separated by 10% SDS-PAGE. The transferred membrane
was immunoblotted with either anti-FLAG or anti-c-Jun antibody. (D) Schematic
representation of myc-c-Jun domains. (E) Flag-Nur77 expression vector in combination with
either empty vector or expression vectors of c-Jun mutant domains were co-transfected into
HEK?293 cells. Extracted proteins were precipitated by anti-Flag antibody. (F) EA.hy926
cells in 24 wells plate were co-transfected with 300ng of ET-1-Luc, 300ng Flag-Nur77,
300ng DN-Nur77, 300ng DBD-Nur77 and 300ng LBD-Nur77, as indicated, 50ng RL-SV40
as control. The total DNA content was equalized in each well. The relative promoter
activities were calculated from the ratio of firefly to Renilla luciferase activities. 36 hours
after transfection, luciferase assays were performed. Luciferase results are shown as means
+ SEM and the data is representative of four individual experiments.
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Figure 7. Nur77 inhibits c-Jun dependent transcriptional activity
(A) HEK-293T cells were transfected with 200 ng c-Jun promoter-luc together with either

200 ng Nur77, DN-Nur77, c-Jun or empty vector as indicated. 36 hours after transfection,
luciferase assay was performed. *P<0.05 compared with empty vectors. #P<0.05 compared
with c-Jun vector. (B) HEK-293T cells were transfected with c-Jun and Nur77 expression
plasmids as indicated for 36 hours and nuclear protein was extracted and EMSA was
performed. (C) Quantitative analysis of AP-1 binding intensity from three independent
experiments. *P<0.05 compared with either empty vector or Nur77 plus c-Jun. #P<0.05
compared with empty vector.
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