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Abstract
Nur77, Nurr1 and NOR-1 form the NR4A subfamily of the Nuclear Hormone Receptor 
superfamily of transcription factors and have been described in the regulation of differentiation, 
proliferation, apoptosis and survival of many different cell types. The expression of NR4A 
nuclear receptors in vascular pathologies has only recently been revealed, where after 
studies on the functional involvement of NR4A receptors in vascular disease were initiated. 
This review summarizes our current view on involvement of Nur77, Nurr1 and NOR-1 in 
atherosclerotic vascular disease and discusses NR4A function in vascular response to injury.
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General introduction
Atherosclerosis is a pathological process in the arterial vessel wall, which evolves over decades 
during human life and is characterized by the accumulation of neointimal macrophages, foam 
cells and activated smooth muscle cells (SMC). Eventually, atherosclerosis may result in local 
obstruction of normal blood flow and causes diseases such as angina pectoris, myocardial 
infarction and stroke. Invasive interventions to treat obstructed vessels involve bypass 
surgery or percutaneous angioplasty with (drug-eluting) stents. Major complications of 
these treatments are (in-stent) restenosis and vein graft disease, pathologies characterized by 
lesions that develop relatively fast and that are composed predominantly of SMCs. Although 
atherosclerosis and SMC-rich pathologies are clinically and pathologically distinct, they do 
share similarities in the pathophysiological processes underlying these vascular diseases. 
Both vascular pathologies are inflammation-driven, involving monocyte recruitment and 
macrophage activation, and both show increased SMC proliferation coinciding with a SMC 
phenotype transition from quiescent, contractile cells to activated, proliferative SMCs.1-

3 In search for genes implicated in SMC phenotype transition, we have identified nuclear 
receptors of the NR4A subfamily.4 This review outlines our current knowledge regarding 
functional involvement of all three NR4A nuclear receptors in atherosclerosis and SMC-rich 
vascular pathologies.

NR4A nuclear receptors: structure and regulation of function
The nuclear receptor superfamily comprises classical ligand-activated receptors, such as 
estrogen receptors (ERs), peroxisome proliferator-activated receptors (PPARs), liver X 
receptors (LXRs) and ‘orphan’ receptor subfamilies.5 The orphan NR4A subfamily includes 
three members, notably Nur77 (also called NR4A1, TR3, NGFI-B, NAK-1), Nurr1 (NR4A2, 
NOT) and NOR-1 (NR4A3, MINOR). Nuclear receptors consist of a central DNA-binding 
domain, a C-terminal ligand-binding domain and an N-terminal transactivation domain 
(Figure 1).6 The N-terminal domain diverges among the NR4A members in amino-acid 
composition (approximately 30% homology) and is involved in ligand-independent co-
activator recruitment.7,8 In contrast, the DNA-binding domain is well-conserved (over 
90% homology) and consists of two zinc-fingers that interact with the consensus response 
elements NGFI-B responsive element (NBRE; AAAGGTCA) as monomers and with the 
palindromic Nur-responsive element (NurRE; TGATATTTX6AAAGTCCA) as homo- 
and/or heterodimers in promoters of specific target genes.9 Furthermore, Nur77 and Nurr1 
can form heterodimers with retinoid X receptors to bind DR5 motifs that mediate retinoid 
responses.10 Based on structural analyses, the C-terminal ligand-binding domain of NR4A 
nuclear receptors is considered atypical, since the classical ligand-binding cavity in these 
subfamily members is filled with hydrophobic and aromatic amino-acid side chains and the 
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characteristic co-activator recruitment cleft is absent.11 Accordingly, classical ligands have not 
been identified for the NR4A nuclear receptors, emphasizing the importance of expression-
regulation, post-translational modification, transrepression and co-activator as well as co-
repressor recruitment for the functional activity of these ‘orphan’ receptors. Recently, a 
novel hydrophobic co-activator-binding surface has been identified in the ligand binding 
domain,12,13 and for Nurr1 it has been shown that peptides derived from the co-repressors 
NCoR and silencing mediator of retinoid and thyroid hormone receptors (SMRT) bind to 
this surface and reduce Nurr1 activity.14 Furthermore, several ‘small molecule’ activators that 
enhance the NR4A activity have been described, which are listed with their known functional 
characteristics in Table 1. Among these NR4A activators are 6-mercaptopurine (6-MP, a 
metabolite of the immunosuppressive drug azathioprine), prostaglandin A2 (PGA2) and 
certain 1,1-bis (3’-indolyl)-1-(p-substituted phenyl)-methanes (DIM-C) and benzimidazole 
derivatives.15-19 Except for PGA2, none of these compounds has been shown to interact 
directly with NR4A proteins.

Nur77 was identified as an ‘early response gene’ expressed in PC12 cells upon nerve 
growth factor stimulation,20 and thereafter, Nurr1 and NOR-1 were documented.21,22 The 
expression of each of the NR4A nuclear receptors has been shown to be regulated by diverse 
(patho)physiological stimuli, among which growth factors such as vascular endothelial 
growth factor (VEGF), platelet-derived growth factor-BB (PDGF-BB), epidermal growth 
factor (EGF) and thrombin, as well as inflammatory cytokines, lipopolysaccharide (LPS), 
lipoproteins including oxidized low-density lipoprotein (ox-LDL), fatty acids, prostaglandins 
and physical stimuli such as stretch.23-27 The rapid and transient induction of expression 
in response to environmental stimuli appears to be a hallmark of these nuclear receptors. 
Signaling pathways described in regulation of NR4A nuclear receptor expression involve 
protein kinase A, protein kinase C, calcium-calcineurin, nuclear factor kappa B (NF-κB), 
and mitogen activated pathway kinases (MAPK) pathways. These pathways ultimately lead 

Figure 1. Schematic representation of the 
structure of an NR4A nuclear receptor. The 
NR4A nuclear receptors consist of an N-terminal 
transactivation domain, a central DNA-binding 
domain (DBD), a hinge region and a C-terminal 
ligand-binding domain (LBD). The N-terminal and 
C-terminal domain contain activation function-1 
(AF-1) and AF-2 domains, respectively. The N-
terminal AF-1 domain has been shown to bind co-
activators (represented). Monomeric-binding of an 
NR4A nuclear receptor to the NGFI-B response 
element (NBRE) in the promoter of a target gene 
is represented.
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Table 1. NR4A activators. 
Compound NR4A domain 

involved 
Binding NR4A NR4A involved Cellular effects 

6-Mercaptopurine AF-1 unknown Nur77, Nurr1, NOR-1 Inhibition SMC growth19,24

Prostaglandin A2 LBD yes NOR-1 Unknown17

DIM-Cs LBD unknown Nur77 Cancer cell apoptosis15

Benzimidazole unknown unknown Nurr1 Unknown16

DIM-C: 1,1-bis (3’-indolyl)-1-(p-substituted phenyl)-methanes; LBD: ligand binding domain; AF-1: activation 
function-1 domain. 

to activation of transcription factors including cyclic adenosine monophosphate (cAMP) 
responsive element binding protein (CREB), activator protein 1 (AP-1), NF-κB, and 
myocyte enhancer factor 2 (MEF-2), which have been described to physically interact with 
NR4A promoters and induce NR4A expression.25,27,28 Post-translational modification and 
transrepression have been described to modulate functional activity of the NR4A nuclear 
receptors. For example, Nur77 is phosphorylated by protein kinase B/Akt on serine-350, 
which severely decreases its DNA-binding capacity,29,30 and sumoylation of Nurr1 by protein 
inhibitor of activated STATγ (PIASγ) has been shown to repress the transcriptional activity 
of this nuclear receptor.31 Furthermore, NR4A nuclear receptors are antagonized by the 
glucocorticoid receptor (NR3C1), most likely involving direct protein-protein interaction.32 
Remarkably little is know about direct downstream target genes of the NR4A nuclear 
receptors. Thus far, the only genes that have been shown to be directly regulated by the 
NR4A nuclear receptors are E2F1 (encoding a transcription factor involved in cell-cycle 
regulation and apoptosis), several genes involved in the hypothalamus-pituitary-adrenal-axis, 
and most recently some genes implicated in glucose metabolism in the liver.26,33-35 In vascular 
cells, plasminogen activator inhibitor-1 (PAI-1) is the only described direct target of Nur77 
in endothelial cells.36 Although this review outlines the role of NR4A nuclear receptors in 
vascular disease, it should be noted that these receptors are functional in numerous other cell 
types, for example Nurr1 has been shown to be essential in dopaminergic differentiation of 
neuronal cells.37

NR4A expression and function in macrophages in vascular disease 
Macrophages are involved in initiation, progression and rupture of atherosclerotic lesions. 
During atherosclerosis, monocytes are locally recruited to the arterial vessel wall and 
differentiate into macrophages. These intimal macrophages scavenge modified lipid particles 
and become lipid-laden foam-cells. Throughout progression of atherosclerosis, macrophages 
produce pro-inflammatory cytokines, chemokines, growth factors and matrix-degrading 
enzymes resulting in a local environment promoting inflammatory responses, cellular 
migration and proliferation in the vessel wall.3 Recently, we and others revealed in addition 
to NR4A expression in human SMCs and endothelial cells (EC),24,38-41 expression of Nur77, 

Table 1. NR4A activators.
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Nurr1 and NOR-1 in human atherosclerotic lesion macrophages.23,27 We demonstrated that 
NR4A nuclear receptors are expressed in macrophages present at areas of plaque activation 
and progression such as the shoulder region, where plaque rupture frequently occurs. In 
these macrophages NR4A proteins localize predominantly to the nucleus, suggesting these 
transcription factors to be active in this cellular compartment.23 In cultured macrophages 
NR4A nuclear receptor expression is regulated by stimuli relevant to atherogenesis. Robust 
and early transient expression of all NR4A nuclear receptors was demonstrated in human and 
murine primary and cell-line-derived macrophages in response to LPS and tumor necrosis 
factor-α (TNF-α), interferon-γ, phorbol 12-myristate 13-acetate (PMA), granulocyte-
macrophage colony stimulating factor (GM-CSF) and various modified lipids including ox-
LDL.23,27,42 Promoter studies revealed direct involvement of NF-κB in expression of Nur77 in 
macrophages in response to LPS.27 

Subsequently, the function of NR4A nuclear receptors has been studied in macrophages. In 
atherogenesis macrophage apoptosis is a relevant cellular process43 and both Nur77 and NOR-
1 have been shown to promote apoptosis in T cells.44 In LPS stimulated murine macrophages 
Nur77 has been shown to be involved in pan-caspase inhibitor zVAD-mediated apoptosis.45 
In the latter study, zVAD was shown to inhibit proteasomal degradation of the transcription 
factor MEF-2, resulting in enhanced MEF-2 binding to the Nur77 promoter and increased 
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Figure 2. NR4A expression and function in human vein graft disease models. (A) Upper panel: A 
schematic representation of the venous vessel wall showing the inner and outer SMC layers, in which 
the SMCs are oriented longitudinally (Lo) and circularly (Ci) respectively. Lower panel: Radioactive in-situ 
hybridization of Nur77 mRNA expression (black silver grains) in non-supported human vein segments 
after 1 hour of perfusion under arterial pressure in a loop of the extracorporal circulation during bypass 
surgery. Nur77 expression is predominantly localized to the circular (Ci) SMC layer. Original magnification 
200x. Dotted lines indicate the border between Lo and Ci SMC layers. Nuclei were counterstained with 
hematoxylin (blue). (B) The expression of Nur77 protein after transduction of saphenous vein SMCs with 
Nur77-adenovirus was detected by Western blotting. In Nur77-transduced cells exposed to stretch, SMα-
actin, calponin, and p27Kip1 protein levels are higher than in mock-transduced cells. Figure 2A, B: Modified 
from de Waard et al (2006).
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Nur77 expression. The pro-apoptotic effect of zVAD was mimicked by overexpression of a 
Nur77 variant lacking the DNA-binding domain, which is consistent with data obtained on 
Nur77-mediated apoptosis in cancer cells requiring translocation of Nur77 from the nucleus 
to mitochondria.46 Although a number of observations have been made on the involvement 
of NR4A nuclear receptors in macrophage apoptosis, further studies are required to fully 
appreciate their function in this process. 

Disruptive, pro-inflammatory gene expression and foam-cell formation in atherosclerotic 
macrophages is related to vascular lesion progression and plaque instability. It has been 
shown that overexpression of Nur77 in a murine macrophage cell-line results in a pro-
inflammatory response involving enhanced expression of inducible I-kappa-B kinase (IKKi), 
an NF-κB activating protein.47 It should be noted, that even though the murine promoter of 
IKKi contains a functional NBRE, the human IKKi-promoter does not comprise this NBRE. 
In human THP-1 macrophages we have shown that overexpression of Nur77, Nurr1 or NOR-
1 results in a substantial downregulation of the pro-inflammatory cytokines interleukin-1β 
(IL-1β) and IL-6 and chemokines IL-8, monocyte chemoattractant-1 (MCP-1), macrophage 
inflammatory protein-1α (MIP-1α) and MIP-1β. Furthermore, overexpression of the NR4A 
nuclear receptors was shown to result in reduced ox-LDL loading. In agreement with these 
data, short hairpin (sh)RNA-mediated knockdown of Nur77 or NOR-1 results in augmented 
inflammatory responses and increased lipid loading in these cells. The latter findings indicate 
that endogenous NR4A nuclear receptors are involved in inhibitory feedback mechanisms 
operational in these processes. The underlying mechanism of inhibition of human 
macrophage foam-cell formation and inflammatory responses by NR4A nuclear receptors 
may involve reduced monocyte to macrophage differentiation, which is consistent with 
reduced expression of scavenger receptor A (SR-A), CD36 and CD11b in NR4A gain of 
function experiments in these cells. Another explanation for NR4A-mediated reduction of 
inflammatory responses in macrophages may be inhibition of the NF-κB pathway. Indeed, 
Nur77 has been identified in a genome-wide screen designed to discover inhibitors of the NF-
κB pathway in monocytes. In that study, it was demonstrated that overexpression of Nur77 in 
HEK293 cells potently reduces expression of NF-κB-reporter constructs in response to IL-1β 
and TNF-α.48 In addition, Harant and Lindley have shown in T cells, that Nur77 is involved 
in inhibition of NF-κB-mediated IL-2 and IL-8 promoter activity, probably through binding 
of Nur77 to the p65 subunit of NF-κB, an interaction confirmed by co-immunoprecipitation 
experiments.49,50 

In summary, we propose that, even though NR4A nuclear receptors are expressed in 
atherosclerotic lesion macrophages and are induced by atherogenic stimuli, these nuclear 
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receptors inhibit human macrophage foam-cell formation and pro-inflammatory cytokine 
as well as chemokine production.23 Although the latter conclusion seems paradoxical, 
comparable atheroprotective functions involved in controlling vascular pathologies have 
been described for other nuclear receptors, like the PPARs and the LXRs.51,52 

Expression and function of NR4As in vascular SMCs 
Vein graft disease, (in stent) restenosis and other SMC-rich lesions are composed of activated, 
proliferating SMCs that narrow the vessel lumen. Underlying mechanisms of SMC activation 
in these pathologies are inflammation and injury to the vessel wall. We and others have 
shown that Nur77, Nurr1 and NOR-1 are induced in human SMCs following activation by 
inflammatory cytokines and growth factors.4,41,53 In line with these in vitro data, NR4A nuclear 
receptors are expressed in human vascular, atherosclerotic lesions 38,39,41,53  and NOR-1 has 
been shown to be transiently expressed in porcine coronary SMCs in response to balloon 
dilatation.41 In addition, we have shown that venous SMCs exposed to mechanical stretch, an 
important pathological stimulus at the onset of vein graft disease, results in increased Nur77 
expression levels. Accordingly, SMCs in vein segments exposed to perfusion under arterial 
blood pressure also show enhanced Nur77 expression, predominantly in the outer, circularly 
oriented SMC layer (Figure 2A).24 Of note, NR4A nuclear receptors are not expressed in 
medial SMCs of normal healthy vessels.

The NOR-1 promoter region contains three functional cAMP responsive elements (CRE) that 
are essential for NOR-1 expression in SMCs in response to growth stimuli.41,53,54 Functional 
studies with anti-sense oligonucleotides directed against NOR-1 resulted in reduced 
proliferation of human coronary SMCs.41 Moreover, SMCs isolated from NOR-1-deficient 
mice show repressed proliferation after PDGF stimulation, whereas reconstitution of these 
cells with NOR-1 partly rescued the proliferation rate of these cells.53 In the latter study, the 
cell-cycle proteins cyclin D1 and cyclin D2 were decreased in SMCs isolated from NOR-
1-deficient mice. In contrast to the effects observed for NOR-1 on SMC proliferation, we 
have shown that overexpression of Nur77 inhibits proliferation of both arterial and venous 
SMCs, and that knockdown of endogenous Nur77 with small interfering (si)RNA results in 
enhanced proliferation. In addition, Nur77 directs SMCs to a more differentiated phenotype, 
as demonstrated by enhanced expression levels of SMC-specific markers calponin and smooth 
muscle α-actin (SMα-actin) (Figure 2B).24,38 In agreement with these in vitro observations, 
we have shown that transgenic mice that express Nur77 in the vessel wall under control of 
the arterial SMC-specific promoter SM22α are protected against SMC-rich lesion formation 
in a carotid artery ligation model. Mice that express a dominant-negative variant of Nur77 
lacking the N-terminal transactivation domain, which blocks the transcriptional activity of all 
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three NR4A family members, show enhanced lesion formation upon carotid artery ligation.38 
Although the detailed regulation of cell-cycle mediators by Nur77 remains largely unknown, 
we have shown that inhibition of proliferation by Nur77 is accompanied by upregulation of 
the cell-cycle inhibitor p27Kip1 and downregulation of cell-cycle protein cyclin A.

The NR4A-activator 6-MP enhances the activity of Nur77 (see Table 1), and we have 
shown that treatment of stretch-activated venous SMCs with increasing concentrations of 
6-MP results in a dose-dependent inhibition of proliferation.24 This effect of 6-MP on SMC 
growth was diminished when Nur77 was knocked down in these cells with siRNA, indicating 
functional involvement of Nur77 in 6-MP-mediated inhibition of proliferation. In addition to 
6-MP-mediated inhibition of proliferation, we have shown that 6-MP enhances expression 
levels of the SMC-markers calponin and SMα-actin and cell-cycle inhibitor p27Kip1, similar as 
observed in Nur77-overexpressing SMCs. Thus, although Nur77 is expressed in atherosclerotic 
lesion SMCs, this nuclear receptor inhibits proliferation and increases expression of SMC 
markers and as such promotes a quiescent SMC phenotype. These downstream effects are 
mimicked by treating SMCs with the NR4A activator 6-MP and were shown to be dependent 
on endogenous Nur77 expression in these cells. Furthermore, inhibition of the transcriptional 
activity of all three NR4A nuclear receptors by overexpressing a dominant-negative variant 
enhances SMC proliferation. 

Conclusions
Nur77, Nurr1 and NOR-1 are expressed in vitro in response to growth factors, cytokines, 
pro-inflammatory stimuli, oxidized lipids and mechanical strain. In agreement with this 
observation, the NR4A nuclear receptors are expressed in human atherosclerotic lesions in 
macrophages, SMCs and endothelial cells as well as in vein segments exposed to arterial 
blood pressure. Although expressed under pathological conditions, we propose that NR4A 
nuclear receptors are involved in inhibitory feedback mechanisms that are active in activated 
vascular cells. In human macrophages, NR4A nuclear receptors reduce foam-cell formation 
and inflammatory responses and in SMCs Nur77 inhibits proliferation and promotes 
differentiation. Furthermore, Nur77 inhibits SMC-rich lesion formation in transgenic mice 
challenged by carotid artery ligation, whereas inhibition of all three NR4A nuclear receptors 
augments lesion formation. 
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