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Abstract

The NR4A orphan nuclear receptor subfamily is comprised of the highly homologous receptors
Nur77 (NR4AL), Nurrl (NR4A2), and NOR1 (NR4A3). These evolutionarily conserved and
ancient receptors function as ligand-independent transcription factors that regulate the expression

of overlapping target genes. As early response genes, the basal expression level of these receptors

is low but rapidly induced as a result of changes in environmental cues. The transcriptional
activity of these receptors is primarily regulated by gene induction and posttranslational

modifications of the receptor including phosphorylation. NR4A receptors were initially identified

in the brain and early functional studies suggested a role for these receptors in signal- and cell-
specific stimulation of both apoptosis and proliferation. More recent studies have revealed much
broader functions of these orphan receptors including the regulation of genes involved in cancer,
metabolism, energy balance, atherosclerosis, and vascular remodeling. In this review, we will

discuss our current understanding of the molecular biology of NR4A receptors and summarize

recent studies suggesting an important role of these orphan receptors in vascular biology.

1. Introduction

An emerging consensus underscores the importance of inflammatory and proliferative
responses for the development of atherosclerosis and its complications[1]. A decade of
intensive investigation has revealed that endothelial dysfunction and increased expression of
adhesion molecules leading to monocyte recruitment into the arterial wall are the key initial
events for atherosclerotic lesion formation[1]. This recruitment of monocytes, their
differentiation into macrophages, and uptake of LDL-derived cholesterol promote early fatty
streak formation[1,2]. The observation that hypercholesterolemic mice become resistant to
atherosclerosis if they are bred to macrophage-deficient mice represents one of many lines
of evidence that the net actions of macrophages promote lesion initiation and progression[3].
Continued intracellular cholesterol accumulation results in the generation of endogenous
inducers of inflammatory gene expression and a broad range of cellular and humoral
responses contributing to lesion progression. The resulting chronic inflammatory state and
the enrichment of lipid-laden macrophages ultimately lead to the formation of a complex
atherosclerotic lesion. In this process, the proliferation of smooth muscle cells (SMC) within
the developing neointima may promote lesion development through the production of pro-
inflammatory mediators and the synthesis of extracellular matrix molecules, which is
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required for the retention of lipoproteins and often constitutes the majority of the volume of
the advanced lesion responsible for luminal obstruction[1,2].

In an era marked by the increasing prevalence of obesity and diabetes as key risk factors for
cardiovascular disease, members of the nuclear hormone receptor (NR) superfamily have
emerged as key transcription factors in metabolism and cardiovascular disease[4,5]. In
addition to their function to act as molecular sensors of lipid and carbohydrate homeostasis,
many nuclear receptors also exert pleiotropic effects to control inflammatory and
proliferative responses in the vasculature. For example, this ability to integrate metabolic
and vascular signaling networks has been well described for the ligand-activated peroxisome
proliferator-activated receptors (PPAR) and liver X receptors (LXR)[5,6]. However, the
nuclear receptor superfamily comprises a large number of receptors, for which ligands have
not been identified and these remain classified as orphan nuclear receptors. For many of
these orphan receptors, the physiological functions and their regulated target genes remain
unknown, yet the high degree of conservation during evolution points to an important role in
the transcriptional control of gene expression[7]. Among these orphan receptors is the
NR4A subfamily of nuclear receptors, which consists of Nur77 (NR4AL, also referred to as
NGFI-B or TR3), Nur-related factor-1 (Nurrl, NR4A2) and the Neuron-Derived Orphan
Receptor-1 (NOR1, NR4A3)[8,9]. These NR4A receptors have recently been identified as
key transcription factors regulating gene expression in metabolism and vascular disease.
This review will summarize emerging evidence to support an important role for NR4A
receptors in the development of atherosclerosis and its complications.

2. Molecular Biology of NR4A Orphan Nuclear Receptors

All members of the nuclear hormone receptor superfamily share a highly conserved
molecular structure[7] (Fig. 1A). The N-terminal domain is variable in length and in amino
acid composition. This domain contains the activation function 1 (AF-1), which mediates
the ligand-independent transactivation of nuclear receptors. The central DNA binding
domain (DBD) is the most conserved region among the different nuclear receptors. It is
responsible for the specific response element (RE) recognition and DNA binding to the
promoter of target gene. The ligand binding domain (LBD) and the ligand-dependent
activation function 2 (AF-2) are located at the C-terminus. The ligand binding pocket (LBP)
directs the interaction with ligands, and its particular size and amino acid sequence
determine ligand specificity. The consequence of ligand binding is an allosteric switch and
subsequent nuclear receptor activation[7-9].

The three different NR4A receptors Nur77, Nurrl and NORL1 share a highly conserved DNA
binding domain (degree of conservation >90%) and a less conserved LBD (degree of
conservation ~60 %)[8,9]. However, the amino acid sequences of the N-terminal activation
function domain, which mediates the ligand-independent activation of gene expression and
dictates transactivation and co-factor recruitment among the NR4A receptors are very
divergent (degree of conservation 20 — 30%)[10]. Crystallography of Nurrl has
demonstrated that its LBP is occupied by hydrophobic residues[11]. These hydrophobic
residues are conserved throughout the NR4A subfamily, and their occupancy of the LBP
suggested that all three receptors function as ligand-independent and constitutively active
transcription factors[11]. However, a recent report has challenged this concept and
suggested that cytosporone B (Csn-B) may serve as a potential agonist for Nur77 by binding
to the Tyr-453 site, which is conserved in many nuclear receptor LBP[12]. Interestingly, the
binding of Csn-B to Nur77 was demonstrated to enhance Nur77 expression and
transcriptional activity. Since the Nur77 promoter contains a canonical binding site for
NR4A receptors, these studies have pointed to a positive autoregulation of Nur77 as has
been described for many other NR[12].
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NR4A receptors are considered constitutively active receptors, and as early response genes
the expression level of the receptor largely determines its transcriptional activity. The
observation that a variety of extracellular stimuli, including mitogens, inflammatory stimuli,
cytokines, peptide hormones, and cellular stress, rapidly induces the expression of NR4A
receptors and influences their posttranslational modifications has resulted in the
characterization of NR4A receptors as early response genes[13-18]. In addition, Nur77 is
phosphorylated by several kinases, including Akt, ERK2, pp90rsk and c-Jun N-terminal
kinase, which can affect its transcriptional activity[19-21]. NR4A nuclear receptors induce
gene expression by binding as monomers to the nerve growth factor-induced clone B (NBFI-
B) response element (NBRE, AAAGGTCA) and as homodimers or heterodimers to the Nur
response element (NUrRE) in the promoter of their regulated target genes[22] (Fig. 1B).
Nur77 and Nurrl, but not NOR1, heterodimerize with RXR, which suggests a crosstalk with
retinoic acid signaling pathway[23]. In addition to posttranslational modification by
phosphorylation several factors have been identified to affect NR4A receptor-mediated
transactivation of target genes in vitro. Prostaglandin A2 was recently identified to enhance
NOR1-dependent transactivation, an effect that requires the presence of a functional
LBDJ[24]. In addition, 6-mercaptopurine activates NR4A-mediated transactivation of target
genes in muscle cells[25,26]. Interestingly, these studies demonstrated that the N-terminal
AF-1 domain of NOR1 mediated this activation by 6-mercaptopurine and not the C-terminal
LBDI[25].

3. Regulation and Function of the NR4A Receptors in Vascular Cells

Macrophages

The macrophage constitutes an essential component for the development of atherosclerosis,
having critical functions in cholesterol uptake and both innate and adaptive immunity[1]. All
three members of the NR4A receptor subfamily have been demonstrated to be highly
expressed in macrophages of human atherosclerotic lesions[14,15]. In vitro, NR4A receptors
are rapidly induced by a variety of pro-inflammatory stimuli, including lipopolysaccharide
(LPS), TNFa, IFNy, IL-1pB, oxidized LDL, and oxysterols[14,15]. The signaling pathways
governing this rapid induction of NR4A receptors in macrophages involve an NF-kB-
dependent transcriptional gene activation[27]. NF-xB has been widely recognized as a key
transcription factor mediating the activation of a large library of inflammatory genes in
macrophages[28]. Consistent with the pivotal role of this signaling pathway in
inflammation, NR4A receptors are bona fide NF-«kB target genes in macrophages.

Using murine macrophages, Pei et al. recently demonstrated that overexpression of Nur77
leads to a transcriptional activation of genes involved in inflammation, apoptosis, and cell
cycle control[27]. Interestingly, retroviral-mediated overexpression of Nur77 increased the
expression of IKKi and NIK, both of which are NF-xB activating kinases[27]. The
identification of a canonical NBRE site in the murine IKKi promoter has confirmed IKKi as
a bona fide target gene for Nur77[27]. These studies provided the first evidence that NR4A
receptors function in a proinflammatory fashion in murine macrophages by amplifying NF-
kB signaling pathways. In contrast to these findings, Bonta et al. have recently reported that
overexpression of Nur77, Nurrl, and NOR1 reduces the expression levels of several
cytokines and chemokines in the human THP-1 macrophage cell line, although the
molecular mechanisms underlying this observation remain unknown[15]. In addition, in
these studies it was observed that NR4A receptors reduce oxidized LDL uptake and decrease
the expression of SR-A and CD36[15]. Considering this data, the role of NR4A receptors in
the control of macrophage inflammation remains controversial. Therefore, it will be of
particular importance to confirm potential differences between murine and human
macrophages in future studies and to investigate the transcriptional mechanism governing
NR4A-mediated regulation of inflammatory gene expression in both species.
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The activation of endothelial cells at atherosclerotic lesion-prone sites in the arterial tree
results in the up-regulation of cell adhesion molecules and chemokines, which mediate the
recruitment of circulating monocytes as one of the earliest events during atherosclerotic
lesion formation[1,2]. All three NR4A receptors are transiently induced in response to
various stimuli, including growth factors, inflammatory mediators, and hypoxia[29-34]. For
example, Nur77 has been reported to be induced in response to inflammatory cytokines,
including TNFa, LPS and I1L-1B[29]. Using an Affymetrix oligonucleotide array system,
NOR1 has been identified as the most potently induced gene in endothelial cells treated with
VEGF[32]. The signal transduction mediating VEGF-induced NOR1 expression involves
multiple pathways, including PKC activation, calcium mobilization, and calcineurin
signaling[33]. These pathways ultimately converge in the phosphorylation of CAMP
response element binding (CREB) protein and the subsequent binding of Ser133-
phosphorylated CREB to the NOR1 promoter[33].

At present, little is known about the functional role of NR4A receptors in endothelial cells.
The only direct NR4A target gene identified in endothelial cells is plasminogen activator
inhibitor-1 (PAI-1)[29]. In response to TNFa stimulation, Nur77 transactivates the PAI-1
promoter by binding to a canonical NBRE consensus site[29]. However, whether NR4A
receptors play a functional role in the regulation of fibrinolysis in vivo remains to be
investigated. Furthermore, Rius et al. demonstrated that NOR1 expression in endothelial
induces cell proliferation by promoting cell cycle progression and DNA synthesis[33]. In
contrast, experiments by Arkenbout et al. suggested that overexpression of Nur77 exerts the
opposite effect and induces cell cycle arrest[31]. The first in vivo evidence to confirm a
functional role for Nur77 in endothelial cells was provided by Zeng et al., who observed
decreased angiogenesis in Nur77-deficient mice[34]. In these studies, overexpression of
Nur77 in HUVEC increased proliferation, cell survival and tube formation. Conversely,
silencing of Nur77 decreased tube formation and VEGF-induced expression of cell cycle
regulators cyclin D1, cyclin A and E2F[34]. In concert, these data establish a role for NR4A
receptors in endothelial cell proliferation, survival and angiogenesis and point to potentially
differential functions of NOR1 and Nur77, although further studies are required to identify
the regulated target genes mediating these responses.

Smooth Muscle Cells

In addition to inflammation and endothelial dysfunction, proliferation of SMC is considered
to play a pivotal role in the pathogenesis of atherosclerosis and the failure of interventional
approaches used to treat related occlusive vascular complications[35]. While basal
expression levels in the vasculature are low, all members of the NR4A receptor family are
expressed in SMC of atherosclerotic lesions and in the neointima following vascular
injury[13,16,36-38]. In vitro, NR4A receptor expression in SMC is induced by a variety of
stimuli, including various mitogens, oxidized LDL, and conditioned media of activated
macrophages[13,16,17,36,38-40]. For example, we have previously demonstrated that
NOR1 mRNA expression is induced by >600-fold upon mitogenic stimulation of murine
SMCJ[16]. In addition to mitogens, Nur77 transcript levels are also induced by cyclic stretch
in both arterial and venous SMC[37]. In concert, these studies demonstrate a consistent
induction of NR4A receptors in stimulated SMC and point to a key role of these receptors in
the transcriptional control of SMC proliferation during vascular remodeling.

The signaling networks governing the regulation of NR4A receptors in SMC involve
multiple pathways, including PKC activation, G-protein receptor activation, and calcium
mobilization[13,40]. The transcriptional induction of NOR1 during growth factor
stimulation of SMC is primarily mediated through the RAS-MEK-ERK1/2 signaling
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pathway[16]. Activation of ERK1/2 MAP kinase converges in CREB phosphorylation at the
Ser-133 site and ultimately binding of phosphorylated CREB to three highly-conserved CRE
sites between —79 and —46 in the NOR1 promoter[16] (Fig. 2). In contrast to NORL1, little is
known about the transcriptional mechanisms underlying the expression of Nur77 and Nurrl

in SMC.

The first pioneering studies to investigate the functional role of NR4A receptors in SMC
biology were performed by Arkenbout et al.[36]. Using adenovirus-mediated expression of a
dominant-negative Nur77 mutant the authors provided evidence that Nur77 exerts an
antiproliferative activity by reducing DNA synthesis and increasing p27XiP1 protein
expression in SMC. Consistent with these observations transgenic overexpression of Nur77
under control of a SMC-specific promoter limits neotintima formation during vascular
remodeling[36]. Follow-up studies by the same group confirmed the antiproliferative
activity of Nur77 in vitro and demonstrated that this receptor prevents cyclic stretch-induced
proliferation of SMCJ[37]. As detailed earlier 6-mercaptopurine augments Nur77-mediated
transactivation of target genes[26]. Interestingly, 6-mercaptopurine has been reported to
prevent neointima formation in wildtype mice but not in animals overexpressing a
dominant-negative Nur77 mutant[37]. These studies have suggested that the inhibition of
SMC proliferation by 6-mercaptopurine depends on Nur77 activity and may be mediated by
augmentation of its ability to transactivate downstream target genes[26,37]. However, to
date the transcriptional target genes that are activated by Nur77 in SMC and mediate this
antiproliferative activity of the receptor remain unknown.

While these studies clearly indicate that Nur77 prevents SMC proliferation, NOR1 has been
reported to act mitogenic suggesting a function that is distinct from that of Nur77. Martinez-
Gonzalez et al. first employed antisense oligonucleotides to demonstrate that knock-down of
NOR1 limits SMC proliferation and DNA synthesis[13]. Consistent with these initial
observations, studies from our group revealed decreased proliferation of SMC isolated from
NOR1-deficient mice[16,38] (Fig. 2). In vivo, the proliferative response and neointima
formation following endovascular femoral artery guide wire injury is decreased in NOR1-
deficient mice[38]. In vitro, NOR1-deficient SMC exhibit an arrest in the G1—S phase of
the cell cycle and increased apoptosis in response to serum deprivation. Using a series of
molecular approaches, we identified a canonical NBRE site in the cyclin D1 promoter, to
which NORL1 is recruited in response to mitogenic stimulation of SMC. The subsequent
transactivation of the cyclin D1 promoter by NOR1 results in increased cyclin D1 protein
expression and the phosphorylation of the retinoblastoma protein[16,38]. These experiments
identified cyclin D1 as a bona fide NOR1 target gene in SMC and provide a molecular
mechanism underlying the mitogenic activity of NOR1 in SMC. In concert, these in vitro
and in vivo studies establish an important role for NR4A receptors in the control of SMC
proliferation and vascular remodeling. However, additional studies are required to define the
regulated target genes, and it will be particularly important to determine the molecular basis
underlying the differential function of NOR1 and Nur77 in SMC biology.

4. Conclusion

In conclusion, NR4A receptors are immediate/early response genes that are highly expressed
in response to injury of the arterial wall. All cell types participating in vascular remodeling
rapidly induce the expression of NR4A receptors in response to environmental cues. Recent
studies have provided initial evidence to suggest fundamental roles of these orphan receptors
in regulating genes involved in the control of inflammation, proliferation, apoptosis,
thrombosis, and angiogenesis. Albeit this progress, little is known about the downstream
target genes that mediate these responses. Considering for example that all three members of
the NR4A receptor subfamily bind to the same NBRE site, it remains unclear whether there
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is functional redundancy and if so whether this is cell specific. In addition, an obvious
question for future investigation is how to reconcile the distinct biological effects of NOR1
and Nur77 in SMC. Nurr77, unlike NOR1, can heterodimerize with RXR and mediate
efficient transactivation in response to RXR-specific agonists[23]. Since ligand-induced
RXR activation has been well established to inhibit mitogen-induced SMC proliferation[41],
some of the antiproliferative activity of Nur77 may be mediated through RXR. Therefore, an
emphasis of future research will have to be the definition of target genes and the analysis of
the detailed transcriptional networks by which NR4A receptors control vascular gene
expression programs.
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Figure 1. Molecular biology of NR4A orphan nuclear receptors

NR4A receptors share the conserved molecular structure consisting of a N-terminal AF-1
domain, the central DNA-binding domain (DBD) and C-terminal ligand binding domain
(LBD) and the AF-2 domain (Panel A). NR4A receptors induce gene expression by binding
as monomers to the NBRE site and as homodimers or heterodimers to the NurRE site in the
promoter of their regulated target genes. NurREpopmc represents the binding sequence
demonstrated in the pro-opiomelanocortin (POMC) promoter, while NurREcon represents
the NurRE site comprising consensus NBRE sites. Nur77 and Nurrl, but not NOR1,
heterodimerize with RXR and bind to the direct repeats of nuclear receptor binding motif
separated by five nucleotides (DR5) (Panel B).
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Figure 2. Regulation and function of NR4A orphan nuclear receptors in macrophages,
endothelial cells and smooth muscle cells

NR4A nuclear receptors have been demonstrated to be highly induced by a variety of
stimuli, including both inflammatory and proliferative factors. Functional studies point to a
critical role of NR4A nuclear receptors in the control of vascular gene expression programs
(see text for details).
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