Taylor & Francis
Taylor & Francis Group

Expert Opinion on Therapeutic Targets

ISSN: 1472-8222 (Print) 1744-7631 (Online) Journal homepage: http://www.tandfonline.com/loi/iett20

The NR4A subfamily of nuclear receptors:
potential new therapeutic targets for the
treatment of inflammatory diseases

Ricardo Rodriguez-Calvo, Marta Tajes & Manuel Vazquez-Carrera

To cite this article: Ricardo Rodriguez-Calvo, Marta Tajes & Manuel Vazquez-Carrera
(2017): The NR4A subfamily of nuclear receptors: potential new therapeutic targets for
the treatment of inflammatory diseases, Expert Opinion on Therapeutic Targets, DOI:
10.1080/14728222.2017.1279146

To link to this article: http://dx.doi.org/10.1080/14728222.2017.1279146

ﬁ Accepted author version posted online: 05
Jan 2017.

N\
[:J/ Submit your article to this journal &

A
& View related articles &'

P

() View Crossmark data &

CrossMark

Full Terms & Conditions of access and use can be found at
http://www.tandfonline.com/action/journalinformation?journalCode=iett20

(Download by: [University of Regina] Date: 06 January 2017, At: 22:39 )



http://www.tandfonline.com/action/journalInformation?journalCode=iett20
http://www.tandfonline.com/loi/iett20
http://www.tandfonline.com/action/showCitFormats?doi=10.1080/14728222.2017.1279146
http://dx.doi.org/10.1080/14728222.2017.1279146
http://www.tandfonline.com/action/authorSubmission?journalCode=iett20&show=instructions
http://www.tandfonline.com/action/authorSubmission?journalCode=iett20&show=instructions
http://www.tandfonline.com/doi/mlt/10.1080/14728222.2017.1279146
http://www.tandfonline.com/doi/mlt/10.1080/14728222.2017.1279146
http://crossmark.crossref.org/dialog/?doi=10.1080/14728222.2017.1279146&domain=pdf&date_stamp=2017-01-05
http://crossmark.crossref.org/dialog/?doi=10.1080/14728222.2017.1279146&domain=pdf&date_stamp=2017-01-05

Publisher: Taylor & Francis
Journal: Expert Opinion on Therapeutic Targets

DOI: 10.1080/14728222.2017.1279146

The NR4A subfamily of nuclear receptors: potential new therapeutic

targets for the treatment of inflammatory diseases

Ricardo Rodriguez-Calvol*, Marta Tajesz, Manuel V:’lzquez-Carrera3 :

'Vascular Medicine and Metabolism Unit, Research Unit on Lipids and Atherosclerosis,
Sant Joan University Hospital, Pere Virgili Health Research Institute (IISPV) and
Spanish Biomedical Research Centre in Diabetes and Associated Metabolic Disorders
(CIBERDEM)-Instituto de Salud Carlos III, Faculty of Medicine and Health Sciences,
Rovira i Virgili University, Sant Lloreng 21, E-4301 Reus, Spain.

*Heart Diseases Biomedical Research  Group, Inflammatory and Cardiovascular
Disorders Program, Hospital del Mar Medical Research Institute (IMIM), Parc de Salut
Mar, Dr. Aiguader 88, E-08003 Barcelona, Spain.

Department of Pharmacology, Toxicology and Therapeutic Chemistry, Institut de
Biomedicina de 1la Universitat de Barcelona (IBUB), Institut de Recerca Pediatrica-
Hospital Sant Joan de Déu, and Spanish Biomedical Research Centre in Diabetes and
Associated Metabolic Disorders (CIBERDEM)-Instituto de Salud Carlos III, Faculty of

Pharmacy, Diagonal 643, University of Barcelona, E-08028 Barcelona, Spain.

*Corresponding author: Ricardo Rodriguez-Calvo

(Ricardo.rodriguez@ciberdem.org, rrodriguez080480@yahoo.es)




Keywords: chemokines, cytokines, inflammation, NF-kB, NR4A, transactivation,

transrepression

Abbreviations

A2M; alpha-2 macroglobulin

AF-1; activating function-1

AP-1; activator protein-1

CoREST: Corepressor for Repressor Element 1 Silencing Transcription Factor
COX-2; cyclooxygenase-2DBD; DNA-binding domain
DR-5; Direct Repeat 5

EC; endothelial cells

ERK1/2; extracellular signal-regulated kinases 1/2
ETS; E26 transformation-specific sequence 1
GR,Glucocorticoid Receptor

GSK3p; glycogen synthase kinase 33

ICAM-1; intercellular adhesion molecule 1

IKK; IkB kinase

IL; interleukin

JNK; Jun N-terminal kinase

LBD:; ligand binding domain

LPS; lipopolysaccharide

MAPK; mitogen-activated protein kinase

MCP-1; monocyte chemotactic protein 1

MMPs; matrix metalloproteinases

NBRE; NGFI-B-response element



NCOR2: Nuclear Receptor Corepressor 2
NF-xB; nuclear factor kB

NGF; Nerve growth factor

NGFI-B; Nerve growth factor-induced clone B
NOR-1; Neuron-derive Orphan Receptor-1

NRs; Nuclear Receptors

Nurrl; Nurr-related factor 1

NurRE; Nur-response element

oxLDL; oxidized low-density lipoprotein

PAI-1; plasminogen activator inhibitor-1

PGE2; prostaglandin E2

PPARs; Peroxisome Proliferator-Activated Receptors
RAR; retinoic acid receptor

RXR; retinoid X receptor

SMC; smooth muscle cells

SRC-1; steroid receptor coactivator-1

TIMP-2, tissue inhibitor of metalloproteinases 2)
TNFa; tumormnecrosis factor a
VCAM-1;vascular cell adhesion molecule 1

VSMC; vascular smooth muscle cells



Abstract

Introduction

Prolonged inflammatory response contributes to the pathogenesis of chronic disease-
related disturbances. Among nuclear receptors (NRs), the orphan NR4A subfamily,
which includes Nur77 (NR4A1), Nurrl (NR4A2) and NOR1 (NR4A3), has recently

emerged as a therapeutic target for the treatment of inflammation.

Areas covered
This review focuses on the capacity of NR4A receptors to counter-regulate the
development of the inflammatory response, with a special focus on the molecular

transrepression mechanisms.

Expert opinion

Recent studies have highlighted the role of NR4A receptors as significant regulators of
the inflammatory response. NR4A receptors are rapidly induced by inflammatory
stimuli, thus suggesting that they are required for the initiation of inflammation.
Nevertheless, NR4A anti-inflammatory properties indicate that this acute regulation
could be a protective reaction aimed at resolving inflammation in the later stages.
Therefore, NR4A receptors are involved in a negative feedback mechanism to maintain
the inflammatory balance. However, the underlying mechanisms are not entirely clear.
Only a small number of NR4A-target genes have been identified, and the transcriptional

repression mechanisms are only beginning to emerge. Despite further research is needed



to fully understand the role of NR4A receptors in inflammation, these NRs should be

considered as targets for new therapeutic approaches to inflammatory diseases.

Article highlights

e Inflammation is an adaptive biological response to infection, injury or autoimmune
processes that aims to restore tissue structure and function. While acute
inflammation is considered to be a beneficial mechanism that returns tissue to
homeostasis, prolonged inflammation is associated with the pathogenesis of chronic

disease disturbances.

e NR4A orphan nuclear receptors are early-response genes recently involved in
inflammatory processes. The three NR4A receptors:are rapidly induced by pro-
inflammatory stimuli and are all involved in the counter-regulation of the later

stages of inflammation.

e Despite the role of the NR4A in the counter-regulation of the inflammatory response
has been well stablished, the precise contribution of these molecules guiding
inflammatory responses and outcomes. could be cell specific, since in some cell

types they show pro-inflammatory features.

e The molecular mechanisms through which NR4A receptors are involved in the
counter-regulation of inflammation include the direct binding to NR4A-target gene
promoters (transactivation) and mechanisms that are independent of their DNA-

binding capacity (transrepression).

e The identification of structurally diverse compounds that regulate NR4A activity
has opened the door to the potential exploitation of these NRs as a therapeutic

approach to inflammatory diseases.

e Although the findings are promising, extrapolating them to a clinical setting remains
elusive, since further development of new selective regulators for each NR4A is
required. Additionally, assessment of the efficacy and safety of the new NR4A

regulators is required before they can be considered appropriate for clinical use.



1. Introduction

Inflammation is an adaptive biological response to an external challenge or cell injury
and is characterized by the recruitment of immune cells to damaged regions. However, a
prolonged inflammatory response contributes to the pathogenesis of chronic disease-
related disturbances. Increasing evidence suggest that several nuclear receptors (NRs)
play a protective role in the regulation of both acute and chronic inflammatory
responses. Within the NR superfamily, the NR4A subfamily of orphan NRs has recently
emerged as a new player in the counter-regulation of the inflammatory response in
several cell types. The three NR4A receptors are rapidly induced by inflammatory
insults via nuclear factor kB (NF-kB)-mediated transactivation of the NR4A promoters,
and all three inhibit the activity of this transcription factor through several regulatory
mechanisms. Therefore, the NR4A' receptors are involved in a negative feedback

mechanism that maintains the inflammatory balance.

2. General signaling pathways involved in inflammation: Role of NF-xB and AP-1

Inflammatory discases represent one of the world’s most significant health issues. Over
the last decade, increasing evidence has shown a strong association between chronic
low-level inflammation and a broad range of pathological conditions, including
rheumatoid arthritis, inflammatory bowel disease, cancer, cardiovascular disease and
metabolic disorder. Inflammation is an adaptive biological response to infection, injury
or autoimmune processes and is characterized by the recruitment of immune cells to

damaged regions to restore tissue structure and function [1, 2]. It is believed that acute



inflammation is a beneficial mechanism that returns tissue to homeostasis. However,
prolonged inflammation is often associated with more serious complications, so it is

crucial to avoid the onset of chronic inflammation.

At the molecular level, inflammation is characterized by the activation of several pro-
inflammatory pathways, thus leading to gene expression and the release of the cytokines
and chemokines involved in the infiltration of leukocytes (macrophages, neutrophils,
etc.) in inflamed regions [3, 4, 5]. Moreover, during the inflammatory process there is
an increase in the production of many inflammatory mediators, including growth
factors, lipid-derived mediators (prostanoids, leukotrienes, etc.), membrane receptors,
adhesion molecules, matrix metalloproteinases (MMPs) and other enzymes involved in
the progression of inflammation. Conversely, the production of anti-inflammatory
cytokines is repressed during this process, in such way that inflammation can be defined
as a mismatch in the balance between pro- and anti- inflammatory mediators. The rise in
the production of pro-inflammatory molecules is due to the activation of several signal
transduction systems that ultimately induce the activity of transcription factors such as
NF-xB and the activator protein-1 (AP-1), which are the most important regulators of
inflammation (Figure 1) [6, 7, 8, 9, 10, 11]. These two transcription factors coordinate
the transcriptional reprogramming of immune cells, thus activating the expression of
pro-inflammatory cytokines, chemokines, adhesion molecules, MMPs and other pro-

inflammatory molecules.

NF-xB is a transcription factor composed of homo- and heterodimers of the Rel family
of proteins (p65 (RelA), RelB, c-Rel, p105/p50 (NF-xB1) and p100/p52 (NF-kB2)), the

most common of which is the heterodimer consisting of the p50 and p65 subunits [12,



13]. In resting cells, NF-kB remains inactive in the cytoplasm complexed with a family
of inhibitory proteins called [kBs [12]. After stimulation, the heterotrimeric IxB kinase
(IKK) complex is activated, thus promoting phosphorylation, polyubiquitination and the
subsequent proteasomal degradation of IxBs (Figure 1) [14, 15, 16, 17, 18, 19, 20].
Alternatively, NF-xB can also be complexed with the precursor Rel proteins (p105.and
p100) in the non-canonical signaling pathway and rests inactive in the cytoplasm. IKK
is also involved in the proteolytic processing of p100 into p52, which leads to NF-xB
activation [7, 21]. Consequently, free NF-kB translocates into the nucleus to regulate
the expression of several pro-inflammatory molecules involved -in- inflammation.
Furthermore, post-translational modifications of the NE-kB proteins such as acetylation
[22, 23, 24, 25], SUMOylation [26] and phosphorylation [23,27] can also regulate their

transcriptional activity.

The AP-1 family of transcription factors is.composed of four subfamilies: Jun (c-Jun, v-
Jun, Jun B and Jun D), Fos (¢c-Fos, Fos B, Fra-1 and Fra-2), MAF (MAFA, MAFB, c-
MAF, NRL, MAFF, MAFG and MAFK) and activating transcription factor [ATF2,
ATF3, B-ATF, Jun dimerization protein (JDP)-1, JDP-2] [28, 29, 30, 31]. The most
common form of AP-1 is the Jun-Fos heterodimer [32]. AP-1 activity can be regulated
at different stages, including changes in AP-1 subunit mRNA and protein levels.
Additionally, the AP-1 activity can be further modified through the binding of specific
proteins and other transcription factors and via post-translational regulation of the AP-1

proteins (for review see [2]).

3. NRs and inflammation. Transrepression mechanisms



The NR superfamily is composed of a large number of transcription factors that act as
intracellular receptors, thereby regulating the transcription of genes involved in nearly
all aspects of development and adult physiology (Figure 2A) [33, 34, 35]. Furthermore,
NRs crosstalk with several signal transduction systems and inhibit the activity of other
transcription factors through a mechanism that is independent of their DNA-binding
capacity (Figure 2B). This mechanism, termed transrepression, is responsible for most
of the anti-inflammatory effects of NRs. Thus, through the transrepression mechanism,
NRs suppress the activity of several transcription factors, including NF-xB and AP-1
(for review see [36]). There are three main transrepression strategies by which NRs
regulate the activity of other transcription factors. In the first strategy, transrepression is
the result of the competition for limiting amounts of shared co-regulatory proteins that
makes them unavailable to other transcription factors-[37, 38, 39]. Second, NRs block
the activation of other transcription factors by establishing protein-protein interactions
with them and blocking their transcriptional activity, thus acting themselves as co-
regulators [38, 39, 40]. Finally, NRs are able to regulate the activity of certain
transcription factors that are downstream of specific cellular signaling pathways, via

inhition of the mitogen-activated protein kinase (MAPK) [41].

The anti-inflammatory properties of NRs make them interesting targets for the treatment
of a broad range of inflammatory diseases such as rheumatoid arthritis, inflammatory
bowel disease, cancer, cardiovascular disease and metabolic disorder. In recent years,
there has been extensive evidence of the anti-inflammatory role of well-characterized
ligand-activated NRs, including peroxisome proliferator-activated receptors (PPARs),
the glucocorticoid receptor (GR) and retinoid receptors such as the retinoid X receptor

(RXR) and the retinoic acid receptor (RAR). However, the ligands and physiological



functions of many orphan NRs remain unknown [42]. Among these orphan NRs, the
NR4A family has recently been associated with several inflammatory processes, and
these orphan NRs therefore represent a promising area for research and development,
since they are potential targets for new therapeutic strategies against inflammatory

diseases.

4. Specific features of the NR4A family of nuclear receptors

The NR4A family consists of three members: Nur77 (NR4A1 according to the unified
nomenclature system for the NR superfamily), Nurr-related factor (Nurr)1 (NR4A2) and
the neuron-derived orphan receptor (NOR)-1 (NR4A3) [43,44]. Nur77, also known as
NGFI-B (nerve growth factor-induced clone B), was the first member of the NR4A
family to be identified as a gene induced by NGF (nerve growth factor) in the rat
pheochromocytoma cell line PC12 [45]. Nurrl was characterized in dopaminergic
neurons as a “brain-specific” transcription factor [46], and NOR-1 was first identified

by Okura et al. in forebrain neural cells undergoing apoptosis [47].

The similarity of the genomic structures of the NR4A family members suggests that
these receptors are derived from a common ancestral gene [48]. As with other NRs,
NR4A receptors are composed of several functional domains, including an N-terminal
activation function 1 (AF-1) domain, a central DNA-binding domain (DBD) with two
zine-fingers that allow the DNA to interact and a C-terminal ligand binding domain
(LBD) [33]. However, unlike other NRs, where the LBD is essential for the recruitment
of small lipophilic molecules (ligands) that function as molecular switches in the
transcriptional activity of these receptors, NR4A receptors encode an atypical LBD. X-

ray crystallography studies reveal that the structure of the Nurrl LBD contains tightly
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packed, bulky hydrophobic residues instead of the ligand-binding pocket found in other
NRs [49]. Similar studies performed in DHR38, the Drosophila ortholog of the
mammalian NR4A family, have shown the absence of a classic ligand-binding site [50].
Furthermore, molecular modeling studies have demonstrated that the LBDs of Nur77
and NOR-1 also encode unusual hydrophilic surfaces [51, 52]. Based on these studies,
the possibility that the NR4A family of NRs is regulated by naturally occurring ligands
was initially ruled out, and it was therefore suggested that they act as constitutively
active and ligand-independent transcription factors [49, 53]. However, although
endogenous ligands for these molecules have not yet been identified, there is increasing
evidence that structurally diverse synthetic molecules interact directly with the LBD of
the NR4A receptor, and that both act as agonists or antagonists (for review see [54]). In
addition, a large number of extracellular stimuli regulate the activity of these NR4A
receptors. Post-translational modifications such as phosphorylation and SUMOylation
[55, 56, 57], or changes in their mRNA levels, are the most common mechanisms that
regulate NR4A activity. Interestingly, the basal expression of these NRs is low, but it is
rapidly induced in response to changes in environmental factors, and they act as early-
response genes in the presence of extracellular cues (for review see [43, 58]). Once its
expressionis induced, NR4A receptors regulate transcription by binding to specific
sequence sites in the promoter region of their target genes (Figure 3). Specifically, these
NRs bind as ' monomers to a DNA-specific octamer sequence (AAAGGTCA) known as
the NGFI-B-response element (NBRE) [59], and as homodimers or NR4A-heterodimers
to NBRE palindromic sequences (TGATATTTn6AAATGCCA) called the Nur-
response element (NurRE) [60]. Furthermore, Nur77 and Nurrl (but not NOR-1) bind
as heterodimers with the 9-cis retinoic acid receptor (RXR) to an imperfect direct repeat

sequence separated by five nucleotides (GGTTCACCGAAAGGTCA) (direct repeat 5,
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DR-5) [61, 62]. While it was initially thought that these transcription factors only
regulated gene expression through transactivation mechanisms by binding to these
response elements, recent studies have provided evidence that NR4A receptors also
influence gene transcription through transrepression mechanisms by crosstalking with
several transduction systems. Through these two mechanisms, NR4A receptors are
involved in the regulation of key cellular functions, including inflammation,

proliferation and cell survival [44, 63].

5. Pharmacological regulation of the NR4A receptors

As mentioned above, the NR4A show an atypical LBD filled by tightly packed, bulky
hydrophobic residues [49, 50, 51, 52], which hinders the binding of naturally occurring
ligands. However, it have been identified diverse structural molecules able to modulate
the NR4A activity (for review see [59]). Prostaglandin A2 has been reported as NOR-1
ligand [64], and the antimetabolite cancer drug 6-mercaptopurine has been identified as
resgulator of Nurrl and NOR-1, acting through their N-terminal AF-1 domain [65].
Additionally, several benzimidazole and isoxazolopyridinone compounds have shown
high affinity for the Nurrl [66]. Cytosporone B (CsnB) and related compounds, ethyl
[2,3,4-trimethoxy-6-(i-octanoyl)phenyl]acetate (TMPA), and 1-(3,4,5-
trihydroxyphenyl)nonan-1-one (THPN) bind to different amino acid residues within the
LBD of Nur77, thus modulating the activity of this NR [67, 68, 69, 70]. However,
whereas CsnB [69, 71, 72] and THPN [70] act as activators of this NR, TMPA shows
antagonic properties [68]. Additonally, diindolylmethane compounds (C-DIM) are able
to modulate the Nur77 transactivation (for review see [54]), through the direct binding
of these compounds to specific sites in the LBD [73]. However, it is worth to note that

most C-DIMs compounds show an inhibitory effect of the Nur77 transactivation [73].
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Since the LBD is highly conserved among the three NR4A, the C-DIMs compounds
could potentially modulate the transcriptional activity to Nurrl and NOR-I1.
Specifically, the Nurrl regulation by the C-DIM12 compound has been already

demonstrated [74].

6. Role of NR4A in inflammatory-related conditions

The NR4A receptors have been associated to a wide range of pathological
inflammatory-related conditions, such as cancer, immune alterations and metabolic,
cardiovascular or neurological diseases (for review see [54]). Following we briefly
discuss the involvement of the NR4A in some of these pathologies, paying special

attention to role of these NRs in the counter-regulation of the inflammatory response.

6.1. Role of the NR4A in cancer

In cancer, the NR4A family show a dual role; exhibiting both pro-oncogenic or tumor
suppressor-like activies [75]. Nur77 and Nurrl have been related to decrased survival.
However, the function of NOR-1"in these pathologies has not been fully explored.
Interestingly, several studies with C-DIMs compounds have identified these molecules
as effective anticancer agents [54], proposing the NR4A as molecular targets for
pharmacological intervention against these diseases. Members of the NR4A receptors
have been found expressed in a wide range of solid tumors (for review see [54]), and are
involved in cell proliferation, survival, cell cycle progression, migration and invasion
(for review see [54]). The molecular mechanisms underlying the pro-oncogenic effects
of NR4A involved nuclear export (for review see [75] and [54]) and the formation of a
pro-apoptotic mitochondrial NR4A-bcl2 complex [76, 77]. It has been recently shown

that Nurrl nuclear exclusion in oxidative stress-induced necrosis is mediated by the
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Apoptosis Signal-reglating kinase 1 (ASK1)-p38 pathway [78]. Additionally, some
NR4A, such as Nur77, inactivate pS3 and AMPKa [79], and act as cofactor for
regulating the expression of Specificity protein (Sp)-target genes with GC-rich
promoters, thereby regulating the expression of several genes involved in cancer

progression [73, 80, 81, 82].

6.2. Role of the NR4A in neuronal system

The NR4A receptors have been involved in relevant neuronal functions [83, 84, 85, 86],
and mediate CREB-dependent neuroprotection [84, 87, 88]. The three NR4A are
induced in mice hippocampus by induced learning by contextual fear conditioning or
histone deacetylase inhibitor-induced (HDAC) enhanced memory [84]. However, they
are differentially expressed according with the brain-area [89, 90] showing differential
functions. Nur77 is need for object location [85], and it has been related to synaptic
remodeling, behavioral changes, dopaminergic loss and response to L-DOPA in animal
models [86, 91, 92, 93]. Additionally, it has been proposed as a therapeutic target for
the treatment of psychosis [91, 94] and strokes [95]. Nurrl is involved in long term
memory, object location and recognition [84]. Despite Nurrl is expressed throughout
the brain, its function has been mainly studied in dopaminergic neurons and Parkinson
Disease [38, 54, 96, 97]. Finally, NOR-1 has been related to depressive behaviour [98]
and nicotine addiction in patients with mental health disease [99]. Interestingly, NR4A
regulators such as the C-DIMs compounds, have been also proposed for the treatment of
Parkinson Disease, since these molecules prevent loss of dopaminergic neurons [96, 97,

100, 101, 102].

6.3. Role of the NR4A in metabolism
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Since the NR4A regulate the expression of a large number of genes involved in both
glucose and fatty acid metabolism (for review see [66]), this family of NRs seems to
play a pivotal role in the control of metabolic regulation. The three NR4A are induced
in obese subjects and are reduced after fat loss [103]. In addition, they are induced in
liver of a murine model of dietary restriction, positively correlating with improved
glucose utilization an insulin sensitivity [104]. Further studies have highlighted the role
of Nur77 [68, 69, 103, 105, 106] and Nurrl [66, 104] in the control of glucose
homeostasis and metabolic diseases such as type 2 diabetes mellitus (T2DM). Despite
the role of NOR-1 in experimental models of obesity and T2DM have not been fully
investigated, several studies also support a relevant role of this, NR in the control of
energy metabolism [54]. Interestingly, several experimental studies using both NR4A
agonists (CsnB) [69] and antagonists (TMPA) [68] have highlighted the involvement of
these NRs in the control of glucose homeostasis, proposing them as potential

therapeutic targets for the treatment of metabolic diseases.

6.4. Role of the NR4A in cardiovascular disease

Increasing evidences  have identified the NR4A receptors in cardiovascular disease
(CVD) (forreview see [43, 54, 107, 108]). The NR4A receptors are induced by a wide
range of stimuli in vascular cells and have been found induced in atherosclerosis
lessions  in human subjects and experimental models [54]. However, while Nur77 and
Nurrl-show a protective role, NOR-1 promotes the development of atherosclerotic
lesions [108]. The opposite effect of the NR4A members on CVD is due to their
different actions on vascular cells. Nur77 inhibits vascular smooth muscle cells
(VSMC) proliferation [109, 110] and reduces neointimal hyperplasia induced by

balloon injury [111]. Additionally, Nur77 controls endothelial cell proliferation and
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angiogenesis [112, 113, 114] and decreased atherosclerotic plaque formation [72, 115,
116]. Recently, Nur77 have been also involved in the attenuation of the cardiac
hypertrophy in response to [B-adrenergic stimuliation [117]. Nurrl reduces SMC
proliferation in in-stent restenosis [118], and inhibits oxidized low-density lipoprotein
(oxLDL) uptake [119] and reduces pro-inflammatory gene expression in macrophages
[38, 120]. Conversily, NOR-1 induces VSMC proliferation [54] and enhances
neointintima hyperplasia after mechanical injury [121, 122]. Moreover, in endothelial
cells NOR-1 mediates the VEGF-induced proliferation [123, 124] and the expression of
cell adhesion molecules [125]. However, in VSMC NOR-1_shows anti-inflammatory
properties [41], suggesting a dual role of this NR “in. the' development of the
atherosclerotic process. Despite further studies are need to fully characterize the role of
NR4A in CVD, it is worth to note that treatment with NR4A agonists, such as Csn,

show a protective cardiovascular role [72].

6.5. Role of the NR4A in immune response

The NR4A has been also involved in the regulation of the immune response. All three
are crucial in the regulation of T reg cell [126, 127] and CD81 T cells [128]
development, taking part in both autoimmunity and in resolution of infections.
Furthemore, some NR4A members, such as Nur77, also take part in the development
and maturation of both Ly6C"" [129] and Ly6CM" [130] monocytes. Specifically,
Nur77 depletion has been related to macrophage differentiation toward as a pro-
inflammatory M1 phenotype [116, 131] and Nurrl controls the expression of genes

characteristics of M2 phenotype and protects against endotoxin-induced sepsis [132].
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7. Role of the NR4A in the counter-regulation of the inflammation. Molecular
mechanisms

The receptors of the NR4A family were initially described as pro-inflammatory factors
[133, 134] when the three NR4A receptors were found to be aberrantly expressed in
human inflamed synovial tissue, colorectal cancer cells, psoriasis, atherosclerotic
lesions and multiple sclerosis [58, 71, 109, 119, 134, 135, 136, 137]. In fact, the three
members of the NR4A family are strongly upregulated in activated primary cells by-a
huge range of pro-inflammatory stimuli, including lipopolysaccharide (LPS), cytokines
and oxidized lipids, thereby suggesting that these receptors-may play a role in the
transcriptional regulation of inflammatory signaling [133,-135, 138, 139]. Pei et al.
demonstrated that regulation of the NR4A family by inflammatory stimuli in
macrophages is mediated by NF-kB activation (Figure 4) [133]. Two highly conserved
NF-xB sites critical for LPS responsiveness were identified in the Nur77 promoter
[133]. In addition, Nur77 overexpression in macrophages induces the expression of
inducible kinase IKKi/IKKe [134], which promotes IkBs degradation by
phosphorylation and. NF-kB activation. Regulation of IKKi by NR4A receptors is
dependent on their binding to a functional NR4A binding site in the IKKi promoter,
which would suggest that IKKi is a direct NR4A-target gene [133, 134]. However,
recent reports -have suggested that members of the NR4A family can act as repressors of
cell type-specific inflammatory responses, since they are involved in the counter-
regulation of the inflammatory response in macrophages, endothelial cells (EC) and
other cell types [38, 40, 41, 113, 116, 118, 131, 140]. For instance, lentiviral
overexpression of the three NR4A receptors reduces the expression of pro-inflammatory

cytokines and chemokines in human macrophages, possibly by inhibiting macrophage
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differentiation [119], and all of them are essential for thymic regulatory T cell

development and immune homeostasis [126].

7.1. Anti-inflammatory role of Nur77

Several reports have demonstrated the anti-inflammatory properties of Nur77. Using a
systematic, genome-wide survey, Nur77 was identified as the strongest NF-kB inhibitor
in a monocyte-adherent model; it inhibited NF-xB activation by tumor necrosis factor o
(TNFa) and interleukin (IL)-1B in similar levels to those reported for IxBa [141].
Shortly afterwards, Bonta et al. showed that Nur77 overexpression reduces mRNA
levels and the production of pro-inflammatory cytokines and chemokines such as IL-1f,
IL-6, IL-8 and monocyte chemotactic protein 1 (MCP-1)[119]. Furthermore, the authors
described that Nur77 overexpression represses. the activation of the IL-2 promoter in
front of several stimuli, by preventing the NF-kB interaction with two low-affinity
binding sites in its promoter [40]. However, Nur77 was unable to repress the NF-kB
binding to high affinity elements. In addition, the authors identified that the regulation
of NF-kB by Nur77 involved elements placed in the C-terminal sequence of p65. In
fact, a direct interaction between p65 and the C-terminal region of Nur77 had been
demonstrated previously (Figure 4) [39]. Such interaction prevents the binding of steroid
receptor coactivator-1 (SRC-1) to this region, thereby blocking the SRC-1 enhancement
of Nur77 transactivation and the suppression of steroidogenic genes. Nevertheless, both
reports show a reciprocal response in which the crosstalk between these two proteins
results in NF-«B inhibition, but also in the blockage of Nur77 transcriptional activation
[39, 40]. However, while some authors underline the relevance of the Nur77 N-terminal
region [40], others show that p65 binds to its C-terminal region [39], thereby suggesting

that both domains are required for optimal crosstalk between these two proteins.
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Recently, it has been shown that Nur77 phosphorylation by p38a in response to LPS
promotes the dissociation between this NR and p65, favouring the inflammatory
response, and that treatment with n-pentyl 2-[3,5-dihydroxy-2-(1-nonanoyl)-
phenyl]acetate (PDNPA), a chemical compound which impedes the binding between
p38a and Nur77, inhibits Nur77 phosphorylation and NF-xB activation [142].
Additionally, it has been recently shown that Nur77 also prevents the LPS-induced
sepsis and acute liver injury by direct binding to Tumor necrosis factor receptor
associated factor 6 (TRAF6) [143]. Apart from direct protein-protein interaction, the
crosstalk between Nur77 and the inflammatory response can be mediated through other
transrepression mechanisms. For instance, Nur77 expression inhibits NF-kB nuclear
translocation by inducing IkBa expression at transcriptional level (Figure 4), thereby
blocking the expressions of vascular cell adhesion molecule 1 (VCAM-1) and
intercellular adhesion molecule 1 (ICAM-1) and reducing monocyte adhesion in both
TNFa- and IL-1B-activated EC [113]. Moreover, this NR suppresses the oxLDL-
induced inflammatory response in macrophages through a mechanism that involves the
inhibition of cyclooxygenase-2 (COX-2) [140]. Nur77 is also involved in the regulation
of Treg cell [126, 127] and CD81 T cells [128] development. In addition, Nur77
deficiency reduces the development of Ly6Clow monocytes by impairing its
differentiation from a myeloid dendritic precursor [129], and enhances the levels of
CCR2in the surface of Ly6Chigh monocytes, promoting myocardium infiltration and
differentiation to inflammatory macrophages [130]. Interestingly, bone marrow-derived
macrophages from Nur77”" mice exhibit altered expression of M2-specific markers and
an inflammatory M1-phenotype, and Nur77”" bone-marrow transplantation in Ldlr’
mice leads to the presence of larger atherosclerotic lesions than those observed in mice

transplanted with bone marrow from wild-type mice [131]. The role of Nur77 depletion
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in the development of macrophage polarization towards a pro-inflammatory MI
phenotype was further confirmed by Hanna et a/, who showed that Nur77 deficiency in
monocytes and macrophages enhances toll-like receptor signaling and increases
atherosclerosis in both ApoE” Nur77"" and Ldlr" Nur77” mice fed with a western diet
[116]. Additionally, Nur77 mediates the inhibition of the inflammatory signaling by the

apoptotic cells once they have been phagocytized by macrophages [144].

Nur77 has also been involved in the regulation of MMP activity (Figure 4) [115, 145,
146, 147]. Transgenic mice overexpressing Nur77 in VSMC exhibit low MMP-2 levels
in remodeled carotid arteries [115] and Nur77 overexpression reduces MMP-2 mRNA
and protein levels in VSMC [147]. In addition, Nur77 may modulate the activity of
other MMPs by modulating TIMP-2 (tissue inhibitor of metalloproteinases 2) protease
expression in some tissues [145]. Nur77 further induces the expression of other MMP
inhibitors in several cell types. For instance, in human endothelial cells Nur77 controls
the expression of the serine protease inhibitor (serpin) E1 (plasminogen activator
inhibitor-1, PAI-1) [146], in. HepG2 it regulates the serpin A3 (alpha 1-
antichymotrypsin) transcription [148] and it has been recently shown that in human
VSMC this 'NR ' regulates the promoter activity of the antiproteinase alpha-2
macroglobulin (A2M) [147]. These data suggest that this NR modulates MMP activity

by regulating the expression of these molecules in different tissues.

7.2. Anti-inflammatory role of Nurrl

Nurrl has been also involved in the regulation of the inflammatory response.
Interestingly, Nurrl was found expressed in inflammatory-related conditions, such as in

human in-stent restenosis and it was shown that endogenous Nurrl protected against
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vascular lesion formation in the carotid arteries of ApoE” mice [118]. Such regulation
is consistent with the inflammatory response associated with these alterations, since it
has been found that Nurrl expression is induced in cultured human (SMC) in response
to serum or TNFa [118]. Interestingly, Nurrl overexpression reduces TNFa-induced
IL1B, TNFa and MCP-1 mRNA levels, and shRNA-mediated knockdown -of
endogenous Nurrl strongly increases the expression of TNFa in these cells, thereby
demonstrating the involvement of this NR in the regulation of both the basal- and
TNFa-induced inflammatory response in vascular cells [118]. Indeed, the same authors
had previously reported that Nurrl also inhibits the inflammatory response in
macrophages [119], which supported the data found in-a genome-wide screen in
monocytes and indicated that Nurrl acts as a novel NF-xB- inhibitor [141]. Specifically,
it has been shown that Nurrl depletion enhances NF-kB activation and promotes the
expression of inflammatory markers in front of TLR/adenosine receptor stimulation
[149]. Similar to other NR4A, Nurrl also regulates T cell maturation and development
[66, 126, 150] and takes part in maintaining the M2 macrophage phenotype to protect

against endotoxin-induced sepsis [132].

Moreover, several reports have shown that Nurrl regulates MMP activity in different
tissues [147, 151,152] through a wide range of mechanisms. Despite the fact that Nurrl
overexpression only reduces the MMP-2 mRNA levels in human VSMC, it reduces
both MMP-2 and MMP-9 protein levels and gelatinolytic activities in these cells [147].
The molecular mechanism underlying such regulation involves the upregulation of the
broad-spectrum antiprotease A2M through a transcriptional mechanism (Figure 4)
[147]. In addition, Mix et al. demonstrated that Nurrl represses MMP gene expression

in cartilage, thus highlighting the protective role of Nurrl in inflammatory joint disease
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[151]. Nurrl expression is strongly induced by COX-2-derived prostaglandin E2
(PGE2) in chondrocytes and is associated with preventing the induction of MMP-1
levels found in IL-1B-stimulated cells. Indeed, the authors demonstrated that transient
Nurrl overexpression suppresses MMP-1 promoter activity and reduces both
endogenous MMP-1 mRNA and secreted protein levels. Furthermore, Nurrl
overexpression also prevents the IL-1B-induced expression of MMP-1, 3 and 9 through
a molecular mechanism that involves a transcriptional antagonism between this NR and
ETS (E26 transformation-specific sequence) 1 [151]. Interestingly, the Nurrl-mediated
repression of the MMP-1 promoter does not require NBRE sequences; likewise, the
repression of aromatase transcription by Nurrl had previously been described [153].
The Nurrl-responsive regions of the MMP-1 and aromatase promoters overlap with the
positive regulatory sequences of the ETS1' and cyclic adenosine monophosphate
(cAMP)-regulated regions, respectively, thereby suggesting that Nurrl may confer
transcriptional repression by interfering with-these transcription factors. In addition to
this transcriptional antagonism, Nurrl may be involved in the control of inflammation
in synovial tissue and cartilage through the transcriptional regulation of osteopontin
[154], which may inhibit inflammation in cartilage by blocking some of the effects of
IL-1B [155]. Conversely, other reports have attributed a pro-inflammatory role of Nurrl
in synoviocytes.in arthritis [156], and Nurrl can directly transactivates some MMP

family members, such as MMP-13, in human synoviocytes [152].

Nurrl has also been found to act as a key factor in suppressing the production of
inflammatory neurotoxic mediators that trigger the death of dopaminergic neurons [38].
Nurrl expression is induced by inflammatory stimuli, and the loss of this NR results in

exaggerated and prolonged inflammatory responses in microglia and astrocytes, thereby

22



enhancing the loss of tyrosine hydroxylase-expressing neurons in response to LPS.
Interestingly, Nurrl activators such as C-DIM compounds, suppress the expression of
pro-inflammatory genes in primary astrocytes and prevent loss of dopaminergic neurons
[101, 102], through inhibition of NF-kB-target neuroinflammatory gene expression and
increase of proteins tyrosine hydroxylase and the dopamine transporter [97, 100]. Saijo
et al. clearly demonstrated that attenuation of the inflammatory response in these cells is
due to the recruitment of Nurrl by inflammatory gene promoters through-mechanisms
other than direct binding to DNA-specific sequences [38]. These mechanisms involve
the glycogen synthase kinase 3B (GSK3f)-mediated phosphorylation of Ser468 of p65
and SUMOylation of Nurrl at key lysine residues, and lead to Nurrl-p65 docking
(Figure 4). Nurrl then recruits the Corepressor for Repressor Element 1 Silencing
Transcription Factor (CoREST) and the Nuclear Receptor Corepressor 2 (NCOR2)
complexes, which result in transcriptional repression [38, 96]. In addition, CoOREST
mediates p65 clearance from the target promoters and restores gene expression at basal

state [38].

Additionallly, Nurrl has been also involved in other inflammatory related processes.
For instance, it has been shown that the Apoptosis Signal-reglating kinase 1 (ASK1)-
p38 pathway promotes the Nurrl nuclear exclusion in oxidative stress-induced necrosis
[78] and it'may prevent liver fibrosis reducing hepatic stellate cell proliferation and

extracellular matrix by MAPK activation [157].

7.3. Anti-inflammatory role of NOR-1

In contrast to Nur77 and Nurrl, the function of NOR-1 in the counter-regulation of the

inflammatory response could be cell-type specific. While NOR-1 overexpression
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reverses inflammatory response in THP-1 macrophages challenged to inflammatory
stimuli [119], in NOR-1-deficient endothelial cells this NR shows a pro-inflammatory
role [125]. In human endothelial cells NOR-1 overexpression mediates monocyte
adhesion by increasing adhesion molecules. Conversely, NOR-1 deficiency decreases
adhesion molecule expression in front of inflammatory stimuli and reduces the
macrophage content in the lesion found in aorta of hypercholesterolemic aopoE™” mice
[125]. The role of NOR-1 in the development of vascular lesions has been studied in
depth [121, 122, 158]. NOR-1 knockout mice present a decrease in neointima formation
after femoral artery denudation injury [158], and NOR-1 -overexpression in SMC
exacerbates neointimal hyperplasia after permanent ligation of the left common carotid
artery [121, 122]. These apparently contradictory results could be due to the fact that the
atheroma produced by hypercholesterolemia in apoE™" mice differs greatly from injuries
caused by mechanical stimuli. While NOR-1 deficiency in endothelial cells reduces the
development of diet-induced atherosclerotic lesion in apoE”™ mice by decreasing
macrophage infiltration, lesions induced by mechanical insults are due mainly to SMC
proliferation rather than inflammatory cell infiltration. Indeed, in both genetically
modified NOR-1'models, macrophage infiltration is barely detected in the injured areas.
It is worth noting that the role of NOR-1 in the inflammatory response of macrophages
is the complete reverse of that found in endothelial cells. Bonta et al. showed that, as
with Nur77 and Nurrl, NOR-1 lentiviral overexpression in macrophages reduces the
inflammatory response and oxLDL uptake [119]. In addition, the authors demonstrated
that NOR-1 knockdown results in enhanced cytokine and chemokine synthesis and
increased lipid loading, thereby indicating that endogenous NR4A takes part in the
inhibition of macrophage activation, foam-cell formation and differentiation [119]. The

anti-inflammatory properties of NOR-1 were further demonstrated when this NR was
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also identified as a novel NF-kB inhibitor in a genome-wide survey assay performed in
adherent monocytes [141]. Interestingly, NOR-1 also takes part in T cell regulation and
development [66, 126]. However, the molecular mechanisms and signaling pathways
underlying the NOR-1 anti-inflammatory response were not fully demonstrated in these
works. A new piece was recently added to the puzzle when it was found that NOR-1
also plays an anti-inflammatory role in VSMC [41]. NOR-1 overexpression reduced
cytokine expression in VSMC in response to inflammatory stimuli such as-LPS,TNFa
and oxLDL, whereas NOR-1 silencing increased basal mRNA cytokine levels. These
data suggest that this NR is involved in both the basal and induced regulation of the
inflammatory process. These findings were further confirmed in the aortas from
transgenic mice that overexpress human NOR-1 in SMC; thereby showing attenuated
upregulation of pro-inflammatory mediators in response-to LPS treatment compared to
wild-type littermates. The molecular mechanisms underlying such regulation involve
reduced phosphorylation of cellular signaling pathways such as extracellular signal-
regulated kinases 1/2 (ERK1/2), p38 mitogen-activated protein kinase and Jun N-
terminal kinase (JNK) (Figure 4). In addition, NOR-1 overexpression further retards
LPS-induced IxkBo phosphorylation/degradation and attenuates p65 phosphorylation in
Ser”*® and p65 nuclear translocation (Figure 4). These findings provide an explanation
for the reduction in the DNA-binding capacity/activation of NF-kB and the subsequent

expression of inflammatory mediators.

NOR-1 is also involved in the regulation of MMP activity. In a similar way to other
NR4A receptors, NOR-1 overexpression downregulates MMP-2 expression in human
VSMC and reduces secreted protein levels and the gelatinolytic activities of both MMP-

2 and MMP-9 [147]. In line with in vitro data, the expression of MMP-2 (but not MMP-
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9) was found to be reduced in aorta from transgenic mice overexpressing NOR-1 in
SMC, compared to wild-type littermates. Further, in vivo NOR-1 overexpression
attenuates both LPS-induced MMP-2 and MMP-9 mRNA levels [147]. Despite the
protective role of NOR-1 that controls the MMP levels/activity observed in both
models, the underlying mechanisms between humans and mice may differ. While the
effect of the NOR-1 overexpression that reduces both MMP-2 and MMP-9 gelatinolytic
activities in humans is at least partially mediated by direct NOR-1 transactivation of the
A2M (Figure 4), the mouse A2M promoter is unresponsive to NOR-1 [147]. In silico
analysis revealed that the NBRE site in the human A2M prometer, which is responsible
for NR4A-mediated regulation, is not conserved in mice. Therefore, since MMP-2 and
MMP-9 are regulated by NF-xB in VSMC [159], the anti-inflammatory activity of
NOR-1 that inhibits this transcription factor could explain the observed modulation of

these MMPs in mice.

8. Conclusion

Since the discovery of NRs as potential regulators of inflammatory processes, extensive
research has been carried out in order to exploit this superfamily of transcription factors
as therapeutic targets. Within the NR superfamily, the NR4A family of orphan NRs has
recently. been . associated with several inflammatory processes. The three NR4A
receptors are rapidly induced by inflammatory insults in several cell types, and all of
them inhibit the inflammatory response through several regulatory mechanisms.
Therefore, NR4A receptors are involved in a negative feedback response to maintain the
inflammatory balance. These orphan NRs therefore constitute a promising area for
research and development, since they could be considered as potential therapeutic

targets for the treatment/prevention of inflammatory diseases.
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9. Expert opinion

Since inflammation is the common physiological factor in a wide range of acute and
chronic diseases, extensive research has focused on identifying the molecular
mechanisms that underlie this response and developing new therapeutic approaches
aimed at regulating the factors that govern them. NRs have emerged as key players.in
the regulation of both acute and chronic inflammatory response, thus making them
interesting targets for the treatment of a broad range of inflammatory diseases. PPARs,
GR and other NRs have been studied extensively in a number of inflammatory settings.
Interestingly, recent studies have identified an anti-inflammatory role for other members
of the NR superfamily and have therefore highlighted the role of the NR4A family
members as key regulators of the inflammatory response. The three NR4A receptors are
rapidly induced by inflammatory stimuli in several cell types, thereby suggesting that
they are necessary for the initiation and progression of the inflammatory response.
Nevertheless, the anti-inflammatory properties described indicate that, due to their role
as early-response genes, the acute regulation in the presence of inflammatory stimuli
could be a protective reaction aimed at counter-regulating the inflammatory response
and resolving inflammation in the later stages. NR4A expression is regulated by NF-xB
at the onset of the inflammatory response, and all NR4A receptors inhibit the activity of
this transcription factor through several mechanisms and are thus involved in a negative
feedback mechanism responsible for maintaining the inflammatory balance. However,
the molecular mechanisms involved in this regulation are not entirely clear. Only a
small number of NR4A-target genes have been identified so far, and the transcriptional
repression mechanisms are only beginning to emerge. Although further research is

needed to fully understand the role of these NRs in inflammation, the evidence reviewed
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here supports the claim that NR4A receptors are potential targets for new therapeutic

strategies against inflammatory diseases.

Despite the amount of experimental data that support the anti-inflammatory properties
of NR4A receptors, we are still a long way from using these NRs modulation as a
therapeutic approach to treating inflammatory diseases. Most of the data reviewed here
have been obtained by means of molecular biology tools in order to overexpress or
knockdown of these transcription factors, in both in vitro and in vivo experimental
models. The naturally occurring ligands of these NRs have not yet been identified, and
their nature makes searching for small lipophilic molecules that modulate NR4A
activity difficult. However, the identification of structurally diverse compounds that
activate or inactivate NR4A receptors (for review see [54]) has opened the door to
future research aimed at pharmacologically modulating NR4A activity. To fully exploit
the potential of NR4A receptors for. therapeutic intervention, the pharmaceutical
industry will have to target new drug-development strategies to selectively regulate the
activity of each NR4A. NR4A drug discovery could therefore represent an interesting

research area for drug development companies.

In summary, while NR4A receptors have been identified as potential inflammation
modulators, there are still some concerns regarding the development of NR4A drugs
that-pharmacologically modulate the activity of these NRs selectively and safely.
Although data from experimental models seem promising, the development of new
drugs is required before NR4A modulation can be considered a realistic therapeutic

approach for the clinical treatment of inflammatory diseases.
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Figure 1. Schematic representation of the main cellular signaling pathways

involved in the regulation of the inflammatory response. In the presence of pro-
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inflammatory insults, the IKK complex phosphorylates IkBa, which is ubiquitinated
and degraded by the proteasome. Additionally, the activation of MAPK such as
ERK1/2, p38 and JNK activates both NF-xB and AP-1 transcription factors by
phosphorylation, thereby leading their nuclear translocation to regulate the expression
of their target genes. The coordinated actions of NF-kB and AP-1 induce the
development of the inflammatory process by promoting the transcription of cytokines,
chemokines and other pro-inflammatory genes. AP-1: activator protein-1; ERK1/2:
extracellular signal-regulated kinases 1/2; IKK: IkB kinase; JNK: Jun N-terminal

kinase; NF-kB: nuclear factor kB.
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Figure 2. Main molecular mechanisms through which nuclear receptors drive their
effects. NRs regulate gene expression through two different mechanisms. (A) In the

transactivation mechanism, NRs act as typical transcription factors to induce or repress
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the transcription of their target genes by binding to DNA-specific sequences in their
promoter region. (B) In the transrepression mechanism, NRs influence gene expression
through mechanisms that are independent of their DNA-binding capacity, thereby
inhibiting the activity of other transcription factors. There are several transrepression
strategies, including co-activator competition, physical interaction with other
transcription factors and the inhibition of MAPK pathways. MAPK: mitogen-activated

protein kinase; RE: response element; TE: transcription factors.
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Figure 3. Specific binding sequences for the NR4A receptors. NR4A receptors act as
transcription factors by regulating the transcription of their target genes through binding
as monomers to NBRE sequences, as homodimers or NR4A-heterodimers to NurRE

sequences, or heterodimers with RXR to DR-5 sequences. DR-5: direct repeat 5;
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NBRE: NGFI-B-response element; NurRE: Nur-response element; RXR: retinoid X

receptor.
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FIGURE 4
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Figure 4. Molecular mechanisms of the NR4A receptors in the counter-regulation
of the inflammatory response. The three NR4A receptors are rapidly induced by
inflammatory insults via’ NF-xB- transactivation of the NR4A promoters, and are all
involved in the counter-regulation of inflammation in the later stages through several
regulatory mechanisms. The three NR4A receptors are involved in MMP inhibition,
thereby inducing the transcriptional regulation of the broad-spectrum antiprotease A2M.
Additionally, Nur77 regulates the expression of other MMP inhibitors such as TIMP-2,
Serpin’' E1 and Serpin A3, and the expression of the NF-kB inhibitor IxBa. Nur77
further binds to the p65 subunit of NF-xB, thus avoiding SRC-1 binding. Nurrl also
inhibits NF-xB activity via Nurrl-p65 docking and the recruitment of the CoREST
corepressor complex. NOR-1 inhibits NF-kB activation by inducing IkBa

phosphorylation/degradation and attenuating p65 phosphorylation. Moreover, NOR-1
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reduces MAPK pathway activation, and potentially reduces both NF-xB and AP-1
activation. Altogether, NR4A receptors are involved in a negative feedback mechanism
responsible for maintaining the inflammatory balance. A2M: alpha-2 macroglobulin;
AP-1: activator protein-1; MAPK: mitogen-activated protein kinase; MMPs: matrix
metalloproteinases; NF-kB: nuclear factor kB; NOR-1: neuron-derived orphan receptor-
1; Nurrl: Nurr-related factor 1; SRC-1: steroid receptor coactivator-1; TIMP-2: tissue

inhibitor of metalloproteinases 2.
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