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Summary.

Although endogenous ligands for the orphan nuclear receptor 4A1 (NR4A1, Nur77), NR4A2 

(Nurr1), and NR4A3 (Nor-1) have not been identified, several natural products and synthetic 

analogs bind NR4A members. These studies are becoming increasingly important since members 

of the NR4A subfamily of 3 receptors are potential drug targets for treating cancer and non-cancer 

endpoints and particularly those conditions associated with inflammatory diseases. Ligands that 

bind NR4A1, NR4A2, and NR4A3 including Cytosporone B, celastrol, bis-indole derived (CDIM) 

compounds, tryptophan/indolic, metabolites, prostaglandins, resveratrol, piperlongumine, fatty 

acids, flavonoids, alkaloids, peptides, and drug families including statins and antimalarial drugs. 

The structural diversity of NR4A ligands and their overlapping and unique effects on NR4A1, 

NR4A2, and NR4A3 suggest that NR4A ligands are selective NR4A modulators (SNR4AMs) 

that exhibit tissue-, structure-, and response-specific activities. The SNR4AM activities of NR4A 

ligands are exemplified among the Cytosporone B analogs where n-pentyl-2-[3,5-dihydroxy-2-

(nonanoyl)]phenyl acetate (PDNPA) binds NR4A1, NR4A2 and NR4A3 but activates only NR4A1 

and exhibits significant functional differences with other Cytosporone B analogs. The number of 

potential clinical applications of agents targeting NR4A is increasing and this should spur future 

development of SNR4AMs as therapeutics that act through NR4A1, NR4A2 and NR4A3.
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Introduction

The human nuclear receptor (NR) family contains 48 individual receptors that mediate 

signals induced by endogenous and exogenous ligands that are critically important for 

maintaining cellular homeostasis and pathophysiology (Bookout et al., 2006; Sonoda et al., 

2008). NRs have been divided into categories based, in part, on their ligands and include 

the endocrine receptors which bind hormones/vitamins, adopted orphan receptors which 
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bind lipids and steroid-derived small molecules and orphan receptors for which endogenous 

ligands have not yet been identified (Bookout et al., 2006; Sonoda et al., 2008). These 

receptors regulate both diverse and overlapping pathways and their commonality is not 

based on function but on structure and activation mechanisms. Nuclear receptors express 

an N-terminal activation function-1 (AF1), a DNA-binding domain (DBD), a hinge region 

and a C-terminal ligand binding domain (LBD) which also contains AF2. In the absence 

of ligand, the receptor or receptor complex may or may not be associated with its cognate 

DNA response element on responsive gene promoters; however, upon ligand binding, the 

DNA bound receptors modulate gene expression. The effects of ligands for NR4A and their 

mechanisms of action will subsequently be reviewed in detail. The major exceptions to these 

common features of orphan NRs are the DAX1 (NROB1) and SHP (NROB2) receptors that 

do not contain a DBD and act primarily through protein-protein interactions (Seol et al., 

1996; Lalli and Sassone-Corsi, 2003; Ehrlund and Trenter, 2012).

Functions of NR4A

The nerve growth factor β (NGFβ) or NR4A subfamily denotes a group of 3 receptors, 

namely NR4A1 (Nur77, TR3), NR4A2 (Nurr1) and NR4A3 (Nor1). These receptors were 

initially discovered as immediate early response genes that were induced by nerve growth 

factor in PC12 and other neuronal cells (Milbrandt, 1988; Law et al., 1992; Ohkura et 

al., 1994). Results of gene deletion experiments show that NR4A1−/− mice are viable with 

some impaired regulation of T cells but no distinct phenotype (Woronicz et al., 1994; Lee 

et al., 1995; Cheng et al., 1997) whereas NR4A2−/− mice exhibit neurological dysfunction 

associated with the dopaminergic system and embryos die within one week (Zetterström 

et al., 1997; Saucedo-Cardenas et al., 1998). Two laboratories generated NR4A3−/− mice 

which exhibit divergent phenotypes; one set of NR4A3−/− mice exhibits embryo lethality 

associated with failure to complete gastrulation whereas the other set of embryos is viable 

and exhibits inner ear defects (Ponnio et al., 2002; De Young et al., 2003). There have 

been extensive studies on the dual NR4A1−/− : NR4A3−/− knockout mice in which the 

combined loss of both genes results in the rapid development of acute myeloid leukemia in 

the offspring (Mullican et al., 2007; Ramirez- Herrick et al., 2011).

The endogenous functions of NR4A1, NR4A2, and NR4A3 and their role in diseases 

have been extensively investigated and ongoing research continues to add to their diverse 

functional roles. NR4A members are induced or modified by a variety of stressors as 

illustrated in Figure 1 and this response plays a role in coping with these stressors and 

maintaining cellular homeostasis (Maxwell and Muscat, 2006; Pearen and Muscat, 2010). 

NR4A1, NR4A2 and NR4A3 play significant roles in metabolism, the immune system, 

cardiovascular and neurological functions such as learning and memory and wound healing 

(Maxwell and Muscat, 2006; Pearen and Muscat, 2010; Lith and Vries, 2020; Chen et 

al., 2020; Lith et al., 2021). A result of long-term stressor-induced responses can lead to 

acute and ultimately chronic inflammatory diseases (Fig. 1) which include cardiovascular, 

neurological, and autoimmune diseases, rheumatoid arthritis, cancer, lupus, fibromyalgia, 

and chronic fatigue syndrome. Not surprisingly, NR4A members are overexpressed in many 

solid tumors and stress/inflammation-induced diseases (Bonta et al., 2006; Pei et al., 2006; 

Hawk et al., 2012; McNulty et al., 2012; Close et al., 2013; Beard et al., 2015; Niu et 
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al., 2015; Palumbo-Zerr et al., 2015; Liebmann et al., 2018; Wu and Chen, 2018; Chen 

et al., 2020; Lith and Vries, 2020; Xiong et al., 2020; Lith et al., 2021; Safe and Karki, 

2021). For example, transforming growth factor β-induced fibrosis in multiple tissues is 

linked to crosstalk with NR4A1 which results in inhibition of TGFβ signaling that is 

further enhanced after treatment with the NR4A1 ligand Cytosporone B (CsnB) (Palumbo-

Zerr et al., 2015). In many solid tumors NR4A1 is overexpressed including lung, breast, 

ovarian, and colon cancer, and NR4A1 is also a negative prognostic factor for patient 

survival (Smith et al., 2011; Lee et al., 2012; Wang et al., 2014a; Zhou et al., 2014; 

Delgado et al., 2016). Moreover, functional studies show that both NR4A1 and NR4A2 are 

pro-oncogenic in most solid tumors and can be targeted by synthetic ligands that act as 

inverse NR4A1/2 agonists and inhibit NR4A1- and NR4A2-regulated pro-oncogenic genes 

and their associated pathways (Safe and Karki, 2021); corresponding results for NR4A3 are 

limited. Initial studies on the structure of the ligand binding domain of NR4A used NR4A2 

as a model and the results of crystal structure studies indicated that bulky amino acid side 

chains protruded into the ligand binding domain and would inhibit ligand binding (Wang et 

al., 2003; Wansa et al., 2003; Flaig et al., 2005). These and other observations suggested 

that NR4A functions were ligand-independent. This tempered studies on discovery of 

endogenous and synthetic NR4A ligands; however, there are now extensive reports on 

the identity and functions of natural products and synthetic analogs that bind NR4A1, 

NR4A2 and NR4A3 (to a lesser extent) and their possible chemotherapeutic applications. 

It should also be noted that ligands for many nuclear receptors exhibit tissue/cell- and 

response-specific activities as agonists, inverse agonists and antagonists and are classified as 

selective receptor modulators (Jordan, 2003; Burris et al., 2013). There is also evidence for 

NR4A ligands as selective NR4A modulators (SNR4AMs) and this will also be discussed.

NR4A ligands as selective NR4A modulators (SNR4AMs)

Like other NRs, NR4A1, NR4A2 and NR4A3 exhibit a modular structure in which there 

is 97% homology in their DBDs and 60-65% homology in their LBDs and only 20-30% 

homology in their N-terminal AF1 domain (Maruyama et al., 1998). This suggests that 

many of the differences in function may be due, in part, to AF1 domain and its interactions 

with other nuclear co-factors and the transcriptional machinery. NR4A interacts with cis-

promoter elements as monomers and homodimers binding to an NBRE (-AAAGGTCA) and 

a Nur response element (NuRE) (TGATATTTX6A AAGTCA) respectively (Wilson et al., 

1991, 1992; Paulsen et al., 1995; Perlmann and Jassson, 1995; Zetterström et al., 1996; 

Philips et al., 1997) (Fig. 2). In addition, both NR4A1 and NR4A2 form heterodimers with 

the retinoid X receptor (RXR) and NR4A interacts with p65 of NFKβ to trans-repress 

NFKβ-dependent activation (McEvoy et al., 2002; Calvayrac et al., 2015; Popichak et 

al., 2018; Zhang et al., 2019; Lilley et al., 2022). Another similar mechanism involves 

interaction of NR4A1 with either Sp1 or Sp4 and the NR4A1/Sp1 complex activates 

expression of some genes through their GC-rich promoters (Lee et al., 2010; Li et al., 2012; 

Hedrick et al., 2017; Lacey et al., 2017; Karki et al., 2020b; Shrestha et al., 2021a) (Fig. 2). 

This pathway of gene regulation where NR4A1 acts as a cofactor is also observed for many 

other nuclear receptors (Safe and Kim, 2008).
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The concept of selective receptor modulators

Drugs targeting NRs and other receptors are among the most abundant and widely used 

pharmaceutical agents, and this is due, in part, to their ability to selectively activate agonist, 

inverse agonist, or antagonist activities. For example, the anticancer drug tamoxifen binds 

the estrogen receptor (ER) and exhibits ER antagonist activity against human breast cancer 

but is an ER agonist in the uterus (Zhou et al., 2014). In contrast, the antiestrogen fulvestrant 

also binds ER and acts as an inverse ER agonist and also induces proteasome dependent 

degradation of ER in breast cancer (Wang et al., 2004). In addition, fulvestrant induces some 

ER-regulated genes including p21 and quinone reductase and this may involve both direct 

and indirect mechanisms of action (Montano and Katzenellenbogen,1997; Varshochi et al., 

2005). These results showing that ER ligands can exhibit multiple ER-dependent activities is 

due to several factors including ligand structure- dependent interaction with ER resulting in 

confirmational changes, tissue-specific expression of cofactors and chromatin interactions/

modifications (Jordan, 2003; Burris et al., 2013). These factors can modify the effects of 

ligand-receptor interactions in terms of their agonist, inverse agonist and antagonist activities 

and evidence for selective NR4A modulator activity of NR4A ligands will be examined in 

this review.

Several studies on chemical-induced activation of primarily NR4A1 demonstrate that several 

apoptosis inducing agents (e.g., phorbol esters) and retinoids induce nuclear export of the 

receptor which forms a proapoptotic NR4A1-bcl2 complex (Li et al., 1998, 2000; Pfahl 

and Piedrafita, 2003; Holmes et al., 2004; Lin et al., 2004). Other agents also induce 

nuclear export of NR4A1 which subsequently interacts with multiple mitochondrial and 

extra-mitochondrial factors which usually result in the induction of cell death. Initial studies 

showed that these effects were kinase-dependent but were not activated by NR4A1 ligands 

(Li et al., 1998; Li et al., 2000; Pfahl and Piedrafita, 2003; Holmes et al., 2004; Lin et al., 

2004) however, subsequent reports show that some NR4A1 ligands can also induce kinase-

dependent activation of nuclear export of NR4A1, and this has recently been reviewed (Safe 

and karki, 2021). This review will primarily focus on ligands that directly bind and activate 

nuclear NR4A, however for some ligands this is accompanied by nuclear export pathways.

6-Mercaptopurine (Fig. 3)

6-Mercaptopurine (6-MP) (Fig. 3) an inhibitor of purine biosynthesis and has been used 

to treat acute childhood leukemia and chronic myelocytic leukemia. Initial studies showed 

that 6-MP activated both NR4A2 and NR4A3 and this response was dependent on the 

N-terminal AF1 domain of both receptors (Wansa and Muscat, 2003; Smith et al., 2011). 

Subsequent studies showed that interaction with the TRAP220 coactivator enhanced 6- 

MP-dependent activation of NR4A3. NR4A1 also interacted with TRAP220 however, the 

effects of 6-MP were not reported (Ordentlich et al., 2003; Wansa and Muscat, 2005). Thus 

6- MP activated NR4A2, NR4A3, and possibly NR4A1 via the N-terminal AF1 domain and 

direct binding of 6-MP with NR4A was not determined. A subsequent study showed that 

6-MP induced HIF1α and NR4A1; induction of the former protein was NR4A1-dependent 

in Hela cells, and this was associated with enhanced new vessel formation in HUVEC cells 

(Yoo et al., 2007). Other studies also demonstrate that 6-MP activates NR4A1- dependent 

responses (Qin et al., 2014; Kurakula et al., 2019; Pulakazhi et al., 2021). In addition, it 
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was shown that inhibition of mouse intestinal fibrosis was inhibited by both 6- MP and 

CsnB, and results from NR4A1−/− and wild-type NR4A1+/+ mice indicate that the effects of 

both compounds were NR4A1-dependent (Pulakazhi et al., 2021). Since the known NR4A1 

ligand CsnB binds directly to the receptor then 6-MP may also bind NR4A or somehow 

mimic the effects of an NR4A1 ligand, and this needs to be determined.

Cytosporone B (CsnB) and related compounds (Fig. 3B-E)

Wu and coworkers first described the isolation and characteristics of Cytosporone B 

(CsnB) which bound NR4A1 and stimulated NR4A1-dependent trans-activation and other 

responses (Zhan et al., 2008). For example, CsnB induced blood glucose levels and liver 

gluconeogenesis enzymes in wild-type but not NR4A−/− mice. CsnB also inhibited cancer 

cell growth, and induced apoptosis and the latter response was also due, in part, to nuclear 

export of NR4A1. Subsequent studies showed that various CsnB analogs were also active 

as NR4A1 ligands and apoptosis was also induced by transcriptional activation of brain and 

reproductive organ-expressed protein (BRE), a death receptor associated protein (Liu et al., 

2010). Structure-activity studies demonstrate the importance of the ester group and other 

modifications (Liu et al., 2010; Xia et al., 2013; Yang et al., 2020) and CsnB has been used 

in several functional studies; for example, as indicated above NR4A1 inhibits TGFβ-induced 

fibrosis, and this is enhanced by CsnB (Palumbo-Zerr et al., 2015). In contrast, renal 

interstitial fibrosis in mice with unilateral ureteral obstruction results in the induction of 

NR4A1 expression and fibrosis and treatment with CsnB further enhances interstitial fibrosis 

(Tao et al., 2023). Thus, in these different models of fibrosis, the effects of both NR4A1 and 

CsnB are tissue-dependent.

Wu and coworkers have also synthesized and characterized other NR4A1 ligands based 

on the CsnB structure, and these include ethyl-2-[2,3,4-trimethoxy-6-(1- octanoyl)]phenyl 

acetate (TMPA) (Zhan et al., 2012), n-pentyl-2-[3,5-dihydroxy-2- (nonanoyl)]phenyl acetate 

(PDNPA) (Li et al., 2015), and 1-(3,4,5- trihy-droxyphenyl)nonan-1-one (THPN) (Wang et 

al., 2014b). The three CsnB analogs were investigated in separate studies and differences in 

their respective activities were compared in only some assays. TMPA exhibited responses 

that were the opposite to those observed for CsnB. For example, TMPA-NR4A1 interactions 

resulted in dissociation of LKB1 from the receptor and nuclear export of LKB from the 

nucleus resulting in decreased blood glucose levels in diabetic mice whereas CsnB increased 

blood glucose levels in fasting C57 mice (Zhan et al., 2008). Since this study did not 

directly compare the mechanisms of action of CsnB and TMPA in the same animal models 

the mechanistic differences and similarities with respect to their effects on blood glucose 

levels is unknown and their individual roles as agonists or inverse agonists could not be 

determined. Interestingly, the CsnB analog PDNPA bound not only NR4A1 but also NR4A2 

and NR4A3 however the former two receptors were not further activated by PDNPA. THPN 

induces nuclear export and mitochondrial dependent autophagic cell death in melanoma 

cells (Li et al., 2015). In contrast, PDNPA inhibits interaction of NR4A1 with p38α 
and phosphorylation of the receptor and this results in suppression of NFKβ- dependent 

transactivation in RAW264.7 cells and lipopolysaccharide-induced inflammation in mouse 

models (Li et al., 2015).
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PDNPA and TMPA interact with similar NR4A1 binding sites however the key amino acids 

associated with the subsequent interactions of the ligand-bound receptor with p38 or LKB1 

were different, and this may have contributed to the observed functional differences between 

the compounds. In a series of amino acid mutation studies, Wu and coworkers reported the 

complexities involved in ligand-NR4A1 binding and their interactions with p38 and LKB1 

(Zhan et al., 2012; Li et al., 2015; Tao et al., 2023). The T595E mutation in NR4A1 that 

affected binding to LKB1 (Tao et al., 2023) did not affect binding to p38. For example, 

both PDNPA and TMPA bind in the same region of NR4A but have distinct functions, 

however, mutational analysis of amino acids in the LBD of NR4A1 reveal differences in 

PDNPA-NR4A1 and TMPA-NR4A1 interactions (Li et al., 2015). LBD mutation (C566R 

and T595E) did not affect p38 nor PDNPA binding but decreased TMPA and LKB1 binding. 

Mutations of H516W or P597W also differentially affected these interactions and other 

mutations bound PDNPA but not TMPA (Li et al., 2015). It was concluded that although 

both TMPA and PNDPA bind a similar region of NR4A1, other factors dictated the different 

in vitro and in vivo outcomes of treatment with these two NR4A1 ligands. Treatment of 

hepatic L02 cells with TMPA induced phosphorylation of AMPK whereas PDNPA had 

no effect. In contrast PDNPA, but not TMPA suppressed induction of TNFα by LPS. 

These observations demonstrate that both compounds are SNR4AMs and indicate that the 

binding and modeling studies of these biological active CsnB analogs does not predict 

their specific NR4A-dependent biological/functional effects which must be determined in 

functional assays.

Fatty acids and prostaglandins (Fig. 4)

Fatty acids are known ligands for retinoid X receptor, PPARs, FXR, LXR, and NR2E1 

(Schroeder et al., 2008; Bedi et al., 2017; Jaladanki et al., 2021; Kandel et al., 2022) 

and using multiple binding assays, it was also shown that unsaturated fatty acids such as 

arachidonic acid and docosahexaenoic acid (DHA) (Fig. 4A,B) but not saturated fatty acids, 

bound NR4A1(LBD) (Vinayavekhin and Saghatelian, 2011). Using NMR spectroscopy, 

it was shown that DHA bound to the canonical ligand binding pocket of NR4A2 and 

results also suggest interactions with PIASɣ, a SUMO-E3-ligase that also binds NR4A2. 

Although DHA decreased NR4A2-dependent transactivation in HEK293T and MN9D cells, 

the effects were minimal, and the overall functional significance of unsaturated fatty acid 

bound NR4A2 requires further investigation (de Vera et al., 2016). Prostaglandin A2 (PGA2) 

(Fig. 4C) was initially identified as a ligand for NR4A3 which induced NR4A3-dependent 

transactivation (Kagaya et al., 2005) and subsequent studies also showed that PGA2 bound 

both NR4A2 and NR4A1 (Lakshmi et al., 2019; Rajan et al., 2022). There is also evidence 

that PGA2 covalently modifies NR4A however the functional and possible endogenous roles 

for this compound are unclear. The potential endogenous functions of PGE1 and PGE2 (Fig. 

4D,E) have recently been reported; both compounds bind NR4A2, inhibit inflammation in 

neuronal cells and are neuroprotective in the MPTP-induced Parkinson’s Disease mouse 

model (Rajan et al., 2020). Results of this detailed study suggest the possibility that PGE1/

PGA1 may represent bona fide endogenous ligands of Nurr1 (NR4A2) (Rajan et al., 2020).
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Bis-indole derived compounds (CDIMs) (Fig. 5)

1,1,-Bis-(3’-indolyl)methane (DIM) is a metabolite of indole-3-carbinol a major 

chemoprotective agent produced in cruciferous vegetables (Safe et al., 2008). DIM was 

modified synthetically by adding an additional aromatic group to the methane carbon 

to form methylene substituted DIMs (CDIMs) (Fig. 5) which were identified as potent 

inhibitors of mammary tumor growth in a carcinogen-induced rat model (Huggins model) 

of breast cancer (Qin et al., 2004). Initial studies on a series of 1,1-Bis(3'-indolyl)-1-(p-

substitutedphenyl)methane analogs identify some of the compounds as PPARƔ ligands 

(Qin et al., 2004). Subsequent studies showed that 4-hydroxyphenyl (DIM8) and 4- 

carbomethoxy-phenyl (DIM14) analogs activated NR4A1-dependent transactivation in 

cancer cells and also bound NR4A1 in a direct binding assay that measured fluorescent 

quenching of a Trp in the LBD (Chintharlapalli et al., 2005; Lee et al., 2010, 2014). Both 

DIM8 and DIM14 were used as NR4A1 ligands in multiple solid tumor derived cancer cell 

lines and these compounds acted as inverse NR4A1 agonists and inhibited NR4A1-regulated 

pro-oncogenic genes and pathways as illustrated in Figure 6. These CDIM analogs inhibited 

cancer cell migration, survival, migration, and invasion in all cancer cell lines investigated 

however, there was some cell context-dependent variability in the genes that were affected 

(Lee et al., 2010, 2012, 2014; Hedrick et al., 2015a,b; Hedrick and Safe, 2017; Lacey et 

al., 2017; Mohankumar et al., 2019) (Fig. 6). For example, the PAX3-FOX01 fusion gene 

is oncogenic and a major driver of alveolar rhabdomyosarcoma (ARMS) tumor growth 

in children and in mouse models and DIM8 inhibits NR4A1-regulated PAX3-FOX01 and 

downstream genes in ARMS cells and in animal models (Lacey et al., 2017). PAX3-FOX01 

is primarily expressed in ARMS but not other cancer cell lines. In addition, it was also 

observed that many of the NR4A1 regulated genes such as survivin, PAX3-FOX01, several 

integrins and G9A were dependent on formation of NR4A1/Sp1 or NR4A1/Sp4 complexes 

bound to GC-rich sequences of target gene promoters (Lee et al., 2010; Hedrick and Safe, 

2017; Lacey et al., 2017; Karki et al., 2020b; Shrestha et al., 2021a). Thus, NR4A1 acts 

as a cofactor for several pro-oncogenic Sp-regulated genes and DIM8 and other inverse 

NR4A1 agonists inhibit or block the cofactor functions of NR4A1 and decrease expression 

of selected Sp-regulated genes. This mechanism is commonly observed for gene regulation 

by several NRs (Safe and Kim, 2008).

In vivo studies showed that IC50 values for tumor growth inhibition in mouse xenograft 

models by DIM8 or DIM14 ranged from 20-40 mg/kg/day and pharmacokinetics indicated 

that in mice treated with DIM8, the serum levels of this compound were low due to 

rapid metabolism (De Miranda et al., 2013). In order to decrease the metabolism of DIM8 

several buttressed analogs containing 3 or 3- and 5-substituents, which were ortho to the 

4-hydroxyl group and thereby could sterically inhibit metabolic conjugation of the hydroxyl 

substituent were synthesized. These “DIM8–3,5” compounds bind NR4A1 and among 

those compounds that have been tested they are more potent inhibitors of breast tumor 

growth (IC50 ~ 2-10 mg/kg/day) compared to DIM8 (Hedrick et al., 2019). Presumably, 

the enhanced anticancer activities are due, in part, to longer serum half-lives of DIM8-3,5 

analogs however, this has not yet been confirmed. Ongoing studies with a series of 1,1-

Bis(3’-indolyl)-1-(dichlorophenyl)methane analogs showed that the hydroxyl group was 

not necessary for binding NR4A1 and the 3,5-dichlorophenyl analog (DIM-3,5- CI2) was 
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an NR4A1 ligand (Karki et al., 2021). Moreover, among a group of 4 DIM-3,5 analogs 

(DIM-3-Br-5-OCH3, DIM-3-CI-5-OCF3, DIM3-CI-5-CF3 and DIM-3-Br-5-OCF3) all of 

these compounds inhibited breast tumor growth at doses of <1 mg/kg/day and represented 

a third generation set of CDIM analogs that are being developed for future clinical trials. 

Oxidized DIM compounds have also been investigated and are potent inhibitors of tumor 

growth. These compounds are similar to the CDIMs in structure but act to induce nuclear 

export of NR4A1 which forms a mitochondrial proapoptotic complex with bcl2 (Chen et al., 

2019a).

Initial evaluation of the binding of the 4-substitutedphenyl CDIM analogs identified 

the 4-chlorophenyl analogs (DIM12) as a compound that modulated NR4A2-dependent 

transactivation (Li et al., 2012, 2019). Modeling studies show that this ligand preferentially 

bound a cofactor site outside the LBD, and it has been confirmed that DIM12 does 

not interact with the LBD of NR4A2 nor NR4A1 (Hammond et al., 2018). In solid 

tumors DIM12 acts as an inverse agonist to inhibit pro-oncogenic NR4A2-dependent tumor 

growth, survival, migration, and invasion (Karki et al., 2020a) and in neuronal models of 

inflammation and Parkinson’s disease (PD) DIM12 inhibits inflammation (De Miranda et 

al., 2015; Hammond et al., 2015, 2018; Hu et al., 2017). It is noteworthy that DIM12, 

which contains a 4-chlorophenyl moiety, binds the cofactor site of NR4A2 (Hammond et 

al., 2018) whereas in ongoing studies we observed that a series of dichlorophenyl analogs 

(including DIM-3,5-CI2) interact with the binding pocket of NR4A1. In contrast, the studies 

with CDIMs show that among those compounds previously reported none of them interact 

with NR4A3.

Celastrol and related compounds

Celastrol (Fig. 7A) is a pentacyclic triterpenoid and a potent anticancer agent that binds 

NR4A1 with a KD of 0.29 μM and inhibits NR4A1-dependent transactivation: NR4A1 is 

involved in celastrol-dependent inflammation and induction of autophagy in mice (Hu et 

al., 2017). Interestingly NR4A2 also regulates autophagy and DIM12 decreases ATG7 and 

ATG12 gene expression in pancreatic cancer cell and tumors (Zarei et al., 2021), whereas 

celastrol induced NR4A1-dependent autophagy, demonstrating opposing effects of NR4A1 

and NR4A2 ligands which may also be cell context dependent. However, mechanistically the 

anti-inflammatory effects observed were associated with celastrol-induced nuclear export of 

NR4A1 and subsequent interaction of NR4A1 with tumor necrosis factor receptor associated 

factor 2 (TRAF2) which inhibits inflammation by promoting mitochondrial ubiquitination 

and autophagy (Hu et al., 2017). Subsequent structure-activity studies with a series of 

synthetic celastrol analogs identified an A-ring aromatized derivative with a KD = 0.87 

μM as a possible new lead compound (Chen et al., 2019b). Celastrol is only one of 

many naturally occurring triterpenoid anticancer agents and it is likely that some of these 

compounds may also be NR4A ligands.

Drugs and related compounds

A cell-based assay was used to screen a chemical library of 960 FDA drugs and two 

antimalarial drugs, amodiaquine and chloroquine and a pain-relieving drug, glafenine, were 

identified as activators of NR4A2-dependent transactivation. All of these compounds shared 
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a common scaffold, namely 4-amino-7-chloroquinoline. Amodiaquine and chloroquine were 

specific NR4A2 ligands that inhibited induced inflammation in neuronal cells, enhanced 

NR4A2-dependent dopaminergic effects in rat cell models (Kim et al., 2015) and also in an 

in vivo model of Parkinson’s Disease (PD) (Kim et al., 2015) where rats are treated with 

6-hydroxydopamine. In addition, amodiaquine also improved behavioral deficits in this same 

model of PD and enhanced cognition in adult C57BL/6 mice (Kim et al., 2016). A second 

study showed that amodiaquine inhibited DSS-induced colitis and this was accompanied by 

NR4A-dependent induction of CD25+:Foxp3+ regulatory T cell development (Won et al., 

2017). Subsequent in vitro studies in 293T cells report that amodiaquine activated NR4A1- 

NR4A2- and NR4A3-dependent transactivation suggesting that this compound may be a 

unique pan-NR4A ligand. There is also evidence that the NR4A2-dependent effects of 

amodiaquine and chloroquine are variable and cell-context dependent (Won et al., 2017) and 

like many NR4A ligands, they are selective receptor modulators (Munoz-Tello et al., 2020). 

4-Amino-7-chloroquinoline has also been used as a scaffold for synthesizing other NR4A2 

ligands and one of the most active compounds was 4-amino-8-chloro-2-methylquinoline 

which contained a free amino group (Willems et al., 2021).

A recent study showed that several commercially available statins including Fluvastatin, 

lovastatin, simvastatin, atorvastatin, rosuvastatin and pitavastatin activated NR4A2-

dependent transactivation and reduced inflammatory response in neuronal- derived cells 

(Willems et al., 2022). Results of analysis of gene expression data from female non-smoking 

lung cancer patients identified NR4A1 as a potential target gene and they demonstrated that 

nilotinib, a protein-tyrosine kinase inhibitor, was also an NR4A1 ligand that inhibited lung 

cancer cell growth (Sun et al., 2019). Nilotinib is a polycyclic compound containing multiple 

heterocyclic rings and could be another potential scaffold for developing new NR4A ligands.

Flavonoids and other natural/microbial products (Fig. 8)

Flavonoids are highly expressed in fruits, nuts, and vegetables and their consumption 

correlates with multiple improved health outcomes and these compounds have also been 

used for chemotherapy (Safe et al., 2021). The anticancer activities of flavonoids have been 

extensively reported and in one study the flavonoid kaempferol downregulated expression 

of G9a in gastric cancer cells (Kim et al., 2018). Previous studies show that G9a is an 

NR4A1-regulated gene in Rhabdo-myosarcoma cells (Shrestha et al., 2021a) suggesting that 

kaempferol and other flavonoids may also bind NR4A1. Initial studies showed that both 

quercetin and kaempferol bound NR4A1 and in vitro studies confirmed that both compounds 

exhibited inverse NR4A1 agonist activities in rhabdomyosarcoma cells and inhibited tumor 

growth in an athymic mouse xenograft model (Zhang et al., 2023). Anti-inflammatory 

results were also observed for these flavonoids in endometriotic cells (Shrestha et al., 

2021b). A more extensive study of flavone and 19 hydroxyflavones showed that they all 

bound NR4A1, however there was not an obvious structure-binding or structure-activity 

relationship with respect to the substitution pattern or number of hydroxyl groups in the 

chromone or phenyl rings (Lee et al., 2023). Using a direct binding loss of fluorescence 

assay KD values for binding NR4A1 ranged from 0.36 μM for 3,5,7-trihydroxyflavone 

(galangin) to 45.8 μM for 3’-hydroxyflavone. In contrast, KD values were much lower using 

ITC and a KD of 0.001 μM was determined for 3,5,7-trihydroxyflavone. Structure-binding 
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and structure-activity relationships among that hydroxyflavones were not evident and it was 

concluded that these compounds were selective NR4A1 modulators. A series of adamantly-

flavonoid derivatives also bind NR4A1 and are effective as anti-inflammatory agents. One of 

these compounds (B7) bound NR4A1 with a KD value=0.355 μM and induced mitochondrial 

localization of the receptor (Ao et al., 2022). A second adamantly analog (B6) that bound 

NR4A1 inhibited ER stress in bronchial epithelial cells and induced localization of the 

receptor to the endoplasmic reticulum (ER) (Chang et al., 2023). The flavonoid-derived 

(chalcone) natural product broussochalcone induced apoptosis/ER stress in pancreatic cancer 

cells (Lee et al., 2021) however the NR4A1 nuclear or extranuclear mode of action of this 

compound was not reported.

A search for possible dopamine metabolites that may interact with NR4A2 in the brain 

identified 5,6-dihydroxyindole (DHI), a dopamine metabolite as an NR4A2 ligand that 

covalently crosslinks with the receptor (Bruning et al., 2019). Subsequent studies show 

that several isomeric chloro- and bromoindole isomers and 5,6-dihaloindoles also bound 

NR4A2 with KD values in the low (1-3) μM ranges (Kholodar et al., 2021). Although 

functional responses have been observed for DHI in cell culture and zebrafish models 

a role for DHI in neuronal homeostasis and under disease conditions has not been 

determined. A number of other structurally-diverse natural products have been characterized 

as compounds that bind and/or activate NR4A1 or NR4A2. Several compounds including 

the bile acid metabolite isoallolithocholic acid (Li et al., 2021a,b), polyunsaturated fatty 

acid alkanolamine derivatives (Fang et al., 2020), isoalantoactone (Jung et al., 2019), the 

alkaloid tetrandine (Lee et al., 2022), resveratrol (Zhang et al., 2022), and 12-deacetyl-12-

epi-scalaradial, a marine sesterterpenoid (Zhou et al., 2020) interact with and/or regulate 

NR4A1-dependent genes and activities. GPA peptide, a fish skin gelatin hydrolysate (Gly-

Pro-Ala) is also an NR4A1 ligand (KD=7.53 μM) (Deng et al., 2020). GPA inhibits NFKβ-

mediated inflammation and attenuates DSS-induced colonic inflammation in a mouse model 

due, in part, to activation and increased expression of NR4A1. These results obtained 

with structurally variable natural products demonstrate that NR4A1 and NR4A2 are highly 

promiscuous nuclear receptors in terms of their ligands and provide different scaffolds that 

can be used for producing more potent ligands for therapeutic applications.

Drug screening for NR4A ligands

Several studies have also used chemical library screening assays to identify NR4A ligands. 

Zhang and coworkers investigated more than 200,000 small molecules from the Specs 

compound library using a protein structure-guided virtual screening approach and identified 

2-imino-6-methoxy-2H-chromene-3-carbo-throamide (IMCA) as a potential NR4A1 target. 

IMCA exhibited inverse NR4A1 agonist activity that inhibited growth and survival of 

medullary thyroid cancer cells. However, NR4A1 binding and effects on NR4A1-dependent 

transactivation were not determined, and it was pointed out that IMCA may act, in part, by 

inducing nuclear export of the receptor (Zhang et al., 2018). Sitemap suite in Schrodinger 

software was used to identify small molecule interactions with the LBD of NR4A1 and 

this resulted in identification and synthesis of several quinoline derivatives (Li et al., 

2020, 2021a,b). In the first study, the lead candidate (E)-5-[(8-methoxy-2-methylquinolin-4-

yl)amino]-N’-(4-methylthio)benzylidene-1H-indole- carbohydrazide bound NR4A1 with a 
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KD of 3.58 μM and was highly cytotoxic to cancer cell lines (Li et al., 2020). Several 

other active quinoline derivatives were also NR4A1 ligands with low μM KD values (Li 

et al., 2021a,b) and results of both studies show that the quinoline derivatives induce 

apoptosis through nuclear export of NR4A1 to the mitochondria (Li et al., 2020, 2021a,b). 

Another scaffold for NR4A1 ligands was discovered using the ChemDiv database and 

virtual screening, and the lead molecule (compound 13) bound NR4A1 with a KD value 

of 4.03 μM and a synthetic analog exhibited an even lower KD of 0.54 μM (Ding et al., 

2021). Modeling/SAR studies were used to identify the NR4A2 ligand isoxazolo-pyridinone 

(Hintermann et al., 2007) which was active in vivo as an inhibitor of experimental 

autoimmune encephalomyelitis in mice (Montarolo et al., 2014) and Dubois and coworkers 

(2006) found that several benzimidazoles were potent NR4A2 ligands.

Prostaglandin A2 was initially identified as an NR4A3 ligand (Maruyama et al., 1998) 

and recent studies on identification of ligands for this receptor probed a drug fragment 

library using a GAL4 hydrid system (Zaienne et al., 2022). This assay identified methyl 

indole-3-carboxylate, substituted phenylpiperazines and 3-(4-chlorophenyl) propionic acid 

as NR4A3-active compounds and these structures can also be used as scaffolds to optimize 

their activity as ligands for NR4A3.

Summary and conclusion

NR4A1, NR4A2 and NR4A3 bind structurally diverse compounds that activate or inactivate 

downstream genes and pathways. The lack of precise structure-binding relationships for 

these orphan receptors is similar to that observed for some non-orphan receptors such as 

estrogen receptor-α (ERα, ESR1) which also bind chemicals with diverse structures. A 

major difference between NR4A and ERα is the lack of an endogenous ligand with binding 

affinities in the low μM range for the former receptors. Research on Cytosporone B and 

related compounds demonstrates that these NR4A1 ligands exhibit tissue-specific agonist 

or inverse agonist activities suggesting that these ligands and others are selective receptor 

modulators, and this has also been observed for ERα and other NRs. A few reports show 

that some compounds such as PGA2 and PDNPA bind multiple receptors however their 

activity tends to be receptor-specific, and this may also be tissue-specific. The identification 

of more potent NR4A ligands targeting one or more NR4A members remains a challenge 

and an opportunity for developing more effective agents for treating inflammatory and other 

diseases where NR4A is a potential drug target.

Acknowledgements.

The financial support of AgriLife Research, the National Institutes of Health, (P30-ES029067, R01-CA269580 and 
R01-NS129720, and funding from the Department of Defense (W81XWH-22-1-0663). The valuable assistance of 
Amber Wayland is gratefully acknowledged.

References

Ao M, Zhang J, Qian Y, Li B, Wang X, Chen J, Zhang Y, Cao Y, Qiu Y, Xu Y, Wu Z and Fang M 
(2022). Design and synthesis of adamantyl-substituted flavonoid derivatives as anti- inflammatory 
Nur77 modulators: Compound B7 targets Nur77 and improves LPS-induced inflammation in vitro 
and in vivo. Bioorg. Chem 120, 105645. [PubMed: 35121551] 

Safe Page 11

Histol Histopathol. Author manuscript; available in PMC 2024 July 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Beard JA, Tenga A and Chen T (2015). The interplay of NR4A receptors and the oncogene- tumor 
suppressor networks in cancer. Cell. Signal 27, 257–266. [PubMed: 25446259] 

Bedi S, Hines GV, Lozada-Fernandez VV, de Jesus Piva C, Kaliappan A, Rider SD Jr. and Hostetler 
HA (2017). Fatty acid binding profile of the liver X receptor α. J. Lipid Res 58, 393–402. [PubMed: 
28011707] 

Bonta PI, van Tiel CM, Vos M, Pols TW, van Thienen JV, Ferreira V, Arkenbout EK, Seppen J, 
Spek CA, van der Poll T, Pannekoek H and de Vries CJ (2006). Nuclear receptors Nur77, Nurr1, 
and NOR-1 expressed in atherosclerotic lesion macrophages reduce lipid loading and inflammatory 
responses. Arterioscler. Thromb. Vasc. Biol 26, 2288–2294. [PubMed: 16873729] 

Bookout AL, Jeong Y, Downes M, Yu RT, Evans RM and Mangelsdorf DJ (2006). Anatomical 
profiling of nuclear receptor expression reveals a hierarchical transcriptional network. Cell 126, 
789–799. [PubMed: 16923397] 

Bruning JM, Wang Y, Oltrabella F, Tian B, Kholodar SA, Liu H, Bhattacharya P, Guo S, Holton JM, 
Fletterick RJ, Jacobson MP and England PM (2019). Covalent modification and regulation of the 
nuclear receptor Nurr1 by a dopamine metabolite. Cell Chem. Biol 26, 674–685.e6.

Burris TP, Solt LA, Wang Y, Crumbley C, Banerjee S, Griffett K, Lundasen T, Hughes T and Kojetin 
DJ (2013). Nuclear receptors and their selective pharmacologic modulators. Pharmacol. Rev 65, 
710–778. [PubMed: 23457206] 

Calvayrac O, Rodríguez-Calvo R, Martí-Pamies I, Alonso J, Ferrán B, Aguiló S, Crespo J, Rodríguez-
Sinovas A, Rodríguez C and Martínez-González J (2015). NOR-1 modulates the inflammatory 
response of vascular smooth muscle cells by preventing NFκB activation. J. Mol. Cell. Cardiol 80, 
34–44. [PubMed: 25536180] 

Chang C, He F, Ao M, Chen J, Yu T, Li W, Li B, Fang M and Yang T (2023). Inhibition of 
Nur77 expression and translocation by compound B6 reduces ER stress and alleviates cigarette 
smoke-induced inflammation and injury in bronchial epithelial cells. Front. Pharmacol 14, 1200110. 
[PubMed: 37405051] 

Chen X, Cao X, Tu X, Alitongbieke G, Xia Z, Li X, Chen Z, Yin M, Xu D, Guo S, Li Z, Chen 
L, Zhang X, Xu D, Gao M, Liu J, Zeng Z, Zhou H, Su Y and Zhang XK (2019a). BI1071, a 
novel Nur77 modulator, induces apoptosis of cancer cells by activating the Nur77-Bcl-2 apoptotic 
pathway. Mol. Cancer Ther 18, 886–899. [PubMed: 30926635] 

Chen Z, Zhang D, Yan S, Hu C, Huang Z, Li Z, Peng S, Li X, Zhu Y, Yu H, Lian B, Kang Q, Li M, 
Zeng Z, Zhang XK and Su Y (2019b). SAR study of celastrol analogs targeting Nur77-mediated 
inflammatory pathway. Eur. J. Med. Chem 177, 171–187. [PubMed: 31132532] 

Chen L, Fan F, Wu L and Zhao Y (2020). The nuclear receptor 4A family members: mediators in 
human disease and autophagy. Cell Mol. Biol. Lett 25, 48. [PubMed: 33292165] 

Cheng LE, Chan FK, Cado D and Winoto A (1997). Functional redundancy of the Nur77 and Nor-1 
orphan steroid receptors in T-cell apoptosis. EMBO J. 16, 1865–1875. [PubMed: 9155013] 

Chintharlapalli S, Burghardt R, Papineni S, Ramaiah S, Yoon K and Safe S (2005). Activation of 
Nur77 by selected 1,1-Bis(3'-indolyl)-1-(p-substituted phenyl)methanes induces apoptosis through 
nuclear pathways. J. Biol. Chem 280, 24903–24914. [PubMed: 15871945] 

Close AF, Rouillard C and Buteau J (2013). NR4A orphan nuclear receptors in glucose homeostasis: a 
minireview. Diabetes Metab. 39, 478–484. [PubMed: 24075454] 

Delgado E, Boisen MM, Laskey R, Chen R, Song C, Sallit J, Yochum ZA, Andersen CL, Sikora 
MJ, Wagner J, Safe S, Elishaev E, Lee A, Edwards RP, Haluska P, Tseng G, Schurdak M and 
Oesterreich S (2016). High expression of orphan nuclear receptor NR4A1 in a subset of ovarian 
tumors with worse outcome. Gynecol. Oncol 141, 348–356. [PubMed: 26946093] 

De Miranda BR, Miller JA, Hansen RJ, Lunghofer PJ, Safe S, Gustafson DL, Colagiovanni D 
and Tjalkens RB (2013). Neuroprotective efficacy and pharmacokinetic behavior of novel anti-
inflammatory para-phenyl substituted diindolylmethanes in a mouse model of Parkinson's disease. 
J. Pharmacol. Exp. Ther 345, 125–138. [published correction appears in J. Pharmacol. Exp. Ther. 
2019 Apr;369(1):66]. [PubMed: 23318470] 

De Miranda BR, Popichak KA, Hammond SL, Jorgensen BA, Phillips AT, Safe S and Tjalkens RB 
(2015). The Nurr1 activator 1,1-Bis(3'-Indolyl)-1-(p-Chlorophenyl)Methane blocks inflammatory 

Safe Page 12

Histol Histopathol. Author manuscript; available in PMC 2024 July 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



gene expression in BV-2 microglial cells by inhibiting nuclear factor κB. Mol. Pharmacol 87, 
1021–1034. [PubMed: 25858541] 

Deng Z, Zheng L, Xie X, Wei H and Peng J (2020). GPA peptide enhances Nur77 expression in 
intestinal epithelial cells to exert a protective effect against DSS-induced colitis. FASEB J. 34, 
15364–15378. [PubMed: 32978839] 

De Silva S, Han S, Zhang X, Huston DP, Winoto A and Zheng B (2005). Reduction of the incidence 
and severity of collagen-induced arthritis by constitutive Nur77 expression in the T cell lineage. 
Arthritis Rheum. 52, 333–338. [PubMed: 15641076] 

De Vera IM, Giri PK, Munoz-Tello P, Brust R, Fuhrmann J, Matta-Camacho E, Shang J, Campbell 
S, Wilson HD, Granados J, Gardner WJ Jr., Creamer TP, Solt LA and Kojetin DJ (2016). 
Identification of a binding site for unsaturated fatty acids in the orphan nuclear receptor Nurr1. 
ACS Chem. Biol 11, 1795–1799. [PubMed: 27128111] 

De Young RA, Baker JC, Cado D and Winoto A (2003). The orphan steroid receptor Nur77 family 
member Nor-1 is essential for early mouse embryogenesis. J. Biol. Chem 278, 47104–47109. 
[PubMed: 13129926] 

Ding X, Zhao Z, Wu Y, Zhang H, Chen K, Luo C, Luo X and Xu H (2021). Identification of novel 
anti-inflammatory Nur77 modulators by virtual screening. Bioorg. Chem 112, 104912. [PubMed: 
33933804] 

Dubois C, Hengerer B and Mattes H (2006). Identification of a potent agonist of the orphan nuclear 
receptor Nurr1. ChemMedChem. 1, 955–958. [PubMed: 16952138] 

Ehrlund A and Treuter E (2012). Ligand-independent actions of the orphan receptors/corepressors 
DAX-1 and SHP in metabolism, reproduction and disease. J. Steroid Biochem. Mol. Biol 130, 
169–179. [published correction appears in J. Steroid Biochem. Mol. Biol. 2020 Jun;200:105666]. 
[PubMed: 21550402] 

Fang H, Zhang J, Ao M, He F, Chen W, Qian Y, Zhang Y, Xu Y and Fang M (2020). Synthesis 
and discovery of ω-3 polyunsaturated fatty acid- alkanolamine (PUFA-AA) derivatives as anti-
inflammatory agents targeting Nur77. Bioorg. Chem 105, 104456. [PubMed: 33217634] 

Flaig R, Greschik H, Peluso-Iltis C and Moras D (2005). Structural basis for the cell-specific activities 
of the NGFI-B and the Nurr1 ligand-binding domain. J. Biol. Chem 280, 19250–19258. [PubMed: 
15716272] 

Hammond SL, Safe S and Tjalkens RB (2015). A novel synthetic activator of Nurr1 induces 
dopaminergic gene expression and protects against 6-hydroxydopamine neurotoxicity in vitro. 
Neurosci. Lett 607, 83–89. [PubMed: 26383113] 

Hammond SL, Popichak KA, Li X, Hunt LG, Richman EH, Damale PU, Chong EKP, Backos DS, 
Safe S and Tjalkens RB (2018). The Nurr1 ligand,1,1-bis(3'-Indolyl)-1-(p- Chlorophenyl)Methane, 
modulates glial reactivity and Is neuroprotective in MPTP-induced parkinsonism. J. Pharmacol. 
Exp. Ther 365, 636–651. [PubMed: 29626009] 

Hawk JD, Bookout AL, Poplawski SG, Bridi M, Rao AJ, Sulewski ME, Kroener BT, Manglesdorf DJ 
and Abel T (2012). NR4A nuclear receptors support memory enhancement by histone deacetylase 
inhibitors. J. Clin. Invest 122, 3593–3602. [PubMed: 22996661] 

Hedrick E, Lee SO, Doddapaneni R, Singh M and Safe S (2015a). Nuclear receptor 4A1 as a drug 
target for breast cancer chemotherapy. Endocr. Relat Cancer 22, 831–840. [PubMed: 26229035] 

Hedrick E, Lee SO, Kim G, Abdelrahim M, Jin UH, Safe S and Abudayyeh A (2015b). Nuclear 
Receptor 4A1 (NR4A1) as a drug target for renal cell adenocarcinoma. PLoS One 10, e0128308. 
[PubMed: 26035713] 

Hedrick E, Li X and Safe S (2017). Penfluridol represses Integrin expression in breast cancer through 
induction of reactive oxygen species and downregulation of Sp transcription factors. Mol. Cancer 
Ther 16, 205–216. [PubMed: 27811009] 

Hedrick E, Li X, Cheng Y, Lacey A, Mohankumar K, Zarei M and Safe S (2019). Potent inhibition of 
breast cancer by bis-indole-derived nuclear receptor 4A1 (NR4A1) antagonists. Breast Cancer Res. 
Treat 177, 29–40. [PubMed: 31119568] 

Hintermann S, Chiesi M, von Krosigk U, Mathé D, Felber R and Hengerer B (2007). Identification of 
a series of highly potent activators of the Nurr1 signaling pathway. Bioorg Med. Chem. Lett 17, 
193–196. [PubMed: 17035009] 

Safe Page 13

Histol Histopathol. Author manuscript; available in PMC 2024 July 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Holmes WF, Soprano DR and Soprano KJ (2004). Synthetic retinoids as inducers of apoptosis in 
ovarian carcinoma cell lines. J. Cell Physiol 199, 317–329. [PubMed: 15095280] 

Hu M, Luo Q, Alitongbieke G, Chong S, Xu C, Xie L, Chen X, Zhang D, Zhou Y, Wang Z, Ye 
X, Cai L, Zhang F, Chen H, Jiang F, Fang H, Yang S, Liu J, Diaz-Meco MT, Su Y, Zhou 
H, Moscat J, Lin X and Zhang XK (2017). Celastrol-Induced Nur77 interaction with TRAF2 
alleviates inflammation by promoting mitochondrial ubiquitination and autophagy. Mol. Cell 66, 
141–153.e6. [PubMed: 28388439] 

Jaladanki CK, He Y, Zhao LN, Maurer-Stroh S, Loo LH, Song H and Fan H (2021). Virtual screening 
of potentially endocrine-disrupting chemicals against nuclear receptors and its application to 
identify PPARγ-bound fatty acids. Arch. Toxicol 95, 355–374. [PubMed: 32909075] 

Jordan VC (2003). Antiestrogens and selective estrogen receptor modulators as multifunctional 
medicines. 1. Receptor interactions. J. Med. Chem 46, 883–908. [PubMed: 12620065] 

Jung YS, Lee HS, Cho HR, Kim KJ, Kim JH, Safe S and Lee SO (2019). Dual targeting of Nur77 and 
AMPKα by isoalantolactone inhibits adipogenesis in vitro and decreases body fat mass in vivo. 
Int. J. Obes. (Lond) 43, 952–962. [PubMed: 30538281] 

Kagaya S, Ohkura N, Tsukada T, Miyagawa M, Sugita Y, Tsujimoto G, Matsumoto K, Saito H and 
Hashida R (2005). Prostaglandin A2 acts as a transactivator for NOR1 (NR4A3) within the nuclear 
receptor superfamily. Biol. Pharm. Bull 28, 1603–1607. [PubMed: 16141523] 

Kandel P, Semerci F, Mishra R, Choi W, Bajic A, Baluya D, Ma L, Chen K, Cao AC, Phongmekhin T, 
Matinyan N, Jiménez-Panizo A, Chamakuri S, Raji IO, Chang L, Fuentes- Prior P, MacKenzie KR, 
Benn CL, Estébanez-Perpiñá E, Venken K, Moore DD, Young DW and Maletic-Savatic M (2022). 
Oleic acid is an endogenous ligand of TLX/NR2E1 that triggers hippocampal neurogenesis. Proc. 
Natl. Acad. Sci. USA 119, e2023784119. [PubMed: 35333654] 

Karki K, Li X, Jin UH, Mohankumar K, Zarei M, Michelhaugh SK, Mittal S, Tjalkens R and Safe 
S (2020a). Nuclear receptor 4A2 (NR4A2) is a druggable target for glioblastomas. J. Neurooncol 
146, 25–39. [PubMed: 31754919] 

Karki K, Wright GA, Mohankumar K, Jin UH, Zhang XH and Safe S (2020b). A Bis-Indole- derived 
NR4A1 antagonist induces PD-L1 degradation and enhances antitumor immunity. Cancer Res. 80, 
1011–1023. [PubMed: 31911554] 

Karki K, Mohankumar K, Schoeller A, Martin G, Shrestha R and Safe S (2021). NR4A1 ligands as 
potent inhibitors of breast cancer cell and tumor growth. Cancers (Basel) 13, 2682. [PubMed: 
34072371] 

Kholodar SA, Lang G, Cortopassi WA, Iizuka Y, Brah HS, Jacobson MP and England PM (2021). 
Analogs of the dopamine metabolite 5,6-Dihydroxyindole bind directly to and activate the nuclear 
receptor Nurr1. ACS Chem. Biol 16, 1159–1163. [PubMed: 34165961] 

Kim CH, Han BS, Moon J, Kim DJ, Shin J, Rajan S, Nguyen QT, Sohn M, Kim WG, Han M, Jeong I, 
Kim KS, Lee EH, Tu Y, Naffin-Olivos JL, Park CH, Ringe D, Yoon HS, Petsko GA and Kim KS 
(2015). Nuclear receptor Nurr1 agonists enhance its dual functions and improve behavioral deficits 
in an animal model of Parkinson's disease. Proc. Natl. Acad. Sci. USA 112, 8756–8761. [PubMed: 
26124091] 

Kim JI, Jeon SG, Kim KA, Kim YJ, Song EJ, Choi J, Ahn KJ, Kim CJ, Chung HY, Moon M 
and Chung H (2016). The pharmacological stimulation of Nurr1 improves cognitive functions 
via enhancement of adult hippocampal neurogenesis. Stem Cell Res. 17, 534–543. [PubMed: 
27788475] 

Kim TW, Lee SY, Kim M, Cheon C and Ko SG (2018). Kaempferol induces autophagic cell death via 
IRE1-JNK-CHOP pathway and inhibition of G9a in gastric cancer cells. Cell Death Dis. 9, 875. 
[PubMed: 30158521] 

Kurakula K, Sun XQ, Happé C, da Silva Goncalves Bos D, Szulcek R, Schalij I, Wiesmeijer KC, 
Lodder K, Tu L, Guignabert C, de Vries CJM, de Man FS, Vonk Noordegraaf A, Ten Dijke P, 
Goumans MJ and Bogaard HJ (2019). Prevention of progression of pulmonary hypertension by the 
Nur77 agonist 6-mercaptopurine: role of BMP signalling. Eur. Respir J 54, 1802400. [PubMed: 
31273046] 

Lacey A, Rodrigues-Hoffman A and Safe S (2017). PAX3-FOXO1A expression in rhabdomyosarcoma 
Is driven by the targetable nuclear receptor NR4A1. Cancer Res. 77, 732–741. [PubMed: 
27864345] 

Safe Page 14

Histol Histopathol. Author manuscript; available in PMC 2024 July 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Lakshmi SP, Reddy AT, Banno A and Reddy RC (2019). Molecular, chemical, and structural 
characterization of prostaglandin A2 as a novel agonist for Nur77. Biochem. J 476, 2757–2767. 
[PubMed: 31492735] 

Lalli E and Sassone-Corsi P (2003). DAX-1, an unusual orphan receptor at the crossroads of 
steroidogenic function and sexual differentiation. Mol. Endocrinol 17, 1445–1453. [PubMed: 
12775766] 

Law SW, Conneely OM, DeMayo FJ and O'Malley BW (1992). Identification of a new brain- specific 
transcription factor, NURR1. Mol. Endocrinol 6, 2129–2135. [PubMed: 1491694] 

Lee SL, Wesselschmidt RL, Linette GP, Kanagawa O, Russell JH and Milbrandt J (1995). Unimpaired 
thymic and peripheral T cell death in mice lacking the nuclear receptor NGFI-B (Nur77). Science 
269, 532–535. [PubMed: 7624775] 

Lee SO, Abdelrahim M, Yoon K, Chintharlapalli S, Papineni S, Kim K, Wang H and Safe S (2010). 
Inactivation of the orphan nuclear receptor TR3/Nur77 inhibits pancreatic cancer cell and tumor 
growth. Cancer Res. 70, 6824–6836. [PubMed: 20660371] 

Lee SO, Andey T, Jin UH, Kim K, Singh M and Safe S (2012). The nuclear receptor TR3 regulates 
mTORC1 signaling in lung cancer cells expressing wild-type p53. Oncogene. 31, 3265–3276. 
[published correction appears in Oncogene 31, 3310. [PubMed: 22081070] 

Lee SO, Li X, Hedrick E, Jin UH, Tjalkens RB, Backos DS, Li L, Zhang Y, Wu Q and Safe S (2014). 
Diindolylmethane analogs bind NR4A1 and are NR4A1 antagonists in colon cancer cells. Mol. 
Endocrinol 28, 1729–1739. [PubMed: 25099012] 

Lee HS, Kim SH, Kim BM, Safe S and Lee SO (2021). Broussochalcone A is a novel inhibitor of the 
orphan nuclear receptor NR4A1 and induces apoptosis in pancreatic cancer cells. Molecules 26, 
2316. [PubMed: 33923503] 

Lee HS, Kim DH, Lee IS, Park JH, Martin G, Safe S, Kim KJ, Kim JH, Jang BI and Lee SO (2022). 
Plant alkaloid tetrandrine is a nuclear receptor 4A1 antagonist and inhibits Panc- 1 cell Growth In 
Vitro and In Vivo. Int. J. Mol. Sci 23, 5280. [PubMed: 35563670] 

Lee M, Upadhyay S, Mariyam F, Martin G, Hailemariam A, Lee K, Jayaraman A, Chapkin RS, Lee 
SO and Safe S (2023). Flavone and hydroxyflavones are ligands that bind the orphan nuclear 
receptor 4A1 (NR4A1). Int. J. Mol. Sci 24, 8152. [PubMed: 37175855] 

Li Y, Lin B, Agadir A, Liu R, Dawson MI, Reed JC, Fontana JA, Bost F, Hobbs PD, Zheng 
Y, Chen GQ, Shroot B, Mercola D and Zhang XK (1998). Molecular determinants of AHPN 
(CD437)-induced growth arrest and apoptosis in human lung cancer cell lines. Mol. Cell Biol 18, 
4719–4731. [PubMed: 9671482] 

Li H, Kolluri SK, Gu J, Dawson MI, Cao X, Hobbs PD, Lin B, Chen G, Lu J, Lin F, Xie Z, Fontana 
JA, Reed JC and Zhang X (2000). Cytochrome c release and apoptosis induced by mitochondrial 
targeting of nuclear orphan receptor TR3. Science 289, 1159–1164. [PubMed: 10947977] 

Li X, Lee SO and Safe S (2012). Structure-dependent activation of NR4A2 (Nurr1) by 1,1-bis(3'- 
indolyl)-1-(aromatic)methane analogs in pancreatic cancer cells. Biochem. Pharmacol 83, 1445–
1455. [PubMed: 22405837] 

Li L, Liu Y, Chen HZ, Li FW, Wu JF, Zhang HK, He JP, Xing YZ, Chen Y, Wang WJ, Tian XY, Li AZ, 
Zhang Q, Huang PQ, Han J, Lin T and Wu Q (2015). Impeding the interaction between Nur77 and 
p38 reduces LPS-induced inflammation. Nat. Chem. Biol 11, 339–346. [PubMed: 25822914] 

Li X, Tjalkens RB, Shrestha R and Safe S (2019). Structure-dependent activation of gene expression 
by bis-indole and quinoline-derived activators of nuclear receptor 4A2. Chem. Biol. Drug Des 94, 
1711–1720. [PubMed: 31102570] 

Li B, Yao J, Guo K, He F, Chen K, Lin Z, Liu S, Huang J, Wu Q, Fang M, Zeng J and Wu Z (2020). 
Design, synthesis, and biological evaluation of 5-((8-methoxy-2-methylquinolin-4-yl)amino)-1H-
indole-2-carbohydrazide derivatives as novel Nur77 modulators. Eur. J. Med. Chem 204, 112608. 
[PubMed: 32717483] 

Li B, Yao J, He F, Liu J, Lin Z, Liu S, Wang W, Wu T, Huang J, Chen K, Fang M, Chen J and Zeng JZ 
(2021a). Synthesis, SAR study, and bioactivity evaluation of a series of Quinoline- Indole-Schiff 
base derivatives: Compound 10E as a new Nur77 exporter and autophagic death inducer. Bioorg. 
Chem 113, 105008. [PubMed: 34089944] 

Safe Page 15

Histol Histopathol. Author manuscript; available in PMC 2024 July 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Li W, Hang S, Fang Y, Bae S, Zhang Y, Zhang M, Wang G, McCurry MD, Bae M, Paik D, Franzosa 
EA, Rastinejad F, Huttenhower C, Yao L, Devlin AS and Huh JR (2021b). A bacterial bile 
acid metabolite modulates Treg activity through the nuclear hormone receptor NR4A1. Cell Host 
Microbe 29, 1366–1377.e9. [PubMed: 34416161] 

Liebmann M, Hucke S, Koch K, Eschborn M, Ghelman J, Chasan AI, Glander S, Schädlich M, 
Kuhlencord M, Daber NM, Eveslage M, Beyer M, Dietrich M, Albrecht P, Stoll M, Busch KB, 
Wiendl H, Roth J, Kuhlmann T and Klotz L (2018). Nur77 serves as a molecular brake of the 
metabolic switch during T cell activation to restrict autoimmunity. Proc. Natl. Acad. Sci. USA 115, 
E8017–E8026. [PubMed: 30072431] 

Lilley CM, Alarcon A, Ngo MH, Araujo JS, Marrero L and Mix KS (2022). Orphan nuclear receptor 
NR4A2 Is constitutively expressed in cartilage and upregulated in inflamed synovium from hTNF-
Alpha transgenic mice. Front. Pharmacol 13, 835697. [PubMed: 35529439] 

Lin B, Kolluri SK, Lin F, Liu W, Han YH, Cao X, Dawson MI, Reed JC and Zhang XK (2004). 
Conversion of Bcl-2 from protector to killer by interaction with nuclear orphan receptor Nur77/
TR3. Cell 116, 527–540. [PubMed: 14980220] 

Lith SC and de Vries CJM (2021). Nuclear receptor Nur77: its role in chronic inflammatory diseases. 
Essays Biochem. 65, 927–939. [PubMed: 34328179] 

Lith SC, van Os BW, Seijkens TTP and de Vries CJM (2020). 'Nur'turing tumor T cell tolerance 
and exhaustion: novel function for nuclear receptor Nur77 in immunity. Eur. J. Immunol 50, 1643–
1652. [PubMed: 33063848] 

Liu JJ, Zeng HN, Zhang LR, Zhan YY, Chen Y, Wang Y, Wang J, Xiang SH, Liu WJ, Wang WJ, Chen 
HZ, Shen YM, Su WJ, Huang PQ, Zhang HK and Wu Q (2010). A unique pharmacophore for 
activation of the nuclear orphan receptor Nur77 in vivo and in vitro. Cancer Res. 70, 3628–3637. 
[PubMed: 20388790] 

Maruyama K, Tsukada T, Ohkura N, Bandoh S, Hosono T and Yamaguchi K (1998). The NGFI-B 
subfamily of the nuclear receptor superfamily (review). Int. J. Oncol 12, 1237–1243. [PubMed: 
9592180] 

Maxwell MA and Muscat GE (2006). The NR4A subgroup: immediate early response genes with 
pleiotropic physiological roles. Nucl. Recept. Signal 4, e002. [PubMed: 16604165] 

McEvoy AN, Murphy EA, Ponnio T, Conneely OM, Bresnihan B, FitzGerald O and Murphy EP 
(2002). Activation of nuclear orphan receptor NURR1 transcription by NF-kappa B and cyclic 
adenosine 5'-monophosphate response element-binding protein in rheumatoid arthritis synovial 
tissue. J. Immunol 168, 2979–2987. [PubMed: 11884470] 

McNulty SE, Barrett RM, Vogel-Ciernia A, Malvaez M, Hernandez N, Davatolhagh MF, Matheos DP, 
Schiffman A and Wood MA (2012). Differential roles for Nr4a1 and Nr4a2 in object location vs. 
object recognition long-term memory. Learn. Mem 19, 588–592. [PubMed: 23161447] 

Milbrandt J. (1988). Nerve growth factor induces a gene homologous to the glucocorticoid receptor 
gene. Neuron 1, 183–188. [PubMed: 3272167] 

Mohankumar K, Li X, Sridharan S, Karki K and Safe S (2019). Nuclear receptor 4A1 (NR4A1) 
antagonists induce ROS-dependent inhibition of mTOR signaling in endometrial cancer. Gynecol. 
Oncol 154, 218–227. [PubMed: 31053403] 

Montano MM and Katzenellenbogen BS (1997). The quinone reductase gene: a unique estrogen 
receptor-regulated gene that is activated by antiestrogens. Proc. Natl. Acad. Sci. USA 94, 2581–
2586. [PubMed: 9122238] 

Montarolo F, Raffaele C, Perga S, Martire S, Finardi A, Furlan R, Hintermann S and Bertolotto A 
(2014). Effects of isoxazolo-pyridinone 7e, a potent activator of the Nurr1 signaling pathway, on 
experimental autoimmune encephalomyelitis in mice. PLoS One 9, e108791. [PubMed: 25265488] 

Mullican SE, Zhang S, Konopleva M, Ruvolo V, Andreeff M, Milbrandt J and Conneely OM 
(2007). Abrogation of nuclear receptors Nr4a3 and Nr4a1 leads to development of acute myeloid 
leukemia. Nat. Med 13, 730–735. [PubMed: 17515897] 

Munoz-Tello P, Lin H, Khan P, de Vera IMS, Kamenecka TM and Kojetin DJ (2020). Assessment of 
NR4A ligands that directly bind and modulate the orphan nuclear Receptor Nurr1. J. Med. Chem 
63, 15639–15654. [PubMed: 33289551] 

Safe Page 16

Histol Histopathol. Author manuscript; available in PMC 2024 July 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Niu G, Ye T, Qin L, Bourbon PM, Chang C, Zhao S, Li Y, Zhou L, Cui P, Rabinovitz I, Mercurio 
AM, Zhao D and Zeng H (2015). Orphan nuclear receptor TR3/Nur77 improves wound healing by 
upregulating the expression of integrin β4. FASEB J. 29, 131–140. [PubMed: 25326539] 

Ohkura N, Hijikuro M, Yamamoto A and Miki K (1994). Molecular cloning of a novel thyroid/steroid 
receptor superfamily gene from cultured rat neuronal cells. Biochem. Biophys. Res. Commun 205, 
1959–1965. [PubMed: 7811288] 

Ordentlich P, Yan Y, Zhou S and Heyman RA (2003). Identification of the antineoplastic agent 
6-mercaptopurine as an activator of the orphan nuclear hormone receptor Nurr1. J. Biol. Chem 
278, 24791–24799. [PubMed: 12709433] 

Palumbo-Zerr K, Zerr P, Distler A, Fliehr J, Mancuso R, Huang J, Mielenz D, Tomcik M, Fürnrohr 
BG, Scholtysek C, Dees C, Beyer C, Krönke G, Metzger D, Distler O, Schett G and Distler 
JH (2015). Orphan nuclear receptor NR4A1 regulates transforming growth factor-β signaling and 
fibrosis. Nat. Med 21, 150–158. [PubMed: 25581517] 

Paulsen RF, Granas K, Johnsen H, Rolseth V and Sterri S (1995). Three related brain nuclear 
receptors, NGFI-B, Nurr1, and NOR-1, as transcriptional activators. J. Mol. Neurosci 6, 249–255. 
[PubMed: 8860236] 

Pearen MA and Muscat GE (2010). Minireview: Nuclear hormone receptor 4A signaling: implications 
for metabolic disease. Mol. Endocrinol 24, 1891–1903. [PubMed: 20392876] 

Pei L, Waki H, Vaitheesvaran B, Wilpitz DC, Kurland IJ and Tontonoz P (2006). NR4A orphan nuclear 
receptors are transcriptional regulators of hepatic glucose metabolism. Nat. Med 12, 1048–1055. 
[PubMed: 16906154] 

Perlmann T and Jansson L (1995). A novel pathway for vitamin A signaling mediated by RXR 
heterodimerization with NGFI-B and NURR1. Genes Dev. 9, 769–782. [PubMed: 7705655] 

Pfahl M and Piedrafita FJ (2003). Retinoid targets for apoptosis induction. Oncogene 22, 9058–9062. 
[PubMed: 14663484] 

Philips A, Lesage S, Gingras R, Maira MH, Gauthier Y, Hugo P and Drouin J (1997). Novel dimeric 
Nur77 signaling mechanism in endocrine and lymphoid cells. Mol. Cell Biol 17, 5946–5951. 
[PubMed: 9315652] 

Ponnio T, Burton Q, Pereira FA, Wu DK and Conneely OM (2002). The nuclear receptor Nor-1 is 
essential for proliferation of the semicircular canals of the mouse inner ear. Mol. Cell Biol 22, 
935–945. [PubMed: 11784868] 

Popichak KA, Hammond SL, Moreno JA, Afzali MF, Backos DS, Slayden RD, Safe S and 
Tjalkens RB (2018). Compensatory expression of Nur77 and Nurr1 regulates NF-κB- Dependent 
inflammatory signaling in astrocytes. Mol. Pharmacol 94, 1174–1186. [PubMed: 30111648] 

Pulakazhi Venu VK, Alston L, Iftinca M, Tsai YC, Stephens M, Warriyar KVV, Rehal S, Hudson G, 
Szczepanski H, von der Weid PY, Altier C and Hirota SA (2021). Nr4A1 modulates inflammation-
associated intestinal fibrosis and dampens fibrogenic signaling in myofibroblasts. Am. J. Physiol. 
Gastrointest Liver Physiol 321, G280–G297. [PubMed: 34288735] 

Qin C, Morrow D, Stewart J, Spencer K, Porter W, Smith R 3rd, Phillips T, Abdelrahim M, 
Samudio I and Safe S (2004). A new class of peroxisome proliferator-activated receptor 
gamma (PPARgamma) agonists that inhibit growth of breast cancer cells: 1,1-Bis(3'-indolyl)-1-(p- 
substituted phenyl)methanes. Mol. Cancer Ther 3, 247–260. [PubMed: 15026545] 

Qin Q, Chen M, Yi B, You X, Yang P and Sun J (2014). Orphan nuclear receptor Nur77 is a novel 
negative regulator of endothelin-1 expression in vascular endothelial cells. J. Mol. Cell. Cardiol 
77, 20–28. [PubMed: 25284689] 

Rajan S, Jang Y, Kim CH, Kim W, Toh HT, Jeon J, Song B, Serra A, Lescar J, Yoo JY, Beldar S, 
Ye H, Kang C, Liu XW, Feitosa M, Kim Y, Hwang D, Goh G, Lim KL, Park HM, Lee CH, Oh 
SF, Petsko GA, Yoon HS and Kim KS (2020). PGE1 and PGA1 bind to Nurr1 and activate its 
transcriptional function. Nat. Chem. Biol 16, 876–886. [PubMed: 32451509] 

Rajan S, Toh HT, Ye H, Wang Z, Basil AH, Parnaik T, Yoo JY, Lim KL and Yoon HS (2022). 
Prostaglandin A2 interacts with Nurr1 and ameliorates behavioral deficits in Parkinson's disease 
fly model. Neuromolecular Med. 24, 469–478. [PubMed: 35482177] 

Safe Page 17

Histol Histopathol. Author manuscript; available in PMC 2024 July 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Ramirez-Herrick AM, Mullican SE, Sheehan AM and Conneely OM (2011). Reduced NR4A gene 
dosage leads to mixed myelo-dysplastic/myeloproliferative neoplasms in mice. Blood 117, 2681–
2690. [PubMed: 21205929] 

Safe S and Karki K (2021). The paradoxical roles of orphan nuclear receptor 4A (NR4A) in cancer. 
Mol. Cancer Res 19, 180–191. [PubMed: 33106376] 

Safe S and Kim K (2008). Non-classical genomic estrogen receptor (ER)/specificity protein and ER/
activating protein-1 signaling pathways. J. Mol. Endocrinol 41, 263–275. [PubMed: 18772268] 

Safe S, Jayaraman A, Chapkin RS, Howard M, Mohankumar K and Shrestha R (2021). Flavonoids: 
structure-function and mechanisms of action and opportunities for drug development. Toxicol. 
Res 37, 147–162. [PubMed: 33868973] 

Safe S, Papineni S and Chintharlapalli S (2008). Cancer chemotherapy with indole-3-carbinol, bis(3'-
indolyl)methane and synthetic analogs. Cancer Lett. 269, 326–338. [PubMed: 18501502] 

Saucedo-Cardenas O, Quintana-Hau JD, Le WD, Smidt MP, Cox JJ, De Mayo F, Burbach JP and 
Conneely OM (1998). Nurr1 is essential for the induction of the dopaminergic phenotype and 
the survival of ventral mesencephalic late dopaminergic precursor neurons. Proc. Natl. Acad. Sci. 
USA 95, 4013–4018. [PubMed: 9520484] 

Schroeder F, Petrescu AD, Huang H, Atshaves BP, McIntosh AL, Martin GG, Hostetler HA, Vespa A, 
Landrock D, Landrock KK, Payne HR and Kier AB (2008). Role of fatty acid binding proteins 
and long chain fatty acids in modulating nuclear receptors and gene transcription. Lipids 43, 
1–17. [PubMed: 17882463] 

Seol W, Choi HS and Moore DD (1996). An orphan nuclear hormone receptor that lacks a DNA 
binding domain and heterodimerizes with other receptors. Science 272, 1336–1339. [PubMed: 
8650544] 

Shrestha R, Mohankumar K, Jin UH, Martin G and Safe S (2021a).The histone methyltransferase gene 
G9A is regulated by nuclear receptor 4A1 in alveolar rhabdomyosarcoma cells. Mol. Cancer Ther 
20, 612–622. [PubMed: 33277444] 

Shrestha R, Mohankumar K, Martin G, Hailemariam A, Lee SO, Jin UH, Burghardt R and Safe 
S (2021b). Flavonoids kaempferol and quercetin are nuclear receptor 4A1 (NR4A1, Nur77) 
ligands and inhibit rhabdomyosarcoma cell and tumor growth. J. Exp. Clin. Cancer Res 40, 392. 
[PubMed: 34906197] 

Smith AG, Lim W, Pearen M, Muscat GE and Sturm RA (2011). Regulation of NR4A nuclear receptor 
expression by oncogenic BRAF in melanoma cells. Pigment Cell Melanoma Res. 24, 551–563. 
[PubMed: 21362156] 

Sonoda J, Pei L and Evans RM (2008). Nuclear receptors: decoding metabolic disease. FEBS Lett. 
582, 2–9. [PubMed: 18023286] 

Sun R, Bao MY, Long X, Yuan Y, Wu MM, Li X and Bao JK (2019). Metabolic gene NR4A1 as a 
potential therapeutic target for non-smoking female non-small cell lung cancer patients. Thorac. 
Cancer 10, 715–727. [PubMed: 30806032] 

Tao Y, Tang C, Wei J, Shan Y, Fang X and Li Y (2023). Nr4a1 promotes renal interstitial fibrosis by 
regulating the p38 MAPK phosphorylation. Mol. Med 29, 63. [PubMed: 37161357] 

Varshochi R, Halim F, Sunters A, Alao JP, Madureira PA, Hart SM, Ali S, Vigushin DM, Coombes RC 
and Lam EW (2005). ICI182,780 induces p21Waf1 gene transcription through releasing histone 
deacetylase 1 and estrogen receptor alpha from Sp1 sites to induce cell cycle arrest in MCF-7 
breast cancer cell line. J. Biol. Chem 280, 3185–3196. [PubMed: 15557281] 

Vinayavekhin N and Saghatelian A (2011). Discovery of a protein-metabolite interaction between 
unsaturated fatty acids and the nuclear receptor Nur77 using a metabolomics approach. J. Am. 
Chem. Soc 133, 17168–17171. [PubMed: 21973308] 

Wang Z, Benoit G, Liu J, Prasad S, Aarnisalo P, Liu X, Xu H, Walker NP and Perlmann T (2003). 
Structure and function of Nurr1 identifies a class of ligand-independent nuclear receptors. Nature 
423, 555–560. [PubMed: 12774125] 

Wang MM, Traystman RJ, Hurn PD and Liu T (2004). Non-classical regulation of estrogen receptor-
alpha by ICI182,780. J. Steroid Biochem. Mol. Biol 92, 51–62. [PubMed: 15544930] 

Safe Page 18

Histol Histopathol. Author manuscript; available in PMC 2024 July 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Wang JR, Gan WJ, Li XM, Zhao YY, Li Y, Lu XX, Li JM and Wu H (2014a). Orphan nuclear receptor 
Nur77 promotes colorectal cancer invasion and metastasis by regulating MMP- 9 and E-cadherin. 
Carcinogenesis 35, 2474–2484. [PubMed: 25064356] 

Wang WJ, Wang Y, Chen HZ, Xing YZ, Li FW, Zhang Q, Zhou B, Zhang HK, Zhang J, Bian XL, 
Li L, Liu Y, Zhao BX, Chen Y, Wu R, Li AZ, Yao LM, Chen P, Zhang Y, Tian XY, Beermann 
F, Wu M, Han J, Huang PQ, Lin T and Wu Q (2014b). Orphan nuclear receptor TR3 acts 
in autophagic cell death via mitochondrial signaling pathway. Nat. Chem. Biol 10, 133–140. 
[PubMed: 24316735] 

Wansa KD, Harris JM, Yan G, Ordentlich P and Muscat GE (2003). The AF-1 domain of the orphan 
nuclear receptor NOR-1 mediates trans-activation, coactivator recruitment, and activation by the 
purine anti-metabolite 6-mercaptopurine. J. Biol. Chem 278, 24776–24790. [PubMed: 12709428] 

Wansa KD and Muscat GE (2005). TRAP220 is modulated by the antineoplastic agent 6-
Mercaptopurine, and mediates the activation of the NR4A subgroup of nuclear receptors. J. 
Mol. Endocrinol 34, 835–848. [PubMed: 15956351] 

Willems S, Ohrndorf J, Kilu W, Heering J and Merk D (2021). Fragment-like chloroquinolineamines 
activate the orphan nuclear receptor Nurr1 and elucidate activation mechanisms. J. Med. Chem 
64, 2659–2668. [PubMed: 33629841] 

Willems S, Marschner JA, Kilu W, Faudone G, Busch R, Duensing-Kropp S, Heering J and Merk 
D (2022). Nurr1 modulation mediates neuroprotective effects of statins. Adv. Sci. (Weinh) 9, 
e2104640. [PubMed: 35488520] 

Wilson TE, Fahrner TJ, Johnston M and Milbrandt J (1991). Identification of the DNA binding site for 
NGFI-B by genetic selection in yeast. Science 252, 1296–1300. [PubMed: 1925541] 

Wilson TE, Day ML, Pexton T, Padgett KA, Johnston M and Milbrandt J (1992). In vivo mutational 
analysis of the NGFI-A zinc fingers. J. Biol. Chem 267, 3718–3724. [PubMed: 1740423] 

Won HY, Shin JH, Oh S, Jeong H and Hwang ES (2017). Enhanced CD25+Foxp3+ regulatory T 
cell development by amodiaquine through activation of nuclear receptor 4A. Sci. Rep 7, 16946. 
[PubMed: 29208963] 

Woronicz JD, Calnan B, Ngo V and Winoto A (1994). Requirement for the orphan steroid receptor 
Nur77 in apoptosis of T-cell hybridomas. Nature 367, 277–281. [PubMed: 8121493] 

Wu L and Chen L (2018). Characteristics of Nur77 and its ligands as potential anticancer compounds 
(Review). Mol. Med. Rep 18, 4793–4801. [PubMed: 30272297] 

Xia Z, Cao X, Rico-Bautista E, Yu J, Chen L, Chen J, Bobkov A, Wolf DA, Zhang XK and 
Dawson MI (2013). Relative impact of 3- and 5-hydroxyl groups of cytosporone B on cancer 
cell viability. Medchemcomm 4, 332–339. [PubMed: 24795803] 

Xiong Y, Ran J, Xu L, Tong Z, Adel Abdo MS, Ma C, Xu K, He Y, Wu Z, Chen Z, Hu P, Jiang L, 
Bao J, Chen W and Wu L (2020). Reactivation of NR4A1 restrains chondrocyte inflammation 
and ameliorates osteoarthritis in rats. Front. Cell Dev. Biol 8, 158. [PubMed: 32258036] 

Yang PB, Hou PP, Liu FY, Hong WB, Chen HZ, Sun XY, Li P, Zhang Y, Ju CY, Luo LJ, Wu 
SF, Zhou JX, Wang ZJ, He JP, Li L, Zhao TJ, Deng X, Lin T and Wu Q (2020). Blocking 
PPARγ interaction facilitates Nur77 interdiction of fatty acid uptake and suppresses breast cancer 
progression. Proc. Natl. Acad. Sci. USA 117, 27412–27422. [PubMed: 33087562] 

Yoo YG, Na TY, Yang WK, Kim HJ, Lee IK, Kong G, Chung JH and Lee MO (2007). 6-
Mercaptopurine, an activator of Nur77, enhances transcriptional activity of HIF-1alpha resulting 
in new vessel formation. Oncogene 26, 3823–3834. [PubMed: 17146432] 

Zaienne D, Arifi S, Marschner JA, Heering J and Merk D (2022). Druggability evaluation of the 
neuron derived orphan receptor (NOR-1) reveals inverse NOR-1 agonists. ChemMedChem 17, 
e202200259. [PubMed: 35704774] 

Zarei M, Shrestha R, Johnson S, Yu Z, Karki K, Vaziri-Gohar A, Epps J, Du H, Suva L, Zarei M and 
Safe S (2021). Nuclear receptor 4A2 (NR4A2/NURR1) regulates autophagy and chemoresistance 
in pancreatic ductal adenocarcinoma. Cancer Res. Commun 1, 65–78. [PubMed: 35582016] 

Zetterström RH, Solomin L, Mitsiadis T, Olson L and Perlmann T (1996). Retinoid X receptor 
heterodimerization and developmental expression distinguish the orphan nuclear receptors NGFI- 
B, Nurr1, and Nor1. Mol. Endocrinol 10, 1656–1666. [PubMed: 8961274] 

Safe Page 19

Histol Histopathol. Author manuscript; available in PMC 2024 July 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Zetterström RH, Solomin L, Jansson L, Hoffer BJ, Olson L and Perlmann T (1997). Dopamine neuron 
agenesis in Nurr1-deficient mice. Science 276, 248–250. [PubMed: 9092472] 

Zhan Y, Du X, Chen H, Liu J, Zhao B, Huang D, Li G, Xu Q, Zhang M, Weimer BC, Chen D, Cheng 
Z, Zhang L, Li Q, Li S, Zheng Z, Song S, Huang Y, Ye Z, Su W, Lin SC, Shen Y and Wu 
Q (2008). Cytosporone B is an agonist for nuclear orphan receptor Nur77. Nat. Chem. Biol 4, 
548–556. [PubMed: 18690216] 

Zhan YY, Chen Y, Zhang Q, Zhuang JJ, Tian M, Chen HZ, Zhang LR, Zhang HK, He JP, Wang WJ, 
Wu R, Wang Y, Shi C, Yang K, Li AZ, Xin YZ, Li TY, Yang JY, Zheng ZH, Yu CD, Lin SC, 
Chang C, Huang PQ, Lin T and Wu Q (2012). The orphan nuclear receptor Nur77 regulates 
LKB1 localization and activates AMPK. Nat. Chem. Biol 8, 897–904. [PubMed: 22983157] 

Zhang L, Liu W, Wang Q, Li Q, Wang H, Wang J, Teng T, Chen M, Ji A and Li Y (2018). New 
drug candidate targeting the 4A1 orphan nuclear receptor for medullary thyroid cancer therapy. 
Molecules 23, 565. [PubMed: 29498706] 

Zhang YJ, Song JR and Zhao MJ (2019). NR4A1 regulates cerebral ischemia-induced brain injury 
by regulating neuroinflammation through interaction with NF-κB/p65. Biochem. Biophys Res. 
Commun 518, 59–65. [PubMed: 31445702] 

Zhang L, Martin G, Mohankumar K, Hampton JT, Liu WR and Safe S (2022). resveratrol binds 
nuclear receptor 4A1 (NR4A1) and acts as an NR4A1 antagonist in lung cancer cells. Mol. 
Pharmacol 102, 80–91. [PubMed: 35680166] 

Zhang L, Mohankumar K, Martin G, Mariyam F, Park Y, Han SJ and Safe S (2023). Flavonoids 
quercetin and kaempferol are NR4A1 antagonists and suppress endometriosis in female mice. 
Endocrinology 164, bqad133. [PubMed: 37652054] 

Zhou F, Drabsch Y, Dekker TJ, de Vinuesa AG, Li Y, Hawinkels LJ, Sheppard KA, Goumans MJ, 
Luwor RB, de Vries CJ, Mesker WE, Tollenaar RA, Devilee P, Lu CX, Zhu H, Zhang L and 
Dijke PT (2014). Nuclear receptor NR4A1 promotes breast cancer invasion and metastasis by 
activating TGF-β signalling. Nat. Commun 5, 3388. [PubMed: 24584437] 

Zhou M, Peng BR, Tian W, Su JH, Wang G, Lin T, Zeng D, Sheu JH and Chen H (2020). 12-
Deacetyl-12-epi-Scalaradial, a scalarane sesterterpenoid from a marine sponge hippospongia sp., 
induces HeLa cells apoptosis via MAPK/ERK pathway and modulates nuclear receptor Nur77. 
Mar. Drugs 18, 375. [PubMed: 32708154] 

Safe Page 20

Histol Histopathol. Author manuscript; available in PMC 2024 July 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. 
Stressors, inflammation and NR4A members. Multiple stressors induce NR4A to maintain 

cellular homeostasis (Maxwell and Muscat, 2006; Pearen and Muscat., 2010) and the 

subsequent development of acute and chronic inflammation and associated diseases are often 

accompanied by increased levels of NR4A genes/gene products (Bonta et al., 2006; Pei et 

al., 2006; Hawk et al., 2012; McNulty et al., 2012; Close et al., 2013; Beard et al., 2015; Niu 

et al., 2015; Palumbo-Zerr et al., 2015; Liebmann et al., 2018; Wu and Chen, 2018; Chen et 

al., 2020; Lith and Vries, 2020; Xiong et al., 2020; Lith et al., 2021; Safe and Karki, 2021).
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Fig. 2. 
NR4A as a transcription factor. NR4A members bind cognate response elements as 

monomers, dimers, heterodimers (with RXR) and interact with DNA-bound Sp proteins 

as nuclear cofactors.
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Fig. 3. 
Structures of 6-MP (A), CsnB (B) and related analogs TMPA (C), PDNPA (D) and THPN 

(E).
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Fig. 4. 
Structures of fatty acid derived NR4A ligands arachidonic acid (A), docosahexaenoic acid 

(B), prostaglandin A2 (C), prostaglandin E1 (D) and prostaglandin E2 (E).
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Fig. 5. 
Structures of 4-substituted (A) and 3,5-disubstitutedphenyl bis-indole analogs (B) that bind 

NR4A1 or NR4A2; the oxidized analogs (C) also bind NR4A1 and exhibit potent anticancer 

activity (Chen et al., 2019a).
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Fig. 6. 
Pathway activated in many solid tumor-derived cells treated with NR4A1 and NR4A2 

inverse agonists which block NR4A1/NR4A2-regulated pro-oncogenic genes and pathways 

(Safe and Karki, 2021).
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Fig. 7. 
Drugs that exhibit NR4A activity include celastrol (NR4A1) (A), chloroquine (NR4A2) (B), 
amodiaquine (NR4A2) (C), lovastatin (NR4A2) (D), simvastatin (NR4A2) (E), glafenine 

(NR4A2) (F) and nilotinib (NR4A1) (G).
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Fig. 8. 
Structures of natural products that bind NR4A include quercetin (NR4A1) (A), 
kaempferol (NR4A1) (B), galangin (NR4A1) (C), broussochalione (NR4A1) (D) and 5,6-

dihydroxyindole (NR4A2) (E).
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