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Abstract

Nuclear receptor 4A1 (NR4A1), a member of the NR4A subfamily, acts as a gene regulator in a wide range
of signaling pathways and responses to human diseases. Here, we provided a brief overview of the
current functions of NR4A1 in human diseases and the factors involved in its function. A deeper
understanding of these mechanisms can potentially improve drug development and disease therapy.

1 Introduction

The nuclear receptor 4A (NR4A) subfamily, which belongs to the nuclear receptor (NR) superfamily,
contains three members: NR4A1(mouse homologue Nur77, rat homologue NGFI-B, and human
homologue TR3 or NAK-1), NR4A2 (Nurr1), and NR4A3 (NOR1, MINOR, Nor-1). NR4A1 is a member of the
nuclear hormone receptor superfamily, an immediate early gene, and a class of intracellularly distributed
ligand-dependent transcription factors that can regulate the transcription and expression of genes by
binding to the corresponding ligands. However, since its ligands have not been identified, they are named
orphan nuclear receptors!’-2l. They have the typical structural features of nuclear receptors, including an
N-terminal region that contains a ligand -independent activation function-1 (AF-1) transactivation domain
(TAD), and a conserved central DNA-binding domain (DBD). The DBD consists of two main DNA-binding
zinc finger structures that recognize and bind to the target gene’s NGFI-B response element NBRE
(sequence AAAGGTCA), thus, regulating gene expression3l. The role of NR4AT1 is closely related to its
receptor's microenvironment, subcellular localization, expression, post-translational modifications, and
interactions with other nuclear receptorsi#9l. In this paper, we will systematically discuss the
pathophysiological mechanisms associated with human disease, the function of NR4AT1, and the factors
influencing its function.

2.nr4a1 In Human Diseases

NR4A1 can act as a hormone and ligand-dependent DNA-binding protein that translates endocrine,
metabolic, and pathophysiological signals into changes in gene expression controlling metabolic
homeostasis!’). Whereas the function of NR4AT1 is different under different pathological conditions. As a

transcription factor, NR4A1 is involved in the onset and progression of multiple diseases!®1].

2.1 NR4A1 in cancer

NR4AT1 plays an important pro-oncogenic role and can be targeted by anticancer drugs that induce cell
death via NR4A1-dependent and -independent pathways in cancer cells and tumors'?. It is overexpressed

in NSCLC, which is associated with tumor recurrence and poor survival in NSCLC patients!'3l. Moreover,
NR4AT1 is also related to several primary solid tumors (lung, breast, prostate, colorectal, uterus, and

ovarian)['4. In triple-negative breast cancer cells, NR4A1/ specific protein 1 (Sp1) can regulate PD-L1 that
can be targeted by bis-indole—derived NR4A1 antagonists, thereby inhibiting the occurrence and
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development of the tumor!'®l. In endometrial cancer cells, NR4A1 exhibits its pro-oncogenic activity by
regulating cell growth, survival, and mTOR signaling!®l.

Brousso chalcone A (BCA), a new NR4A1 inhibitor, downregulates the expression of the Sp1-mediated
anti-apoptotic protein survivin, and activates endoplasmic reticulum stress-mediated apoptosis inhibiting
the progression of pancreatic cancer!'”]. In breast tumor models or in estrogen receptor-positive patients,
the application of NR4A1 antagonists significantly inhibited breast cancer progressionl'8 191, |n
endometrial cancer, the silencing of NR4A1 or intervening with a bisindole-derived NR4A1 antagonist
suppresses endometrial cancer cell growth via the mTOR signaling pathway in vitro and in vivo.

Furthermore, NR4AT1 also exerts its anti-tumor effect in gastric cancer cells NR4A1 overexpression affects
the growth of gastric cancer cells by decreasing excessive production of ROS and inducing the release of
mPTP and Cyt-c enhancing caspase-9 dependent mitochondrial apoptosis[zol. Studies have shown that
NR4A1 expression is significantly reduced in breast cancer patients and in mice with breast cancer
demonstrating that NR4A1 expression levels in human TNBC are negatively correlated with tumor stage,

lymph node metastasis, and disease recurrencel?'l. Meanwhile, NR4A1 may also have an inhibitory role in
relation to the invasion/metastasis of breast cancer cells!?2].

Collectively, the function of NR4A1 remains controversial in most cancer cells because it plays different
roles in different cancers. Further studies are needed to clarify the exact mechanisms in the future.

2.2 NR4A1 in kidney disease

Nr4a1 is a susceptibility gene for kidney disease. In a model of acute ischemia-reperfusion injury, the
expression of NR4A1 was increased, which induced apoptosis significantly. NR4A1 silencing can inhibit
apoptosis and alleviate renal injury by expressing the anti-apoptotic protein Bcl-2[23],

In chronic kidney disease, NR4A1 has a protective effect in many cases. The expression of NR4A1 was
significantly reduced in the UUO rat model. NR4A1 was significantly increased after being treated with

Chinese medicine, indicating that NR4A1 is closely related to chronic kidney diseasel?4. It has been
reported that deletion of Nr4a1 is associated with kidney injury and abnormal kidney function. Nr4a1-

deficient rats (Nr4a17") appear to have increased kidney injury and reduced renal function!2%!. Another
study showed that Nur77 ameliorates age-associated renal tubular interstitial fibrosis by inhibiting the

TGF-B/Smads signaling pathway!2l. Nr4a1/Ear2-expressing anti-inflammatory macrophages ameliorate
macrophage-mediated progressive renal injury in anti-glomerular basement membrane crescentic

glomerulonephritis?”]. Furthermore, NR4A1 inhibitors can aggravate the progression of renal fibrosis by

increasing the expression of fibrosis related genes in HK-2 cells28l. However, in diabetic mice, the
activation of NR4A1 promotes hyperglycemia -mediated glomerular apoptosis and kidney fibrosis by

activating the expression of p53, accelerating mitochondrial fission and inhibiting mitophagy [29].
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In summary, according to the above research, NR4A1 can inhibit or prevent the progression of renal
interstitial fibrosis, as well as promote the development of diabetes. Consequently, it has different effects
on different kidney diseases.

2.3 NR4A1 in inflammation

Inflammation is essential for protection following biological, chemical, or physical stimuli; however,
inappropriate inflammation occurs in inflammatory diseases, causing tissue damage. NR4A1 is a key

mediator during the regulation of inflammatory disease factors!30.31],

Nur77 has anti-inflammatory mechanisms of action by inhibiting NF-kB signaling. Nur77 inhibits the
transcriptional activity of the p65 subunit of NF-kB, by directly binding to p65[32 331, Interestingly, there is
an NF-kB binding site within the Nur77 gene promoter, indicating the existence of a negative feedback
loop34l.

Koenis's study showed that Nur77 induces an anti-inflammatory metabolic state in macrophages that
protects against chronic inflammatory diseases such as atherosclerosisi3%. The absence of Nur77 in
macrophages amplifies atherosclerosis development by shifting the profile of macrophages toward a pro-
inflammatory, and pro-atherogenic phenotype in micel®%. NR4A1 is a key endogenous inhibitor of
chondrocyte inflammation, while its agonist cytosporone B reactivates and restores the inhibitory
regulatory ability of NR4A1, preventing excessive inflammation, and ameliorating osteoarthritis3®l. In a
model of acute E. coli pneumonia, the expression of macrophage NR4A1 was significantly increased.
Moreover, when NR4A1 was inhibited, inflammatory cell infiltration was significantly reduced and the
extent of lung injury significantly decreased3’]. NR4A1 is significantly upregulated in lipopolysaccharide-
(LPS-) treated lung tissues. Knockout of NR4A1 overtly improved lung tissue morphology, inhibited
inflammation, and reduced oxidative stress in LPS-treated lung tissuel38l. In brain microvascular
endothelial cells, lipopolysaccharide increases the expression of circ0057583/NR4A1. Additionally, LPS-
induced hBMEC injury is attenuated by inducing cell proliferation and angiogenesis and inhibiting
apoptosis, autophagy, and inflammation once their expressions are inhibited39]. The above findings
suggest that NR4A1 is a key mediator in the regulation of inflammation and that NR4A1 may be a
potential therapeutic target for inflammation-related diseases.

2.4 NR4A1 in neurological disease

In the nervous system, the research on NR4A1 primarily focuses on acute ischemic and traumatic
diseases. Brain damage is aggravated with an increase in NR4A1 expression. NR4A1 expression was
significantly increased in microglia after cerebral ischemia and the expression of chemokines, ICAM-1,
and MPO was reduced after inhibition of NR4A1 expression. Moreover, NR4A1 can interact with NF-
kKB/p65. When p65 activation is inhibited, NR4A1 expression, M1 polarization, and neutrophil recruitment
were reduced, thus, the inflammatory response was significantly suppressed%l. NR4A1 was significantly
increased within reperfused brain tissue. Knockdown of NR4A1 reduced cerebral infarct size and inhibited

Page 4/19



apoptosis. The mechanism may be due to NR4A1 which induces a decrease in mitochondrial membrane
potential, and cellular oxidative stress, interrupting ATP production, and initiates caspase-9-dependent

apoptosis'l. In a mouse model of traumatic brain injury, knockdown of CX3CR1 induced expression of

CD36 and 15L0, followed by increased expression of NR4A1, which continuously exacerbated brain
ry[30.42-44]

inju
However, NR4A1 plays a protective role in the early-stage brain injury model after ischemic stroke and
subarachnoid hemorrhage. In a model of ischemic stroke, CX32 expression was significantly increased.
Upon Cx32 inhibition Nur77 expression increases and is then translocated from the nucleus to the
mitochondria stimulating autophagosome formation and regulating the expression of mitochondrial

autophagy molecular markers to reduce brain injury#°l. In a late stage subarachnoid hemorrhage brain
injury animal model, Akt activation negatively regulates NR4A1 by inducing NR4A1 phosphorylation, thus,
inhibiting cellular apoptosis and reducing early-stage brain injury after a subarachnoid hemorrhagel#6l.
Similarly, in this model, activation of Nur77 induced the expression of anti-apoptotic protein Bcl-2,
increasing the release of cytoc and inducing apoptosis. The application of NR4A1 agonist csn-b elevates
apoptosis caused by NR4A1 activation and brain injury®7], while the administration of CSA significantly
inhibits the expression of NR4A1 reducing brain injury!8l.

2.5 NR4A1 in metabolic diseases

NR4A1 is an important regulator of glucose homeostasis and lipid metabolism in adipose tissue#l. A
previous study has shown that NR4A1 suppresses the transcription of key gluconeogenic genes, G6Pase

and PEPCK, and further inhibits gluconeogenesis®%l. Glycerol kinase (GYK) plays a critical role in hepatic
metabolism by converting glycerol to glycerol 3-phosphate in an ATP-dependent reaction. The
cooperation of GYK with NR4A1 modulates lipid metabolism in the liver, independent of its metabolic

enzyme activityl>'l. It has been reported that NR4A1 is implicated in lipid metabolism by inhibiting
adipogenesis or adipocyte maturation via enhancing GATA2 and p53 expression!®2l. In addition, knockout
of NR4A1 leads to amino acids, lipid, and glucose metabolic disorders in Zebrafish[®3],

NR4A1 is highly expressed in diabetic models the silencing of NR4A1 significantly inhibits the
expression of key gluconeogenic enzymes in the liver, reducing blood glucose to normal levels in T2DM

db/db micel®* 531, NR4A1 also prevents the translocation of LKB1 from the nucleus to the cytoplasm by
interacting with LKB1, which regulates the expression of key hepatic gluconeogenic enzymes, such as
Gé6pc. Furthermore, it can significantly reduce hepatic glucose production, hepatic insulin resistance, and
alter systemic glucose metabolism when NR4A1 null mice are fed a high-fat diet!>6 571 Moreover, Csn-B,

an NR4A1 agonist, increases fasting mice's hepatic glucose production and blood glucose levels [°8]. In
addition, the oral hypoglycemic agent berberine activates adenosine 5-monophosphate activated protein
kinase (AMPK) via NR4A1 and increases hepatic fibroblast growth factor 21 FGF21 expression. Thus,

FGF21 may be a target gene of NR4A1 that exhibits multiple beneficial effects in energy metabolism!%®
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601 |n summary, this combined research indicates that NR4AT1 is closely related to glucose and lipid
metabolism, and maybe a key target in regulating or treating metabolic diseases.

2.6 NR4A1 in cardiovascular disease

A growing number of studies have shown that NR4A1 is closely associated with cardiovascular disease.
NR4A1 interferes with cardiac microvascular ischemia reperfusion injury by triggering mitochondrial
apoptosis[“]. Furthermore, NR4A1 also induces myocardial infarction through oxidative stress and
exacerbates cardiac injury during myocardial infarction!3?. However, a study by Ji et al. showed that
NR4AT1 activation inhibits cardiac fibrosis by regulating glycolysis in a myocardial infarction rat

model 2] In an isoproterenol-induced myocardial fibrosis model, NR4A1 inhibits the process of fibrosis
by inhibiting the phosphorylation of NR4A1163]. According to these studies, the role of NR4A1 is closely
associated with cardiovascular disease; however it is still controversial whether the activation of NR4A1
is beneficial or harmful for specific cardiovascular diseases. Thus, NR4A1 implications in cardiovascular
disease need more in-depth research to determine its role in different cardiovascular disease models.

2.7 NR4A1 in liver disease

Previous studies have shown that NR4A1 has a correlation to liver disease. In the early stages of liver
disease, the expression of NR4A1 was increased and further exacerbated liver disease damagel®4 631, |n
hepatic ischemia-reperfusion injury, NR4A1 expression is increased; however NR4A1 silencing protects
hepatocytes against hypoxia-reperfusion injury in vitro by activating liver kinase B1 (LKB1)/AMP-
activated protein kinase (AMPK)[64],

In addition, NR4A1 also upregulates the expression of CYR61, leading to the activation of the NF-kB
signaling pathway, which enhances the transcription of TGF1. When NR4AT1 is silenced, the expression
of CYR61/NF-kB/TGFp1 is significantly reduced, thus alleviating the damage caused by liver

ischemia/reperfusion(®3. Moreover, NR4A1 can lead to hepatocyte death and alcohol-related liver disease
(ARLD) development. In addition, genetic ablation of NR4A1 ameliorates the progression of ARLDI6®!,

However, NR4A1 provides a protective role in homocysteine-induced hepatic steatosis. The NR4AT
agonist significantly inhibits the progression of hepatic steatosis!®”). Moreover, NR4A1 inhibits the
epithelial-mesenchymal transition of hepatic stellate cells and liver fibrosis!®8l. In a lipopolysaccharide
(LPS)/D-galactosamine (D-GalN)-induced acute liver failure mouse model, upregulation of Gr-dependent
Nr4a1 in Kupffer cells ameliorates acute liver failure®®l. In summary, according to all of these NR4AT
appears to have a multi mechanistic role in different liver disease states.

2.8 NR4A1 in other disease

NR4A1 is implicated in a variety of diseases. It has been reported that the expression of NR4A1 was
upregulated in hypoxia reoxygenation induced mouse pulmonary vascular endothelial cells (MPVECS) in

a time-dependent manner, thus reducing the apoptosis of MPVECs once NR4A1 expression was
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inhibited”%l. Additionally, NR4A1 is involved in ovarian endometriosis fibrosis. Csn-B may be a potential

candidate for the treatment of endometriosis due to its ability to slow or stop its progression!’* 72,

In conclusion, NR4A1 is implicated and has complex functions within human diseases. However, there
are significant differences in the role of NR4A1. Next, this paper systematically defines the functions of
NR4AT1 in human diseases and summarizes the primary roles that affect its function.

3.0 Functions Of Nr4a1 And The Factors Influencing Nr4a1’s Function

3.1 Functions of NR4A1

As a transcription factor, NR4A1 plays an important role in inflammation, fibrosis, tumors, metabolic

diseases, stress and addictionl’-1%. It can also act as a hormone and a ligand-dependent DNA-binding
protein that translates endocrine, metabolic, and pathophysiological signals into changes in gene

expression, controlling metabolic homeostasis!' .

The function of NR4A1 is different under different pathological conditions. In cardiac ischemia-
reperfusion injury, NR4A1 expression was upregulated, which disrupted mitochondrial homeostasis,
enhanced endothelial apoptosis, and exacerbated microvascular dysfunction by facilitating Mff-mediated

mitochondrial fusion and FUNDC1-required mitophagy!®!l. Additionally, NR4A1 promotes cerebral
ischemia reperfusion injury by repressing Mfn2-mediated mitophagy and inactivating the MAPK—-ERK-

CREB signaling pathway!”3l. NR4A1 expression was also significantly increased and enhanced the
expression of CYR61/NF-kB/TGF-B1, thus eventually exacerbating hepatic I/R injury[®3l. However, as
reported in the literature, NR4A1 is an endogenous inhibitor of fibrosis in the vocal folds and in ovarian
endometriosis”! 74l It has been demonstrated that Nur77 knockout enhances endothelial-to-
mesenchymal transition increasing cardiac dysfunction and fibrosis after myocardial infarctionl”5!.
NR4AT1 also attenuates fibrotic processes within intestinal myofibroblasts providing a valuable clinical
target for its treatment”l. These studies indicate that NR4A1 promotes ischemia-reperfusion injury and is
an endogenous inhibitor of fibrosis. Therefore, Csn-B has the potential to become a therapeutic candidate
for the treatment of fibrosis.

There is increasing evidence that NR4A1 plays an important pro-oncogenic role and can be targeted by
anticancer drugs that induce cell death via NR4A1-dependent and -independent pathways in cancer cells

and tumors!'?. It has been reported that NR4A1 is overexpressed in non-small-cell lung carcinoma, which
is associated with tumor recurrence and poor survival rates in NSCLC patients!'3]. Furthermore, NR4AT1 is

also related to several primary solid tumors (lung, breast, prostate, colorectal, uterus, and ovarian)[1 4 In
triple-negative breast cancer cells, NR4A1/Sp1 regulates PD-L1 targeted by bis-indole—derived NR4A1

antagonists!'®l. In endometrial cancer cells, NR4A1 also exhibits its pro-oncogenic activity due to the

regulation of cell growth, survival, and mTOR signaling!'®l. Additionally, it has been suggested that NR4AT
exerts anti-tumor effects and can affect the susceptibility of gastric cancer cells to TNFa-induced
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apoptosis through the inhibition of JNK/Parkin-dependent mitophagy!2%l. Moreover, NR4A1 has an

inhibitory role in relation to the invasion and metastasis of breast cancer cellsl2'l. Collectively, the
function of NR4A1 remains controversial in most cancer cells. This may be due to the different roles
NR4AT1 play in various cancers. Further studies are needed to clarify these mechanisms in the future.

As mentioned above, NR4A1 possesses different regulatory roles under different pathological conditions,
such as induction and inhibition of apoptosis and inflammation, pro-inflammatory and oncogenic
properties as well as anti-tumor effects. Therefore, it is crucial to study the factors affecting NR4A1
functions.

3.2 The factors influencing NR4A1 function

The dual regulatory effects of NR4AT have been shown in extensive studies. It is primarily related to its
subcellular localization, and post-translational modifications.

3.2.1 Subcellular localization

Subcellular localization refers to the specific location of biomolecules within the cell, such as the nucleus,
cytoplasm, or cell membrane. The function of many molecules is closely related to subcellular

localization!””]. When NR4AT1 is translocated to the nucleus, its transcriptional activity induces cell growth
and proliferation. Furthermore, the transcriptional activity and function of NR4A1 can be affected to a
certain extent once it is transferred to the cytoplasm or mitochondria. Previous studies have shown that
Nur77 binds to the promoter region of its target gene in order to activate gene transcription within the
nucleus; however, Nur77 can interact with Bcl-2 through its ligand binding domain (LBD) to induce
apoptosis when it translocates from the nucleus to the cytoplasm!”8 791 Another study indicated that
ionomycin induces apoptosis in thymocytes through the intrinsic Nur77-mediated mitochondrial
pathway!®. It also has been demonstrated that Nur77 could translocate from the nucleus to
mitochondria to promote renal epithelial apoptosis and inflammation by interacting with Bcl2 after acute
kidney injury[®'l. In addition, Csn-B induces the release of cytochrome C and apoptosis by inducing Nur77
expression, leading to its translocation from the nucleus to the mitochondrial®8l.

3.2.2 Post-translational modification

Post-translational modification (PTM) occurring during the late stages of protein biosynthesis is a protein
chemical modification after translation, including phosphorylation, ubiquitination, methylation, and
acetylation. The transcriptional activity and function of a protein are often altered after PTM. Previous
studies have shown that the transcriptional activity of NR4AT1 is altered once it is post-translationally

modified[82-84]. Additionally, there are many PTMs in NR4A1 which may alter its subcellular localization,
such as phosphorylation, SUMOylation, and acetylation.

Phosphorylation is the process of adding a phosphate group to an intermediate metabolite or protein,
thus, the transcriptional activity of NR4A1 changes after phosphorylation!®% 86 Moreover, NR4A1s
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transcriptional activity and function depend on the phosphorylation site (see Table 1 for details). In
another report, it has been demonstrated that Akt interacts with Nur77, inactivating Nur77 via
phosphorylation at Ser-350 in a phosphatidylinositol 3-kinase-dependent manner, inducing apoptosis(8”..
In addition, NR4A1that is phosphorylated at the threonine residues by the activated MAPK pathway,
modulates neurokinin-1-receptor-mediated nonapoptotic programmed cell deathl88l. Huang's study
indicated that Nur77 is phosphorylated at Ser-154 by CK2, triggering Trim13-mediated ubiquitination of e
thNur77 lysine 539 (K539); therefore, degrading it and inhibiting the expression of IL-6 and TNFal89l,

Small ubiquitin-like modifier (SUMO) is a post-translational modification that affects the proteins stability,
and transcriptional activity. As reported in the literature, SUMO modification of NR4A1 triggers
polyubiquitination eliminating its stability and mitigating the inhibition of innate immune signaling, such
as TNF-a and IL-1B-induced NF-kB activation!®3l. To our knowledge, SUMO modification of transcription
factors usually inhibits their transcriptional activity. It has been shown that NR4A1 SUMOylation impairs
its transcriptional activity inducing autophagic cell death!®?l. Furthermore, recent research has clarified
that Nur77 transcriptional activity can be potently repressed by protein inhibitors of activated STAT
gamma (PIASy) and SUMO02[™]. These recent investigations have revealed that the SUMOylation sites of
NR4A1 (Nur77) may be at K102 and K577.

As a major PTM, acetylation of transcriptional factors regulates protein stability and transcriptional
activity. It has been shown that expression of p300 enhances the acetylation and protein stability of
Nur77, whereas histone deacetylase 1 decreases its acetylation and protein levels, as well as its

transcriptional activity[84.

Table 1: post translational modification sites, stimuli and functions
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Post-translational Site Stimulate  Function

modifications

Phosphorylation Ser95 Pin1 Enhanced stability

Phosphorylation Ser431  PinT Trans-activation enhancement

Phosphorylation Ser95 JNK Promotes ubiquitination and eliminates mitotic
activity

Phosphorylation Ser350 NGF Inhibits transcriptional activity and DNA binding
activity

Phosphorylation Ser350  AKT Transcriptional inactivation and induction of
apoptosis

Phosphorylation Ser SP/nk1r Altered transcriptional activity and induction of
autophagy

Phosphorylation Ser142  EGF Altered transcriptional activity and induction of
apoptosis

ianiti i Lys539  Trim Transcriptional inactivation, mediating

Ubiquitination Transcription

Phosphorylation Ser154  CK2 Induces ubiquitination and inhibits inflammation

Phosphorylation Ser351  AKT Nucleoplasmic translocation, targeting
mitochondria to induce apoptosis

SUMO K577 PIASy Reduced transcriptional activity

SUMO K102 PIASy Reduced transcriptional activity

4 Discussion And Outlook

NR4A1 is located on human chromosome 12. NR4AT1, first identified in 1988 by Hazel et al. and has been
confirmed to be present in various species and is considered a member of NR subfamily group 4A°Z. As
an immediate early response gene and transcription factor, it can regulate physiological activity in three
ways. One is that it can bind to the neural growth factor-induced gene B response element (NBRE) in a
monomeric form. Second it has a structure that allows it to form homodimers with itself and acts on the
Nur response element (NurRE). Third, it can form heterodimers with other nuclear receptors such as RXR,
NR4A2 and NR4A3, specifically binding to DBS or the NBRE elements. In all three forms of action, they
can bind to DNA and promote or repress the expression of downstream genes or proteins, thus
performing different biological functions!3l.

NR4AT1 significantly impacts almost all physiological processes in mammalian cells, tissues, and organs

at all levels of the organism. The NR subfamily group 4A acts as an interface between changes in cellular

or systemic environments and the genome, facilitating the fusion of various extra- and intracellular

signals. They play an important role in initiating intercellular physiological transcriptional programs. Their
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close association with many human diseases means that they have the potential to become new and
novel therapeutic targets. Over the past 30 years, advances in NR4A1 biochemistry and molecular biology
have led to a better understanding of its functions and the factors influencing its functions.

As a nuclear transcription factor, NR4A1 plays an important role in numerous human diseases; however,
there may be a two-way regulation in most diseases. NR4A1 an oncogene, can be overexpressed in a
variety of cancer microenvironments. Additionally, it can also be used as an anti-oncogene to inhibit the
occurrence and development of tumors. The main mechanism of its role is closely related to oxidative
stress, mitochondrial dysfunction, and apoptosis. As a key mediator regulating inflammation, NR4A1
plays a prominent anti-inflammatory role by inhibiting the NF kB signaling pathway, indicating the
existence of a negative feedback loop, thereby inhibiting inflammation. In kidney disease, the mechanism
of its role may be closely related to the microenvironment of the disease. In the acute phase of the
disease, NR4A1 is an early response gene, with its expression rising rapidly, exacerbating renal injury.
During the chronic development phase of the disease, the mechanisms of NR4A1 are closely related to
mitochondrial dysfunction and oxidative stress. Its role in cardiovascular and liver disease is similar to
that in kidney disease and is closely related to the microenvironment of the receptor. Its mechanism
primarily involves inflammation, oxidative stress, mitochondrial function, angiogenesis, and cell
phenotype transformation. Therefore, it is critical to study the role of NR4A1 in human diseases
systematically.

NR4AT1s function is complex, due to the differences in subcellular localization, post-translational
modifications, and various tissues and cellular microenvironments. Studies have shown that NR4A1 is
originally located in the nucleus and is transferred to the cytoplasm upon various stimul. Once NR4A1 is
translocated to the cytoplasm, its transcriptional activity is altered. This process is accompanied by post-
translational modifications including phosphorylation, acetylation, and ubiquitination. The functional
differences in various tissues and cellular microenvironments markedly effects NR4A1s physiological
role. In this paper, we have systematically summarized the relevant factors affecting the function of
NR4A1. However, further studies should be conducted to specify the function of NR4A1 in various
microenvironments as well as the relevant factors affecting NR4A1.

Previous studies on NR4A1 have focused on human diseases, such as cancer, inflammation, metabolic,
and other related diseases!®4l. Recent studies have shown that NR4A1 is correlated to human diseases
and has an impact on the pathophysiological mechanisms, that regulate the pathology of human
diseases from various aspects such as inflammation, hypoxia, oxidative stress, mitochondrial function,
vascular neogenesis and epithelial cell phenotype transformation. It is crucial to investigate the role of
NR4AT1 in its ability to regulate chronic kidney disease's pathophysiological mechanisms for subsequent
clinical studies. New drugs targeting the expression levels, transcriptional activity, and nuclear export of
NR4A1 hold great clinical promise.

In conclusion, NR4A1 has a complex function and regulates multiple pathophysiological mechanisms in
human disease, making it an important target for research. In-depth studies may help clarify NR4A1s
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function and its influencing factors, providing new strategies for further research and the development of
new drugs against human diseases.
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