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Abstract

Neuron-derived clone 77 (Nur77), a member of the orphan nuclear receptor fam-
ily, is expressed and activated rapidly in response to diverse physiological and
pathological stimuli. It exerts complex biological functions, including roles in
the nervous system, genome integrity, cell differentiation, homeostasis, oxidative
stress, autophagy, aging, and infection. Recent studies suggest that Nur77 agonists
alleviate symptoms of neurodegenerative diseases, highlighting its potential as a
therapeutic target in such conditions. In cancer, Nur77 demonstrates dual roles,
acting as both a tumor suppressor and promoter, depending on the cancer type
and stage, making it a controversial yet promising anticancer target. This review
provides a structured analysis of the functions of Nur77, focusing on its physi-
ological and pathological roles, therapeutic potential, and existing controversies.
Emphasis is placed on its emerging applications in neurodegenerative diseases

2023-BSBA-334

KEYWORDS

1 | INTRODUCTION

Neuron-derived Clone 77 (Nur77) is an orphan receptor in
the nuclear receptor superfamily widely distributed across
multiple human organs, including the heart, liver, spleen,
lungs, kidneys, brain, adrenal glands, skeletal muscle,
adipose tissue, genitalia, and blood. Its widespread pres-
ence suggests that Nur77 performs multiple biological
functions. In recent years, Nur77 has garnered increasing
research interest in cancer and neurological diseases, par-
ticularly regarding its complex roles in tumorigenesis and
immune regulation. Although some studies have revealed
Nur77's function as a transcription factor regulating target

and cancer, offering key insights for future research and clinical translation.

cancer, neurodegeneration, Nur77, physiological function, transcription

gene expression (Table 1) and its role as a transcription-
independent regulator (Table 2), its functions in different
biological contexts remain controversial.

The role of Nur77 in different tumor types shows a du-
ality: it acts as a tumor suppressor in hematologic malig-
nancies, while it may act as an oncogene in solid tumors.
The molecular mechanisms of this dual action are still not
fully understood, especially the interactions of Nur77 with
cofactors and genomic targets. In particular, remarkable
research gaps remain regarding the role of Nur77 in the
cancer immune microenvironment and the mechanisms
by which apoptosis pathways are regulated through sub-
cellular localization, such as mitochondrial translocation.
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TABLE 1 Transcriptional targets of

Gene Mechanism Function Reference Nur77.
ABHD17B Positive transcription Lung cancer [1]
ApoAS Positive transcription Lipid metabolism [2]
Caspase-1 Negative transcription Inflammasomes [3]
Cbl-B Positive transcription ER stress/osteoprotection [4,5]
Dactl Negative transcription Cell differentiation [6]
Drpl Negative transcription Mitochondrial fission [7]
Eno3 Positive transcription Glycolysis [8]
Esrra Negative transcription T-cell metabolism [9]
FAM134B2 Positive transcription Reticulophagy [10]
FGF21 Positive transcription Metabolic syndrome [10]
FIS1 Negative transcription Mitochondrial fission [7]
Glut4 Positive transcription Glucose metabolism [11]
GPX1 Positive transcription Oxidative stress [12]
GSK-3p Positive transcription Cardiac fibrosis [12]
HOXA10 Positive transcription Embryo adhesion [13]
IRF1 Negative transcription Esophageal squamous cancer [13]
Mapk3 Negative transcription T-cell metabolism [9]
MDM2 Negative transcription Aging [14]
Notch2 Negative transcription T-cell metabolism [9]
P21 Positive transcription Pancreatic cancer [15]
PGF Positive transcription Trophoblast invasion [16]
Phkal Positive transcription Glucose metabolism [11]
PSPC1 Positive transcription Breast cancer [17]
Pygm Positive transcription Glucose metabolism [11]
Ritor Negative transcription T-cell metabolism [9]
RLN3 Positive transcription Apoptosis [17]
RLN3 Positive transcription Cardiac fibrosis [18]
Rps6ka Negative transcription T-cell metabolism [9]
SOD1 Positive transcription Vascular endothelium [19]
Syvnl Positive transcription Muscle function [20]
WFDC21P Positive transcription Glycolysis [21]

Abbreviation: ER, endoplasmic reticulum.

Therefore, addressing the dual role of Nur77 in cancer and
its mechanisms is a key challenge for current research.
In neurological diseases, most studies have shown that
Nur77 has a protective effect against neuropathy, but its
role in neurodegenerative diseases such as Alzheimer's
disease (AD) has not been fully explored. The factors that
influence Nur77's balance between neuronal survival and
death, as well as its role in cellular events such as anti-
inflammatory and proinflammatory responses, are still
not fully understood.

Herein, we aim to fill this knowledge gap by focusing
on the regulatory role of Nur77 in the nervous system
and tumor microenvironment. By exploring the poten-
tial applications of Nur77 in neurodegenerative diseases
and cancer immunotherapy, we hope to provide a new

perspective and inspire further research on Nur77 as a
therapeutic target.

2 | PHYSIOLOGICAL FUNCTION

2.1 | Functions in the nervous system

Nur77 is highly expressed in the mammalian central nerv-
ous system (CNS), particularly in the cerebral cortex and
hippocampus, suggesting its potential role in neural func-
tions. However, its specific neural function remains largely
unknown. Recent studies have explored several molecular
mechanisms of Nur77 neural action, improving our un-
derstanding of its role. In the CNS, oligodendrocytes (OL)
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TABLE 2 Nontranscriptional functions of Nur77.
Subcellular
Gene localization Mechanism Function Reference
Bcl-2 Mitochondria Bcl-2 homology (BH) 3 domain exposure Apoptosis [22-24]
c-Abl Mitochondria Inhibitory phosphorylation Autophagy [25]
DNMT3b Mitochondria Increased GLS1 promoter methylation Aging [26]
FGFR1 Cytoplasm and nucleus  Nuclear accumulation Embryonic stem cells [27]
GATA4 Mitochondria Inhibitory transcription Transcription [28]
Integrin al - Promoter activity Angiogenesis [29]
NFATc3 Mitochondria Inhibitory transcription Transcription [28]
p62/SQSTM1 Mitochondria Liquid-liquid phase separation Mitophagy [30]
P63 - Dicer expression regulation Colorectal cancer [31]
PEPCK1 - PEPCK1 SUMOylation attenuation Gluconeogenesis [32]
pVHL - Ubiquitination inhibition Oxidative stress [33]
Smad3 Cytoplasm Ubiquitination Colonic tumorigenesis [34]
Src-1 - Competitive inhibition Bladder cancer [35]
STAT3 - Activity enhancement/inhibitory Leptin sensitivity/pulmonary  [36,37]
phosphorylation arterial hypertension
TPp Mitochondria Protection of TPp from oxidation Fatty acid oxidation [38]
TRAF6 Cytoplasm TRAF6 oligomerization modulation Inflammatory bowel disease [27,39]
TRAPy Cytoplasm ER Ca®* depletion/ubiquitination ER stress/breast cancer [40,41]
f-Catenin Cytoplasm and nucleus  Proteasome pathway/negative transcription = Vascular remodeling [42]

Abbreviations: ER, endoplasmic reticulum; SUMO, small ubiquitin-like modifier.

produce myelin sheaths that wrap around axons, thereby
increasing nerve conduction speed. Maturation and my-
elination of OL are essential for the development of vari-
ous social behaviors; however, the underlying molecular
mechanisms are largely unknown. Nur77 is expressed
in most O4+ OL. The effect of miR-124 on OL develop-
ment is mediated through its target gene. Overexpression
of Nur77 in the medial prefrontal cortex (mPFC) not only
mitigates social impairments induced by isolation feed-
ing but also enhances myelination. Conversely, inhibiting
Nur77 expression substantially reduces myelin basic pro-
tein expression in cortical OL. Overexpression of Nur77
improves myelination in the mPFC of young socially iso-
lated mice. However, the latent mechanism of Nur77 in
myelination requires further study.* In vitro, enhanced
Nur77 expression was observed during basic fibroblast
growth factor-induced Schwann cell differentiation and
nerve growth factor-induced PC12 cell neurite growth.
In vitro and in vivo experiments showed that inhibiting
Nur77 function by specific short hairpin RNA could in-
hibit Schwann cell myelination and axon regeneration.
Therefore, Nur77 may be involved in Schwann cell dif-
ferentiation and neurite elongation.44 In neurons, Nur77
is induced by excitotoxicity and oxidative stress, acting
as a mediator of cAMP response element-binding protein
(CREB)-dependent neuroprotection.*> The CREB pathway
is crucial for OL progenitors, and CREB phosphorylation

relies on protein kinase C (PKC) signaling cascades, which
activate CREB-mediated transcription and promote the
differentiation of immature to mature OL.* Therefore,
Nur77 likely acts downstream of the CREB pathway, influ-
encing OL development. However, direct evidence linking
Nur77 to the regulation of oligodendrocyte differentiation
and CNS myelination remains limited. Additionally, the
molecular mechanisms via which Nur77 modulates tran-
scriptional programs specific to myelin formation, such as
interactions with CREB and downstream targets, are not
fully elucidated. Future studies should focus on clarify-
ing the specific contributions of Nur77 to oligodendrocyte
maturation and myelin protein expression. Investigating
its crosstalk with other nuclear receptors and signaling
pathways in both peripheral and central nervous systems
would enhance our understanding of its role in myelina-
tion and repair processes.

Microglia are immune effector cells in the CNS and
exist in large numbers in the brain parenchyma. Microglia
have a bidirectional role in inflammation: while these cells
produce proinflammatory cytokines and reactive oxygen/
nitrogen species involved in the progression of inflamma-
tion, additionally, they can produce anti-inflammatory
cytokines and exhibit phagocytic activity that contributes
to inflammation resolution. Neurons in the CNS cannot
divide and replenish, so they need protection from patho-
gens, a key role for the immune system.*’ Overexpression
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of Nur77 or application of the Nur77 agonist cytospora B
inhibits proinflammatory gene expression such as induc-
ible nitric oxide synthase,* cyclooxygenase-2, interleukin
(IL)-1p, and tumor necrosis factor-o (TNF-«) in activated
microglia, while silenced Nur77 exaggerated the inflam-
matory response of microglia. Moreover, in relation to
microglia-mediated dopaminergic neurotoxicity, Nur77
improved cytotoxicity to MN9D dopaminergic cells in a
microglia-conditioned medium system.* The immuno-
suppressive drug 6-mercaptopurine (6-MP) is mature,
and the upregulation of Nur77 in microglia contributes to
6-MP-mediated inhibition of TNF-a production.®

Astrocytes connect the vascular system and the neu-
rons, transporting glucose and other substances out of the
bloodstream.”™>* They undergo glycolysis of glucose to
produce lactic acid, which serves as the main energy sub-
strate of neurons. Extracellular ATP and chemical hypoxia
induce Nur77 expression in RBA-2 astrocytes.>* Currently,
studies have found that Nur77 regulates glycolysis.**>*%
Therefore, Nur77 potentially plays a role in astrocytes
and glycolysis, although direct evidence to support this
hypothesis remains to be further explored. Additionally,
astrocytes possess immune functions, and Nur77 dynam-
ically regulates the expression of inflammatory genes
in glial cells by regulating the transcriptional activity of
NF-kB.*

The nuclear receptor Nur77 is a promising target for
drug development in the treatment of CNS diseases. The
activation of these receptors is expected to regulate the
function and phenotype of glial cells by controlling the
expression of specific gene subsets and regulating cell
signaling mechanisms in a non-genomic manner. This
in vivo and in vitro evidence suggests that Nur77 is an im-
portant regulator of neural function in the differentiation
and survival of different nerve cells. Nur77 knockout (KO)
has a damaging effect on the normal function of the ner-
vous system, which may be age-related (Figure 1). In vivo
studies of Nur77 conditional KO in different nerve cells in
mice will enhance our understanding of its function in the
nervous system.

2.2 | Mitosis regulation and genome
integrity

Nur77 expression can be rapidly induced by several mi-
totic inducers, including serum growth factor, vascular
endothelial growth factor, epidermal growth factor (EGF),
and fibroblast growth factor.””* It imparts growth-
promoting activity to genes in the nucleus through
transcriptional regulation. Ectopic Nur77 expression
promotes cell cycle progression and BrdU incorporation,
while silencing Nur77 expression inhibits the pro-mitotic

effects of EGF and serum, and Nur77 DNA binding and
trans-activation are required for its mitotic effects.”
Furthermore, DNA-PKCs, a catalytic subunit of DNA-
dependent protein kinases that, together with two other
subunits, Ku70 and Ku80, form the DNA-PK complex,
which plays a central role in DNA double-strand break
repair and genome stabilization. Orphan nuclear receptor
subfamily 4 Group A member 1 (Nur77) is the upstream
signal for DNA-PKCs activation.®*"**

Replication stress refers to the regulatory mechanism
of DNA replication when it encounters obstacles, includ-
ing uncoupling, reversal, restart, and translocation of rep-
lication forks, which are caused by an increasing number
of different cell disturbances and significantly impact
genome stability.*>"®” Reportedly, under acute replica-
tion stress, Nur77 isolates from the genome and releases
a large number of immediate early gene transcripts. Its
overexpression promotes breast tumor development, and
its inhibition can trigger severe mitotic dysfunction and
proliferative failure, suggesting that it is crucial in the ad-
aptation of cancer cells to chronic replication stress.®®

2.3 | Cell differentiation

Nur77 serves as a regulator of cell differentiation, assum-
ing various roles across different cell types. As a nuclear
receptor, Nur77 is a novel regulator of Paneth cell dif-
ferentiation and function. Its deficiency leads to the loss
of Pan's cells in the crypt of the ileum in mice. Intestinal
tissues or organoids lacking Nur77 exhibit impaired in-
testinal stem cell niches following degranulation of Pan's
cells and fail to enhance antimicrobial peptide expression;
Nur77 transcription inhibits Dactl expression to activate
Wnt signal transduction activity, promoting Paneth cell
differentiation.® Similarly, muscle tissue-specific knock-
down of Nur77 increased Smad2 and FoxO3 activities, two
negative regulators of muscle mass, and reduced the cross-
sectional area of differentiated muscle fibers.*® However,
silencing Nur77 attenuates cantharidin CTD-induced ap-
optosis and reverses CTD-mediated cell cycle arrest and
HL-60 cell differentiation.** Three members of the NR4A
subfamily, Nur77, Nurrl, and NORI, all strongly inhibit
the differentiation of preadipocytes into adipocytes. The
differentiation of preadipocytes 3T3-L1 was induced by
standard differentiation mixture (DMI) or peroxisome
proliferator-activated receptor-y (PPARy) ligand GW7845
and insulin within 1 h. Nur77 mRNA response to DMI was
rapidly induced, Nur77 protein levels peaked at 2h, and
Nur77 inhibited the differentiation of preadipocytes by
preventing the expansion of mitotic clones but had no sig-
nificant effect on phenotypic markers such as PPARy and
aP2 that maintain mature adipocytes.”” Nur77 reduced
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FIGURE 1

In vivo studies of physiological functions and disease models in Nur77

~/~ mice. Deletion of the Nur77 gene affects several

crucial physiological functions in vivo, leading to degeneration of dopaminergic neurons, impaired angiogenesis, decreased vascular
permeability, and myelodysplasia. As they age, Nur77~/~ mice develop cognitive impairment, compromised excitatory synaptic function,
myocardial fibrosis, pulmonary fibrous tissue hyperplasia, renal tubulointerstitial fibrosis, renal dysfunction, splenomegalysis, and retinal

microangiopathopathy. In various disease models, Nur77~/~

mice exhibit symptoms of experimental autoimmune encephalomyelitis,

bronchial hyperresponsiveness, increased fibrosis of intestinal myoblasts, vascular remodeling, atherosclerosis, abnormal lipid metabolism,
and impaired glucose tolerance. The green text box represents the effects on physiological function in Nur77~/~ mice, the yellow box

represents Nur777/~

the initial differentiation of Treg lineages in autoreac-
tive T-cell receptor transgenic and non-transgenic mice.®
Nur77 inhibits osteoclast differentiation by inducing I «
B-a and inhibiting IKK-p in vivo and in vitro studies.”
Additionally, Nur77 is associated with stem cell differ-
entiation. Previous studies reveal that genes specifically
expressed by oocytes evolve rapidly, particularly through
gene replication mechanisms. In 2007, Isabelle Callebaut
et al. used the computer digital differential display method
to identify two genes exclusively expressed in oocytes;
one of these was identified as Nur77 downstream gene
1. Its specificity in oocytes was confirmed through RT-
PCR and in situ hybridization. This gene does not exist in
fish, chickens, or possums but appeared in the true mam-
malian genome, located between the Kcnq5 and Ddx43
genes, during evolutionary development.”” Additionally,
FGFR1 stimulates integrative nuclear FGFR1 signaling
(INFS) to trigger cell cycle exit, morphological differ-
entiation, neuron-specific protein expression, and the
restoration of adult human brain neurogenesis in adult
human brain-derived neuroprogenitor cells, as well as
in cells from pheochromocytoma, medulloblastoma, and
neuroblastoma. Concurrently, Nur77 promotes FGFR1
nuclear accumulation.””””* The transition from oxidative
phosphorylation (OXPHOS) to glycolysis occurs during
the transformation of somatic differentiated cells into in-
duced pluripotent stem cells, reflecting metabolic repro-
gramming.”® During metabolic reprogramming, mRNA
levels of Nur77 decreased. Consistent with this, in vitro

mice used in aging-related studies, and the blue text box represents Nur77

~/~ mice induced by disease.

experiments knocking out Nur77 led to a notable reduc-
tion in OXPHOS and an increase in glycolysis.”’

2.4 | Cell homeostasis

The liver is the main site for maintaining blood sugar
levels, and in a state of limited energy, it reduces glu-
cose surges during the feeding cycle by activating neo-
gluconeogenesis and promoting glycogen synthesis while
inhibiting gluconeogenesis.”® The first and rate-limiting
step of gluconeogenesis is catalyzed by phosphoenolpyru-
vate carboxykinase (PEPCK1). Nur77 attenuates ubiq-
uitination and maintains PEPCK1 protein stability by
impacting p300 activity and preventing Ubc9-PEPCK1
interactions, suggesting a potential mechanism by which
Nur77 enhances gluconeogenesis, particularly at times of
energy restriction.”* Nur77 also can modulate glycolysis
in cancer cells by regulating the activity of enzymes such
as PFKP and PKM2, which are critical for glycolytic flux.
Specifically, Nur77-activated IncRNA WFDC21P impedes
the catalytic activity of PFKP and prevents PKM2 nuclear
translocation, thereby suppressing glycolytic metabolism
in hepatocellular carcinoma (HCC) cells.”! Nur77 is associ-
ated with insulin sensitivity. Insulin mobilizes the glucose
transporter 4 (GLUT4) into cell surface circulation path-
ways, accelerating glucose uptake.”” Research suggests
that Nur77 may enhance insulin sensitivity by activating
the p-insulin receptor f (IRP)/p-insulin receptor substrate
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(IRS)/Akt/GLUT4 pathway and regulating autophagy.®
Specifically, it increased the ratios of IRB-Tyr1361 to IR,
IRS-1Tyr612 to IRS-1, and p-Akt to Akt, while decreasing
the ratio of p-IRS-1Ser307 to IRS-1. Additionally, the ex-
pression of glucose transporter type 1 decreased, and that
of GLUT4 increased. Nur77 also enhanced the expression
of the autophagy-related protein Beclin 1.

Besides, Serine 354 on Nur77 is phosphorylated by
Src homology domain 3 binding kinase 1 (SBK1), which
promotes liver FGF21 expression and increases insulin
sensitivity.* Pharmacological and genetic inhibition can
lead to insulin resistance.®? In Nur77~/~ mice, insulin-
mediated tyrosine phosphorylation of the insulin recep-
tor substrate-1 and phosphorylation of Akt were reduced,
alongside glucose processing capacity.*® These findings
suggest that Nur77 may have a positive effect on glucose
uptake in insulin-resistant conditions. Nur77 overex-
pression improves insulin sensitivity in insulin-resistant
hepatocytes. In addition, siRNA silencing Nur77 reduces
the expression of nuclear factor E2-related factor (Nrf2)
and heme oxygenase 1 (HO-1), while the activation of
the Nrf2/HO1 signaling pathway inhibits iron death.®*°
Therefore, Nur77 may be involved in the metabolism of
iron in cells.

Nur77 is involved in cellular homeostasis, especially
glucose metabolism (Figure 2), but direct evidence linking
Nur77 to glycolytic control across broader physiological
and pathological contexts remains sparse. For instance,
the precise mechanisms via which Nur77 interacts with
metabolic pathways under varying conditions, such as
hypoxia or nutrient stress, are poorly understood. Future
research should focus on delineating the regulatory net-
work of Nur77 in glycolysis and its crosstalk with other
metabolic processes. Investigating its role in different tis-
sues and disease models could provide a clearer picture
of its physiological relevance and therapeutic potential in
metabolic disorders and cancer.

2.5 | Aging

Emerging evidence highlights that the NR4A subfamily
of orphan nuclear receptors (NUR77/NUR77, NR4A2/
NURR1, and NR4A3/NOR1) is a key transcriptional
regulator of cytokine and growth factor action in dis-
eases affecting our aging population. Nur77 emerges as
a promising target for anti-aging therapies. Our previ-
ous research revealed that loss of Nur77 increases DNA
damage response and cellular senescence with age, ac-
celerating the aging process in several mouse tissues.
We observed that Nur77 reduced Sirtl protein degrada-
tion by the proteasome through negative transcriptional
regulation of its E3 ligase MDM2, thereby stabilizing Sirt1

protein. In addition, we confirmed the important role of
Nur77 in the prevention of aging nephropathy through
Sirtl. However, such findings need to be validated in
other diseases of aging to elucidate the general anti-aging
role of NUR77-stabilized Sirt1.'* With age, Nur77 levels
decrease during cardiac remodeling, and it directly initi-
ates GSK-3p transcription through the GSK-3p/f-catenin
pathway to alleviate cardiac fibrosis. Specifically, Nur77
defects induced overproduction of type I collagen (Col-1)
and alpha-smooth muscle actin in transforming growth
factor p (TGF-p)-treated HO9c2 cells, whereas Nur77
overexpression attenuated the effect. Nur77 in vitro and
in vivo defects downregulated glycogen synthase kinase
(GSK)-3p expression and increased f-catenin activity,
while its overexpression increased GSK-3f expression. In
addition, GSK-3p knockdown negated the antifibrotic ef-
fect of Nur77 on TGFp-treated H9c2 cells.”’ Additionally,
our research group demonstrated that Nur77 improves
age-related renal tubulointerstitial fibrosis by inhibiting
transforming growth factor § (TGF-f)/Smads signaling
pathways. Mechanistically, Nur77 interacts with Smad?7,
the main inhibitor of Smad2/3 nuclear translocation,
and stabilizes Smad?7 protein homeostasis. Nur77 defects
lead to Smad7 degradation, intensify Smad2/3 phospho-
rylation, and promote transcription of its downstream
target gene ACTA2 and collagen 1.°* The osmotic effect
of increased glutamine synthesis in astrocytes is often as-
sociated with cerebral edema and complications of acute
liver failure (intracranial hypertension, cerebral hernia
caused by detoxification products in the brain). Nur77 KO
can block glutamyl amino decomposition and induce he-
patic stellate cell (HSC) senescence.?® Nur77 enhances the
transcriptional activity of the signal transduction and ac-
tivation of transcription 3 (STAT3) by recruiting acetylase
p300 and histone deacetylase 1 (HDACI), regulating the
expression of the Pomc gene in the middle and lower hy-
pothalamus. This interaction promotes STAT3-mediated
leptin sensitivity, contrasting with the severe leptin resist-
ance observed in Nur77 KO mice with hyperleptinemia
that leads to age-induced obesity.*® Xu Jing et al. demon-
strated that Nur77, as an important target of HDAC7, is
involved in the formation of contextual fear conditioning
memory in the regulation of situational fear, potentially of-
fering a therapeutic target for preventing memory deficits
in aging and neurological diseases.”® The thymus under-
goes age-related gradual atrophy or degeneration, lead-
ing to impaired central T-cell tolerance, reducing Nur77
in some cell subsets in the atrophic thymus compared
with those in the young thymus.”* Overall, the findings
underscore the therapeutic potential of Nur77 in mitigat-
ing senescence-driven pathologies and promoting healthy
aging, so that targeting drugs to prevent the age-related
decline of Nur77 in late adulthood may be a new approach
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FIGURE 2 Nur77 in glucose metabolism. In the liver, Nur77 overexpression induces the expression of genes associated with
gluconeogenesis in mice, such as fructose diphosphatase 1 (FBP1) and enolase-3 (Eno3), thereby stimulating glucose production in vivo and
in vitro and raising blood sugar levels. In addition, the first and rate-limiting step of gluconeogenesis is catalyzed by phosphoenolpyruvate
carboxykinase (PEPCK1); Nur77 enhances gluconeogenesis by modulating p300 activity and preventing Ubc9-PEPCK1 interactions, which
attenuate ubiquitination and maintain PEPCK1 stability—especially during energy restriction. In skeletal muscle, Nur77 is involved in

the expression of glycolytic genes, including glucose transporter 4 (GLUT4), phosphofructokinase (PFK), and phosphoglycerate mutase

2 (PGAM2). Nur77 also activates the sympathetic nervous system during acute stress, thereby promoting gluconeogenesis. In islet f cells,
Nur77 may enhance insulin sensitivity by activating the p-insulin receptor § (IRp)/p-insulin receptor substrate (IRS)/Akt/GLUT4 pathway
and regulating autophagy. Overexpression of Nur77 induces f cell proliferation and enhances mitochondrial respiration, which promotes
insulin secretion; it also increases the expression of the glycolytic gene Eno3. In the immune system, Nur77 participates in the activation

of glycolytic and TCA cycle enzymes, thereby driving cellular energy production and activating the Akt/mTOR axis, which leads to a
decrease in Treg differentiation. Transcriptional activation of glycolysis preferentially promotes Th17 differentiation rather than Treg via a
hypoxia-inducible factor 1a (HIF1a)-dependent mechanism. In tumor cells, Nur77 binds to response elements on the promoter of the WAP
four-disulfide core domain 21 pseudogene (WFDC21P) to induce its transcription. WFDC21P inhibits liver cancer cell glycolysis through
simultaneous interaction with phosphofructokinase (PFK) and the pyruvate kinase M2 isoform (PKM2), a key glycolytic enzyme. Moreover,
Nur77 interacts with PEPCK1 to promote gluconeogenesis in hepatocellular carcinoma by reducing the SUMOylation and ubiquitination of

PEPCK1, thereby effectively inhibiting glycolysis in hepatocellular carcinoma.

for treating age-related diseases. Future research should
explore the detailed molecular mechanisms of Nur77 in
different aging contexts to fully realize its translational
applications.

2.6 | Infection and inflammation

During infection, pathogens affect the transcriptional ma-
chinery of the host cell for their own benefit; however, the
underlying mechanism of this change remains elusive. In
wild-type mice infected with Listeria, CD8" T cells showed
a specific response to Listeria monocytogenes, with early ac-
tivation marker Nur77 induced within a few hours.” The
orphan nuclear receptor Nur77 regulates the macrophage
response to Mycobacterium tuberculosis (Mtb) infection.
Nur77isinduced in the early stage of infection. Metabolism
is regulated by directly binding isocitrate dehydrogenase 2

(IDH2) to the promoter of the Tricarboxylic acid circulat-
ing enzyme, acting as its inhibitor. This interaction shifts
the balance from a proinflammatory phenotype to an
anti-inflammatory phenotype. The depletion of Nur77 in-
creases IDH2 transcription, increasing intracellular levels
of succinic acid and leading to elevated levels of the proin-
flammatory cytokine IL-1p. Additionally, Nur77 inhibited
the production of antimicrobial nitric oxide and IL-1p in a
succinate dehydrogenase-dependent manner, suggesting
its induction favored bacterial survival by inhibiting the
bactericidal response. Nur77 depletion inhibits the intra-
cellular survival of Mtb. Conversely, Nur77 consumption
enhanced liposome formation, indicating a decrease in
Nur77 levels as the infection progresses may favor foam
macrophage formation and long-term survival of Mtb in
the host environment.”® However, preliminary experi-
ments in Nur77~/~ mice suggest that Nur77 is required
for Gardnerella exposure to trigger recurrent urinary tract
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infections in the host of uropathogenic Escherichia coli.”
It is not active in the host response to E. coli in the peri-
toneum and blood compartments. However, Nur77 regu-
lates bacterial influx into the organ by increasing vascular
permeability, thus exacerbating distant organ damage.

Furthermore, Nur77 is involved in viral infections.
EBNAZ2 is a transcriptional trans-activator encoded by the
Epstein-Barr virus. EBNA2 exerts its anti-apoptotic func-
tion by retaining Nur77 in the nucleus and preventing
it from targeting mitochondria in response to apoptotic
stimulation. Targeting Nur77 could be another strategy
by which the virus fights apoptosis.”® Hepatitis B virus X
protein (HBx) induces Fas ligand (FasL) expression and
Nur77, an orphan nuclear receptor associated with FasL
upregulation, and blocking Nur77 function inhibits FasL
induction by introducing antisense or a dominant negative
mutant Nur77. Nur77 may help direct the HBX-induced
Fas/FasL signaling pathway, eliminating invading Fas-
expressing lymphocytes.”

Since Nur77 was found to regulate the expression of
specific NF-kB-dependent genes, more studies have begun
to investigate the relationship between Nur77 and inflam-
mation. We found that overexpression of Nur77 alleviates
silkB-a-induced inflammation in RAW?264.7 cells, while
SiIKK-p alleviated ShNur77-induced inflammation.”"*%
Research on Nur77 and intestinal microecology revealed
that obesity in Nur77-deficient mice is related to low-grade
systemic inflammation mediated by intestinal microecol-
ogy disorder.'”! Intracellular induction of mouse caspase
11 or human caspase 4 to lipopolysaccharide (LPS) initi-
ates a protease cascade called the atypical inflammasome,
leading to gasdermin D processing and subsequent
nucleotide-binding and leucine-rich repeating immune
receptor family containing 3 (NLRP3) inflammasome acti-
vation. Nur77 binds directly to LPS through its C-terminal
domain, and the association between Nur77 and NLRP3
requires the presence of LPS and dsDNA, so Nur77 func-
tions as an intracellular LPS sensor. The binding of mi-
tochondrial DNA and LPS activates the non-classical
NLRP3 inflammasome.'>'**> Additionally, siRNA knock-
down of Nur77 in pulmonary microvascular endothelial
cells decreased VE-cadherin and p-catenin expression
and increased the number of fluorescein isothiocyanate-
labeled glucans transported in LPS-damaged endothelial
monolayers. Nur77 plays a key role in protecting the lung
endothelial barrier against LPS.'™* Docosahexaenoic acid
(DHA) has a strong anti-inflammatory effect and can bind
to the ligand binding domain of the anti-inflammatory
regulator Nur77, and DHA ethanolamine (DHA-EA) plays
an anti-inflammatory role as the Nur77 regulator. The
DHA-EA derivative J9, which targets Nur77, is a poten-
tial candidate for developing anti-inflammatory and acute
lung injury therapeutics.'® Compound B7 binds strongly

to Nur77 (K;=3.55% 107’M) and inhibits inflammation;
mechanistically, B7 regulates Nur77 colocalization in mi-
tochondria and inhibits LPS-induced inflammation by
blocking NF-xB activation in a Nur77-dependent man-
ner.'” Nur77 appears essential for inflaimmation; how-
ever, the mechanisms involved are not fully understood.

In conclusion, the immunomodulatory role of Nur77
in infection and inflammation is increasingly attracting
attention, and its association with the clinical outcomes
of infectious diseases is particularly important. As a key
regulator of the immune system, Nur77 plays an anti-
inflammatory and immunohomeostasis role by inhibiting
the NF-kB signaling pathway and regulating T-cell activ-
ity. In bacterial and viral infections, upregulation of Nur77
can reduce excessive inflammatory responses and reduce
tissue damage. For example, Nur77 improves survival in
bacterial sepsis by regulating the inflammatory response of
macrophages and clearing infection. Furthermore, in viral
infections, Nur77 regulates the balance between apopto-
sis and antiviral immune response, and its absence may
lead to chronic inflammation and infection persistence.
For example, Nur77 improves infection-related clinical
outcomes by modulating T-cell function and limiting
virus-induced immunopathological responses. Although
such studies preliminarily revealed the role of Nur77 in
infection, its specific regulatory mechanisms in different
pathogen infections and its effects on host immune tol-
erance still require further exploration. In-depth studies
of the Nur77 regulatory network in infection and inflam-
mation would facilitate the development of Nure77-based
immunotherapy strategies and improve clinical outcomes
for infectious diseases.

2.7 | Oxidative stress

Angiotensin II (Angll) induces disruption of mitochon-
drial homeostasis and oxidative stress. Nur77 knockdown
exacerbated Angll-induced oxidative stress in vascular
smooth muscle cells, and Nur77 can directly bind the pro-
moter regions of mitochondrial fission-related genes Fisl
and Drpl and inhibit their transcription.” Glutathione
peroxidase 1 (GPX1) is the most common antioxidant
enzyme in the glutathione peroxidase family. Nur77 en-
hances the trans-activation of the GPX1 promoter by
binding to a putative binding site on the GPX1 promoter,
increasing GPX1 expression. Nur77 may protect pancre-
atic beta cells from oxidative stress-induced apoptosis
by increasing GPX1 expression.'” However, fibroblast
growth factor 1 (FGF1), a classical mitogen, was treated
with the FGF1 variant with reduced proliferative potency
(FGF1AHBS), increased antioxidant gene expression,
and decreased Nur77 expression. Reduced mitochondrial
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fragmentation, reactive oxygen species (ROS) production,
and cytochrome c leakage enhance the mitochondrial
respiration rate and p oxidation to exert these beneficial
effects. Activation of Nur77 using Csn-B inhibits the ben-
eficial effects of FGF1.”’

2.8 | Autophagy

Autophagy is an evolutionarily conserved catabolic pro-
cess that attenuates cellular stress by digesting cytoplas-
mic contents and disposing of intracellular waste. The
liquid-liquid separation function of Nur77 is related to
mitochondrial autophagy. Nur77 mediates autophagy
in celastrol, strongly inducing LC3-II (an autophagy
marker) after treating HepG2 cells with celastrol for
6h, a response absent in Nur77~"~ mice.'”” The specific
mechanism involves liquid-liquid phase separation that
promotes the formation of membrane-less condensates
with ubiquitinated mitochondria Nur77 and is able to
isolate damaged mitochondria by interacting with the
ubiquitin-associated (UBA) domain of p62/SQSTMI1.
Mitochondrial autophagy is affected by the N-terminal in-
herently disordered region of Nur77 and the N-terminal
PB1 domain of p62/SQSTM1.%° The transcriptional func-
tion of Nur77 is involved in endoplasmic reticulum (ER)
autophagy. Overexpression of Nur77 induces FAM134B2,
which regulates the autophagic degradation of secreted
proteins synthesized in the ER, such as apolipoprotein C3
(APOC3). FAM134B2 can directly bind to lipidized LC3B
(LC3B-1I) and APOC3. They are delivered to lysosomes
in an autophagy-related 7 (ATG7)-dependent manner.*
Small ubiquitin-like modifier (SUMO)ylation is a post-
translational modification that affects protein stability
and transcriptional activity and alters protein-protein in-
teractions and the intracellular localization of target pro-
teins. This modification can enhance the transcriptional
activity of Nur77 and alter the intracellular distribution
to induce autophagy-dependent cell death.'”® Nur77 en-
hanced the expression of autophagy-associated protein
Beclinl and the ratio of LC3II/LC3I, thereby enhancing
the insulin sensitivity of HTR-8/SVneo cells.** Conversely,
Nur77 enhances mitochondrial fission, inhibits BNIP3-
associated mitochondrial autophagy, disrupts the mito-
chondrial structure, and impairs respiratory function,
and Nur77 knockdown is associated with enhanced au-
tophagy flux, which is highly dependent on the microtu-
bule (MT) network.**'%° Overexpression of Nur77 inhibits
Parkin-dependent mitochondrial autophagy by inhibiting
c-Jun N-terminal kinase (JNK). Reactivation of the JNK/
Parkin pathway eliminated the inhibitory effect of Nur77
on mitochondrial autophagy, ultimately limiting apop-
tosis."'” Other studies have shown that Nur77 regulates
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mitochondrial respiration without affecting autophagy.'*
Regardless of whether Nur77 interferes with autophagy in
different pathological processes or stimuli, Nur77 influ-
ences autophagy by regulating autophagy-related proteins
through transcription or protein interaction, necessitating
further mechanism studies.

2.9 | GlcNAcylation

Glycosylation is the transfer of sugars to proteins via glyco-
syltransferase and the formation of glycosidic bonds with
amino acid residues on the proteins. Proteins undergo
glycosylation to form glycoproteins. Glycosylation is an
important modification of protein, regulating protein and
aiding protein folding. Dysregulated O-GlcNAcylation
can lead to diabetic complications. One potential mech-
anism leading to elevated O-GlcNAcylation is increased
flux through the hexosamine biosynthesis pathway.
Glutamino-fructose-6-phosphoamyltransferase (GFAT) is
a rate-limiting enzyme that inhibits this pathway. Normal
expression of Nur77 was sufficient to promote GFAT2
mRNA expression and O-GIcNAcylation in cultured reti-
nal cells. High-fat diet (HFD) increases the retinal protein
O-GlcNAcylation by promoting Nur77-dependent GFAT2
expression.112

2.10 | Post-translational modifications
of Nur77

Nur77 participates in complex biological processes, and
its function is strictly regulated, with multi-level preci-
sion and complexity. Nur77 can form several homologous
proteins at the translation level and create homologous or
heterodimers or cooperate with other protein factors for
specific cellular functions. It is involved in signal trans-
duction pathways that respond to various extracellular
signals through protein modifications, including phos-
phorylation, acetylation, ubiquitination, SUMOylation,
methylation, oxidation, and glycosylation.
Phosphorylation of Nur77 can regulate its transcrip-
tional activation activity. Mstl promotes the transcrip-
tional activity of Nur77 by phosphorylating the Nur77
threonine 366 site, increasing the expression of the down-
stream target f3-integrin, and improving the embryo im-
plantation rate in delayed implantation mouse models.'"*
Phosphorylation of Nur77 at threonine 88, induced by
Chk2, inhibits the transcriptional activation activity of
Nur77, and phosphorylation enables Nur77 to bind to the
response elements on the promoter of BABAM2-BRISC
and BRCA1 A complex member 2 (BRE) and RNF-7
genes, negatively regulating these two anti-apoptotic
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genes and promoting cisplatin-induced apoptosis.'** SBK1
phosphorylates Nur77 serine 344 to promote liver FGF21
expression and inhibit transcription of genes involved in
lipid anabolism.®!

Phosphorylation of Nur77 can affect the expression of
the Nur77 protein. JNK induces phosphorylation of serine
95 at the N-terminal of Nur77, blocking the DNA-binding
properties of Nur77 and reducing its trans-activation ac-
tivity.""” The Ser95-Pro motif of Nur77 is a key site where
Pinl enhances Nur77 stability by delaying its degrada-
tion. Pinl can catalyze Nur77 by phosphorylating the
Ser431-Pro motif, which is phosphorylated by extracellu-
lar signal-regulated kinase 2 (ERK2), thereby enhancing
Nur77 trans-activation.''

Phosphorylation of Nur77 can affect its protein in-
teractions. GSK3p phosphorylated threonine 27 and 143
of Nur77, weakening its inhibition of Wnt signaling.""’
Additionally, Lp38«x phosphorylated threonine 27 and 143
of Nur77, inhibiting Nur77's binding to p65, compromis-
ing its ability to inhibit NF-kB activity, and activating the
inflammatory response.'”

Phosphorylation of Nur77 alters its subcellular localiza-
tion. TGF-P enhances the invasion of breast and lung can-
cer cells through the phosphorylation-dependent nuclear
output of the nuclear receptor Nur77.**'° Ribosomal S6
kinase (RSK) phosphorylates Nur77 at serine 354, regu-
lating its nuclear output and intracellular translocations
during T-cell death."®® Akt phosphorylates cytoplasmic
Nur77 through physical interaction with the N terminus
of Nur77, inhibits the interaction between Nur77 and Bcl-
2, impedes Nur77 mitochondrial localization, and inhibits
the occurrence of apoptosis.'*! Conversely, the highly ac-
tive Akt2 in tumor cells can phosphorylate Serine 533 of
Nur77, retaining Nur77 in the nucleus and preventing its
mitochondrial localization.'

Additionally, Serpina3c_/ ~ inhibits Nur77 acetyl-
ation and increases its degradation. Serpina3c inhib-
its the transcriptional activation of enolase ENO1 by
regulating Nur77 acetylation, thereby reducing fibro-
sis after myocardial infarction by inhibiting glycoly-
sis.'** Methylmercury inhibits the recruitment of the
CREB-binding protein (CBP) complex to the Nur77
promoter region and impairs neuronal function associ-
ated with Nur77 inhibition by reducing acetylation of
histone H3 lysine 14 levels.'** The expression of p300
with histone acetyltransferase activity enhances the
acetylation and protein stability of Nur77. HDACI re-
duces the acetylation level of Nur77, reducing its pro-
tein level and transcriptional activity; treatment with
the HDAC inhibitor trogoustatin A increases Nur77
acetylation.'®'*® The post-practice Nr4a gene expres-
sion requires the CREB interaction domain of histone
acetyltransferase CBP. Mutations in the CREB-CBP

interaction domain reduce Nr4a promoter acetylation
after learning."”’ SUMOylation of Nur77 inhibits its
transcriptional activity in HEK-293T cells. By replac-
ing arginine residues at two phylogenetically conserved
putative SUMO receptor sites, Lysine 102 (K102) and
577 (K577), Nur77 transcriptional activity is regulated.
Specifically, the Nur77-k102r and Nur77-K102R/K577R
mutants significantly reduce Nur77 transcriptional ac-
tivity. Conversely, a single K577R substitution increases
Nur77 transcriptional activity. The K577R mutation re-
duced the inhibition of SUMO2 and PIASy on Nur77
transcriptional activity, while the K102R mutant re-
mained insensitive to SUM02.'%® Under glucose starva-
tion, ERK2 phosphorylation is activated, leading to the
translocation of Nur77 to the mitochondria. The cys-
teine residues at positions 505, 551, and 566 of Nur77
undergo oxidation and modification. These modifica-
tions protect the rate-limiting enzyme TP-f in fatty acid
oxidation (FAO) from oxidation, thereby regulating the
FAO process.*® TRAF2, a scaffold protein, and E3 ubig-
uitin ligase promote the ubiquitination of Nur77 in mi-
tochondria, making it sensitive to autophagy.'®” PPARy
promotes the ubiquitination and degradation of Nur77
mediated by ubiquitin ligase Trim13 through binding to
Nur77 and then affects the interaction of Nur77 with
CD36 and FABP4 promoters, which promotes the oc-
currence and progression of breast cancer.'*'* The E3
ubiquitin ligase Smad ubiquitination regulator 1 miti-
gated the JNK-mediated downregulation by mediating
its unconventional ubiquitination to prevent Nur77
degradation, resulting in Nur77 accumulation and sub-
sequent translocation to mitochondria to trigger apop-
tosis"*! (Figure 3).

211 | Summary

Nur77 plays an important role in cell physiological ac-
tivities, indicating its complex, multi-level regulation;
although the description of Nur77's physiological func-
tion remains vague and unclear, our understanding of the
function is constantly improving.

3 | NUR77 AND NEUROLOGICAL
DISEASES

Nur77 is associated with various neurological disorders,
such as Parkinson's disease, multiple sclerosis, ischemic
encephalopathy, AD, and depression. Many models of
CNS disease in existing studies have shown that the lack
of Nur77 can lead to increased symptoms and mortality
in mice, suggesting that Nur77 has a protective effect in
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FIGURE 3 Molecular regulation of Nur77 at various levels. At the transcriptional level, transcription factors ERG, ETS1, SPDEF,

ELK1, TFAP2A, SPI1, C/EBP-f, and c-Jun bind to the Nur77 promoter and regulate its expression. At the post-transcriptional level, Alkbh5
interacts with Nur77 mRNA, leading to the ablation of m6A modification and enhancing its stability. Some miRNAs also target the 3'UTR of
the Nur77 gene, which leads to mRNA degradation. At the post-translational level, Nur77 can be phosphorylated at various sites by different
phosphokinases. Additionally, Nur77 can be regulated by other post-translational modifications, such as acetylation, ubiquitination, and

oxidation.

nervous system diseases, and its corresponding regulatory
mechanisms need to be further studied.

3.1 | Parkinson's disease

Parkinson's (PD) usually involves the progressive loss of
dopaminergic (DA) neurons in the substantia nigra and the
accumulation of Lewy bodies composed mainly of alpha-
synuclein (a-syn)."** Studies have confirmed that genetic
or drug promotion of Nur77 salvaged a-syn toxicity and
altered inclusion body morphology in PD cell models and
that treatment with the Nur77 agonist CN-B prevented
DA cell death. Under alpha-SYN, Nur77 translocated from
cytoplasm to mitochondria to improve prohibitin (PHB)-
mediated mitochondrial autophagy by regulating c-Abl
phosphorylation. Overexpression of Nur77 alleviates the
expression level of pS129-a-syn and the loss of DA neurons
in a-syn pre-formed fibrils mice, suggesting therapeutic
potential for PD.* Microglia-mediated neuroinflammation
plays a key role in PD pathological development. In vitro
and experimental 1-methyl-4-phenyl-1,2,3,6-tetrahydropyr
idine-induced PD mouse models exhibited reduced Nur77

expression in microglia. Overexpression of Nur77 or ap-
plication of the Nur77 agonist cytosporone B inhibited the
expression of proinflammatory genes such as inducible ni-
tric oxide synthase, cyclooxygenase-2, IL-1p, and TNF-a in
activated microglia, and activation of Nur77 inhibited LPS-
induced NF-xB activation,*>->¢34 Additionally, studies have
shown that the neurotoxin 6-hydroxydopamine causes
rapid upregulation of Nur77 in the substantia nigra of rats.
Genetic disruption of Nur77 in rats reduced neurotoxin-
induced dopamine cell loss and L-dopa-induced dyskinesis,
while viral-driven Nur77 striatal overexpression enhanced
or partially restored chronic L-dopa-induced involuntary
movement in wild-type and Nur77-deficient rats, respec-
tively.133 Compared with the WT 1-methyl-4-phenyl-1,2,3,
6-tetrahydropyridine MPTP-treated control group, Nur77-
deficient MPTP-treated mice demonstrated reduced levels
of dopamine and 3,4-dihydroxyphenylacetic acid in the
striatum and elevated postsynaptic FosB activity, indicat-
ing increased nigra striatum damage. Notably, in the ni-
grostriatal system, ectopic Nur77 expression salvaged this
sensitization in Nur77-deficient mice."** Nur77 has an in-
hibitory effect on PD pathology, enhancing its potential as
a therapeutic intervention target for PD.
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32 | AD

Studies investigating the function of Nur77 in AD are lim-
ited. Amyloid-beta peptide (Ap) is the most important bio-
marker for AD, and the amyloid-producing pathway of Ap
and Tau hyperphosphorylation are the most studied targets.
An early study showed that compared with wild-type mice,
the mRNA level of Nur77 in amyloid precursor protein
(APP)+presenilin 1 (PS1) transgenic mice decreased, while
the mRNA expression level of presynaptic markers (includ-
ing synaptic vesicular and synaptic fusion proteins.) was
relatively stable. Nur77 may regulate cognitive dysfunction
before synaptic and neuronal degeneration.'* Other studies
indicated that Nur77 expression levels are normal in young
APP + PS1 mice prior to amyloid deposition but decline
as the mice age and amyloid deposit accumulation.’*® A
genome-wide scan of the human promoter region nbrs found
that SerpinA3 (1-anticoagulant trypsin), a major component
of plaques that interacts with neurotoxic Af during the pro-
duction of AD, can be identified as a novel Nur77 regulatory
gene.””” In NR4A family gene expression in the peripheral
blood of patients with AD, only Nur77 gene expression
was significantly downregulated.’*® Conversely, compared
with wild-type mice, Nur77 expression is increased in the
hippocampus of APP/PS1 transgenic mice, and overexpres-
sion of Nur77 in HT22 cells upregulates APP and BACE1
levels, downregulates the expression of ADAM10, and pro-
motes amyloidosis. The results showed that a-CTF levels de-
creased and B-CTF levels increased. Nur77 accelerates tau
hyperphosphorylation via GSK3p signaling.'*® Therefore,
Nur77 plays a certain role in AD; however, it is necessary
to deeply understand the mechanism of Nur77 in the AD
process.

3.3 | Multiple sclerosis

Multiple sclerosis (MS) is an autoimmune neurodegen-
erative disease characterized by the central role of CD4*
T cells in its pathogenesis. These peripherally activated
T cells migrate to the CNS, leading to demyelination and
axonal degeneration.'** During the development of MS,
various regulatory mechanisms were driven by Nur77.
In a proteomic analysis of dysregulated pathways in ac-
tivated T cells from healthy individuals and patients
with MS, the Nur77 pathway was identified as a biologi-
cal pathway known to limit the abnormal effect of T-cell
responses.'*! Subsequent studies revealed that Esrra pro-
moters can directly bind to the Nur77 protein, affecting
T-cell mitochondrial metabolism, such as oxidative res-
piration and glycolysis. Nur77-deficient T cells are highly
proliferative, and the lack of Nur77 is associated with en-
hanced T-cell activation and increased susceptibility to

the T-cell-mediated inflammatory disease MS, identifying
Nur77 as a transcriptional regulator of T-cell metabolism,
which raises the threshold for T-cell activation.” Proper
expression of Nur77 can promote the development of Treg
cells by stimulating Foxp3 expression.'** In the preclinical
stage of MS, Nur77 expression is low in peripheral blood
mononuclear cells. Knocking out the Nur77 gene in mice
exacerbates symptoms of experimental autoimmune en-
cephalomyelitis (EAE), an animal model of MS. After
treatment with Csn-B, the clinical symptoms of EAE in
mice were significantly reduced. The percentage of CD4"
T and F4/80" cells in the CNS decreased.'**'** Thus,
Nur77, as a major regulatory gene of T-cell metabolism,
enhances its potential as a therapeutic intervention target
for MS.

Additionally, the adrenal signaling system is involved
in the development of MS. Transcription factor Nur77
regulates the production of norepinephrine (NE) in mac-
rophages, limiting EAE. Nur77 inhibits autocrine NE
production in macrophages by recruiting the corepres-
sor protein to the Th promoter. NE and proinflammatory
IL-6 reactivate monocyte-derived macrophages through
adrenergic and gp130 receptors, respectively, leading to
the aggravation of the vicious cycle of the inflammatory
response and promoting the recruitment of T cells and
other inflammatory cells to the CNS. Nur77 serves as a
regulator of inflammation and the sympathetic nervous
system.'* Moreover, microglia play a critical role in the
development and progression of MS, and Nur77 loss trig-
gers spontaneous and excessive microglia activation, lead-
ing to increased cytokine and nitric oxide production and
accelerated and worsened forms of EAE. Ligand-induced
Nur77 activation correspondingly improves disease out-
comes.*® Fingomode and Sinimode (BAF312) are selective
agonists of the sphingosine-1-phosphate receptor and are
approved for the treatment of relapsing remission and sec-
ondary progression MS, respectively. BAF312 enhances
Nur77 expression in the N9 microglia cell line and exerts
pro-myelination and neuroprotective functions on CNS
resident cells.'*

Nur77 has been identified as a regulator of microglia
activation and a potential new target for treating inflam-
matory CNS diseases such as MS.

3.4 | Cerebrovascular diseases

Cerebrovascular diseases are often characterized by cer-
ebral tissue ischemia or bleeding accidents, such as cer-
ebral atherosclerosis, moyamoya disease (MMD), cerebral
hemorrhage, and cerebral ischemia. Arterial remodeling
is a key process in vascular diseases such as aneurysm
formation and atherosclerosis, and lipid-rich foam cells
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derived from subcutaneous macrophages contribute to the
occurrence and progression of atherosclerosis. SLAMF7
is upregulated in mouse bone marrow-derived mac-
rophages and RAW264.7 cells stimulated with oxidized
low-density lipoprotein (ox-LDL). SLAMF7 responds to ox-
LDL by downregulating Nur77 and upregulating RUNX3.
Overexpression of Nur77 reverses SLAMF7-induced lipid
uptake and M1 polarization by inhibiting RUNX3 expres-
sion, thereby alleviating carotid atherosclerosis progres-
sion.'*”"1* Furthermore, activation of the pyrin domain of
the NLRP3 inflammatory-mediated IL-1f secretion is a vital
part of the inflammatory process of atherosclerosis forma-
tion. Nur77~'~ mice showed severe plaque load associated
with increased lipid deposition, decreased smooth mus-
cle cells, macrophage infiltration, and decreased collagen
expression, and Nur77 deletion promotes atherosclerosis
formation by exacerbating NLRP3-mediated inflamma-
tion."*® MMD is a rare progressive cerebrovascular disease
characterized by stenosis and occlusion. A gene expression
profile of intracranial arteries in MMD patients revealed
gender-specific differentially expressed genes. Examples
include aquaporin-4, superoxide dismutase 3, and Nur77,
a member of the nuclear receptor subfamily 4 Group A.
These findings highlight sex differences in gene expres-
sion in intracranial arteries and offer new insights into the
pathogenesis of MMD."** Additionally, Nur77 promotes
apoptosis of brain cells by mediating early brain injury
and triggering conformational changes of BCL-2, resulting
in the release of cytochrome C. Nur77 activity and brain
cell apoptosis peaked 24 h after the onset of subarachnoid
hemorrhage (SAH). Following SAH induction, the Nur77
agonist Csn-B was injected to enhance Nur77 expression
and function."" In the thrombotic focal ischemia model, at
an early point (1-4h), nerve growth factor-induced gene A
was rapidly induced throughout the ipsilateral cortex, with
no significant differences between distal cortical regions.'>
Nur77 expression significantly increased in microglia after
ischemic brain injury. Nur77 KO reduces infarct volume
and ischemia-induced neuronal injury, inhibits neuronal
apoptosis, and alleviates M1 polarization in microglia and
neutrophil recruitment. The expression of M1 markers,
chemokines, intracellular adhesion molecule-1, and my-
eloperoxidase levels was reduced, while the expression of
anti-inflammatory factors in oxygen-glucose deprivation
(OGD)-treated microglia was salvaged to alleviate ischemic
stroke.'>*!** In contrast, Nur77 expression was upregulated
in cerebral ischemia-reperfusion or OGD/reoxygenation
(OGD/R) models, and in SiNur77-transfected cells, the
number of dysfunctional mitochondria increased and mi-
tochondrial autophagy was inhibited, which exacerbated
OGD/R-induced neuronal damage.155 Therefore, Nur77
tends to promote apoptosis in hemorrhagic stroke while
inhibiting neuronal apoptosis in ischemic stroke. It acts
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as a bridge between mitochondria-mediated apoptosis and
autophagy in CNS-related inflammation and metabolism.

3.5 | Other neurological disorders

Nur77 has been linked to depression. At high latitudes,
approximately 10% of the population suffers from depres-
sion during the winter months, and levels of Nur77 are ob-
served to be suppressed in the brains of muskefish during
this period. Cytosporone B, a chemical activator of Nur77,
reverses winter depression-like behavior.'*® Other studies
have shown that Nur77 mRNA levels in the dentate gyrus
are decreased in patients with major depression compared
with control subjects with normal mental health."’

Nur77 plays a crucial role in neurological diseases,
particularly neurodegenerative diseases. Currently, most
studies have shown that Nur77 protects against neu-
ropathy (Figure 4). However, its role in AD and other
neurodegenerative diseases has not been explored com-
prehensively. Existing studies have shown that Nur77 may
play a role in the pathological process of AD by regulat-
ing oxidative stress, autophagy, and mitochondrial func-
tion. The absence of Nur77 may aggravate beta-amyloid
protein (AP) accumulation and hyperphosphorylation of
tau protein, which may further exacerbate neuroinflam-
mation and apoptosis. In addition, Nur77 is strongly as-
sociated with mitochondria-related apoptotic pathways,
and its studies in Huntington's disease and amyotrophic
lateral sclerosis (ALS) have shown similar neuroprotective
potential. For example, Nur77 may improve Huntington
protein aggregation by regulating autophagy mechanisms,
while alleviating oxidative stress-induced motor neuron
degeneration in ALS. Although such findings provide
clues to the neuroprotective effects of Nur77, its specific
molecular mechanisms in AD and other neurodegenera-
tive diseases still require further investigation.

Future research should focus on the factors that affect
Nur77's balance between neuronal survival and death, as
well as its roles in anti-inflammatory, proinflammatory
responses, and other cellular events. Key considerations
should include subcellular localization, cell type, cell en-
vironment, interactions with other signaling molecules,
and the types of stimuli that regulate Nur77's expression
and activity. More conditional KO animal models and
clinical data are needed to elucidate the therapeutic po-
tential of Nur77 in neurological diseases.

4 | NUR77 AND CANCER

Many studies have linked Nur77 with cancer, where
Nur77 expression is always disorganized.
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FIGURE 4 Nur77 in neurodegenerative diseases. Numerous studies have identified Nur77 as having a neuroprotective role in

neurodegenerative diseases. In the PD model, Nur77 mitigates alpha-SYN toxicity, alters inclusion body morphology, prevents DA cell

death, regulates mitochondrial autophagy, and reduces inflammation. In the MS model, Nur77 regulates T-cell metabolism and regulates

the production of norepinephrine (NE) in macrophages, thereby limiting autoimmune encephalomyelitis (EAE). Additionally, Nur77

suppresses the spontaneous and excessive activation of microglia, thereby curtailing the inflammatory response. In the CVD model, Nur77

impedes the progression of cerebral atherosclerosis and serves as a mediator between mitochondria-mediated apoptosis and autophagy.

4.1 | Breastcancer
Breast cancer is the most common malignant tumor in fe-
males, and the research on Nur77 in breast cancer is rela-
tively extensive, although there has been controversy about
whether Nur77 inhibits or promotes breast cancer. Nur77
is a key player in inhibiting exogenous fatty acid uptake by
breast cancer cells, inhibiting CD36 and FABP4 expression
by recruiting SWI/SNF complexes and HDAC1 transcrip-
tion, thereby hindering the development of breast cancer.
However, the highly expressed nuclear receptor PPARy in-
teracts with Nur77 to recruit ubiquitin ligase Trim13 to tar-
get Nur77 for degradation. This effect of Nur77 is ineffective
during breast cancer progression, while Csn-B treats breast
cancer by disrupting Nur77-Ppary binding, thereby en-
hancing Nur77's blocking of fatty acid uptake in the tumor
metabolic microenvironment.'?’ In vitro, hypoxia induces
the expression of HIF-1a and Nur77 in breast cancer cells,
while the addition of p-glucan from Lentinus (LNT) down-
regulates HIF-1a expression in oxygen-free environments,
and the process is partially dependent on Nur77, involving
the Nur77-mediated ubiquitin-proteasome pathway. LNT
appears to inhibit breast cancer progression in part through
the Nur77/HIF-1a signaling axis.'*®

Conflicting data have also been published, with
Paraspeckle Component 1 (PSPC1) reported as a major

regulator of the pro-cancer response, including activation of
TGFp, TGFp-dependent epithelial-mesenchymal transition,
and metastasis. Knockdown of NUR77 reduces the expres-
sion of PSPC1 in MDA-MB-231 breast cancer cells. The re-
sults of chromatin immunoprecipitation showed that Nur77
regulates PSPC1 by interacting with the Nuclear Respiratory
Factor Binding Element sequence in the PSPC1 gene pro-
moter. Nur77 antagonists inhibit breast tumor growth and
downregulate PSPC1 in tumors."’

These studies illustrate inconsistencies in data related
to the Nur77 breast cancer study. More clinical evidence
and mechanistic studies are needed to clarify the role of
Nur77 in breast cancer development.

4.2 | Lung cancer

The present study tends to promote lung cancer metastasis
by Nur77. Orphan nuclear receptors Nur77 (NR41A and
Nur77) are overexpressed in most patients with lung cancer.
RNA interference knockdown of Nur77 (si Nur77) inhibits
the growth of cancer cells and induces apoptosis. Nur77
promotes lung cancer cell development by inhibiting P53
and activating mTORC1."*® Additionally, TGF-p enhances
lung cancer cell invasion through the phosphorylation-
dependent nuclear output of the nuclear receptor Nur77."’
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TIAM1-RACI signaling promotes small-cell lung cancer
cell survival through Nur77 nuclear isolation.*®

4.3 | Liver cancer

Current studies suggest that Nur77 inhibits the occurrence
and progression of liver cancer. Nur77 is downregulated
in HB tumors compared with paracancer tissue and inhib-
its tumor cell proliferation by affecting f-catenin expres-
sion.'®! Extracellular vesicles are crucial in intercellular
communication within the tumor microenvironment, and
TGF-p stimulates palmitoylation of hexokinase 1 (HK1)
in HSCs, promoting HK1 secretion via large extracellular
vesicles in a TSG101-dependent manner. Large extracel-
lular vesicles of HK1 are hijacked by HCC cells, accelerat-
ing glycolysis and HCC progression. Nur77 transcription
activates the expression of the depalmitoylase ABHD17B
to inhibit HK1 palmitoylation, reducing HK1 release. The
small molecule PDNPA, which binds to Nur77 to gener-
ate steric hindrance and block Akt targeting, disrupts
Akt-mediated Nur77 degradation and preserves Nur77's
inhibition of HK1 release, inhibiting HCC progression.'
Furthermore, nuclear output from Nur77 promotes ap-
optosis of liver cancer cells, and chemotherapy agents
targeting Nur77-mediated cytoplasmic vacuolation and
paratropsis may provide a promising strategy for fighting
HCC, which often evades apoptosis.'®*'** Nur77 inhibits
HCC development through transcriptional activation of
the IncRNA WAP four-disulfide core domain 21 pseudo-
gene (WFDC21P). WFDC21P can inhibit glycolysis by si-
multaneously interacting with PFKP and PKM2, two key
enzymes in glycolysis.”' Gluconeogenesis is an important
metabolic process of hepatocytes and is downregulated in
HCC. Nur77 inhibits HCC by reducing phosphoenolpyru-
vate carboxykinase SUMOylation to shift glucose metabo-
lism to gluconeogenesis.**

4.4 | Colon cancer

Reportedly, high Nur77 expression promotes the ap-
optosis of colon cancer cells and inhibits the growth
of colon tumors.'®'%° However, conflicting data show
that most human colon tumors (9 out of 12) have el-
evated Nur77 levels compared with non-tumor tissues
and are potentially induced by different colon carcino-
gens, including deoxycholic acid (DCA). DCA-induced
Nur77 expression upregulates anti-apoptotic BRE and
angiogenic vascular endothelial growth factor (VEGF),
enhances the growth, colony formation, and migration
of colon cancer cells, and acts as an important media-
tor of Wnt/p-catenin and AP-1 signaling pathways.'¢”1%8

#\SEBJourml

Beta-catenin is a potent cancer-causing protein in colo-
rectal cancer, and hypoxic triggering of the Nur77-beta-
catenin feedforward loop promotes aggressive growth
of colon cancer cells.'® Nur77 antagonists inhibit
colon tumor growth, downregulate PD-L1 expression
in mouse colon Mc-38-derived tumors and cells, and
inhibit Nur77-dependent T-cell depletion in tumor-
infiltrating lymphocyte and spleen.'”

However, studies have shown that the effect of Nur77
on colon cancer tissue is affected by TGF-f, and differenti-
ation inhibitor 1 (ID1) is a target gene of TGF-p and a key
promoter of colon cancer progression. Nur77 enhances
TGFp/SMAD3-induced ID1 mRNA expression by block-
ing SMurF2-mediated Smad3 monoubiquitination, up-
regulating ID1 to play a pro-cancer role. In the absence
of TGFp, Nur77 disrupts the stability of ID1 protein by
promoting SMURF2-mediated ID1 polyubiquitination,
leading to ID1 downregulation and its anticancer effect.*
These inconsistent reports make it difficult to clarify the
role of Nur77 in colon cancer.

4.5 | Pancreatic cancer

Nur77 is overexpressed in human pancreatic tumors com-
pared with non-tumor tissues. Its knockdown reduces the
proliferation of pancreatic cancer cells, promotes apopto-
sis, and reduces anti-apoptosis gene expression (including
Bcl-2 and survivin), which mediates survivin inhibition by
forming the NUR77-SP1-P300 DNA-binding complex in
the GC-rich region near the survivin promoter.'”* It regu-
lates ER stress and ROS levels in pancreatic cancer cells
to promote cell proliferation and survival.'’* Additionally,
highly expressed Nur77 interacts with cyclin-dependent
kinase inhibitor p21 to promote the proliferation of pan-
creatic cancer cells.”> High expression of pl-integrin is a
negative prognostic factor in patients with pancreatic can-
cer. Nur77 overexpression upregulates p1-integrin protein
and mRNA expression, a5-integrin, and pl-integrin-
dependent phosphorylated FAK expression, and pro-
motes pancreatic cell migration and fibronectin-induced
adhesion.'”

4.6 | Leukemia

Recent studies reveal that Nur77 is a tumor suppres-
sor gene in leukemia. Compared with wild-type mice,
Nur77~/~ mice rapidly develop acute myeloid leuke-
mia (AML).}*7® The main mechanism of Nur77 pro-
motes apoptosis and differentiation of leukemia cells.*
Ginsenoside 20 (S)-Rh2 induces apoptosis and differ-
entiation of AML cells. It promotes the translocation of
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Nur77 from the nucleus to mitochondria, enhances the
interaction between Nur77 and Bcl-2, and leads to the
BH3 domain exposure of Bcl-2, activating Bax. Therefore,
the Nur77-mediated signaling pathway is highly involved
in Ginsenoside 20 (S)-Rh2-induced apoptosis and differ-
entiation of AML cells,'”” which represents a potential
clinical application for treating this disease.

4.7 | Other cancers
Bladder cancer is the second most prevalent malignancy
of the genitourinary system, and Nur77 is overexpressed in
bladder tumors and cancer cells compared with non-tumor
bladder tissue.'”® High Nur77 expression inhibits UM-UC-3
cell growth and cell cycle progression, and Nur77 com-
petes with the androgen receptor to bind to Src-1, a well-
known steroid coactivator, thereby inhibiting the growth
of androgen-dependent bladder cancer cells.*> Nur77 pro-
motes the survival of melanoma cells under metabolic
stress by protecting FAO, thus playing a role in promoting
cancer.”® Another study found that mitochondrial localiza-
tion of Nur77 triggers apoptosis of melanoma cells.'”'*
The function of Nur77 in tumors is complex, with vary-
ing reports showing upregulated Nur77 in melanoma,
lung, bladder, colon, and pancreatic cancers, while other
studies show that it is downregulated in liver and breast
cancers. Moreover, its function differs across tumor types,

Promote apoptosis .

Regulating fatty acid oxidation Jielanonggyy 4

Liver
cancer e

Inhibit glycolysis
Regulate p-catenin expression
Promote gluconeogenesis

subtypes, and different stages of development (Figure 5,
Table 3). For example, Nur77 has both cancer-promoting
and cancer-suppressing effects at different stages of
breast and colon cancer development. The contradictory
effect is attributable to the tissue-specific regulation of its
activity and its interaction with different ligands or sig-
naling pathways. For example, Nur77, through its inter-
action with metabolic regulators such as Sirt1 or Akt, may
both enhance anti-tumor immune responses and support
tumor cell metabolic adaptation. In addition, changes in
the subcellular localization of Nur77, such as transfer to
mitochondria or retention in the nucleus, also signifi-
cantly affect its role in cancer. This bidirectional func-
tion reveals the potential challenges and opportunities
for Nur77 as a therapeutic target. Future studies should
further analyze its regulatory network in different tumor
types to clarify the mechanisms of its cancer-promoting
or cancer-suppressing effects, which would optimize its
application strategies in cancer therapy.

5 | OTHER DISEASES

Additionally, Nur77 is associated with several other dis-
eases, emphasizing its broad regulatory role in disease.
Its deletion affects systemic glucose metabolism, lead-
ing to increased susceptibility to diet-induced obesity
and insulin resistance in mice. HFD-induced insulin

Cell cycle control
Regulating ROS and endoplasmic reticulum stress

Pancreatic
cancer

Promote the expression of anti-apoptosis gene

Promote the expression of anti-apoptosis gene

N & Promote apoptosis

Promote apoptosis of cancer cells Nur77
Inhibiting fatty acid uptake @ Breast ., (( Bladder Cell cycle control
Activate the TGF-p signaling pathway cancer cancer Inhibit androgen receptor activity
Regulate TIAM1-RAC1 signali th R ote 2popioy
i . R Lung Colon Regulate the WNT signaling pathway
Activate the mTORCT1 signaling pathway ) " 2
b cancer cancer Regulate the AP-1 signaling pathway

Regulate the TGF-p signaling pathway

Regulate the TGF- signaling pathway

FIGURE 5 Nur77 in tumors. The multiple roles of Nur77 vary across different cancer types. In breast cancer, Nur77 has a dual role:

It exerts a cancer-inhibiting effect by reducing the uptake of exogenous fatty acids in breast cancer cells and a cancer-promoting effect by

activating the tumor TGF-p signaling pathway. In lung cancer, Nur77 enhances metastasis by regulating the TTAM1-RAC1, mTORC1,

and TGF-p signaling pathways. In liver cancer, Nur77 acts as an anticancer agent by regulating p-catenin expression, inhibiting glycolysis,
enhancing gluconeogenesis, and promoting apoptosis. In colon cancer, Nur77 exerts a cancer-inhibiting effect by promoting apoptosis of
cancer cells and a cancer-promoting effect by regulating the Wnt/AP-1/TGF-p signaling pathway. Nur77 encourages pancreatic cancer
development by regulating reactive oxygen species and endoplasmic reticulum stress, promoting the expression of anti-apoptotic genes,

and controlling the cell cycle. Nur77 inhibits the development of leukemia by enhancing anti-apoptotic gene expression and promoting
apoptosis. In bladder cancer, Nur77 suppresses tumor growth by controlling the cell cycle and inhibiting androgen receptor activity. In
melanoma, Nur77 promotes cancer by regulating fatty acid oxidation and acts as an anticancer agent by promoting apoptosis. The red box
indicates high Nur77 expression in the tumors relative to adjacent tumors. The blue box represents low Nur77 expression in tumors. The red
arrows denote Nur77's cancer-promoting roles, green arrows indicate suppressing roles, and purple arrows highlight ongoing controversy.
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TABLE 3 Nur77 in tumors.

Expression
level (cancer/
Tumor type paracancer) Biological function
Breast cancer Low Promotion and
inhibition
Lung cancer High Promotion
Liver cancer Low Inhibition
Colon cancer High Promotion and
inhibition
Pancreatic cancer High Promotion
Leukemia Low Inhibition
Bladder cancer High Inhibition
Melanoma High Promotion and

inhibition

resistance is greater in the skeletal muscle and liver of
Nur77-deficient mice. Loss of Nur77 expression in skel-
etal muscle impairs insulin signaling and reduces GLUT4
protein expression.”>®! Gestational diabetes mellitus
(GDM) is a common complication of pregnancy. Nur77
expression is abnormally upregulated in the placental tis-
sues of GDM mice. This may be linked to Nur77's ability
to enhance the insulin sensitivity of HTR-8/SVneo cells
by activating the IRB/IRS/Akt/GLUT4 pathway and regu-
lating autophagy.®® Leptin is an anorexic hormone in the
hypothalamus that inhibits food intake and increases en-
ergy expenditure. Non-response to leptin leads to obesity.
Nur77 enhances the transcriptional activity of STAT3 by
recruiting acetylase p300 and HDAC]I, regulating the ex-
pression of the Pomc gene in the middle and lower hy-
pothalamus, thereby promoting the STAT3 acetylation
activator. Therefore, Nur77 can be used as a leptin-driven
positive regulator of hypothalamic anti-obesity.*

6 | DISCUSSION AND
CONCLUSIONS

This paper reviewed the function of Nur77, revealing its
role in nervous system regulation, mitosis, and genome

Mechanism
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integrity, cell differentiation, cell homeostasis, aging, in-
fection and inflammation, oxidative stress, and autophagy.
We summarized the current regulatory mechanisms of
Nur77 and its identification as a substrate for transcrip-
tion factor regulation (Table 1) and as a transcription-
independent regulator through protein interactions and
changes in subcellular localization (Table 2). Additionally,
we examined the current role of Nur77 in neurological
diseases and cancer, emphasizing its potential as a thera-
peutic target.

Nur77 plays an indispensable role in various physio-
logical processes, particularly in aging. Oxidative stress,
mitochondrial dysfunction, and chronic inflammation
increase significantly with an increase in age, becoming
the core drivers of aging and related diseases. For the first
time, our research team found that Nur77 deficiency is
associated with aging phenotypes in mice, including kid-
ney, liver, and fat aging. The NUR77-deficient mice had a
shorter lifespan than the wild-type mice. Nur77 is essen-
tial in multi-organ aging models. For example, the regu-
lation of Sirtl homeostasis by Nur77 facilitates oxidative
stress and apoptosis resistance, thereby delaying organ
degradation associated with aging. In renal aging, Nur77
alleviates renal fibrosis and improves function by inhib-
iting TGF-B/Smad signaling pathways. In addition, the
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role of Nur77 in cancer and neurodegenerative diseases,
such as Alzheimer's and Parkinson's, is of interest. In can-
cer, Nur77 exhibits bidirectional function by modulating
tumor suppression and growth promotion pathways. In
neurodegenerative diseases, it has shown therapeutic po-
tential by regulating mitochondrial autophagy, inhibiting
inflammation, and maintaining neuronal survival. Among
them, one common regulatory mechanism of Nur77 in
cancer and neurodegenerative diseases is its regulation of
T-cell metabolism. In T-cell biology, Nur77 is essential for
thymic cell selection and the maintenance of immune tol-
erance. Its dysfunction can lead to T-cell failure, impaired
anti-tumor immune function, and increased susceptibil-
ity to neurodegenerative diseases such as MS, and certain
infection-related diseases.

Although existing studies have shown that Nur77 plays
an important role in aging and disease, its specific molec-
ular mechanisms and interaction networks still need to be
explored further. A comprehensive understanding of the
regulatory role of Nur77 in cell homeostasis and patho-
logical processes not only helps to reveal its central role
in age-related diseases but also provides a solid scientific
basis for therapeutic strategies targeting Nur77.

Beyond the classical transcription of the nuclear re-
ceptor family, Nur77 has other functions independent
of transcription. However, with the increasing number
of Nur77 substrates discovered, transcription remains
its primary function for exerting its physiological and
pathological effects. Additionally, Nur77 modulates the
same substrate across different physiological and disease

models, resulting in varied physiological changes, possibly
due to microenvironment and tissue specificity (Figure 6).
However, Nur77 regulates multiple substrates in the same
disease, playing different or opposing roles, necessitating
further in vivo studies to elucidate its mechanisms.

Furthermore, in different tumor types, subtypes, and
developmental stages, Nur77 plays different roles, pro-
moting and inhibiting cancer as a proto-oncogene and
tumor suppressor gene, respectively. It is an important
anti-tumor drug target, which can induce apoptosis and
autophagy through Nur77 mediation and inhibit tumor
growth. Screening small molecules that block or enhance
the interaction between nuclear receptors and key pro-
teins may represent a new direction for screening nuclear
receptor-targeting drugs. Currently, due to the limitation
of technical means, the endogenous ligand of Nur77 has
not been isolated and detected. Although the discovery of
agonists and antagonists in vitro facilitates the study of
Nur77's function, finding and identifying its true endog-
enous ligand remain a challenging task. Therefore, de-
veloping new separation techniques and pioneering new
detection methods is essential. Continued rapid growth
in Nur77 research will enhance our understanding of the
function of this protein, clarify its role in human health
and disease, and promote its clinical application as a ther-
apeutic target.

This review comprehensively explored the multifac-
eted functions of Nur77. The findings underscore the
therapeutic potential of Nur77, particularly in neurode-
generative diseases and cancer. Its ability to modulate
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* Liver cancer

[ AKT
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FIGURE 6 Shared substrate regulation of Nur77 in various physiological and disease processes. Nur77 is involved in the development

of renal tubulointerstitial fibrosis, breast cancer, and lung cancer through the TGF-p signaling pathway. Additionally, Nur77 contributes to

cardiac fibrosis, the integrity of the vascular endothelial barrier, and the development of liver and rectal cancers via the p-catenin signaling
pathway. Nur77 also affects gluconeogenesis, hypothalamic anti-obesity mechanisms, and the development of pancreatic and breast cancers
by binding to HDACI. Furthermore, it influences apoptosis, insulin sensitivity, and liver cancer development through the Akt signaling
pathway, and it plays a role in glial activation, Parkinson's disease, and cell differentiation through the NF-kB pathway.
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critical cellular processes positions it as a promising target
for drug development. However, significant gaps remain
in our understanding of its mechanisms of action and
translational applications. Future research should focus
on elucidating such mechanisms, with an emphasis on
preclinical and clinical studies to unlock its full potential
as a therapeutic target across diverse diseases.
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