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Abstract

NR4A2 is a nuclear receptor and a transcription factor, with distinctive physiological features. In the cell nuclei of the central
nervous system, it is widely expressed and identified as a crucial regulator of dopaminergic (DA) neuronal differentiation,
survival, and maintenance. Importantly, it has regulated different genes crucial for dopaminergic signals, and its expression
has been diminished in both aged and PD post-mortem brains and reduced in PD patients. In microglia and astrocytes, the
expression of NR4A2 has been found where it can be capable of inhibiting the expression of proinflammatory mediators; hence,
it protected inflammation-mediated DA neuronal death. In addition, NR4A2 plays neuroprotective role via regulating different
signals. However, NR4A2 has been mainly focused on Parkinson’s research, but, in recent times, it has been studied in
Alzheimer’s disease (AD), multiple sclerosis (MS), and stroke. Altered expression of NR4A2 is connected to AD progression,
and activation of its may improve cognitive function. It is downregulated in peripheral blood mononuclear cells of MS patients;
nonetheless, its role in MS has not been fully clear. miR-145-5p known as a putative regulator of NR4A2 and in a middle cerebral
artery occlusion/reperfusion model, anti-miR-145-5p administration promoted neurological outcomes in rat. To date, various
activators and modulators of NR4A2 have been discovered and investigated as probable therapeutic drugs in neuroinflammatory
and neuronal cell death models. The NR4A2 gene and cell-based therapy are described as promising drug candidates for
neurodegenerative diseases. Moreover, microRNA might have a crucial role in neurodegeneration via affecting NR4A2 expres-
sion. Herein, we present the role of NR4A2 in neuroinflammation and neuronal cell death focusing on neurodegenerative
conditions and display NR4A?2 as a promising therapeutic target for the therapy of neuroprotection.
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The nuclear receptor subfamily 4 group A member 2

(NR4A?2), also known as nuclear receptor related 1 protein
(Nurrl), NOT, TINUR, or NGFIB, belongs to the group of
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pus, temporal cortex, subiculum, cerebellum, posterior hypo-
thalamus, and habenuclear nuclei [5S]. NR4A2 is expressed not
only in the CNS but also in other tissues, including the bone,
endothelial cells, synovial tissues, adrenal gland, intestine,
macrophage, and certain other non-neuronal cells [6]. It
is mainly crucial for the differentiation of midbrain
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dopaminergic (DA) neurons and its continuous expression
being critical to maintaining gene expression in DA neurons
[1, 7].

NR4A2 plays a role in the progression of various diseases
in the CNS and other organ tissues. It is evident in the patho-
genesis of different CNS diseases and disorders, including
neuroinflammation [1, 6], Parkinson’s disease (PD) [8, 9],
Alzheimer’s disease (AD) [10], multiple sclerosis (MS) [11],
depression [12, 13], and schizophrenia [13, 14]. Moreover, it
plays a role in rheumatoid arthritis. It regulates inflammatory
processes in synovial cells, and NR4A2 regulates genes in-
volved in synoviocytes, which may play a role in the patho-
genesis of rheumatoid arthritis. NR4A?2 is elevated in rheuma-
toid arthritis, leading to increased gene expression of pro-
inflammatory genes [15]. Its oncogenic-like role has been re-
ported previously in various instances, such as in facilitation
of cell proliferation, survival, transformation, invasion, and
migration [2]. In addition, NR4A2 is involved in the progres-
sion of various cancers, such as skin cancer, breast cancer, and
pancreatic ductal adenocarcinoma [16—18]. For instance, in
the prostate cancer tissues, NR4A2 protein expression was
higher than benign prostate tissue and silencing of endoge-
nous Nurrl ameliorated proliferation, migration, and invasion
of cells and mediated apoptosis [19].

According to the wider pathological implication, numerous
studies have been carried out targeting NR4A2 for the prom-
ising therapies for neurodegenerative disease. For example,
amodiaquine-treated stimulation of NR4A2 improves cogni-
tive functioning [20]; in a 6-hydroxyl dopamine (6-OHDA)-
induced lesion model, SA00025, a novel NR4A2 agonist,
produces neuroprotective and anti-inflammatory activities
[21]. As NR4A2 is an important transcription factor in the
pathogenesis of neurodegenerative diseases (NDDs), through
targeting of NR4 A2 and its associated receptors and transcrip-
tion factors, the discovery of therapeutics may be of potential
value in treating NDDs. We explore the role of NR4A2 in
disease progression, particularly in neuroinflammation and
neuronal cell death, and as an emerging target in the therapy
of NDDs. In addition, we display general structural features of
NR4A2 that are vital for its activation.

Structural Features and Activating Sites
of NR4A2

As a group of ligand-regulated transcription factors, the nu-
clear receptor (NR) superfamily is a group of ligand-regulated
transcription factors that control definitive gene activity;
therefore, these receptors are significant drug targets
[22-24]. In general, NR4A?2 is an early gene and numerous
stimuli, including cAMP, inflammatory signals, hormones,
calcium, and growth factors that can immediately induce its
transcriptional activity. By directly acting on the promoters or
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transcription regulatory elements (i.e., cAMP-response ele-
ment, CArG-like element, SP-1 element), these modulators
can influence NR4A2 expression [25, 26]. As a member of
the NR4A subfamily, it shares similar structural features with
nuclear receptor subfamily 4 group A member 1 (NR4A1) and
nuclear receptor subfamily 4 group A member 3 (NR4A3),
including (a) a modulator domain, referred to as the activation
function (AF)-1 of the N-terminus, (b) a converse DNA-
binding domain (DBD), and (c) a ligand-binding domain
(LBD) and its transactivation-dependent AF-2 in the C-
terminus [26]. Two zinc fingers of the highly conserved
DBD as a monomer or homodimer are able to bind the nerve
growth factor-inducible-3-binding response element (NBRE;
5'-AAAGGTCA-3") or as homodimer attached to the nur-
response element (NurRE; 5'-TGACCTTT-n6-AAAGGTCA
-3"). During the transcription process, these properties are in-
volved in activating the TH and DAT genes [27, 28].
Moreover, as monomers, homodimers, and heterodimers,
NR4A2 or NR4A1 can bind with the retinoid X receptor
(RXR). These RXR heterodimers bind to a motif referred to
as DRS which can be competently activated by RXR ligands
[29]. Based on the occupation of several bulky hydrophobic
residues, the NR4A subfamily does not have an LBD cavity
unlike other nuclear receptors [30]. Alternatively, its transcrip-
tional activity appears to be reliant on the AF-1 domain [31].
Therefore, the discovery of compounds is difficult in terms of
those that can directly activate NR4A2 through LBD. Besides
this, there is the identification of various co-regulator interac-
tion surfaces in the NR4A2 LBD, including residues 592, 593,
and 577, notably, the groove between helices 11 and 12, which
contributes to the probability of developing NR4A2-
activating compounds according to their binding of LBD
[32, 33]. Additionally, there are several identified compounds
that activate NR4A2 or NR4AI via their LBDs [34-36]. In
general, based on the activated functions of these regions of
NR4A2 and numerous studies of NR4A2-activating com-
pounds, it is possible to determine small molecules that can
activate NR4A?2 through its various domains. Binding site in
the NR4A2 for unsaturated fatty acid has recently been iden-
tified [37]. Docosahexaenoic acid interacts with NR4A2 LBD
with high affinity and also affects NR4A2 transactivation. The
general structure of NR4A2 is shown in Fig. 1.

Role of NR4A2 in Neuroinflammation
and Neuronal Cell Death: Focus
on Neurodegenerative Diseases

Much research has been correlated in NR4A2 into neuroin-
flammation and neuronal cell death focusing on NDDs.
NR4A2 has been known to be implicated in midbrain DA
neurons for differentiation, maintenance, and survival [3, 38,
39]. The transcriptional function of NR4A2 regulates several
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Fig. 1 Basic structure of NR4A2. a NR4A2 shares several functional
domains, which include DBD and LBD similar to other nuclear
receptors. b NR4A?2 site of actions as monomers at NBRE sites, as

genes involved in the DA neuronal phenotypes, ranging from
DA metabolism, neurotransmission, axonal growth, mito-
chondrial function, and cell survival [40—44]. Its expression
is evident in the embryonic ventral midbrain one day before
the appearance of tyrosine hydroxylase (TH, the rate-limiting
enzyme in the synthesis of dopamine) [3, 42]. It transcription-
ally influences the expression of several phenotypic markers
of DA neurons, including TH, dopamine transporter (DAT),
L-amino acid decarboxylase (AADC), and vesicular mono-
amine transporter-2 (VMAT?2) [45-47]. The absence of DA
neurons in the SN and ventral tegmental area is a consequence
of NR4A2 genetic deletion in mice, which may cause their
death in case of newborns [39]. Numerous DA neuronal phe-
notypes, including TH and AADC, are vital in the neurotrans-
mission within the nigrostriatal pathway which are absent in
NR4A2-deficient mice [48]. Concerning post-mortem studies,
NR4A2 expression is diminished in both aged and PD post-
mortem brains [49, 50]. Mutations in NR4A2 have been
shown to be associated with familial PD [51], and NR4A2
gene expression is reduced in PD patients [52].
Heterozygous NR4A2 mice survive, displaying reduced do-
pamine levels in the striatum and midbrain [3] and are more
vulnerable to dopaminergic neurotoxins [53]. Experiments
using heterozygous NR4A2 knockout mice have recently
shown that NR4A2 deficiency impairs dopamine release be-
fore the onset of age-related DA neuronal loss [54]. Promising
evidence has been proposed via a complicated network be-
tween NR4A2 and other crucial transcriptional factors during
DA neuronal development. The PITX3 and Wnt/3-catenin
pathways are the two major signaling molecules contributing
to midbrain DA neurogenesis through cooperation with the
NR4A2 transcription complex [38, 55, 56]. Moreover,
NR4A2 transcriptionally has controlled many target genes,
such as DLK1, PTPRU, KLH1, GTP, and VIP in DA neurons
[57-59]. It has been proposed that the involvement of NR4A2
and PITX3 in the expression of novel target genes involved in
significant neuronal processes, including neuronal patterning,
axon outgrowth, and terminal differentiation, opens up new
avenues to study the properties of mdDA neurons during de-
velopment and in neuronal pathologies, such as experiential in

dimers at NurRE sites, and as heterodimers with RXR at DRS5 sites and
activates transcription of many DA-related genes

PD [57]. Gene activation by NR4A2 in mdDA neurons and its
four major roles are portrayed in Fig. 2.

NR4A2 expression has been established in both microglia
and astrocytes [6, 60]. A recent study described how NR4A2
expression may play a significant role in regulating inflamma-
tion in the brain [1]. It has been recognized that it inhibits the
expression of proinflammatory mediators in these cells, ac-
cordingly protects DA neuronal death from inflammation. In
adult mice, nigral injection of lentivirus-encoding short hair-
pin RNA (shRNA) against NR4A2, followed by nigral LPS
injection, elevated tumor necrosis factor-alpha (TNF-) and
interleukin 1-beta (IL-13) levels in microglia and led to a
greater reduction of TH-expressing neurons in comparison
to LPS treatment alone [60]. The involvement of these proin-
flammatory cytokines in DA neuronal degeneration has pre-
viously been demonstrated in several studies: blockade of the
soluble form of the TNF-« receptor attenuated death of DA
neurons in rat brains lesioned with 6-hydroxydopamine (6-
OHDA), a neurotoxin used to model PD [61]; conditioned
medium containing IL-1(3 and TNF-« from LPS-treated glial
cultures induces the death of cultured rat DA neurons [62];
and the chronic expression of IL-1{3 in adult rat SN using a
recombinant adenovirus results in DA neuronal cell death
[63]. Employing LPS-treated astrocytic and microglial cul-
tures, it was shown that NR4A2 operates in an anti-
inflammatory fashion by docking to target inflammatory gene
promoters through association with nuclear factor-kappaB
(NF-kB)—-p65. NR4A2, then, recruits the CoREST
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Fig. 2 The activation of different genes in mdDA neurons by NR4A2.
The regulations of genes have roles in dopamine metabolism,
differentiation, axonal outgrowth, and survival in DA neuron
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corepressor complex, restoring the expression of NF-kB-
activated genes to basal levels [60]. Moreover, the overexpres-
sion of NR4A2-producing neuroprotective and anti-
inflammatory activities through downregulating CCL2 in both
in vivo and in vitro PD models [64]. According to another
recent study, NR4A2 expression in the midbrain of
microglia-specific NR4A2 conditional knockout mice was
much less than in littermates. An age-dependent decline of
rotarod performance was also documented in those mice.
The ablation of NR4A2-mediated activation of microglia re-
sults in an increase in proinflammatory factor expression.
Following LPS stimulation, inflammation injury significantly
deteriorated, and DA neuronal loss was exacerbated in
NR4A2 conditional knockout mice [65]. NR4A2 has a link-
age to MS. However, NR4A2’s role in MS is controversial
[19, 66]. Considering the gene expression profile, NR4A2 is
downregulated in peripheral blood mononuclear cells of MS
patients [67]. In an MS murine model, the activation of
NR4A2 signaling pathway reduces disease incidence as well
as severity through an NF-kB-dependent pathway [11].
Furthermore, in heterozygous NR4A2-knockout mice, chron-
ic experimental autoimmune encephalomyelitis (EAE)
courses suggested that NR4A?2 is found to be involved in the
early phase of MS. This is because NR4A2 defects induce
early EAE onset and increase the concentration of inflamma-
tory infiltrates in the spinal cord [68]. NR4A2 is also impli-
cated in stroke, although its involvement is still not fully clear.
With this, a rise in NR4A2 expression has therapeutic benefits
in the stroke model [69, 70]. By inhibiting the expression of
p21 (Wafl/Cipl), NR4A2 specifically promotes intestinal re-
generation after ischemia/reperfusion injury [71]. During is-
chemic stroke, recombinant tissue-type plasminogen
activator-treated NR4A2 upregulation is associated with en-
dothelial dysfunction and inflammation as well as enhanced
hemorrhagic complications connected to thrombolysis [72].

In addition to the aforementioned, different signaling path-
way where NR4A?2 is involved in neuroinflammation and
neuronal cell death. Phosphorylation of ERK activates
NR4A2 [6, 73, 74]. In primary microglial cells, ERK, JNK,
or PI3K inhibitors declined NR4A2 expression upon LPS
treatment [6]. In addition, phosphorylation of ERK induces
NR4A2 expression in neuronal cells [73, 75]. A recent study
has correlated phosphorylation of ERK and NR4A2 [76].
Pharmacological treatment, first, caused a rise in ERK phos-
phorylation, which, then, increased NR4A2 expression, and
finally, increased TH, VMAT2, and DAT levels. This study
summarized that pharmacological treatment increases TH,
DAT, and VMAT?2 expressions by upregulating NR4A2 via
ERK phosphorylation.

NR4A2 also caused the induction of brain-derived neuro-
trophic factor (BDNF) transcription [77]. The stimulation of
NMDARSs promotes neuronal survival during brain develop-
ment and NR4A2’s role in activity-dependent survival of
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glutamatergic neurons has been reported. In addition,
NR4A2 has been found as a downstream target of cAMP
response element-binding protein (CREB) and responsible
for the NMDA-mediated rise in BDNF, which is necessary
for the NMDA-mediated prosurvival effect on neurons [78].
Further, transcription of the glial cell line-derived neurotroph-
ic factor (GDNF) receptor and C-terminal region of the Ret
protein (c-Ret) is regulated by NR4A2 [21, 79]. Ret tyrosine
kinase is the high-affinity ligand-binding component of the
GDNF receptor complex that is attached to the cell surface
via a glycosylphosphatidylinositol anchor [79]. GDNF has
been shown to protect mesDA neurons against the develop-
mental waves of apoptosis, neurotoxic insult, and cell death.
Upon GDNF binding, autophosphorylation of the tyrosine
domains of Ret triggers activation of several pathways, in-
cluding PI3K and MAPK, which are required for neuronal
survival and neurite outgrowth [80]. In animals, elevated neu-
ronal degeneration and death owing to be due to mitochondri-
al dysfunction and an opening of the mitochondrial permeabil-
ity transition pore [81]. Transcriptional regulation of the pro-
and anti-apoptotic members of the B cell lymphoma 2 (Bcl-2)
mitochondrial family of proteins, including Bcl-2, B cell
lymphoma-extra-large (Bcl-xL), and Bcl-2-associated X pro-
tein (Bax) and interaction with the P53 tumor suppressor pro-
tein by NR4A2, is responsible for regulation of mitochondrial
survival and death. G protein-coupled prostanoid EP1 recep-
tors (EP1) are of concern in the genesis of tumors. One study
was conducted to characterize the expression of upregulated
NR4A2 by prostaglandin E2 (PGE2)-mediated G protein-
coupled prostanoid EP1 receptor stimulation [82]. The EP1
receptor-mediated upregulation of NR4A2 was prevented by
the treatment of Rho, PKA, NF-kB, and CREB inhibitors,
though PGE2 failed to suggestively stimulate intracellular
cAMP formation. PGE2-stimulated EP1 receptor induced
the phosphorylation and activation of CREB and NF-kB,
which could be blocked by inhibition of PKA. Hence,
PGE2-stimulated EP1 receptor upregulates the expression of
NR4A2 by a mechanism featuring the sequential activation of
the Rho, PKA, CREB, and NF-«kB signaling pathways. This
upregulation of NR4A2 may underlie the anti-apoptotic ef-
fects of PGE2.

NR4A2 features prominently in the brain, particularly in
the hippocampus [10, 20]. Subsequent to memory-inducing
activities, such as learning and other hippocampus-
dependent tasks, NR4A2 expression is upregulated in the hip-
pocampus [83, 84], suggesting NR4A2’s involvement in
learning and memory. Concerning various studies, lowering
NR4A2’s level in the hippocampus causes impairments in
long-term memory and/or synaptic plasticity [85-88]. A re-
cent study showed that a gradual decrease of NR4A2 concen-
tration in the hippocampus may accompany the normal aging
process and a decline in hippocampus-dependent cognitive
function [89]. Interestingly, the molecular mechanism



Mol Neurobiol (2019) 56:5799-5814

5803

underlying NR4A2 expression in hippocampal and cortical
neurons has been demonstrated. Treatment with high KCl
and bicuculline upregulated neural activity-enhanced
NR4A2, but tetrodotoxin-treated blocking of activity reduced
its level. Through voltage-dependent calcium channels and
calcineurin, there is a modulation of NR4A2 expression in a
cell-autonomous, neural activity-dependent manner [7].
According to one line of experiment, alteration of NR4A2
expression is connected to the progression of AD. With re-
spect to the accumulation of A3 in 5XFAD mice, NR4A2 is
prominently expressed in brain areas such as the subiculum
and frontal cortex. This provides information that NR4A2 is
highly co-expressed with Af3 during the early stages.
Additionally, in an age-dependent fashion, NR4A2-
expressing cell numbers suggestively decline in 5XFAD mice,
along with increased deposition of plaque [10]. A recent report
showed that by elevating adult hippocampal neurogenesis,
NR4A2 activation may improve cognitive function [20]. In
neural differentiation and axonogenesis, DNA topoisomerase
1B (topo IIP) is critical and inhibition of topo II activity
leads to shorter axons and increased DNA damage.
Moreover, topo IIf3 association with NR4A2 has been report-
ed in the onset of AD [90]. Based on topo IIf3 deficiency in
cultured cerebellar granule neurons and a neurally differenti-
ated human mesenchymal cell line, NR4A2 expression was
dramatically downregulated but expression was upregulated
in topo IIf3-overexpressing neurally differentiated human
mesenchymal cell line.

Role of NR4A2 as a Therapeutic Target
for Neuroprotection

NR4A2 Activation in Protecting
Against Neurodegeneration

Agonists of NR4A2

Mercaptopurine An anti-leukemia drug, mercaptopurine (6-
mercaptopurine or 6-MP) is known as the first identified
NR4A2/NR4A3 agonist, which stimulates NR4A2/NR4A3
through directly binding to the N-terminal AF-1 domain [91,
92]. Study has revealed that 6-MP alleviates cerebral infarct in
a rodent permanent middle cerebral artery occlusion
(pMCAO) model. Besides this, it interrupts the production
of IL-13 and TNF-« in CSF and serum [93]. Recent work
has demonstrated that 6-MP produces anti-inflammatory re-
sponses in LPS-induced inflammation within BV-2 microglia.
It significantly attenuates TNF-oc production and suppresses
transactivation activity of NF-kB and the TNF-« promoter by
inhibiting phosphorylation and acetylation of p65 on Ser276
and Lys310, respectively. Following the chromatin immuno-
precipitation analyses, 6-MP reduces LPS-induced histone H3

acetylation of chromatin surrounding the TNF-o promoter,
ultimately leading to a decrease in p65/coactivator-mediated
transcription of the TNF-a gene. Moreover, it enhances
NR4A1 expression. Knockdown of NR4A1 expression in 6-
MP treated cells results in a significant reduction in 6-MP-
mediated inhibition of TNF-« production. In addition,
preventing the LPS-activated PI3K/Akt/mTOR signaling cas-
cade, 6-MP delays TNF-oc mRNA translation [94].

Daphnane and Phorbol Diterpenes In Korea and mainland
China, Daphne genkwa Siebold et Zucc. (Family:
Thymelaeaceae) is extensively distributed and rather familiar
as a traditional oriental medicine [95]. It has wider pharmaco-
logical activities, and studies have found that its extract of
combined stem and root sample potently activates NR4A2
transcriptional activity at a concentration of 3 pug/mL.
Genkwanine N and yuanhuacin are two isolated active com-
pounds found in D. genkwa. These daphnane diterpenes sig-
nificantly improved NR4A2 function at 0.3 uM. On the other
hand, NR4A2-specific siRNA abolished the activity of both
compounds. Therefore, via modulating the NR4A2 function,
both compounds are involved in transcriptional activation.
Both compounds also prevented 6-OHDA-induced neuronal
cell death and LPS-induced neuroinflammation, respectively.
Besides this, these compounds (0.5 mg/kg/day, i.p. for
2 weeks) significantly ameliorated 6-OHDA-induced behav-
ioral deficits and reduced TH-positive DA neuronal death and
produced inflammatory responses in rat brains [96]. In addi-
tion to yuanhuacin and genkwanine N, a recent study has
isolated four more daphnane-type diterpenes (acutilonine F,
wikstroemia factor M1, yuanhuadine, and yuanhuatine) and
two phorbol-type diterpenes (prostratin Q and 12-O-n-deca-
2.4,6-trienoyl-phorbol-(13)-acetate) from the D. genkwa ex-
tract which have NR4A2-activating properties [97]. Among
all the compounds, yuanhuacin, prostratin Q, yuanhuadine,
and 12-O-n-deca-2,4,6-trienoyl-phorbol-(13)-acetate
displayed higher inhibitory activity in terms of LPS-induced
nitric oxide generation in murine microglial BV-2 cells with
an [Cso (uM) of 1-2, which was 15-30-fold more potent than
that of minocycline (29.9 uM). Further, these diterpenes re-
duced expression and transcription of LPS-induced pro-in-
flammatory cytokines, such as IL-1f3, IL-6, and TNF-x in
BV-2 microglia. A graphical presentation of the mechanism
of action of diterpenes from D. genkwa is portrayed in Fig. 3.

1,1-Bis (30-Indolyl)-1-(Aromatic) Methane (C-DIM) Analogs
According to a number of studies in several cancer cells,
1,1-bis (30-indolyl)-1-(aromatic) methane (C-DIM) analogs
are able to influence the expression of the NR4A subfamily
[98—101]. The activity of C-DIM against PD has been
established in a mouse model. Regarding the activity of dif-
ferent p-substituted phenyl (OCH3, CI, CF3, Br, t-Bu, CN, I,
and OCF3), they exhibited similar activating properties,
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Fig. 3 Protective mechanism of action of diterpenes in PD models via
NR4A2. LPS causes inflammation and 6-OHDA reduces number of TH-
positive neurons. Treatment of diterpenes increases transcriptional

suggesting a structure—activity relationship (SAR) with these
compounds that contain a bis (30-indolyl) moiety [102].
However, both N- and C-terminal domains are involved in
NR4A2 activation, but direct binding between C-DIM ana-
logs and NR4A2 is not supported [101]. Moreover, C-DIM5
and CDIMS8 have a greater affinity for NR4A1 among the
different C-DIM analogs but have opposing effects [98,
100]. In an MPTP-lesioned rat model of PD, C-DIM12 has a
higher affinity for NR4A2 and showed the most potent neu-
roprotective and anti-inflammatory effects among the differ-
ent C-DIM analogs [103]. It could improve the expressions of
both NR4A2- and NR4A2-regulated proteins, including TH
and DAT. In addition, C-DIM12 showed NR4A2-mediated
recruitment of CoREST and suppression of the NF-«B-
mediated inflammatory gene expression in SN [103—-105]. A
recent study showed that C-DIM 12 suppressed MPTP-
induced glial activation and neuronal loss in mice [106].
In vitro reporter analysis also demonstrated that C-DIM12 is
an effective activator of NR4A2, and computational modeling
has suggested that C-DIM12 has a high affinity to the 3D
structure of human NR4A2.

BRF110 BRF110 is a unique in vivo active Nurrl:RXRo-se-
lective lead molecule [107]. It prevents the death of DA neu-
rons and striatal DA denervation in vivo against PD-causing
toxins in a NR4A2-dependent manner. It also protects against
PD-related genetic mutations in patient-induced pluripotent
stem cell (iPSC)-derived DA neurons and a genetic mouse
PD model. In addition to neuroprotection, BRF110
upregulates transcription of TH, AADC, and GTP
cyclohydrolase I; there is also increased striatal dopamine
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activity of NR4A2, and diterpenes produce protective activity against
LPS and 6-OHDA via NR4A2

in vivo. Moreover, chronic daily treatment of BRF110 has
symptomatic efficacy without causing dyskinesias in two
post-neurodegeneration PD models. The collective neuropro-
tective and symptomatic effects of BRF110 establish
Nurrl:RXR e activation as a probable monotherapeutic meth-
od for PD.

Isoxazolo-Pyridinone 7e and Its Analog As an NR4A2 activa-
tor, isoxazolo-pyridinone 7¢ (IP7e) attenuates inflammation
and neurodegeneration through inhibiting the NF-«kB-
dependent process [11]. IP7e might be a probable candidate
because of its superb oral bioavailability (95%) along with
rapid and extensive brain absorption and distribution [108].
Yet, the NR4A2-activating properties of [P7e have only been
confirmed in MS models, not PD models. In an experimental
autoimmune encephalomyelitis in mice model, via inhibiting
the NF-kB pathway-dependent process, IP7¢ attenuated in-
flammation and neurodegeneration in spinal cord [11]. On
the other hand, an analog of the isoxazolo-pyridinone deriva-
tive, SH1, has been confirmed to be effective in improving
behavioral performance in a lactacystin-lesioned PD mouse
model. Inhibiting the microglia-mediated neuroinflammation
and increasing the DA-specific phenotypes may have in-
volved as the main mechanisms for explaining SH1’s pharma-
cological potential [109].

SA00025 and IRX4204 SA00025 is considered as a novel
NR4A2 agonist (ECsq 2.5 nM). It exhibits a partial neuropro-
tective effect in PD models induced by inflammatory stimu-
lant poly(I:C) and 6-OHDA. It can modulate numerous DA
target genes, including TH, VMAT, DAT, AADC, and c-Ret in



Mol Neurobiol (2019) 56:5799-5814

5805

the SN. In addition, it has anti-inflammatory activity by
diminishing the activation of microglia and astrocytes [21].
With this, IRX4204 is a second-generation retinoid X receptor
agonist that enhances survival and maintenance of DA neu-
rons in a dose-dependent manner [110]. In an experimental
autoimmune encephalomyelitis model, treatment with
IRX4204 results in immune modulation and profound attenu-
ation of disease severity. However, the linkage to NR4A2 in
MS model was not identified [111]. It can cross the blood-
brain barrier and reach the brain at nM concentrations as per
bioavailability studies. Administration of IRX4204 though the
oral route can activate NR4A2 downstream signaling in the
SN and attenuate neurochemical and motor deficits in a rat
model of PD. Therefore, it represents a novel, potent, and
selective activator of the RXR-NR4A?2 signal pathway that
promotes DA neuron survival in PD prevention and treatment
[110].

Amodiaquine and Chloroquine The antimalarial drugs,
amodiaquine (AQ) and chloroquine (CQ), along with a pain-
relieving drug, glafenine, have all been identified as a novel
group of NR4A2 activators. Through direct physical binding,
AQ/CQ (ECsg: 2050 uM) can interact with NR4A2-LBD
[34] based on a series of analyses involving Biacore S51
SPR sensor, fluorescence quenching analysis, a radioligand-
binding assay by [3H]-CQ, and nuclear magnetic resonance.
This finding advances our current understanding of the LBD-
binding properties and opens the door for further research and
development of NR4A2 agonists. Interestingly, these com-
pounds contain an identical 4-amino-7-chloroquinoline scaf-
fold, which may predict a possible SAR. Both of AQ and CQ
enhanced the contrasting dual functions of NR4A?2 by further
increasing transcriptional activation of mDA-specific genes
and enhancing transrepression of neurotoxic proinflammatory
gene expression in microglia. In addition, these compounds
meaningfully improved behavioral deficits in 6-OHDA le-
sioned rat models of PD without any noticeable signs of
dyskinesia-like behavior [34]. Additionally, the autophagy-
regulating effects of AQ/CQ may also predict potential inter-
actions between NR4A2 and autophagy for their anti-
parkinsonian effects [112]. AQ-treated activation of NR4A2
may be enhanced by cognitive functions by increasing adult
hippocampal neurogenesis displayed by another study [20].

Modulators of NR4A2

Concerning various studies, different compounds, including
DA agonists, memantine, retinoic acid-loaded polymeric
nanoparticles (RA-NPs), and phyto-bioactive compounds as
well as herbal extracts, have been reported to upregulate
NR4A2 expression. However, their binding sites to NR4A2
have not been confirmed.

DA Agonists and Memantine

DA agonists neuroprotective action has been considered a
controversial issue for decades [113]. They can employ neu-
roprotection by inducing NR4A2 expression in peripheral
blood mononuclear cells as supported by clinical trials [114].
Furthermore, a D2/D3 agonist (pramipexole) has a profound
action on improving expression of NR4A2, which precedes
the upregulation of both DAT and VMAT?2 expression in DA
neuronal cell lines [115], signifying that NR4A2 may act as a
crucial factor for DA agonist-mediated neuroprotection.
Memantine, an N-methyl-D-aspartate receptor antagonist,
has been demonstrated to restore PC12 cell survival from 6-
OHDA-induced neurotoxicity through upregulating NR4A2
and downregulating NR4A1 along with partially inhibiting
migration of NR4A1 from the nucleus to mitochondria
[116]. Different from NR4A2, NR4A1 usually triggers the
apoptotic process when it migrates to mitochondria and in-
duces inflammation via the NF-kB pathway [117, 118].
Remarkably, DA activator administration could decline
NR4A1 expression [119], suggesting that NR4A2 together
with the contra-directional coupling of NR4A2/NRAAI1
might have a potential therapeutic role against PD
pathogenesis.

Dabigatran Etexilate Dabigatran etexilate is the prodrug of
dabigatran. It is known as an oral direct thrombin inhibitor
and is marketed in Europe and Canada for the prevention of
venous thromboembolic events in major orthopedic surgery
[120]. Its featuring of the benzimidazole group has been pro-
posed for NR4A2 upregulating properties. In a rotenone-
induced PD model, it mitigates neuronal degeneration caused
by rotenone and restores striatal dopamine level with motor
recovery in rat [121]. It also enhances NR4A2 expression in
the SN and increases transcriptional activation of NR4A2-
controlled genes, such as TH, VMAT, GDNF, and later recep-
tor gene cRet, which are vital for development and mainte-
nance of DA neurons. In addition, it suppressed thrombin
accumulation in the SN. These effects possibly contributed
to suppressing neurotoxic proinflammatory cytokines, which
was manifested by decreasing the level of NF-kB and TNF-ox.

Cilostazol A phosphodiesterase-3 inhibitor, cilostazol, has
been shown to produce neuroprotective activity in a recent
rotenone-induced rat’s model of PD [122]. It upregulates
NR4A2 expression, which results in successful preservation
of DA neuron functionality and integrity as verified by the
marked amelioration of motor performance in behavioral
studies, as well as the increased striatal TH content [122].
Besides this, the anti-inflammatory activity of cilostazol as
manifested by impeding the global controller of inflammatory
signaling pathway, NF-«B, together with its downstream pro-
inflammatory cytokines, including TNF-« and IL-1{ through
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NR4A2 upregulation and glycogen synthase kinase 3 beta
inhibition, has been demonstrated. Moreover, an increase in
glycogen synthase kinase 3 beta inhibition leads to suppres-
sion of downstream apoptotic biomarkers, viz. cytochrome C
and caspase-3. Furthermore, it enhances autophagy as
depicted by impeding both LC3-II and P62 levels conceivably
through the rise in sirtuin 1 levels [122].

Retinoic Acid Nano-Particles Retinoic acid (RA) receptors are
highly expressed in DA neurons, and RA can improve the
survival and maturation of neuronal cells [123]. A recent ad-
vanced novel formulation of nanoparticles is coupled with RA
able to transport into cells rapidly to release RA. In an MPTP
mouse model of PD, this formulation employs neuroprotec-
tion against DA neuronal damage. Further, administration of
RA-NP notably elevates PITX3 and NR4A2 expression
levels, bolstering development and functional maintenance
of DA neurons in PD [124].

Phyto-Bioactive Compounds and Extracts Several bioactive
compounds, herbal preparations, and extracts from natural
sources have been reported as NR4A2 modulators; they are
also effective in the therapy for PD [125-127]. One example is
the mori cortex radicis, the root bark of Morus alba L. It
consists of numerous phytochemicals and has various phar-
macological effects [128, 129]. Moracenin D is an isolated
compound from mori cortex radices. In a dopamine-induced
PD model, it suggestively upregulates NR4A2 expression but
downregulates expression of o-synuclein [125]. EGb 761, a
standard extract which is prepared from Ginkgo biloba leaves
[130, 131], has several effects against several neurological
disorders, such as AD, PD, and spinocerebellar ataxia type
17 [131-135]. Moreover, EGb 761 activity has been indicated
by clinical trials for treating numerous neuropsychiatric dis-
eases [136, 137]. In MPTP-lesioned mice, it produced neuro-
protective effect through elevating the expression of a series of
DA-related genes, including TH, VMAT2, DAT, and the do-
pamine D2 receptor (DRD2) in the SN. At the same time,
within the SN, it also upregulated transcription factors
(PITX3 and NR4A2) where NR4A2 expression was im-
proved by 148% [138]. Bushen Huoxue decoction (BHD)
also increases NR4A2 expression. BHD has been indicated
to treat craniocerebral diseases [126]. BHD is a two-herb
Chinese medicine that alleviates rat’s cognitive impairment
in a cerebral hypoperfusion model [139]. In a PD model, it
also ameliorates behavioral abnormalities and increases cere-
bral expression and affinity of DRD2 [140]. Besides this, it
increases NR4A2 expression at the mRNA level and elevates
TH content in the brain. BHD also repairs injured neuron in
SN [141]. According to a recent study, the combined herbal
extract of Bupleuri Radix, Moutan Cortex Radicis, and
Angelica Dahuricae Radix (MABH) produced neuroprotec-
tive activity in a PD model. MABH treatment results in
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recovery from movement deficiencies and also prevents do-
pamine depletion while protecting DA neurons from degrada-
tion in MPTP-induced subacute mice. Moreover, MABH ele-
vates expression of NR4A2 in the SN of mice. Additionally,
MABH treatment has impacts on phosphorylation of extracel-
lular signal-regulated kinase protein through increasing
NR4A2 protein expression levels and, eventually, TH,
VMAT2, and DAT levels [76]. Modulators of NR4A2 along
with their major effects are summarized in Table 1.

Advanced Promising Therapeutic Role of NR4A2
Against Neurodegeneration

NR4A2 has played a significant therapeutic role because of its
versatility reported in neurodegeneration. As per our discus-
sion, agonist-mediated activation and modulator-mediated up-
regulation of NR4A2 may have a great potential in therapy of
neurodegeneration. Apart from the drug-induced NR4A2 ex-
pression, research has focused on NR4A2-based molecular
therapy, such as NR4A2 gene- and cell-based therapy, along
with miRNA-targeted therapy and novel drug delivery.

Gene- and Cell-Based Therapies

Gene therapy is thought of as a promising therapeutic option
for NDDs [142, 143]. As part of gene therapy, NR4A2-based
research has remained in the progressive stages for neurode-
generation. For functional nuclear delivery, human NR4A2
has been fused to SUMO, ubiquitin, and the non-toxic N ter-
minus of LFn, as revealed in the SH-SYS5Y cell line.
Following TH promoter assays, transcriptional activity of
TH upon full-length NR4A2 fusion protein HS-LUNNI has
been confirmed and applied to HS-LUNNI1 via SHSYSY cells
leading to protection from neurotoxin 6-OHDA-induced cel-
lular degeneration [144]. In a MPTP-lesioned mice model of
PD, DA neuronal density and neurotrophic factor expressions
are suggestively improved along with suppression of pro-
inflammatory cytokine secretion two months after midbrain
AAV-NR4A2/Foxa2 injection. One year after injection,
NR4A2/Foxa2-mediated cytoprotective effect is detected, sig-
nifying these genes’ transfection is a fascinating approach for
the therapy for PD [145]. Although the outcome of this trial
seems exciting, the safety and feasibility of NR4A2 gene ther-
apy still require further verification. First, the long-term effect
of constitutive overexpression is not clear. Second, this thera-
peutic strategy has only been tested in toxin-induced animal
models (such as MPTP), but not in transgenic PD models that
may mimic the broader pathology of PD. Third, in order to
achieve a better therapeutic outcome, the time window of
treatment and a controllable regulation of NR4A2 expression
are yet to be further explored. Moreover, recent reports show
that by choosing the right vectors and promoters, physiologi-
cal levels and timing of NR4A2 and Foxa2 expression can be
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Table 1  Summary of NR4A2 modulators and their key effects
Modulator Model Major effects Reference
Pramipexole SH-SYSY cells Improves NR4A2 expression and upregulates DAT and VMAT?2 expressions [115]
Memantine 6-OHDA-induced Restores PC12 cell survival from neurotoxicity via upregulating NR4A2 and downregulating  [116]
PC12 cells NR4AL1 as well as partly preventing NR4A1 migration from the nucleus to mitochondria
Dabigatran Rotenone-induced rat  Protects against rotenone-induced neuronal cell death and inflammation. Restores striatal do-  [121]
etexilate model pamine level with motor recovery in rat. Also enhances NR4A2 expression in the SN and
increases transcriptional activation of NR4A2-controlled genes, such as TH, VMAT, GDNF,
and cRet
Cilostazol Rotenone-induced rat  Protects against neuroinflammation and neuronal cell death. Upregulates NR4A2 expression — [122]
model and improves motor performance as well as increases striatal TH content
Retinoic acid MPTP-induced Shows neuroprotection against DA neuronal damage and elevates PITX3 and NR4A2 [124]
nano-particles mouse model expression levels
Moracenin D Dopamine-induced Upregulates NR4A2 expression and downregulates x-synuclein expression [125]
SH-SYSY cells
EGb 761 MPTP-induced Demonstrates neuroprotective effect via elevating the expression such as TH, VMAT2, DAT, [138]
mouse model and DRD2 in the SN. Also attenuates PD-like behavioral abnormalities and upregulates
PITX3 and NR4A2
BHD 6-OHDA-induced rat Ameliorates behavioral abnormalities and increases NR4A2 expression at the mRNA level and [141]
model elevates TH content in the brain. Also repairs injured neuron in SN
MABH MPTP-induced Shows neuroprotective activity where ameliorates behavioral abnormalities and dopamine [76]

mouse model

depletion. Also induces phosphorylation of extracellular signal-regulated kinase protein via

increasing NR4A2 protein expression levels and, eventually, TH, VMAT2, and DAT levels

replicated in neural stem/precursor cells. Sequential and con-
trolled expression levels of transcription factors Foxa2 and
NR4A2 along with CREB signal activation result in fully
mature midbrain-type DA neurons with stable phenotype
maintenance and improved cell survival [146]. With this,
GDNF fails to restore DA neuronal loss caused by o-
synuclein toxicity [147]. NR4A2 overexpression may protect
DA neurons against «-synuclein [147], and, concerning this
concept, AAV-NR4A2 combination delivery with GDNF or
neurturin into the midbrain might progress the result of the
existing preclinical or clinical trials, and possible serve as a
very attractive alternative therapy for PD [148]. Neuronal
stem cell therapy focusing on NR4A2 has been considered
center stage in research interests. Genetically engineered DA
embryonic stem cells that contain NR4A2 genes produce both
electrophysiological and behavioral properties expected of
SN-derived DA neurons [149]. A recent study has determined
that intrastriatal transplantation of lentiviral vector-mediated
NR4A2 gene-modified mesenchymal stem cells (MSCs) has
notable therapeutic effects in 6-OHDA-induced PD rats [150].
NR4A2 gene-modified MSCs secrete NR4A2 protein in vitro,
and NR4A2 gene-modified MSCs transplanted into the stria-
tum survive and migrate in the brain with some differentiation
into TH-positive cells, which results in dramatically amelio-
rating the abnormal behavior of PD rats and increasing the
numbers of DA neurons in the SN. The intrastriatal
transplantation of NR4A2 gene-modified MSCs produced
protective effect on DA neurons which is closely related to
the inhibition of activated glial cells and the reduction of
inflammatory mediator expressions [150]. Generating
NR4A2-positive neuronal stem cells (NSCs) from human

wisdom teeth (INSC) produced a significant recovery from
neurologic dysfunction after MCAO treatment [151]. In a very
recent study, NR4A2 has played a role in neuroinflammation
and differentiation of neural stem cells (NSCs) co-cultured
with primary microglia in a transwell co-culture system.
NR4A2 protects DA neurons from neuroinflammation insult
by limiting the production of neurotoxic mediators by microg-
lia and maintaining the survival of transplanted NSCs [152].
Moreover, the neuroprotective effects of olfactory ensheathing
cells (OECs) with the overexpression of NR4A2 and
neurogenin 2 (NGN2) in experimental models of PD have also
been reported. OECs-NR4A2-NGN2 increased the viability
of PC12 cells, while inhibiting oxidative stress and apoptosis,
and these effects could be reversed by pre-treatment of k252a,
a TrkB receptor inhibitor. The behavioral deficits of PD rats
were ameliorated by the transplantation of OECs-NR4A2-
NGN2/VMCs [153]. The advanced promising gene- and
cell-based therapies of NR4A2 are summarized in Table 2.

MicroRNA-Targeted Therapy and Novel Drug Delivery

In addition to NR4A2 gene therapy and stem cell therapy,
microRNA (miRNA) might be potential therapeutic target
for neurodegeneration. A number of studies have reported that
NR4A2 activity is suppressed by miRNA. In one study, miR-
132 was detected in the cAMP signaling pathway and promot-
ed estradiol synthesis via the translational repression of
NR4A2 in ovarian granulosa cells [154]. In embryonic stem
cells, miR-132 is a vital molecule that negatively regulated
DA neuronal differentiation via directly suppressing NR4A2
expression [155]. Upregulating the miR-132 causes a
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Table2  Promising NR4A2 gene-and cell-based therapies for neurodegeneration

Therapy Model Key effects Reference
Functional nuclear delivery of 6-OHDA-induced Elevates transcriptional activity of TH and protects against neuronal  [144]
NR4A2 SH-SYS5Y cells degeneration
AAV-NR4A2/Foxa2 MPTP-induced mice model Improves DA neuronal density and neurotrophic factors, suppresses  [145]
pro-inflammatory cytokine secretion, and protects against cytotox- [146]
icity
Genetically engineered DA Rat model of PD Ameliorates electrophysiological and behavioral properties [149]

embryonic stem cells contained
NR4A2 genes

Lentiviral vector-mediated NR4A2 ~ 6-OHDA-induced rat
gene-modified MSCs model

Generating NR4A2-positive neuronal MCAO surgery-inflicted
stem cells from tNSCs rats

Overexpression of NR4A2 NSCs and microglia

Protects DA neurons from neuroinflammation insults and maintains

Ameliorates abnormal behavior of PD rat and increases the numbers of [150]
DA neurons in the SN
Significantly recovers neurologic dysfunction after MCAO treatment [151]

[152]

survival of transplanted NSCs

MPP*-induced PC12 and
6-OHDA-induced rat
models

Overexpression of NR4A2

OECs-NR4A2-NGN2 increases viability of PC12 cells, inhibits
oxidative stress and apoptosis, and ameliorates behavioral deficits

[153]

significant decrease of NR4A2 and BDNF levels in the mes-
encephalon of affected rats [156]. Following the computation-
al prediction, miRNA recognition element in the 3'UTR of
NR4A2 is responsible for miR-145-5p-mediated suppression,

and it has been reported that miR-145-5p is a putative regula-
tor of NR4A2. Overexpression of NR4A2 inhibited TNF-«
expression in microglia by trans-repression and finally atten-
uates ischemia/reperfusion-induced inflammatory and

miR-132
2 1
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Neuronal ’@\ /@\ * -
O O committment Differentiation
— @
Embryonic Neural Immature
stem cells precursor cells dopaminergic cells
b

Cerebral hypoxia
& ischemia

— |{miR-145-5p

1

NR4A2
mRNA

Overexpression of |
miR-145-5p *

Fig. 4 miRNA as a target for neuroprotection focusing on NR4A2. a
miR-132 affects differentiation of DA neurons from neuron precursor
cells via the suppression of NR4A2. b Cerebral hypoxia and ischemia
increase miR-145-5p level and overexpressed miR-145-5p prevents
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Neuronal death

NR4A2 functions in microglia. miR-145-5p-mediated suppression of
NR4A2 functions, which ultimately causes neuronal cell death via gen-
erating TNF-o
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cytotoxic response of neurons. In addition, anti-miR-145-5p
administration increased expression of NR4A2 and reduced
infarct volume in acute cerebral ischemia. Administration of
anti-miR-145-5p ameliorated behavioral dysfunction in rat
[70]. The role of miRNA as a target for neuroprotection focus
on NR4A?2 is visualized in Fig. 4.

A research group has recently been demonstrated on novel
drug delivery system utilizing NR4A2 [157]. In a 6-OHDA-
induced rat model, the delivery of GDNF and NR4A2-
polyethylene glycol (PEG)ylated liposomes-coupled
microbubbles ameliorated behavioral deficit and increased
the TH and DAT immunoreactivity in rat. In addition, this
formulation is possibly more efficacious for treating PD than
a single treatment following the magnetic resonance imaging
(MRI)-guided focused ultrasound analysis [157].

Closing Remarks

Identification of a drug target is a key focus nowadays for the
discovery as well as development of therapeutic molecules for
treating NDDs. As a transcription factor, NR4A2 is consid-
ered crucial to different physiological processes in mammali-
an organ systems. Considering the accumulating evidence,
microglia- and astrocyte-mediated chronic innate neuroin-
flammation is a common feature across neurodegenerative
diseases, including AD, PD, frontotemporal dementia, and
amyotrophic lateral sclerosis, and it plays a complex role in
their pathophysiology. Neuroinflammation and neuronal cell
death are contributed to the pathogenesis of NDDs. Therefore,
finding drugs that have potential against neuroinflammation
and/or neuronal cell death may be probable candidates for
treating NDDs. Herein, we have shown the role of NR4A2,
specifically focusing on neuroinflammation and neuronal cell
death. As per the overview, it plays a crucial role in the brain
and associated physiological processes, especially develop-
ment, maintenance, and survival of DA neurons, as well as
hippocampal normal functioning. Several lines of updated re-
search have reported that NR4A2 has a connection to many
receptors and signaling molecules. It regulates many vital
transcription factors linked to CNS processes. Focusing on
its physiological role in the brain, NR4A2 has been described
numerous times in terms of the pathogenesis of different
NDDs, such as PD, AD, and MS. Considering this physiolog-
ical and pathological role, NR4A2-based therapy has been
suggested by several research groups. NR4A2 activators and
modulators have been investigated as potential therapeutic
molecules for the treatment of NDDs in pre-clinical trials.
However, many activator- and modulator-binding properties
to the NR4A2 LBD are not confirmed, nor is their transcrip-
tional regulation. Therefore, computational and laboratory ap-
proaches should be carried out to investigate the agonists and
modulator-induced transcriptional regulation of NR4A2.

Study should be carried out in knockout and knockdown
models to find the neuroprotective role of certain agents via
NR4A2-dependent mechanism. Moreover, several analytical
techniques, such as biacore S51 SPR sensor, fluorescence
quenching analysis, a radioligand-binding assay, and nuclear
magnetic resonance, are recommended to elucidate direct
binding properties of NR4A2 modulators.

Certain benzimidazole and 4-aminoquinoline groups con-
taining compounds have NR4A2-activating properties.
However, these groups featuring many compounds remain
to be investigated for their NR4A2 activating and/or modulat-
ing properties. In view of the existing data, modification of the
available agonists and modulators as well as the discovery of
additional NR4A?2 activators are proposed. As per the litera-
ture, NR4A2 has concentrated mainly on PD, but we provided
evidence for its role in other NDDs. Conducting research fo-
cused on its pathological and pharmacological roles and its
regulation and function in other neurodegenerative conditions,
such as AD, MS, and strokes, is highly recommended.
Besides this, current challenges for NR4A2-based studies
are conducting clinical trial based on available NR4A2 ago-
nists and modulators, along with its associated receptors and
signaling molecules. In addition, NR4A2 targeting gene and
cell-based therapies are also suggested for clinical trials. We
showed that miRNA is a target for protective therapy in our
discussion where miR-132 and miR-145p affect neuronal sur-
vival via affecting NR4A2. Hence, they may be potential tar-
gets for NR4A2 gene and cell-mediated therapy. In conclu-
sion, NR4A2 might have a potential role in the management
of NDDs.
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