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Abstract

Nuclear receptor (NR) subfamily 4 group A (NR4A) is a family of three highly homologous
orphan nuclear receptors that have multiple physiological and pathological roles, including some
in cancer. These NRs are reportedly dysregulated in multiple cancer types, with many studies
demonstrating pro-oncogenic roles for NR4A1 (Nur77) and NR4A2 (Nurrl). Additionally,
NR4A1 and NR4A3 (Nor-1) are described as tumor suppressors in leukemia. The dysregulation
and functions of the NR4A members are due to many factors, including transcriptional regulation,
protein-protein interactions, and post-translational modifications. These various levels of
intracellular regulation result from the signaling cross-talk of the NR4A members with various
signaling pathways, many of which are relevant to cancer and likely explain the family members'
functions in oncogenesis and tumor suppression. In this review, we discuss the multiple functions
of the NR4A receptors in cancer and summarize a growing body of scientific literature that
describes the interconnectedness of the NR4A receptors with various oncogene and tumor
suppressor pathways.
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1. Introduction

The human nuclear receptor (NR) family is a group of structurally related transcription
factors that regulate specific gene expression in a ligand-dependent manner. This
superfamily of receptors constitutes an important group of drug targets that are useful in
identifying compounds that affect a wide range of physiological and pathological events [1].
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NRs share a common structural arrangement that consists of an N-terminal domain
containing an activation function-1 (AF-1) region, a DNA-binding domain, a hinge region,
and a C-terminal ligand-binding domain (LBD) that can also encode an AF-2 domain. NR
subfamily 4 group A (NR4A) is composed of three members: Nur77 (NR4A1, also known
as nerve growth factor IB or NGFIB), Nurrl (NR4A2), and Nor-1 (NR4A3).

Members of the NR4A subgroup respond to various stimuli, and their expression can be
induced by mitogens, stress, and apoptotic signals, implicating their roles in multiple
biological processes [2, 3]. The NR4A receptors are classified as orphan receptors, having
no known physiological ligands, and do not contain a typical ligand-binding domain
structure common to other NRs [2, 4-6] although recent evidence suggests that unsaturated
fatty acid metabolites could serve as the missing ligand for Nur77 [7]. Typical NRs have a
ligand-binding domain containing a hydrophobic cleft for ligand- and coactivator-binding,
but structural studies show that the NR4A subgroup contains an atypical ligand-binding
groove that is hindered by bulky side groups of hydrophobic residues. Thus, the NR4A
receptors are believed to be regulated in a ligand-independent manner, and a growing
amount of literature supports the notion that these receptors are regulated largely by post-
translational modifications and protein-protein interactions and that their expression and
localization within the cell influences their cellular functions.

2. NR4A receptors in cancer

The NR4A receptors promote or suppress tumors depending on specific cellular context. For
example, Nur77 is overexpressed in cancer cell and tissue samples of multiple origins,
causing increased proliferation and survival in these cells and tissues [8] at least partly via
upregulation of several target genes, including cyclin D2 [9], E2F1 [10], survivin [11], and
thioredoxin domain—containing 5 (TXNDC5) [12], which are mediators of cell cycle
progression, apoptotic inhibition and reactive oxygen species (ROS) regulation (Figure 1).
In addition, loss-of-function studies of Nur77 have demonstrated its importance in cell
proliferation and survival [13], with the consensus being that Nur77 knockdown reduces
cellular growth rate and angiogenesis and induces intrinsic and extrinsic apoptotic pathways.
It is important to note that many loss-of-function studies are performed on non-stimulated
cells to determine the role of basal, endogenous Nur77. Conversely, in cells stimulated with
various apoptosis-inducing agents, Nur77 plays a role in cell death through both
transcription-dependent and -independent mechanisms (Figure 1). Because of the dual and
opposite roles of Nur77 in cell proliferation and death, many studies have been focused on
therapeutically targeting Nur77 to impede its oncogenic functions while coaxing it to
activate the cellular death program [14]. These efforts would rely on the fact that non-tumor
tissue will express Nur77 at much lower levels, making these tissues less responsive to
Nur77-mediated apoptosis-inducing agents.

Nurrl has been implicated in cancer progression although its cancer-related target genes
have not been characterized. Nurrl knockdown decreases anchorage-independent growth,
suggesting that Nurrl plays a role in cell transformation [15, 16]. The protein promotes
migration but not overall proliferation in bladder cancer [17], although it does affect cell
proliferation in lung and breast cancer [18, 19]. Nurrl expression is higher in squamous cell
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carcinoma (SCC) samples than in normal tissues of patients with SCC, and induction of
Nurrl expression in SCC leads to increased resistance to 5-fluorouracil [20], suggesting a
role for Nurrl in drug resistance [20, 21]. Additionally, Nurrl overexpression contributes to
protection from doxorubicin-induced apoptosis by diminishing the p53 response [22].

In patients with breast cancer, Nurrl expression in normal breast epithelium is higher than
that in tumor tissue and has been positively correlated with favorable prognosis [19].
Conversely, the same study found that knockdown of Nurrl in breast cancer cell lines
diminished xenograft tumor growth. The different roles of Nurrl in different tissues point to
possible context-dependent effects of Nurrl, which might also depend on the intracellular
localization of Nurrl protein as cytoplasmic expression of Nurrl in bladder cancer was
correlated with decreased patient survival [17]. However, other studies using either
stimulated endogenous or overexpressed exogenous Nurrl have not clearly determined its
subcellular localization.

Less is known about Nor-1's functions in cancer, although some key findings have been
made. For example, Nr4al~/~;Nr4a3~/~ double-knockout mice develop acute myeloid
leukemia (AML) with very rapid onset, dying within 2 to 4 weeks [23]. The myeloid cells
from these mice have more S- and G2/M-phase populations and fewer annexin VV—positive
cells than do those of wild-type mice. The decrease in apoptotic cells was attributed to a
reduction in extrinsic cell death signaling, as indicated by a decrease in Fas ligand and
TRAIL expression. Expression of Nur77 and Nor-1 were dramatically reduced in AML
patient samples. Together, these data suggest that these two NR4A receptors can play
overlapping tumor suppressive roles in leukemia, as NR4A single-knockout mice do not
develop cancer [24, 25]. The functional redundancy of Nur77 and Nor-1 was further
confirmed in a follow-up study investigating genome-wide transcriptional changes in
response to NR4A restoration in AML [26]. Nur77 and Nor-1 shared overlapping gene
signatures by regulating 97% of the same transcripts, and re-expression of either NR4A
receptor was able to elicit tumor-suppressive functions by reducing proliferation and
increasing apoptosis. Furthermore, NR4A re-expression suppressed MYC and its
accompanying oncogenic signature in multiple AML cells.

Another perturbation of Nor-1 function occurs in extraskeletal myxoid chondrosarcoma
(EMC). Researchers identified a recurrent translocation of Nor-1 (also called TEC,
Translocated in Extraskeletal Chondrosarcoma) with the EWS gene that encodes a novel
EWS-TEC fusion protein in EMC tumors [27]. This oncogenic fusion protein binds to and
regulates the NGFI-B Response Element (NBRE), with 250-fold greater transactivation
capacity than that of wild-type Nor-1 [28]. Because EWS-TEC fusion protein can bind to the
NBRE, several studies have been focused on the differential transactivation of target genes
of EWS-TEC and Nor-1 [29, 30]. Analysis of 16 EMC tumors showed that 15 cases
contained EWS-TEC fusion transcripts [31]. Introduction of the EWS-TEC oncogenic
fusion protein into a chondrogenic cell line did not increase the proliferation rate but
allowed cells to grow past contact inhibition to form small clusters of cells and increased
anchorage-independent growth [32]. Nor-1 also forms fusion proteins with other proteins in
EMC [33, 34].
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3. NR4A receptors and MAPK

3.1. MAPK and cancer

The mitogen-activated protein kinase (MAPK) pathway is induced by a wide range of
signals, including growth factors, cytokines, and stress, and is responsible for almost every
cell function, including proliferation, differentiation, cell death, and migration. The six
different MAPK pathways include extracellular signal-regulated kinase (ERK) 1/2, ERK
3/4, ERKS5, ERK 7/8, Jun N-terminal kinase (JNK) 1/2/3, and p38 (ERK®6), as reviewed in
[35]. Typically, an external signal triggers the signaling cascade through a membrane-bound
receptor, followed by recruitment of G-proteins such as Ras, Rac, and Rho and,
subsequently, of downstream kinases such as Raf and MAPK kinase kinase (MEKK), which
phosphorylate and activate MAPK kinase (MEK). Activated MEKS then phosphorylate and
activate MAPKs [35], which will phosphorylate either transcription factors to modulate
target gene expression or other kinases to regulate critical cellular events. Because the
MAPK pathway is involved in almost every cellular process, it is understandable that
dysregulation of this pathway could cause cancer.

3.2. Regulation of NR4A receptors by MAPK

Phosphorylation of Nur77 by MEK-ERK signaling has been described by several groups.
Epidermal growth factor (EGF), an activating signal for ERK2, causes phosphorylation of
Nur77 at threonine 142 [36], a phosphorylation site that stabilizes Nur77 [37], consistent
with the phosphorylation-mediated stability of other nuclear receptors. Interestingly, EGF
enhances the interaction of Nur77 with prolyl isomerase Pinl, and the isomerization of
phosphorylated Nur77 requires ERK2- (and JNK1)-mediated phosphorylation [38]. This
phosphorylation-dependent isomerization prevents degradation of Nur77, thereby increasing
its transactivation activity and promoting its pro-mitogenic effect. ERK2 is responsible for
phosphorylation of Nur77 at serine 431, a phospho-residue important for both the Nur77-
Pinl interaction and increased transactivation mediated by Pinl.

ERK2 activation upon EGF treatment causes Nur77 nuclear localization and prevents its
cytosolic induction of apoptosis [39], but the opposite phenotype occurs in T-cells.
Inhibiting MEK1 decreases expression of Nur77 in T-cells [40] and prevents its nuclear
export and mitochondrial localization [41], demonstrating the role of ERK signaling in
Nur77-induced cell death. Ribosomal S6 kinase 2 (RSK?2), an effector kinase of MEK-ERK,
phosphorylates Nur77 at serine 354 [41, 42] and positively regulates Nur77's nuclear export
and subsequent mediation of apoptosis. Other groups have reported phosphorylation of
Nur77 by ERKS5, but not by ERK?2, in T-cells that caused increased Nur77 transcription and
induction of apoptosis [43, 44].

Activation of ERK1/2 signaling is positively associated with the nuclear localization of
Nur77 and negatively associated with the ability of fenretinide to induce apoptosis [45].
Inhibiting MEK-ERK and treating with fenretinide enhance the cytosolic localization of
Nur77 in fenretinide-resistant HepG2 cells, but activating MEK-ERK prevents this event in
fenretinide-sensitive HuUH-7 cells, demonstrating a role for ERK signaling in the drug
resistance of liver cancer cells. In another study, constitutive signaling through BRAF-
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MEK-ERK was shown to positively regulate the expression of both Nur77 and Nurrl via
inhibition of BRAF and MEK1/2 [46], implicating this commonly mutated and hyperactive
pathway as one of the causes of increased Nur77 levels in cancers. In addition, the p38
MAPK pathway can also modulate the activity of Nurrl. For example, upon activation by
apoptosis signal-regulating kinase 1, p38 phosphorylates Nurrl, leading to synthesis of
melanin, a pigment important in protecting skin, hair, and eyes from harmful elements [47].

In another study, fibroblast growth factor 8b (FGF-8b) induced the expression of all three
NR4As in MC3T3-E1 preosteoblastic cells [48]. Furthermore, the effect of FGF-8b was
mediated through the MAPK, phosphatidylinositol 3-kinase (P13K), and protein kinase C
(PKC) pathways. Proliferation of these cells can be increased by FGF-8b, and
overexpression of Nur77 and Nurrl further enhance this proliferative effect and decrease
apoptosis. Therefore, the MAPK pathways regulate the levels, sub-cellular localizations, and
activities of the NR4A receptors.

4. NR4A receptors, PI3K-AKT, and mTOR in proliferation and survival

4.1. PI3K-AKT and cancer

The PI3K-AKT signaling axis is a major regulator of cell proliferation and survival, acting
downstream of growth factors and receptor tyrosine kinases in parallel with MAPK
signaling [49]. PI3K heterodimers consist of regulatory and catalytic subunits, which are
responsible for PI3K regulation and downstream signaling, respectively. Upon receptor
tyrosine kinase activation and recruitment of PI3K to the plasma membrane, the primary
function of PI3K is to add a phosphate group to phosphatidylinositol 4,5-bisphosphate
(PIPy), converting it to phosphatidylinositol 3,4,5-trisphosphate (P1P3) [50] to flip the “on”
switch for downstream signaling. PIP3 recruits AKT kinase to the plasma membrane,
enabling its phosphorylation and activation by 3-phosphoinositide-dependent protein
kinase-1 (PDK1) [51, 52]. Conversely, AKT signaling can be turned off through the
phosphatase PTEN, which converts PIP3 back to PIP, [53, 54]. AKT can inhibit apoptosis to
promote cell survival by phosphorylating and inhibiting both pro-apoptotic Bad [55] and
caspase-9 [56]; enhance cell-cycle progression by phosphorylating and inactivating
glycogen synthase kinase 3 beta (GSK3B), leading to stabilization of cyclin D1 [57]; and
increase cell growth by stimulating the mechanistic target of rapamycin (mTOR) pathway to
promote protein synthesis [58].

Alterations in the PI3K-AKT pathway have been identified in various cancer types and
include mutations that directly increase PI3K and AKT activity [49, 59] and inactivate the
tumor suppressor PTEN [60-62]. Mice that are heterozygous for PTEN develop an array of
tumor types [63] due to uncontrolled PI3K-AKT signaling. Aberrant AKT signaling can also
lead to inactivation of tumor suppressor p53 [64], with the hyperactivation of PI3K-AKT in
cancer ultimately leading to increased cell survival and proliferation and contributing to
tumor growth, metastasis, and angiogenesis through modulation of downstream effectors,
including NR4A receptors.
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4.2. The interplay of NR4A receptors and PI3K-AKT

AKT phosphorylates Nur77 [65-67] to negatively regulate its function in mediating cell
death. Specifically, AKT phosphorylates human Nur77 at Ser-351 (Ser-350 in rats) in the
DNA-binding domain [67], a phosphorylation site that inhibits Nur77 transcriptional activity
[68]. AKT-mediated phosphorylation of Nur77 occurs in the cytoplasm in a PI3K-dependent
manner. More importantly, phosphorylation of Nur77 by AKT decreases the transcriptional
activity of Nur77 by 50%—-85%. Additionally, the other two NR4A members, Nurrl and
Nor-1, also have a similar phosphorylation motif, so it is likely that AKT also
phosphorylates Nurrl and Nor-1, although this has not been investigated. Furthermore, AKT
directly inhibits Nur77's DNA binding activity [66].

In addition to inhibiting its DNA binding and transcriptional activity, AKT also prevents
Nur77 from inducing apoptosis in T-cell hybridomas [66]. To inhibit apoptosis and increase
cell survival, AKT phosphorylation of Nur77 can be considered to be a “priming” step for
an interaction with 14-3-3 protein, which recognizes the phosphorylated motif near the
Ser-351 residue. This protein-protein interaction, which only occurs with wild-type Nur77
following AKT phosphorylation, is similar to AKT-mediated phosphorylation of Bad and its
subsequent interaction with 14-3-3: both protein-protein interactions prevent the protein
(Nur77 or Bad) from interacting with Bcl-2 and causing subsequent apoptosis [55]. By using
a DNA-binding domain deletion mutant of Nur77 that readily localizes to the mitochondria
and induces apoptosis [69], researchers showed that overexpressing AKT blocks
mitochondrial association with Bcl-2 and causes a diffuse cytoplasmic localization of Nur77
[65]. Because the Nur77 DNA-binding domain deletion mutant lacks the Ser-351 residue,
this experiment also showed that AKT can phosphorylate cytoplasmic Nur77 at the N-
terminus.

AKT can also act on nuclear Nur77, preventing its nuclear export and subsequent apoptosis
[65, 70]. Overexpression of constitutively active AKT can overcome the effects of MEKK1-
induced nuclear export of Nur77, retaining it within the nucleus [70]. The effect of AKT
depends on Ser-351 of Nur77: if Ser-351 is replaced with alanine, the Nur77 mutant
migrates to and remains in the cytoplasm in response to MEKKZ1 activation, regardless of
AKT status. Inhibition of PI3K-AKT or knockdown of AKT restores Nur77's cytoplasmic
localization, whereas PI3K activation by insulin or AKT overexpression efficiently blocks
TPA-induced Nur77 nuclear export, cytochrome c release, and apoptosis in gastric cancer
cells [65]. In addition to Ser-351, the N-terminal region of Nur77, specifically residues 51—
105, are also shown critical for AKT binding and phosphorylation-dependent regulation
[65]. AKT's inhibition of Nur77 has also been credited with mediating cisplatin-induced
apoptosis in ovarian cancer cells [71].

4.3. The interplay of NR4A receptors and mTOR

AKT acts on multiple downstream proteins, including the mTOR kinase complex
(mMTORC1). The PI3K-AKT-mTOR axis could be considered to be a single pathway [58] in
which AKT activates mTOR to control cell proliferation and growth in response to
environmental stimuli by phosphorylating and inactivating the mTOR suppressors tuberous
sclerosis protein 1 (TSC1) and TSC2 [72, 73]. Another upstream negative regulator of
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MTOR, liver kinase B1 (LKB1), activates AMP-activated protein kinase (AMPK) [74] to
suppresses the mTORCL1 complex [75]. PTEN also negatively regulates mTOR by turning
off PI3BK-AKT signaling. The major effect of mMTOR activation is increased protein
synthesis, leading to increased expression of proteins involved in proliferation, survival, and
angiogenesis [58].

Nur77 indirectly activates mTOR signaling by attenuating AMPK signaling, and knockdown
of Nur77 in non-small cell lung cancer cells decreased proliferation and enhanced apoptosis
[76]. Whereas AMPKa phosphorylation was increased and mTOR phosphorylation
decreased in that study, AKT phosphorylation status remained unchanged, suggesting that
the effect on mTOR occurs downstream of AKT. A previous microarray study by the same
group demonstrated that sestrin-2 expression increased after knockdown of Nur77 [77].
Sestrin-2, a target gene of p53 [78], serves to activate AMPK signaling. Knowing that Nur77
has been shown to interact with and inhibit p53 [79], the authors further showed that
knockdown of Nur77 enhanced sestrin-2—mediated AMPK activation only in cells with
wild-type p53. Further support for the role of Nur77 in mTOR activation comes in a report
demonstrating Nur77's suppression of AMPK signaling [80], wherein knockdown or
overexpression of Nur77 increased or decreased AMPK phosphorylation, respectively. This
relationship was not seen in LKB1-null HeLa cells unless LKB1 was cotransfected with
Nur77. Furthermore, Nur77-LBD interacts with and sequesters LKB1 in the nucleus, away
from cytoplasmic AMPK, leading to decreased AMPK phosphorylation. A subsequent
chemical screen found that the small molecule ethyl 2-[2,3,4-trimethoxy-6-(1-
octanoyl)phenyl]acetate (TMPA) enhanced AMPK phosphorylation by disrupting the
Nur77-LKB1 interaction; this effect was not seen in LKB1-null cells, further confirming
LKB1-dependency. These studies demonstrate interesting perspectives of Nur77 in which
multiple signaling nodes are interconnected through Nur77, as PI3K-AKT suppresses the
pro-apoptotic functions of Nur77 and Nur77 itself enhances downstream mTOR signaling to
promote tumor progression, possibly in the context of LKB1 or p53.

5. NR4A receptors, hypoxia, and angiogenesis

5.1. HIF-1 and cancer

The hypoxia-inducible factors (HIFs) are a family of transcription factors that mediate the
balance of oxygen within tissues, having functions in multiple diseases, both in protective
and pathogenic roles [81]. At normoxic conditions (i.e., normal oxygen levels), the HIF-1a
subunit undergoes rapid proteolysis to maintain a low protein level, and the HIF-1f subunit
remains at a relatively constant level [82, 83]. The HIF-1a subunit is maintained in its
suppressed state by hydroxylation of specific prolyl residues [84, 85], which promotes an
interaction with the von Hippel-Lindau tumor suppressor protein (pVHL) [86], a key protein
responsible for targeting HIF-1a for proteasomal degradation by recruiting ubiquitin ligases
[87]. The suppression of HIF-1a is released under hypoxic conditions (i.e., low oxygen
levels) due to the unavailability of oxygen for the hydroxylation step, leading to loss of
pVHL recognition of HIF-1a and an accumulation of HIF-1a protein. Additionally, a
hydroxylation of HIF-1a by factor-inhibiting HIF prevents binding of the coactivator p300
to the transactivation domain of HIF-1a, preventing its transactivation [88]. Once at
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sufficient levels, HIF-1a migrates to the nucleus where it forms a heterodimeric
transcriptional complex with HIF-1 to regulate the expression of target genes, including
those encoding erythropoietin (EPO) [89], vascular endothelial growth factor (VEGF) [90],
and proteins involved in glucose uptake and metabolism [91-94]. The HIF-1 transcription
factors are able to mediate key processes within hypoxic regions deep within newly
established tumor sites to control the balance of oxygen consumption and oxygen delivery.
HIF-1 effectively controls these processes by regulating the expression of hundreds of
genes, many of which are involved in proliferation, metabolic adaption, and angiogenesis
[95, 96], which are key hallmarks of cancer [97]. As summarized by Semenza [95], loss-of-
function and gain-of-function studies have revealed that the HIF-1 target gene products are
tumor-promoting and, thus, increase proliferation, angiogenesis, and metastasis in multiple
tumor models. Many primary tumors and metastases have increased HIF-1 activation as
indicated by increased staining of the HIF-1 protein in tissue samples when compared to
adjacent normal tissue [98, 99], and its expression is associated with increased tumor
vascularization and aggressiveness [100]. Increased HIF-1a expression and activity in
cancer can be attributed to cancer-associated hypoxia, loss of tumor suppressor function (i.e.
pVHL, p53 or PTEN), or contributions of growth factor or oncogene signaling (i.e. PI3K or
MAPK), either through blocking degradation or enhancing synthesis of HIF-1a [96].
Patients with clear cell renal carcinoma and loss of pVHL have enhanced HIF-1a expression
due to the decreased degradation of HIF-1a, defining pVHL as a tumor suppressor [101,
102].

5.2. The interplay of NR4A receptors and HIF-1

Hypoxia increases the expression of all three NR4A family members at both mRNA and
protein levels in a HIF-1a-dependent manner [103-107]. HIF-1a, but not HIF-2a, can
directly regulate Nur77 and Nor-1 expression by binding to hypoxia-response elements in
each gene's promoter [103, 104, 106]. Additionally, the Nur77 target gene
proopiomelanocortin (POMC) is induced under hypoxic conditions through HIF-1a-
dependent regulation of Nur77. Furthermore, Nur77 itself regulates HIF-1a, implicating this
as a possible feedback mechanism in cancer progression. Expression of wild-type but not of
dominant negative Nur77 can activate a hypoxia response element—containing promoter,
increasing nuclear localization of HIF-1a [104, 108]. Additionally, when examining this
HIF-1 response to Nur77, the HIF-1 target gene VEGF increased at both the mRNA and
protein levels, but HIF-1a increased at only the protein level and underwent attenuated
ubiquitination [104, 108], suggesting stabilization of transcriptionally active HIF-1a by
Nur77. Two reports have suggested different Nur77 domains as being requirements for
HIF-1a stabilization and transactivation, either through the N-terminal [104] or ligand-
binding domain [108]. These domain-specific stabilizations of HIF-1a depend on different
Nur77 protein interactions, although neither affects HIF-1a binding with pVHL. The N-
terminal domain of Nur77 can block Mdm2 from binding to and degrading HIF-1a and also
leads to decreased Mdm2 expression [104]. However, another group demonstrated that
Nur77-LBD can interact with the a-domain of pVHL, forcing elongin C dissociation and
blocking pVHL-mediated degradation of HIF-1a [108]. The fact that pVHL was required
for Nur77-mediated stabilization indicates that pVVHL serves as an adaptor protein to form a
Nur77-pVHL-HIF-1a complex. Interestingly, Nurrl and Nor-1 positively regulate HIF-1a
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expression [105, 108], and HIF-1a— induced Nor-1 protects endothelial cells exposed to
hypoxia, possibly by regulating cellular inhibitor of apoptosis 2 [106].

The regulation and function of Nur77 within hypoxic environments may be critical factors to
consider and are addressed by a recent report showing crosstalk between Nur77 and -
catenin signaling during hypoxia [107], in which both were induced and required to
positively regulate each other through transcription-independent mechanisms. Although
Nur77 is typically considered to be a nuclear protein that regulates target gene expression in
the context of cancer, hypoxia-induced Nur77 is highly expressed in the cytoplasm, and this
localization is required for stabilization of B-catenin [107]. This finding is similar to one in
bladder cancer patients that indicated cytoplasmic Nurrl level was correlated with poor
prognosis, although other possible factors were not described [17]. Hypoxia can increase
AKT phosphorylation in a Nur77-dependent manner [107], presenting a unique regulatory
mechanism, as Nur77 is phosphorylated by AKT to prevent its mitochondrial localization
[65], thus preventing cell death and enhancing its pro-oncogenic functions. The feed-
forward loop of Nur77 and -catenin promotes cell growth, migration, and invasion and
alters epithelial-to-mesenchymal transition (EMT) markers [107]. Together, these studies
reveal that hypoxia affects both the level and function of NR4A receptors, which in turn
play positive feedback roles that affect hypoxia-induced signaling.

5.3. NR4A receptors as mediators of VEGF-induced angiogenesis

Given the reported roles of the NR4A receptors in hypoxia, a reasonable hypothesis might
be that hypoxia-induced upregulation of NR4A receptors will positively regulate HIF-1a,
thus increasing HIF-1-regulated genes and promoting survival, angiogenesis, and tumor
promotion. The anti-metabolite 6-mercaptopurine (6-MP), known to increase NR4A
transactivation through its AF-1 domain [109], induces the expression of all three NR4A
members, HIF-1a, and VEGF and increases the stability, nuclear localization, and
transactivation of HIF-1a protein in a Nur77-dependent manner [105]. The effects of 6-MP
on NR4A and HIF-1a depend on p44/p42 ERK phosphorylation and can be abolished using
a MEK inhibitor, a previously reported regulatory mechanism of Nur77 in hypoxia [104].
Furthermore, 6-MP enhances the HIF-1a response in endothelial cells and promotes
capillary tube formation [105], indicating that induction of Nur77 and its regulation of
HIF-1a can promote angiogenesis.

One main mediator of angiogenesis is VEGF, which is induced by deoxycholic acid (DCA)
through enhancing the expression of Nur77 in colon cancer cells [110]. VEGF stimulation of
cells rapidly induces expression of all three NR4A members [111-114], which mediate
VEGF-induced effects on proliferation and angiogenesis. Similar to VEGF, Nur77
expression increases the proliferative rate of endothelial cells and protects cells from
apoptosis [113], suggesting that VEGF exerts its effect by upregulating Nur77 expression.
Nur77 knockdown increases apoptosis, which cannot be rescued by addition of VEGF,
further suggesting that Nur77 operates downstream of VEGF in this context. In addition, the
effect of VEGF depends on Nur77, and both VEGF and Nur77 induce the expression of the
cell cycle- related genes cyclin A, cyclin D1, proliferating cell nuclear antigen (PCNA), and
E2F [113]. Inactivation of Nur77 reduces capillary tube formation, and mutants lacking the
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DNA-binding domain undergo no tube formation [113]. Compared to wild-type mice,
Nur77~/~ mice form fewer xenograft tumors, with reduced angiogenesis within the tumors
[113]. These data suggest that VEGF-induced angiogenesis is mediated through Nur77.

Induction of Nor-1 by VEGF has been attributed to VEGF receptor 2 (VEGFR-2), and its
expression is modulated at the Nor-1 promoter through CBP [112]. Knockdown of Nor-1 in
endothelial cells attenuates DNA synthesis and progression of cells into S-phase following
VEGF stimulation, suggesting that Nor-1 mediates the effects of VEGF and confirming a
previous finding of Nor-1's role in vascular smooth muscle proliferation [115]. Similarly,
VEGF-induced Nurrl expression occurs rapidly, within 1 hour, and is mediated at the
promoter level by NF-kB and CREB response elements [114]. Upon VEGF stimulation,
CREB becomes phosphorylated and binds to the Nurrl promoter, and this action can be
blocked by inhibiting protein kinase D. Nurrl knockdown can inhibit VEGF-mediated
proliferation, migration, and in vivo angiogenesis [114]. These studies demonstrate that
NR4A receptors are critical mediators of VEGF-mediated signaling.

6. NR4A receptors, p53, and cell death

6.1. p53 and cancer

As the main arbitrator of determining cell cycle progression, DNA repair, and apoptosis, the
tumor suppressor p53 is a central hub in regulating cell fate [116, 117]. In response to a
stress stimulus, such as DNA damage, p53 is quickly induced. Induction of p53 typically
occurs at the protein level through inhibition of p53 degradation, known as derepression, by
the blocking of a critical ubiquitination by the E3 ligase Mdm2 and, ultimately, the
enhancement of p53 protein stability. With increased p53 protein levels, the cell's fate can
now be regulated by tetramerization of p53 proteins and transcription of target genes. For
example, p53 can drive the expression of cyclin-dependent kinase p21 [118, 119] and
Gadd45 [120] to block cell-cycle progression, allowing the cell enough time to undergo
DNA repair to correct any lesions. If the damage received proves to be too extensive, then
p53 can initiate the cell death program through induction of genes such as Puma [121], Noxa
[122], and Bax [123] to prevent the outgrowth of cells with damaged genomes. Additionally,
p53 can execute the cell death program through DNA-binding—independent mechanisms by
forming complexes with other signaling molecules such as B-cell lymphoma 2 (Bcl-2) at the
mitochondrial membrane, which compromises the integrity of the outer mitochondrial
membrane, resulting in cytochrome c release [124]. Through these multiple mechanisms of
halting cell expansion, p53 serves as a critical tumor suppressor to prevent the formation of
malignant lesions.

Since the discovery of p53, an overwhelming amount of reports have suggested that somatic
p53 mutations occur in at least half of all cancers, with higher frequencies in certain
malignancies, making it the most commonly mutated gene in cancer [125]. Mutations of
p53, which commonly occur in its DNA-binding domain, serve to hijack its function as a
tumor suppressor, making cells vulnerable to malignant transformation. Also, because many
p53 mutations occur in the DNA-binding domain, mutated p53, acting in a dominant-
negative manner, is still able to form tetramers with wild-type p53 protein to render them
inactive [126]. Accumulating evidence also points to oncogenic functions of mutated p53
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[127]. Additionally, in cancers with wild-type p53, the function of p53 can still be altered
through overexpression of the negative regulator Mdm2 [128]. The importance of p53 in
tumor suppression is evident in studies of p53 knockout mice in which all mice lacking p53
eventually succumb to disease, mostly due to sarcomas and lymphomas [129].

6.2. The interplay of NR4A receptors and p53

Both Nur77 and Nurrl interact with p53 and regulate critical p53-dependent signaling,
which could at least partially explain the oncogenic functions of NR4A receptors. On the
heels of a finding that Nur77 could mediate Mdm2 degradation to promote HIF-1a
stabilization [104] despite the lack of a Nur77-Mdmz2 interaction, a direct interaction of
Nur77 with p53 was demonstrated [79] that could explain this negative regulation of Mdm2.
The Nur77-p53 interaction leads to a blockade of p53 acetylation, resulting in loss of p53-
dependent transactivation and subsequent decreased expression of the target genes Mdm2
and cyclin-dependent kinase inhibitor p21. Interestingly, Nur77 can enhance p53-dependent
apoptosis with and without UV irradiation, suggesting non-genomic regulation within the
Mdm2-p53 axis. Ubiquitination of p53 by Mdm2 is also obstructed by Nur77, enhancing its
stability. The results of these studies suggest that the pool of available p53 protein might
play an important role in its transcriptional regulation, protection from Mdm2-mediated
destruction, and enhancement of apoptosis conferred by Nur77. More recent findings show
that the Nur77-mediated enhancement of p53-dependent apoptosis is due to phosphorylation
of Nur77 by DNA-dependent protein kinase (DNA-PK) [130]. This phosphorylation of
Nur77 enhances that of p53 by DNA-PK and, ultimately, increases the potential for
induction of apoptosis upon DNA damage.

Similarly, Nurrl interacts with p53 and inhibits p53-dependent apoptosis by inhibiting
transactivation [22]. Nurrl interacts with the C-terminal domain of p53 to attenuate
doxorubicin-induced expression of the proapoptotic protein Bax, and cells lacking p53 do
not exhibit doxorubicin resistance in the presence of Nurrl. The effects of Nurrl on p53 are
attributed to a reduction in the tetramerization of p53, which is required for its
transcriptional activity. Although Nurrl also has roles in DNA-PK-mediated DNA repair
[131], the role of a Nurrl-p53 interaction in this process is unknown. Interestingly, a recent
study found Nurrl expression to be inversely correlated with p53 expression in primary
breast cancer tissues [19]. The effects of p53 interaction with Nurrl, and Nur77 likewise,
have not been addressed, and it remains to be determined whether p53 can interfere with the
oncogenic effects of the NR4A receptors through direct protein interactions or other
signaling mechanisms.

NR4A receptors not only affect the immediate responses of p53 but also affect other
downstream pathways in a p53-dependent context. One such pathway is the AMPK-mTOR
axis. As discussed in section 4.3, Nur77 can indirectly activate mTORCL signaling by
inhibiting p53 [76]. In p53 wild-type cells, but not in p53-null cells, Nur77 inhibited p53-
mediated transactivation of the sestrin-2 promoter and subsequent expression of sestrin-2, a
known target of p53 that inhibits mTOR signaling [78].
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6.3. Nur77 in cell death

An intricate review by Moll and colleagues [132] draws parallels between p53 and Nur77 as
cell death mediators that act through the intrinsic cell death pathway. Regardless of the route
in which p53 activates cell death (i.e., transcription-dependent or -independent), the ultimate
outcome is a mitochondria-induced cell death either through p53 target genes such as PUMA
or BAX or through direct interactions with other molecules such as Bcl-2 at the
mitochondrial outer membrane. Similarly, increasing evidence points to multiple
mechanisms of Nur77-mediated cell death through nuclear and cytosolic Nur77 functions
(Figure 1). A well-characterized mechanism of Nur77-mediated cell death is that in which
Nur77 translocates from the nucleus to begin the apoptosis cascade, independently of
transactivation, in response to certain death-inducing compounds [133, 134]. Nur77
heterodimerizes with retinoid X receptor (RXR) alpha and translocates from the nucleus to
the cytosol, where the complex can target the mitochondria [135-137]. Bcl-2, a protein that
is anti-apoptotic under most conditions, serves as a receptor on the mitochondrial outer
membrane and is the downstream effector of Nur77 through an interaction with its ligand-
binding domain [138]. Anti-apoptotic Bcl-2 is converted to a proapoptotic molecule through
a conformational change of its Bcl-2 homology (BH) domains after Nur77 binding [138].
The conformational change exposes the buried pro-apoptotic BH3 domain of Bcl-2,
resulting in a release of cytochrome ¢ [69] and further activation of apoptosis. Deletion of
the BH3 domain of Bcl-2 inhibits Nur77-mediated apoptosis. Another report suggests that
Nur77 can mediate stress-induced apoptosis by targeting Bcl-2 at the endoplasmic reticulum
(ER), leading to a release and depletion of ER calcium and activation of caspase-4 and -8
[139]. Therefore, cytosolic Nur77, by interacting with Bcl-2 either at the mitochondrial outer
membrane or ER, is pro-apoptotic.

Although Nur77 exerts its pro-apoptotic effect largely through a translocation-dependent
mechanism, it also regulates specific target genes involved in cell cycle regulation, survival,
and apoptosis. Therefore, small-molecule agonists [77, 140-145] or antagonists [11, 12,
140] of Nur77 could be useful in modulating its transcription factor functions. One group
has identified methylene-substituted diindolylmethanes (DIMs) as being agonists or
antagonists of Nur77 and has shown that in vitro and in vivo treatment of colon, pancreatic,
and bladder cancer cells with DIM-C-pPhOCH3 activates Nur77 through its ligand-binding
domain [140], leading to growth inhibition, cell cycle arrest, and/or cell death [77, 140-
143]. Treatment with DIM-C-pPhOCHj3 causes a Nur77-dependent increase in TNF-related
apoptosis-inducing ligand (TRAIL/TNFSF10), p21, and other genes, implicating DIM-C-
pPhOCHS3 in regulating the cell cycle and apoptosis [77, 140-142] (Table 1). The DIM-C-
pPhOCH3-mediated effects are independent of Nur77's translocation to mitochondria, and
Nur77 remains localized within the nucleus. TRAIL is implicated in the extrinsic pathway of
apoptosis, a cell death pathway that bypasses the intrinsic mitochondrial pathway, further
supporting a translocation-independent mechanism. As expected, cleavage of caspase-8 is
detected after treatment with DIM-C-pPhOCH3 [77, 140, 141, 143]. Another compound in
this series of DIM analogs, DIM-C-pPhOH, is described as a Nur77 antagonist, capable of
inhibiting both basal and agonist-induced Nur77 transactivation through its N-terminal
domain [11, 12, 140, 142]. Interestingly, DIM-C-pPhOH can also inhibit in vitro and in vivo
cancer cell growth and induce apoptosis [11, 12, 76, 140], mimicking the effects seen after
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RNAi-mediated knockdown of Nur77, primarily through a Nur77-dependent regulation of
target gene BIRC5/Survivin (Table 1). Nur77 knockdown or DIM-C-pPhOH treatment also
cause morphological changes indicative of ER stress, which are accompanied by
upregulation of ER stress genes and proteins (Table 1) and downregulation of the Nur77
target gene TXNDCS5, a gene responsible for maintaining proper ROS levels [12]. The
structure-dependent effects of C-DIMs on Nur77-regulated pro-apoptotic and anti-apoptotic
genes, although not completely straightforward, are attributed to interactions with specific
cofactors (i.e., p300) and other transcription factors (i.e., Spl) [11, 142], but other genes are
regulated through direct NBRE- and NURE-binding sites.

Another DIM analog, DIM-C-pPhClI, was found to be a Nurrl-specific agonist [146]. This
compound can inhibit TRAIL induction, apoptosis, and proliferation of bladder cancer cell
lines, can block in vivo tumor growth, and can increase overall survival. These data suggest
that Nurrl, similar to Nur77, may regulate both proliferative and survival genes (or death-
inducing genes) depending on specific stimuli or structure-dependent small-molecule
features and that agonists or antagonists could be developed to regulate this orphan receptor.

The small-molecule natural product cytosporone B (Csn-B) and its analogs are also ligands
for the Nur77 ligand-binding domain [144, 145]. Csn-B stimulates Nur77's transcriptional
activity through an interaction with Tyr-453 without affecting the activity of other NRs. A
critical hydrogen bond is formed between a hydroxyl group of Csn-B (and its analogs) and
Nur77 at Tyr-453 [144]. The series of analogs depend upon Nur77 in mediating apoptosis,
which is induced by the translocation of Nur77 to the mitochondria after activation of the
intrinsic pathway of apoptosis [145]. Csn-B and analogs suppress the expression of brain
and reproductive organ—expressed protein (BRE), an anti-apoptotic protein. The promoter of
BRE contains a binding site for Nur77, suggesting that modulation of nuclear Nur77 may
suppress genes containing NBRE or NURE in their promoter, possibly by recruiting
corepressors (i.e., huclear receptor co-repressor-1). Nur77 can also upregulate BRE in colon
cancer cells after DCA treatment [110].

7. NR4A, Wnt, and p-catenin

7.1. Wnt and cancer

The roles of Wnt signaling in cancer have been previously reviewed [147, 148]. Wnt binds
to and activates a Frizzled receptor, which then interacts with the intracellular Dishevelled to
activate downstream events, including the canonical (i.e., B-catenin—dependent) and non-
canonical Wnt pathways [148]. In the canonical pathway, f-catenin accumulates within the
cytoplasm and translocates to the nucleus, where it acts as a transcriptional coactivator of the
TCF/LEF family of transcription factors. TCF/LEF then targets genes involved in cell
proliferation, stem cell maintenance, and differentiation. These target genes include those of
cyclin D1 and c-Myc, which are required for the transition from G1 to S phase in the cell
cycle. In the absence of Wnt signaling, 3-catenin is normally degraded by a complex of
proteins including Axin, adenomatosis polyposis coli (APC), Glycogen synthase kinase 383
(GSK3B), and casein kinase 1a (CK1a). These proteins mediate phosphorylation of -
catenin, leading to ubiquitination and subsequent proteasomal degradation, thus preventing
j-catenin from accumulating in the cytoplasm and performing its coactivator function.
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Dysregulation of Wnt signaling has been linked to cancer development [147]. Wnt1 ligand
is a proto-oncogene in a mouse model of breast cancer. Multiple signaling dysregulations
lead to elevated B-catenin, which is strongly correlated with poor prognosis of breast cancer
patients, and have been implicated in other cancers such as colorectal cancer, melanoma,
prostate cancer, lung cancer, glioblastoma, esophageal cancer, ovarian cancer, and familial
adenomatous polyposis. The initial consensus was that increased Wnt signaling always
correlates with negative patient outcomes, however recent evidence shows otherwise.
Enhanced Whnt signaling can either promote or inhibit cancer formation and progression, and
this is strongly dependent on the type and stage of cancer.

7.2. The interplay of NR4A receptors and Wnt signaling

Nuclear receptors, including the NR4A receptors, modulate the Wnt pathway [149, 150].
Nurrl inhibits Wnt signaling by blocking B-catenin transactivation in both 293F and
MC3TC-EL1 osteablastic cells. A similar observation was made in U20S osteosarcoma cells
in which the NR4A receptors block the transcriptional activity of 3-catenin through a
mechanism involving the DNA-binding domain of the NR4A receptors [150]. In addition,
Nur77 promotes p-catenin degradation in the cytoplasm and inhibits tumor formation in vivo
through transcriptional inhibition of the Wnt pathway [8, 151]. This finding would seem
contradictory because Nur77 is overexpressed in most solid tumors; however, analysis of
tissue samples from patients with colon cancer revealed that Nur77 is hyperphosphorylated
by GSK-3B, which may impede its inhibition of the Wnt pathway [151]. Conversely, the
NRA4A receptors can indirectly increase B-catenin in melanoma cells. Nur77 targets CBP/
p300-interacting transactivator 1 (CITED1) and Nur77/Nurrl targets Dishevelled-binding
antagonist of beta-catenin 1 (DACT1), both of which are negative regulators of the Wnt
pathway. CITED1 inhibits B-catenin transactivation, and DACT1 interacts with the Wnt
activator Dishevelled to promote its degradation, leading to inhibition of the Wnt pathway
[46]. Therefore, NR4A receptors inhibit CITED1 and DACT1 to increase Wnt activity.

Alternatively, the Wnt pathway can either upregulate or repress the NR4A receptors
depending on the cellular context. In 293F cells, B-catenin and Nurrl directly bind,
disrupting an interaction with the corepressor Lef-1. This enables Nurrl and p-catenin to
activate their transcriptional targets. This interaction is important for normal neuron
development and the survival of dopaminergic neurons [8, 150]. Nur77 can also be
upregulated upon the addition of the colon carcinogen DCA, which stabilizes p-catenin and
allows it to form a transcriptional complex with AP-1 that can then bind to the Nur77
promoter to enhance transcription of Nur77 [8, 150, 151]. Conversely, overexpression of 8-
catenin in U20S and HelLa cells inhibits NR4A transcriptional activity through a mechanism
involving the ligand-binding domain of the NR4A receptors [150].

As discussed in section 5.2, a positive feedback loop between Nur77 and p-catenin has been
identified under hypoxic conditions in colorectal cancer cells [107]. f-catenin induces Nur77
expression through HIF-1a. However, Nur77 can increase f-catenin's protein levels by
increasing its half-life in the cytoplasm. Furthermore, the growth, migration, and invasion of
colorectal cancer cells increase upon overexpression of 3-catenin or Nur77, and these effects
are further enhanced when p-catenin and Nur77 are coexpressed. The authors of these
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findings argued that previous studies on the interaction between Nur77 and p-catenin are
conflicting because of the normoxic conditions used in those studies and that it is, therefore,
more realistic to perform these experiments under hypoxic conditions, which more closely
mimic the environment of a tumor. Overall, it is clear that the tissue type and environmental
conditions play an important role in how NR4A receptors interact with the Wnt pathway.

8. CHD1L oncogene and Nur77
8.1. CHDI1L and cancer

Chromodomain helicase/ATPase DNA binding protein 1-like, or CHD1L, is a member of
the Snf2-like family of chromatin remodelers and modifiers [152]. Unlike other members of
this family, CHD1L does not contain a chromodomain that recognizes methylated histone
tails but, instead, harbors a macro domain containing a Poly (ADP-ribose) (PAR)-binding
element [153], which allows binding with Parpl [154, 155]. Several groups have shown that
CHD1L has macro domain—dependent ATPase activity in the presence of DNA and
nucleosomes that is enhanced by Parpl [154, 155]. CHD1L also interacts with proteins
involved in DNA repair in a Parpl-dependent manner and is recruited to DNA damage
break points through its macro domain [154, 155]. In addition to its function in chromatin
remodeling and DNA repair, CHD1L also has DNA-binding and transcription factor
capabilities [156]. Confirmed target genes of CHD1L include ARHGEF9 [156], TCTP [157]
and SPOCK1 [158].

The CHDLL gene, also called ALC1 (Amplified in Liver Cancer 1), is an oncogene, residing
in the frequent 121 amplicon found in some solid tumors [159], including hepatocellular
carcinoma (HCC) [160, 161]; amplification of the 1921 locus has been found in 58%—78%
of HCC cases [161, 162]. Gain-of-function and loss-of-function studies have confirmed the
role of CHDL1L as an oncogene, having the ability to enhance in vitro cell transformation
and in vivo tumor formation and tumor size, which can be attributed to its ability to promote
the G1/S phase transition [161]. In addition to its growth-promoting effects, CHD1L can
protect cells from apoptosis [161] and 5-fluorouracil [163]. Analyses of patient samples
revealed that approximately 50% of patients with HCC have CHD1L overexpression [161,
163] and that 68% of metastatic tumor sites have higher levels of CHD1L than are found in
the matching primary tumors [156]. Indeed, overexpression of CHD1L is associated with
resistance to chemotherapy in patients with HCC [163]. Studies of CHD1L-transgenic mice
further demonstrate the oncogenic ability of CHD1L, with about 25% of mice forming
spontaneous tumors, including some cases of HCC [164].

The effects of CHD1L on oncogenesis can be attributed to its transcription factor function
and target genes. The first target gene identified for CHD1L was ARHGEF9 [156], a
guanine nucleotide exchange factor that activates Cdc42, which is a GTPase involved in
epithelial-to-mesenchymal transition (EMT) and metastasis [165]. Indeed, CHD1L
overexpression can induce an AHGEF9-Cdc42—dependent EMT, resulting in increased in
vivo tumor invasiveness and metastasis. Target gene TCTP is overexpressed in about 40% of
HCC patient samples and is associated with advanced tumor stage; its overexpression
increases in vivo tumor formation via faster mitotic exit and cell division [157]. Similarly,
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CHDLL target gene SPOCK1 is associated with clinical stage and metastasis and can protect
cells from staurosporine-induced apoptosis in an AKT-dependent manner [158].

8.2. The interplay of Nur77 and CHD1L

Recent evidence demonstrates that Nur77 interacts directly with the CHD1L protein [166].
The C-terminal macro domain of CHD1L interacts with Nur77, inhibiting its nuclear-to-
mitochondrial translocation and subsequent induction of apoptosis. CHD1L expression in a
panel of HCC cell lines negatively correlates with induction of apoptosis following
staurosporine treatment, further supporting CHD1L's role as an inhibitor of apoptosis and a
potential mediator of drug resistance. It remains to be determined which residues of Nur77
are critical in the interaction with CHD1L and whether this interaction prevents binding of
other proteins, such as RXR, or specific post-translational modifications of Nur77.
Additionally, CHD1L is involved in chromatin remodeling and DNA repair [154, 155],
which is mediated by its C-terminal macro domain through interactions with Ku70 and
DNA-dependent protein kinase, catalytic subunit (DNA-PKcs). Given that Nur77 interacts
with Ku80 to suppress DNA repair [130], it is plausible that a Nur77-CHD1L interaction
could also repress chromatin remodeling and subsequent DNA repair, making the interaction
mutually inhibitory. Also of interest is that CHD1L-mediated expression of SPOCK1 can
activate AKT to maintain mitochondrial membrane potential, which prevents cytochrome ¢
release and apoptosis, all of which is blocked by pretreatment with an AKT1 inhibitor [158].
This scenario raises the possibility that CHD1L might inhibit Nur77 translocation through
both a direct protein-protein interaction and through activation of AKT, which is known to
be inhibitory to Nur77's mitochondrial association [65]. The regulation of Nur77 by CHD1L
might offer a useful therapeutic avenue in which a small molecule could be developed to
disrupt this interaction, allowing Nur77 to become fully functional in the cell death program.

9. Concluding remarks

In summary, the NR4A family, represented by three highly homologous orphan receptors,
plays multiple roles in cancer, with most studies highlighting the pro-oncogenic functions of
Nur77 and Nurrl. In addition, Nur77 and Nor-1 have been characterized as being tumor
suppressors in AML, likely due to their regulation of apoptosis in hematopoietic cells. This
finding, in combination with other confounding results, as indicated by overexpression or
downregulation in cancer cell lines and patient samples, shows the need to determine the
cellular context in which the NR4A receptors contribute to oncogenesis or tumor
suppression. It appears that multiple nuances can determine the role of NR4As in cancer,
including but not limited to cell and tissue type, subcellular localization, external stimuli,
protein-protein interactions, and post-translational modifications.

The NR4A family is intertwined with many relevant cancer signaling pathways, which
likely explains the dysregulated expression of these NRs in cancer, as well as their functions
in tumorigenic hallmarks, including proliferation and survival (Figure 2). As an emerging
research topic, it is highly likely that microRNAs are able to regulate the expression of
NR4As in cancer, making their regulation and function much more interesting yet complex.
Determining the contributions of microRNAs to NR4A regulation would provide further
insight into NR4A dysregulation, as it is likely that a deleted or silenced tumor suppressor—
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like microRNA could target NR4A, explaining the general consensus of NR4A
overexpression. Restoration of microRNA expression by using chemically modified and/or
lipid-encapsulated mimics could lead to suppressed NR4A expression, ultimately reducing
proliferation and inducing apoptosis.

Lastly, due to its dual functions in cell proliferation and death, Nur77 remains a unigue drug
target that several groups are targeting using small molecule approaches. One promising
approach using small molecules would be to target the Nur77-CHD1L interface in
hepatocellular carcinoma with 1g21 amplification to release nuclear-retained Nur77 from
CHDA1L; presumably, this type of small molecule could be used in combination with
compounds that induce Nur77 nuclear export to yield a higher apoptotic response.
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Nur77 mediates cell death or survival through localization-dependent and -independent
mechanisms. As a nuclear transcription factor, Nur77 largely promotes cell proliferation and
survival through regulation of specific target genes (i.e., cyclin D2, E2F1, survivin,
TXNDCS5). Additionally, some agonists of Nur77 transactivation are able to mediate
transcription-dependent cell death. A major mechanism of Nur77-mediated cell death is the
nuclear export of Nur77-RXRa heterodimers, which is suppressed by the CHD1L oncogene.
Cytoplasmic Nur77 can activate mitochondrial- or ER-associated cell death by interacting

with membrane-bound Bcl-2.
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Fig. 2.

Tr?e NR4A family and key signaling pathways regulate each other. Both the expression and
function of the NR4A members are mediated by activation or inhibition of multiple
signaling pathways. Growth factor signaling upregulates the expression and nuclear
localization of NR4A members and inhibits NR4A nuclear export and cell death.
Additionally, NR4A members can either positively regulate oncogenic signaling pathways
(i.e. HIF, B-catenin, mTOR) or overcome tumor suppressor signaling (i.e., pVHL, p53,
LKB1).
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