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Definition
The entry summarizes the roles of Nurr1 in a wide range of tumors and the underlying pathways for carcinogenesis.
Nuclear receptor related-1 protein (Nurr1), coded by an early response gene, is involved in multiple cellular and
physiological functions, including proliferation, survival, and self-renewal. Dysregulation of Nurr1 has been frequently
observed in many cancers and is attributed to multiple transcriptional and post-transcriptional mechanisms.

1. Introduction
Nuclear receptor related-1 protein (Nurr1), also known as NR4A2, belongs to the nuclear receptor (NR) subfamily 4
group A (NR4A). Nurr1 is classified as an ‘orphan’ NR due to the absence of known natural ligands[1]. These NRs are
considered as early response genes that respond to many different signals, including fatty acids and hormones [2].
Crosstalk between Nurr1 and various signaling pathways further modulates various cellular and physiological responses,
including proliferation, invasion, and apoptosis. Dysregulation of Nurr1 is frequently observed in different types of cancer,
with studies demonstrating either pro-oncogenic or tumor-suppressor roles in different contexts [2][3]. Evidence suggesting
that suppression of Nurr1 maintains the pluripotency of hematopoietic stem cells supports the contention that the Nurr1
family is important in maintaining terminal differentiation of epithelia

[4].

Members of the NR4A family (Nurr1, Nur77, NOR-I) are well-conserved in their genomic organization with ≈91–95%
similarity in their DNA binding domain (DBD) and ≈60% similarity in the C-terminal ligand-binding domain (LBD)[2][5]. The
N-terminal domain of NR4A members contains an activation function-1 (AF-1), which mediates ligand-independent
transactivation of the NR[6]. The DBD is responsible for recognizing the response element and binding to the promoter.
Besides, the C-terminal domain is composed of LBD and the ligand-dependent activation function-2 (AF-2) (Figure 1A).
The LBD and its amino acid composition define the interaction of the NR with the ligand. Unlike conventional NRs, which
have a hydrophobic cleft in the LBD for binding of a coactivator or corepressor, the Nurr1 LBD is tightly packed with
hydrophobic side chains, leading to the absence of or atypical ligand-binding cavity clefts[7]. Although the mechanism of
regulation of Nurr1-mediated transcription remains unknown, mounting evidence suggests that post-translational and
protein-protein interactions are crucial in transcriptional regulation and that the AF-1 domain is involved in ligand
recruitment[2][3].
Nurr1 is considered a constitutively active transcription factor due to the constitutive and cell-type-specific activity of its
LBD[7]. Nurr1 induces gene expression by binding as a monomer to the nerve growth factor-induced clone B (NGFI-B)
response element (NBRE) with common octanucleotide binding site 5¢-AAAGGTCA-3¢[2] and as homodimers or
heterodimers with Nur77 to the Nur response element (NurRE; 5′-TGACCTTT-n6-AAAGGTCA-3′) [6][8]. Nurr1 also
heterodimerizes with retinoid X receptor (RXR) and binds to the direct repeat element with five spacer nucleotide element
(DR5; 5¢-GGTTCA-n5-AGGTCA-3¢) to regulate cell proliferation and survival; this suggests crosstalk of Nurr1 with
retinoic acid signaling[9] (Figure 1B). An extensive review of the structure of Nurr1 is summarized by Maxwell et al.[2].

Figure 1. Structure and DNA-binding elements of Nurr1. (A) Nurr1 structure (B) DNA-binding elements of monomeric,
homodimeric, and heterodimeric Nurr1. AF: activation function; DBD: DNA-binding domain; LBD: ligand-binding domain;
NRBE: nerve growth factor-induced clone B (NGFI-B) response element; NurRE: Nur response element; DR5: direct
repeat element with five spacer nucleotides element; RXR: retinoid X receptor.

2. Expression and Function of Nurr1 in Cancer
Nurr1 promotes or suppresses cancer progression depending on the cellular context, and its oncogenic roles have been
reported in many cancers. Overexpression of Nurr1 has been shown to promote cancer cell proliferation, invasion and
anchorage-independent growth10][11]. It also enhances cell survival by suppressing apoptosis12][13]. Apart from augmenting
cancer aggressiveness, Nurr1 confers therapeutic resistance to cancer cells, including radioresistance and
chemoresistance to 5-fluorouracil[14][15][16]. Several pro-inflammatory molecules including prostaglandin E2 and
thromboxane A2 were reported to induce Nurr1 expression, which can lead to carcinogenesis

[17][18]

. Furthermore, the

expression of Nurr1 is correlated with different clinicopathological parameters in multiple cancers12][13][14]. Since Nurr1 is
generally considered to be a transcription factor, its roles in the cytosol are not well characterized. Immunohistochemical
staining of Nurr1 revealed its localization in cytosol, and that the level of cytoplasmic Nurr1 correlates with survival and
tumor grade in bladder and cervical cancer, respectively[16][19]. In contrast, tumor-suppressive roles of Nurr1 have been
described in gastric cancer[20]. Since functions of Nurr1 are cell type-dependent, the roles of Nurr1 in tumorigenesis are
summarized and discussed according to specific cancer types.

2.1. Breast Cancer
Early studies on the role of Nurr1 in cancer began in 1997 when Maruyama et al. first showed that the NR4A family is
closely related to retinoic acid signaling in the breast cancer cell line MCF-7[21]. Although not many studies on the role of
Nurr1 in cancer have been conducted since then, the association of Nurr1 with cancer is supported by some recent work.
In 2013, Llpois et al. showed that Nurr1 has a dichotomous role in breast cancer[22]. Stronger Nurr1 staining was
observed in normal breast epithelia compared with breast carcinoma cells, with no correlation with grade or stage, but
was positively correlated with relapse-free survival. Moreover, there is an inverse correlation between the expression of
Nurr1 and p53 in primary cancer. Paradoxically, silencing of Nurr1 attenuates breast tumor xenograft growth and
metastasis in vivo. Taken together with its high expression in normal epithelia, Nurr1 may play a role in maintaining a
differentiated epithelial phenotype in normal, non-proliferating breast epithelium, yet acquire tumorigenic capability in
transformed tissues[22]. Table 1 gives a brief overview of Nurr1 expression and its associated functions and

clinicopathological correlation in different cancers.
Table 1. Summary of Nurr1 expression and its associated functions and clinicopathological correlation in cancers.

Cancer

Nurr1
Expression

Breast

Low

Bladder

High

Functions

Inhibited tumor growth and
metastasis in vivo *

Promoted migration and
tumor growth in vivo

Stage

Survival

Correlation

Correlation

No ^

Yes^

[22]

Yes ^^^

Yes^^^

[19][23]

No ^^

Yes^^

[10][15]

NA

NA

[20][24]

No ^^

Yes ^^

[14]

NA

NA

[11][25]

Yes ^

NA

[12]

Yes ^

Yes ^

[13]

NA

Yes #

[26]

Ref.

Promoted cell proliferation,
Colon

High

migration, and
chemoresistance to 5fluorouracil

Promoted apoptosis and
Low

inhibited gastrin-induced
migration and invasion

Gastric
Promoted tumor growth in
High

vivo and chemoresistance to
5-fluorouracil

Cervical

High

Promoted anchorageindependent growth, anoikis

Promoted cell proliferation,
Prostate

High

migration, invasion, and
resistance to apoptosis

Pancreatic

High

Promoted cell proliferation
and resistance to apoptosis

Promoted cell proliferation,
Brain

High

migration, invasion and
survival

* Dichotomous role of Nurr1 was reported: High expression of Nurr1 in normal breast cancer in immunohistochemistry,
yet silencing of Nurr1 inhibited tumor growth and metastasis in nude mice; ^ Analyzed with total Nurr1; ^^ Analyzed with
#

nuclear Nurr1; ^^^ Analyzed with cytoplasmic Nurr1; # Analyzed with Nurr1 mRNA; NA: data not available; Ref.: reference.

2.2. Bladder Cancer
Nurr1 functions as a transcription factor and localizes in the nucleus. Studies on the localization of Nurr1 and its roles
other than that of a transcription factor are sparse. The problem associated with Nurr1 cytoplasmic mislocalization has
been addressed by Inamoto et al. [19]. Total Nurr1 expression is shown to positively correlate with stage, grade, and
metastasis of bladder cancer; Nurr1 staining in the cytosol is widely observed in primary bladder cancer and barely
detected in the normal epithelium. Since Nurr1 is presumed to reside in the nucleus, expression of cytoplasmic Nurr1 is
found to correlate with decreased disease-specific survival and recurrence-free survival in patients. Such correlation is not
observed when total Nurr1 or nuclear Nurr1 staining is used for analysis. Furthermore, silencing of Nurr1 attenuates the
migration of cancer cells. Although the reason for the oncogenic phenotype of Nurr1 in the cytoplasm remains poorly
understood, Nurr1 may use mechanisms similar to its homolog Nur77 to exert opposing biological activities. This was
demonstrated by Lin et al., who found that Nur77 shuttles from the nucleus to the cytoplasm to interact with Bcl-2 and
subsequently switches from an anti-apoptotic to a pro-apoptotic function[27]. Hence, it was suggested that Nurr1 ceases
to act as a transcription factor when it translocates to the cytoplasm.
Nurr1’s role as a potential therapeutic target for bladder cancer was the subject of another study by Inamoto et al., which
showed that diindolylmethane (DIM)-C-pPhCl (a new class of methylene-substituted DIM) activates the LBD of Nurr1,
thereby attenuating the tumorigenic properties of bladder cancer cells [23]. DIM-C-pPhCl induces DNA fragmentation and
causes regression of orthotopic bladder cancer in a tumor xenograft model.

2.3. Gastrointestinal Cancer
Prostaglandin E2 (PGE2) is a pro-inflammatory bioactive lipid produced by colorectal cancer cells that promotes tumor
growth by binding to G protein-coupled receptors[17][28]. Vijaykumar et al. demonstrated that PGE2 induces Nurr1
expression and subsequently blocks apoptosis in colorectal cancer cells[17]. Nurr1 was found to be highly expressed in
Apc +/− mouse adenomas and sporadic colorectal carcinoma as compared to normal intestinal mucosa. In addition,
cyclooxygenase-2 (COX-2), from which PEG2 is derived, is associated with poor prognosis in colorectal cancer and is
positively correlated with Nurr1 expression[17][29]. Nurr1 shares similar regions of localization with Ki67 and is mainly
found in the proliferation crypt of mice intestinal tissue.
The role of Nurr1 and COX-2 was further studied by Zagani et al. Treatment with a COX-2 inhibitor, parecoxib,
downregulates Nurr1 and osteopontin (OPN), a colon cancer progression marker. OPN expression is associated with
poor prognosis, lymphatic metastasis, and higher TNM stage in colorectal cancer[30][31]. Although Nurr1 expression
increases in tumor tissues, unlike OPN, its expression does not correlate with tumor stage in colorectal cancer[10].
High expression of vascular endothelial growth factor (VEGF) is crucial to tumor growth and angiogenesis and is
frequently reported in gastrointestinal cancers[32]. Zhao et al. showed that VEGF induces Nurr1 promoter activity, and
mRNA and protein expression, by facilitating binding of cAMP response element binding protein (CREB) to the Nurr1
promoter in endothelial cells[33].
To summarize, Nurr1 is closely related to COX-2, OPN, and VEGF. Aberrant expression of all or either one of these
proteins may dysregulate the expression of their interacting partners and act synergistically to promote inflammation to
promote development of gastrointestinal cancers.
Unlike many other gastrointestinal cancers, Nurr1 is reported to be tumor-suppressive in gastric cancer[20][24]. Chang et al.
reported that Nurr1 is significantly downregulated in primary gastric cancer compared with the normal gastric mucosa; it
is also downregulated in synchronous liver metastasis compared with the paired gastric cancer [24]. Another study by
Misund et al. demonstrated that endogenous Nurr1 enhances apoptosis and attenuates gastrin-induced invasion[20].
Nurr1 is shown to be negatively regulated by two gastrin-induced proteins: (i) inducible cAMP early repressor (ICER),
which represses Nurr1 transcription; and (ii) zinc finger protein 36, C3H1 type-like 1 (Zfp36l1), which degrades and
reduces Nurr1 mRNA levels. Silencing of Nurr1 promotes cancer cell migration and the effect is further augmented in
response to gastrin treatment. Similar to what is observed in bladder cancer, as discussed above, Nurr1 cytoplasmic

localization is observed in gastric cancer by gastrin-mediated nucleus-cytosol shuttling, but the role of cytoplasmic Nurr1
remains to be elucidated. In contrast, Han et al. demonstrated that ectopic overexpression of Nurr1 enhances gastric
cancer formation in vivo[14]. It also confers chemoresistance to 5-fluorouracil by attenuating 5-fluorouracil-induced
apoptosis. High Nurr1 expression is associated with unfavorable prognosis, particularly in those receiving chemotherapy.
Therefore, the role of Nurr1 in gastric cancer remains controversial and more functional characterization is needed to
understand its contribution to gastric carcinogenesis.

3.
Signaling
Expression

Pathways

Regulating

Nurr1

Aberrant signaling pathways are observed in the transformation and maintenance of malignant phenotypes of tumors.
Since Nurr1 is frequently associated with either oncogenic or tumor-suppressive properties in different contexts, it is
logical to propose that dysregulation of signaling pathways affects Nurr1 expression and promotes cancer development.
The promoter of Nurr1 contains a highly conserved sequence of cAMP response element (CRE) and kappa B (κB) site.
Mounting evidence indicates that multiple signaling events eventually converge to promote the phosphorylation of CRE
binding protein (CREB) and nuclear factor kappa B (NF-κB) to enhance the transcriptional activity of Nurr1[19]. Although
transcriptional regulation is considered as the primary method to regulate Nurr1 expression, post-transcriptional
regulation by microRNA (miR) also exerts an impact on the translation of Nurr1 mRNA[37].
The interplay of Nurr1 with the TXA2 pathway, PGE2 pathway, VEGF, and miR at the transcriptional and
posttranscriptional levels will be summarized in the following section. Figure 2 and Table 2 summarize the interplay of
Nurr1 with different signaling pathways in cancers.

Figure 2. Schematic overview of signaling pathways regulating Nurr1 expression. TXA2, PGE2, and VEGF pathways
modulate phosphorylation of NF-κB and CREB to regulate the transcriptional activity of Nurr1. p53/microRNA-34/Nurr1
forms a positive feedback loop to suppress p53 activation and the subsequent expression of microRNA-34, leading to the
upregulation of Nurr1 protein expression. EP: prostaglandin E2 receptor; PGE2: prostaglandin E2; TP: thromboxane A2
receptors: TP; TXA2: thromboxane A2: VEGFR: vascular endothelial growth factor receptor; VEGF: vascular endothelial
growth factor; G12/13: G12/G13 alpha subunit; Gs: Gs alpha subunit; Gq: Gq alpha subunit; κB: kappa-B; CRE: cAMP
response elements; p53 RE: cAMP p53 response element.
Table 2. Signaling pathways regulating Nurr1 expression in cancer development.

Pathway

Cancer

Mode of Regulation

TXA2 pathway

Lung cancer [18]

Transcriptional regulation

Neuroblastoma[38];
Colorectal cancer[17];

PGE2 pathway

Transcriptional regulation

Lung cancer[39]

p53/miR-34/Nurr1

Colorectal cancer[38]

loop

VEGF/PKD pathway

Endothelia angiogenesis
[33]

Post-transcriptional
regulation

Transcriptional regulation

3.1. TXA2 Pathway
Aberrant TXA2-TP signaling axis has been reported in multiple cancers. TPα and TPβ are the two isoforms of TP and
they couple to guanine nucleotide-binding protein (G protein) for functional mediation[40][41]. TPα couples to Gs and Gq,
whereas TPβ couples to Gi and Gq

[41].

Overexpression of TXA2, a COX-2-derived product, and activation of TP

promotes cell survival and growth of melanoma, prostate and urothelial cancer[18][39][42][43].
The TXA2-TP signaling pathway can be elucidated as follows: I-BOP, a TP agonist, is found to induce Nurr1 expression
in three ways[18]. (1) cAMP/protein kinase A (PKA)/CREB pathway: Upon TP activation, TPα couples to Gs to generate
cAMP, which subsequently activates PKA and CREB; (2) ERK/CREB pathway: I-BOP induces MEK and ERK
phosphorylation, possibly via Ras activation, leading to CREB activation; (3) PKC/CREB pathway: When TP is activated,
TPβ links to phospholipase C (PLC) via coupling to Gq to activate protein kinase C (PKC), which further phosphorylates
CREB. Meanwhile, PKC but not PKA is found to promote TP-mediated ERK1/2 phosphorylation, thereby suggesting that
expression of I-BOP-induced Nurr1 may be partly due to activation of ERK by PKC.

3.2. PGE2 Pathway
PGE2 has been linked to cell proliferation, metastasis, cancer stemness, and chemoresistance in multiple cancers,
including colorectal, endometrial, and lung cancer[43][44][45][46][47]. It mediates diverse and unique signaling networks via
four G-protein-coupled receptors (EP1–EP4) for distinct second messenger pathways[17][39]. Similar to TXA2, PGE2
induces Nurr1 expression via cAMP-dependent and cAMP-independent pathways: (1) cAMP-dependent pathway: Upon
activation by PGE2, EP2 couples to Gs, resulting in sequential cAMP activation, PKA activation, and CREB
phosphorylation to initiate transcription of Nurr1[18][47]; (2) cAMP-independent pathway: EP1 activated by PGE2 couples to
G12/13, resulting in Rho activation[48]. Activated Rho then phosphorylates I-κB, leading to phosphorylation and dissociation
of PKAc from the I-κB/NF-κB/PKAc complex and subsequent PKA-c-dependent phosphorylation of NF-κB and CREB to
induce Nurr1 transcription[38] [39]. In addition, activated EP1 also couples to Gi to upregulate hypoxia-inducible factor-1
alpha (HIF1-α) via the PI3K/Akt/mTOR signaling pathway[49].

3.3. P53/miR-34/Nurr1 Loop
p53 is one of the most studied tumor suppressor proteins in cancer that stabilizes various genotoxic and cellular
stresses, including DNA damage, oncogenic activation, hypoxia, and nutrient deprivation through transcription-dependent
and -independent mechanisms[50][51]. Mounting evidence suggests that miRs are important components in the p53dependent tumor suppressor network. MiR-34 (with isoforms miR34a and miR34b/c) is the direct transcriptional target of
p53 and plays an important role in inducing apoptosis and cell cycle arrest by post-transcriptional regulation of miR-34
[52][53][54][55]

responsive genes[52][53][54][55]. MiR-34 has been shown to regulate and suppress Nurr1 expression by binding to the
3¢UTR of Nurr1 mRNA [40][55][56]. Reduced Nurr1 protein expression mitigates its interaction with p53, thereby forming a
tumor-suppressive p53/miR-34/Nurr1 loop. Nonetheless, when there is dysregulation of expression of any member in the
loop, for instance, loss of p53 expression leads to decreased miR-34 expression and subsequent upregulation of Nurr1.
This creates a positive feedback mechanism that shifts the regulatory loop from being tumor suppressive to oncogenic.

3.4. VEGF/Protein Kinase D (PKD) Pathway
Angiogenesis, a hallmark of cancer, is important for supplying nutrients to tumor masses for growth and metastasis[57].
These tumor blood vessels are characterized by immaturity and impaired functionality and offer survival advantages to
tumor tissues, such as providing a hypoxic tumor microenvironment and reducing infiltration of immune cells[58]. The
efficacy of radiotherapy, which relies on reactive oxygen species generation, and delivery of chemotherapeutic drugs
have been hindered by hypoxic conditions and vessel immaturity, respectively[33]. Among various growth factors secreted
by the tumor and stromal cells, VEGF plays a critical role in neovascularization. Evidence suggests that VEGF induces
Nurr1 promoter activity and expression in endothelial cells. Silencing of Nurr1 suppresses endothelial cell proliferation,
migration, and matrigel angiogenesis. VEGF-induced Nurr1 expression is mediated by VEGF receptor 2 (VEGFR2). It
phosphorylates PKC, PKD, and CREB in a sequential manner[59][60]. Activated CREB then binds to the Nurr1 promoter to
initiate transcription. In addition, VEGF also modulates NF-κB activation but with a moderate effect, as deletion of the
upstream κB site moderately reduces Nurr1 promoter activity[33]. Taken together, VEGF induces Nurr1 expression
primarily via a VEGF2-mediated PKC-dependent PKD axis.
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