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Background: b-Catenin is a potent oncogenic protein in colorectal cancer (CRC), but the targets and regulation of this important
signalling molecule are not completely understood. Hypoxia is a prominent feature of solid tumours that contributes to cancer
progression.

Methods: Here, we analysed the regulation between Nur77 and b-catenin under hypoxic conditions. Cell proliferation, migration,
and invasion assays were performed to assess functional consequences.

Results: We showed that hypoxia stimulated co-upregulation of b-catenin and Nur77 in a number of human CRC cell lines.
Interestingly, expression of b-catenin and Nur77 by hypoxia formed a mutual feedback regulation circuits that conferred
aggressive growth of CRC. Overexpression of b-catenin increased Nur77 transcription through hypoxia-inducible factor-1a rather
than T-cell factor. Nur77-mediated activation of b-catenin by hypoxia was independent of both DNA binding and transactivation.
Further, we showed that hypoxic activation of b-catenin was independent of the classical adenomatous polyposis coli and p53
pathways, but stimulated by phosphatidylinositol 3-kinase/Akt in a Nur77-dependent manner. Under hypoxic conditions,
enhanced b-catenin and Nur77 expression synergistically stimulated CRC cell migration, invasion, and epithelial–mesenchymal
transition.

Conclusion: These findings provide a novel molecular mechanism for hypoxic CRCs that may contribute to tumour progression,
and its targeting may represent an effective therapeutic avenue.

b-Catenin is a key mediator that regulates cell fate decisions during
development. Accordingly, aberrant b-catenin signalling is
observed at high frequency in many cancers, including colorectal
cancer (CRC), where it is the most common genetic cause of
oncogenesis (Morin et al, 1997; Bienz and Clevers, 2000; Giles et al,
2003). Thus, the mechanisms that regulate the stabilisation of
b-catenin in the cytosol, which regulates its target genes, have been
an area of intense interest. The adenomatous polyposis coli (APC)-
dependent proteasomal degradation pathways through glycogen
synthase kinase 3b (GSK-3b) and p53/Siah-1 are well known to
regulate the levels of b-catenin (Munemitsu et al, 1995; Korinek
et al, 1997; Liu et al, 2001; Matsuzawa and Reed, 2001). However,

both Axin/GSK-3b and p53/Siah-1 are often mutated in CRC.
Moreover, given the clinical challenges and limited success of APC/
Axin and p53 gene replacement, identifying new mechanisms that
regulate b-catenin signalling will have a great therapeutic
significance.

Nur77 (also known as NR4A1, TR3, or NGFIB), encoded by an
immediate early gene, belongs to the NR4A subgroup of the
nuclear receptor superfamily, which also includes Nurr1 (NR4A2)
and Nor-1 (NR4A3). Without a physiological ligand yet identified,
Nur77 is classified as an orphan receptor. Nur77 is overexpressed
in CRC cells, and its expression levels are often elevated in human
CRC tumours as compared with the corresponding non-tumour
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tissues (Cho et al, 2007; Wu et al, 2011; Chen et al, 2012). Since
Nur77 gene amplification is a rare event, the mechanisms
underlying Nur77 overexpression in CRC remain obscure. More-
over, Nur77 exhibits a wide range of functions depending on the
cell type and the nature of stimulus. The precise roles of Nur77 in
specific cellular and physiological contexts are yet to be fully
elucidated.

The importance of tumour microenvironment in cancer is
increasingly recognised (Peddareddigari et al, 2010; Swarta et al,
2012). Note that high hypoxia-inducible factor-1a (HIF-1a)
expression is associated with advanced stage colon cancer and has
been associated with poor patient survival (Cao et al, 2009; Baba
et al, 2010). A correlation between Nur77 and b-catenin has been
suggested (Rajalin and Aarnisalo, 2011; Smith et al, 2011; Wu et al,
2011; Sun et al, 2012). However, the conflicting reports provide an
unclear picture of the relationship. Moreover, these studies mainly
employ cells maintained at atmospheric oxygen (B20%) that far
exceeds levels found within tumours in situ (Bertout et al, 2008;
Ivanovic, 2009). Hypoxia is known to cause alterations in gene
expression and changes in cellular function (Lal et al, 2001; Liu et al,
2007; Sermeus and Michiels, 2011). Whether and by what
mechanism(s) oxygen may regulate Nur77 and b-catenin interaction
remains to be explored. In this study, we show for the first time a
positive feedback loop between Nur77 and b-catenin that drives the
invasive growth properties of CRC cells under hypoxic condition.
This provides an attractive mechanism which may explain the highly
aggressive behaviour of CRC expressing these two molecules and
highlights the importance of the hypoxic microenvironment in
Nur77–b-catenin crosstalk.

MATERIALS AND METHODS

Cell culture and hypoxic treatment. Human colon cancer cells
HT29, HT29-APC, HT29-b-gal, SW480, and HEK293 were grown
in DMEM, and SW620, HCT116, and HCT116-p53� /� were
grown in RPMI-1640 medium. The two paired cell lines (HT29-
APC and HT29-b-gal; HCT116 and HCT116-p53� /� ) were
kind gifts from Dr B Volgelstein (Johns Hopkins Oncology Center,
Baltimore, MD), and the other lines were obtained from ATCC.
Media were supplemented with 100 unitsml� 1 penicillin,
100mgml� 1 streptomycin and 5% FBS. Cultures were maintained
in a humidified incubator at 37 1C with 5% CO2. For hypoxic
conditions, the cells were serum starved for 24 h and then grown at
1% O2 in a modulator. Alternatively, hypoxia was chemically
induced by 100 mM cobalt chloride (CoCl2) or desferrioxamine
(DFX) (Sigma, St Louis, MO, USA).

Constructs and transfections. To express cDNA constructs, cells
were transfected with 0.25 mg of plasmid DNA per well in 24-well
plates for 24 h using Lipofectamine (Invitrogen, Carlsbad, CA,
USA) according to the manufacturer’s protocol. Transfected cells
were serum starved for 24 h before incubation at hypoxic
conditions. Constructs encoding wild-type b-catenin, b-catenin
S37A, Nur77, and Nur77DDBD were previously described (Pon
and Wong, 2006; Wu et al, 2011). DN-Akt was purchased from
Upstate Biotechnology. DN-TCF and VP16-TCF were provided by
Dr Barry Gumbiner (University of Virginia, Charlottesville, VA).
GSK-3b-S9A was a kind gift of Dr James Woodgett (Ontario
Cancer Institute, Toronto, ON, Canada).

Small interfering RNA transfection. Small interfering RNA
(siRNA) targeting Nur77 (SMARTpool 50-UCGAGGACUUCC
AGGUGUA-30, 50-GGACAGAGCAGCUGCCCAA-30, 50-GAAGG
CCGCUGUGCUGUGU-30, 50-CGGCUACACAGGAGAGUUU-30),
b-catenin (50-AAGUCCUGUAUGAGUGGGAAC-30), HIF-1a (50-G
GACACAGAUUUAGACUUG-30), and a non-specific duplex oligo
(50-GGCTACGTCCAGGAGCGCA-30) were purchased from

Dharmacon (Lafayette, CO, USA). Cells were transfected with
20 nmol l� 1 siRNA using siLectFect (Bio-Rad, Hercules, CA, USA)
following the manufacturer’s instructions. Transfected cells were
serum starved for 24 h before incubation under hypoxic conditions.

Western blot analysis. Cells were lysed with sodium dodecyl
sulphate (SDS) lysis buffer. Total proteins were separated by a 7.5%
polyacrylamide gel and transferred onto a nitrocellulose membrane.
After blocking with non-fat dry milk for 1 h, the membrane was
incubated with antibodies specific for b-catenin (1 : 5000), HIF-1a
(1 : 1000) (BD Transduction Laboratories, BD Biosciences, Palo Alto,
CA, USA), Nur77 (1 : 1000), phospho-Akt (Ser473) (1 : 1000), total
Akt (1 : 1000), phospho-ERK1/2 (Thr202/Tyr204) (1 : 1000), total
ERK1/2 (1 : 1000), phospho-JNK (Thr183/Tyr185) (1 : 1000), or
total JNK (1 : 1000) (Cell Signaling Technology, Beverley, MA,
USA) overnight at 4 1C. b-Actin (1 : 5000) (Sigma) was used as a
loading control. After incubation with appropriate secondary
antibodies conjugated with peroxidase, proteins were detected by
Western-Lightning Plus Enhanced Chemiluminescence (Amer-
sham, Little Chalfont, UK). Band intensities were determined by
densitometry using the ImageJ software (Bethesda, MD, USA), and
analysis of Nur77 proteins included the intensities of all bands.

Reverse transcription-PCR. Total RNA was extracted with Trizol
Reagent (Invitrogen) and reverse transcribed into cDNAs using
the SuperScript first-strand synthesis system (Invitrogen).
The following specific oligonucleotide primers were used:
b-catenin: 50-GGCTGCAGTTATGGTCCATCA-30 (sense) and
50-GCTGCACAAACAATGGAATGG-30 (antisense); Nur77: 5’-TC
TGCTCAGGCCTGGTGCTAC-30 (sense) and 50-GGCACCAG
TCCTCCAGCTTG-30 (anti-sense); HIF-1a: 50-TCCAGCAGA
CTCAAATACAAGAAC-30 (sense) and 50-GTATGTGGGTAGGA
GATGGAGATG-30 (antisense); E-cadherin: 50-GGGTGACTACA
AAATCAATC-30 (sense) and 50-GGGGGCAGTAAGGGCTC
TTT-30 (antisense); N-cadherin: 50-CACTGCTCAGGACCCA
GAT-30 (sense) and 50-TAAGCCGAGTGATGGTCC-30 (antisense);
MMP-2: 50-TCTGTGTTGTCCAGAGGCAAT-30 (sense) and
50-AACAGGTTGCAGCTCTCCT-30 (antisense); and 18s rRNA:
50-GGTGAAATTCTTGGACCGGC-30 (sense); and 50-GACTTTG
GTTTCCCGGAAGC-30 (antisense). Cycle parameters were deter-
mined in pilot experiments and PCR products were resolved in
1.5% agarose gel.

MTT assays. MTT (3-(4,5-dimethyldiazol-2-yl)-2,5 diphenyltetra-
zolium bromide; Sigma) assays were performed following the
manufacturer’s instructions. Briefly, MTT solution was added to
each well and the plates were incubated for 3 h at 37 1C. Medium
was then aspirated from each well, and 250 ml DMSO was added.
Colorimetric analysis was performed at a wavelength of 570 nm
using a microplate reader (Bio-Rad).

Boyden chamber migration and Matrigel invasion assays. Cell
migration was quantified using a Boyden chamber (8-mm pore
size) (BD Biosciences). Approximately 5� 104 cells were seeded
onto each upper chamber in serum-free medium. In the lower
chambers, medium was supplemented with 10% fetal bovine
serum. The cells were then incubated under hypoxia for 24 h.
Non-migrating cells were removed from the upper chamber with a
moistened cotton swab. Cells that had migrated through the
membrane to the lower surface were fixed with ice-cold methanol,
stained with 0.5% crystal violet, and counted in five different fields
under a light microscope. To assess cellular invasion potential, the
same protocol was used, except that inserts were precoated with
Matrigel (1 : 10 dilution, 100 ml per well; BD Biosciences).

Statistical analysis. Experiments were repeated at least thrice and
the statistical significance of differences was analysed by Student’s
t-test (GraphPad Software, San Diego, CA, USA). P-valueo0.05
was considered as significant.
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RESULTS

Hypoxia induces expression of both Nur77 and b-catenin. To
investigate a possible role of Nur77 in the cellular response to
hypoxia, we analysed the expression of the Nur77 mRNA and
protein in CRC cells cultured in 1% O2. As shown in Figure 1A,
hypoxia markedly increased both the mRNA and protein levels of
Nur77 in all cells analysed. Nur77 protein is recognised by western
blot analysis as multiple bands as previously reported in different
studies, and the slow-migrating bands may represent post-
translational modifications (Kolluri et al, 2003; Han et al, 2006).
Similarly, the use of CoCl2 or deferoxamine mesylate (DFX) to
chemically induce hypoxia also activated the expression of Nur77
(Supplementary Figure 1B and C). By contrast, normoxic
conditions did not change the expression of Nur77
(Supplementary Figure 1D). To study the association of Nur77
with b-catenin, the levels of b-catenin were also examined in the
same blot. As shown in Figure 1A, hypoxia-induced Nur77
expression was closely accompanied by increased b-catenin,
demonstrating that hypoxia could potently stimulate co-upregula-
tion of Nur77 and b-catenin in CRC.

Hypoxic induction of Nur77 requires b-catenin and HIF-1a.
The concurrent increase in Nur77 and b-catenin suggests a
possible crosstalk between these two pathways under hypoxia.
We therefore asked whether b-catenin has any role in regulating
Nur77 activity. We showed that hypoxia-induced expression of
Nur77 mRNA could be substantially enhanced by overexpression
of b-catenin (Figure 1B). Conversely, depletion of b-catenin with a
specific siRNA abrogated the effect of hypoxic treatment on Nur77
expression (Figure 1B and C). Since the transcriptional activity of
b-catenin is largely dependent on its association with T-cell factor
(TCF)/lymphoid enhancing factor (Korinek et al, 1997), we decided
to explore whether TCF is involved in regulation of b-catenin-
induced Nur77 expression in response to hypoxia. However,
expression of a dominant-negative mutant of TCF (DN-TCF)
shown previously to inhibit b-catenin/TCF transcription (Wong and
Gumbiner, 2003) did not alter hypoxia-increased Nur77 expression
(Figure 1D). Nor did the expression of constitutively active TCF
(VP16-TCF) (Wong and Gumbiner, 2003) affect Nur77 expression
induced by hypoxia (Figure 1D). Thus, the hypoxic induction of
Nur77 by b-catenin does not seem to be attributable to changes in b-
catenin/TCF-dependent nuclear signalling.

The critical role of HIF-1a as an important mediator of the
hypoxic response prompted us to ask whether HIF-1a had a direct
role in b-catenin-mediated Nur77 expression. As shown in
Figure 2A, there was a clear reduction in Nur77 expression by
inhibition of HIF-1a with a specific siRNA shown to deplete
HIF-1a, but not the non-specific siRNA. In contrast, the
overexpression of b-catenin or HIF-1a caused a marked increase
in Nur77 mRNA expression, and that this effect was enhanced
when b-catenin and HIF-1a were simultaneously co-expressed
(Figure 2B). Furthermore, knocking down of HIF-1a greatly
impaired b-catenin in enhancing Nur77 expression (Figure 2C).
These results strongly suggest a critical role of HIF-1a in the
regulation between b-catenin and Nur77.

Nur77 is required for the activation of b-catenin expression. We
have previously shown that Nur77 can downregulate b-catenin
under normoxic conditions (Sun et al, 2012). Therefore, we asked
whether b-catenin-induced Nur77 activation might modulate
b-catenin expression in the presence of hypoxia. Interestingly, as
shown in Figure 3A, overexpression of Nur77 increased b-catenin
expression in a dose-dependent manner in HEK293 cells, which
have relatively low levels of cytoplasmic b-catenin (Gan et al, 2008;
Li and Wang, 2008). On the other hand, when we introduced

specific siRNA to inhibit Nur77 expression in CRC cells known to
contain high endogenous b-catenin expression, b-catenin
expression decreased with decreasing level of Nur77 (Figure 3B),
suggesting the presence of an endogenous Nur77–b-catenin
positive feedback loop under hypoxia.

Nur77 positively regulates b-catenin independent of its
transcriptional function. It has been known that Nur77, through
its transactivation activity, can regulate gene expression and
mediate diverse signalling (Wansa et al, 2002). To examine the
molecular mechanism underlying the regulation of Nur77 on
b-catenin, we asked whether Nur77 affects b-catenin expression at
the transcriptional level. Our data showed a similar level of
b-catenin transcripts in the presence or absence of Nur77,
suggesting that Nur77-mediated enhancement of b-catenin
expression by hypoxia was possibly through modulating the
protein stability (Figure 3C). Interestingly, while transfection of
wild-type Nur77 resulted in an increase in b-catenin expression,
expression of a Nur77 mutant known to lack DNA binding
(Nur77DDBD) showed a similar effect (Figure 3D), suggesting that
the induction of b-catenin may be mediated through a non-
genomic mechanism of Nur77. Since expression of Nur77DDBD is
cytoplasmic (Sun et al, 2012), we further study whether leptomycin
B (LMB), a specific inhibitor of the nuclear export factor CRM1,
could affect hypoxia on inducing b-catenin expression. Our data
showed that a significant amount of Nur77 by hypoxia (CoCl2
treatment) was translocated to cytoplasm, which was almost
completely inhibited by LMB (Figure 3E). Interestingly, LMB
treatment could strongly enhance the basal and hypoxia-induced
Nur77 expression. However, hypoxia-increased b-catenin expres-
sion was abrogated by LMB (Figure 3E). Taken together, our
results suggest that hypoxia-induced interaction between b-catenin
and Nur77 is possibly occurred outside the nucleus.

Regulation of b-catenin by Nur77 is independent of APC and
p53. To gain insight into the non-genomic mechanism by which
Nur77 increased the protein levels of b-catenin, the protein
synthesis inhibitor cycloheximide (CHX) was used to determine
whether Nur77 decreased the turnover of b-catenin. Figure 4A
showed that the half-life of b-catenin was estimated to be B4 h as
deduced from the kinetics after treatment of cells with CHX, while
overexpression of Nur77 could significantly prolong the stability of
b-catenin (B8 h). It is known that APC/GSK-3b and APC/p53/
Siah have important roles in regulation of b-catenin degradation.
We therefore asked whether Nur77 might regulate b-catenin
through APC and p53. We showed that under 1% O2 conditions,
overexpression of Nur77 could potently enhance b-catenin in
HCT116 cells normally expressing both APC and p53 (Figure 4B),
as well as SW480 and HT29 cells with mutations in both APC and
p53 (Figure 3B), suggesting that Nur77 could modulate b-catenin
expression independent of APC and p53. These observations were
further confirmed by using two matched cell lines, HT29-b-gal/
HT29-APC and HCT116-wt/HCT116-p53� /� . Figure 4B
showed that overexpression of Nur77 significantly increased
b-catenin to a similar extent in HT29-b-gal and HT29-APC, as
well as in HCT116-wt and HCT116-p53� /� cells.

Nur77 induces b-catenin expression through PI3K/Akt. To
determine the mechanism by which Nur77 induced b-catenin
expression, we first examined the phosphorylation (activation)
states of several signal pathways. Interestingly, we showed that
overexpression of Nur77 significantly increased the phosphoryla-
tion of Akt, but not that of ERK1/2 and JNK (Figure 5A). We then
asked whether hypoxia could induce Akt activation and whether
such effect was mediated by Nur77. Indeed, we showed that
hypoxia increased Akt phosphorylation in a time-dependent
manner (Figure 5B), while normoxia did not (Supplementary
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Figure 1. Hypoxia induces Nur77 expression by b-catenin in a TCF-independent manner. (A) Colon cancer cells were serum starved and
then incubated at 1% O2 in a modulator for different time intervals as indicated. Total RNA or proteins were extracted from cell lysates for
subsequent RT-PCR and western blotting to determine the mRNA and protein expression, respectively. (B) SW480 cells were transfected with
empty vector or GFP-b-catenin, or non-specific (NS) siRNA or b-catenin siRNA for 24 h. Transfected cells were incubated at 1% O2 for 4 h and
harvested for RT-PCR. (C) HCT116 and SW480 cells were transfected with NS siRNA or b-catenin siRNA. Cells were incubated at 1% O2 or
with 100mM desferrioxamine (DFX) for 4 h and harvested for western blotting. (D) SW480 cells were transfected with dominant-negative
TCF (DN-TCF) or constitutively active TCF (VP16-TCF). Cells were then incubated at 1% O2 for 4 h and harvested for RT-PCR or western blotting.
18s rRNA was used as an internal control for RT-PCR, whereas b-actin was used as a loading control for western blotting. All blots shown are
representative of three independent experiments. Bar, ±s.d. *Po0.05.
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Figure 1D). Such effect could be greatly inhibited by siRNA-
mediated knocking down of Nur77 (Figure 5B), demonstrating
that endogenous Nur77 was a mediator of hypoxic activation of
Akt. Further, we explored whether hypoxia induced Nur77-
mediated activation of Akt was essential for its elevation of
b-catenin. Our results showed that while the PI3K inhibitor
Wortmannin strongly suppressed Akt activation, it largely
impaired the ability of exogenous Nur77 to induce b-catenin
(Figure 5C). Moreover, a dominant-negative mutant of Akt
(DN-Akt) could also strongly inhibit exogenous Nur77 to induce
b-catenin expression (Figure 5D). These observations demonstrated
that Nur77-mediated Akt activation by hypoxia has a critical role
in hypoxia-induced activation of b-catenin.

A well-studied mechanism by which Akt regulates b-catenin is
through GSK-3b (Cross et al, 1995; Delcommenne et al, 1998).
Therefore, we next examined the involvement of GSK-3b by Nur77
in its induction of b-catenin. We found that Nur77 was able to
increase the expression of a mutant form of b-catenin (S37A), which
is insensitive to GSK-3b-mediated phosphorylation and subsequent
proteasomal degradation (Figure 5E). Consistently, a constitutively
active form of GSK-3b (S9A), which prevents phosphorylation and
activates the kinase, did not inhibit the effect of Nur77 on inducing
b-catenin expression (Figure 5F), suggesting a mechanism that relied
upon PI3K/Akt but not GSK-3b.

Positive feedback between Nur77 and b-catenin promotes the
invasive growth of CRC. Hypoxia unleashes the invasive and
metastatic potential of tumour cells. We investigated whether a

positive feedback loop between Nur77 and b-catenin could
have a role in growth, migration, and invasion of CRCs. We
found that overexpression of Nur77 or b-catenin alone increased
the growth of hypoxic CRC cells (Figure 6A). Notably, Nur77-
induced survival was abolished by knocking down of b-catenin,
whereas b-catenin-dependent survival was reduced in cells with
Nur77 knockdown by specific siRNA (Figure 6A). We also
found that either Nur77 or b-catenin siRNA decreased the number
of migrated cells (Figure 6B). Nur77-induced migration
was abolished in b-catenin siRNA-treated cells, and on the other
hand, b-catenin-induced migration was decreased in Nur77
siRNA-treated cells (Figure 6B). This Nur77–b-catenin loop
also induced cellular invasion across the Matrigel-coated
membrane barrier (Figure 6C). To determine whether the
molecular alterations of an epithelial-to-mesenchymal transition
(EMT) occurred in these cells, we examined the expression of
epithelial and mesenchymal markers by reverse transcription-PCR.
As shown in Figure 6D, overexpression of Nur77 or b-catenin
led to decreased expression of epithelial marker E-cadherin
and increased expression of mesenchymal markers N-cadherin
and matrix metalloproteinase-2, which is a well-documented
extracellular matrix degrading enzyme and whose activity is
closely associated with colorectal tumour invasiveness
(Langers et al, 2008). Such effect on EMT markers could be
synergistically enhanced by cotransfection of b-catenin and Nur77
(Figure 6D), suggesting a functional connection between
Nur77 and b-catenin in the invasive growth of CRC cells under
hypoxia.
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DISCUSSION

Since hypoxia readily occurs in CRC and other solid tumours,
deciphering hypoxia-regulated signalling pathways involved in
tumorigenesis is of paramount importance for the understanding
of tumour progression. In this study, an important positive
reciprocal regulation of Nur77–b-catenin signalling that results in
the enhancement of invasive growth in response to hypoxia is
revealed, adding a new dimension to the understanding of the
dysregulation of these two important signalling molecules that are
characteristics of CRC.

The critical role of b-catenin in transcription is underscored by
its ability to bind and activate the TCF transcription factors
(Korinek et al, 1997; Morin et al, 1997). However, accumulating
evidence shows that b-catenin can regulate transcription in a TCF-
independent manner by interacting with a panel of different
partners (Le et al, 2008). Indeed, our data suggest that b-catenin
activates Nur77 transcription through HIF-1a, which is indepen-
dent of TCF. Consistently, two functional hypoxia-responsive
element (HRE) binding sites were found within the Nur77
promoter (Choi et al, 2004). It has recently been reported that
HIF-1a competes with TCF-4 for direct binding to b-catenin under
hypoxia, suggesting a functional switch is instigated to promote cell
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survival and adaption to hypoxia (Kaidi et al, 2007). The HIF-1a/
b-catenin interaction has been demonstrated in various cancer cell
types and in clinical samples, including colon tumours (Kaidi et al,
2007; Wincewicz et al, 2010). It is intriguing to speculate that
hypoxia-induced interaction between b-catenin and Nur77 is
possibly orchestrated by HIF-1a, a novel mechanism for
survival and aggressive behaviour of CRC under hypoxic

microenvironment. Although we did not further explore this
interaction, the fragment encompassing amino acids 530–722 of
b-catenin has been shown to interact with HIF-1a (Kaidi et al, 2007),
and the ligand binding domain of Nur77 is required for b-catenin
binding (Chen et al, 2012).

In the previous years, most molecular studies on tumorigenesis
have focused on single pathways. However, it is becoming
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increasingly clear that these signals occur in a complex network of
independent and interacting actions to cause malignant transfor-
mation. We have discovered here a positive feedback loop in the
Nur77/b-catenin crosstalk by hypoxia. Consistently, we previously
reported that both b-catenin and Nur77 were overexpressed in
human colon tumours and deoxycholic acid, a tumour promoter in
human colorectal carcinogenesis, could significantly enhance
b-catenin-mediated Nur77 expression (Wu et al, 2011). This positive
feedback may have a regulatory role in the Nur77/b-catenin
pathway that was not explicitly realised by previous studies. In fact,
the positive feedback in Nur77/b-catenin may casually participate
in the pathogenesis of CRC, in which Nur77 reinforces the
neoplastic potential of CRC via b-catenin largely independent of
external cues. This self-enforced reciprocal activation may be of
particular importance in tumour cells, which need to be constantly
replenished to sustain unrestricted cell proliferation and migration
observed.

Our findings that Nur77DDBD could induce b-catenin activation,
suggesting the involvement of a non-genomic rather than genomic
action of Nur77. Although the rapid non-genomic effects of Nur77
on activation of signalling cascades have attracted increasing
attention in recent years (To et al, 2012), its underlying
mechanisms are not yet clear. It is noteworthy that unlike many
other members of the nuclear receptors that are predominantly
localised in the nucleus, Nur77 can translocate from nucleus to the
cytoplasm (Han et al, 2006). It is largely recognised that
cytoplasmic Nur77 is pro-apoptotic. It is demonstrated that many
anticancer drugs or apoptosis-inducing agents can target Nur77 to
mitochondria where it interacts with Bcl-2 resulting in cell killing
(Liu et al, 2008). Further, our recent report shows that two
digitalis-like compounds H-9 and ATE-i2-b4 induce JNK-
mediated Nur77 nuclear export leading to b-catenin degradation
and tumour growth inhibition (Sun et al, 2012). Our present
results demonstrate that cytoplasmic Nur77 by hypoxia can be also
pro-survival due to its activation of Akt and b-catenin. The
complex and paradoxical relationship between b-catenin and
Nur77 may be due to different stimuli with distinct pathways.
In our search of how Nur77 might regulate b-catenin, our results
suggest that this may act independently of APC and p53, which are
classical pathways in the regulation of b-catenin (Munemitsu et al,
1995; Korinek et al, 1997; Liu et al, 2001; Matsuzawa and Reed,
2001), suggesting the importance in developing novel therapeutic
strategy to combat CRC.

Although it has been shown that PI3K/Akt acts through GSK-
3b to regulate b-catenin, our data indicate that GSK-3b is not
involved in regulation of b-catenin. The most likely explanation is
that PI3K/Akt may act directly on b-catenin to facilitate binding to
an interacting partner other than GSK-3b. For example, b-catenin
has been shown to be a direct phosphorylation target of Akt, and
that phosphorylation can prime b-catenin for 14-3-3z binding and
subsequent stabilisation (Tian et al, 2004). Another formal
possibility is that PI3K/Akt could recruit other signalling molecules
to regulate b-catenin. For example, PI3K/Akt has also been found
to mediate b-catenin through activation of IkB kinase (Agarwal
et al, 2005). Therefore, the exact mechanism by which PI3K/Akt
upregulates b-catenin remains to be elucidated. Increased PI3K/
Akt levels or altered PI3K/Akt signalling is commonly observed in
CRCs and that aberrant PI3K/Akt activation correlates with
tumour grade and poor survival (Kang et al, 2008; Hsu et al,
2011; Liao et al, 2012). Although the mechanism of b-catenin
activation could also be mediated through a mitogen-activated
protein kinase pathway (Ishitani et al, 1999), we ruled out this
possibility in CRCs, since treatment of cells with a specific inhibitor
of ERK1/2 (PD98059) or JNK (SP600125) had no effect on Nur77-
inducd b-catenin (data not shown). Nor did Nur77 alter the level
of ERK1/2 or JNK (Figure 5A). Recently, cross-talks between
Nur77 and Wnt/b-catenin signalling have been reported in several

tumour types. However, the findings regarding this interplay are
inconsistent. Whereas Nur77 represses Wnt/b-catenin signalling in
some studies (Smith et al, 2011; Chen et al, 2012), it activates Wnt/
b-catenin in other cases (Rajalin and Aarnisalo, 2011). These
discrepancies are indeed not surprising due to the fact that Nur77
can act differently with various partners, which are highly
dependent on the specific cellular context and the nature of
stimulus. Our findings showing that Nur77 drives a positive
feedback loop to enhance b-catenin signalling through HIF-1a
under hypoxia are highly suggestive of this view. The different or
frequently opposite functions under hypoxia as reported for other
proteins (Koumenis et al, 2001; Liu et al, 2007) highlight the
importance of the microenvironment in signal transduction. There
is accumulating evidence for the contribution of hypoxic micro-
environment to CRC progression. For instance, hypoxia has been
found to promote invasive behaviour in the colon cancer cells
through enhancing EMT (Cannito et al, 2008; Hongo et al, 2013),
and it also protects colon cancer stem cells from chemotherapy
(Mao et al, 2013). Given the important role of hypoxia in cancer,
it has become an attractive target for therapeutic intervention and
thus the identification of molecular targets contributing to the
survival of hypoxic cells could be a promising approach. The
Nur77/b-catenin cross-talk reported here is of particular interest as
it may represent a novel therapeutic opportunity against CRC and
other hypoxic tumours.

In summary, we reveal a new mechanism by which functions in
a positive feedback loop of b-catenin signalling may promote the
aggressive behaviour of CRC, with implications for development of
novel target therapies. Further studies will undoubtedly enhance
the understanding of specific mechanisms by which Nur77/b-
catenin crosstalk contributes to the development and progression
of cancer.
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