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1  | INTRODUC TION

Although the aetiology of type 2 diabetes is complex, it is well ac-
cepted that insulin resistance leads to sustained hyperglycaemia or 

hyperlipidaemia, which consequently results in cellular ER stress and/
or ROS overproduction in pancreatic β-cells, whereas ER stress or ROS 
causes cell damage or even apoptosis.1-6 Pancreatic β-cell loss plays an 
important role in the pathogenesis of type 2 diabetes. To reveal the 
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Abstract
Sustained hyperglycaemia and hyperlipidaemia incur endoplasmic reticulum stress 
(ER stress) and reactive oxygen species (ROS) overproduction in pancreatic β-cells. 
ER stress or ROS causes c-Jun N-terminal kinase (JNK) activation, and the activated 
JNK triggers apoptosis in different cells. Nuclear receptor subfamily 4 group A mem-
ber 1 (NR4A1) is an inducible multi-stress response factor. The aim of this study was 
to explore the role of NR4A1 in counteracting JNK activation induced by ER stress 
or ROS and the related mechanism. qPCR, Western blotting, dual-luciferase reporter 
and ChIP assays were applied to detect gene expression or regulation by NR4A1. 
Immunofluorescence was used to detect a specific protein expression in β-cells. 
Our data showed that NR4A1 reduced the phosphorylated JNK (p-JNK) in MIN6 
cells encountering ER stress or ROS and reduced MKK4 protein in a proteasome-
dependent manner. We found that NR4A1 increased the expression of cbl-b (an E3 
ligase); knocking down cbl-b expression increased MKK4 and p-JNK levels under ER 
stress or ROS conditions. We elucidated that NR4A1 enhanced the transactivation of 
cbl-b promoter by physical association. We further confirmed that cbl-b expression 
in β-cells was reduced in NR4A1-knockout mice compared with WT mice. NR4A1 
down-regulates JNK activation by ER stress or ROS in β-cells via enhancing cbl-b 
expression.
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mechanisms by which pancreatic β-cells counteracts the apoptotic ef-
fect from ER stress or ROS may provide clues for β-cell protection.

NR4A1 is an inducible multi-stress response factor.7-9 It belongs 
to the NR4A family, and its molecular structure includes a transcrip-
tional activation domain, a DNA-binding domain and a putative li-
gand-binding domain.10 So far, no nature ligand has been found in 
this family. Therefore, NR4A1 belongs to orphan nuclear recep-
tors.11 NR4A1 acts as a transcriptional factor to enhance the expres-
sion of some genes without ligand binding.12,13 NR4A1 participates 
in various physiological activities, including cell proliferation, differ-
entiation and apoptosis.14-18 ER stress or ROS-inducing NR4A1 ex-
pression in pancreatic β-cells has been documented.4,5 Controversy 
still exists regarding the role of NR4A1 in apoptosis. Some studies 
showed that it had anti-apoptotic effects,15,19-24 whereas others 
showed it was pro-apoptotic.16,18,25-27 A possible explanation for the 
above controversial conclusions may be accounted by the cellular 
location of NR4A1. When NR4A1 remains in the nucleus as a tran-
scriptional factor, it enhances the expression of some anti-apoptotic 
factors, such as WT1 and survivin 4,5,24; if NR4A1 is translocated into 
the cytoplasm, it associates with bcl2 and results in cell apoptosis.27

JNKs, also known as stress-activated protein kinases, form an 
important subgroup of the mitogen-activated protein kinase (MAPK) 
superfamily and have three isoforms (JNK1, JNK2 and JNK3). Upon 
activation by upstream kinases, the activated JNK has diverse cel-
lular functions, including cell proliferation and differentiation under 
physiological conditions. The role of activated JNK on pro-apopto-
sis has been described as in cell type–dependent manner.28 Cellular 
stresses, such as ER stress and oxidative stress (ROS), incur high level 
or sustained JNK activation, which further triggers apoptotic path-
ways in different cells.29-39 Our preliminary data showed that either 
TG (thapsigargin, an ER stress inducer) or H2O2 (hydrogen peroxide, 
a kind of ROS) increased the accumulation of phosphorylated JNK 
in pancreatic β-cells, whereas overexpressing NR4A1 was able to 
reduce JNK phosphorylation. NR4A1 is a transcription factor. How 
can a transcript factor regulate JNK phosphorylation? To answer this 
question, we used pancreatic mouse insulinoma 6 cells (MIN6 cells) 
and NR4A1 KO mice to explore the underlying mechanism.

2  | MATERIAL S AND METHODS

2.1 | Cell culture and reagents

MIN6 cells were obtained from ATCC and were cultured under the 
same conditions as described in the reference.4 NR4A1 overex-
pression cell lines (designated as OV cells) and control cell lines 
(designated as NC cells) were generated and maintained as de-
scribed previously.4 cbl-b knockdown cells (designated as KD-cbl-b 
cells) or the control cell clone (designated as CON-cbl-b cells) were 
cultured in the same medium as NC/OV cells plus G418 at 1 mg/
mL.

DMEM was purchased from M&C GENE technology. Foetal 
bovine serum (FBS) was purchased from Gibco. TG was purchased 

from Sigma-Aldrich. H2O2 was purchased from Sinopharm Chemical 
Reagent. Puromycin and G418 (sulphate) were purchased from 
InvivoGen. MG132 was purchased from MedChemExpress.

2.2 | Mouse islet purification

NR4A1 knockout (KO) mice generated from C57BL/6J mice and 
wild-type (WT) mice were purchased from Cyagen Biosciences. 
The genotypes of the new-born mice were verified with PCR ac-
cording to the manual from Cyagen Biosciences. Mouse islets 
were isolated with collagenase P (purchased from Roche Applied 
Science) as described previously.40 After separation, the islets 
were deposited by Hank's Balanced Salt Solution. Finally, the is-
lets were selected under stereoscopic microscope. Animal experi-
ments were carried out according to the Principles of Laboratory 
Animal Care by NIH. All experiment procedures were approved by 
the Animal Care and Use Committee of Shandong University School 
of Basic Medical Sciences. The Animal Care and Use Committee of 
Shandong University School of Basic Medical Sciences approved 
that all the experiment procedures fully complied with the Helsinki 
Declaration.

2.3 | Lentiviral infection and stable cell 
line selection

Lentivirus encoding full-length NR4A1 and control lentivirus were 
constructed and generated by GenePharma. MIN6 cells were infected 
with recombinant lentivirus encoding NR4A1 or control lentiviral vec-
tor, and stable cells were selected under puromycin selection.

Lentivirus encoding shRNA targeting to cbl-b and control len-
tivirus were constructed in Obio Technology, and the targeting se-
quence was 5′-AACACAGACGCCATGATTTGC-3′.41 OV cells were 
infected with cbl-b shRNA lentivirus or control scramble shRNA len-
tivirus, and the stable cells were selected under G418 drug pressure.

2.4 | Plasmid construction

Mice genomic DNA was extracted as previously described.42 Mice 
cDNA library was obtained from WT C57BL/6J mouse liver with 
ReverTra Ace qPCR RT Kit (Toyobo). We designed a pair of primers 
with HindIII and XbaI restriction sites at 5′ and 3′ to amplify the cDNA 
of MKK4 and cloned the PCR product into pFLAG-CMV™-2 vector 
(Sigma). The sequence information of the primer is listed below:

Primer F: 5′-CCCAAGCTTATGGTCCACAAACCAAGTGGG-3′
Primer R: 5′-GGGTCTAGATCAGTCGACATACATGGGCGAGC-3′.
We designed four pairs of primers with Kpnl and XhoI restriction 

sites at 5′ and 3′, respectively, to amplify four different lengths of 
the cbl-b promoter (1987, 1440, 981 and 485 bp) from mice genomic 
DNA. And then, the PCR products were cloned into pGL3-basic lu-
ciferase reporter vector (Promega).
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The pairs of primers used for the four different lengths of cbl-b 
promoter are listed below:

Primer F (-2008 bp): 5′-CCC GGTACC GTCAGCCTACATAAAC 
ACTATC-3′

Primer R (-21 bp): 5′-CCC CTCGAG TCGAACCAATCCTGAGA-3′.
The primers used are 1440, 981 and 458 bp. They all shared the 

same reverse primer:
Primer F (-1454 bp): 5′-CCC GGTACC CCAGACTTGTACTTTAC 

TGC-3′
Primer F (-995 bp): 5′-CCC GGTACC TCACTGTAAGCGTTACCA-3′
Primer F (-499 bp): 5′-CCC GGTACC TATTTGGCTGCTCTCCT-3′
Primer R (-14 bp): 5′-CCC CTCGAG TTGAGTCTTCGAACCAA-3′.
All constructed plasmids were sequenced by Sangon Biotech 

Co., Ltd., to verify these sequences were completely aligned with 
the original DNA sequences from NCBI.

2.5 | Quantitative real-time PCR assay

Total RNA was extracted and purified from cultured cells by using 
RNAiso Plus (Takara) and from mouse islets using a RNeasy Mini Kit 
(Qiagen). qPCR was performed as previously described.4 According 
to the Cq value of the target gene obtained from the qPCR machine, 
the relative expression multiple of the target gene was calculated 
with a relative quantitative method for 2-ΔΔCq, and the numerical 
value was further corrected by using the housekeeping gene 18s 
rRNA as the internal control. All experiments were repeated three 
times, and each sample was assayed in triplicate. The primers used 
for PCR are listed in Table 1.

2.6 | Western blot analysis

Protein samples were obtained, and Western blot analysis was per-
formed according to the methods as previously described.43 The 
antibodies used in the experiment are as follows: rabbit antibodies, 
such as anti-p-JNK (1:1000), anti-JNK (1:1000), anti-MKK4 (1:1000) 
and anti-cbl-b (1:1000), were purchased from ProteinTech Group, 
Inc; anti-GAPDH antibody (1:30 000) was purchased from Zsgb 
Bio; anti-NR4A1 antibody (1:1000) were purchased from Affinity 
Biosciences and Abcam; and mouse anti-beta actin (1:5000) and 
rabbit anti-α-Tubulin (1:5000) were purchased from Bioworld 
Technology.

2.7 | Immunoprecipitation (IP)

Equal numbers of OV cells or NC cells were transfected with equal 
amount of pFLAG-CMV™-2-MKK4 and pUb-HA (a plasmid for over-
expressing Ub with HA-tag from Dr Chengjiang Gao's Lab, Shandong 
University School of Basic Medical Sciences). After 48 hourrs 

post-transfection, the cells were harvested for immunoprecipita-
tion as routinely used. The antibody used to pull down protein was 
anti-flag monoclonal antibody from ProteinTech Group. The beads 
with protein A and protein G were purchased from Solarbio Science 
& Technology. The pull-down samples were applied for Western 
blotting with 12CA5 (an anti-HA monoclonal antibody).

2.8 | Dual-luciferase reporter assays

Plasmids with different lengths of cbl-b promoter were co-trans-
fected into cells with TK (thymidine kinase promoter-Renilla lucif-
erase reporter) plasmid, or pGL3-basic vector was co-transfected 
into cells with TK plasmid as control. The luciferase activity was 
measured by a dual-luciferase reporter assay kit (Vazyme Biotech 
Co., Ltd) after 48 hours post-transfection.

2.9 | Chromatin immunoprecipitation (ChIP) analysis

MIN6 cells were infected with adenovirus encoding NR4A1-HA or 
control adenovirus. After 48 hours post-infection, the infected cells 
were applied for ChIP assay. ChIP analysis was accomplished with 
a ChIP Assay Kit (Beyotime) as previously described.4 The specific 
anti-HA monoclonal antibody (12CA5) was applied to pull down the 
DNA fragments associated with HA-tagged NR4A1.

A pair of primers, 5′-GCTGCTACTTTTTCAGTTCCTTTCCTCG 
TTC-3′(F), and 5′-TCCACGGTACACAATGGCCC-3′ (R), were de-
signed to amplify the specific target sequence (−251 to −118 bp) of 
the cbl-b promoter (as indicated in Figure 6).

TA B L E  1   Primers for real-time quantitative PCR

Genes Sequence (5′→3′)

18S rRNA F CGCGGTTCTATTTTGTTGGT

18S rRNA R AGTCGGCATCGTTTATGGTC

NR4A1 F ATGCCTCCCCTACCAATCTTC

NR4A1 R CACCAGTTCCTGGAACTTGGA

MKK4 F AGGACTTGAAAGACCTTGGAGA

MKK4 R TATCTGCCCACTTGGTTTGTG

MKK7 F ATGGAGAGCATCGAGATTGACC

MKK7 R TTGATTTCTGCCTGATAACGCT

Cbl-b F GGTCGCATTTTGGGGATTATTGA

Cbl-b R TTTGGCACAGTCTTACCACTTT

TRAF2 F AGAGAGTAGTTCGGCCTTTCC

TRAF2 R GTGCATCCATCATTGGGACAG

Smurf1 F AGCATCAAGATCCGTCTGACA

Smurf1 R CCAGAGCCGTCCACAACAAT

JNK F GTGGAATCAAGCACCTTCACT

JNK R TCCTCGCCAGTCCAAAATCAA
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2.10 | Immunofluorescence

The pancreatic tissues from WT mice or NR4A1 KO mice were fixed 
with paraformaldehyde (4%). The primary anti-insulin mice antibody 
(Santa Cruz Biotechnology, Inc) and the primary anti-cbl-b rabbit anti-
body (ProteinTech Group, Inc) were applied for immuno-staining. The 
overlapped colour (yellow) of insulin (red) with cbl-b (green) in islets 
of pancreatic tissue indicated cbl-b expression in pancreatic β-cells.

2.11 | Statistical analyses

Data were expressed as the mean ± SD. Statistical analysis was done 
with t-test or analysis of variance (ANOVA) by using GraphPad Prism 
5.0. A value of P < .05 (*) was considered a statistically significant 
difference.

3  | RESULTS

3.1 | NR4A1 down-regulates JNK phosphorylation 
induced by TG or H2O2 in MIN6 cells

Previously, we generated NR4A1 overexpression cells (OV cells) 
from MIN6 cells and the control cells (NC cells). The mRNA and 
protein expression levels of NR4A1 were confirmed in OV cells 
and NC cells (Figure 1A-C). Figure 1 showed that the phospho-
rylation level of JNK was increased in both OV cells and NC cells 
after they were treated with TG or H2O2, but overall the JNK 
phosphorylation level was lower in OV cells compared with that in 
NC cells (Figure 1D,E,H,I), whereas the total JNK level was close 
between the two cells (Figure 1F,G,J,K). Overexpressing NR4A1 
turned down the JNK phosphorylation in MIN6 cells rather than 
total JNK level.

F I G U R E  1   NR4A1 down-regulates JNK 
phosphorylation induced by TG or H2O2 
in MIN6 cells. A-C, the relative NR4A1 
mRNA and protein levels were determined 
by qPCR and Western blot in both OV 
(NR4A1 overexpression) and NC (control) 
cells. D-G, Western blotting exhibited 
the protein levels of p-JNK and JNK in 
response to 100 μmol/L H2O2 at various 
time-points in both OV and NC cells. H-K, 
Western blotting exhibited the protein 
levels of p-JNK and JNK in response to 
0.5 μmol/L TG at various time-points in 
both OV and NC cells. Densitometric 
analyses of the blots were presented as 
histogram, and these data represented the 
means of three independent experiments; 
*P < .05, **P < .01 and ***P < .001 vs ns; 
error bars indicate SD
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3.2 | NR4A1 down-regulates MKK4 protein level in 
MIN6 cells

To explore the mechanism by which NR4A1 attenuates JNK phos-
phorylation induced by ER stress or ROS, we searched online and 
found that there were two upstream kinase molecules specific for 
JNK, namely MKK4 and MKK7. The mRNA or protein level of MKK7 
did not change between OV and NC cells (Figure 2A-C), but the pro-
tein level of MKK4 in OV cells was markedly reduced compared with 
NC cells (Figure 2A,B), whereas the mRNA level of MKK4 did not 
change (Figure 2C).

To verify MKK4 and MKK7 are two upstream kinase molecules 
for JNK activation, the MIN6 cells were treated with H2O2 for 
30 minutes, the phosphorylated MKK4(p-MKK4) and phosphory-
lated MKK7(p-MMK7) were detected with the specific antibodies, 

and the data showed that H2O2 increased the levels of both MKK4 
and MKK7 phosphorylation levels. By comparison, the induced fold 
of p-MKK4 was higher than that of p-MMK7 (Figure 2D-E).

The OV cells and NC cells were treated with TG or H2O2 at dif-
ferent time-points, both MKK4 and MKK7 were examined in these 
samples, and we found that the MKK4 protein was maintained at a 
lower level in OV cells compared with that in NC cells during these 
series of treatments (Figure 2F-I).

3.3 | NR4A1 increases MKK4 ubiquitination and 
degradation in MIN6 cells

We tested whether overexpressing NR4A1 was able to enhance 
MKK4 ubiquitination level. In Figure 3, equal numbers of OV cells 

F I G U R E  2   NR4A1 down-regulates 
MKK4 protein level in MIN6 cells. A-C, 
the relative mRNA and protein levels of 
MKK4 and MKK7 were determined by 
qPCR and Western blot in both OV and 
NC cells. D and E, MKK4 and MKK7 were 
verified to be phosphorylated during the 
treatment with H2O2. F and G, the protein 
levels of MKK4 and MKK7 in response to 
100 μmol/L H2O2 at various time-points 
in both OV and NC cells were determined 
by Western blot. H and I, the protein 
levels of MKK4 and MKK7 in response to 
0.5 μmol/L TG at various time-points in 
both OV and NC cells were determined 
by Western blot. Densitometric analyses 
of the blots were presented as histogram, 
these data represented the means of 
three independent experiments; *P < .05, 
**P < .01 and ***P < .001 vs ns; error bars 
indicate SD
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and NC cells were transfected with equal amount of Flag-MKK4 and 
HA-ubiquitin plasmids. The Flag-MKK4 protein was pulled down 
with anti-Flag monoclonal antibody. The results in Figure 3A showed 
that more ubiquitin modified exogenous Flag-MKK4 in OV cells com-
pared with that in NC cells. From the data above, it was reasonable 

to conclude that more overexpressed exogenous Flag-MKK4 in OV 
cells was ubiquitinated compared with that in NC cells.

To further confirm that MKK4 was reduced by ubiquitina-
tion-based proteasome degradation, MG132 was applied to figure 
out the dynamics of MKK4 in OV cells. As expected, MG132 was 

F I G U R E  3   NR4A1 increases MKK4 ubiquitination and degradation in MIN6 cells. A, both OV cells and NC cell were transfected with two 
plasmids to express Flag-MKK4 and HA-ub. The Western blotting results showed the different ubiquitination levels of Flag-MKK4 in OV and 
NC cells. B and C, OV cells or NC cells were treated with either 10 μmol/L MG132 or DMSO for 6 h. The protein level of MKK4 was detected 
with Western blotting in four different conditions. Densitometric analyses of the blots were shown as histogram; the data represented the 
means of three independent experiments; *P < .05 vs ns; error bars indicate SD

F I G U R E  4   NR4A1 enhances the 
expression of cbl-b in MIN-6 cells. A, 
the relative cbl-b mRNA levels were 
determined by real-time quantitative 
PCR in both OV and NC cells. B and C, 
the relative cbl-b protein levels were 
determined by Western blotting in both 
OV and NC cells. D and E, the protein 
levels of cbl-b in response to 100 μmol/L 
H2O2 at various time-points in both OV 
and NC cells were assessed by Western 
blotting. F and G, the protein levels of 
cbl-b in response to 0.5 μmol/L TG at 
various time-points in both OV and NC 
cells were assessed by Western blotting. 
Densitometric analyses of the blots are 
shown as histogram; the data represented 
the means of three independent 
experiments; *P < .05, **P < .01 and 
***P < .001 vs ns; error bars indicate SD
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able to reverse the effect of NR4A1 down-regulating MKK4 protein 
level in MIN6 cells (Figure 3B,C).

3.4 | NR4A1 enhances the expression of cbl-b in 
MIN6 cells

Proteasome-based protein degradation depends on the abundance 
of the specific E3 ligase. Each E3 ligase has a specific target or sub-
strate to be modified with ubiquitin. It was reported that NR4A1 was 
able to enhance the expression of three possible E3 ligases, which 
were TRAF2,19 Smurf1 44 and cbl-b (casitas B-lineage lymphoma 
b).41 Our data showed that OV cells had higher mRNA and protein 
levels of cbl-b (Figure 4A-C), whereas the mRNA levels of TRAF2 
or Smurf1 did not increase in OV cells compared with NC cells 

(Figure 4A). During TG or H2O2 treatment for different time-points, 
OV cells always maintained a higher level of cbl-b protein expression 
compared with NC cells (Figure 4D-G).

3.5 | Cbl-b expression negatively correlates with 
MKK4 protein level and p-JNK level upon H2O2 or TG 
treatment in NR4A1-overexpression cells

To further confirm that cbl-b modulates MKK4 protein expression in 
MIN6 cells, we applied RNA interference scheme to knock down cbl-b 
expression in OV cells. Figure 5A-C showed that knocking down cbl-b 
expression resulted in increased MKK4 protein level. Knocking down 
cbl-b expression resulted in about 20% and 90% increase in mRNA and 
protein levels of MKK4, respectively; therefore, the increased MKK4 

F I G U R E  5   Cbl-b expression negatively correlates with MKK4 protein level and p-JNK level upon H2O2 or TG treatment in OV cells. 
A, OV cells were infected with Lentivirus encoding shRNA targeting cbl-b or encoding scramble shRNA. Real-time quantitative PCR was 
exploited to test the mRNA levels of cbl-b and MKK4 in KD-cbl-b and CON-cbl-b. B and C, Western blotting was applied to detect the 
protein levels of cbl-b and MKK4 in KD-cbl-b and CON-cbl-b. D and E, the protein levels of p-JNK were exhibited in CON-cbl-b and KD-cbl-b 
cells in response to 100 μmol/L H2O2 at 0 or 30 min. F and G, the protein levels of p-JNK were exhibited in CON-cbl-b and KD-cbl-b cells in 
response to 0.5 μmol/L TG at 0 or 3 h. The data represented the means of three independent experiments;**P < .01 and ***P < .001 vs ns; 
error bars indicate SD
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protein level was not largely because of MKK4 transcription. Western 
blotting showed that TG or H2O2 treatment resulted in increased p-JNK 
level in cbl-b KD cells compared with that in control cells (Figure 5D-G).

3.6 | NR4A1 enhances the transactivation of cbl-b 
promoter via physical association

It was reported that NR4A1 enhanced the cbl-b promoter transac-
tivation in human cells.41 We tested whether NR4A1 directly regu-
lates cbl-b transactivation in mouse cells regarding that humans and 
mice have some differences in promoter sequences.

The promoter sequence of cbl-b between −14 and −2008 has four 
putative NR4A1 binding sites as shown in Figure 6A. We cloned four 
cbl-b luciferase reporters with different DNA lengths as shown in 
Figure 6B. We transfected the four cbl-b luciferase reporter plasmids 
into OV and NC cells, the dual-luciferase assay results showed that 
NR4A1 was able to enhance the luciferase activity of the four cbl-b re-
porters with different lengths, and the shortest promoter sequence of 
cbl-b (−14 to −499) was no less effective than the longer promoters (−14 
to −995, −14 to −1454 and −22 to −2008) (Figure 6C). Namely, NR4A1 
might modulate the promoter sequence at −14 to −499.

To verify whether NR4A1 associates with cbl-b promoter, we in-
fected MIN6 cells with adenovirus encoding NR4A1-HA, and after the 
infection, the cells were applied for ChIP assay. The ChIP products ob-
tained were applied for PCR examination. As shown in Figure 6D, the 
primers designed were covered the putative binding site at −118 to 

−251 bp within −14 to −499. The results in Figure 6D exhibited that 
after ChIP pulled down by anti-HA antibodies, the putative binding site 
at −118 to −251 bp was amplified successfully. These results indicated 
that NR4A1 can physically associate with cbl-b promoter.

3.7 | Confirmation of the impact of NR4A1 on cbl-b 
expression in NR4A1-knockout mice

To confirm the conclusion that NR4A1 enhances the expression of 
cbl-b in vivo, we tested the expression of cbl-b in NR4A1-KO mice. We 
purified the islets from WT mice or NR4A1-KO mice, and further ex-
tracted the RNA and protein for real-time PCR and Western blotting. 
The mRNA expression of cbl-b in NR4A1-KO mice was much lower 
than that in WT mice (Figure 7A), whereas the cbl-b protein level in 
NR4A1-KO mice was also lower than that in WT mice (Figure 7B).

The immuno-staining data showed that the colocalization of 
cbl-b with insulin was dramatically decreased in the islets of pancre-
atic tissue from NR4A1-KO mice compared with that from WT mice 
(Figure 7C), which indicated that cbl-b protein expression in pancre-
atic β-cells was significantly reduced in NR4A1-KO mice.

3.8 | Summary of the results

Figure 7D is a graphic model for the mechanism that NR4A1 pro-
tects β-cells from ER stress or ROS-induced JNK phosphorylation. In 

F I G U R E  6   NR4A1 enhances the transactivation of cbl-b promoter via physical association. A, a sketch applied to show the putative 
binding sites of NR4A1 in cbl-b promoter. B, a diagram for cbl-b promoters with different lengths was designed for luciferase reporter 
construction. C, the relative luciferase activity of cbl-b promoters with different lengths was detected in both OV and NC cells. D, ChIP 
analysis. Chromatin DNA fragments combined with exogenous NR4A1-HA were pulled down by a monoclonal antibody of HA; thereafter, a 
pair of primers was applied to amplify the fragment of the cbl-b promoter containing a NR4A1 (or NBRE) binding site from the ChIP product. 
The data represented the means of three independent experiments; **P < .01 and ***P < .001 vs ns; error bars indicate SD
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β-cells, ROS or ER stress results in JNK phosphorylation and conse-
quently results in apoptosis. ROS or ER stress also induces NR4A1 
expression, whereas NR4A1 enhances the expression of cbl-b and 
further increases the degradation of MKK4, which results in reduced 
JNK phosphorylation. The fate of the pancreatic β-cells is possibly 
determined by the balance between p-JNK and cbl-b.

In short, NR4A1 reduces p-JNK level by indirectly down-regu-
lating the availability of its upstream MKK4, therefore, reduces the 
possibility of pancreatic β-cell apoptosis.

4  | DISCUSSION

Hyperglycaemia and hyperlipidaemia result in ER stress and/or in-
creased ROS in pancreatic β-cells, and cause β cells damage and 
apoptosis.1-6 Pancreatic β-cell loss plays an essential role in the 
pathogenesis of type 2 diabetes. Our pancreatic β-cells are always 
challenged with hyperglycaemia and/or hyperlipidaemia after meal, 
but they are always able to survive over the subsequent cellular 
stress by an unknown “protective network” with some protective 
molecules. If the “protective network” is weak, consequently, the 
pancreatic β-cells will be damaged or even undergo apoptosis. To 
search the molecules for pancreatic β-cell protection under cellular 
stress is important for type 2 diabetes prevention.

It was reported that ER stress or ROS resulted in increased JNK 
activation or phosphorylation in various cells 31-33,35 and activated 
JNK further triggered the signalling pathways to apoptosis.36-39 We 
confirmed that MIN6 cells were treated with TG or H2O2 resulted 
in increased JNK phosphorylation. Some researcher applied JNK 
phosphorylation inhibitor which partially reversed the ER stress or 
ROS-induced apoptosis in Bcr/Abl-positive chronic myelogenous 
leukaemia cells,45 which indicated that JNK phosphorylation was 
critical for ER stress or ROS-induced apoptosis.46

As for the mechanisms of ROS or ER stress induced JNK activation, 
many research articles reported that ROS induced ER stress, which 
has been popularly accepted.47-49 Previously, we tested the survival of 
pancreatic beta cell (MIN6 cells) in response to TG (ER stress inducer) 
or H2O2 (a ROS molecule) and by comparison we found H2O2 resulted 
in apoptosis in a shorter time duration compared with TG.4,5 As the in-
duction of JNK activation by H2O2 was much quicker than that by TG, 
it was reasonable that we speculated that ROS induced JNK activation 
via ER stress and another unknown parallel pathway.

NR4A1 (synonym as Nur77) was a multi-factor response mole-
cule and an anti-stress factor.7-9 NR4A1 might have different roles 
in different tissues or different organs. People applied NR4A1 KO 
mice to test the pathophysiological changes in different research 
areas. For metabolism, Chao L C reported that NR4A1 KO mice fed 
with high-fat diet were much easier to become obese compared with 
WT mice50; Pei L reported that NR4A1 had a role in gluconeogene-
sis51; Zhan Y Y reported that nur77 regulates LKB1 localization and 
thus modulates AMPK activation.52 For immunity system, some 
reporters showed that NR4A1 might have negative effect on T cell 
activation.53,54

Previously, we found that the pancreatic cells from NR4A1 KO 
mice islets were more sensitive to TG or H2O2-induced apoptosis 
compared with that from WT mice.4,5 We observed that high-fat 
diet feeding resulted in increased 8-OHdG (a senescence marker) 
level and apoptosis rate in pancreatic cells from NR4A1 KO mice 
compared with that from WT mice.5 It is known that pancreatic 
cell senescence or/and pancreatic cell loss results in diabetes. We 
further figured out that NR4A1 directly or indirectly enhances the 
expression of some anti-apoptotic proteins, such as survivin, WT1, 
BCL2, SOD1 and GPX1.4,5,42 These anti-apoptotic proteins plus 
some other NR4A1-up-regulated molecules might form a protective 
network to work together to protect pancreatic β cells. Without the 
NR4A1-based protective network, the pancreatic β cells would be in 
great risk or danger. We are still exploring other possible members 
of NR4A1-up-regulated protective network in β cells by exploiting 
pancreatic β cell line and NR4A1 KO mice.

We previously found that NR4A1 was inducible upon treat-
ment with ER stress inducer (TG) or ROS (H2O2) in pancreatic 
β-cells.4,5,42 Recently, we found that overexpression of NR4A1 in 
MIN6 cells resisted the JNK phosphorylation induced by TG or 
H2O2.

To study the mechanism of NR4A1 down-regulating JNK phos-
phorylation, we analysed the key upstream kinases for JNK and 
we focused on two potential JNK kinases, MKK4 and MKK7 as re-
ported. We further confirmed that MKK4 and MKK7 were two up-
stream kinases for JNK activation in MIN6 cells induced by H2O2 or 
TG. We compared the protein expression levels of the two mole-
cules vs NR4A1 expression level and found that NR4A1 overexpres-
sion in MIN6 cells resulted in reduced expression of MKK4 rather 
than MKK7. As a transcription factor, usually NR4A1 enhances the 
expression of a gene. How could NR4A1 reduce the protein expres-
sion of MKK4? There should be two possible ways for the reduction 
in a specific protein expression besides the transcription activity al-
tering: One is to interfere the protein translation, and the other is 
to modulate the stability of the protein. We could not rule out that 
NR4A1 is able to reduce MKK4 protein translation via some special 
paths. But we did predict that NR4A1 might have the effect on the 
stability of MKK4 protein via an indirect way. Most proteins' stability 
is closely related to their ubiquitination level and proteasome degra-
dation, which lies in the protein level of substrate-specific E3 ligase. 
We verified that the loss of MKK4 protein by NR4A1 overexpression 
was proteasome-dependent by using a specific drug MG132.

Thus, we searched the literatures and found that the NR4A1 was 
able to enhance the expression of three E3 ligases.19,40,41 However, 
we only found cbl-b mRNA level was increased in NR4A1 overex-
pression MIN6 cells. We further checked the protein expression 
of cbl-b in NR4A1 overexpression cells (OV cells), as expected that 
overexpressing NR4A1 resulted in enhanced protein expression of 
cbl-b. To confirm cbl-b was able to target MKK4, we knocked down 
the cbl-b expression in NR4A1 overexpression cells (OV cells) and 
found knocking-down expression of cbl-b in OV cells, resulted in in-
creased MKK4 protein level and increased p-JNK level upon treat-
ment with TG or H2O2. It was clear that cbl-b protein expression was 
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reversely correlated with the MKK4 protein level or p-JNK level. Our 
data indicated that cbl-b was a down-stream molecule of NR4A1 to 
down-regulate MKK4 protein level in MIN6 cells.

As for cbl-b, Keane et al firstly cloned this gene. Cbl-b, with ho-
mology to the c-cbl proto-oncogene, has a proline-rich domain, a 
nuclear localization signal, a C3HC4 zinc finger and a putative leu-
cine zipper. Their data suggested that cbl-b gene encodes a protein, 
which can interact with signal transduction proteins to regulate their 
function or to be regulated by them.55 As cbl-b protein was report-
edly found to contain a highly conserved RING finger domain with 
E3 ligase catalytic activity, it has been predicted that its biological 
functions are mediated via protein ubiquitination in diverse cellular 
signalling pathways. Such as, cbl-b, as E3 ubiquitin ligase, negatively 
regulates CLR-mediated antifungal innate immunity.56 Upon nerve 
growth factor (NGF) stimulation, recruitment of Cbl-b promotes 

tropomyosin-related kinase A (TrkA) ubiquitylation and degradation. 
Cbl-b limits NGF-TrkA signalling to control the length of neurites.57 
In macrophages, Cbl-b suppresses saturated FA-induced Toll-like re-
ceptor 4 (TLR4) signalling by ubiquitination and degradation of TLR4. 
Cbl-b deficiency could exaggerate HFD-induced insulin resistance 
through saturated FA-mediated macrophage activation.58 We first 
discovered that cbl-b was able to degrade MKK4 through the ubiq-
uitination-proteasome pathway, and thus to attenuate JNK phos-
phorylation in response to ER stress or ROS.

We further studied the possible mechanism(s) by which NR4A1 
may up-regulate cbl-b expression. It was reported that NR4A1 en-
hanced cbl-b promoter transactivation in human cells. To verify 
whether NR4A1 directly enhances cbl-b transactivation in mice 
β-cells, we exploited luciferase assay and ChIP assay. We further 
found NR4A1 was able to enhance the transactivation activity of 

F I G U R E  7   Confirmation of NR4A1 
impacting cbl-b expression in NR4A1-KO 
mice. A, the relative mRNA levels of cbl-b 
were determined by real-time quantitative 
PCR in wild-type mice and NR4A1 KO 
mice. B, the relative protein levels of cbl-b 
and NR4A1 in pancreatic islets from WT 
or NR4A1 KO mice were determined by 
Western blotting. C, the colocalization 
of cbl-b (green) with insulin (red) was 
dramatically decreased in the islets of 
pancreatic tissue from NR4A1-KO mice 
compared with that from WT mice. The 
optical magnification of the image was 
300×, and the larger square on the left 
bottom of each image was the enlarged 
image of the smaller section of the islet 
(the smaller square indicated within 
the islet). D, A graphic model for the 
mechanism that NR4A1 protects β-cells 
from JNK phosphorylation induced by ER 
stress or ROS. The data represented the 
means of three independent experiments; 
***P < .001 vs ns; error bars indicate 
SD
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cbl-b promoter and NR4A1 was able to physically associate with 
cbl-b at some putative targeting sequence. What we detected is 
the binding sites of NR4A1 in cbl-b promoter regulatory element in 
mouse cells were not the same as people found in human cells as 
reported.

In addition to our in vitro study, we further found the mRNA 
level or protein level of cbl-b was markedly reduced in the islets 
from NR4A1-KO mice compared with that from WT mice, which was 
further confirmed that NR4A1 was a positive factor for cbl-b ex-
pression in mice pancreatic islets. As shown in insulin immuno-stain-
ing data, the majority of cells (about 85%-90%) in pancreatic islets 
were β-cells. Therefore, the mRNA and protein expression levels of 
cbl-b detected from islets reflected the status of pancreatic β-cells 
to a large extent. To further clarify NR4A1 impacting cbl-b protein 
expression in β-cells, we applied insulin and cbl-b double immu-
no-staining scheme to show the colocalization of the two molecules 
in β-cells. Our immune-staining data showed that the protein level 
of cbl-b in pancreatic β-cells of NR4A1-KO mice was markedly re-
duced compared with that of WT mice. This evidence confirmed that 
NR4A1 impacted the expression of cbl-b in mice pancreatic β-cells, 
which was in concert with what we found in vitro.

In summary, our data demonstrated that NR4A1 could repress 
cellular ER stress or ROS-induced JNK activation via enhancing cbl-b 
expression to degrade MKK4 in pancreatic β-cells. Namely, NR4A1 
down-regulates p-JNK level through NR4A1/cbl-b↑/MKK4↓/p-
JNK↓ pathway. Our study indicates NR4A1 might be a major player 
in the protective network of pancreatic β-cells, and our finding might 
provide clues for β-cell protection and diabetes prevention.
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