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NR4A1 retards adipocyte differentiation or maturation via
enhancing GATA2 and p53 expression
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1 | INTRODUCTION

Abstract

Nuclear receptor subfamily 4 group A member 1 (NR4A1) is an orphan nuclear
receptor with diverse functions. It has been reported that NR4A1, as a transcrip-
tional activator, is implicated in glucose and lipid metabolism. The aim of this study
was to investigate the regulatory role of NR4A1 in adipogenesis and explore the
underlying mechanisms. Quantitative real-time PCR and Western blotting were used
to analyse the expression of genes involved in synthesis and mobilization of fats
in vivo and in vitro. Dual-luciferase reporter assay was conducted to study the regu-
latory mechanisms of NR4A1. Our data from in vivo study confirmed that NR4A1
knockout (KO) mice fed with high-fat diet were more prone to obesity, and gene
expression levels of PPARy and FAS were increased in KO mice compared to con-
trols; our data from in vitro study showed that NR4A1 overexpression in 3T3-L1
pre-adipocytes inhibited adipogenesis. Moreover, NR4A1 enhanced GATA binding
protein 2 (GATA2) expression, which in turn inhibited peroxisome proliferator-acti-
vated receptor y (PPARy); NR4A1 inhibited sterol regulatory element binding tran-
scription factor 1 (SREBP1) and its downstream gene fatty acid synthase (FAS) by
up-regulating p53. NR4A1 inhibits the differentiation and lipid accumulation of adi-
pocytes by enhancing the expression of GATA2 and p53.

KEYWORDS
adipogenesis, fatty acid synthase, NR4A1, obesity, PPARy

It is known that obesity is a result of excessive accumulation of

body fat,* which is partly due to dysregulated adipogenesis. The dif-

Obesity has drawn more and more attention as it is becoming a sev-
ere public health problem. Obesity is a risk factor for many diseases,
including type 2 diabetes mellitus, cardiovascular diseases and many
others.2® Adipogenesis positively correlates with obesity. So far, the
molecular basis and regulatory mechanisms of adipogenesis have not

been fully understood.

ferentiation and maturation of pre-adipocytes are a complex process,
in which a series of specific factors are involved. First, CCAAT/en-
hancer binding protein B (C/EBPB) begins to express to initiate the
differentiation process,®> followed by the activation of CCAAT/en-
hancer binding protein o (C/EBPa«) and PPARy. SREBP1 plays a role
in PPARy activation.®” At later stage, FAS, fatty acid binding protein
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(FABP) and other fat synthesis-related genes are activated,®’ leading
to the synthesis of lipids droplets.*°

On the other hand, lipolysis is the catabolic pathway of fatty acid
(FA) cycle. Fatty acids are essential for energy production and the
synthesis of most lipids involved in cell structure and cellular sig-
nalling. However, an oversupply of FA is highly detrimental.** Fac-
tors involved in lipolytic process include adipose triglyceride lipase
(ATGL), hormone-sensitive lipase (HSL), lipoprotein lipase (LPL) and
other molecules. To date, some enzymes have been reported to
account for complete hydrolysis of triacylglycerol (TAG) molecules in
cellular lipid stores: ATGL selectively performs the first and rate-lim-
iting step hydrolysing TAGs to generate diacylglycerols (DAGs) and
non-esterified fatty acids. HSL is a multifunctional enzyme that is
capable of hydrolysing a variety of acylesters including TAG, DAG
and monoacylglycerol (MAG). LPL is the rate-limiting enzyme for the
hydrolysis of the triglyceride and very low-density lipoproteins.2"14
The fate of obesity formation depends on the balance between the
processes of adipogenesis or lipid accumulation and lipolysis.

There are many regulatory factors modulating adipogenesis and
lipolysis. GATA2, GATAS, delta like non-canonical Notch ligand 1
and wingless-type MMTV integration site family, member 1, are
involved in the process of adipogenesis. It was reported that GATA2
bound to PPARy and inhibits PPARy expression.'®> SREBP1 is a tran-
scription factor, which binds to a sequence in the promoter of differ-
ent genes, called sterol regulatory elements-1. SREBP1c regulates
the expression of genes or enzymes for glucose metabolism and lipid
production.*® SREBP1c is an upstream molecule of fatty acid syn-
thase.r” As reported in other articles, p53 overexpression suppressed
the transactivation of SREBP-1 promoter and the expression of
SREBP-1 downstream genes.*®*? In addition, adipokines, including
leptin, adiponectin, tumour necrosis factor o, resistin and interleukin-
6, also play a role in regulation of lipolysis.

NR4A1, also known as Nur77, TR3 or NGFI-B, is a unique tran-
scriptional activator belonging to the orphan nuclear receptor sub-
family. NR4A1 expresses in many cell types and mediates diverse
biological processes.?®?* Recent studies showed that NR4A1
together with two other family members (NR4A2 and NR4A3)
played important roles in maintaining cellular energy homeostasis.?2
It was reported that mice with genetic deletion of Nur77 exhibited
increased susceptibility to diet-induced obesity and insulin resis-
tance.?® Some studies showed that NR4A1 had an inhibitory effect
on obesity.2>2°> However, the underlying mechanisms remain elusive.
In this study, we investigated the role of NR4A1 in adipogenesis and
explored the possible mechanisms.

2 | MATERIALS AND METHODS

2.1 | Animal study

Both NR4A1 KO mice (generated from C57BL/6J mice) and their
comparable wild-type mice (WT mice) were purchased from the Jack-
son Laboratory (ME, USA) and were fed ad libitum and maintained in

pathogen-free (SPF) condition. The genotypes of the mice were

Highlights

* NR4A1 regulates adipocyte differentiation or maturation.

* NR4A1 inhibits PPARy expression by enhancing GATA2
transcription.

* NR4A1 partially regulates FAS expression via p53.

verified with PCR, in which the primers applied were designed and
suggested by the vendor to exhibit the difference between WT and
KO (Table 1). Animal experiments were conducted according to the
Principles of Laboratory Animal Care established by the National
Institutes of Health. All the animal experiment procedures were
approved by the Animal Care and Use Committee of Shandong
University. The new-born mice were fed with normal diet for one
month and then fed with high-fat diet for 14 weeks. The high-fat diet
contains 60% fat (6% soybean oil and 54% lard), 20% protein (19.7%
casein and 0.3% cysteine), 20% sugar (12.3% maltose dextrin and
6.8% sucrose), provided by Huafukang Bioscience Company (Beijing,
China). During this period, the bodyweight of each mouse was mea-
sured regularly until the obesity model was successfully generated.
After establishment of obesity model, we carried out different
tests or measurements including body fat rate, fat volume, glucose
tolerance test (GTT) and insulin tolerance test (ITT) according to the
reference.?® Epididymal fat was isolated for haematoxylin and eosin
staining (H&E staining). We also detected the mRNA and protein
levels of NR4A1 in adipose tissues from both WT and KO mice.

2.2 | Cell culture

The 3T3-L1 pre-adipocytes were cultured with high glucose (4.5 g/L
glucose) DMEM plus 10% bovine serum (from Gibco), 100 IU/mL
penicillin and 100 pg/mL streptomycin at 37°C in a humidified atmo-
sphere with 5% CO,. When the pre-adipocytes reached 100% con-
ference, the medium was replaced with differentiation medium
containing 10% foetal bovine serum (from Gibco), 1 umol/L dexam-
ethasone (from Sigma), 0.5 mmol/L 3-isobutyl-1-methylxanthie
(IBMX) (from Sigma) and 10 pg/mL insulin (from Sigma). The day
when the inducer was added was considered as day O (DO) of differ-
entiation. After two days (D2), the differentiation medium was
replaced with fresh medium (high glucose DMEM with serum and
antibiotics as described in the beginning of this paragraph) plus
10 pg/mL insulin. After that, the cells were cultured with medium
without any inducer and medium was changed every other day (D4,
D6, D8). Hela cells applied to dual-luciferase reporter gene assay
were cultured in high glucose DMEM with 10% foetal bovine serum
(from Gibco), 100 1U/mL penicillin and 100 pg/mL streptomycin.

2.3 | Lentiviral infection and stable cell line selection

Both the Lentivirus encoding full-length NR4A1 and the control len-
tivirus were generated by GenePharma as previously described.?”
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TABLE 1 Primer sequences for PCR or gPCR

For genome identification

0IMR2060 CACGAGACTAGTGAGACGTG
0IMR6602 CCACGTCTTCTTCCTCATCC
o0IMR6603 TGAGCAGGGACTGCCATAGT
Genes Sequence
For real-time quantitative PCR
18S rRNA(+) CGCGGTTCTATTTTGTTGGT
18S rRNA(-) AGTCGGCATCGTTTATGGTC
NR4A1(+) ATGCCTCCCCTACCAATCTTC
NR4A1(—) CACCAGTTCCTGGAACTTGGA
PPARy(+) TGGTGACTTTATGGAGCCTAA
PPARY(-) GGCGAACAGCTGAGAGGACT
CTG
FAS (+) GGAGGTGGTGTGATAGCCGG
TAT
FAS (-) TGGGTAATCCATAGAGCCCAG
GATA2(+) GCCGGGAGTGTGTCAACTG
GATA2(-) AGGTGGTGGTTGTCGTCTGA
HSL(+) GATTTACGCACGATGACACAGT
HSL(-) ACCTGCAAAGACATTAGACAGC
ATGL(+) ATGTTCCCGAGGGAGACCAA
ATGL(-) GAGGCTCCGTAGATGTGAGTG
LPL(+) GGGAGTTTGGCTCCAGAGTTT
LPL(-) TGTGTCTTCAGGGGTCCTTAG
p53(+) CCCCTGTCATCTTTTGTCCCT
p53(-) CCCCTGTCATCTTTTGTCCCT
For DNA molecular cloning
pGL3-PPARY(+) CCCGGTACCCTCTTCCTCTAT
CCCGATGGTT
pGL3-PPARY(-) CCCCCTCGAGTCTATGTCTTG
CAAAAGATTGGTTG
pGL3-FAS (+) CCCGGTACCTGGGAGTGAGA
ATACACATGGTA
pGL3-FAS (-) CCCCTCGAGGATTCCACGCC
GCGATCGTA
pGL3-GATA2(+) GGGGAGCTCTTCAAACAGGG
AGATAATTTTAA
pGL3-GATA2(-) CCCCTCGAGACTCCTGCACA
GACGTGAAG
For ChIP-gPCR
PPARy(+) GGAGTCTTTGCATGGTTAGTA
ACAT
PPARY(-) CACCACTGCCCAGCATCCTT
FAS(+) CGGTTGGGATTCACCAGTCGT
FAS(-) TACACATACTAGCCAGAGCA
GTCC
GATA2-1(+) AGAGACATTCACCCAGTGCCAC
GATA2-1(-) GTATTCACCATGGGGAGTTCACG
GATA2-2(+) CTGGTGCTACAAGGATGTGGTT
GATA2-2(-) CATGCTGGCGTGCCCCA

WiILEY--74

3T3-L1 pre-adipocytes were infected with recombinant NR4A1 len-
tiviral stocks or control lentiviral stocks, and stable cell clones were
selected under puromycin drug pressure. NR4A1 overexpression cell
lines were designated as OV, and control cell lines were designated as
NC.

2.4 | Antibodies and western blotting

The primary antibodies used to detect mouse proteins were
described as follows: rabbit anti-PPARy antibody (1:1000), rabbit
anti-FAS antibody (1:1000), rabbit anti-NR4A1 antibody (1:1000)
and rabbit anti-SREBP1c antibody (1:1000) were purchased from
Proteintech Group (Wuhan, China); rabbit anti-GATA2 antibody
(1:1000) was purchased from BioWorld Technology, Inc (St. Louis
Park, MN, USA); rabbit anti-p53 antibody (1:500) was purchased
from Santa Cruz Biotechnology, Inc (Dallas, Texas, USA). Mouse
monoclonal anti-p-actin antibody (1:2000), mouse monoclonal
anti-GAPDH antibody (1:2000) and secondary antibodies (goat
anti-mouse IgG or goat anti-rabbit 1gG) conjugated to horseradish
peroxidase (1:5000) were purchased from ZSGB-BIO (Beijing,
China).

Cultured cells or epididymal fat from mice fed with high-fat
diet were washed with ice-cold PBS and lysed with radio immuno-
precipitation assay lysis buffer (RIPA lysis buffer) plus multiple pro-
tease inhibitors. The application RIPA lysis buffer contains
50 mmol/L Tris-HCI (pH 7.4), 150 mmol/L NaCl, 1% Triton X-100,
1% sodium deoxycholate plus 50 mmol/L NaF, 2 mmol/L EDTA,
1 mM sodium orthovanadate, 10 mmol/L benzamidine, 10 g/mL
aprotinin and 1 mmo/L phenylmethanesulfonyl fluoride (PMSF).
Vertex and ultrasound were applied for cell lysate. Protein concen-
tration was measured using a BCA Protein Assay Kit (Sangon Bio-
tech). Proteins resolved by SDS-PAGE under reducing conditions
were transferred to PVDF membrane. Then the membranes were
blocked and incubated with specific primary antibodies and sec-
ondary antibodies. Finally, chemiluminescence signals were
detected with a chemiluminescence imaging machine, FluorChem E
(ProteinSimple, California, USA).

2.5 | Quantitative real-time PCR (qPCR)

Total RNA preparation and quantitative real-time PCR were con-
ducted as described.?® The relative mRNA expression levels were
normalized to 18S rRNA. The primer sequences for real-time PCR
are listed in Table 1.

2.6 | Plasmids construction

Mice genomic DNA was obtained from C57BL/6J liver using an
Ezup column genomic DNA extraction kit (Sangon Biotech, Shang-
hai, China) according to the manufacture’s instruction. The pro-
moters of PPARy (—2000 bp), FAS (-2100 bp) and GATA2
(—2100 bp) were amplified from the genomic DNA with PCR.27?8
All the PCR products were sequenced by Sangon Biotech to make
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TABLE 2 Promoter sequences

PPARy AACAAACAGACAAAGGAAGGAAATAATGCCAGCTACAACCCAGGTGGGCTTTGACAACATCATGCTAAGCAAAGG
GenBank: AH013273.2 AAACCAATCATACAAGACATTGTATTGTATGAGTCCATTTATAGAAAATATCTAGGGTAGAAAAGTCTATCCAGAC

AGAAAGTACATGGATGGTGAACCAAGGGCCAATGAGAATGAGGAGGATGAGGAGGAAGTTTCTCTATAGGTTGA
TAAAAATGTTCTAAAATTAGGTTATGGTGATAATGACACAATTTTGTAAAGAGGCCAAGACTGAATGTGGGGATT
TTGAAGATATGGTATTTGAATTTTAGATTATATGAATTATATCTCAATAAAGATGTTAAACTGACACAAGGGATGG
GCTGGCCTTAGGAGAATAACAATAAGTTCAAGGCCAGCCAGGACGATATAGCAAGACCTTTTCAAAAAGTTTAATC
AAAAGCACAAAACAAAAACCAAACAAAAGTAGATTGAAACTCCTGGGTGAGCAAGAAGTTGGCTACTTACTTACTA
CATACTTCATACATACATACTTCTCACTGAGTGTGGGATGCTGACCCAAGTCAACATGGCCACTTAATGACAGGCA
TGGAAATGGAGTCTTTGCATGGTTAGTAACATGGCCTTTAGAGTCCCTATATGAACCTGACCTGTGTCTTATTATTT
GAGGACTTAAGAGTGGAAGGATGCTGGGCAGTGGTGGCACATGCCTTTAATCCCAGCCCTTGGGAGGCAGAGGCA
GGAGGATTTCTGAGTTTGAGGCCAGCCTGGTCTACAAAGTGAGTTCCAGGACAGCCAGGGCTACACAGAGAAAC
TGTGTCTCAAAAAACCAAAACCAAAAAAAAAAAAAAAATGTGGAAGGACATGAATCTGTTGATTCAAGCTCTGAAC
TTTCTTTATAATGTCATACTCACAAATGTCTGGTGAGGATGGTTTGTACCAGAAGAATAAAGAATTCCCTACCTCC
CAACAGATAAGGATGCTAAGAGTGGAGAAGCATCTTGAGCAAGAAGCATAATTATAAATTTCCAGAGGCCAGTGC
CTCCTAAAGGAGAGCAAAACATAGAGCAAGGTCTTCATCATTACGATTGGAAAAGGATAAAAGAACGGCCTTTGGT
GTCCTGGACACTGCAAGCTTTCTGAATGTGAATCTTTAGGACAGATCATGACTGTGAGAGCTGAAAGAGTGCAAG
AAAAGGAACTGTCTATCATGTGGGCTTCAGGCTCCCGAGGCAAGAAGCTCCAATAGTCTAACTTAAAAACAAGAGA
TTCTCAGGCCCTCTCCACCCTATGTGTAAGGTCTCCTATGTAAGAAATGGTGCTAAAGAATTTTAAAAAGCCAGTG
AACAAGGTTAACAAATAGTTTGAAGGCAGGAGAGATTGCTCAGCGGTTAGGAACACTTTGTGTTCTTCCAGAGG
ACCCTTGTTCGGTTCCCAGCACCAACCACCTGTAACTCCAGCTCCAGGGGAGCCCACACCTCTCCCTCCGTTCACG
TGCATACACACACAATTGTTTTTTAAAAGGAAATTAAATGATTAGCACTAAAGTCTGTTGATTAAGGCATTCGCCT
TCATAACATTCTGAGATTAAAAATAAAAATAAAACTGAGATTAAAAATAAAAAGAAAAAAAGAAAAAAGGGAGATC
CTAAATTCACTTAATTCATATAAATATATATATGGGTGTGTATCTATTATATATCATATATCATATATATGATATA
TAAATATATGTTATGTATGATATATAAATATATATGGTATATATATAGAGAGAGAGATGAAAAGCACATCTAGGAA
AAAAACAAACTTCTCCATGACAGACATGGACATGGACATCGGTCTGAGGGACACGGGACCTTCCTGGGTCGCCTC
CCAGCGGCTGTGAGGAGCAAGGCGGCCAGGTAACCAGCGCACGGCGCCGGGCGCGGGAGGGCCACGLCGGGLCT
CGTGGGCGCCGGCCTCCGGGTGCGGGLCGCGGGGLLTCC

FAS CATCTGTTTGGCCTGTGAAGTTGTCTGTCTTGTCCTACTTGGGGAATGCAGGCTGGATCCTGGGCTGGCCTCTGC

GenBank : AL663090.15 CCCCTGCCTGTCACCACCCACAGCCACTGTGCACTCGCCCTGTCGGTGACACTGTCCTCCAGAGCCTGGTGGGCA
GAATAGAGTGGCCACCTGCAAAGTATGTCCCCAAGGAACACTGTATGAGAGGTCCTCCCGGGAGCATGGGCCTGG
CCACCCAGAGGCCCAGTCTCGGAACCAGACCCATCTGCCTACTGAAAACCTCATGAGACCTGCCTGACCACTTCCT
GTCCATAGCATGACTTAAAGAGGCCCATGGCCTTAGCCTTGCTGGGTATCAGACACACAGGGCTGCAGGGTCCAG
GCAGCTCCCAGGTCCAGGTTGTTGTGTGTCCTTGACTAATCATGTGACTCTTGCAGCTTCATTTTTGCATCTCTG
TGTGTAAAATCCTGACAGTGATTCCAGGCTGGCTGGCTCACATGGTGGGCCATCACAACATTACAGGGAAGCCCA
CACTCAGTAATGTGGTCTTGGATGCCAGTTGAATAACTCAGGCCTAGGTAGCAGACATCTGCAGATCACTCCTGCT
GTGGGTCTGTAGTAGGTAGCTCTCAAGGTGCATATGCAAAGAGAGAGCCATAGGATGCTTTTACAAGAGCCCACC
TAGGTACACTGTGCTGTTTTCACGACTGGCAGGGGCCATGGCAGGCCATCCTGACGTGGCTCTCTCATATCCACA
TCTGGCAATCCACTTTGTTTGTCACGTGTTTCTGAGATGTAGCCATGCAACTTCCTTTGGTGAAAAGATGATCAGA
GAAGTTTGCTCTGCCCTCAGCATCCTGCTCTGTGCACGGCCCAGACTCTGCATCCCTGGGTTACATCTCCTCCAGC
TGAGACCCTGACAGCTGCAGAGGGCAGAGCTCTGCTGACCACTTAGGGTTGGCCAGCAGCCTGGCCAGTGAGAA
GGCAAACATGACCTATCTCAAGGCACCAGGAGCTGGGGTGGGACTGCTCTGGCTAGTATGTGTACAGGCCTTTTG
TAAAACTTTCCTAGGCTGGCCCTGAAACCCAAAGACACCCACAAAGGCATAGGGGCAAAATGGGAGAGCTTGGGG
GCAAGCCAGCTTATGGGCAGAATACACCTGCCAGTCCTATAGGCTGCCCTTCAGGGTCCCTGCTTAGCCTCCTTCC
ACAGAAAGCCTGGGTGGATAGCCAAGTTGGAGAAGCTAGAAGCCAGGGTTGACAAGCAAGGCTCTGAGGCTCTG
GCTTTTGCTATAGACTTGCAGTCAAGGACCACTGACACTAGCCCCCTTCCCCCTCCCCCCCACTCCCGGGCCATTA
CCCCATAAGGAGGTCAGTCTTAGTGGCCTGGGCCTGTAGTGGAAGGACAGGAGGGAAGGGAACAACCTCTCTAG
GCACTCAAGGGACCCAACCCTGAGAAGTCTGTGTCTTTTTGGACGGTGAGTTTTGTCATCCCCCGCCCCCAAATTC
GATAACCCTTTGAAAAGAGGAATTTAAAGGGAGGGAGGGAGAGGGTCCCGGAAACTCAGGGAGGCGCGCAGCAG
CTCCTTTGTTCCCACCAGGCGGGGGAGGGGTGGTATCCCGCTCGCCAGATGGCCGCGCCTGGACACTGAGCGGA
CTCCGGAGGCCGCCACACGCGCCCGTCAGTGTTCCCTATCCTGCCTACTGCTCCCGTCCCTGCCCGCATCCTGGTC
TCCAAGGTGGCCACAGAGGGTGGGAGTCCGAGAAAGCTGGGCCACGATGACCGGTAGTAACCCCGCCTGAGGCG
CCCTCCGCCAGGGTCAACGACCGCGCTTGCGCGGGGGCCCGCGAAGTGCTTTGCCGCTGTTGCCGGCCCATCACC
CTATTGCCTAGCAACGCCCACCCGCGCGCCGCCATTGGGCCACCGAGAACGGCCTCGGTGTCCAATTGGTTTCGA
TGTGGAGCAGGCCACGCCCCTCGGTTCCGCGCGCGCTACGATCGCGGC

(Continues)

sure the promoter sequences obtained were correct by aligning
with the sequences from NCBI (GenBank), shown in Table 2. The

primers used for amplifying the different promoters are listed in Hela cells were seeded into 24-well plates for 24 hours,

2.7 | Dual-luciferase reporter gene assay

Table 1. thereafter, they were transiently transfected with a luciferase
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TABLE 2 (Continued)

GATA2 TCCCCCTCCCACAGACATACAGAAAGTGCCAGAGTAAATGGCACCCCGGGGCTCCCCTGGCTGCCTGCCCTGATG
GenBank: AB007371.2 GTTAGGGAAGGTGCGGCTGGCTAGGGAGCCTGCAGGGTACACATACTGTCTCCACACCCCTCCCCTTCCAGACAT

AGAGTAACCCTGGCTACAGAAACACAGATCCAGGATGGAAGGATGGTCAGAGGTGCCCACCCCTCAAGCATGGCC
ACAACCATCAAGCTCCCCCCCAAAAAAAACCATCAGTGTCAACCAAAGCAATAGCTCCGCAGACATATGTTTGCCC
CCATCTACCTTCAGCTCCAAGTTAGACATCAACACCTGCCATTAAGACAAGCTAGCCCCGAGTGGCAGGACATGCC
TTTAATCCCAGCACTTAGGAGGCAGAGGCAGGCATATCATTATGAGTTCCAGGCCAGCCATGGTGACATAATAAGA
CCTTGCTTTAAAATAACTGTATGGCCACACAACTGTATGGCCTCAGATACACAGACCCCCCCCCCACTGCCCCAAT
GAATTAATACAATTGTCAGTAAGTATCCAGACACATTGCAAACATCTCACTTGTGTACACACACACACACACACAC
AGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGACTATTAAAGATGGAAACAAATGCATGC
CTAGATATATACACAAATGTACAAAGGTATTACACTGATTAAGACATACTTATAGATACCGACTGCCTATCACATGA
TTCCTGAAGCTGATGGTCTATCTCAGAGAGATAGGTGCAGATGCAGAGACATTCACCCAGTGCCACAGATACTCT
CTTGTGTGCATTTGTGGGGCCACACACTGGTAGCAGTCGTGCTGTGACCTTCAACCCAATACAAATGCTTAGGGAC
ACCCTTAAGTTTTGCAAACACTCCCGTGAACTCCCCATGGTGAATACATAGGCCACTGGGCACATAAACTGAGCTG
CGTGTAGACGGTACATACACAAAGCAAAAGATTCAGAAAGATCCAAAACATCTGGTGCTACAAGGATGTGGTTGCA
GGGACTGACCTACTCCCTGGATGGGGCACGCCAGCATGCAAGGTCTTTCCGAGAAGAGAGAGTCTGTAGAGTTCTT
TGAATTTCTCAGAGGGGTTTAGGATAATATAAGGAATGAATTCTCATTGCTATCTAGCTCAGGTGCCTCCTTAAG
TTGTAGACTGCCACGAGGCTTCCTCCCTTCTAAGGACAAACGTTTTGCTCTTCTTGTGGCTCTCTCTGATGCAAAA
GGTTCACCAAGAATGGGCCAGAAACTCCATTCCTAAAATGCTTCTGAGTTGGGAACTGGCATCTGTGGGGAAGAA
TGTGGGAAAGCATCTACACATAGCCAAATGTGCAGGAAGGATGGGAGGTGTGTGTGTGTGTGTGTGTGTGTGTG
TGTGTGTGTGTACATTATATCTATATGTGCACCGGTGTTTGTGTGCCAGAAAGCCCCTGTCTGGGGACATCTACAC
AGTGCATAACGGTGTGTCTGAAAGGAGGGGCAGGTGTCTGTGTACTTGCTTGTGAGGGAGAGTCTCAAAAGAGA
GACATCGCAGGCTTTCAGAGATTACATCCCTGAGAGCAGAAGTGCTTGCGTGGCCCTGAGAAGGCGGGAGTGGCC
TGCAGGGTGTGCGCGCCTCGACTGACTAGTGGCCCAAGCCTGGCCAGCCCGGCGGCTGGACCAGGCAGACAGGG
CGCAGAGCCCGGGCACCCTCCTGCCCCCCTGCGGCGTTCCCTCCCCCCCTCGAAGTGATGTCGAAATAAAAAGCT
GCCGCTCTGCGGCCGGGAACCGAGAGACAGCCAGAACCAAGAGAGGTGGCCAGGCCAGCGGGGLCGGTAGCTCAC
TGCTCAGGTCTCCCTGGCCTAAGATCACCTCAACCATAGCCGGTCTCGGGGGACAAAAGCGGCTGCCTGCGCGAC
GAGCTTGCGTTCCGCGCCGCGGGGGCCCCACTGGTGACCGCC
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FIGURE 1 Analyses of NR4A1 knockout mice. A, Confirming the genotype of KO mice. The DNA from the mouse tail was extracted and
subjected to PCR and electrophoresis according to the method provided by Jackson Laboratory. KO mice exhibited a target band about

350 bp that was amplified from a pair of primers named as 0IMR2060 and 0IMR6602, while WT mice exhibited a target band about 180 bp
that was amplified from a pair of primers named as 0oIMR2060 and oIMR6603. B, The relative NR4A1 mRNA levels in mouse epididymal fat
both from WT and KO mice. C, The relative protein levels of NR4A1 in mouse epididymal fat both from WT and KO mice. The data show the
means of three independent experiments. **P < .01, ***P < 001

reporter plasmid (pGL3-PPARy, pGL3-FAS, pGL3-GATA2 or the luciferase activity in each well was measured with a
pGL3-basic) plus the thymidine kinase promoter-Renilla luci- dual-luciferase reporter assay kit (Beyotime Institute of
ferase reporter plasmid (pRL-TK) using TurboFect Transfection Biotechnology, Shanghai, China) according to the manufac-

Reagent (Thermo Scientific). At 24 hours post-transfection, turer’s instructions.
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2.8 | Chromatin immunoprecipitation assay

Adenovirus encoding NR4A1-haemagglutinin (HA) (Ad-NR4A1-HA)
adenovirus (Ad-GFP)
enriched according to standard technology.?’ 3T3-L1 cell was
infected with NR4A1-HA adenovirus (AD-NR4A1) or control aden-
ovirus (AD-GFP) for 48 hours. Then cell samples were applied for

or Control were amplified, purified and

Chromatin immunoprecipitation assay (ChlP) assay with a commercial
available kit (Beyotime Institute of Biotechnology, Shanghai, China)
according to manufacturer’s instructions. The anti-HA tag mono-
clonal antibody (Santa Cruz Biotechnology, Inc, Dallas, Texas, USA)
was applied for immunoprecipitation. The precipitated DNA frag-
ments were purified with a universal DNA purification kit (Tiangen
Biotech, Beijing, China). Finally, gPCR was employed to check the
specific DNA sequence from the purified DNA fragments. Sequences

of all primer pairs used in this study are listed in Table 1.

2.9 | Statistical analysis

Statistical data were expressed as mean 4 SE. Comparisons were
performed by one-way analysis of variance (ANOVA), followed by
the Newman-Keuls test using SPSS 17.0 software package. A value
of P < .05 was considered statistically significant.

3 | RESULTS
3.1 | NR4A1 knockout mice are confirmed with
PCR and Western blotting

The genotypes of mice were confirmed by ordinary PCR, gPCR and
Western blotting. The mouse tail was used for DNA extraction and
PCR amplified by three primers as suggested by the Jackson Labora-
tory (0IMR2060: 5-CACGAGACTAGTGAGACGTG-3'; 0oIMR6602: 5'-
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CCACGTCTTCTTCCTCATCC -3; olMR6603: 5-TGAGCAGGGAC
TGCCATAGT-3'.). After the PCR cycles were completed, the DNA
products from the PCR were separated by agarose gel electrophore-
sis. KO mice exhibited a target band about 350 bp that was amplified
from a pair of primers named as oIMR2060 and olMR6602, while

KO

WT mice exhibited a target band about 180 bp that was amplified
from a pair of primers named as oIMR2060 and olMR6603 (Fig-
ure 1A). gPCR results showed that WT mice had higher mRNA level
of NR4A1 (Figure 1B), Western blotting results showed that KO mice
had less NR4A1 protein signal compared to WT mice (Figure 1C).
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month. Afterwards, the mice were fed with high-fat diet for 14 weeks,

3.2 | NR4A1 knockout mice (KO) are more inclined
to develop obesity under high-fat diet

and the mice bodyweights were measured regularly (Figure 2A).
Results from H&E staining showed that the size of cell surface area
KO and WT mice of similar age (within 1 week’s difference) were from KO mice was much larger compared to that of WT mice (Fig-
used for experiments. These mice were fed with normal diet for a ure 2B). By comparison of the percentage of their body fat and fat
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volume, we confirmed that KO mice fed with high-fat diet were more
likely to gain weight (Figure 2C and D). GTT and ITT were conducted
to detect the insulin sensitivity in different mice. GTT results showed
that KO mice had prolonged and higher blood glucose levels after glu-
cose injection when compared with WT mice (Figure 2E). ITT results
showed that blood glucose levels of WT and KO mice were both
reduced after insulin injection, but there was no significant difference

in blood glucose levels between KO and WT (Figure 2F).

3.3 | PPARy and FAS expression is increased in
adipose tissues from KO mice

We collected epididymal fat tissues to analyse the expression of
obesity-related genes implicated in fat synthesis and degradation.
The mRNA levels of lipolytic genes, including HSL, ATGL and
LPL in the fat tissues from KO mice showed no significant dif-
ferences compared to those of control (WT) mice (Figure 3A). In
KO mice, the expression levels of C/EBPf, adiponectin, FABP4
in adipose tissues were similar to those in WT mice (Figure 3B
and C). We also detected the expression of C/EBPo, another
marker of adipogenesis, in adipose tissues of WT and KO mice,
and found no significant difference (data not shown). However,
the protein and mRNA expression of lipid synthesis-related
genes, PPARy and FAS, were increased in adipose tissues of KO
mice (Figure 3D, E and F).

3.4 | NR4A1 inhibits the adipogenesis of 3T3-L1
pre-adipoctes

During adipogenesis, NR4A1 expression profile showed a similar
trend with PPARy and FAS (Figure 4A). To clarify the role of NR4A1
in adipogenesis, 3T3-L1 cell lines overexpressing NR4A1 (OV) and
control cells (NC) were used. After the cells were induced to differ-
entiate, Oil Red O staining was used to examine the level of adipo-
genesis. We found that NR4A1 overexspression reduced the
differentiation rate of 3T3-L1 pre-adipocytes (Figure 4B). During the
period of induced adipogenesis, cells were harvested and protein
samples were collected at different time-points, and Western blot-
ting was conducted to detect protein expression levels. Results
showed that NR4A1 inhibited the protein expression of PPARy and
FAS during adipogenesis (Figure 4C).

3.5 | The possible mechanisms of effects of NR4A1
on adipogenesis

Overexpression of NR4A1 reduced the expression of PPARy and
FAS, and both PPARy and FAS have putative NR4A1 binding sites
on their promoters (Figure 5A). We constructed the luciferase repor-
ter plasmids containing 2000 bp promoter of PPARy or 2100 bp
promoter of FAS to explore whether NR4A1 had effects on the
transactivation of these two promoters. The luciferase assay results
showed that NR4A1 had an inhibitory effect on PPARy transcription,
but had no effect on FAS (Figure 5B). ChIP-qPCR results showed
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FIGURE 5 NR4A1 regulating the transcription of adipogenesis-
related genes. A, Putative NR4A1 binding sites (a putative NBRE) in
promoters of PPARYy, FAS and GATAZ2. B, Dual-luciferase reporter
gene assay for PPARYy, FAS and GATA2 promoters. C, ChIP-gPCR
was exploited to analyse the physical association between NR4A1
and the promoter region of PPARy, FAS or GATA2. The data show
the means of three independent experiments, *P < .05, **P < .01,
kP < 001

that NR4A1 had no direct physical association with PPARy or FAS
(Figure 5C).

However, NR4A1 as a transcriptional activator inhibited the adi-
pogenesis of pre-adipocytes, we speculated that NR4A1 might acti-
vate the expression of some specific inhibitory factors, which in turn
inhibited the expression of essential factors for adipogenesis. In some
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previous studies,?” GATA2 was reported as a transcription factor that
inhibited PPARY transcription by binding to its promoter. We found
that NR4A1 was able to enhance the transactivation of GATA2 pro-
moter (Figure 5B). Furthermore, we found that NR4A1 was able to
bind to the promoter of GATA2 by means of ChIP-qPCR test. Then
we studied the NR4A1 binding site on GATA2 promoter and figured
out that NR4A1 bound to one putative binding sequence between
—1125 bp to —1120 bp (GATA2-1) on the GATA2 promoter but did
not bind to another putative binding sequence between —936 bp to
—931 bp (GATA2-2) (Figure 5C). GATA2 expression was decreased in
adipose tissues from NR4A1 KO mice (Figure 6A and B) and
increased in OV cells during adipogenesis in vitro (Figure 6C).

As NR4A1 showed no direct effect on FAS, so we explored the
upstream genes of FAS, especially, SREBP1c. Our data demonstrated
that the expression of SREBP1c was also reduced in OV cells

epididymal fat. C, Relative mRNA levels of
p53 in mouse epididymal fat. D, A model
for possible roles of NR4A1 in inhibiting
adipogenesis and controlling bodyweight.
The data show the means of three
independent experiments, *P < .05,

**p < 01, ***P < 001

(Figure 7A). Then we examined the expression of some inhibitory
proteins for SREBP1, including AMRK and ATFé, but none of them
was positively correlated with NR4A1 expression (data not shown).
As p53 was also reported as an inhibitory protein for SREBP1c
expression,*® we therefore checked the expression of p53. Our data
showed that the expression of p53 at both protein (Figure 7B) and
mRNA levels (Figure 7C) in adipose tissues of KO mice was reduced.

4 | DISCUSSION

In this study, we further confirmed that NR4A1 knockout mice were

t.*® Moreover, we found that NR4A1 over-

more likely to gain weigh
expression inhibited adipogenesis in 3T3-L1 pre-adipocytes. In vivo,

it has been reported that NR4A1 had the effects on glucose and
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3132 and muscles.®>%2 Studies have shown

lipid metabolism in liver
that NR4A1 knockout mice fed with high-fat diet were more likely
to develop obesity compared to WT mice.?® In consistency with pre-
vious study, our results also showed that NR4A1 KO mice fed with
high-fat diet were inclined to develop obesity compared to WT mice.
We examined the morphological changes of adipocytes and the
expression profiles of genes associated with adipogenesis or lipid
accumulation in KO mice. We found that KO mice fed with high-fat
diet resulted in increased size of adipocytes or increased fat volume
in comparison with WT mice, while the expression of PPARy and
FAS in the adipose tissues from KO mice was increased compared
to that from WT mice. PPARy and FAS are important factors for adi-
pogenesis, in particular FAS is an essential enzyme for lipid synthesis
or lipid accumulation. The above data indicated that NR4A1 might
have inhibitory effects on adipogenesis and lipid accumulation.

In vitro, it was reported that NR4A1 would inhibit adipogenesis
of 3T3-L1 adipocytes.?*3* We found that overexpression of NR4A1
in 3T3-L1 pre-adipocytes reduced adipogenesis. Pols et al*? found
that NR4A1 down-regulated SREBP1 and its downstream genes
including mitochondrial glycerol-3-phosphate acyltransferase, acetyl-
CoA carboxylase-a in hepatic lipid metabolism. Maxwell et al sug-
gested that NR4A1 would modulate the expression of adiponectin
receptor 2, uncoupling protein 3 and protein kinase, AMP-activated
gamma 3, to enhance lipolysis; therefore, NR4A1 could negatively
regulate adipogenesis,?* but the mechanism remains elusive.

Our data showed that the expression of PPARy and FAS was sig-
nificantly increased in NR4A1 KO mice. Consistently, overexpression
of NR4A1 in 3T3-L1 cell line reduced the expression of PPARy and
FAS, suggesting that NR4A1 possibly impacts both adipogenesis and
lipid accumulation. Furthermore, our data showed that NR4A1
seemed to have no apparent effect on lipolysis as NR4A1 did not
change the expression of lipolysis-related genes. We searched the
promoter sequences of PPARy and FAS and found that both PPARy
(from —1339 bp to —1334 bp) and FAS (from —-1014 bp to
—1009 bp) had NR4A1 putative binding sites (5'-TGACCT-3') (Fig-
ure 5A). Results of luciferase assay showed that NR4A1 inhibited the
transcription of PPARy, but had no effect on FAS. As a transcriptional
activator, NR4A1 usually binds to a promoter and enhances its trans-
activation. Our data showed that overexpression of NR4A1 reduced
the transactivation of PPARY, indicating that NR4A1 might down-reg-
ulate PPARy expression indirectly. We thus looked into the negative
regulators of PPARYy. It was reported that GATA2 bound to the pro-
moter of PPARy and inhibited PPARy expression.'®> Then we searched
the promoter sequence of GATA2 and found that there are two
NR4A1 putative binding sites in this sequence. The luciferase assay
data showed that overexpression of NR4A1 in 3T3-L1 pre-adipocytes
enhanced the transactivation of GATA2 promoter. Furthermore, we
confirmed that NR4A1 had physical association with GATA2 pro-
moter by exploiting the ChIP-gPCR techniques, but no physical asso-
ciation with PPARy promoter. There are two putative NR4A1 binding
sites in GATA2 promoter (from —2100 bp to O bp). We further nar-
rowed down the effective binding site (from —1125 bp to —1120 bp)
rather than another one (from —936 bp to —931 bp). We proposed

that NR4A1 might inhibit adipogenesis through up-regulation of
GATAZ2, which in turn could inhibit PPARy expression.

It was also reported that SREBP1c positively regulated the tran-
scription and expression of lipogenic enzymes such as fatty acid syn-
thase. It was a key transcriptional regulator of triglyceride
synthesis.% In this study, overexpression of NR4A1 in 3T3-L1 cells
resulted in reduced expression of SREBP1c. We searched some
related research articles and found that p53 was reported to have
an inhibitory effect on SREBP1c expression.'®? Our data exhibited
that NR4A1 overexpression suppressed the expression of the
SREBP-1c and its downstream FAS. While knockout NR4A1 resulted
in reduced p53 expression, therefore, NR4A1 might indirectly modu-
late the expression of SREBP-1c via p53, then hinder excess fat
accumulation in adipocytes.*®*’ It has been reported that NR4A1
could either enhance DNA-dependent protein kinase to increase p53
transcription activity 3¢ or to cause mouse 3T3 cell double minute 2
(MDM2) to separation from p53, thus to protect p53 from MDM2-
mediated ubiquitination and degradation.>” Herein we confirmed the
presence of p53 in adipose tissue and found that p53 expression
was reduced in adipose tissues of KO mice compared to WT. Based
on these findings, we proposed that NR4A1 might indirectly reduce
the expression of FAS by up-regulating p53 expression and subse-
quently down-regulating SREBP1c expression. Therefore, we pro-
posed that NR4A1 might regulate adipogenesis and bodyweight via
two possible pathways as shown in Figure 7D.

In summary, this study demonstrated that NR4A1 inhibits adipo-
genesis or adipocyte maturation. NR4A1 directly up-regulates
GATA2 expression, which reduces the transcriptional expression of
PPARy; and NR4A1 indirectly down-regulates SREBP1c and subse-
quently down-regulates FAS through p53.
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