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ABSTRACT

Nuclear factor erythroid 2-related factor 1 (NRF1), a ubiquitously expressed CNC-bZIP transcription factor, plays
a critical role in white adipocyte (WAC) biology, whereas the underlying mechanisms remain unknown. The
mouse Nrfl gene is transcribed in a number of alternatively spliced forms, resulting in two long protein isoforms
(L-NRF1) containing 741 and 742 amino acids (aa) and multiple short isoforms (S-NRF1). Our previous study
found that adipocyte-specific knockout of Nrfl [Nrf1(f)-KO] in mice disturbs the expression of lipolytic genes in
adipocytes, leading to adipocyte hypertrophy followed by inflammation, pyroptosis and insulin resistance. In the
present study, we found that the stromal vascular fraction (SVF) cells isolated from white adipose tissues (WAT)
of Nrfl(f)-KO mice display augmented adipogenesis showing elevated mRNA and protein expression of adipo-
genic markers and lipid accumulation. In 3T3-L1 cells, stable knockdown (KD) of all or long isoforms of Nrfl
(termed as A-Nrf1-KD and L-Nrf1-KD, respectively) using lentiviral shRNAs resulted in enhanced and accelerated
adipogenic differentiation. Conversely, overexpression of L-NRF1-741, but not any of the S-NRF1, substantially
attenuated adipogenesis in 3T3-L1 cells. These findings indicate that L-NRF1 might serve as a critical negative
regulator of adipogenesis. Mechanistic investigation revealed that L-NRF1 may negatively regulates the tran-
scription of peroxisome proliferator-activated receptor y (PPARY), in particular the master regulator of adipo-
genesis PPARy2. Taken all together, the findings in the present study provide further evidence for a novel role of
NRF1 beyond its participation in cellular antioxidant response and suggest that L-NRF1 is a negative regulator of
PPARY2 expression and thereby can suppress adipogenesis.

1. Introduction

enhancer-binding protein o (C/EBPa) are the terminal transcription
factors responsible for adipogenic differentiation and the maintenance

White adipose tissue (WAT), which contains adipocytes, pre-
adipocytes, vascular cells and inflammatory and immune cells, is a
dynamic and active organ that plays critical roles in regulating energy
homeostasis [1]. Adipocytes, specialized for storing energy as trigly-
cerol, are derived from mesenchymal stem cells through adipogenesis, a
process of cell differentiation by which adipogenic precursor cells, so
called preadipocytes, become adipocytes [2,3]. Adipogenesis is regu-
lated by a complex network of transcription factors that coordinate
expression of hundreds of proteins responsible for committing the
mature adipocyte phenotype [2,4,5]. While it was firmly established
that peroxisome proliferator-activated receptor y (PPARy) and CCAAT/
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of the adipocyte phenotype, the signaling cascades underlying adipo-
genesis, especially the early events, are not fully understood.

PPARYy proteins, the principle regulator of adipogenesis, exist in two
forms: PPARy1 and PPARy2. Both isoforms are produced by a combi-
nation of different promoter usage and alternative splicing [6]. The
transcription of Ppary is primarily under regulation of C/EBPs, a group
of leucine zipper transcription factors, including C/EBPa, C/EBPP and
C/EBPS [2,4,7-9]. In addition, multiple transcription factors, including
early B-cell factor 1 (EBF1), Kriippel-like factor (KLF) 5 and 9, sterol
regulatory element-binding protein-1 (SREBP1), zinc finger protein 423
(ZFP423), signal transducer and activator of transcription 5 (STAT5)
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Abbreviations

ADPSIN  Adiposin

aP2 adipocyte Protein 2

ARE Antioxidant response element

BAC Brown adipocyte

BAT Brown adipose tissue

CD36 Cluster of differentiation 36

C/EBPs CCAAT enhancer-binding proteins
CHOP  C/EBP homologous protein

CREB cAMP response element-binding protein

CREB3L4 cAMP responsive element binding protein 3 like 4

Cont Control

DMIRI  Cocktail of dexamethasone 3-isobutyl-1-methylxanthine,
insulin, rosiglitazone and indomethacin

EBF1 Early B-cell factor 1

FBS Fetal bovine serum

GCLC Glutamate—cysteine ligase catalytic subunit
GCLM  Glutamate-cysteine ligase regulatory subunit
Glut4 Glucose transporter type 4

HO-1 Hemeoxygenase 1

KD Knockdown

KLF5 & 9 Kriippel-like factor 5 and 9
Lpl Lipoprotein lipase

LRP16  Leukemia-related protein 16

MAP4K4/NIK Mitogen-activated protein kinase kinase kinase ki-
nase 4/Nck-interacting kinase
NFI Nuclear factor I

NQO1 NAD(P)H quinone oxidoreductasel
NRF1 Nuclear factor-E2-related factor 1
NRF2 Nuclear factor-E2-related factor 2

OE Overexpression
ORO staining Oil-red O staining
Pgcla/B Peroxisome proliferator-activated receptor y coactivator-

a/B
PPARy Peroxisome proliferator-activated receptor y
Rosi rosiglitazone

SCR Scramble

SREBP1 Sterol regulatory element-binding protein-1
STAT5  Signal transducer and activator of transcription 5
WAT White adipose tissue; ZFP423, Zinc finger protein 423

and nuclear factor I (NFI), also play critical roles in PPARy expression
during adipogenesis [2]. Furthermore, a number of epigenetic factors
have been found to modulate PPARy expression and adipogenesis [2,6].
In contrast, only few negative regulators of PPARy expression, such as
GATA-2/3, C/EBP homologous protein (CHOP), hypoxia-inducible
factor 1 (HIF1) and KLF2, have been reported [7,10]. Given the im-
portance of PPARy in the highly orchestrated adipogenic process,
identifying novel regulators of PPARy expression in preadipocytes is
critically important.

Nuclear factor erythroid 2-related factor 1 (NRF1, also known as
NFE2L1/LCRF1/TCF11) belongs to the Cap ‘n’ Collar basic-region leu-
cine zipper (CNC-bZIP) transcription factor family, which also includes
NRF2, a master regulator of the antioxidant response [11,12]. NRF1 is
ubiquitously expressed in a wide range of tissues including adipose
tissues [13,14]. In addition to oxidant defense, multiple physiological
roles for NRF1 have been revealed, including embryonic development
[15,16], proteasome stability in the brain, liver and brown adipose
tissue (BAT) [14,17-19], lipolysis in WAT [13,20], osteoblastogenesis
[21,22] and lipid metabolism in the liver [18,23,24]. As with the
human analog, the mouse Nrf1 gene contains ten exons (Fig. S1A) and is
transcribed in a number of alternatively spliced forms, resulting in two
long protein isoforms (L-NRF1) containing 741 and 742 amino acids
(aa) and multiple short isoforms (S-NRF1) with 313, 453, 572 and 583
aa, respectively (Fig. S1B) [11,25,26]. In addition, posttranslational
modifications, including glycosylation and proteolytic processing, play
important roles in the transactivation and stabilization of various iso-
forms of NRF1. Our previous studies in human HaCaT keratinocytes and
MING6 pancreatic B cells found that L-NRF1 is involved in arsenite-in-
duced antioxidant response and protection against the cytotoxicity of
arsenite [25,27]. In contrast, the S-NRF1-453, which migrates on SDS
page generating a 65 kDa band, was found to be a negative regulator of
L-NRF1-mediated antioxidant response [28].

To investigate the physiological function of NRF1 in brown adipose
tissue (BAT), Hotamisligil's group generated brown adipocyte (BAC)-
specific Nrfl-knockout mice by crossing mice carrying floxed alleles of
Nfe2ll (Nrfl-Flox) and mice bearing an uncoupling protein 1 (Ucpl)
promoter-driven Cre recombinase and found that deletion of Nrfl in
BAC results in endoplasmic reticulum (ER) stress, inflammation, di-
minished mitochondrial function and whitening of BAT [14]. More
recently, we developed a line of adipocyte-specific Nrfl-knockout
[Nrf1(f)-KO] mice by crossing Nrfl-Flox and adiponectin-Cre mice and
found that NrfI(f)-KO mice exhibit a dramatically reduced

subcutaneous adipose tissue mass, insulin resistance, adipocyte hyper-
trophy and severe adipose inflammation [13]. These new findings im-
plicated the crucial roles of NRF1 in adipocyte biology that were pre-
viously underestimated. However, the function of NRF1 in
preadipocytes have not yet been explored. In the present study, we used
stromal vascular fraction (SVF) cells isolated from WAT of Nrf1(f)-KO
mice and 3T3-L1 preadipocytes with altered levels of various isoforms
of NRF1 to study the roles of NRF1 in adipogenesis. We found that
deletion of either long or all isoforms of NRF1 resulted in augmented
expression of PPARy and adipogenesis. Conversely, overexpression of L-
NRF1-741, but not S-NRF1s, in 3T3-L1 cells led to attenuated adipo-
genic differentiation. Overall, these data provide novel evidence that L-
NRF1 is a distinct negative regulator of adipogenesis.

2. Materials and methods
2.1. Chemicals & reagents

Dexamethasone (D1756), 3-isobutyl-1-methylxanthine (IBMX,
17018), insulin solution (human, 19278), indomethacin (17378), sodium
arsenite (71287), Oil-red O (ORO, 75087) and puromycin (P8833) were
purchased from Sigma (St. Louis, MO). Rosiglitazone maleate was ob-
tained from SmithKline Beecham Pharmaceuticals (London, UK).
Culture media, fetal bovine serum (FBS), calf serum (CS) and penicillin/
streptomycin were from Life Technologies (Grand Island, NY).

2.2. Animals

Nrf1(f)-KO and littermate control (Nrfl-Flox) mice used in the
current study were obtained as detailed previously [13,29]. In brief,
Nfe2l1(f)-KO mice were generated by crossing Nrf1-Flox mice with mice
bearing an adiponectin gene promoter-driven Cre recombinase
(Adipog-Cre, 010803, Jackson Labs Technologies, Inc., Sacramento,
CA) that specifically express Cre recombinase in adipocytes. All animal
procedures were approved by the Animal Ethics Committee of China
Medical University.

2.3. Cell culture and differentiation

3T3-L1 preadipocytes were purchased from ATCC (Manassas, VA)
and cultured in high-glucose Dulbecco's modified Eagle's medium
(DMEM) supplemented with 10% CS, 50 U/ml penicillin and 50 pg/ml
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streptomycin (growth medium). To induce adipogenesis, the cells were
cultured for 1 day after they became confluent (designated as day 0)
using DMI or DMIRI protocols as detailed previously [8]. In brief, DMI
protocol: 3T3-L1 preadipocytes were incubated with DMI medium
containing 1 uM dexamethasone, 0.5 mM IBMX and 1 pg/ml insulin in
DMEM with 10% FBS for 2 days. Then, the medium was changed to
DMEM with 10% FBS and 1 pg/ml insulin (Insulin medium). The cells
were maintained for an additional 3 days and the medium was re-
freshed every two days; DMIRI protocol: cells were differentiated by
replacing growth medium with DMIRI differentiation medium con-
taining above DMI compounds plus 1 puM rosiglitazone and 125 uM
indomethacin in DMEM with 10% FBS for 3 days, then cells were
maintained for additional 2 days in the same medium without additives
but 10% FBS. Differentiation of preadipocytes to mature adipocytes was
confirmed by ORO staining of lipid vesicles as detailed previously [8].
Representative images of ORO staining were quantified with Image J
software.

The SVF cells were isolated from WAT of Nrf1(f)-KO and littermate
control mice as described previously [30] and cultured in DMEM with
10% FBS, 50 U/ml penicillin and 50 pg/ml streptomycin. The DMI
protocol described above was used to induce adipogenesis after the
cultured SVF cells became confluent. All the cells were cultured at 37 °C
in a 5% CO-, environment.

2.4. Lentiviral-based shRNA transduction

MISSION shRNA lentiviral vectors were purchased from Sigma. The
packaging of lentiviral particles was performed based on the manu-
facturer's protocol as supplied. Lentiviral transduction of 3T3-L1 cells
was performed with shRNA targeting either all or long isoforms of Nrfl
(termed as A-Nrf1 and L-Nrfl, respectively) (see Fig. S2) and compared
to non-target negative control (SHC002V) as described previously [7].
The non-target shRNA control vector activates RNA-induced silencing
complex and RNA interference pathway, but does not silence any
mouse genes. In the current study, we define the cells transduced with
the non-target shRNA control vector as Scramble cells in contrast to
knockdown (KD) cells.

2.5. Lentiviral-based Nrfl overexpression

The lentiviral transfer vectors encoding mouse NRF1-741, —583,
—572 and —453 were generated by subcloning the cDNAs into a len-
tiviral vector pTK642, a gift from Dr. Tal Kafri, University of North
Carolina at Chapel Hill. The cDNA of mouse NRF1-741 was cut from a
pCMV-SPORT6-mouse Nrfl1-741 plasmid (Open Biosystems, Waltham,
MA). The cDNAs of mouse NRF1-583, —572 and — 453 were generated
by PCR amplification and cloned into Xhol and Nhel sites in pTK642
vector. The vector encoding mouse NRF1-313 in lentiviral vector pLV07
(Biosettia, San Diago, CA) were generated by overlap extension PCR.

The lentiviral transfer vector DNA, psPAX2 packaging (Addgene,
Watertown, MA) and pMD2.G envelope plasmid DNA (Addgene) were
mixed at a respective ratio of 3:2:1. Thirty pg of the DNA mix was di-
luted to a final volume of 0.5 ml with distilled H,O and 125 pl of 1 M
CaCl, (Sigma). The resulting DNA solution was vigorously vortexed,
during which, 0.5 ml 2 x BES-buffered saline (280 mM NaCl, 50 mM
HEPES, 1.5 mM Na,HPO,, pH 6.95) was added and incubated at room
temperature for 30 min. Following incubation, the solution was mixed
again by gentle vortexing, and then added dropwise into the HEK-293T
cells (ATCC) cultured in 10-cm dish with 8 ml of DMEM without FBS.
Two hours later, 1 ml FBS was added. Sixteen hours post-transfection,
the medium was replaced with DMEM supplemented with 10% FBS and
incubated for 36 h prior to the initial collection of viral supernatant. A
second collection was made after a further 24 h. The conditioned
medium from the two harvests were combined and cleared by cen-
trifugation at 1,500 rpm for 5 min at 4 °C then passed through a
0.45 pm pore MILLEX GP filter with PES membrane (Millipore,
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Burlington, MA).

3T3-L1 cells were infected with the lentiviral preparations described
above for 3 days, then the infected cells were selected using blasticidin
(50 pg/ml) for additional 3-5 days, resulting in an approximately 70%
rate of cells which were then considered stably expressing various
isoforms of NRF1 due to the high efficiency of integration of lentiviral
vector into mammalian genome and blasticidin resistance. The over-
expression of NRF1 was confirmed using Western blot and RT-qPCR. In
the current study, we define the cells transduced with negative control
lentiviral vectors as Control cells (Cont) in contrast to cells over-
expressing various isoforms of NRF1 (Nrf1-OE).

2.6. Quantitative real-time RT-PCR

Total mRNA was isolated with TRIzol (Life Technologies) according
to manufacturer's instructions and then the potential DNA contamina-
tion was removed by running through an RNase-Free DNase Set and
RNeasy Mini kit (Qiagen, Valencia, CA). The resultant DNA-free RNA
was diluted in RNase-free H,O and quantified by Nanodrop (Thermo,
Wilmington, DE) at 260 nm. RNA samples were stored at —80 °C until
use. Total RNA was reversely transcribed with MuLV reverse tran-
scriptase and Oligo d(T) primers (Applied Biosystems, Foster City, CA).
The SYBR Green PCR Kit (Qiagen) was used for quantitative real-time
RT-PCR analysis. The primers were designed using Primer Express
(Applied Biosystems) and synthesized by MWG-BIOTECH Inc. (High
Point, NC). The primer sequences are listed in Supplementary Table S1.
Real-time fluorescence detection was carried out using an ABI PRISM
7900 HT Sequence Detector (Applied Biosystems). Analysis of data was
performed as detailed previously [8], and 18s was used as loading
control for normalization.

2.7. Western blot analysis

Isolation of cell fractions and Western blotting were performed as
detailed previously [8]. Antibodies for NRF1 (sc-13031; 1:500), NRF2
(sc-13032; 1:500), C/EBP (sc-7962; 1:500) and C/EBPa (sc-61; 1:500)
were obtained from Santa Cruz, Inc. (Santa Cruz, CA). Antibody for
NRF1 (12936-1-AP; 1:1000) were from Proteintech Group, Inc. (Rose-
mont, IL). Antibodies for C/EBPS (#2318; 1:1000), PPARy (#2435;
1:1000), CREB (#9197; 1:1000) and p-CREB (#9198; 1:1000) were
purchased from Cell Signaling Technology, Inc. (Danvers, MA). Anti-
body for V5 (R960-25; 1:3000) were from ThermoFisher Scientific, Inc.
(Waltham, MA). Antibody for -ACTIN (A1978; 1:2000) was purchased
from Sigma. The molecular weight (MW) of each protein shown on
immunoblot was estimated based on the MagicMark™ XP Western
Protein Standard (Life Technologies) on 4-12% or 12% Tris-Glycine Gel
(Life Technologies). Representative images of western blots were
quantified with Image J software.

2.8. Ppary2 promoter luciferase reporter assay

Serial 5’-deleted Ppary2 promoter-driven luciferase reporters were
designed as described previously [8]. The inserts with 2601, 1842,
1411, 934, 258 and 138 bp, which were designed starting from + 85 bp,
were amplified by PCR using mouse (C57BL/6J) genomic DNA as
template and the BGLII and EcoRV-ended primers. The primer design
was listed in Online Materials Table S2. These promoter sequences were
digested with BGLII/EcoRV and ligated into BGLII/EcoRV-digested
pGL4.10 [luc 2] vector (Promega, Madison, WI). As described in our
previous study [31], the luciferase activity was measured by the Luci-
ferase Reporter Assay System and normalized to cell viability de-
termined by Non-Radioactive Cell-Proliferation Assay Kit (Promega).

2.9. Chromatin immunoprecipitation (ChIP) assay

ChIP analysis were performed using the SimpleChIP® Plus
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Sonication Chromatin IP Kit (#56383, Cell Signaling Technology) ac-
cording to the manufacture's instruction. Briefly, 90% confluent 3T3-L1
cells overexpressing V5-tagged NRF1-741 were treated with DMI and
10 M MG132 for 6 h, followed by cross-linking with 1% formaldehyde
for 15 min at room temperature. Pelleted cross-linked cells were re-
suspended and lysed with cell lysis buffer and nuclear lysis buffer se-
quentially and then followed by sonication for 6 times with 30s each
time by using Q700 Sonicator (Qsonica Ilc., Newtown, CT). Ten micro
gram of chromatin collected from centrifuged ultra-sonicated cell ly-
sates was diluted at least 5 times in IP buffer. Two percent of diluted
chromatin was preserved for input, and left was immunoprecipitated
with antibody against V5 (R960-25, ThermoFisher) and non-specific
mouse IgG overnight at 4 °C with rotation. Inmune complex was re-
cycled by magnetic beads and then washed by low and high salt buffer,
respectively. Cross-linked DNA were reversed by addition of 2 pl pro-
teinase K and 6 ul 5 M NaCl and incubated overnight at 65 °C after
being eluted from magnetic beads. Enriched DNA were purified and
then amplified by PCR for 34 cycles with 8 pairs of primers (Table S3)
targeting continuous segments in the upstream of Pparg2 gene. PCR
products were resolved with 1% agarose gels.

2.10. Statistical analyses

All statistical analyses were performed using Graphpad Prism 5
(GraphPad Software, San Diego, CA), with p < 0.05 considered as
significant. More specific indices of statistical significance are indicated
in individual figure legends. Data are expressed as mean = SEM. For
comparison between two groups, a Student's t-test was performed. For
comparison among multiple groups, two-way ANOVA with Bonferroni
post hoc testing was performed.

3. Results

3.1. SVF cells isolated from WAT of Nrf1(f)-KO mice show augmented
adipogenesis

To assess that the adipocytes and SVF cells from Nrfl(f)-KO mice
have reduced expression of Nrfl, we isolated and fractioned the go-
nadal WAT (gWAT) from female mice and inguinal WAT (iWAT) from
male mice to measure the mRNA levels of Nrf1. Of note, female Nrf1(f)-
KO mice had a robust adipose phenotype showing no subcutaneous
adipose tissues left in adult mice [13]. Although the mRNA levels of
Nrfl in adipocyte fractions isolated from female and male Nrf1(f)-KO
mice were much lower than those from Flox control mice, mRNA
quantification in SVF cells from gWAT and iWAT demonstrated only a
10% and 60% reduction of Nrfl expression, respectively (Fig. 1A and
F). This meager reduction is likely due to the fact that SVF cells frac-
tioned freshly from WAT are a mixture of fibroblasts, mesenchymal
stem cells, endothelial cells, smooth muscle cells, macrophages, and
others [32]. In particular, the WAT of Nrf1(f)-KO mice contains a much
higher portion of macrophages than that from Flox control mice [13].
To further validate the knockout of Nrfl in adipocytes, the protein le-
vels of NRF1 in adipocyte fractions isolated from gWAT of Nrf1(f)-KO or
Flox control mice were measured following 6 h culture in normal cul-
ture medium and arsenite-challenged condition, in which NFR1 can be
activated [27]. As shown in Fig. 1B, the basal protein expression of
NRF1 in adipocyte fractions, either isolated from gWAT of Nrfl(f)-KO
or Flox control mice, is almost undetectable. In contrast, acute arsenite
exposure in vitro dramatically increased the protein levels of NRF1 in
adipocytes from Flox control mice, showing multi-bands increased on
the immunoblot. As predicted, the adipocytes from gWAT of Nrf1(f)-KO
mice showed no relevant bands induced by arsenite exposure. To fur-
ther confirm the knockout of Nrfl in SVF cells, the mRNA expression
was also measured in the SVF cells after they were cultured in normal
growth media to confluence and maintained for 5 days (Fig. 1C) or
following adipogenic differentiation (Fig. 1G). In line with the key

Redox Biology 30 (2020) 101414

findings above, the SVF cells from NrfI(f)-KO mice showed significantly
decreased mRNA expression compared with the cells from Flox control
mice.

To determine the effect of deficiency of Nrfl on adipogenesis, the
mRNA expression of various adipogenic genes and lipid accumulation
were measured in the SVF cells from WAT of Nrfl(f)-KO and Flox
control mice. As shown in Fig. 1C and D, when the SVF cells from gWAT
of female Nrfl(f)-KO mice were cultured to confluence in regular
growth medium, the cells expressed significantly higher levels of adi-
pogenic marker genes, including Ppary1, Ppary2, Cebpa and adiponectin
(Adipoq) than those in Flox control cells (Fig. 1C). ORO staining of the
cells showed dramatically increased levels of lipid accumulation in the
cells from Nrf1(f)-KO mice compared to the cells from Flox controls
(Fig. 1D and E). These findings clearly indicate that the SVF cells from
gWAT of female Nrf1(f)-KO mice display a spontaneous adipogenic
differentiation without DMI treatment. While the SVF cells from iWAT
of male Nrfl(f)-KO mice showed no apparent spontaneous adipogenic
differentiation, the SVF cells from iWAT of male Nrfl1(f)-KO mice

E D 0 Vehicle Arsenite 200

= [J Adi-Flox Flox KOFlox KO El

25 [Femaleg agiko o= o130 a0, |WKY , Female
5 1.5 £ SVF-Flox wizo 2 2100 .
5310 I SVF-KO g J ﬁ% i |
=1 —e e 32

Zp 0.5 <ps5 EL 1

T

- 0

o
o

& b b S
Voo
D E F
gWAT (Female) .
Flox KO £ 5 £ .20 -
= | e ey, .% S Male O Adi-Flox
C : et 8oyl " e M Adi-KO
: 2.9 ot S SVF-Flox
2 @ o 3 8 5 M SVF-KO
0% 2< 10
- = T 2 2%
o3 g
. > =
3 2= 23505
:,?"- % 1 W
- a o E o0
P
iWAT (Male)
65 Flox KO 2 3
45 .
L \,, ¢ 8
[o] ¢ o N » X
gL WS o) i 21 *
<5 3 W Poe 22 5] OF
g3 e Sy -
EC 1 ga i e ze
et 2
0 3 oo o)
I a8 975 o
UV RV N9
QQQ%QQ% (ﬁo ‘?‘6&0 < €

Fig. 1. Differentiation of SVF cells isolated from WAT of female and male
mice with adipocyte-specific ablation of all isoforms of Nrfl. Animals were
16 weeks of age. Groups of n = 3 mice were used. (A and F) Relative mRNA
expression of Nrfl in adipocyte fractions and SVF of gonadal WAT (gWAT) of
female mice (A) and inguinal WAT (iWAT) of male mice (F). Adi-Flox, Adi-KO,
SVF-Flox and SVF-KO represent adipocyte fractions and SVF of NrfI-Flox (Flox)
and Nrf1(f)-KO (KO) mice, respectively. *p < 0.05 vs the same cell type of
Flox, ¥p < 0.05 vs adipocytes with the same genotype. (B) NRF1 protein ex-
pression in adipocytes of gWAT of female Flox and KO mice. Adipocytes were
cultured in normal growth medium with or without 5 uM sodium arsenite, a
potent NRF1 inducer, for 6 h to increase expression of NRF1. (C) Basal mRNA
expression of adipogenic factors in cultured SVF cells isolated from gWAT of
female mice. The cells were maintained in growth medium without hormonal
additives for 5 days post confluence. (D) Representative images (10 X) of ORO
staining of the cells in (C). (E) Quantification of ORO staining in Fig. 1D. (G and
H) mRNA expression of adipogenesis-related factors (G) and representative
images (10 X) of ORO staining (H) of differentiated SVF cells isolated from
iWAT of male mice. Cultured SVF cells were differentiated using DMIRI pro-
tocol (see Methods). *p < 0.05 vs Flox. (I) Quantification of ORO staining in
Fig. 1H.
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displayed dramatically increased mRNA expression of various key
adipogenic genes and lipid accumulation compared to Flox control cells
following a 5-day DMI protocol to induce adipogenesis (Fig. 1G-I).

3.2. Stable knockdown of A-Nrfl or L-Nrfl results in increased adipogenic
potency in 3T3-L1 preadipocytes

To verify the key findings in SVF cells from WAT of Nrf1(f)-KO mice
and characterize the roles of various isoforms of NRF1 in adipogenesis,
we used two sets of sShRNA to specifically silence L-Nrf1 (termed as L-
Nrfl-KD) or A-Nrfl (termed as A-Nrfl-KD) in 3T3-L1 preadipocytes
(Fig. S2). As shown in Fig. 2A, the mRNA expression of L-Nrfl and A-
Nrf1 were significantly decreased in A-NrfI-KD (upper panel) and L-
Nrfl-KD cells (lower panel). To further validate the specific silencing
effect, the protein expression of NRF1 was measured under basal state
(Vehicle) and arsenite-challenged condition in which NRF1 can be ac-
tivated [25,27]. Western blot analysis showed that the basal protein
expression of NRF1, which appears as multiple bands, including p120,
P95, p85, p65 and p60 on the blot, was relatively low in Vehicle-treated
cells, whereas arsenite treatment significantly induced their expression
in Scramble cells (Fig. 2B and C). Compared with Scramble cells, A-
Nrf1-KD cells had reduced levels of all isoforms of NRF1, in particular
under arsenite-challenged condition. Remarkably, L-NrfI-KD cells
showed no diminished expression of most S-NRF1s except p120 (Fig. 2B
and C), confirming the specificity of the shRNA against L-Nrfl. In
agreement with previous studies [33], arsenite treatment significantly
increased the expression of NRF2, although no differences were found
with regard to this among Scramble, A-NrfI1-KD and L-NrfI-KD cells.
This suggests that the knockdown of Nrfl did not affect the expression
of NRF2 in 3T3-L1 cells (Fig. 2B and C).

In line with the silencing effect, the expression of various anti-
oxidant genes, including glutamate-cysteine ligase catalytic subunit
(Gcle), glutamate-cysteine ligase regulatory subunit (Gclm) and NAD(P)
H quinone oxidoreductasel (Nqo1) but not hemeoxygenasel (Ho1), was
markedly attenuated in A-Nrfl-KD cells (Fig. S3A, upper panel),
whereas only Gclc and Nqgol were marginally decreased in L-NrfI-KD
cells (Fig. S3A, lower panel). In addition, both A-NrfI-KD and L-NrfI-
KD cells were more sensitive than Scramble cells to the cytotoxicity
induced by arsenite exposure for 24 or 48 h (Fig. S3B).

To investigate the potential role of NRF1 in adipogenesis, we cul-
tured L-Nrf1-KD and A-Nrf1-KD 3T3-L1 cells in the medium with hor-
monal cocktail DMI or DMIRI to induce adipogenesis, followed by an
ORO staining to monitor lipid accumulation. Compared with Scramble
cells, both L-Nrf1-KD and A-Nrfl-KD cells displayed a significant in-
crease of lipid accumulation following DMI or DMIRI treatment (Fig. 3A
and B; Fig. S4), suggesting that L-NRF1, among all the isoforms, might
play a dominant role in regulation of adipogenesis. To further under-
stand the mechanisms underlying increased adipogenesis induced by L-
NRF1 deficiency in 3T3-L1 cells, we examined key adipogenic markers
during the differentiation process in both L-NrfI-KD and A-Nrfl-KD
cells. Western blot analyses showed elevated protein expression of
PPARy, C/EBPa, cluster of differentiation 36 (CD36) and adiposin
(ADPSN) in both Nrfl deficient cells in a time-dependent manner
(Fig. 3C), indicating that L-NRF1 is likely involved in the differentiation
of 3T3-L1 preadipocytes. Our remaining studies therefore mainly fo-
cused on the roles of L-NRF1 in adipogenesis.

3.3. L-Nrf1-KD 3T3-L1 cells show elevated gene and/or protein expression
of adipogenic factors under basal condition and during the early stage of
differentiation

Among the factors involved in adipogenic differentiation, PPARYy is
considered to be the master transcriptional regulator, while other cri-
tical factors such as C/EBPf and 8, trigger the induction of PPARy and
C/EBPa at the early stage of adipogenesis [8]. To investigate the mo-
lecular details behind the enhanced adipogenesis caused by L-Nrfl
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deficiency, we examined the basal mRNA expression of these adipo-
genic regulators in L-Nrf1-KD cells. The results showed that the basal
expression of Ppary and its downstream genes including Cebpa, adipo-
cyte protein 2 (aP2), lipoprotein lipase (Lpl), peroxisome proliferator-
activated receptor y coactivator o/} (Pgcla and Pgclf), but not its
upstream regulators such as Cebpf, Cebpd and Nrf2, were significantly
elevated in L-NrfI-KD cells under normal culture condition compared to
Scramble cells (Fig. 4A), suggesting that L-Nrfl silencing increases
adipogenesis probably through upregulating the expression of Ppary,
specifically Ppary2, the isoform that plays the dominant role in adipo-
genesis.

To further illustrate the effect of L-Nrf1 deficiency on adipogenesis,
the expression of various key adipogenic regulators was assessed during
the early stage of differentiation of 3T3-L1 cells. Both the mRNA and
protein expression of C/EBPP and 8 showed a dramatic induction and
reached peaks at 2-4 h post DMI treatment in both Scramble and L-
Nrf1-KD cells, whereas no evident difference was observed between the
cells (Fig. 4B and C), indicating that deficiency of L-Nrf1 does not affect
their expression. In contrast, the expression of PPARy, in particular
PPARYy2, was remarkably increased in L-Nrf1-KD cells compared to
Scramble cells under basal and DMI-treated conditions. This indicates
that L-Nrf1 might play a crucial negative regulatory role in PPARy ex-
pression and its knockdown released this inhibition. Of note, the pro-
tein levels of C/EBPa, cAMP response element-binding protein (CREB)
and p-CREB in L-Nrf1-KD cells showed a slightly decrease compared to
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B) Expression of mRNA (A) and protein (B) of NRF1 in 3T3-L1 cells transduced
with lentiviral shRNA targeting against all or long isoforms of NRF1. A-Nrf1-KD,
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*p < 0.05 vs. Scramble. (C) Quantification of protein levels in Fig. 2B.
*p < 0.05 vs. Scramble under the same condition; p < 0.05 vs. the same cell
type in Vehicle group;
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Scramble cells, further highlighting that L-Nrfl deficiency-induced
upregulation of PPARy accounted for the enhanced adipogenesis in
3T3-L1 cells.

3.4. Overexpression of L-NRF1, but not S-NRF1, suppresses DMI-induced
adipogenesis in 3T3-L1 cells

To further characterize the roles of various isoforms of NRF1 in
adipogenesis, we generated multiple lines of 3T3-L1 cells, in which
individual isoform of NRF1, including 313, 453, 572, 583 and 741
isoforms, was stably overexpressed (NrfI-OE) using lentiviral vectors.
As illustrated in Fig. 5, the Nrfl-OE cells showed dramatically elevated
expression of various isoforms of NRF1 at mRNA (Fig. 5A) and protein
(Fig. 5B; Fig. S5) levels. Remarkably, overexpression of isoform 313,
572 and 583, but not 453 and 741, resulted in elevated mRNA ex-
pression of various antioxidant genes, such as Gclc, Gelm, Hol and Nqgol
(Fig. 5A). In addition, overexpression of NRF1-313 or —583, but not
other isoforms, in 3T3-L1 cells stably expressing an ARE-reporter [34]
resulted in significantly elevated ARE activity compared to Control cells
(Fig. S6). These results clearly indicate that the Nrfl-OE cells were
successfully developed.

As expected, overexpression of L-NRF1-741 substantially suppressed
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Fig. 4. L-Nrf1-KD 3T3-L1 cells exhibits increased mRNA and protein ex-
pression of PPARy under basal condition and during the early stage of
adipogenic differentiation. The mRNA expression of adipogenic factors in
Scramble and L-Nrf1-KD cells maintained in normal growth medium (A) and
post DMI treatment for indicated time (B). The mRNA levels were measured by
RT-qPCR. *p < 0.05 vs. Scramble at the same time. (C) The protein expression
of C/EBPs and PPARY1/2 in Scramble and L-Nrf1-KD cells treated with DMI for
indicated time. Whole cell lysates (100 pg protein) were separated on 4-12%
Tris-Glycine gels and detected using the antibodies against C/EBPs, CREBs,
PPARy1/2, NRF1 and 3-ACTIN. S, Scramble; N, L-Nrf1-KD cells; Veh, Vehicle; h,
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DMI-induced adipogenic differentiation compared to Control group in
3T3-L1 preadipocytes (Fig. 5C; Fig. S7). In contrast, overexpression of
NRF1-572 and —583 led to enhanced adipogenesis, whereas NRF1-313
and —453 overexpression caused no observable changes in the rate of
lipid accumulation (Fig. 5C; Fig. S7), indicating that different isoforms
of NRF1 play distinct regulatory roles in the differentiation process. To
further validate the inhibitory effect of L-NRF1-741 overexpression on
adipogenesis, we evaluated protein profile of key adipogenic markers
during adipogenesis. The results showed that PPARy, PPARy2 in par-
ticular, and C/EBPa levels were significantly lower in L-NRF1-741-
overexpressed cells compared to Control during DMI-induced adipo-
genesis (Fig. 5D). Of note, L-NRF1 continued to increase along the
process of differentiation (Fig. 5D).

3.5. Overexpression of L-NRF1 suppresses PPARYy expression in 3T3-L1
cells

To further characterize the molecular details underlying the adi-
pogenic phenotype induced by overexpression of various isoforms of
NRF1, we measured the basal mRNA expression of adipogenic factors in
Nrf1-OE cells. As shown in Fig. 6A and Fig. S8, overexpression of L-
NRF1-741 significantly reduced mRNA expression of Ppary2, Cebpa,
adipsin and glucose transporter type 4 (Glut4), which is consistent with
the findings in L-NrfI1-KD cells where Nrfl deficiency resulted in up-
regulation of these genes (Fig. 4A), solidifying the premise that L-NRF1
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Control; 741, cells overexpressing NRF1-741; D, Day. A representative result of
3-5 independent experiments is shown. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this
article.)

is a negative regulator of Ppary2. In contrast, overexpression of NRF1-
313, —572, —583, but not —453, substantially increased the mRNA
expression of Ppary1/2, Cebpa, Cebpd, aP2, Cd36 and Glut4, suggesting
that L-NRF1 and S-NRF1 might play opposite regulatory roles in adi-
pogenesis. In addition, Western blotting results further confirmed that
S-NRF1s and L-Nrfl-741 play contrary roles in the expression of PPARy
under basal condition (Fig. 6B).

To investigate the potential participation of NRF1 in the transcrip-
tional regulation of Ppary2, we analyzed the promoter sequence of
Ppary2 and identified multiple consensus ARE and ARE-like sites be-
tween —2516 bp and +1 bp region (Fig. S9). To further determine
whether L-NRF1 is directly involved in the transcriptional regulation of
Ppary2, we developed a series of 5’-truncated Ppary2 promoter-driven
luciferase reporters and measured the activities in 3T3-L1 cells under
basal and DMI-treated conditions. As shown in Fig. 6C, overexpression
of L-NRF1-741 in 3T3-L1 cells significantly attenuated the activities of
the luciferase reporters driven by —53, —173, —267, —849, —1326,
—1757 and —2516 bp promoters under both basal (left panel) and/or
DMI-treated conditions (right panel) in contrast to Control cells.

To study the physical interaction between long isoform NRF1 and
promoter sequence of Ppary2 gene, we performed ChIP analysis in 3T3-
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Fig. 6. Overexpression of L-NRF1-741 suppresses the expression of PPARy
in 3T3-L1 cells. (A) The mRNA expression of Ppary in control and various NrfI-
OE cells under normal culture condition. Cont (Control), 313, 453, 572, 583,
and 741 refer to the cells overexpressing indicated isoforms of NRF1.
*p < 0.05 vs. Control. n = 3-5. (B) Representative image of Western blot
detecting PPARY1/2 in control and various NrfI-OE cells under basal condition.
741L/M/H refer to the cells overexpressing L-NRF1-741 using low (L), medium
(M), and high (H) concentrations of lentiviral vector. n = 3. (C) The activity of
Ppary2 promoter-reporter assay. Control and NRF1-741 cells were transfected
with the Ppary2 promoter-luciferase constructs. After 2 days, the transfected
cells were treated with basal growth medium (left panel) and DMI differ-
entiation media (right panel) for 10 h. Blank, no insert of reporter; —53, —173,
—267, —849, —1326, —1757 and —2516 represent the reporters driven by
the 5’-truncated Ppary2 promoter. n = 3-6; *p < 0.05 vs. Control expressing
the same reporter. (D) Representative images of ChIP analysis for the interac-
tion between NRF1-741 and promoter region of Pparg2 gene. 3T3-L1 cells
overexpressing V5-tagged NRF1-741 were treated with DMI and 10 uM MG132
for 6 h when reaching 90% confluence, followed by ChIP assay. Input, enriched
DNA by mouse IgG and V5 antibody were amplified by PCR with 8 pairss of
primers designed to flank the continuous 3,000 bp range in the upstream of
Ppary2 gene. Non-immunoprecipitated chromatin (2%) was used as input
control. PCR products were resolved with 1% DNA gel. n = 3. (E)
Quantification of DNA bands in Fig. D. n = 3; *p < 0.05 vs. 2% input. (E)
Quantification of DNA bands in Fig. D. n = 3; *p < 0.05 vs. 2% input.

L1 cells overexpressing V5-tagged NRF1-741 (Fig. S10). As shown in
Fig. 6D and E, following 6 h culture in the medium containing DMI and
10 uM MG132, a direct binding of NRF1-741 to DNA fragments range
from —1326 to —830 bp and —268 to +154 bp in the upstream of
Ppary2 gene were observed, indicating that NRF1-741 might bind to
Ppary2 promoter to regulate its transcription.

4. Discussion

The impairment in WAT formation and/or dysfunction of WAC are
associated with various metabolic disorders [3]. Our recent study
showed that Adipog-Cre-derived adipocyte-specific knockout of Nrfl in
mice results in disturbed expression of lipolytic genes in adipocytes,
leading to adipocyte hypertrophy followed by severe inflammation,
pyroptosis and insulin resistance, implicating an important role of
NRF1 in adipocyte biology [13]. Here, we focused on the roles of NRF1
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in the process of adipogenesis by which preadipocytes differentiate into
mature adipocytes. We found that the SVF cells isolated from iWAT of
male Nrfl(f)-KO mice, in which the expression and function of all iso-
forms of NRF1 were diminished in adiponectin-expressing cells, pro-
moted adipogenesis induced by hormonal cocktails. Remarkably, the
SVF cells isolated from gWAT of female Nrf1(f)-KO mice, which exhibit
a more severe adipose phenotype than male mice [13], showed a
spontaneous adipogenic differentiation even without DMI treatment. In
3T3-L1 cells, silencing of either all or long isoforms of NRF1 resulted in
enhanced and accelerated adipogenic differentiation induced by hor-
monal cocktails. Conversely, overexpression of L-NRF1-741, but not S-
NRF1s, substantially attenuated adipogenesis in 3T3-L1 cells. These
findings clearly revealed that L-NRF1 might serve as a critical negative
regulator of adipogenesis. Mechanistic studies suggest that L-NRF1
might dominate over S-NRF1s and negatively regulates the expression
of PPARy2 under basal and hormonal cocktail-treated conditions.
Taken all together, the findings in the present study demonstrate a
novel biological role of NRF1 beyond its participation in cellular anti-
oxidant responses and protein homeostasis and suggest that L-NRF1 is a
negative regulator of PPARy expression and thereby can suppress adi-
pogenesis.

Adipogenesis can be commonly initiated in vitro by treating pre-
adipocytes with hormonal cocktails, such as DMI or DMIRI
Subsequently the early responders C/EBPf and C/EBP§ might be up-
regulated during the early-stage of differentiation and eventually
trigger the activation of PPARy which forms a positive feedback loop
with C/EBPa [8,35,36]. Among this adipogenic network, the tran-
scription and activation of PPARy have been proven to be the central
events and are essential for adipogenesis [2,37]. Therefore, identifying
novel factors that can directly or indirectly regulate PPARy expression
might provide valuable insight into overall adipogenic mechanisms.
Previous studies including our own identified numerous positive reg-
ulators of PPARY, such as C/EBPs and NRF2 [7,8]. More recently, CAMP
responsive element binding protein 3 like 4 (CREB3L4), leukemia-re-
lated protein 16 (LRP16), mitogen-activated protein kinase kinase ki-
nase kinase 4/Nck-interacting kinase (MAP4K4/NIK), and several mi-
croRNAs have been found to regulate the protein stability of C/EBPf
[38], activate mTOR signaling [39], control the transcription of PPARy
[40], and target the 3’-untranslated region of PPARy [41,42], respec-
tively. However, only few negative regulators, including GATA-2/3,
CHOP, HIF1 and KLF2, have been reported [43,44]. In the current
study, we found that both A-Nrfl-KD and L-Nrf1-KD 3T3-L1 cells ex-
hibit attenuated expression of PPARy at mRNA and protein levels, even
under basal culture condition. Conversely, overexpression of L-NRF1-
741 in 3T3-L1 cells substantially attenuated the expression of PPARy
and adipogenesis, but had no effect on the early-stage adipogenic fac-
tors. These findings clearly indicate that L-NRF1 might function as a
negative regulator on the transcription of Ppary and thus adipogenesis.
Given the dominant roles that L-NRF1 plays in response to various
stresses [14,17,18,27,45], we expected that L-NRF1 might play a cru-
cial regulatory role in adipogenesis under various stressed conditions.

C/EBPf and C/EBPS have been recognized as key transcription
factors regulating Ppary expression at the early stage of adipogenesis
[2,5]. Identifying the factors that regulate C/EBPP and C/EBPS$ activity
as well as cooperate with other C/EBPs in an adipogenic-specific
manner should provide additional insight into the mechanisms reg-
ulating adipogenesis. However, we did not find any significant effects of
Nrf1 silencing, either A-Nrf1-KD or L-Nrf1-KD, on C/EBPp expression
during the early stage of adipogenesis. In our previous study, we have
demonstrated that NRF2, another transcription factor of CNC-bZIP fa-
mily, is involved in adipogenesis in 3T3-L1 cells via regulating the
transcription of Cebpf and Ppary [7,8]. In contrast, the results in the
current study strongly suggest a negative role of L-NRF1 in regulation of
adipogenesis. This is in contrast to the positive effects of NRF2 on
adipocyte differentiation, implying multiple distinct functions of
members of the CNC-bZIP family in adipocyte biology. Moreover, we
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did not observe the crosstalk between NRF1 and NRF2 through de-
termining the expression of NRF2 in Nrfl-KD cells (Fig. 2B) and ARE
activity in NRF1-741 overexpression cells (Fig. S6B), indicating that
NRF2 may not be involved in the repression of NRF1 on adipogenesis.
Although both NRF1 and NRF2 belong to the CNC-bZIP family, exhibit
similar antioxidant function, and even share the same binding sites, the
precise role of NRF1 in adipogenesis is poorly defined, probably due to
the complexity of metabolic interactions and the multiple isoforms of
NRF1. NRF1 and C/EBPs belong to bZIP proteins which need binding
partners for their transcriptional activity [11,46-49]. Interestingly, L-
NRF1 has been reported to bind with C/EBPf} to regulate odontoblast
differentiation [21]. In the current study, we found that L-NRF1-741
might directly bind to the promoter region of Ppary2 gene to repress its
transcription. However, the exact mechanism for the suppression and
potential binding partners of L-NRF1 in the process still need further
investigation.

It has been reported that excess levels of ROS inhibit adipogenesis
via activating CHOP, a negative regulator of C/EBPJ in the early stage
of adipogenesis, or promoting HIF1, a repressor of Ppary promoter ac-
tivity [7,10]. However, a mild level of ROS may contribute to adipo-
genesis through enhancing C/EBPp binding activity to activate Ppary2
expression or increasing insulin sensitivity in normal adipocytes
[50-52]. In the current study, we found that deficiency of either all or
long isoforms of NRF1 in 3T3-L1 preadipocytes results in attenuated
expression of various antioxidant genes compared to Scramble cells,
implying that the loss of NRF1 could affect adipogenesis through al-
tering the redox signaling that is involved in preadipocyte differentia-
tion. However, whether NRF1-mediated antioxidant response affects
intracellular ROS levels and thus adipogenesis and the mechanism be-
hind the effect remain inconclusive.

Recent study showed that NRF1 could serve as a critical regulator
for maintaining thermogenic function in BAT by increasing proteasomal
activity [14], and may also play critical roles in proteasomal functions
in mouse liver tissue [18], and in multiple human and mouse cell lines
[53-56]. Although we did not evaluate the roles of NRF1 in proteasome
homeostasis in preadipocytes, we suspect that NRF1-dependent pro-
teasome activity might contribute to regulate PPARy expression.
However, this possible mechanism needs further analysis.

To date, NRF1 has been found in a broad range of tissues and ex-
tensively investigated for its roles in antioxidant response, inflamma-
tion, apoptosis, metabolic homeostasis, mitochondrial function, pro-
teasome stability, cellular differentiation and lipid metabolism
[11,12,57,58]. However, its characteristics and functions in pre-
adipocytes and WAC have not been fully explored. Our findings pro-
vided a novel insight into the regulatory roles of various isoforms of
NRF1 in adipose biology and antioxidant response system. The current
study identified L-NRF1 as a novel negative regulator of PPARy ex-
pression and thus plays a critical role in adipogenesis. Given that adi-
pogenesis is clearly complex and multifactorial, the underlying me-
chanisms by which NRF1 plays a role in the process need further study.
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