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Abstract

Nuclear factor erythroid-derived factor 2-related factor 2 (Nrf2) is a cap-n-collar basic leucine
zipper transcription factor that is involved in the cellular adaptive response to oxidative stress. Our
previous study reported that targeted disruption of the Arf2gene in mice decreases adipose tissue
mass and protects against obesity induced by a high-fat diet. Deficiency of Arf2in preadipocytes
and mouse embryonic fibroblasts led to impaired adipogenesis. Consistent with these findings, the
current study found that lack of Nrf2 in primary cultured mouse preadipocytes and 3T3-L1 cells
hampered adipogenic differentiation induced by hormonal cocktails. Stable knockdown of Ar72in
3T3-L1 cells blocked the enhanced adipogenesis caused by deficiency of kelch-like ECH-
associated protein 1 (Keapl), a Cul3-adapter protein that allows for Nrf2 to be ubiquinated and
degraded by the 26S protesome complex. In addition, increased production of reactive oxygen
species (ROS) and activation of Nrf2 occurred at the very early stage upon adipogenic hormonal
challenge in 3T3-L1 cells, followed by an immediate induction of CCAAT/enhancer-binding
protein § (C/EBP). Knockdown of Arrf2led to reduced expression of C/EBPP induced by
adipogenic hormonal cocktails, chemical Nrf2 activators or Keapl silencing. Cebpg promoter-
driven reporter assays and chromatin immunoprecipitation suggested that Nrf2 associates with a
consensus antioxidant response element (ARE) binding site in the promoter of the Cebpg gene
during adipogenesis and upregulates its expression. These findings demonstrate a novel role of
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Nrf2 beyond xenobiotic detoxification and antioxidant response, and suggest that Nrf2 is one of
the transcription factors that control the early events of adipogenesis by regulating expression of
Cebpp.
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Introduction

Adipogenesis (differentiation of adipogenic precursor cells, so called preadipocytes, into
adipocytes) is regulated by a complex network of transcription factors that coordinate
expression of hundreds of proteins responsible for establishing the mature fat-cell phenotype
[1-4]. While it was firmly established that peroxisome proliferator-activated receptor -y
(PPARY) and CCAAT/enhancer-binding protein a (C/EBPa) are the terminal factors
responsible for adipogenesis, the signaling cascade underlying the differentiation process,
especially the early events, are only partially resolved.

C/EBPs, including C/EBPa, C/EBPB, C/EBPy, C/EBPS, C/EBPe and C/EBPC (also known
as CHOP10), belong to basic region/leucine zipper (bZIP) transcription factors and are
expressed in adipocytes [2]. C/EBPB and C/EBPS are transiently expressed and function at
an early stage of differentiation by sensing adipogenic stimuli and initiating expression of
PPAR+y and C/EBPa [5, 6]. C/EBPa and PPARYy, forming a positive feedback loop by
activating each other's expression, play roles at a later stage by inducing and maintaining
expression of adipocyte-specific genes [7, 8]. Although the forced expression of C/EBPa in
fibroblasts can trigger adipogenic differentiation, C/EBPa is incapable of inducing
adipogenesis in the absence of PPARy [9]. In contrast, PPAR-y can induce adipogenic
differentiation in C/EBPa-null cells indicating that PPARYy is sufficient in effecting
adipogenesis [10]. C/EBP is thought to initiate mitotic clonal expansion of preadipocytes
and to later coordinate the transcription network by turning on C/EBPa and PPARy [11].
The induction of C/EBP occurs rapidly (within 2-4 h) on stimulation of differentiation
[12], whereas the acquisition of DNA binding activity by C/EBP requires various
posttranslational modifications, including phosphorylation, acetylation, disulfide bond
formation and dimerization [11, 13-15]. Apart from cAMP response element-binding protein
(CREB) [16], early growth response 2 (EGR2, also known as KROX20) [17] and Kruppel-
like factor 4 (KLF4) [18], relatively few transcription factors have been identified that bind
to the C/EBPP promoter and positively regulate its transcription during adipogenesis. Other
C/EBP isoforms, including C/EBPy and CHOP10, seem to suppress adipogenesis [19].

Nuclear factor erythroid-derived factor 2-related factor 2 (Nrf2) belongs to the cap-n-collar
subfamily of bZIP transcription factors [20], which also includes Nrfl [21], Nrf3 [22] and
the NF-E2 p45 subunit [23], as well as the more distantly related factor BTB and CNC
homology 1 (BACH1) and BACH2 [24]. In response to oxidative/electrophilic stress Nrf2
heterodimerizes with small Maf proteins, as well as other bZIP proteins, bind to c/s-acting
element(s) termed antioxidant response elements (ARES) in the promoters of target genes
[25], inducing transcriptional responses. ARE-dependent genes encode various enzymes,
including detoxification enzymes such as glutathione S-transferases (GSTs), NAD(P)H
quinone oxidoreductase 1 (NQO1), and heme oxygenase 1 (HO-1), as well as antioxidant
enzymes such as catalase (CAT), sulfiredoxin (SRX), y-glutamate cysteine ligase catalytic
subunit (GCLC) and regulatory subunit (GCLM). Nrf2 therefore plays a central role in the
cellular adaptive response to oxidative stress. Although Nrf2 is abundantly expressed in
adipose tissue, its function in adipocyte biology has not been fully explored.
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Our previous study [26] showed that mice deficient in Mrf2display decreased fat mass in
association with small adipocytes and are resistant to high-fat diet (HFD)-induced obesity.
Mouse embryonic fibroblasts (MEFs) deficient in ArfZ have impaired adipogenesis, and in
3T3-L1 and human subcutaneous preadipocytes, knockdown of Nrf2expression inhibits
adipogenic differentiation. Conversely, stable knockdown of kelch-like ECH-associated
protein 1 (Keapl), which is a Cul3-adapter protein that allows for Nrf2 to be ubiquinated
and degraded by the 26S protesome complex [27], leads to accelerated and enhanced
adipogenesis in 3T3-L1 cells. In addition, we showed that the impaired adipogenesis
induced by knockout or knockdown of Arf2is related at least in part to down-regulation of
PPAR-y expression. The current study explores the mechanisms further and reveals that Nrf2
is involved in transcriptional regulation of C/EBP expression during adipogenesis. These
findings demonstrate a novel biologic role of Nrf2 beyond its participation in detoxification
and antioxidant pathways, and suggest Nrf2 is one of the transcription factors that control
the early events of adipogenesis by regulating expression of Cebpp.

Materials and Methods

Reagents

Animals

Insulin solution (human, 19278), 3-isobutyl-1-methylxanthine (IBMX, 17018),
dexamethasone (D1756), indomethacin (17378), sulforaphane (SFN, S6317), tert
butylhydroquinone (tBHQ, #19986), sodium arsenite (iAs, #71287), Oil-red O (ORO,
#75087), N-acetyl-L-cysteine (NAC, A7250), glutathione reduced ethyl ester (GSH-EE,
G1404), diphenyleneiodonium (DPI, D2926), mesoxalonitrile 4-
trifluoromethoxyphenylhydrazone (FCCP, C2920), diethyl maleate (DEM, W505005) and
puromycin (P8833) were obtained from Sigma (St. Louis, MO). Rosiglitazone maleate was
from SmithKline Beecham Pharmaceuticals (London, UK). Culture media, calf serum (CS),
fetal bovine serum (FBS) and supplements were purchased from Invitrogen (Carlsbad, CA).

Nrf2-knockout (Nrf2-/-) mice was developed as described previously [28] and backcrossed
onto C57BL/6J background for 10 generations using alternating male and female stock mice
from The Jackson Laboratories (JAX Stock No. 000664). For experiments, age-matched
(12-16 weeks old) mice were used for preadipocyte isolation. Animals were housed in virus-
free facilities on a 12-h light/12-h dark cycle and were fed standard rodent food. Genotyping
was performed by PCR using genomic DNA isolated from tail snips. All protocols for
animal use were approved by the Institutional Animal Care and Use Committee of The
Hamner Institutes and were in accordance with National Institutes of Health guidelines.

Cell culture and differentiation

Mouse primary preadipocytes were isolated from WAT as described previously [29] and
cultured in high-glucose Dulbecco's modified Eagle's medium (DMEM) supplemented with
10% FBS, 8.3 mM L-glutamine, 100 U/ml penicillin and 100 pg/ml streptomycin. 3T3-L1
preadipocytes were obtained from ATCC (Manassas, VA) and maintained in high-glucose
DMEM with 50 unit/ml penicillin, 50 pg/ml streptomycin, and 10% CS. Mouse primary
preadipocytes and 3T3-L1 cells were differentiated 1 day after they became confluent
(designated as day 0) using DMI or DMIRI protocols as detailed in Figure 1. DMI protocol,
cells were differentiated by replacing CS growth medium with DMI differentiation medium
containing 1 pM dexamethasone, 0.5 mM IBMX and 5 pg/ml insulin in DMEM with 10%
FBS. After 48 h the medium was changed to DMEM with 10% FBS and 1 pg/ml insulin
(Insulin medium). The cells were maintained for an additional 5 days and the medium was
refreshed every two days; DMIRI protocol, cells were differentiated by replacing growth
medium with DMIRI differentiation medium containing 1 .M dexamethasone, 0.5 mM
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IBMX, 5 pg/ml insulin, 1 wM rosiglitazone and 125 pM indomethacin in DMEM with 10%
FBS. After 72 h, cells were maintained for an additional 2-4 days in the same medium
without additives but 10% FBS, and fresh medium was replenished every 2 days.
Differentiation of preadipocytes to mature adipocytes was confirmed by ORO staining of
lipid vesicles as detailed previously [26]. All the cells were maintained at 37 °C in a 5%
CO3 environment.

Lentiviral-based shRNA Transduction

MISSION shRNA lentiviral vectors were obtained from Sigma. The packaging of lentiviral
particles was performed based on manufacturer's protocol. Lentiviral transduction of 3T3-L1
cells with particles for ShRNA targeting Nrf2 (SHVRS-NM_010902), Keapl
(SHVRS_016679) or non-target negative control (SHC002V) was performed as described
previously [26]. The non-target ShRNA control vector activates RNA-induced silencing
complex and RNA interference pathway, but does not silence any human or mouse genes. In
the current study, we define the cells transduced with the non-target ShRNA control vector
as Scramble (Scr) cells.

Measurement of intracellular glutathione (GSH)

Cells were sonicated in cold PBS immediately after collection followed by centrifugation at
12,000 x gfor 5 min. The resulting supernatants were used for measurement of GSH using
BIOXYTECH GSH/GSSG-412 kit (OxisResearch, Portland, OR) [30].

Quantitative real-time RT-PCR

Total RNA was isolated with TRIzol (Invitrogen) according to manufacturer's instructions
and then subjected to cleanup using 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 reverse transcribed with MuLV reverse transcriptase 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. Relative differences
in gene expression between groups were determined from cycle time (C;) values. These
values were first normalized to 18S in the same sample (AC;) and expressed as fold-change
over control (2~AACh). Realtime fluorescence detection was carried out using an ABI
PRISM 7900 HT Sequence Detector (Applied Biosystems).

Western blot analysis

Isolation of cell fractions and Western blotting were performed as detailed previously [31,
32]. Antibodies for Nrf2 (sc-13032; 1:500), Keapl (sc-15246; 1:500), C/EBPp (sc-7962;
1:500) and MafF/G/K (sc-22831; 1:500) were from Santa Cruz, Inc. (Santa Cruz, CA).
Antibodies for C/EBPS (#2318; 1:1000), PPARYy (#2435; 1:1000), CREB (#9197; 1:1000),
p-CREB (#9198; 1:1000), c-Jun (#9165; 1:1000), c-Fos (#2250; 1:1000) and CHOP10
(#2895; 1:1000), p-AKT (#9271; 1:1000) and AKT (#4685; 1:1000) were purchased from
Cell Signaling Technology, Inc. (Danvers, MA). Antibodies for HO1 (H4535; 1:500),
LAMIN A (L1293; 1:2500) and B-ACTIN (A1978; 1:2000) were purchased from Sigma.
Antibody for GCLC (RB-1697; 1:800) was from Thermo Fisher Scientific Inc. (Pittsburg,
PA). Antibody for KLF5 (ab24331; 1:1000) was from Abcam (Cambridge, UK). Antibody
for KROX20 (PRB-236p; 1:1000) was from Covance, Inc. (Princeton, NJ). The molecular
weight (MW) of each protein shown on immunoblot was estimated based on the
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MagicMark™ XP Western Protein Standard (Invitrogen) on 4-12% or 12% Tris-Glycine
Gel (Invitrogen).

Constructs and mutations

Serial 5”-deleted Cebpp promoter-driven luciferase reporters were designed as described
previously [16]. -1036 bp, -556 bp and -218 bp inserts were amplified by PCR using mouse
(C57BL/6J) genomic DNA as template and the EcoRV- and Hindlll-ended primers (-1036
bp forward: 5’-tgtaacactGATATCcacctaggagtggca gaa-3”; -556 bp forward: 5'-
tgtaacactGATATCgttctgcttcccaggagttg-3”; -218 bp forward: 5”-tgtaacact
GATATCtcagcctcccgegegagga-3”; Common reverse: 57-
aaacggtaaAAGCTTggctcegetgegteeegg-3”; see Online Materials Figure S1). -116 bp and -
m116 constructs ended with EcoRVIHindl sites were synthesized by MWG-BIOTECH
Inc. In the -m116 insert, the core “GC” site of the ARE was replaced with “AA”. These
promoter sequences were digested with EcoRVIHinalll and ligated into EcoRVI Hindlll-
digested pGL4.10[ /ucZ] vector (Promega, Madison, WI).

ARE-luciferase reporter assay

Intracellular

Cignal Lenti ARE reporter, which expresses a luciferase gene driven by multiple ARE
(TCACAGTGACTCAGCAAAATT) repeats, was obtained from SABiosciences (Frederick,
MD). Lentiviral transduction of 3T3-L1 cells was performed as described previously [31].
Cells were grown to ~90% confluency and sub-cultured in medium containing 1.0 pg/ml of
puromycin. The luciferase activity was measured by Luciferase Reporter Assay System
(Promega) according to the manufacturer's protocol. The luciferase activity was normalized
to cell viability which was determined using a Non-Radioactive Cell-Proliferation Assay Kit
(Promega).

ROS determination

Intracellular ROS levels in 3T3-L1 cells were measured by flow cytometry (Becton
Dickinson FACSCanto |1, Becton Dickinson, San Jose, CA) using the fluorescent probe 5-
(and-6)-chloromethyl-2”, 7’-dichlorodihydrofluorescein diacetate, acetyl ester (CM-
H,DCFDA, Invitrogen) as described previously [33]. CM-H,DCFDA reacts with a variety
of cellular oxidants including nitric oxide, peroxynitrite, and hypochloride in addition to
H»0,. The final concentration of CM-H,DCFDA used was 4 .M and loading time was 30
min.

Chromatin immunoprecipitation (ChlP) assay

ChIP analyses were performed using the EZ ChlIP kit (Upstate Biotechnology, Temecula,
CA) according to the manufacture’s protocol. In brief, 3T3-L1 cells were treated with DMI
for 2 h, after which cells were cross-linked with 1% formaldehyde for 10 min at 37 °C. After
washing twice with ice-cold PBS containing protease inhibitors, scraping and centrifugation,
cell pellets were resuspended in SDS lysis buffer. After incubation for 5 min on ice, the cell
lysates were sonicated 6 times with each time being 10 s using the XL-2000 Ultrasonic
liquid Processor (Misonix Inc., Farmingdale, NY). Cell debris was removed by
centrifugation for 10 min at 12,000 rpm. The supernatant was diluted 10 times in ChIP
dilution buffer followed by preclearing with 60 | of protein G-agarose beads for 1 h at 4 °C
with rotation. A portion of the precleared lysate (25ul) was preserved for input, and the left
was immunoprecipitated using antibodies for non-specific 1gG and anti-Nrf2 (sc-13032,
Santa Cruz Inc.) overnight at 4 °C with rotation. Immune complexes were recovered by the
addition of 60 | of protein G-agarose beads for 1 h at 4 °C with rotation. Agarose beads
were pelleted by gentle centrifugation (1,000 rpm at 4 °C). The beads were sequentially
washed with low and high salt buffer, LiCl buffer, and finally twice with TE buffer. To
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reverse the cross-linking of DNA, 8 il of 5 M NaCl were added and incubated overnight at
65 °C. After treatment with proteinase K for 1 h at 45 °C, DNA was recovered using spin
columns. The DNA pellets were resuspended in 50 I of elution buffer. PCR amplification
was carried out for 40 cycles with 5 .l of sample DNA solution, and PCR products were
separated on 3% agarose gels in 1x TAE buffer. Two primers were used to amplify the
segment flanking the ARE site (-115 bp ~ -107 bp) on CebpB promoter with forward primer
5 -GTGGCCGGGCAATGA-3 and reverse primer 5'-GGCTCCGCTGCGTCCCGGTC-3’,
which generate a 155 bp product.

Statistical analyses

Results

All statistical analyses were performed using Graphpad Prism 4 (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 comparisons between two groups, a Student's t-test was performed. For comparisons
among groups, one-way or two-way ANOVA with Bonferroni post hoc testing was
performed.

Deficiency of Nrf2 impairs adipogenic differentiation in mouse preadipocytes

To determine the regulatory role of Nrf2 in adipogenesis, preadipocytes derived from white
adipose tissues (WAT) of Nrf2-knockout (Nrf2-/-) and wildtype (ANrf2+/+) mice were
isolated, cultured and differentiated /n vitro. As shown in Figure 2A, on the day 5 of
hormonal cocktail DMIRI-induced adipogenesis AirfZ-/- preadipocytes showed substantially
reduced levels of lipid accumulation, revealing lack of Nrf2 expression impairs adipogenic
differentiation in preadipocytes. Consistent with the reduction in lipid accumulation, Arf2-/-
preadipocytes exhibited significantly decreased expression of adipogenic genes, including
Pparyl, PparyZ, adiposin and adipocyte fatty acid-binding protein 4 (Fabp4) (Figure 2B).

Our previous study [26] indicated that knockdown of KeapZin 3T3-L1 cells results in
activation of Nrf2 and an enhanced DMIRI-induced adipogenesis. Although Keap1 is a well
known negative regulator for activation of Nrf2, it is still possible that the enhanced
adipogenesis caused by knockdown of Keap1 may be a result independent of Nrf2. To rule
out this possibility, we examined the effect of AVrf2- and Keap-double knockdown on
adipogenesis. As shown in Figure 3A-D, 3T3-L1 cells transduced with Arf2-shRNA showed
efficient silencing effect on Nrf2 expression under basal or iAs-challenged condition,
whereas KeapI-KD cells exhibited reduced Keapl expression and enhanced Nrf2 protein
level in comparison to Scramble cells. In contrast, the cells with Arf2- and KegpI-double
knockdown showed substantially reduced Nrf2 and Keapl expression. Of note, reduction of
Keapl expression in Nrf2-KD cells suggests a feedback regulatory loop between Nrf2 and
Keapl may exist. Consistent with our previous report [26], ORO staining demonstrated
reduced lipid accumulation in AVrf2-KD cells, whereas KeapI-KD cells showed increased
adipogenesis (Figure 3E). As expected, the enhanced DMIRI-induced adipogenesis of
Keap1-KD cells was totally blocked by knockdown of Nrf2 (Figure 3E), confirming that the
enhanced adipogenesis in Kegp1-KD cells resulted from the activation of Nrf2. It should be
noted that no spontaneous adipogenesis was observed in KeapI-KD cells. In addition,
PPARy ligand rosiglitazone alone cannot significantly increase the adipogenesis in Keapl-
KD cells (not shown), suggesting that the potentially enhanced expression of PPAR~y by
Keap1 knockdown, as reported previously [26], is not sufficient for adipogenic
differentiation.
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ARE—driven transcription during hormone-induced adipogenesis in 3T3-L1 cells

To determine the involvement of Nrf2 in adipogenesis, we measured the nuclear
accumulation of Nrf2 and its transcriptional activity in 3T3-L1 cells in response to challenge
of hormonal cocktails. In Scramble cells increase of Nrf2 in nuclear fractions occurred as
early as 1 h and peaked at 2-4 h post DMIRI treatment. In contrast, Arf2-KD cells exhibited
marginal Nrf2 accumulation during the process (Figure 4A-B). Of note, single, double or
multi-band Nrf2 is observed when using the Nrf2 antibody for this study. The resolution of
the number of Nrf2 bands appears to be dependent on protein separation condition, cell type
and treatment. While we have reported that Nrf2 exhibited multi bands in several human cell
lines, including HaCaT, HepG2, H69, G361 and primary cultured human umbilical vein
endothelial cells [34], in mouse protein samples used here we cannot exclude the possibility
that the antibody may detect some unknown proteins which exhibit similar MW on Tris-
Glycine gel as Nrf2 and are also activated by iAs and other prototypic Nrf2 activators.

To determine the transcriptional activity of Nrf2 during adipogenesis, the Cignal Lenti ARE
reporter, which is designed to monitor the activity of the antioxidant response signal
transduction pathway in cultured cells, was employed. As shown in Figure 4C, 3T3-L1
preadipocytes stably transduced with the ARE reporter showed a dose- and time-dependent
induction of luciferase activity upon Nrf2 activator tBHQ treatment, confirming that the
cells are responsive to activation of Nrf2. We next examined the ARE activity during DMI-
and DMIRI-induced adipogenic differentiation. After the cells were acutely challenged with
the hormonal cocktails, significant increases in ARE activity appeared after 2 hr and peaked
at 4 hr post treatment (Figure 4D), which is consistent with the result of Nrf2 nuclear
accumulation (Figure 4A-B). Interestingly, when the cells were differentiated further, a
slight reduction of ARE reporter activity on day 2 and 3 was followed by a late stage
induction of much larger magnitude (Figure 4E). Consistent with the notion that Nrf2 is a
key regulator for GSH synthesis, intracellular GSH levels in Scramble cells followed a
similar pattern as Nrf2-ARE activity, whereas knockdown of Ar72blocked the stimulatory
effect of adipogenic hormones on the induction of intracellular GSH (Figure 4F). This
finding provides additional support that activation of Nrf2 occurs in the early stage (< 12 hr)
of adipogenesis. Additionally, significant induction of Nrf2 target genes Ngol and Gclcwas
observed at 6 hr post DMIRI treatment (Figure 4G).

ROS are involved in adipogenic hormones-induced adipogenesis

Consistent with previous report [35] that ROS facilitate adipocyte differentiation, transient
treatment of 3T3-L1 cells with DMI or DMIRI resulted in a significant increased ROS
production, which was suppressed by antioxidant NAC (Figure 5A). In contrast to the
reduced expression of antioxidant enzyme GCLC (Figure 6B and C) and decreased GSH
levels (Figure 4F), Nrf2-KD cells exhibited diminished levels of intracellular ROS in
response to acute DMI treatment (Figure 5B), suggesting a compensatory mechanism may
exist in response to the deficiency of Nrf2. To further verify the involvement of ROS in
adipogenesis, the effects of antioxidant agents NAC and GSH-EE, inhibitor of NADPH
oxidase (NOX) DPI, uncoupler of mitochondrial oxidative phosphorylation FCCP and
sulfhydryl depletor DEM on adipogenic differentiation were investigated. As shown in
Figure 5C, NAC and GSH-EE dose-dependently attenuated DMI-induced adipogenesis in
3T3-L1 cells, confirming the inhibitory effect of antioxidants on adipogenesis [35-37]. The
suppression of DPI and FCCP on adipogenesis (Figure 5C) suggests NOX and mitochondria
may be the sources of intracellular ROS that are related to adipogenesis. Since DPI also
inhibits nitric oxide synthetase, the detailed mechanisms for the inhibitory effect of DPI on
adipogenesis need further clarification. In addition, sulfhydryl depletor DEM exhibited a
strong inhibitory effect on adipogenesis (Figure 5C), suggesting GSH is involved in
adipogenic process.
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Expression of C/EBPB is largely dependent on Nrf2 in 3T3-L1 cells under normal and
oxidative stressed conditions

To investigate the regulatory mechanism of Nrf2 in adipogenesis, the expression of major
adipogenic factors was determined in Arf2-KD and Scramble 3T3-L1 cells under various
Nrf2-activated conditions. As with Nrf2 downstream targets, such as NQO1, GCLC and
HOL1, the expression of C/EBPB and PPARYy, but not C/EBPa, C/EBPS, KLF5 and
KROX20, was highly dependent on Nrf2 (Figure 6). In Nrf2-KD cells, mRNA expression of
Cebpp, Pparyland PparyZ2under normal and tBHQ- or iAs-challenged conditions was
significantly lower than those in Scramble cells (Figure 6A). Acute exposure to Nrf2
activators, including sulforaphane (SFN), tBHQ and iAs, led to increased Nrf2 accumulation
and induction of GCLC, HO1 and C/EBP protein in Scramble cells. In contrast, no
enhanced Nrf2 expression and much less induction of C/EBP was detected in Nrf2-KD
cells (Figure 6B). Consistent with this finding, stable knockdown of KeapI resulted in a
significant induction of C/EBPf, NQO1, GCLC and PPARYy1 (Figure 6C). These results
suggest that Nrf2 is a key regulator of Cebpg expression. Of note, the protein expression of
PPAR+y2 (57 KDa) is too low to measure by immunoblotting in 3T3-L1 preadipocytes.

Knockdown of Nrf2 in 3T3-L1 cells results in reduced C/EBP induction during
adipogenesis

Upon initiation of differentiation by DMI or DMIRI in Scramble cells, a significant increase
in Nrf2 accumulation occurred in 30 min (Figure 7A), and was followed by an immediate
induction of C/EBP (Figure 7A-C). In Nrf2-KD cells, DMI- or DMIRI-induced C/EBP
expression was significantly lower than those in Scramble cells at each time point (Figure
7A-C), suggesting Nrf2 is critical in regulating the expression of C/EBP in the early stage
of adipogenesis. Only until 3 days post hormonal challenge was significant induction of
Ppary in Scramble cells observed (Figure 7C).

Nrf2 regulates transcription from the Cebpf gene promoter

To investigate whether Nrf2 is involved in the transcriptional regulation of Cebpg, we
searched for Nrf2-binding motif in the promoter region of Cebpp and identified a consensus
ARE site between -115 bp and -107 bp (Online Materials Figure S1). To determine the
activity of the ARE site identified, a series of 5”-truncated CebpB promoter-driven luciferase
reporters were generated and the reporter activities were analyzed in 3T3-L1 cells under
basal and DMI-treated conditions. As shown in Figure 8A, deletions between -1036 bp and
-116 bp, which do not disturb the identified ARE site (Online Materials Figure. S1), showed
no inhibitory effect on reporter activity. The GC base pairs of the ARE, which contact small
maf proteins, are critical for induction of genes in response to oxidative stimuli [38, 39], and
are what distinguish the ARE from AP-1 or CRE binding sites (Online Materials Figure S1).
When the “GC” box in the ARE is replaced with “AA” the activity of -116 bp reporter
showed ~97% reduction (Figure 8A), indicating the ARE site (-115~-107 bp) in the Cebpg
promoter is crucial for its transcriptional activity. To further demonstrate that Nrf2 may bind
the ARE and upregulate Cebpp expression, the effect of NAC, which inhibits intracellular
ROS accumulation and Nrf2 activation [33, 40], on the activity of -116 bp CebpB-promoter
induced by DMI was investigated. As shown in Figure 8B, a substantial inhibitory effect of
NAC on DMI-induced activation of CebpB-promoter was observed. In addition, a ChIP
assay using primers surrounding the ARE site revealed that Nrf2 binds to the region in
response to adipogenic stimulation (Figure 8C).

To further ascertain the regulatory mechanism of Nrf2 in Cebpg transcription, the
expression of several Nrf2 binding partners and purported Cebpg regulatory protein, CREB
[16], was determined in 3T3-L1 cell models. As shown in Figure 9, no significant difference
in expression of MafG/F/K, c-Jun and c-Fos was observed between Nrf2-KD and Scramble
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cells in 8 h post hormonal challenge, though a dramatic induction of c-Fos occurred at 1-2 h
in response to DMI treatment in both Arf2-KD and Scramble cells. Consistent with previous
work [16], DMI or DMIRI treatment in Scramble cells led to a substantial increase in
phosphorylated CREB (p-CREB) levels. Interestingly, the levels of p-CREB and total CREB
in response to acute DMI or DMIRI challenge were much lower in Nrf2-KD cells than that
in Scramble cells, suggesting Nrf2 may be involved in regulating CREB activation during
adipogenesis. In addition, there was no significant difference in phosphorylation of AKT at
S473 (p-AKT) and total AKT between Scramble and Arf2-KD cells in the process, although
DMI induced a dramatic increase in AKT phosphorylation in the cells.

Discussion

The current model for adipogenesis begins with increased expression of C/EBPB
presumably through transcriptional activation by CREB, KLF4 and KROX20 [16-18, 41].
C/EBP then induces expression of PPARy and C/EBPa., which leads to the expression of
factors associated with a mature adipocyte phenotype. Therefore, identifying the factors that
regulate C/EBPP expression as well as other factors that cooperate with other C/EBPs
should provide additional insight into the mechanisms regulating adipogenesis. Apart from
CREB, KLF4 and KROX20, relatively few transcription factors have been described to bind
to the Cebpp promoter and positively regulate its transcription during adipogenesis. In the
present investigation, we identified and characterized the regulatory role of Nrf2 in the
induction of Cebpp early in the adipocyte differentiation program. We found that the
expression of Cebpp at the early stage of adipogenesis is highly dependent on Nrf2, which
possibly binds to an ARE site in the CebpgB promoter and increases its transcription. The
data presented here provide additional insight into adipogenesis in which Nrf2 may be one
of the earliest transcription factors involved in adipogenic differentiation.

Adipogenic differentiation of preadipocytes is commonly enhanced by treating
postconfluent cells with a differentiation cocktail DMI, a combination of dexamethasone,
IBMX, insulin and FBS [42, 43]. Addition of thiazolidinedione drugs, such as rosiglitazone
and indomethacin, to the DMI cocktail promotes and accelerates adipogenesis. The use of
insulin is classically viewed as a promoter of adipogenesis as it increases expression of
CREB and PPARYy [2, 3, 44]. Dexamethasone is a potent enhancer of adipogenic
differentiation by binding to glucocorticoid receptor (GR) and upregulating C/EBPS [45].
IBMX and indomethacin increase cCAMP, promote CREB phosphorylation, induce KLF4
and thus upregulate expression of C/EBPp [16, 18, 46]. Serum stimulates expression of
KROX20, a zinc finger-containing transcription factor, and promotes C/EBP expression
[17]. In addition, FBS contains fatty acids, insulin, insulin-like growth factor (IGF) and
other cytokines, all of which are involved in regulation of adipocyte differentiation.
Interestingly, dexamethasone has been shown to induce Nrf2 downstream genes, including
CAT, glutathione peroxidase and superoxide dismutase [47], suggesting dexamethasone is
one of the key components to activate Nrf2 during adipogenesis. Insulin/IGF1 are active
stimulators of NADPH-dependent ROS generation [48, 49], and can directly regulate
SKN-1, a worm homolog of Nrf2 [50]. In addition, insulin has been shown to induce HO1
through PI3K/AKT pathway and Nrf2 [51]. Indomethacin has been revealed to activate
NOX, which enhances intracellular ROS production and thus triggers activation of Nrf2 [40,
52]. Furthermore, significant inductions of H-ferritin [53] and metallothionein-11 [36], both
of which are Nrf2 target genes [54, 55], have been observed during differentiation of 3T3-
L1 cells. These studies together with our previous [26] and current findings clearly
demonstrate that adipogenic hormones, individually or in combination, may activate Nrf2-
ARE pathway during adipogenesis.
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Obesity has been recognized as a state of chronic oxidative stress and inflammation [56-59].
However, the literature remains controversial regarding the effect of ROS and antioxidants
on adipogenesis. There is increasing evidence for ROS, a primary trigger of activation of
Nrf2 [60], to promote the conversion from preadipocytes to mature adipocytes [35]. It has
been reported that ROS are involved in insulin action [61, 62] and facilitate adipocyte
maturation by enhancing the activation of C/EBP [35]. In contrast, N-acetylcysteine and a-
lipoic acid, potent antioxidants and inhibitors of activation of Nrf2 [32, 33], suppress
adipogenesis [35-37]. Our current studies also demonstrated that ROS may serve as an
important mediator for adipogenic hormonal cocktails-induced Nrf2 activation, Cebpg
induction and adipogenesis. Although the exact sources for adipogenic hormones-triggered
ROS production and the mechanisms for Nrf2 activation in response to DMI or DMIRI still
need further investigation, the present study suggests that NOX- and mitochondria-derived
ROS may be critical for adipogenesis. Considering the oxidative stress occurred in T2D and
obesity is of a low-level chronic type, whether Nrf2-mediated cellular adaptive antioxidant
response is involved in adipogenesis and lipogenesis, as well as the effect of chronic
oxidative stress on Nrf2-mediated expression of CebpBand Ppary still requires intensive
investigations.

Nrf2 is known to heterodimerize with small Maf proteins and bind to AREs in the promoters
of target genes [25]. In addition, Nrf2 may interact, structurally or functionally, with other
bZIP proteins, such as AP-1 family, and regulate ARE-driven gene expression [25]. In the
current study, we found that adipogenic hormones increase Nrf2 protein level, but cannot
affect the expression of MafG/F/K. Interestingly, the expression of c-Fos and c-Jun, in
particular c-Fos, is transiently upregulated in response to DMIRI challenge, although
deficiency of Nrf2does not affect their expression. Importantly, the induction of c-Fos and
c-Jun by DMIRI is coincident with the ARE activation occurring in the early stage of
adipogenesis. This finding suggests that these two transcription factors may interact with
Nrf2 to regulate Cebpp expression. This new aspect of adipogenesis still needs further study.

In 2004, Zhang et al. [16] identified dual cAMP response element (CRE)-like elements
(termed TGA sites) within the promoter of the Cebpg to which CREB family members, i.e.
CREB and activating transcription factor 1 (ATF1), may bind and activate transcription.
However, individual depletion of CREB or ATF1, cAMP responsive element modulator, c-
Jun or ATF2 cannot diminish hormone-induced Cebpg expression, but combined
knockdown of those factors resulted in loss of Cebpp expression [41], suggesting multiple
transcription factors may be involved in CebpB expression. In the current study, we
identified a consensus ARE site in the region of CebpB promoter with transcriptional
activity and provided evidence that Nrf2 may bind with the ARE and upregulate Cebpg
expression in response to oxidative stress and hormonal stimulation. The evidence that the
ARE site we identified in the CebpgB promoter (Online Materials Figure S1) overlaps with
the TGA2 site discovered before [16] suggests a potential interaction between Nrf2 and
CREB or ATF1 in the regulation of Cebpg expression. To test this hypothesis we attempted
to investigate the association between Nrf2 and CREB or ATF1 using immunoprecipitation.
However, no clear CREB and Nrf2 binding was detectable in 12 hrs post DMI treatment
(not shown), possibly due to the low expression of Nrf2 in the cells. In contrast, when we
enriched the expression of Nrf2, CREB, p-CREB or p-ATF1 using arsenite or forskolin
treatment, an interaction between these two proteins was identified (not shown). The
substantial reduction of CREB and p-CREB in Arf2-KD cells in the early stage of
adipogenesis (Figure 9) suggests another possibility that Nrf2 regulates Cebpg expression
through CREB/p-CREB. However, whether Crebis a direct downstream target of Nrf2 and
how the expression of Crebis regulated in the early stage of adipogenesis still need further
clarification.
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Nrf2 and C/EBPs belong to bZIP family. Although direct interactions between Nrf2 and C/
EBPs are still under investigation, NRF1, another member of CNC-bZIP transcription
factors, has been reported to interact with C/EBPp to regulate odontoblast differentiation
[63]. In hepatocytes, the expression of phase 11 detoxification enzymes, such as GSTAZ2, is
transcriptionally activated partly through activation of both Nrf2 and C/EBP via their
binding to the respective response elements in the promoter regions of the target genes [64,
65]. In addition, several nuclear factors, including CREB, ATF and silencing mediator for
retinoid and thyroid hormone receptors, have been shown to regulate and/or interact with C/
EBPp or & [16, 41, 66, 67]. Importantly, these nuclear factors are also implicated in Nrf2-
mediated antioxidant response [68-73], suggesting that there may be a regulatory
relationship between Nrf2 and C/EBPp and/or 6 through these factors. In our previous study
[26], we have proposed that Nrf2 is a key transcription factor in regulating PPAR~y
expression during adipogenesis. Although the delayed induction of PPAR-y in adipogenesis
implies that Nrf2 may not directly regulate its transcription in the early stage of
adipogenesis, the late stage induction of ARE-reporter activity in response to hormonal
challenge (Figure 4E) suggests that Nrf2 may coordinate with other adipogeneic factors and
regulate the late stage induction of PPARYy.

Understanding the regulatory mechanisms of adipogenesis is the basis for research on
metabolic diseases and the respective pharmaceutical intervention. Based upon our findings
that disruption of the Nrf2 gene leads to impaired adipogenesis, it raises a question as to
whether inhibiting expression or activity of Nrf2 is an appropriate therapeutic approach for
obesity to reduce body weight. Considering the unexpected discovery that the antidiabetic
thiazolidinediones are ligands for PPARy, downregulation of C/EBPf and PPARY in
preadipocytes and adipocytes by inhibition of Nrf2 may result in impaired adipose function
and induce glucose intolerance. On the other hand, suppression of Nrf2 in cardiovascular
tissues may reduce fat accumulation in the tissues and prevent the deleterious cardiovascular
effects of thiazolidinedione therapies. Given the paradoxical roles for Nrf2 in obesity and
diabetes that now exist, a better understanding of the role of Nrf2 in the function of
adipocyte and pathogenesis of obesity and diabetes is needed.
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Figure 1.

Adipogenic differentiation protocols for mouse primary preadipocytes and 3T3-L1 cells.
Cells were differentiated 1 day after confluence (designated as day 0) by replacing growth
medium with differentiation medium as indicated (Black arrows). CS, DMEM with 10%
calf serum; DMI: 1 uM dexamethasone, 0.5 mM IBMX and 5 pg/ml insulin in DMEM with
10% FBS; Insulin medium, 1 pg/ml insulin in DMEM with 10% FBS; DMIRI: DMI + 1
KM rosiglitazone and 125 M indomethacin in DMEM with 10% FBS; FBS medium,
DMEM with 10% FBS.
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Figure 2.
Ablation of Nirf2 gene results in reduced adipogenesis in mouse WAT-derived

preadipocytes. Preadipocytes isolated from WAT of Nrf2-/- and Nrf2+/+ mice were cultured
to confluency and differentiated for 5 days using DMIRI protocol. Cells were then stained
with ORO staining to visualize lipid accumulation (A) or used to measure the expression of
adipogenic genes (B). n = 3; *p < 0.05 vs Nrf2+/+,

Free Radic Biol Med. Author manuscript; available in PMC 2013 January 15.




1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Hou et al.

Page 18
A B
‘6‘150 _ 80
i @
< o < B
g §100- Z E 100-
E 8 E G « &
€5 50 39 501 x
& x - < 8
S - Q-
¥ O O ¥ ¢ O L L
& t\"‘*— Q\* e ® o
= o = & od)
C D
Vehicle iAs (10 uM, 6h) ” a S
s 9L ©QF 2 2 ¥ ¢
ggi ¢ 20 g 3 z ?é 8 g
o o Q o - MW
5§88 35883 MW & = X B (Kpa)
0w X 0w X o (KDa)
N B S E @SS 000 Keapi ~SB S S . -70
B-ACTIN=- SN 12  [ACTIN -~ m———
E

s

Scramble Nrf2-KD Keap1-KD Double-KD

Figure3.

Effect of knockdown of Nrf2and/or Keapl on adipogenesis in 3T3-L1 preadipocytes.
MRNA expression of Nrf2 (A) and Keap1 (B) in 3T3-L1 cells transduced with ShRNA
lentivirus targeted against mouse Nrf2and/or Keapl. Nrf2-KD, NrfZ-knockdown; Keapl-
KD, KeapI- knockdown; Double-KD, KeapI- and Nrf2-double knockdown. n=3; *p<
0.05 vs Scramble. (C) Protein expression of Nrf2 in 3T3-L1 cells under basal and iAs-
treated conditions. (D) Protein expression of Keapl in 3T3-L1 cells with Nrf2-KD, Keap1-
KD or Double-KD. (E) Knockdown of NrfZblocks the enhanced adipogenesis caused by
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deficiency of Keaplin 3T3-L1 cells. Cells were differentiated for 7 days by DMIRI
protocol.
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Activation of Nrf2 occurs during adipogenesis in 3T3-L1 cells. (A) Nrf2 protein levels in
nuclear fractions. Cells were treated with DMIRI for indicated time. S, Scramble; N, Nrf2-
knockdown; Veh, Vehicle (medium). (B) Quantification of Nrf2 level in (A). *, p< 0.05 vs
respective cells with Vehicle. (C) ARE-luciferase reporter stably expressed in 3T3-L1 cells
is responsive to tBHQ challenge. *, p< 0.05 vs Vehicle. (D) and (E) ARE-luciferase activity
during adipogenesis induced by DMI or DMIRI protocol; *, p< 0.05 vs Vehicle. (F)
Intracellular GSH levels in Nirf2-KD and Scramble cells during adipogenesis induced by

RI. *, p<0.05 vs respective cells with Vehicle. (G) DMIRI-induced expression of
Nrf2-target genes. The cells were treated with DMIRI for 6 h. n = 3-4; * p< 0.05 vs
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Figure5.

ROS are involved in hormonal cocktail-induced adipogenesis in 3T3-L1 preadipocytes. (A)
Adipogenic hormonal cocktails stimulate ROS production. Cells were treated with DMI and
DMIRI with or without NAC for 2 hrs followed by intracellular peroxide measurement
using CM-H,DCFDA. * p< 0.05 vs Vehicle; # p< 0.05 vs DMI; & p< 0.05 vs DMIRI. (B)
Nrf2-KD cells exhibit reduced ROS levels in response to adipogenic hormonal treatments. *
p<0.05 vs Scr with the same treatment. (C) Inhibitory effects of exogenous antioxidants,
DPI, FCCP and DEM on adipogenesis in 3T3-L1 cells. Cells were differentiated 1 day after
confluence by DMI protocol. Lipid vesicles were stained by ORO on Day 8. NAC, GSH-
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EE, DPI, FCCP and DEM were added by indicated concentrations during Day 1 and 2 of
differentiation.
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Figure6.

Expression of C/EBP is dependent on Nrf2 in 3T3-L1 cells. (A) Knockdown of Nrf2
suppresses expression of Cebpp under basal and oxidative stressed conditions. Confluent
cells were treated with iAs (10 uM) or tBHQ (25 M) for 6 h. Scr, Scramble; Nrf2-KD,
Nrf2-knockdown; n = 3; *p < 0.05 vs Scr with the same treatment. (B) Knockdown of Arf2
suppresses protein expression of C/EBP under basal and oxidative stressed conditions.
Upper panel: Confluent cells were treated with SFN (10 M), tBHQ (25 M) or iAs (10
prM) for 6 h. LAP, liver-enriched activating protein. Lower panel: quantification of C/EBPB
(LAP). n = 3-4; *p < 0.05 vs Scr with the same treatment; #p < 0.05 vs Scr with Vehicle
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(medium). (C) Knockdown of KeapZ activates Nrf2 and increases C/EBP expression.
Keap1-KD, Keapl-knockdown; LIP, liver-enriched inhibitory protein. Upper panel:
representative images of immunoblots; Lower panel: quantification of C/EBPB (LAP). n =
3-4; *p <0.05 vs Scr with the same treatment.
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Figure7.

Knockdown of Arf2 suppresses C/EBPP induction in 3T3-L1 cells. (A) Protein expression
of Nrf2, C/EBP, C/EBP6 and PPARYy in the early stage of adipogenesis induced by DMI
(upper panel) or DMIRI (lower panel). S, Scramble; N, Arf2- knockdown. (B) Transcription
of C/EBP in the early stage of adipogenesis induced by DMI (upper panel) or DMIRI
(lower panel). Scr, Scramble; Nrf2-KD, Nrf2- knockdown. n = 3; *, p< 0.05 vs Scr with the
same treatment. (C) Expression of CebpBand Ppary during adipogenesis induced by
DMIRL. n = 3; *, p< 0.05 vs Scr with the same treatment.
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Figure8.

An ARE site on Cebpg promoter is critical for its expression during adipogenesis. (A)
Cebpp promoter-reporter assay indicates an ARE site (-114~-105 bp) in the Cebpg promoter
is critical for its expression. Left: Structures of CebpB promoter-luciferase reporters; Right:
Activity of luciferase reporters. 3T3-L1 cells were transfected with the CebpB promoter-
luciferase constructs when the cells reach 60-70% confluence. After 2 days confluent cells
were treated with DMI for 10 h. -m116 bp, the “GC” in the ARE site were replaced with
“AA”. n=3-6; *p<0.05vs -116 bp Control; #p < 0.05 vs -116 bp DMI 10 h. (B) Inhibitory
effect of NAC on the CebpB promoter activity induced by DMI. Cells expressed -116 bp

Free Radic Biol Med. Author manuscript; available in PMC 2013 January 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hou et al.

Page 27

Cebpp promoter-luciferase reporter were treated with DMI with or without 5 mM NAC for
10 hrs. * p< 0.05 vs Vehicle; & p=0.08 vs DMI alone. (C) ChIP assay indicates a physical
association between Nrf2 and the CebpB promoter region with the ARE site. DMI, the cells
were treated with DMI for 2 h. ChIP assays were performed on 3T3-L1 chromatin using
either Nrf2 antibody or pre-immune antisera as negative control. Non-immunoprecipitated
chromatin (1%) was used as an input control. The lower panel is the quantification of the
image. n = 3; *p < 0.05 vs negative control (IgG); #p < 0.05 vs Anti-Nrf2 without DMI.
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Figure9.

Expression of Nrf2-related transcription factors in the early stage of adipogenesis in 3T3-L1
cells induced by DMI (upper panel) or DMIRI (lower panel). Veh, vehicle (medium); S,
Scramble; N, Nr72- knockdown.
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