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a b s t r a c t

ATF3 is a stress-adaptive gene that regulates proliferation or apoptosis under stress conditions. However,
the role of ATF3 is unknown in adipocyte cells. Therefore, in this study, we investigated the functional
role of ATF3 in adipocytes. Both lentivirus-mediated overexpression of ATF3 and stably-overexpressed
ATF3 inhibited adipocyte differentiation in 3T3-L1 cells, as revealed by decreased lipid staining with
oil red staining and reduction in adipogenic genes. Thapsigargin treatment and overexpression of ATF3
decreased C/EBPa transcript and repressed the activity of the 3.6-kb mouse C/EBPa promoter, demon-
strating that ATF3 downregulates C/EBPa expression. Transfection studies using mutant constructs con-
taining 50-deletions in the C/EBPa promoter revealed that a putative ATF/CRE element, GGATGTCA, is
located between �1921 and �1914. Electrophoretic mobility shift assay and chromatin immunoprecip-
itation assay demonstrated that ATF3 directly binds to mouse C/EBPa promoter spanning from �1928 to
�1907. Both chemical hypoxia-mimetics or physical hypoxia led to reduce the C/EBPa mRNA and repress
the promoter activity of the C/EBPa gene, whereas increase ATF3 mRNA, suggesting that ATF3 may con-
tribute to the inhibition of adipocyte differentiation in hypoxia through downregulation of C/EBPa
expression. Collectively, these results demonstrate that ATF3 represses the C/EBPa gene, resulting in inhi-
bition of adipocyte differentiation, and thus plays a role in hypoxia-mediated inhibition of adipocyte
differentiation.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction cascade of transcription factors and cell-cycle proteins that regu-
Adipose tissue plays a major role in regulating metabolism by
storing excess energy and mobilizing the stored lipid for energy
supply. Furthermore, adipose also functions as an endocrine organ,
secreting various adipokines and cytokines, such as leptin and
adiponectin, to influence metabolism. Dysfunctional secretion of
adipokines, together with dysregulated disposal of glucose and lip-
ids, is a pivotal pathogenetic factor in the development of several
metabolic disorders [1]. Significant changes in adipose mass or per-
turbation in adipocyte signaling can disrupt the overall metabolic
homeostasis [2]. Adipocyte differentiation therefore has many
implications for human diseases including obesity and its metabolic
complications. A thorough understanding of the differentiation pro-
cess is thus necessary for planning therapies against these diseases.

Adipocytes are thought to specifically arise from mesenchymal
cells that undergo the commitment and differentiation process of
adipogenesis [3]. Adipogenesis is a multi-step process involving a
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late gene expression and lead to adipocyte development. Several
coactivators and negative regulators of this network have been elu-
cidated in recent years [4,5]. Two transcription factor families have
emerged as the key determinants of terminal adipocyte differenti-
ation: CCAAT/enhancer-binding proteins C/EBPa, C/EBPb and C/
EBPd, and peroxisome proliferator-activated receptor c (PPARc).
As cells undergo the differentiation process in response to adipo-
genic signals, the initial event is the rapid induction of C/EBPb
and C/EBPd expression. C/EBPb and C/EBPd proteins stimulate
CDK inhibitor p21 expression, which leads to inhibition of CDK-
mediated Rb phosphorylation. The induction of C/EBPb and C/EBPd
is immediately followed by increases in PPARc and C/EBPa. Once
expressed, C/EBPa maintains expression of both PPARc and C/EBPa
genes via transactivation mediated by their respective C/EBP regu-
latory elements. Both PPARc and C/EBPa play a critical role in the
expression of most adipocyte-specific genes.

In addition to these two transcription factor families, several sig-
naling pathways are reported to be involved in adipogenesis. The
Wnt/b-catenin pathway negatively regulates adipocyte differentia-
tion [6]. Members of the Kruppel-like factor (KLF) family are also
implicated in adipogenesis and can either positively or negatively
modulate adipocyte differentiation depending on the specific
protein involved [7]. For instance, KLF4 transactivates CEBPb
promoter, initiating the adipogenic program [8]. KLF6 represses
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DLK1, which is a well-established inhibitor of adipogenesis, and
therefore promotes adipose conversion [9]. In contrast, KLF2 can
repress PPAR2 promoter activity, inhibiting adipogenesis in 3T3L1
cells [10].

Activating transcription factor 3 (ATF3) is a stress-inducible
gene that encodes a member of the ATF/CREB family of transcrip-
tion factors [11]. ATF3 is induced by signals such as proinflamma-
tory cytokines, nitric oxide, and high concentrations of glucose,
palmitate and ER stress. ATF3 regulates proliferation or apoptosis
under stress conditions by down or upregulation of related genes
[12]. We previously reported that ATF3 is increased in abdominal
subcutaneous adipose tissue of obese mice, and negatively regu-
lates adiponectin gene expression [13]. Furthermore, we demon-
strated that ATF3 represses the expression of adiponectin
receptors in adipocyte cells [14,15]. In a preliminary study, we con-
ducted a genome-wide screen of ATF3-target genes in differenti-
ated 3T3-L1 cells by chromatin immunoprecipitation-on-chip
(ChIP-on-chip) to characterize the role of ATF3 in adipocyte cells.
Analysis of functional annotation of the ATF3-target genes revealed
enrichment in adipocyte differentiation genes, suggesting that
ATF3 could regulate adipocyte differentiation.

Therefore, in this study, we investigated a potential role for
ATF3 in regulating the differentiation of adipocytes and the mech-
anism involved in this event. Our data indicated that stress-in-
duced ATF3 acts as a crucial inhibitor of adipocyte differentiation.

2. Materials and methods

2.1. Cell culture, differentiation, and treatments

Preadipocyte 3T3-L1 cells (American Type Culture Collection,
Manassas, VA) were maintained in Dulbecco’s modified Eagle’s
medium (DMEM; Invitrogen, Carlsbad, CA) containing 10% fetal
calf serum (FCS, Invitrogen). Preadipocyte 3T3-L1 cells were differ-
entiated into adipocytes in DMEM supplemented with 10% fetal
bovine serum (FBS, Invitrogen) with differentiation medium con-
taining 1 lM dexamethasone, 0.5 mM isobutylmethylxanthine,
and 5 lg/ml insulin (Sigma–Aldrich Co., St. Louis, MO) for 2 d, fol-
lowed by insulin for a total of 8 d. To investigate the effect of ATF3
on C/EBPa expression, fully differentiated 3T3-L1 cells were incu-
bated with thapsigargin (0.5, 1.0 lM). To create a hypoxic experi-
ment, fully differentiated 3T3-L1 cells were treated with CoCl2

(50, 100 lM) (Sigma) for 24 h or placed in 2% O2, 5% CO2, 93% N2

hypoxic chamber (Forma Scientific, Marietta, OH) for 1 or 2 d.

2.2. Construction of recombinant lentivirus containing ATF cDNA and
infection

Recombinant lentivirus containing ATF3 cDNA was constructed
previously [14]. To examine the effect of ATF3 on adipogenic differ-
entiation, confluent preadipocyte 3T3-L1 cells (1 � 106 cells) were
infected with recombinant lentivirus ATF3 (Lenti-ATF3) or control
lentivirus (Lenti-GFP) at a multiplicity of infection 5. Two days la-
ter, the cells were differentiated as described previously. At d 8
after differentiation, the cells were fixed and stained with Oil red
O. RNA transcripts for adipocyte differentiation genes, PPARc, C/
EBPa, and aP2, were measured by RT-PCR.

2.3. Oil red O staining

Cells were washed three times with PBS and then fixed for
2 min with 3.7% formaldehyde. Oil red O (0.5% in isopropanol, Sig-
ma) was diluted with water (3:2), filtered through a 0.45-lm filter,
and incubated with the fixed cells for 1 h at room temperature.
Cells were washed with water, and the stained fat droplets in the
cells were visualized by light microscopy and photographed.
2.4. Reverse transcription (RT)-PCR

Total RNA was extracted using Trizol reagent (Invitrogen). The
mRNA in the samples was reverse-transcribed using a Superscript
II™ First Strand Kit (Invitrogen). The resulting cDNA was amplified
by PCR using the following primer pairs: mouse PPARc F (50-TTTTC
AAGG GTGCCAGTTTC-30) and R (50-AATCCTTGGCCCTCTGAGAT-30),
C/EBPa F (50-TTTGAGTCTGTGTCCTCACC-30) and R (50-CACAACTCAG
CTTTCTGGTC-30), aP2 F (50-CCTCGAAGGTTTACAAAATGTGTGA-30)
and R (50-AAACTCTTGTGGAAGTCACGCCTT T-30), and ATF3 F (50-A
GTGAGTGCTTCTGCCATCG-30) and R (50-GCAGAGGTGCTTGTTCTG
GA-30). The housekeeping b-actin gene was amplified using the
sense primer 50-TAAAGACCTCTATGCCAACACAGT-30 and the anti-
sense primer 50-CACGATGGAGGGGCCGGACTCATC-30.

2.5. Promoter constructs

The region of the mouse C/EBPa promoter corresponding to
nucleotides �3595 to +100 was amplified by PCR from mouse
genomic DNA and inserted into the KpnI/XhoI sites in pGL3 basic
(Promega, Madison, WI) using the sense primer 50-GGTACCTCACT
TCTGGAGGGTTTGGTAGG-30 and antisense primer 50-CTCGAGAGTT
AGAGTTCTCCCGGCATGG-30. Deletions in the 50-flanking regions of
the promoter were constructed by PCR using pairwise combina-
tions of the sense primers 50-GGTACCGCGGTGTCTGGCAACTG
AGTC-30 [for P(�3122)/Luc], 50-GGTACCCCATTTCATGGGTGATGGTT
TAC-30 [for P(�2232)/Luc], 50-GGTACCAGCTTCCTTCAACCCCAAGT
CC-30 [for P(�1962)/Luc], 50-GGTACCTTAGTGCCCCCATGAATGA
CAG-30 [P(�1081)] and the antisense primer 50-CTCGAGAGTTAGA
GTTCTCCCGGCATGG-30. Site-directed mutagenesis of the C/EBPa
promoter [P(�1962)/Luc] was carried out using the Quikchange
site-directed mutagenesis kit (Stratagene, La Jolla, CA) according
to the manufacturer’s instructions. The PCR was performed using
25 ng of P(�1962)/Luc as a template with primer 50-GCATAAGCGA
CGATGGCAGCCTCCTGCTA-30. After digestion with DpnI, the
resulting plasmids containing the mutated P(�1962)/Luc were
transformed into Escherichia coli XL10-Gold ultracompetent cells
(Stratagene). The transformed cells were plated on LB ampicillin
(100 lg/ml) agar plates and incubated at 37 �C overnight. The
mutated P(�1962)/Luc was confirmed by sequencing analyses.

2.6. Transient transfection and luciferase assay

HepG2 cells grown in six-well plates were transiently transfected
with mouse C/EBPa promoters and ATF3 expression plasmid using
Lipofectamine reagent (Invitrogen) according to the manufacturer’s
instructions. After transfection for 24 h, the cells were lysed in re-
porter lysis buffer (Promega) and the luciferase activity was mea-
sured using a Luciferase Assay System (Promega). To normalize
the transfection efficiency, pCMV-b gal was included in each trans-
fection as an internal control plasmid and the luciferase activity
was normalized against the b-galactosidase activity. To see the effect
of hypoxia on promoter activity of C/EBPa promoter, HepG2 cells
were transfected with P(�3595)/Luc reporter and then incubated
with CoCl2 (50, 100 lM) or placed in 2% O2 hypoxic chamber for 1 d.

2.7. Electrophoretic mobility shift assay (EMSA)

3T3-L1 cells were treated with thapsigargin for 24 h. Nuclear
extract from the cells was prepared using Nuclear and cytoplasmic
extraction reagent (Pierce, Rockford, IL) according to the manufac-
turer’s instructions. A DNA probe for C/EBPa was generated by
annealing biotin-labeled sense oligonucleotide (50-TAAGCGAG-
GATGTCAGCCTCCT-30) and cold antisense oligonucleotide. For
competition of probe binding, unlabeled oligonucleotides were
added in 100-fold molecular excess relative to the respective
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probe. DNA–protein binding reactions were carried out as previ-
ously described [14].

2.8. Chromatin immunoprecipitation (ChIP)

Chromatin immunoprecipitation was conducted using a ChIP
assay kit (Upstate Biotechnology, Lake Placid, NY) according to
the manufacturer’s protocol, modified as previously described
[14]. 3T3-L1 cells were incubated in the presence of thapsigargin
for 24 h or left unstimulated. Immunoprecipitated DNA was
amplified by PCR using primers specific for the C/EBPa promoter,
sense primer: 50-TGATGACTGTAGTGTGTTCCAGC-30 (�1981/
�1959), antisense primer: 50-TCTTTCTGCTGAGTTAAATATAATG-30

(�1826/�1802).

2.9. Statistical analysis

All experiments were performed at least three times. The re-
sults are expressed as the mean ± SE. Statistical analysis was per-
formed using Student’s t-test. The data were considered
statistically significant at ⁄P < 0.05.

3. Results

3.1. ATF3 inhibits adipocyte differentiation in 3T3-L1 cells

To determine whether ATF3 regulates adipocyte differentiation,
we investigated adipogenesis in lentivirus-mediated ATF3-over-
expressing 3T3-L1 cells. To this end, preadipocyte 3T3-L1 cells
were infected with lentivirus containing ATF3 cDNA (Lenti-ATF3)
or control virus (Lenti-GFP). Two days later, the cells were treated
with dexamethasone and insulin for 2 d to induce differentiation.
At 8 d after differentiation, we examined adipogenesis by oil red
staining. The lentivirus-mediated overexpression of ATF3 was con-
firmed in 3T3-L1 cells by RT-PCR (Fig. 1A). ATF3-overexpressing
cells exhibited less lipid accumulation by Oil red O staining and a
markedly lower number of fat cells by light microscopy compared
with control cells (Fig. 1A). We also examined PPARc, aP2 and C/
EBPa expression during differentiation using RT-PCR. As shown
in Fig. 1A, the induction of adipogenic genes including PPARc,
Fig. 1. ATF3 inhibits adipocyte differentiation in 3T3-L1 cells. (A) Preadipocyte 3T3-L1 ce
differentiation medium for 8 d. Oil red staining was used to measure adipogenesis. Exp
specific primers. (B) Preadipocyte 3T3-L1 cells stably transfected with ATF3 expressi
performed for measurement of adipogenesis. Expression of adipogenic genes was measu
aP2 and C/EBPa was greatly suppressed in ATF3-overexpressing
cells (Fig. 1A). We further verified the inhibitory effect of ATF3
on adipocyte differentiation in stable ATF3-overexpressing 3T3-
L1 cells. As shown in Fig. 1B, the oil red staining was dramatically
reduced in ATF3-overexpressing cells compared with control cells.
Consistent with reduced lipid droplets, the adipogenic genes
(PPARc, aP2 and C/EBPa) were also decreased in ATF3-over-
expressing 3T3-L1 cells (Fig. 1B). Together, these results demon-
strate that ATF3 inhibits adipocyte differentiation.

3.2. ATF3 downregulates transcription of C/EBPa in 3T3-L1 cells

For detailed analysis of the mechanism involved in ATF3-medi-
ated inhibition of adipocyte differentiation, we investigated the ef-
fect of ATF3 on the expression of C/EBPa, one of the adipocyte
differentiation master genes, in 3T3-L1 cells. To this end, we first
examined the effect of an ATF3-inducer, thapsigargin, on C/EBPa
expression in 3T3-L1 cells. As shown in Fig. 2A, treatment with
thapsigargin decreased C/EBPa expression, whereas it increased
ATF3 expression in the cells. To see the direct effect of ATF3 on C/
EBPa expression, we measured C/EBPa expression in ATF3-over-
expressing 3T3-L1 cells. To this end, we introduced a lentivirus vec-
tor carrying ATF3 into fully differentiated 3T3-L1 cells and analyzed
the expression of C/EBPa by RT-PCR. As shown in Fig. 2A, overex-
pression of ATF3 repressed the expression of C/EBPa. Moreover,
we examined the effect of ATF3 on the promoter activity of the C/
EBPa gene to see whether repression of C/EBPa occurred at the tran-
scriptional level. We isolated the 3.6-kb promoter of the mouse C/
EBPa gene and cloned it into pGL3, designated P(�3595)/Luc. Then,
the effect of ATF3 on its promoter activity was examined. Both
thapsigargin treatment and ATF3 overexpression inhibited the
promoter activity of C/EBPa in a dose dependent manner (Fig. 2B).
Taken together, these results indicate that ATF3 inhibits adipocyte
differentiation by downregulating C/EBPa expression.

3.3. ATF3 binds to the ATF/CRE site between �1921 and �1914 on the
promoter of C/EBPa

Searching for a putative ATF/CRE site within the 3.6-kb pro-
moter revealed several ATF/CRE elements in the 3.6-kb promoter
lls were infected with lentivirus containing ATF3 (Lenti-ATF3), and differentiated in
ression of adipogenic genes (PPARc, aP2, C/EBPa) was measured by RT-PCR using

on vector (pcDNA3-ATF3) were differentiated as described. Oil red staining was
red by RT-PCR using specific primers.



Fig. 2. ATF3 represses expression of C/EBPa. (A) Fully differentiated 3T3-L1 cells were incubated with 1.0 lM thapsigargin for 24 h and subjected to RT-PCR for C/EBPa
expression. Fully differentiated 3T3-L1 cells were infected with lentivirus carrying ATF3 at a multiplicity of infection 5 and then incubated for 48 h. Expression of C/EBPa was
measured by RT-PCR. (B) HepG2 cells were transfected with reporter containing mouse C/EBPa promoter P(�3567)/Luc and incubated with 0.5 or 1.0 lM thapsigargin for
24 h. HepG2 cells were transfected with P(�3567)/Luc reporter (0.2 lg) and ATF3-expressing vector (0.2, 0.4, 0.6 lg) for 24 h. Then, luciferase activities were measured and
presented relative to no thapsigargin treatment or control vector without ATF3. All values represent the mean ± SE from three independent experiments (⁄P < 0.05;
⁄⁄P < 0.001).
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region of C/EBPa. To assess which DNA binding site is critical for
repression of C/EBPa expression, we constructed several 50-deleted
promoters and measured the effects of ATF3 on their promoter
activities. As shown in Fig. 3A, deletions between �3122 and
�1962 in the promoter retained the ATF3-mediated repressive ef-
fect on promoter activity. However, deletions between �1962 and
�1081 bp in the promoter abolished the repressive effect by ATF3,
suggesting that the ATF3-responsive region is located in the region
between �1962 and �1081. Within this region, a candidate ATF/
CRE site (50-GGATGTCA-30) is present between �1921 and �1914
and could be involved in ATF3-mediated repression of C/EBPa
expression. To verify that this element was critical in ATF3-medi-
ated repression, we mutated the ATF3-responsive element (50-
GGATGTCA-30) to (50-CGATGGCA-30) within the context of the
P(�1962)/Luc. As shown in Fig. 3B, mutation of this element abol-
ished the inhibitory effect of ATF3, suggesting that this element is
critical for ATF3-mediated inhibition of C/EBPa promoter.

Next, to determine whether ATF3 was able to bind this element
directly, EMSA was performed with biotin-labeled oligonucleotide
probe (�1928/�1907) and nuclear extract from 3T3-L1 cells trea-
ted with thapsigargin. As shown in Fig. 3C, the probe produced a
binding complex. A 100-fold excess of cold homologous oligonu-
cleotide and ATF/CRE-consensus oligonucleotide competed for
the binding, but binding was not abolished by heterogeneous oli-
gonucleotide, suggesting that the binding complex is specific. An
antibody supershift experiment was also conducted with ATF3
antibody. Co-incubation of ATF3 antibody produced supershifted
bands (Fig. 3C). Furthermore, ChIP analysis was performed to iden-
tify binding of ATF3 to chromatin-associated C/EBPa promoter in
vivo. The fully differentiated 3T3-L1 cells were treated (or not)
with thapsigargin for 6 h and then with formaldehyde to cross-link
DNA–protein complexes. After sonication, chromatin fragments
were immunoprecipitated with ATF3 antibody, and the immuno-
precipitated fragmented DNA was subjected to PCR to amplify C/
EBPa promoter DNA (between �1981 and �1802) containing the
ATF3 responsive element. As illustrated in Fig. 3 C, ATF3 antibody
immunoprecipitated ATF3 binding element-containing promoter
fragments from 3T3-L1 cells. Treatment with thapsigargin in-
creased ATF3 binding. These results indicate a specific association
of ATF3 with the C/EBPa gene promoter. Taken together, these
findings indicate that ATF3 interacts with region from �1928 to
�1907 in the C/EBPa promoter.
3.4. ATF3 plays a role in hypoxia-induced inhibition of adipogenesis of
3T3-L1 cells

To date, hypoxia in relation to adipose tissue function has been
considered exclusively in terms of the effects of chronic, or contin-
uous, O2 deprivation [16]. Several studies have demonstrated that
hypoxia induced by low O2 tension or by incubation with CoCl2

inhibits the differentiation of adipocyte cells [17,18]. To assess
the role of ATF3 in hypoxia-mediated inhibition of adipogenesis
via repression of C/EBPa gene expression, we investigated the
expression of ATF3 and C/EBPa in 3T3-L1 cells treated with CoCl2

or placed in 2% O2 condition. First, we confirmed the hypoxia-med-
iated inhibition of adipocyte differentiation in 3T3-L1 cells. As
shown in Fig. 4A, both CoCl2 treatment and 2% O2 condition inhib-
ited adipogenesis as confirmed by oil red staining and decreased
the expression of adipocyte differentiation genes including PPARc
and C/EBPa. Then, we investigated the effect of hypoxia on the
expression of ATF3 and C/EBPa in fully differentiated 3T3-L1 cells.
Both CoCl2 treatment and 2% O2 incubation increased ATF3 mRNA,
whereas reduced C/EBPa mRNA (Fig. 4B). Furthermore, we exam-
ined the effect of hypoxia on the promoter activity of C/EBPa. CoCl2

treatment repressed activity of the 3.6-kb promoter in a dose-
dependent manner, and 2% O2 incubation also inhibited the pro-
moter activity (Fig. 4C). These results suggest that negative regula-
tion of C/EBPa by ATF3 may play a role in hypoxia-mediated
inhibition of adipogenesis.
4. Discussion

Identifying key factors that control adipocyte differentiation and
metabolism is vital to understanding adipose biology and pathology.
The transcriptional cascade controlling adipogenesis has been well
characterized [4,5]. Transcription factors that control adipocyte dif-
ferentiation act downstream of a complex signaling pathway that
integrates signals from the surroundings. ATF3 is a stress-inducible
transcription factor that regulates proliferation and apoptosis



Fig. 3. ATF3 binds to the ATF/CRE element between �1921 and �1914. (A) 50 serial deletions of mouse C/EBPa (0.2 lg) were transfected into HepG2 cells with ATF3
expression vector (0.2, 0.4, 0.6 lg), and then luciferase activities were measured. Luciferase activities are presented relative to the observable activity from control vector
without ATF3. All values represent the mean ± SE from three independent experiments (⁄P < 0.05; ⁄⁄P < 0.001, ⁄⁄⁄P < 0.0001). (B) The mutant reporter (0.2 lg) was transfected
into HepG2 cells with ATF3 expression vector (0.2, 0.4, 0.6 lg) and then luciferase activity was measured. Luciferase activities are presented relative to the observable activity
from mutant reporter without ATF3. All values represent the mean ± SE from three independent experiments (⁄⁄P < 0.001, ⁄⁄⁄P < 0.0001). (C) EMSA was performed on the ATF/
CRE site (�1928 and�1907) using nuclear extract from 3T3-L1 cells. For the oligonucleotide competition experiments, a 100-fold excess of oligonucleotides was used (lane 1:
no competition; lane 2: ATF/CRE oligonucleotides of C/EBPa; lane 3: consense ATF/CRE oligonucleotides; lane 4: SP1 oligonucleotides. The protein–DNA complex was
supershifted by ATF antibody (lane 5), but not by SP1 antibody (lane6). Fully differentiated 3T3-L1 cells were incubated with 1 lM thapsigargin for 6 h, and ChIP was
performed with ATF3 antibody. DNA that was immunoprecipitated with anti-ATF3 was amplified by PCR using primers specific for C/EBPa promoter.

Fig. 4. ATF3 is associated with inhibition of adipocyte differentiation induced by hypoxia. (A) Preadipocytes 3T3-L1 cells were differentiated with differentiation medium for
2 d, and incubated with insulin in presence of CoCl2 (100 lM) for 5 d or placed with insulin in 2% O2 hypoxic condition for 5 d. (B) Fully differentiated 3T3-L1 cells were
incubated with CoCl2 (50, 100 lM) or placed in 2% O2 hypoxic condition for 1, 2 d. (C) HepG2 cells were transfected with reporter containing C/EBPa promoter [P(�3567)/Luc]
and incubated with CoCl2 (50, 100 lM) for 24 h or placed in 2% O2 hypoxic chamber for 1 d. Luciferase activities were presented relative to no CoCl2 treatment or normoxia
(21% O2). All values represent the mean ± SE from three independent experiments (⁄⁄P < 0.001). Nor; normoxia, Hypo: hypoxia.
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[11,12]. In our previous studies, we demonstrated that ATF3
represses expression of adiponectin and its receptors in 3T3-L1 cells,
resulting in attenuation of adiponectin signaling in obesity or dia-
betic conditions, leading to insulin resistance [13–15]. However,
the role of ATF3 in adipocytes is not well characterized. By the results
of ChIP-on-chip assay for genome-wide screen of ATF3 target genes
in differentiated 3T3-L1 cells, the ATF3-target genes revealed
enrichment of adipocyte differentiation genes, suggesting that
ATF3 could regulate adipocyte differentiation. Therefore, in this
study, we investigated the role of ATF3 in adipocyte differentiation
and the mechanism involved in this event.

Overexpression of ATF3 with lentivirus or stable transfection in
preadipocyte 3T3-L1 cells inhibits the induction of proadipogenic
genes and blocks adipogenesis, demonstrating that ATF3 inhibits
adipocyte differentiation in 3T3-L1 cells. C/EBPa has been shown
to play a critical role in certain aspects of adipogenesis [4]. C/EBPa
is induced in direct response to the activation of PPARc and its
presence appears to be critical for differentiation of preadipocytes
into mature fat cells. Specifically, the activation of PPARc in fibro-
blasts lacking C/EBPa gives rise to immature adipocytes [4]. There-
fore, in the current study, we investigated the effect of ATF3 on C/
EBPa expression in 3T3-L1 cells to determine whether ATF3 medi-
ates an anti-adipogenic effect by repressing C/EBPa expression.
ATF3 induction using thapsigargin and overexpression of ATF3
repressed C/EBPa expression in fully differentiated 3T3-L1 cells.
To investigate whether the downregulation of C/EBPa is mediated
at the transcriptional level, we examined the effect of ATF3 on the
promoter activity of the mouse C/EBPa gene. Both thapsigargin
treatment and ATF3 expression efficiently repressed the activity
of the promoter from �3569 to +100, demonstrating that ATF3
downregulates C/EBPa expression at the transcriptional level.
These results indicate that ATF3 inhibits adipocyte differentiation
by repressing transcriptional expression of C/EBPa.

Then, we identified the ATF3 responsive element in the C/EBPa
promoter. ATF3 expression efficiently repressed the activities of
promoters from �3569 to �1965. However, the repression was
not observed in the �1081 promoter, suggesting that the putative
ATF3 binding site is located between �1965 and �1081. A com-
puter-assisted search of this 885-bp region using TFSEARCH re-
vealed a candidate ATF/CRE site, GGATGTCA (�1921 and �1914)
(Fig. 3B). EMSA and ChIP showed that ATF3 directly interacted with
the C/EBPa promoter between �1921 and �1914. Furthermore,
mutation of the ATF/CRE site abolished the repressive effect of
ATF3 on promoter activity, indicating that the responsive element
between �1921 and �1914 is critical for ATF3-mediated repres-
sion of C/EBPa. Consequently, decreased C/EBPa expression by
ATF3 would have a significant impact on adipocyte differentiation.

A striking finding was that the number of preadipocytes capable
of undergoing differentiation was reduced in obesity and nega-
tively correlated with both the body mass index and the adipose
cell size of the donor [16]. This finding suggests that excess lipids
cannot be stored adequately in the subcutaneous adipose tissue
in hypertrophic obesity and are consequently directed to other
sites including the liver and skeletal muscle. Ectopic fat accumula-
tion, a consequence of an inability to store excess lipids in the sub-
cutaneous adipose tissue, clearly promotes insulin resistance in the
liver and skeletal muscle. Therefore, it is important to clarify the
mechanism for reduced adipocyte differentiation in the subcutane-
ous adipose tissue in hypertrophic obesity. We showed previously
that ATF3 is increased in adipose tissue of hypertrophic obesity
[13] and have demonstrated the anti-adipogenic effect of ATF3 in
this study, suggesting that ATF3 may play a role in impaired adipo-
cyte differentiation in the adipose tissue in hypertrophic obesity
and in the promotion of insulin resistance.

A recent report showed that hypoxia inhibits adipogenesis by
repressing PPARc [16]. Expression of PPARc and C/EBPb is
repressed by HIF-1a through induction of the basic helix-loop-he-
lix transcription factor DEC1/Stra13, which represses PPARc pro-
moter activation and functions as an effector of hypoxia-
mediated inhibition of adipogenesis [16]. Also, it has been reported
that hypoxia prevents the nuclear translocation of GSK3b and the
DNA binding capability of C/EBP/b, blocking the G1/S transition
through HIF-1a-dependent induction of p27kip1 and an HIF-1a/
p27-independent mechanism [17]. Our results that ATF3 induced
by both CoCl2 treatment and 2% O2 incubation represses C/EBPa
and inhibits adipogenesis of 3T3-L1 cells, suggest that ATF3 may
participate in hypoxia-mediated adipogenic inhibition through
downregulation of C/EBPa in adipocyte tissue. Therefore, our study
proposes a HIF-independent mechanism in hypoxia-mediated
inhibition of adipogenesis.

In conclusion, the stress-responsive transcription factor ATF3 is
a negative regulator of adipogenesis in 3T3-L1 cells, acting to re-
press the transcription of a critical adipogenic transcription factor,
C/EBPa.
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