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ABSTRACT

Prostaglandin F2« (PGF2a) is a potent paracrine inhibitor of adipocyte differentiation. Here we show that treatment of differentiating 3T3-L1
preadipocytes with PGF2a induces the expression of DEC1, a transcriptional repressor that has previously been implicated in the inhibition of
adipogenesis in response to hypoxia as a downstream effector of the hypoxia-inducible factor-1 (HIF-1) transcription factor. Surprisingly,
despite performing our experiments under normal ambient oxygen conditions, we find that treatment of differentiating 3T3-L1 preadipocytes
with PGF2a also results in the marked activation of HIF-1, as measured by an increase in the accumulation of the HIF- 1« regulatory subunit.
However, unlike the effects of hypoxia, this PGF2a-induced normoxic increase in HIF-1a is not mediated by an increase in the stability of the
HIF-1a polypeptide, rather we find that PGF2a selectively increases the expression of the alternatively spliced HIF-1a 1.1 mRNA isoform.
Significantly, we demonstrate that the shRNA-mediated knockdown of endogenous HIF-1a expression attenuates the PGF2a-induced
expression of DEC1, overcomes the inhibitory effects of PGF2a on the expression of proadipogenic transcription factors C/EBP«a and PPARy
and partially rescues the PGF2a-induced inhibition of adipogenesis. Taken together, these results indicate that PGF2a promotes the
activation of the HIF-1 transcription factor pathway under normal oxygen conditions, and highlight a potential role for the normoxic
activation of the HIF-1/DEC1-pathway in mediating the inhibitory effects of PGF2a on adipocyte differentiation. J. Cell. Biochem. 105: 89-
98, 2008. © 2008 Wiley-Liss, Inc.
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A dipocytes are specialized cells that play a critical role in the
regulation of whole body energy homeostasis [Spiegelman

and Flier, 2001]. They store energy in the form of triglycerides when
food is plentiful, and conversely release energy in the form of free
fatty acids during conditions of starvation. In addition to their role
in energy storage, adipocytes are also known to fulfill a critical
endocrine function via the secretion of factors that regulate such
systemic physiological responses as food intake, insulin respon-

siveness, immunity and blood pressure [Fruhbeck et al., 2001;
Kershaw and Flier, 2004]. Because of these important physiological
roles and their known contribution to the development of obesity
and its ensuing disease sequelae, understanding the mechanisms
that underlie the differentiation and function of adipocytes has
become an area of intense investigation.

Much of our knowledge regarding adipocyte differentiation
comes from the use of in vitro cell culture model systems such as the
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murine 3T3-L1 preadipocyte cell line [Green and Kehinde, 1975].
These cells are committed to the adipocyte lineage and can be
readily induced to undergo differentiation in culture following
treatment of confluent growth-arrested cells with an adipogenic
mixture comprised of methylisobutylxanthine, dexamesthasone and
insulin, collectively known as MDI. Exposure of 3T3-L1 cells to this
array of hormonal inducers leads to the complex interplay of a
number of signal transduction pathways that set in motion a highly
orchestrated cascade of sequential transcriptional events that
ultimately results in the specification of the mature adipocyte cell
phenotype [Otto et al., 2005; Rosen and MacDougald, 2006].
Although many transcription factors are known to play a role in the
regulation of adipocyte differentiation, the most important and well
characterized are the nuclear hormone receptor peroxisome
proliferators-activated receptor vy (PPARy) and members of the
CCAAT/enhancer-binding protein (C/EBP) family [Otto et al., 2005;
Rosen and MacDougald, 2006]. C/EBPB and C/EBP3 are amongst the
first transcription factors induced during the initial stages of
adipocyte differentiation in response to hormonal stimulation [Otto
et al., 2005; Rosen and MacDougald, 2006]. These two early
transcription factors are responsible for helping to directly promote
the expression of the late proadipogenic transcription factors PPARy
and C/EBPa [Yeh et al., 1995; Wu et al., 1996]. Once expressed,
PPARY and C/EBPax act in an autoregulatory loop to re-enforce each
other’s expression, then act coordinately to promote the expression
of a panel of genes responsible for the establishment of the
terminally differentiated adipocyte phenotype [Otto et al., 2005;
Rosen and MacDougald, 2006].

A wealth of data indicates that the efficiency of adipocyte
differentiation can be influenced by the presence of a variety of
paracrine factors such as growth factors, cytokines and other
intercellular signaling molecules that act to either enhance, or
inhibit, the extent of the adipogenic process [MacDougald and
Mandrup, 2002]. One of the paracrine factors known to potently
inhibit adipocyte differentiation is the prostaglandin molecule
PGF2a [Serrero et al., 1992; Lepak and Serrero, 1993; Casimir et al.,
1996]. Recent work from our laboratory has shown that PGF2a
inhibits adipocyte differentiation by specifically blocking the
expression of the proadipogenic transcription factors PPARy and
C/EBPa [Liu and Clipstone, 2007]. Intriguingly, the inhibitory
effects of PGF2a on the expression of C/EBPa and PPARy and
ensuing adipocyte differentiation, are reversed in the presence of
trichostatin A, a specific inhibitor of histone deacetylase (HDAC)
enzymes [Liu and Clipstone, 2007]. Since HDACs are known to be
involved in mediating the inhibitory effects of transcriptional
repressors on gene transcriptional events [Ng and Bird, 2000] this
has led us to propose a model in which PGF2« inhibits adipogenesis
via the action of a transcriptional repressor that is capable of directly
inhibiting the expression of PPARy and C/EBPa.

A number of transcriptional repressors are known to be expressed
in 3T3-L1 preadipocytes [Tong et al., 2000; Yun et al., 2002;
Banerjee et al., 2003; Shi et al., 2003; Davis et al., 2004; Armoni
et al., 2006; Ross et al., 2006]. Amongst these genes, the basic helix-
loop-helix transcription factor DEC1 (also known as Stra13, Sharp2,
and Bhlhb2) is known to associate with HDACs [Sun and Taneja,
2000] and has been shown to potently inhibit 3T3-L1 preadipocyte

differentiation by preventing the expression of the proadipogenic
transcription factor PPAR+y [Yun et al., 2002]. DEC1 is implicated in
mediating the inhibitory effects of hypoxia on adipocyte dif-
ferentiation, its expression is transcriptionally induced in hypoxia-
exposed 3T3-L1 preadipocytes via the actions of the HIF-1
transcription factor, and it is believed to inhibit adipogenesis by
directly repressing the expression of the PPARy2 promoter [Yun
et al., 2002].

HIF-1 is the principal transcription factor involved in the
transcriptional response to hypoxia and is responsible for the
hypoxia-induced expression of DEC1 in 3T3-L1 preadipocytes [Yun
et al., 2002], it is a member of the basic helix-loop-helix Per, Arnt
and Sim family and is comprised of two subunits: a HIF-1a
regulatory subunit and a constitutively expressed HIF-18 subunit
[Wang et al., 1995]. Under normal oxygen conditions the HIF-1a
polypeptide is highly unstable due to its post-translational
modification by oxygen-dependent prolyl hydroxylase enzymes
that promote the binding of the von Hippel Landau E3 ubiquitin
ligase, leading to HIF-1a polyubiquitination and its subsequent
targeting to the proteosome for degradation [Bruick, 2003].
Conversely, under hypoxic conditions, the HIF-1a polypeptide no
longer undergoes proline hydroxylation and hence its expression is
stabilized, allowing it to translocate into the nucleus where it
dimerizes with HIF-1B and binds to its cognate sites within the
promoters of HIF-1 target genes [Bruick, 2003]. While this hypoxia-
induced HIF-1a protein stabilization is certainly the best known
mechanism of HIF-la regulation, it has become increasingly
apparent that there are additional signaling pathways and
mechanisms that allow for the activation of HIF-1 under normal
oxygen conditions [Laughner et al., 2001; Lukashev et al., 2001;
Chan et al., 2002; Page et al., 2002; Jung et al., 2003; Hirota et al.,
2004]. However, the physiological significance of HIF-1 activated
under such normoxic conditions is currently not well understood.

In the current study we have extended our investigations into the
molecular mechanisms underlying the inhibitory effects of PGF2a
on adipocyte differentiation. Surprisingly, despite the use of normal
oxygen conditions for our experiments, we find that treatment of
differentiating 3T3-L1 preadipocytes with PGF2a results in the
marked activation of the HIF-1 transcription factor and the ensuing
expression of the DEC1 transcriptional repressor. Moreover, we
provide evidence that this normoxic activation of HIF-1 likely plays
a role in mediating the inhibitory effects of PGF2a on adipocyte
differentiation.

CELL CULTURE AND ADIPOCYTE DIFFERENTIATION

3T3-L1 preadipocytes (ATCC) were cultured in Dulbecco’s modified
Eagle’s medium containing high glucose (Invitrogen) supplemented
with 10% (v/v) fetal calf serum (Hyclone), 100 U/ml penicillin G
(Invitrogen), and 100 pg/ml streptomycin (Invitrogen), and induced
to undergo differentiation essentially as previously described
[Neal and Clipstone, 2002]. In brief, 5 x 10" cells were plated/well
of a 6-well plate and allowed to reach confluence. Two-days post-
confluence (day 0) cells were treated for 2 days in growth media plus
MDI (0.5 mM Methylisobutylxanthine, 1 uM Dexamethasone, and
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10 pg/ml Insulin; all from Sigma). The cells were re-fed with growth
media containing 10 wg/ml insulin at day 2 and every 2 days
thereafter with growth media alone. Where indicated, cells were
additionally treated for the first 48 h period of the differentiation
process with either PGF2« (100 ng/ml), or CoCl, (100 wM), these
concentrations were chosen based upon the literature and pre-
liminary dose response experiments. The extent of cellular dif-
ferentiation was assessed following fixation with formalin and
staining with the lipophilic dye Oil Red O (Sigma).

PLASMID CONSTRUCTS

The retrovirus expressing constitutively active HIF-1a (MSCV-
caHIF-1a) was generated by inserting a 2.5 kb Bam HI fragment
encoding a constitutively active murine HIF-la mutant con-
taining alanine substitutions at critical regulatory proline residues (a
kind gift of Dr. Mary Hunzicker-Dunn) into the Bgl II site of MSCV-
GFP. For the HIF-1a shRNA construct, oligonucleotides correspond-
ing to a previously published functional HIF-1a shRNA [Aminova
et al., 2005] (SHHIF404A: 5'-GATCCCCTGTGAGCTCACATCTT GA-
TITCAAGAGAATCAAGATGTGAGCTCACATTTTTGGAAA-3"  and
SHHIF404B: 5-AGCTTTTCCAAAAATGTGAGCTCACATCTTGATT-
CTCTTGAAA TCAAGATGTGAGCTCACAGGG-3') were synthesized,
annealed and cloned into the Bgl Il and HindIll sites of the pSUPER-
RETRO retroviral vector (OligoEngine) immediately downstream of
the murine H1 promoter. The MSCV-0ODD-luciferase reporter vector
containing the oxygen-dependent degradation (ODD) domain of
human HIF-1a fused in-frame with firefly luciferase was generated
as follows. A DNA fragment corresponding to amino acid residues
530-603 of human HIF-1a was PCR amplified from human cDNA
using the forward primer 5'-CCGCTCGAGACCATGGAATTCAA-
GTTGGAATTGGTAG-3’ and 5-GAGCCATGGCCTGGAATACTG-
TAACTGTGCTTTGAG-3' as a reverse primer. The forward primer
introduced a Xho I cloning site and a Kozak consensus initiator
methionine, while the reverse primer introduced an Nco [ site that is
in frame with the Nco I site located over the initiator methionine in
the firefly luciferase gene contained in pGL3-Luciferase (Promega).
The PCR fragment was then digested with Xho I and Nco I and
inserted into Xho I/Nco I digested pGL3-Luciferase, and the integrity
of the sequence was confirmed by DNA sequencing. The resulting
plasmid was digested with Xba I, blunted, then digested with Xho I
and the resulting ODD-Luciferase fragment was cloned into the
MSCV-GEFP retroviral expression plasmid at the Xho I and Hpa I
sites.

RETROVIRAL PRODUCTION AND INFECTION OF 3T3-L1
PREADIPOCYTES

Retroviral expression vectors were co-transfected together with
pVSV-G (Clontech) into the GP293 pantropic packaging cell line
(Clontech) using Lipofectamine Plus (Invitrogen) as per the manu-
facturer’s instructions. Media was replaced after 24 h and viral
supernatants were harvested 2 days post-transfection and stored at
—80°C. For infections, 5 x 10* 3T3-L1 cells were plated per well of a
6-well plate. The next day, media was replaced with 2 ml of viral
supernatant containing 8 pg/ml polybrene (Sigma) and cells were

spin-infected [Pear, 2003] by centrifugation at 2,000 rpm for 1.5 h at
room temperature. After removal of viral supernatant, normal
growth media was added and cells were expanded for subsequent
analysis.

REVERSE TRANSCRIPTION-POLYMERASE CHAIN

REACTION (RT-PCR)

Total RNA was isolated from 3T3-L1 cells by RNeasy kit (QIAGEN,
Valencia, CA) at the indicated times following induction of dif-
ferentiation and cDNA was synthesized with an oligo-dT primer and
reverse transcriptase (Promega). PCR amplification was performed
using gene-specific primers for DEC1 (forward primer, 5'-AGAGAC-
GTGACCGGATTAC-3', reverse primer, 5'-CGGTATCTTGTCTGGGT-
TCA-3'); HIF-1a 1.1 exon (forward primer, 5-TTTCTGGGCAAACT-
GTTA-3', reverse primer, 5-TAACCCCATGTATTTGTTC-3') and
HIF-1a 1.2 exon (forward primer, 5-CGCCTCTGGACTTGTCTCTT-
TC-3', reverse primer, 5-TAACCCCATGTATITGTTC-3’). HPRT
(forward primer, 5'-GTTGGATACAGGCCAGACTTTGTTG-3'; reverse
primer, 5'-GAGGGTA GGCTGGCCTATAGGCT-3') served as a load-
ing control. PCR products were resolved by 1.5% agarose gel elec-
trophoresis, visualized with ethidium bromide and photographed.

LUCIFERASE ASSAY

3T3-L1 cells infected with the ODD-Luciferase virus were induced to
undergo differentiation using the standard MDI protocol in the
additional presence where indicated of either vehicle, PGF2a
(100 ng/ml), or CoCl, (100 wM). After 2 days, cell lysates were
prepared from triplicate cultures and firefly luciferase assays were
performed using the Luciferase Assay System kit (Promega)
according to the manufacturer’s protocol. Luciferase activity was
normalized by the total amount of cellular protein as determined by
the Quant-iT™ protein assay kit (Invitrogen).

IMMUNOBLOT ANALYSIS

At the indicated times following induction of differentiation, 3T3-L1
cells were lysed in RIPA buffer (0.1% SDS, 1% deoxycholate, 1 mM
EDTA, 1% TX-100, 50 mM Tris, pH 8.0, 500 mM NacCl), centrifuged
at 100,000 rpm for 20 min at 4°C to pellet chromatin (Beckman TL-
100 ultracentrifuge) and the supernatant taken for further analysis.
For the analysis of HIF-1a polypeptide levels nuclear extracts were
prepared using a nuclear extraction kit (Pierce) according to the
manufacturer’s instructions. In experiments to assess the stability of
the HIF-1a polypeptide, the protein synthesis inhibitor cyclohex-
amide (100 pM; Sigma) was added to the media and nuclear extracts
were prepared at 15 min time intervals thereafter. Protein extracts
were resolved by SDS-PAGE, transferred to nitrocellulose, and
subjected to immunoblot analysis with the relevant primary
antibodies: PPARy (H-100), C/EBPa (14AA), Sp1 (1C6) all purchased
from Santa Cruz Biotechnology, aP2 (10004944; Cayman Chemical),
anti-actin (A2668; Sigma), and anti-HIF-1a (AB1536; R&D
Systems). Appropriate horseradish peroxidase-conjugated second-
ary antibodies (anti-rabbit and anti-mouse) were purchased from
Amersham Biosciences, and detected by enhanced chemilumines-
cence using ECL reagents (Amersham Biosciences).
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TREATMENT OF DIFFERENTIATING 3T3-L1 PREADIPOCYTES WITH
PGF2o INDUCES THE EXPRESSION OF THE DEC1 TRANSCRIPTIONAL
REPRESSOR

Our previous studies had led us to propose a model in which PGF2a
might act to inhibit adipocyte differentiation by increasing the
expression of an HDAC-dependent transcriptional repressor capable
of directly inhibiting the expression of the C/EBPa and PPARy
proadipogenic transcription factors [Liu and Clipstone, 2007]. We
therefore initiated a screen for PGF2a-induced, HDAC-associated
transcriptional repressors implicated in the regulation of adipogen-
esis. Towards this end we analyzed the effects of PGF2a treatment
on the expression of DEC1, an HDAC-associated transcriptional
repressor previously implicated in inhibiting adipocyte differentia-
tion in response to hypoxia by directly inhibiting the activity of the
PPARY2 promoter [Yun et al., 2002]. As shown in Figure 1, we found
that DEC1 was not significantly expressed in growth-arrested 3T3-
L1 preadipocytes induced to undergo adipocyte differentiation
using the standard MDI-stimulated protocol. In contrast, however,
we found that in the presence of PGF2a, DEC1 mRNA levels were
markedly increased, remaining elevated through the first 3 days
post-MDI stimulation, before returning to background levels by
day 4.

PGF2a TREATMENT INDUCES THE EXPRESSION OF THE HIF-1a
POLYPEPTIDE DURING ADIPOCYTE DIFFERENTIATION

Since previous studies had demonstrated that DEC1 is transcrip-
tionally induced in differentiating 3T3-L1 preadipocytes via the
actions of the HIF-1 transcription factor [[vanova et al., 2001; Yun
et al., 2002], we next considered the possibility that PGF2a might
also influence DEC1 expression via an effect on HIF-1. As the
activity of HIF-1 is primarily determined by the accumulation of the
HIF-1a protein subunit, we examined whether PGF2a was able to
influence HIF-1a protein levels during adipocyte differentiation.
Thus, 3T3-L1 cells were subjected to the classical MDI-induced
differentiation protocol in the presence of either vehicle or PGF2aq,
and nuclear extracts were collected at daily intervals for the analysis
of HIF-1a protein levels by immunoblotting. As shown in Figure 2,

PGF2u
2 3 4

vehicle
2 3 4 01

Days: 0 1
DECA

Fig. 1. Effects of PGF2a-treatment on the expression of DEC1 during the
early stages of 3T3-L1 preadipocyte differentiation. 3T3-L1 preadipocytes
were induced to undergo adipocyte differentiation by the standard MDI
protocol in the presence of either vehicle or 100 nM PGF2« for the first
48 h of the culture period. Total RNA was isolated at the indicated number of
days post-differentiation and the expression of DEC1 was analyzed by RT-PCR
analysis. HPRT expression was determined as a control. Data are representative
of three independent experiments.

MDI

vehicle PGF2a
Day: 0 1 2 0 1 2
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Fig. 2. Effects of PGF2a-treatment on HIF-1a protein levels in MDI-
stimulated 3T3-L1 preadipocytes. 3T3-L1 preadipocytes were induced to
undergo adipocyte differentiation by the standard MDI protocol in the
presence of either vehicle or 100 nM PGF2a. Nuclear extracts were prepared
at the indicated days post-treatment and HIF-1a protein levels were deter-

mined by immunoblotting. Sample integrity was confirmed by immunoblot-
ting for the Sp1 transcription factor as a control. Data are representative of
three independent experiments.

stimulation of 3T3-L1 cells with MDI alone resulted in a low level
transient increase in the HIF-la protein level at day 1 post-
stimulation, which was reduced to essentially background levels by
day 2. In contrast, we found that cells stimulated to undergo MDI-
induced differentiation in the presence of PGF2a exhibited a marked
elevation in HIF-1a protein levels at day 2 post-treatment. Hence,
these results indicate that PGF2a acts to increase HIF-1a protein
levels in differentiating 3T3-L1 preadipocytes under normal oxygen
conditions.

PGF2o TREATMENT DOES NOT PROMOTE THE INCREASED
STABILITY OF THE HIF-1a POLYPEPTIDE SUBUNIT

One of the major mechanisms involved in the control of HIF-1a
expression is the regulation of HIF-1a protein turnover in response
to changing oxygen concentrations [Bruick, 2003; Huang and Bunn,
2003]. Under normal oxygen conditions the HIF-1a protein is
usually unstable and exhibits a short half-life due to the action of
proline hydroxylases, which modify specific proline residues in the
HIF-1a oxygen-dependent degradation (ODD) domain, that target
HIF-1a for ubiquitination and degradation via the proteosome
[Bruick, 2003; Huang and Bunn, 2003]. In the presence of hypoxia
this pathway is blocked resulting in the stabilization of the HIF-1a
polypeptide. Accordingly, in order to determine whether PGF2«
affects HIF- 1« levels at the level of protein stability, we first directly
examined the effects of the PGF2a-treatment on the intrinsic
stability of the endogenous HIF-1a polypeptide. For this experi-
ment, 3T3-L1 cells were induced to differentiate with MDI in the
presence of PGF2a for 2 days to allow time for expression of HIF-1a,
then cells were treated with the protein synthesis inhibitor
cyclohexamide to prevent ongoing de novo protein synthesis and
nuclear extracts were collected at 15 min intervals for determination
of HIF-1a protein levels by immunoblot analysis. As a control,
parallel cultures were induced to differentiate in the presence of the
hypoxic mimetic CoCl, and were similarly treated with cyclohex-
imide at 2 days post-MDI-induced differentiation. As shown in
Figure 3A, in cells stimulated with MDI plus CoCl,, cyclohexamide
treatment did not significantly decrease the HIF-1a protein levels
throughout the 45 min time course, confirming that CoCl, acts to
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Fig. 3. Effects of PGF2a-treatment on HIF-1a protein stability in MDI-
treated 3T3-L1 preadipocytes. A: Immunoblot analysis showing that PGF2a-
treatment does not promote the stabilization of the HIF-1a polypeptide in
MDI-treated 3T3-L1 preadipocyte cells. 3T3-L1 preadipocytes were induced
to undergo adipocyte differentiation by the standard MDI protocol in the
presence of either 100 wM CoCl, or 100 nM PGF2a. After 48 h 100 pM
cyclohexamide (CHX) was added to inhibit ongoing protein synthesis and
nuclear extracts were prepared at the indicated time points and analyzed for
the presence of HIF-1a by immunoblotting. The expression of Sp1 was
determined as a control. B: 3T3-L1 preadipocytes were transduced with a
retrovirus encoding the ODD-luciferase reporter and induced to undergo
differentiation by the standard MDI protocol in the presence of either vehicle,
100 nM PGF2a, or 100 M CoCl,. After 48 h cell lysates were prepared and
analyzed for luciferase activity. Normalized luciferase levels are presented as
the mean of triplicate determinations with the standard deviations indicated.
Data are representative of at least two independent experiments.

prevent the turnover of the HIF-1a polypeptide. In marked contrast,
however, we found that in cells stimulated with MDI plus PGF2q,
cyclohexamide treatment caused HIF-1a levels to rapidly fall to
essentially background levels within 45 min, due presumably to the
inherent rapid turnover of the HIF-1a polypeptide under normoxic
conditions.

As an independent means to confirm that PGF2a does not
influence HIF-1a expression by affecting its intrinsic protein
stability, we took advantage of a previously validated reporter gene
in which the ODD domain of HIF-1«a is fused in-frame with firefly
luciferase, and is therefore highly responsive to intracellular signals
that act to stabilize the endogenous HIF-1a polypeptide [D’Angelo
et al., 2003]. Thus, 3T3-L1 preadipocytes were transduced with a
recombinant retrovirus expressing the ODD-luciferase reporter and
were subjected to the MDI-induced differentiation protocol in the
presence of either vehicle or PGF2a. At 2 days post-stimulation, a
time point at which we know that HIF-1a levels are increased in
PGF2a-treated cells, but not control cells (see Fig. 2), cell extracts
were prepared and were assayed for luciferase activity. As a positive
control, parallel cultures were also stimulated with the hypoxic
mimetic CoCl,, which is known to promote the stabilization of HIF-
la. As expected, treatment of cells with CoCl, resulted in a
significant increase in luciferase activity (Fig. 3B) due to the known
ability of CoCl, to act via the ODD domain to promote the stabi-

lization of the HIF-1a polypeptide. In contrast, however, treatment
with PGF2a did not increase the activity of the ODD-luciferase
reporter relative to vehicle control (Fig. 3B), thereby indicating that
PGF2a treatment does not appear to affect the intrinsic stability of
the HIF-1a ODD domain. Taken together, therefore, these combined
results strongly suggest that the ability of PGF2a to increase HIF-1a
expression in MDI-treated 3T3-L1 preadipocytes does not involve a
post-translational effect on the stability of the HIF-1« polypeptide,
but rather is likely to be dependent upon ongoing de novo HIF-1a
protein synthesis.

PGF2o TREATMENT INDUCES THE EXPRESSION OF THE HIF-1a I.1
EXON-SPECIFIC mRNA ISOFORM DURING MDI-INDUCED
ADIPOCYTE DIFFERENTIATION

Since the above data indicated that PGF2a treatment did not act to
increase HIF-1a protein stability, we next considered other potential
mechanisms by which PGF2a might affect HIF- 1« expression levels.
A number of previous studies have demonstrated that a variety of
extracellular signals under normoxic conditions can increase HIF-
la protein levels by influencing HIF-1ac mRNA levels [Lukashev
et al., 2001; Page et al., 2002; Blouin et al., 2004]. Hence, we next
evaluated whether PGF2a-treatment might affect the expression of
HIF-1oc mRNA. In this respect, the murine HIF-1a gene has been
shown to contain two alternative first exons, I.1 and 1.2, that are
each generated by distinct promoters that give rise to two
alternatively-spliced HIF-1a mRNA isoforms [Wenger et al,
1997, 1998]. The 1.1 exon-containing mRNA has a tissue-specific
and cell activation-dependent expression, whereas the 1.2 exon-
containing mRNA is believed to be constitutively expressed in most
cell types [Wenger et al., 1997, 1998]. As shown in Figure 4, the HIF-
la 1.2 exon-specific mRNA isoform is expressed in unstimulated
3T3-L1 preadipocytes at day O, and although its expression is
transiently increased following MDI-induced stimulation, its ex-
pression is not significantly affected by exposure to PGF2a.
Conversely, the HIF-1a 1.1 exon-specific mRNA isoform is not
detectable in unstimulated cells at day 0, but is transiently induced
by treatment with MDI at day 1 post-stimulation falling to back-

vehicle PGF2x
Days: 01 23 4 01 2 3 4

HPRT ek L L]

Fig. 4. Effects of PGF2a-treatment on the expression of HIF-1a mRNA
isoforms in MDI-treated 3T3-L1 preadipocytes. 3T3-L1 preadipocytes were
induced to undergo adipocyte differentiation by the standard MDI protocol in
the presence of either vehicle or 100 nM PGF2a for the first 48 h of the
culture period. Total RNA was isolated at the indicated number of days post-
differentiation and the expression of either the HIF-1a 1.1 or HIF-1a .2 mRNA
isoforms, or HPRT was analyzed by RT-PCR analysis. Data are representative of

three independent experiments.
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ground levels by day 2. Significantly, however, treatment of 3T3-L1
cells with MDI plus PGF2a results in the increased and sustained
expression of this HIF-1a mRNA isoform throughout the first 3 days
of the differentiation process. These data therefore indicate that
PGF2a acts to selectively induce the sustained expression of the
HIF-1a 1.1 mRNA isoform during adipocyte differentiation, which
might potentially help explain the effects of PGF2« on the increased
accumulation of the HIF-1a polypeptide.

ACTIVATION OF HIF-1a IS SUFFICIENT TO INHIBIT ADIPOCYTE
DIFFERENTIATION UNDER NORMOXIC CONDITIONS

Having demonstrated that PGF2a-treatment is able to induce the
normoxic activation of HIF-1 in differentiating 3T3-L1 preadipo-
cytes, and knowing that hypoxic activation of HIF-1 has been shown
to exert a potent negative influence on adipogenesis [Yun et al.,
2002], we next wanted to evaluate the potential role of the normoxic
activation of HIF-1 on adipocyte differentiation. To assist us in these
studies, we took advantage of a constitutively active HIF-1a mutant
(caHIF-1a) that is stable under conditions of normoxia and is able to
activate HIF-1 dependent gene transcription in the absence of
hypoxic stimulation. Hence, 3T3-L1 preadipocytes were transduced
with either a control virus or with a retrovirus encoding this caHIF-
1a mutant, then induced to undergo adipocyte differentiation by the
standard MDI-induced protocol. As shown in Figure 5, ectopic
expression of caHIF-1a was sufficient to potently inhibit MDI-
induced 3T3-L1 preadipocyte differentiation, as determined by a
lack of both 0il Red O staining (Fig. 5A) and failure to express
the adipogenic transcription factors PPARy and C/EBP« (Fig. 5B).
Thus, these results demonstrate that normoxic activation of HIF-1«
in 3T3-L1 preadipocytes inhibit adipocyte
differentiation.

is sufficient to

shRNA-MEDIATED KNOCKDOWN OF HIF-1a. PARTIALLY RESTORES
THE ABILITY OF PGF2a-TREATED 3T3-L1 PREADIPOCYTES TO
UNDERGO ADIPOCYTE DIFFERENTIATION

Finally, we wanted to investigate the potential role of the PGF2a-
induced normoxic activation of HIF-1 in mediating the inhibitory
effects of PGF2a on adipocyte differentiation. To accomplish this
goal we took advantage of a previously characterized HIF-1a shRNA
[Aminova et al., 2005] to specifically knockdown expression of
endogenous HIF-1a and determine the effects on the ability of
PGF2a to inhibit adipocyte differentiation. As shown in Figure 6A,
retroviral-mediated expression of this HIF-1a-specific shRNA is
able to successfully reduce the increased expression of HIF-1a in
PGF2a-treated 3T3-L1 cells at day 2 of MDI-induced differentiation.
Co-incident with this effect, we found that the HIF-1a-specific
shRNA also attenuated the ability of PGF2« to induce expression of
DEC1 (Fig. 6B), indicating that the PGF2a-induced expression of the
DEC]1 transcriptional repressor is dependent on HIF-1. Intriguingly,
during initial experiments using our usual inhibitory concentration
of PGF2a (100 nM), we found that while control virus-transduced
cells were completely inhibited from undergoing MDI-induced
differentiation, we were able to detect numerous small clusters
of morphologically distinct, lipid-ladened mature adipocytes in
cultures transduced with the HIF-1a shRNA virus (Fig. 6C).

A GFP caHIF1a

B GFP

caHIF1a
DO D10 DO D10

Days:
PPARy

C/EBPa

ACtin ——————

Fig. 5. Effects of a constitutively active HIF-1a mutant on 3T3-L1 pre-
adipocyte differentiation. A: 3T3-L1 preadipocytes transduced with either a
GFP control retrovirus, or a retrovirus encoding caHIF-1a were induced to
undergo adipocyte differentiation by the standard MDI protocol and stained
with Oil Red O to determine the extent of differentiation at day 10. B: Whole
cell extracts prepared from either GFP control- or caHIF-1a-virus transduced
3T3-L1 preadipocytes at either day O or day 10 post-MDI treatment were
analyzed by immunoblotting for expression of PPARy and C/EBPa. The
expression of actin was determined as a control. Data are representative of
at least two independent experiments. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]

However, while expression of the HIF-1a shRNA consistently led
to the appearance of these small clusters of morphologically
differentiated adipocytes at the microscopic level, the number of
these clusters was not sufficient to allow robust detection by Oil Red
O staining at the macroscopic level (data not shown). Significantly,
however, when cells were cultured in the presence of reduced, yet
still inhibitory, concentrations of PGF2a we observed a more
pronounced rescue effect of the HIF-1a-specific shRNA on
adipocyte differentiation. Thus, while PGF2a in a concentration
range of 6.25-25 nM is still sufficient to markedly attenuate
adipocyte differentiation, we found that expression of the HIF-1a-
specific sShRNA was able to significantly overcome the inhibitory
effects of these concentrations of PGF2a on adipogenesis, as
determined by both increased Oil Red O staining (Fig. 6D) and the
expression of the adipocyte differentiation-specific marker proteins
PPARY, C/EBPq, and aP2 (Fig. 6E). Taken together, these results
suggest that PGF2a mediates its inhibitory effects on adipocyte
differentiation, at least in part, via the activation of the HIF-1
pathway.
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Fig. 6.

Effects of shRNA-mediated HIF-1a knockdown on the ability of PGF2a to inhibit MDI-induced 3T3-L1 preadipocyte differentiation. A: Demonstration of decreased

HIF-1a protein expression after HIF-1a shRNA-mediated knockdown. 3T3-L1 preadipocytes transduced with either control pSUPER retrovirus or the pSUPER-shHIF-1a
retrovirus were treated with MDI in presence of 100 nM PGF2a. At day 2 post-differentiation nuclear extracts were prepared and analyzed by immunoblotting for expression of
either HIF-1a or Sp1 as a control. B: RT-PCR analysis of DEC1 expression in either control or HIF-1a shRNA-transduced 3T3-L1 preadipocytes treated with MDI in the presence of
100 nM PGF2a for O, 1, or 2 days. The expression of HPRT is shown as a control. C: Representative cell morphologies of either control or HIF-1a shRNA-transduced 3T3-L1
preadipocytes induced to undergo differentiation by the standard MDI protocol in the additional presence of 100 nM PGF2« for the first 48 h of the culture period. At 10 days
post-differentiation cell morphology was analyzed by light microscopy. D: Effects of HIF-1a shRNA-mediated knockdown on the dose-dependent ability of PGF2« to inhibit
adipocyte differentiation. 3T3-L1 preadipocytes transduced with either control pSUPER retrovirus or the pSUPER-shHIF-1a retrovirus were induced to undergo adipocyte
differentiation by the standard MDI protocol in the presence of a range of PGF2« concentrations (6.25, 12.5, and 25 nM) present during the first 48 h of the culture period. After
10 days the extent of adipocyte differentiation was determined by Oil Red O-staining. E: Effects of HIF-1a shRNA-mediated knockdown on the ability of PGF2a to inhibit the
expression of adipocyte specific marker proteins. 3T3-L1 preadipocytes transduced with either control pSUPER retrovirus or the pSUPER-shHIF-1a retrovirus were induced to
undergo adipocyte differentiation by the standard MDI protocol in the presence of 12.5 nM PGF2a for the first 48 h of the culture period. After 10 days, whole cell extracts were
prepared and the expression of C/EBP«, PPARy, aP2 and actin was determined by immunoblotting. Data are representative of three independent experiments. [Color figure can be

viewed in the online issue, which is available at www.interscience.wiley.com.]

In the current study we have investigated the effects of the anti-
adipogenic prostaglandin, PGF2a, on the activity of the HIF-1
transcription factor-signaling pathway during adipocyte differen-
tiation. Although the HIF-1 signaling pathway is best known for its
ability to be activated under conditions of hypoxia [Bruick, 2003],
we find that this pathway is also markedly stimulated under normal
oxygen conditions in differentiating 3T3-L1 preadipocytes treated
with PGF2a. In fact, consistent with a recent report [Floyd et al.,
2007], we find that there is a transient low level increase in HIF-1a
protein levels in 3T3-L1 preadipocytes during the standard MDI-
induced differentiation protocol. However, we find that treatment of
these differentiating preadipocytes with PGF2« acts to significantly
promote and enhance the sustained activation of the HIF-1
transcription factor signaling pathway, as measured by a marked
increase in the nuclear levels of the HIF-1a polypeptide and a
corresponding increase in the expression of the downstream HIF-1
target gene, DEC1 [Ivanova et al., 2001; Yun et al., 2002], a known
inhibitor of adipocyte differentiation [Yun et al., 2002]. Moreover,
we provide evidence that this PGF2a-induced normoxic activation
of the HIF-1 transcription factor signaling pathway potentially

plays a role in mediating the inhibitory effects of PGF2a on
adipogenesis.

What accounts for this effect of PGF2a on the expression of HIF-
la under normoxic conditions? While the best known mechanism of
HIF-1 regulation is undoubtedly the post-translational regulation of
HIF-1a polypeptide stability [Bruick, 2003 ; Huang and Bunn, 2003],
our data demonstrate that PGF2a does not utilize this common
mechanism to increase HIF-la levels, as we find that PGF2a
treatment does not appear to stabilize the normal rapid protein
turnover of the HIF-1a polypeptide. Rather, our data suggest that
PGF2a acts to influence HIF-1a polypeptide expression by
promoting the sustained expression of a specific HIF-1a. mRNA
isoform during the early stages of the differentiation process.
Murine HIF-1a is encoded by two alternate mRNA isoforms that
differ only in presence of two alternative first exons termed HIF-1a
I.1 and HIF-1a 1.2 [Wenger et al., 1997, 1998]. These two distinct
mRNA isoforms are generated from the activities of two distinct
promoters that are located 23 and 17 kb respectively upstream of the
remaining common coding exons and result in the generation of two
distinct HIF-1a polypeptides that are identical except for an
additional N-terminal 12 amino acids present in the HIF-1a 1.2
isoform. The HIF-1a I.1 exon-containing mRNA isoform has been
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reported to exhibit a tissue-specific and cell activation-dependent
expression, whereas the 1.2 exon-containing mRNA isoform is
constitutively expressed in most cell types [Wenger et al., 1997,
1998]. Our data reveal that treatment of differentiating 3T3-L1
preadipocytes with PGF2a acts to selectively promote the sustained
expression of the HIF-1a 1.1 mRNA isoform. We find that the HIF-1a
.1 mRNA isoform is not expressed in growth-arrested 3T3-L1
preadipocytes prior to differentiation, but is transiently induced in
response to MDI stimulation, which correlates nicely with the
transient low level increase in HIF-1« protein levels that we observe
at day 1 during normal MDI-induced adipocyte differentiation. This
result is also consistent with the recent report of Floyd et al. [2007]
who have also demonstrated that the HIF-1a .1 mRNA and HIF-1a
polypeptide are transiently induced by the standard MDI-induced
3T3-L1 differentiation protocol. Significantly, though, we find that
treatment of differentiating 3T3-L1 preadipocytes with PGF2a acts
to markedly prolong the expression of the HIF-1a I.1 mRNA,
resulting in its continued expression throughout the entire first 3
days of the differentiation process, an effect that correlates with the
increased effect of PGF2a on the expression of the HIF-1a protein
that we observe. We also find that treatment of growth-arrested
undifferentiated 3T3-L1 preadipocytes with PGF2« in the absence of
MDI stimulation similarly induces the sustained expression of the
HIF-1a I.1 mRNA (data not shown), indicating that this effect is
intrinsic to the PGF2a signaling pathway and is not dependent upon
the presence of any proadipogenic co-stimulatory signals or a
particular stage of cellular differentiation. By way of contrast, we
find that the HIF-1a 1.2 mRNA isoform is expressed throughout all
of the first 4 days of the differentiation process and its expression is
not significantly influenced by the presence of PGF2«. Curiously, in
contrast to the constitutive expression of the HIF-1a 1.2 mRNA that
we observe, Floyd et al. [2007] have reported that the HIF-1a
1.2 mRNA is only transiently expressed during 3T3-L1 preadipocytes
differentiation at days 3 and 4 post-MDI stimulation, the reason for
this minor discrepancy is not currently clear. Nonetheless, taken
together, our collective data are consistent with the notion that the
increased expression of the HIF-1a polypeptide observed in PGF2a-
treated differentiating 3T3-L1 preadipocytes under normoxic
conditions is likely due to the selective enhancing effects of PGF2a
on the sustained expression of the HIF-1a I.1 mRNA isoform.
Indeed, a similar effect on the expression of the HIF-1a I.1 mRNA
isoform has previously been reported to be responsible for the
normoxic increase in HIF-1a levels and activity induced in T cell
receptor-stimulated murine T cells [Lukashev et al., 2001].
HIF-1a has previously been demonstrated to play a key inhibitory
role in the regulation of adipocyte differentiation under hypoxic
conditions [Yun et al., 2002; Lin et al.,, 2006]. In this respect,
exposure of undifferentiated preadipocyte cells to hypoxia has been
shown to potently inhibit their MDI-induced differentiation into
adipocytes [Sahai et al., 1994; Yun et al., 2002; Kim et al., 2005;
Zhou et al., 2005; Lin et al., 2006; Floyd et al., 2007], whereas this
inhibitory effect of hypoxia on adipogenesis is specifically
abrogated in cells that are either genetically deficient in HIF-1a,
or in which HIF-1a levels have been depleted by siRNA-mediated
knockdown [Yun et al., 2002; Lin et al., 2006]. However, despite
these compelling lines of evidence for a negative role of hypoxia and

HIF-1 in the regulation of adipocyte differentiation, other reports
have instead suggested that hypoxia may act to enhance the
adipocyte-like phenotype under certain circumstances [Fink et al.,
2004; Ren et al., 2006; Irwin et al., 2007], the reason for these
contradictory findings are not clear, but maybe related to differences
in either cellular context or environment. Others have also recently
suggested that HIF-1 may even play a positive role during adipocyte
differentiation [Floyd et al., 2007]. However, arguing against an
absolute requirement for HIF-1 signaling during adipocyte differ-
entiation is the observation that cells that are genetically deficient in
HIF-1a are still able to readily undergo adipogenesis [Yun et al.,
2002]. In fact, the recent observation that the targeted deletion of
HIF-1a has been reported to actually enhance the adipogenic
potential of adipose-derived adult stromal cells [Malladi et al.,
2007], argues that the HIF-1 pathway is likely to act primarily as a
negative regulator of adipogenesis.

Consistent with the negative regulatory role proposed for HIF-1a
in the regulation of adipogenesis under hypoxic conditions [Yun
et al., 2002; Lin et al., 2006], our current data now provide evidence
that the HIF-1 pathway is also likely to play a role in mediating the
inhibitory effects of PGF2a under normal oxygen conditions. First,
our data show that exposure of differentiating 3T3-L1 preadipocytes
to PGF2a results in the pronounced and sustained increase in the
expression of HIF-1a and its downstream anti-adipogenic target
gene DECI, at a time known to be critical for commitment towards
the mature adipocyte phenotype. Second, by using a constitutively
active mutant form of HIF-1«, we also demonstrate that normoxic
activation of HIF-1 is alone sufficient to inhibit the MDI-induced
differentiation of 3T3-L1 preadipocytes by blocking their expression
of the critical proadipogenic transcription factors C/EBPa and
PPARYy. Third, we find that the shRNA-mediated knockdown of
endogenous HIF-1a is able to both overcome the inhibitory effects
of PGF2a on the expression of PPARYy, C/EBPa, and aP2, as well as
rescue the ability of 3T3-L1 preadipocytes to undergo adipogenesis
in the presence of inhibitory concentrations of PGF2a. Taken
together, these observations suggest that the pronounced and
sustained normoxic activation of the HIF-1 signaling pathway likely
plays a key role in mediating the inhibitory effects of PGF2a on
terminal adipocyte differentiation. We note, however, that the
attenuation of PGF2a’s inhibitory effects on adipogenesis by HIF-1a
knockdown is not complete, and is most apparent only at reduced
inhibitory concentrations of PGF2a. While these results might
be explained by incomplete knockdown of HIF-1a expression, we
believe that other PGF2a-induced pathways in addition to HIF-1 are
also likely to contribute towards the inhibitory effects of PGF2« on
adipogenesis. Nonetheless, despite this caveat, our data argue that
the normoxic activation of the HIF-1 pathway is likely to play a
prominent role in mediating the inhibitory effects of PGF2a on
terminal adipocyte differentiation.

By what mechanism is the PGF2a-induced, normoxic activation
of HIF-1 likely to inhibit adipogenesis? Previously, the hypoxic
activation of HIF-1 has been shown to inhibit adipogenesis via the
increased expression of the DEC1 transcriptional repressor, which
has been shown to directly repress the expression of the PPARy2
promoter [Yun et al., 2002]. Indeed, consistent with previous results
[Yun et al,, 2002], we find that ectopic expression of DEC1 is
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sufficient to potently block MDI-induced 3T3-L1 preadipocyte
differentiation (data not shown). Hence, our observation that under
normoxic conditions, PGF2a acts via HIF-1 to induce the expression
of DEC1 co-incident with its inhibitory effects on the expression of
C/EBPa and PPARY, provides a direct potential mechanistic basis to
explain the inhibitory effects of PGF2a on adipogenesis. In this
model, the PGF2a-induced expression of the transcriptional
repressor DEC1 is proposed to block adipocyte differentiation by
directly repressing the PPARy2 promoter, thereby preventing the
expression of this critical proadipogenic transcription factor that is
known to be essential for the execution of the latter stages of
terminal adipocyte differentiation. In addition to this potential
direct inhibitory effect of DEC1 on PPAR+ gene expression, another
potential mechanism by which DEC1 could contribute towards the
inhibition of adipogenesis is via the inhibition of the Bmall
transcription factor (also known as MOP3). Bmal1 is a component of
the molecular clock complex involved in the circadian rhythm-
dependent regulation of gene expression [Bunger et al., 2000].
However, Bmall has also recently been shown to play a positive role
in the regulation of adipogenesis [Shimba et al., 2005]. Bmall
expression levels are increased during adipocyte differentiation and
cells that are rendered deficient in Bmall are unable to undergo
adipogenesis [Shimba et al., 2005]. Importantly, DEC1 is a known
direct and specific inhibitor of Bmal1 activity [Honma et al., 2002].
Hence, the increased DEC1 expression levels that we observe
following PGF2a treatment would be expected to antagonize
Bmal1-dependent transcription and thereby attenuate its role in the
adipogenic process. Thus, it appears that there are at least two non-
mutually exclusive mechanisms by which PGF2a-induced, HIF-1-
dependent expression of DEC1 could potentially act to attenuate
adipocyte differentiation: direct repression of the PPARy2 promoter
and inhibition of Bmal1l activity. However, exactly what role DEC1
plays, or for that matter, whether DEC1 is the only critical
downstream HIF-1 effector involved in the HIF-1-dependent
inhibition of adipocyte differentiation remains to be seen.

In summary, our data afford significant new insights into the
molecular mechanisms by which PGF2a acts to inhibit adipocyte
differentiation. We have demonstrated that PGF2a promotes the
sustained activation of the HIF-1 signaling pathway during 3T3-L1
preadipocyte differentiation under normal oxygen conditions and
provide evidence that this normoxic activation of HIF-1 contributes
towards the inhibitory effects of PGF2a on adipogenesis, most likely
via the increased expression of the DEC1 transcriptional repressor.
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