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The orphan nuclear receptor chicken ovalbumin upstream promoter-
transcription factor II (COUP-TFII; Nr2f2) is expressed in adipose tissue
in vivo and declines during differentiation. Overexpression of COUP-
TFII prevents adipogenesis, whereas shRNA-mediated reduction of
COUP-TFII promotes differentiation, as shown by increased lipid
accumulation and elevated expression of fat cell marker proteins.
Furthermore, reduction of COUP-TFII allows uncommitted fibroblasts
to be differentiated into fat cells. COUP-TFII represses the expression
of a number of proadipogenic factors in adipocytes, with direct action
noted at the CAAT enhancer-binding protein � promoter. We show
that COUP-TFII acts downstream of hedgehog signaling and is re-
quired for the full antiadipogenic effect of this pathway. This effect
is mediated in part by interaction with GATA factors. COUP-TFII and
GATA2 are physically associated and repress target gene expression
in an additive manner. Taken together, our data demonstrate that
COUP-TFII represents an endogenous suppressor of adipogenesis,
linking antiadipogenic extracellular signals to the core transcriptional
cascade.

Repressor � differentiation � Nr2f2 � GATA

Adipocyte differentiation is a highly regulated process con-
trolled by a complex transcriptional cascade (1–4). A wide

array of transcription factors participate in adipogenesis, although
most attention has focused on several members of the CAAT
enhancer-binding protein (C/EBP) family and the nuclear receptor
peroxisome proliferator-activated receptor � (PPAR�). C/EBP�
and C/EBP� are induced very early during differentiation (5).
These early regulators in turn activate two critical proadipogenic
transcription factors, PPAR� and C/EBP�, which mutually stimu-
late each other and drive the transition of preadipocytes to mature
adipocytes by activating a variety of genes required for maintaining
the adipocyte phenotype (6). Recently, a number of transcription
factors have been identified as regulators of adipogenesis, including
GATA2 and GATA3 (7, 8), certain members of the Krüppel-like
factor (KLF) family (9–11), and early B cell factors (EBF) 1 and 2
(12, 13).

We have sought to identify transcriptional pathways in adi-
pogenesis by using a systematic approach based on DNase-
hypersensitivity analysis (51). Briefly, we used an integrated
experimental and computational strategy to identify overrepre-
sented motifs in differentiation-dependent DNase-hypersensi-
tive sites flanking adipocyte-selective genes. Among these motifs
were sequences with a high degree of similarity to binding sites
for the orphan nuclear receptor chicken ovalbumin upstream
promoter transcription factor (COUP-TF). First identified as an
activator of the chicken ovalbumin gene, COUP-TF was shown
to bind to an imperfect direct repeat of the AGGTCA motif (14,
15). Shortly thereafter, three mammalian orthologs were iden-
tified, COUP-TFI (also known as Nr2f1 or EAR3), COUP-TFII
(ARP-1, Nr2f2), and the more distantly related COUP-TFIII
(also known as Nr2f6 or EAR2) (16–20).

We focused our attention on COUP-TFII because expression
data suggested a role for this isoform in adipocyte biology (see
below). COUP-TFII can act as either a positive or negative

regulator of transcription, although the latter appears to be more
typical (21). COUP-TFII is expressed widely during develop-
ment (22), and loss-of-function studies in mice have confirmed
a critical role in organogenesis. COUP-TFII-deficient mice die
in utero with defects in heart development and angiogenesis (23).
Tissue-specific knockout studies show that COUP-TFII is re-
quired for the development of limb, skeletal muscles, and
stomach (24, 25) and plays a critical role in determining vein
identity (26).

Here, we show that COUP-TFII is expressed in adipose tissues
and in cultured adipocyte models. Gain-of-function and loss-of-
function studies demonstrate that COUP-TFII is a dominant
repressor of differentiation in adipocytes. We also show that
COUP-TFII is required for other antiadipogenic factors, includ-
ing sonic hedgehog (Shh) and GATA, to exert their full effect.
COUP-TFII acts, in part, through physical and functional inter-
actions with GATA factors. Taken together, these studies iden-
tify a repressor of adipogenesis with links to upstream pathways
and downstream effectors of this critical developmental process.

Results
COUP-TFII Is Expressed in Adipose Tissue and Is Developmentally
Regulated. To determine the tissue specificity of COUP-TFII, we
isolated mRNA and protein from tissues of wild-type adult male
C57BL/6 mice and performed Northern and Western blotting.
COUP-TFII mRNA [supporting information (SI) Fig. 5A] and
protein (Fig. 1A) are expressed at high levels in a number of
tissues, including lung, kidney, and spleen. Moreover, COUP-
TFII is expressed abundantly in white adipose tissue and, to a
lesser degree, in brown adipose tissue. Fractionation of white
adipose tissue by low-speed centrifugation allowed us to identify
the stromal–vascular fraction (SVF) as the dominant site of
COUP-TFII protein expression within the fat pad (Fig. 1B).

We next used murine 3T3-L1 cells to assess COUP-TFII
expression over the course of adipogenesis. As differentiation
proceeds, COUP-TFII mRNA is decreased by �50% (SI Fig.
5B). COUP-TFII protein is decreased during adipogenesis as
well (Fig. 1C); interestingly, the magnitude of the effect appears
to be greater at the protein level than at the mRNA level,
implying posttranscriptional regulation of COUP-TFII levels
during differentiation. This notion is supported by what appears
to be an isoform shift favoring more mobile species of COUP-
TFII later in differentiation. It is not yet clear what these
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different isoforms represent, and this question remains a subject
of ongoing investigation. The reduction in COUP-TFII levels
seen during adipose conversion is consistent with the results in
Fig. 1B showing that the SVF, which includes preadipocytes, is
the major site of COUP-TFII expression within the fat pad.

COUP-TFII Is a Potent Suppressor of Adipogenesis. The developmen-
tal pattern of COUP-TFII expression suggests that this factor
might act as a repressor of adipogenesis. To test this hypothesis,
we first performed gain-of-function experiments by using retro-
viral delivery of COUP-TFII into 3T3-L1 preadipocytes. As
shown in SI Fig. 6A, COUP-TFII protein levels were increased
by �10-fold in COUP-TFII transgenic cells relative to cells
transduced with control virus. Strikingly, overexpression of
COUP-TFII in these cells completely blocked adipogenesis (Fig.
2A), as shown by oil red O staining of neutral lipids. Adipocyte
markers, such as Glut4, LPL, PPAR�, adiponectin, and aP2 (Fig.
2B), were significantly decreased in COUP-TFII-overexpressing
cells, further confirming an antiadipogenic effect.

Experimental manipulations that inhibit adipogenesis need to
be interpreted with caution, for the simple reason that differ-
entiation is a complex process requiring a plethora of factors to
turn on and off with precise timing; it is easy to imagine that
manipulation might disrupt the process through nonspecific
mechanisms. We therefore sought confirmation of COUP-TFII
antiadipogenic activity through loss-of-function studies, in which
we would predict enhanced adipose conversion. We used retro-
viral delivery of short-hairpin RNA (shRNA) to knock down
COUP-TFII in 3T3-L1 preadipocytes. As shown in SI Fig. 6B,
doing so resulted in reduction of COUP-TFII protein by �80%.
Cells with reduced COUP-TFII demonstrated enhanced adipo-
genic potential, including greater lipid accumulation (Fig. 2C)
and increased expression of adipocyte marker genes (Fig. 2D).

NIH 3T3 and other noncommitted fibroblast lines express high
endogenous levels of COUP-TFII (data not shown), leading us
to speculate that this expression might explain part of the
inability of these cells to form adipocytes upon induction with
differentiation mixture. Similar to what we observed in 3T3-L1
preadipocytes, knockdown of COUP-TFII enhanced adipogen-
esis in NIH 3T3 fibroblasts. Approximately 10% of cells express-
ing a retrovirus carrying a COUP-TFII-specific shRNA could be
induced to differentiate into adipocytes, whereas none of the
cells expressing a control shRNA displayed evidence of differ-

entiation (SI Fig. 7A). In addition to the enhanced lipid accu-
mulation, the adipocyte markers adiponectin and Glut4 were
dramatically induced in COUP-TFII knockdown cells induced to
differentiate (data not shown).

To date, PPAR� is the only protein known to be both
necessary and sufficient for adipogenesis. To assess whether
reduction of COUP-TFII is sufficient to promote adipogenesis
independent of PPAR�, we knocked down COUP-TFII in
PPAR�f lox/� or PPAR��/� mouse embryonic fibroblasts
(MEFs) (27). Knockdown of COUP-TFII in PPAR�f lox/� cells
enhanced adipogenesis to a degree similar to that seen in NIH
3T3 cells but had no effect in PPAR��/�cells (SI Fig. 7B). This
result is consistent with multiple lines of prior data suggesting a
preeminent position in the adipogenic cascade for PPAR�.

COUP-TFII Represses a Number of Proadipogenic Factors. Our data
indicate that COUP-TFII is an endogenous suppressor of adi-
pogenesis in multiple cell lines. We next sought to investigate the
mechanism by which COUP-TFII negatively regulates adipo-
genesis. The developmental pattern of COUP-TFII expression in
adipogenesis suggests a role in the first few days after the
initiation of differentiation, around the time that proadipogenic
factors such as C/EBP�, PPAR�, EBF1, EBF2, and others are
first expressed. We used transient transfection to overexpress
COUP-TFII in mature 3T3-L1 adipocytes and examined mRNA
levels of some of these factors. EBF1, which was recently
implicated as an activator of adipogenic program (12, 13), was
significantly down-regulated upon overexpression of COUP-
TFII (SI Fig. 8A), although the equally proadipogenic EBF2 was
not (data not shown). Other proadipogenic factors, such as
KLF15, SREBP1c, PPAR�1, PPAR�2, and C/EBP�, were also
repressed by COUP-TFII.

To address whether COUP-TFII directly represses the expres-
sion of some of these key transcription factors, we first per-
formed reporter assays in NIH 3T3 cells by using luciferase

Fig. 1. COUP-TFII is expressed in adipose tissue in vivo and in vitro. (A)
COUP-TFII protein levels in different tissues of adult C57BL/6 mice were
determined by Western blotting. B, brain; H, heart; Lu, lung; K, kidney; Li, liver;
Sk, skeletal muscle; Sp, spleen; WAT, white adipose tissue; BAT, brown adipose
tissue; T, testis. (B) Ovarian white adipose tissue was further separated into SVF
and adipocytes. Protein lysates from both fractions were subjected to Western
blotting. (C) The 3T3-L1 preadipocytes were differentiated with DMI mixture.
Protein lysates were prepared at the indicated time points and were subjected
to Western blotting. Ruby staining (B) and Ponceau S staining (C) were used to
demonstrate equal loading.

Fig. 2. Overexpression of COUP-TFII in 3T3-L1 cells suppresses adipogenesis,
whereas RNAi-mediated knockdown of COUP-TFII promotes adipogenesis. (A
and B) The 3T3-L1 preadipocytes were transduced with a retrovirus expressing
COUP-TFII or empty pMSCV vector. (A) The cells were induced with DMI
mixture. Oil red O staining was performed on day 7 after induction. (B) mRNA
levels of adipocyte genes Glut4, adiponectin, LPL, aP2, and PPAR� were
analyzed with Q-PCR on days 0, 2, 4, and 7 after induction. (C and D) The 3T3-L1
preadipocytes were transduced with a retrovirus expressing a shRNA specific
for COUP-TFII (shCOUP) or luciferase (shLuc). (C) Oil red O staining was
performed on days 4 and 7 after DMI induction. (D) mRNA levels of Glut4,
adiponectin, LPL, aP2, and PPAR� were analyzed with Q-PCR on days 0, 2, 4,
and 7 after induction. Data are shown as mean � SD of three biological
replicates. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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constructs driven by the �1.8-kb region of the PPAR�1 pro-
moter, the �900-bp region of the PPAR�2 promoter, and the
�300-bp region of the C/EBP� promoter. We found that the
promoter activity of C/EBP� was consistently and significantly
repressed by COUP-TFII (SI Fig. 8B), but we saw no significant
effects on the promoters for PPAR�1 and PPAR�2 (data not
shown). COUP-TFII also repressed the positive actions of
C/EBP� on this promoter (SI Fig. 8B).

Computer-assisted searching of the �300-bp region of the
C/EBP� promoter does not reveal an obvious COUP-TFII-
binding motif. To provide further evidence that this region
represents a bona fide COUP-TFII target gene, we performed
a chromatin immunoprecipitation (ChIP) assay in 3T3-L1 prea-
dipocytes to test for the presence of endogenous COUP-TFII on
the C/EBP� promoter. As shown in SI Fig. 8C, COUP-TFII was
specifically immunoprecipitated from this region. COUP-TFII
was not precipitated by a nonspecific antibody, nor was it found
associated with a distal, irrelevant region of the same gene. It
remains unclear whether COUP-TFII directly binds a cryptic
binding site in the C/EBP� promoter or whether it associates
with the promoter through interactions with other transcription
factors.

COUP-TFII also represses the proadipogenic pRB protein
and increases the level of necdin; these actions may antagonize
differentiation (SI Fig. 9).

COUP-TFII Is Downstream of Hedgehog and Is Required for Hedgehog
to Repress Adipogenesis Fully. Adipogenesis is strongly affected by
a myriad of extracellular signals, some of which promote differ-
entiation and some of which antagonize the process. Shh, one of
three vertebrate orthologs of the Drosophila hedgehog gene, is
particularly interesting in this regard because it represses adi-
pogenesis in multiple mammalian models (28–31), and it
strongly induces COUP-TFII expression in P19 embryonal car-
cinoma cells (32). To investigate whether Shh could also enhance
COUP-TFII expression in adipogenic cells, we treated 3T3-L1
preadipocytes with several doses of recombinant Shh. As shown
in Fig. 3A, COUP-TFII protein levels responded to Shh admin-
istration in a dose-responsive manner. Interestingly, although
Tsai et al. (33) suggested that the effect of Shh on COUP-TFII
expression in P19 cells is mediated through a Shh response
element in the COUP-TFII promoter region, we observed an
effect only at the protein level, with no elevation in COUP-TFII
mRNA in response to Shh in 3T3-L1 cells (SI Fig. 10).

If COUP-TFII is a downstream mediator of hedgehog signal-
ing on adipogenesis, reduction of COUP-TFII should prevent
Shh from fully inhibiting differentiation. We tested this predic-
tion by using our retroviral shRNA delivery system as before. In
control cells, 300 ng/ml Shh completely inhibited adipogenesis as
measured by oil red O staining (Fig. 3B). In cells with reduced
COUP-TFII, however, Shh exhibited a diminished ability to
repress adipose conversion, indicating that COUP-TFII contrib-
utes to hedgehog-induced suppression of adipogenesis. The
effect of Shh was not abolished, however, which suggests that
other pathways are operating to decrease adipose conversion
downstream of Shh as well.

Cyclopamine is a small molecule that binds to the hedgehog
receptor Smoothened and antagonizes Shh signaling (34), lead-
ing to enhanced adipogenesis in 3T3-L1 cells (Fig. 3C and ref.
31). In cells that overexpress COUP-TFII, cyclopamine is no
longer able to promote adipogenesis (Fig. 3C), further suggesting
that COUP-TFII is downstream of hedgehog signaling.

COUP-TFII Mediates the Antiadipogenic Effect of GATA Factors by
Physical and Functional Interactions. The transcription factors
GATA2 and GATA3 play a negative regulatory role in adipo-
genesis. Overexpression of GATA2 and GATA3 traps fat cell
precursors at the preadipocyte stage, whereas GATA3-deficient

embryonic stem cells display enhanced adipogenic ability (7).
GATA factors have been suggested to operate downstream of
hedgehog signaling in adipogenesis (31) in a manner analogous
to what we have shown here for COUP-TFII, which raised the
possibility that COUP-TFII and GATA factors might act coop-
eratively in this system.

We explored a possible functional relationship between
COUP-TFII and GATA by expressing human GATA2 in 3T3-L1
preadipocytes. As expected, GATA2 robustly suppressed adi-
pogenesis in these cells (Fig. 4A). In cells expressing a shRNA
directed against COUP-TFII, however, the ability of GATA2 to
inhibit differentiation was virtually abolished. This result indi-
cates that GATA actions in adipogenesis require COUP-TFII.
We initially hypothesized that COUP-TFII might be downstream
of (i.e., induced by) GATA in preadipocytes, but we have been
unable to demonstrate any effect of GATA overexpression on
COUP-TFII mRNA or protein abundance (data not shown). We
therefore postulated that GATA and COUP-TFII might phys-
ically interact to create a repressor complex on key target genes.
We addressed this possibility with a coimmunoprecipitation
(Co-IP) study. FLAG-tagged GATA2, GATA3, and FLAG tag
alone were transfected into HEK-293 cells, and the protein
lysates were precipitated by using anti-FLAG beads. As shown
in Fig. 4B, endogenous COUP-TFII was observed in a complex
with either GATA2 or GATA3 but not with FLAG tag alone,
suggesting that COUP-TFII interacts with multiple GATA fac-
tors. We went on to map the domain required for the COUP-
TFII association, using a series of GATA2 deletion mutants (Fig.
4C). These mutant alleles were expressed at comparable levels
in 293 cells and were immunoprecipitated with anti-FLAG
beads. The only mutant that showed significantly reduced asso-
ciation with COUP-TFII lacked both zinc finger domains and the
subsequent 39 aa (construct 5; Fig. 4C). There was also a partial

Fig. 3. COUP-TFII is required for hedgehog-mediated suppression of adipo-
genesis. (A) The 3T3-L1 preadipocytes were treated with indicated amount of
Shh for 48 h. Cell lysates were subjected to Western blotting for COUP-TFII and
�-actin. (B) The 3T3-L1 preadipocytes retrovirally transduced with shRNA
specific for COUP-TFII (shCOUP) or luciferase (shLuc) were induced with a
mixture of 1.7 �M insulin, 10 �M dexamethasone, and 5 nM IBMX in the
absence (�) or presence (�) of 300 ng/ml Shh. (C) The 3T3-L1 preadipocytes
transduced with pMSCV empty vector or COUP-TFII were induced with a DMI
mixture in the absence (�) or presence (�) of 3.6 �M KAAD-cyclopamine, an
antagonist of hedgehog signaling. (B and C) Oil red O staining was performed
7 days after induction.
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reduction in the COUP-TFII/GATA2 interaction with deletion
of the N-terminal 289 aa (construct 2) or the 39 aa immediately
after the zinc fingers (construct 6). Taken together, these data
demonstrate a physical interaction between these two antiadi-
pogenic factors.

Because COUP-TFII and GATA2 are tightly associated
with each other both functionally (Fig. 4A) and physically (Fig.
4 B and C), we next asked whether they can cooperate in the
repression of individual adipocyte target genes. We found that
COUP-TFII and GATA2 were individually able to repress
the expression of endogenous C/EBP� and Glut4 (Fig. 4D).
When cotransfected (taking care to keep total repressor levels
equivalent), GATA2 and COUP-TFII were able to reduce
expression of these genes to a greater degree than either
factor alone.

Discussion
We have sought to identify transcriptional pathways in adipo-
genesis by using multiple experimental and computational tech-
niques. These studies have led us to consider a role for the
orphan nuclear receptor COUP-TFII in adipocyte differentia-
tion. COUP-TFII is well known to play a significant role in the
development of multiple organs and tissues, including heart,
blood vessels, muscle, limb, and stomach (23–26). In the present
work, we show that COUP-TFII is expressed in adipose tissues
and in cultured adipocytes. Gain-of-function and loss-of-
function experiments were performed in several models of
adipogenesis. Overexpression of COUP-TFII in 3T3-L1 preadi-
pocytes suppresses adipogenesis. Conversely, knockdown of
COUP-TFII in 3T3-L1 preadipocytes, NIH 3T3 fibroblasts, and
MEFs enhances fat differentiation (Fig. 2 and SI Fig. 7). NIH
3T3 cells and MEFs are generally nonadipogenic and have been
shown to differentiate into fat cells only when strongly proadi-
pogenic transcription factors are ectopically overexpressed (35).
The fact that knockdown of COUP-TFII promotes adipogenesis
in these cells indicates that COUP-TFII is a potent suppressor of
adipogenesis. Taken together, our data from multiple models
prove that COUP-TFII represents an endogenous suppressor of
adipogenesis.

We have shown that levels of many proadipogenic transcrip-
tion factors are reduced by transfection of COUP-TFII, although
at present we do not know whether these actions are immediately
downstream of COUP-TFII. COUP-TFII exerts a repressive
effect on the C/EBP� promoter in a reporter assay and localizes
to this region in 3T3-L1 preadipocytes. Nonetheless, our inability
to locate an obvious COUP-TF response element in this region
makes it unclear whether the effect on C/EBP� transcription is
mediated by direct COUP-TFII binding or by an indirect action
through other binding partners. Both mechanisms have been
shown to be relevant to COUP-TFII action in other cell types
(36–41). COUP-TFII has been shown to inhibit the ability of
PPAR� to induce phosphoenolpyruvate carboxykinase expres-
sion in NIH 3T3 fibroblasts, perhaps by direct competition for
the PPAR� response element (42). It is also worth pointing out
that an effect on the C/EBP� promoter is unlikely to account
fully for the antiadipogenic action of COUP-TFII because
shRNA-mediated reduction of COUP-TFII in NIH 3T3 cells,
which are functionally C/EBP�-deficient (43), is able to promote
adipogenesis. The identification of direct COUP-TFII target
genes relevant to adipocyte differentiation is currently a priority
for our laboratory.

Transcription factors regulate developmental events such as
adipogenesis under the influence of signaling pathways, which
include such ancient pathways as Wnt and hedgehog, both of
which act to repress adipogenesis in mammalian systems. In most
cases, the link between the upstream signaling events and effects
on the transcriptional cascades that govern differentiation is
poorly understood. We were struck, however, by the reported
relationship between COUP-TFII and hedgehog signaling in
heterologous cells (32), which suggested that there might be a
similar link in developing adipocytes. In fact, this suggestion
proved to be true because COUP-TFII acts downstream of
hedgehog signaling and is required for the full expression of the
antiadipogenic effect driven by Shh. Others have suggested a role
for GATA factors as downstream mediators of hedgehog activity
in developing adipocytes (31). Interestingly, we were able to
show that COUP-TFII and GATA2 demonstrate significant
interdependence, with both physical and functional interactions
between the two proteins. Thus, GATA2 cannot fully inhibit
adipogenesis in the absence of COUP-TFII, and GATA2 and
COUP-TFII show additivity in repressing the expression of key
adipocyte genes such as C/EBP� and Glut4.

Fig. 4. COUP-TFII is required for GATA-mediated suppression of adipogen-
esis. (A) The 3T3-L1 preadipocytes were transduced with GATA2-pMSCV or
empty vector, selected, and then transduced a second time with a virus
expressing shRNA specific for luciferase (shLuc) or COUP-TFII (shCOUP). Oil red
O staining was performed 7 days after DMI induction. (B) HEK-293 cells were
transfected with FLAG empty vector (Flag), FLAG-GATA2, or FLAG-GATA3.
Co-IP analysis was performed with anti-FLAG beads. Ten percent input and the
SDS eluate were subjected to Western blotting with polyclonal antibodies
against FLAG or COUP-TFII. (C) The 293 cells were transfected with FLAG empty
vector (EV) or FLAG-tagged deletion mutants of GATA2. Co-IP analysis was
performed as described above. (D) The 3T3-L1 adipocytes (day 5 after DMI
induction) were transfected with 1 �g of pCDNA3 (EV), 1 �g of COUP-TFII
(COUP), 1 �g of GATA2 (GATA), or 0.5 �g of COUP-TFII plus 0.5 �g of GATA2
(COUP � GATA). Relative mRNA levels of C/EBP� and Glut4 were analyzed by
using Q-PCR. Data are shown as mean � SD of three biological replicates. *, P �
0.05; **, P � 0.01.
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COUP-TFII is exceptionally well conserved among species
(22). Mouse and human COUP-TFII are identical, and
COUP-TF orthologs ranging from human to Caenorhabditis
elegans and Drosophila display the highest degree of interspecies
conservation found in the nuclear hormone receptor superfam-
ily (22). Intriguingly, the Drosophila ortholog of COUP-TF,
seven-up, has been shown to play an essential role in fat body
development in flies (44). Disruption of seven-up results in loss
or reduced expression of two terminal marker genes, Adh and
Dcg1, specifically in the larval fat body (44). Interestingly,
serpent, the Drosophila ortholog of GATA, is also required for fat
cell differentiation in flies (45). In particular, serpent was iden-
tified as a transcriptional activator of Adh gene (46). Although
the molecular connection between seven-up and serpent in
Drosophila remains unknown, their mammalian orthologs,
COUP-TFII and GATA, appear to function cooperatively in
higher organisms, albeit they have the opposite effect on fat
development versus that seen in the invertebrate models. The
conserved and integrated function of COUP-TFII and GATA
during evolution highlights their position as a team of key
regulators of fat cell differentiation.

COUP-TFs have been shown to affect gene expression and
development by multiple molecular mechanisms, some of which
require DNA binding and some of which do not. For example,
COUP-TFII can activate or repress gene expression through
binding to COUP-TF motifs, such as those found in the ovalbu-
min gene (47) and the apolipoprotein AI gene (48). Alterna-
tively, COUP-TFII can also bind to other transcription factors
and influence gene expression as a cofactor (37–40). Finally,
COUP-TFII can also compete for binding to the motifs of other
nuclear receptors or can compete for other key cofactors,
such as retinoic X receptor. We anticipate that the antiadipo-
genic effects of COUP-TFII require more than one of these
mechanisms.

A major challenge in the field of adipogenesis is integrating
transcriptional effectors into the existing signaling and transcrip-
tional cascade. This work establishes COUP-TFII as a critical
regulator of adipogenesis in multiple cell autonomous systems.
Equally as important, however, is the identification of hedgehog
as an upstream inducer of COUP-TFII and the identification of
C/EBP� as a downstream target of COUP-TFII. Although it is
virtually certain that there will be other targets of COUP-TFII
in adipogenesis and other upstream modulators of COUP-TFII
expression and activity, this work describes one of the first direct
connections between extracellular signals and the classic tran-
scriptional effectors in adipocyte differentiation.

Methods
For additional materials and procedures, see SI Materials and Methods.

Materials and Reagents. The full-length mouse COUP-TFII cDNA was purchased
from American Type Culture Collection. The coding region was excised with
SspI and MslI and cloned into pMSCV-puro (Clontech) at the HpaI site by blunt
end ligation.

To construct the shRNA plasmids, DNA oligonucleotides were synthesized,
annealed, and cloned into pSIREN vector (Clontech) at BamHI and EcoRI sites.
Two COUP-TFII shRNA constructs were used in our studies and showed similar
effects on adipogenesis (data not shown). The target sequence of the con-
struct used in these experiments is 5�-AGCTCTTGCTTCGTCTCCC. FLAG-tagged
GATA2 mutant constructs were the kind gift of Gökhan Hotamisligil (Harvard
School of Public Health, Boston).

Rabbit anti-COUP-TFII antibody was a generous gift from Sotirios Karatha-
nasis (Lilly). Rabbit anti-Glut4 antibody was a gift from Barbara Kahn (Beth
Israel Deaconess Medical Center, Boston). Antibodies against �-actin, FLAG,
and GAPDH were purchased from Santa Cruz Biotechnology.

Cell Culture. HEK-293 cells and Phoenix packaging cells were maintained in
DMEM supplemented with 10% FBS. NIH 3T3 fibroblasts were maintained in
DMEM supplemented with 10% calf serum. 3T3-L1 preadipocytes and MEFs
were maintained and differentiated as described in refs. 27 and 49. Briefly,

3T3-L1 preadipocytes were grown to confluence in DMEM supplemented with
10% calf serum. Two days after confluence, cells were supplied with differ-
entiation medium [DMEM containing 10% FBS plus 1.7 �M insulin, 10 �M
dexamethasone, and 0.5 mM 3-isobutyl-1-methylxanthine (DMI)]. Forty-eight
hours after induction, cells were fed maintenance medium (DMEM containing
10% FBS plus 0.8 �M insulin), and the medium was replaced every 2 days. For
differentiation of NIH 3T3 cells and MEFs, differentiation medium was sup-
plemented with 10 �M rosiglitazone, and the induction time was prolonged
to 72 h.

Retrovirus Preparation and Infection. Retrovirus preparation and infection
were performed as described in ref. 27. Briefly, pMSCV, pSIREN empty vectors,
or their derivatives containing specific cDNA or shRNA, along with group-
specific antigens and reverse transcriptase (gag-pol) and VSV-G-expressing
plasmids, was transfected into Phoenix packaging cells with the CellPhect
transfection kit (Amersham Biosciences). Viral supernatant was collected 48 h
after transfection, filtered through 0.45-�m filters, and added to target cells
for 12 h along with 8 �g/ml Polybrene. Cells were selected with 4 �g/ml
puromycin or 400 �g/ml hygromycin to make stable lines and were maintained
in media containing appropriate antibiotics.

Adipocyte Transfection. 3T3-L1 adipocytes were differentiated as described.
On day 5 after DMI induction, the cells were trypsinized, and 1 �g of DNA was
transferred into 5 � 106 cells with the Amaxa nucleofection device (Amaxa
Biosystems) according to manufacturer’s instruction. mRNA was extracted
24 h posttransfection.

Adipose Tissue Fractionation. Ovarian fat pads were dissected from 12-week-
old C57BL/6J mice. The isolated white adipose tissue was subjected to a 45-min
digestion with 0.12 unit/ml collagenase at 37°C in a shaker at 25 rpm. The
samples were then filtered through 300-�m nylon meshes (Spectrum Labora-
tories) and were subjected to centrifugation at 500 � g for 5 min. The floating
fraction (comprised of white adipocytes) and the pellet fraction (containing
the SVF) were dissolved in TRIzol reagent (Invitrogen) for RNA preparation or
in TNN lysis buffer [50 mM Tris�HCl (pH 8.0), 150 mM NaCl, 0.5% Nonidet P-40]
plus a protease inhibitor mixture (Roche) for Western blotting.

RNA Preparation and Quantitative PCR (Q-PCR). Total RNA was extracted from
mouse tissues or cells with TRIzol reagent according to the manufacturer’s
instructions. cDNA was reverse-transcribed from 2 �g of RNA by using the
RETROscript first-strand synthesis kit (Ambion). Q-PCR was performed with
Brilliant SYBR Green QPCR Master Mix (Stratagene) and an Mx3000P thermal
cycler (Stratagene). The relative amount of mRNA normalized to cyclophilin B
was calculated by using the comparative Ct method.

Western Blotting. Cell lysates were prepared in TNN buffer with protease
inhibitor mixture (Roche) unless described otherwise. Twenty micrograms of
protein lysate was resolved by 10% SDS/PAGE and transferred onto PVDF
membranes. Ponceau S (Boston Bioproducts) staining was performed accord-
ing to the manufacturer’s instructions. In some cases, a separate gel was run
in parallel and was subjected to Ruby staining (Invitrogen) according to the
manufacturer’s instructions. Membranes were blocked in PBS supplemented
with 0.5% Tween 20 (PBST) plus 10% nonfat milk for 1 h followed by incu-
bation with primary (1:2,000) and secondary antibodies (1:2,000) for 1 h each
with PBST washes in between. Blots were then exposed to enhanced chemi-
luminescence substrate and exposed to film.

Co-IP Analysis. Co-IP analysis was performed according to a modified protocol
described by Xu et al. (50). Briefly, HEK-293 cells were transfected with FLAG
empty vector, FLAG-tagged GATA2, GATA3, or truncated mutants of GATA2
by using Lipofectamine2000 (Invitrogen) according to the manufacturer’s
instructions. Forty-eight hours later, cells were lysed with TD buffer containing
1% Triton X-100, 50 mM Tris (pH 7.5), 250 mM NaCl, 5 mM EDTA, 50 mM NaF,
plus protease inhibitor mixture (Roche). Cell lysates were diluted 1:1 with
dilution buffer (1% Triton plus 20% glycerol) and were incubated with
anti-FLAG beads (Sigma) overnight. The beads were eluted with nonreducing
SDS/PAGE loading buffer after extensive washes with Tris-buffered saline and
were subjected to SDS/PAGE and Western blotting.

Oil Red O Staining. Cells were fixed with 4% Formalde-Fresh (Fisher Scientific)
for 15 min at room temperature and stained with oil red O solution (0.5% oil
red O in isopropyl alcohol/water 	 3:2) for 2 h. Cells were washed twice with
distilled water before photography.
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