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Olf-1/early B-cell factor (O/E-1) is a transcription factor important for B-lymphocyte and neuronal gene
regulation. Here we report that all three known O/E genes (O/E-1, -2, and -3) are expressed in mouse adipose
tissue and are upregulated during adipocyte differentiation. Forced expression of O/E-1 in either the preadi-
pocyte cell line 3T3-L1 or mouse embryonic fibroblasts augmented adipogenesis, and constitutive expression
of O/E-1 in uncommitted NIH 3T3 fibroblasts led to initiation of adipocyte differentiation. Furthermore, a
dominant negative form of O/E-1 partially suppressed 3T3-L1 adipogenesis, indicating that expression from
endogenous O/E target genes is required for 3T3-L1 terminal differentiation. Thus, our data point to the
importance of O/E target genes for adipocyte differentiation and suggest a novel role for O/E-1 as an initiator

and stimulator of adipogenesis.

Mesodermal stem cells differentiate into various cell
types, including myocytes and adipocytes. Immortalized mu-
rine preadipocyte cell lines such as 3T3-L1 and 3T3-F442A
have been used extensively to study the molecular mecha-
nisms controlling adipocyte development. These preadipo-
cytes can be induced by hormonal stimulation to differenti-
ate into adipocytes that resemble cells found in white
adipose tissue. By using 3T3-L1 cells as a model system for
adipocyte development, it has been possible to dissect this
process into distinct stages with coordinated expression of
specific genes (6, 32, 33). These include transcription factors
such as peroxisome proliferator-activated receptor vy
(PPARY), sterol regulatory binding protein 1 (SREBP1)/
adipocyte determination and differentiation factor 1, and
CCAAT/enhancer binding proteins (C/EBPs), all of which
participate in the control of genes important for lipid me-
tabolism and have the ability to stimulate adipogenesis (22,
25, 37, 42, 43). Other transcription factors are likely to
contribute to adipogenesis, and we have focused on the role
of Olf-1/early B-cell factor (O/E-1), a protein known to be
expressed in adipose tissue (17). This protein is a helix-loop-
helix transcription factor shown to be important for the
control of B-lymphocyte-specific genes and for the tran-
scriptional regulation of genes in olfactory receptor neurons
(1, 2, 17, 35, 39). O/E-1 binds DNA response elements as a
homo- or heterodimer via a unique zinc coordination motif
(18). In mice, the O/E family of transcription factors con-
tains at least three highly related members, O/E-1, -2, and -3
(40), and the O/E proteins are highly conserved in such
diverse species as Caenorhabditis elegans (31), Drosophila
melanogaster (7), Xenopus laevis (10), zebra fish (3), chicken
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(29), and human (16). O/E-1 is abundantly expressed in
B-lymphoid cells, neurons, and adipose tissue, while O/E-2
and -3 expression is more restricted to neuronal compart-
ments (15, 17, 40). Mice devoid of O/E-1 by homologous
disruption of the gene show a complete lack of B lympho-
cytes (26) and a defect in embryonic striatum (14), implying
a crucial role for this protein during the development of B
lymphocytes and certain neuronal cell types. These mice are
also reported to be smaller than their littermate controls,
but the reason for this phenotype is unknown (26). O/E-1
has been implicated to be involved in the regulation of the
Glut4 gene in fat cells (9), but apart from this, the role of
O/E proteins in adipogenesis is unknown.

We here report that all three known mouse O/E family
members are expressed in mouse adipose tissue as well as in
3T3-L1 preadipocytes and that the expression level is increased
upon terminal differentiation into lipid-containing fat cells.
O/E-1 was also able to augment adipogenesis of 3T3-L1 and
mouse embryonic fibroblasts (MEF), which are cells with adi-
pogenic potential. Furthermore, O/E-1 could initiate differen-
tiation of NIH 3T3 cells that are not assigned to the adipocyte
lineage. Finally, we report that a dominant negative form of
the O/E-1 protein impaired the development of preadipocytes
into mature lipid-containing cells. These findings define O/E-1
as a potent stimulator of adipogenesis and indicate that this
factor participates in the control of genes crucial for the ter-
minal differentiation of adipocytes.

MATERIALS AND METHODS

Plasmid constructs. The retroviruses were based on the pBabepuro vector,
which allows for ectopic expression of either mouse PPARY2 (a kind gift from
Karsten Kristiansen), a human O/E-1 (16), or O/E-1-Engrailed. The Engrailed
fusion protein was constructed by an in-frame fusion of an O/E-1 protein trun-
cated by the introduction of an Xbal site at amino acid 430 (34) and the repressor
domain (amino acids 1 to 298) of the Drosophila Engrailed protein (a kind gift
from Sally Johnson). The Engrailed fusion protein was also cloned into a cDNA3
expression vector (Invitrogen Life Technologies AB, Liding6, Sweden) for use in
transient transfections. The reporter genes contained either the mouse B29
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FIG. 1. O/E-1, -2, and -3 mRNAs are expressed in mouse adipose
tissue. Total RNA was extracted from the visceral adipose tissues and
livers from five animals and from the 70Z/3 B-lymphoid cell line. After
cDNA synthesis with DNase-treated RNA samples, transcript levels of
O/E-1, -2, and -3 were analyzed by quantitative real-time PCR.

promoter (—152 to +1) (1), the mouse mb-I promoter (—126 to +26), or a
cytomegalovirus (CMV) promoter cloned 5’ of the luciferase gene in a pGL3
reporter vector (Promega, Scandinavian Diagnostic Services AB, Falkenberg,
Sweden).

Retrovirus production and infection. Phoenix retroviral packaging cells were
transfected with pBabepuro retrovirus vectors in 100-mm-diameter dishes at
70% confluence, and virus supernatants were harvested after 48 h. Target cells
were infected in 100- or 60-mm-diameter dishes at 50% confluence with 1
volume of virus supernatant diluted in 1 volume of Dulbecco’s modified Eagle’s
medium (DMEM) (Invitrogen) with 10% (vol/vol) calf serum, after which Po-
lybrene (Sigma Sweden AB, Stockholm, Sweden) was added at a final concen-
tration of 6 wg/ml. The medium was replenished 8 to 12 h following infection.
Twenty-four hours after infection the cells were split 1:3 to 100-mm-diameter
dishes and selected with 2 pg of puromycin (Sigma) per ml for 72 to 96 h. Dishes
with selected cells were trypsinized, pooled, and replated on 60-mm-diameter
dishes for differentiation.

Cell culture and differentiation. 3T3-L1 and NIH 3T3 cells were propagated
in DMEM containing 10% (vol/vol) calf serum at 37°C in a humidified atmo-
sphere of 10% CO,. Medium was changed every second day in all experiments.
3T3-L1 cells were induced to differentiate 2 days postconfluence (day 0) by using
DMEM with 10% (vol/vol) fetal calf serum supplemented with 0.5 mM 3-isobu-
tyl-1-methylxanthine (Sigma), 1 M dexamethasone (Sigma), and 1 ug of insulin
(Roche Diagnostics Scandinavia AB, Bromma, Sweden) per ml (MDI) for 2 days
and 1 pg of insulin per ml alone for 2 additional days. From day 4, 3T3-L1 cells
were cultured in DMEM with 10% fetal calf serum. For the dexamethasone and
darglitazone differentiation protocol, 3T3-L1 cells were induced 2 days postcon-
fluence in DMEM with 10% fetal calf serum supplemented with 1 pM dexa-
methasone and 0.5 pM darglitazone for 2 days and then with 0.5 uM darglita-
zone alone throughout the experiment. NIH 3T3 cells were induced to
differentiate 2 days postconfluence by using DMEM with 10% (vol/vol) fetal calf
serum supplemented with MDI and, where indicated, 0.5 wM darglitazone or
similar amounts of a dimethyl sulfoxide (DMSO) vehicle for 2 days and with 1 pg
of insulin per ml and 0.5 uM darglitazone for 2 additional days. From day 4, NIH
3T3 cells were cultured in DMEM with 10% fetal calf serum supplemented with
0.5 uM darglitazone or the DMSO vehicle. Embryonic fibroblasts from CBA X
C57BL/6 F; mice (MEF) were maintained in DMEM with 10% (vol/vol) fetal
calf serum, and differentiation was induced 2 days postconfluence as described in
reference 20. Where indicated, 0.5 wM darglitazone or a similar amount of the
DMSO vehicle was added to the MEF cultures at the time of induction of
differentiation and was included throughout the experiment.

Oil Red O staining. Culture dishes were washed twice in phosphate-buffered
saline and fixed for 30 min in phosphate-buffered saline containing 4% formal-
dehyde. After a single wash in water, cells were stained with Oil Red O for 30
min. After the staining, dishes were washed twice in water and photographed. Oil
Red O was prepared by diluting a stock solution (0.5 g of Oil Red O [Sigma] in
100 ml of isopropanol) with water (3:2), followed by filtration.
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Real-time PCR analysis. Total RNA was isolated with RNA STAT-60 (BioSite
AB, Tiby, Sweden) according to the manufacturer’s instructions. DNAs were
removed from RNA preparations (DNA-free kit; Intermedica AB, Stockholm,
Sweden), and first-strand synthesis was performed with random primers (Super-
script first-strand synthesis system for reverse transcription-PCR; Invitrogen).
Quantitation of mRNA was performed by a quantitative, real-time-PCR ap-
proach with the ready-to-use SYBR Green PCR core reagent kit based on the
TaqMan technology (Applied Biosystems, Stockholm, Sweden). The threshold
cycles (Ct) for the endogenous control (36B4) and genes of interest were deter-
mined and relative RNA levels were calculated by the comparative-Ct method
where ACt is the Ct of the gene of interest minus the Ct of 36B4. The ACt values
were used to calculate 27", All targets and the 36B4 control were amplified
with similar PCR efficiencies. Real-time-PCR experiments were performed in
triplicate.

The following oligonucleotides were used in real-time PCR analysis: mEBF1
fw, 5'-AGGTTGGATTCTGCTACGAAAGTT-3'; mEBF1 rev, 5'-TGATTCCT
CTTAAAAAGG-CCTGA-3'; mEBF2 fw, 5'-~AGCACAAAACTACTTATTCC
GATGG-3'; mEBF2 rev, 5'-GTCCAACATGGCCGCTTG-3'; mEBF3 fw, 5'-T
CGTGAATATGCACCGTTTTG-3'; mEBF3 rev, 5'-ATGAGTACAGAAAAA
ATGTCTCGAGG-3'; mSREBP1 fw, 5'-GCAGACCCTGGTGAGTGGA-3';
mSREBP1 rev, 5'-GTCGGTGGATGGGCAGTTT-3'; mC/EBPa fw, 5'-TCTG
CGAGCACGAGACGTC-3"; mC/EBPa rev, 5'-GCCAGGAACTCGTCGTTG
AA-3'; maFABP fw, 5'-TTCGATGAAATCACCGCAGA-3'; maFABP rev, 5'-
AGGGCCCCGCCATCT-3'; mGPDH fw, 5'-TGCTAAATGGGCAGAAGCT
ACA-3'; mGPDH rev, 5'-TGTGTTGGAGAATGCTGTGCA-3'; mPPAR~Y?2 fw,
5'-GCATGGTGCCTTCGCTGA-3'; mPPARY2 rev, 5'-TGGCATCTCTGTGT
CAACCATG-3"; mPPARyl fw, 5-TGAAAGAAGCGGTGAACCACTG-3;
mPPARyl rev, 5'-TGGCATCTCTGTGTCAACCATG-3"; m36B4 fw, 5'-GAG
GAATCAGATGAGGATATGGGA-3'; m36B4 rev, 5'-AAGCAGGCTGACTT
GGTTGC-3'; mGlut4 fw, 5'-TCATTGTCGGCATGGGTTT-3; mGlut4 rev, 5'-
CGGCAAATAGAAGGAAGACGTA-3'; mAdipsin fw, 5'-CCTTGCAATACG
AGGACAAAGA-3'; and mAdipsin rev, 5'-CACACCCCAACCAGCCAC-3'.

Protein extracts and electrophoretic mobility shift assay (EMSA). Nuclear
extracts were prepared according to the method of Schreiber et al. as described
in reference 1. DNA probes were labeled with [y->?P]ATP by incubation with T4
polynucleotide kinase (Roche), annealed, and purified on a 5% polyacrylamide
Tris-borate-EDTA gel. Nuclear extract was incubated with labeled probe (20,000
cpm, 3 fmol) for 30 min at room temperature in binding buffer (10 mM HEPES
[pH 7.9], 70 mM KClI, 1 mM dithiothreitol, 1 mM EDTA, 5% glycerol, 2.5 mM
MgCl,, 1 mM ZnCl,) with 0.75 pg of poly(dI-dC) (Amersham Biosciences,
Uppsala, Sweden). DNA competitors were added 10 min before the addition of
the DNA probe. The samples were separated on a 6% polyacrylamide-Tris-
borate-EDTA gel, which was dried and subjected to autoradiography.

Oligonucleotides used for EMSAs were as follows: mouse mb-1 O/E-1 sense,
5'-GAGAGAGACTCAAGGGAATTGTGG-3'; mouse mb-1 O/E-1 antisense,
5'-CCACAATTCCCTTGAGTCTCTCTC-3'; Oct sense, 5'-TTCATTGATTTG
CATCGCATGAGACGCTAACATCGTACGTTC-3'; Oct antisense, 5'-GAAC
GTACGATGTTAGCGTCTCATGCGATGCAAATCAATGAA-3';  human
mb-1 O/E-1 sense, 5'-AGCCACCTCTCAGGGGAATTGTGG-3'; human mb-1
O/E-1 antisense, 5'-CCACAATTCCCCTGAGAGGTGGCT-3"; mutated hu-
man mb-1 O/E-1 sense, 5'-AGCCACCTCTCAGCCGTTTTGTGG-3'; and mu-
tated human mb-1 O/E-1 antisense, 5'-CCACAAAACGGCTGAGAGGTGGC
T-3".

The antibodies used for supershifting were SC15888 (Santa Cruz Biotechnol-
ogy, Scandinavian Diagnostic Services AB) and an O/E-1-specific rabbit anti-
serum raised against a polypeptide in the carboxy terminus of O/E-1 (M. Sig-
vardsson, unpublished data).

Transient transfections and luciferase assays. 70Z/3 pre-B cells were grown
at 37°C under 5% CO, in RPMI medium supplemented with 7.5% fetal calf
serum, 10 mM HEPES, 2 mM pyruvate, 50 .M 2-mercaptoethanol, and 50 pg of
gentamicin per ml (all purchased from Invitrogen) (complete RPMI medium).
The cells were washed twice in Tris-buffered saline (TBS; 140 mM NaCl, 5 mM
KCI, 25 mM Tris [pH 7.4], 0.6 mM Na,HPO,, 0.5 mM MgCl,, 0.7 mM CacCl,).
Transfection was performed by incubating 2.5 X 10° cells for 30 min at 20°C in
0.65 ml of DEAE-dextran (0.7 mg/ml in TBS; Amersham Biosciences) containing
2 pg of the reporter gene construct and 1 pg of expression vectors. The trans-
fected cells were thereafter washed once in TBS and then cultured in 5 ml of
complete RPMI medium in six-well plates for 48 h. Protein extracts were pre-
pared and luciferase assays were performed with the Luciferase Reporter assay
system (Promega) and 20% of the total protein extract.
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FIG. 2. O/E proteins are present in differentiated 3T3-L1 cells, and O/E mRNA levels are modulated during 3T3-L1 differentiation. (A) 3T3-L1
preadipocytes were induced to differentiate by the addition of MDI 2 days postconfluence. Total RNA was extracted from samples isolated at
preconfluence (lanes P), confluence (lanes C), and days 1, 2, 4, 6, and 8 postinduction (lanes 1, 2, 4, 6, and 8, respectively). DNase-treated RNAs
were used as templates for cDNA synthesis, and the cDNAs were used to determine the expression levels of O/E-1, -2, and -3; PPAR«y1 and -2;
SREBP-1; C/EBPa; aFABP; and GPDH by real-time PCR. The panels display the results of one representative experiment out of two. (B) The
presence of O/E proteins was analyzed in an EMSA with a mouse mb-1 O/E-1 probe and extracts from 3T3-L1 cells after 4 days of differentiation
with MDI. The left panel shows the results of a competition assay where the shift obtained was competed with an intact (mb-1) or mutated (mut.)
human mb-1 O/E-1 site. F indicates free probe. The right panel shows the results of a supershift experiment with the same extract and probe as
in the left panel but with anti-O/E antibody (interacts with O/E-1, -2, and -3), anti-O/E-1 antibody (O/E-1 specific), or preimmune serum (lane Pre)
added to the EMSA. ssO/E, supershifted O/E.
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FIG. 3. Ectopic expression of O/E-1 stimulates 3T3-L1 differentiation. (A) The presence of O/E proteins in 3T3-L1 cells after retroviral
infection was determined by EMSA. Nuclear extracts were prepared from 3T3-L1 cells infected with retroviruses containing the empty pBabepuro
vector (lanes Vector) or with retroviruses harboring the O/E-1 cDNA (lanes O/E-1) before the initiation of differentiation and from untransduced
cells after 4 days of differentiation with MDI (lanes Day 4). The mb-1 O/E-1 probe was used to determine the presence of O/E proteins, and an
Oct probe was used as a control for protein content. F indicates free probe. (B) Cells infected with empty retroviruses or viruses containing O/E-1
cDNA were induced to differentiate by the addition of dexamethasone and darglitazone. Three, 4, and 7 days postinduction, culture dishes were
stained with Oil Red O to assess adipocyte differentiation. The results of one representative experiment out of three are shown.

RESULTS

The O/E genes are expressed and regulated during adipo-
genesis. Nuclease protection analysis has shown that O/E-1
mRNA is present in mouse adipose tissue (17), but little is
known about the temporal expression pattern during adipocyte
differentiation or the presence of other family members in
adipocytes. To investigate this issue, we performed quantita-

tive real-time-PCR analysis using oligonucleotides for O/E-1,
-2, and -3 and cDNAs derived from mouse adipose tissue and
liver and the 70Z/3 B-lymphoid cell line. The results suggested
that all three isoforms of O/E are expressed in mouse adipose
tissue, although at different relative levels (Fig. 1). As ex-
pected, O/E-1 mRNA was the only O/E transcript detected in
B-lymphoid cells and none of the family members could be
detected in the liver.
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FIG. 4. mRNA levels of adipocyte differentiation markers during normal and O/E-1-stimulated 3T3-L1 differentiation. Cells infected with
retroviruses containing empty vector or O/E-1 cDNA were induced to differentiate by the addition of dexamethasone and darglitazone 2 days after
confluence. Total RNA was extracted from cultures at preconfluence (lanes P), confluence (lanes C), and days 1, 2, and 4 postinduction (lanes 1,
2, and 4, respectively). cDNAs were synthesized from DNase-treated samples and used in a quantitative real-time PCR. The results of one

representative experiment out of four are shown.

To examine the expression profiles of O/E family members
during adipocyte differentiation, 3T3-L1 preadipocytes were
grown to confluence and stimulated to differentiate to adipo-
cytes 2 days postconfluence. Differentiation was initiated by
the addition of the adipogenic inducer MDI for 2 days, fol-
lowed by insulin only for 2 additional days. mRNA levels for
O/E-1, -2 and -3, as well as for known markers of adipocyte
differentiation, were then determined by real-time PCR (Fig.
2A). All O/E forms were expressed already in noninduced,
preconfluent 3T3-L1 cells, indicating that these factors are
present at early stages of adipocyte development. O/E-2 and -3
appeared to be present at lower levels than O/E-1, which is
consistent with the expression pattern observed in mouse ad-
ipose tissue (Fig. 1). During 3T3-L1 differentiation, O/E-1 was
up-regulated approximately eightfold while the other isoforms
were induced by a factor of 2 to 3. To compare the expression
pattern of the O/Es with that of known markers of adipocyte
development, we measured mRNA levels of PPARvyl,
PPARY2, SREBP1, C/EBPa, adipocyte fatty-acid binding
protein (aFABP), and glycerol-3-phosphate dehydrogenase

(GPDH) by real-time PCR. As shown in Fig. 2A, the O/Es
are expressed at an early stage when only low levels of
SREBP1 and PPARYI1 are detected but before the onset of
PPAR«y2, C/EBPa, aFABP, or GPDH transcription. Thus,
adipocytes express O/E-1, -2, and -3 mRNA and the levels of
these messages are modulated during terminal adipocyte differ-
entiation. To verify that the expressed mRNA was translated
into protein, we performed EMSAs using the mouse mb-1
promoter O/E-1 site and nuclear extracts from 3T3-L1 cells 4
days after the initiation of differentiation (Fig. 2B). This re-
sulted in one prominent complex that could be competed for
by the addition of a cross-reactive site from the human mb-1
promoter (16) but not by inclusion of a point-mutated site. To
further investigate the obtained complex, we included either an
antiserum binding all O/E proteins or an O/E-1-specific anti-
serum. Addition of the former resulted in a complete super-
shift of the EMSA complex, while the O/E-1 antiserum only
partially shifted the complex. This further supports the idea
that O/E proteins are expressed and translated into functional
protein in adipocytes.
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FIG. 5. Ectopic expression of O/E-1 enhances adipocyte differentiation of mouse embryonic fibroblasts. Cells were infected with an empty
retrovirus vector or viruses harboring O/E-1 cDNA and were induced to differentiate by the addition of MDI plus darglitazone or the vehicle
(DMSO) 2 days postconfluence. Cultures were stained with Oil Red O 10 days postinduction. Petri dishes and micrographs from one representative

experiment out of two are shown.

O/E-1 augments adipogenesis of preadipocytes. A feature of
many transcription factors with key roles in adipogenesis is
their ability to stimulate terminal adipocyte differentiation of
preadipocytes (33). To investigate whether O/E-1 possessed
this ability, we infected 3T3-L1 cells with retrovirus vector
alone or with retroviruses carrying the cDNA encoding O/E-1.
Infection resulted in a significant increase of O/E-1 binding
activity in EMSAs using the mb-1 promoter binding site (19),
while the levels of Oct protein remained constant (Fig. 3A).
The levels of DNA binding activity obtained were comparable
to those observed in 3T3-L1 cells 4 days after the induction of
differentiation. After selection, cells were stimulated to differ-
entiate to adipocytes, as assessed by Oil Red O staining, at a
low rate with dexamethasone alone (data not shown) or in
combination with the PPARYy agonist darglitazone (Fig. 3B).
Under these attenuated-differentiation conditions, O/E-1-in-
fected cells differentiated more efficiently than vector-infected
cells, suggesting that O/E-1 has a potential to stimulate termi-
nal adipocyte differentiation. To verify this effect, we analyzed
the mRNA levels of markers of adipocyte development by
real-time PCR during differentiation (Fig. 4). At early stages of
differentiation, we observed no significant differences in levels
of gene expression between vector- and O/E-1-infected cul-
tures. However, by day 2 postinduction, PPARY2, aFABP,
GPDH, and Glut4 were expressed at higher levels in O/E-1-
infected cultures, supporting the idea that O/E-1 stimulates
adipogenesis. The time span until up-regulation suggests that
O/E-1 does not directly control any of the examined genes but
rather that the up-regulation of these genes at later stages is
due to a more efficient differentiation of O/E-1-infected cells.

To further investigate the ability of O/E-1 to induce differ-
entiation, we infected primary untransformed MEF with either
the empty control virus or the O/E-1-encoding retrovirus. Oil
Red O staining of these cell cultures (Fig. 5) indicated that

O/E-1-infected MEF differentiated more efficiently than the
vector-infected MEF both in the absence and in the presence
of darglitazone. These results suggest that O/E-1 has the ability
to stimulate terminal adipocyte differentiation also in untrans-
formed cells.

O/E-1 stimulates adipocyte differentiation in noncommitted
fibroblastic cells. The results of retrovirus infection experi-
ments with 3T3-L1 and MEF suggest that O/E-1 can enhance
adipocyte differentiation in cells that are already committed to
the adipocyte lineage or at least have a documented adipogenic
potential. However, the most potent stimulators of adipogen-
esis also possess the ability to induce the differentiation of cells
with a broader lineage potential, such as fibroblastic NIH 3T3
cells (33). To explore whether O/E-1 could initiate adipogen-
esis in cells with a low adipogenic potential, NIH 3T3 fibro-
blasts were infected with retrovirus vector alone or retroviruses
harboring the gene encoding PPAR«y2, known to be a powerful
inducer of adipocyte differentiation (36, 37), or O/E-1. The
expression levels of O/E-1 protein in the infected cultures
before the addition of external stimuli were examined by
EMSA. Results suggested that a low level of O/E-1-like bind-
ing activity could be detected in the vector-infected cells but
that this binding activity was increased after transduction with
O/E-1-encoding retrovirus to levels comparable to those ob-
served in differentiated 3T3-L1 cells (Fig. 6A). Cells were
allowed to differentiate in the presence of MDI with or without
darglitazone, and lipid accumulation was measured by Oil Red
O staining. Both O/E-1 and PPARYy induced differentiation
into a few lipid-containing cells that resembled cultured adi-
pocytes (Fig. 6B) with MDI stimulation alone. Darglitazone
dramatically increased lipid accumulation in O/E-1-infected as
well as in PPARy2-infected cultures, while very few lipid-
containing cells developed in vector-infected cultures. To sup-
port the notion that O/E-1 induced differentiation in these
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FIG. 6. O/E-1 promotes adipocyte differentiation of NIH 3T3 fibroblasts. (A) NIH 3T3 cells were infected with empty retroviruses (vector) or
viruses containing O/E-1 or PPARy2 cDNA. Nuclear extracts were prepared, and the presence of O/E protein was analyzed by EMSA with the
mb-1 O/E-1 probe. The Oct probe was included as a control for protein content, and nuclear extracts from 3T3-L1 cells, differentiated for 4 days
by the addition of MDI, were included for a comparison of O/E levels. F indicates free probe. (B) Infected NIH 3T3 cells were treated with MDI and
either darglitazone or the vehicle (DMSO) 2 days after confluence. The cultures were stained with Oil Red O after 10 days of differentiation. Petri dishes
and micrographs from one representative experiment out of four are shown. (C) GPDH levels of infected cells after differentiation. Infected cells were
induced to differentiate by the addition of MDI and darglitazone, and RNA samples were harvested after 4 days of differentiation. DNase-treated samples
were used for cDNA synthesis and subsequent quantitative real-time-PCR analysis. The results of one representative experiment out of two are shown.
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FIG. 7. A dominant negative (DN) O/E-1-Engrailed fusion protein
represses O/E-1-dependent target promoters. (A) Schematic drawing
of the O/E-1-Engrailed construct. Amino acids 1 to 430 of mouse
O/E-1 were N-terminally fused to amino acids 1 to 298 of the Dro-
sophila Engrailed protein. DBD, DNA binding domain. (B) The O/E-
1-Engrailed hybrid cDNA was cloned into the pcDNA3 expression
vector and used in cotransfection experiments. 70Z/3 pre-B cells were
transfected with empty pcDNA3 (vector) or pcDNA3 containing O/E-
1-Engrailed (O/E-Engrailed) in conjunction with reporter plasmids
containing the luciferase gene driven by the mb-1, B29, or CMV pro-
moter. The resulting luciferase activities from three transfections are
indicated.

cells, we performed real-time-PCR analysis of the expression
of the GPDH message 4 days after stimulation (Fig. 6C). The
results suggested that both O/E-1- and PPARvy2-infected cells
expressed higher levels of this gene than the control-infected
cells, supporting the idea that they differentiate into adipo-
cytes. These results suggest that ectopic expression of O/E-1
promotes adipogenesis and lipid accumulation also in cells that
are not committed to the adipocyte lineage.

Expression of a dominant negative form of O/E-1 impairs
the differentiation of 3T3-L1 cells. Overexpression of O/E-1
was able to stimulate adipogenesis in preadipocytes as well as
in cells with low adipogenic potential, and we thus wanted to
investigate whether the O/E proteins were required for termi-
nal adipocyte development. To examine this issue, we designed
a dominant negative form of O/E-1 by using a truncated O/E-1
cDNA that lacked the C-terminal transactivation domain while
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retaining the DNA binding and dimerization domains (amino
acids 1 to 430) (34) and that was fused to the repressor domain
of the Drosophila protein Engrailed (amino acids 1 to 298)
(Fig. 7A). To verify that this protein possessed the ability to
suppress the activities of O/E target promoters, we transiently
transfected reporter constructs carrying either the mouse mb-1
or B29 promoter, both of which are targets for O/E-1 (17, 1),
or a control CMV promoter into an O/E-1-expressing pre-B
cell line (70Z/3). The reporter constructs were cotransfected
with either an empty vector or an O/E-1-Engrailed-encoding
expression vector, and the relative functional activities of the
promoters were determined (Fig. 7B). The mb-1 promoter
activity was reduced to 19% and the B29 promoter activity was
reduced to 31% by the inclusion of the dominant negative O/E
protein, while no repression of the CMV promoter could be
detected. The same basic strategy has earlier been used to
construct a dominant negative E47 protein with the ability to
impair muscle cell differentiation. (4). Dominant negative
O/E-1 will likely affect the functions of all three O/E proteins
by repressing the activities of target promoters, since they are
reported to interact with the same consensus DNA binding site
(40). Retroviruses carrying O/E-1-Engrailed were used to in-
fect 3T3-L1 cells, and their differentiation capabilities were
compared with that of vector-infected cells. Differentiation was
induced with MDI, and cultures were stained with Oil Red O
after 5 days. As shown in Fig. 8A, expression of the dominant
negative form of O/E-1 in 3T3-L1 cells reduced the capacity of
preadipocytes to develop into terminally differentiated adipo-
cytes, without any apparent signs of the general toxicity of the
fusion protein. Differentiation was not blocked completely in
O/E-1-Engrailed-infected cultures since some cells still accu-
mulated lipids, but the number of differentiating cells was
reduced. To further verify that the dominant negative form of
O/E-1 was able to impair the ability of 3T3-L1 cells to termi-
nally differentiate, we performed real-time-PCR analysis of
O/E-1-Engrailed- and vector-infected cells 2 and 5 days after
stimulation with MDI as described above (Fig. 8B). The results
indicated that the expression of late-stage markers, such as
GPDH, Adipsin, and Glut4, was reduced in the cells expressing
the dominant negative protein. We also observed reduced ex-
pression of aFABP, PPARy1, PPARY2, ¢c/EBPq, and, to a
lesser extent, SREBP1. These data indicate that O/E target
genes are important and required for the differentiation of
3T3-L1 preadipocytes into lipid-containing adipocytes.

DISCUSSION

We here report data suggesting that the O/E proteins are
directly involved in terminal adipocyte differentiation and also
participate in the initiation of adipocyte development. These
findings place the O/E proteins in a group of adipogenic tran-
scription factors, including PPARys, C/EBPs, and SREBP1 (6,
33). The existence of a set of proteins sharing the ability to
stimulate adipogenic differentiation makes it interesting to
consider transcription factor hierarchies and networks.
SREBP1 has been suggested to act directly upstream of
PPARYy by binding to its promoter (12) but also in parallel with
the same protein to possibly enhance the activation of PPARy
target genes (22). PPARYy transcription is also enhanced after
ectopic expression of C/EBPs (41), possibly via binding sites in
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FIG. 8. Dominant negative O/E-1 reduces the level of adipogenesis of 3T3-L1 preadipocytes. (A) 3T3-L1 cells were infected with empty
retrovirus (vector) or retroviruses harboring the O/E-1-Engrailed hybrid cDNA (O/E-1-Engrailed) and treated with MDI 2 days postconfluence.
Adipocyte differentiation was assessed by Oil Red O staining 5 days after induction. Petri dishes and micrographs from one representative
experiment out of four are shown. (B) Total RNA samples were extracted from cultures at 2 and 5 days postinduction (lanes 2 and 5, respectively).
cDNAs were synthesized from DNase-treated RNA, and quantitative real-time PCR was performed with primers for the indicated adipocyte

differentiation markers.

the PPARYy promoter (12, 44). The initial effect on PPARYy
transcription is likely to be mediated by C/EBPB and -8, since
expression of these factors precedes that of both PPAR+y and
C/EBPa in differentiating adipocytes (5, 8, 43). PPARy also
appears to act in functional synergy with C/EBPa, since coex-
pression of these proteins enhances the expression of adipo-
cyte differentiation-linked genes (11). Even though the differ-
entiation process induced by O/E-1 is greatly enhanced by

inclusion of a PPAR'y agonist (Fig. 6), O/E-1 does not appear
to increase the early expression of PPARvys (Fig. 4). The levels
of PPAR«y2 transcripts are, however, increased in O/E-1-in-
fected 3T3-L1 cells, but this effect is not obvious before day 2,
a finding that therefore rather reflects a more efficient differ-
entiation process than a direct effect of O/E-1 on PPARYy
transcription (Fig. 4). The overall mRNA levels of C/EBPa,
PPARY1, and SREBP1 were not dramatically affected by ec-
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topic expression of O/E-1, arguing against a direct effect on the
expression of either of these factors (Fig. 4). A possible inter-
pretation is that O/E-1 acts in parallel with PPARYy and/or
other adipogenic transcription factors. This assumption is also
supported by the results of a gene expression analysis of O/E-1-
and PPARvy2-induced NIH 3T3 differentiation where large
differences in expression profiles were found (P. Akerblad,
unpublished observations). We have not investigated how co-
expression of O/E-1 and other proadipogenic proteins influ-
ences O/E-induced differentiation. Such experiments may,
however, help to place O/E-1 in the hierarchy of transcription
factors regulating adipogenesis. Of special interest to us would
be an investigation of whether O/E-1 acts in concert with
SREBP since collaboration between O/E-1 and basic helix-
loop-helix proteins is suggested to be of key importance for
B-cell development and the regulation of B-cell-restricted
genes (30, 35).

O/E transcript levels are, when compared to those of the
other known adipogenic transcription factors, rather modestly
modulated during 3T3-L1 differentiation (Fig. 2A). A small
change in O/E-1 mRNA expression levels may, however, have
dramatic effects, since mono-allelic expression of the O/E-1
gene affects target gene activation in B-lymphoid cells (27). We
have also analyzed by EMSA the expression of O/E-1 proteins
in developing adipocytes, and even though the binding activity
largely correlates with the level of mRNA, we cannot at this
stage exclude posttranscriptional regulation of the DNA bind-
ing capacity. O/E mRNAs are present in undifferentiated
3T3-L1 cells. Connections between O/E proteins and external
signaling pathways have been reported for Drosophila, where
the O/E homologue Collier was shown to be involved in hedge-
hog signaling in the fly embryo (38). In addition, the O/E-
interacting protein ROAZ is thought to be involved in BMP
and SMAD signaling pathways (21), which suggests the inter-
esting possibility that O/E-1 proteins integrate genetic predis-
position and external signals in fibroblasts or preadipocytes to
enhance entry into the adipogenic differentiation pathway. A
role for O/E proteins in the response to external stimuli has
also been suggested from experiments studying the insulin-
dependent repression of the Glut4 gene in adipocytes (9). A
crucial repressor element flanking this gene was shown to in-
teract with O/E proteins, suggesting that O/E proteins are
involved in the repression of Glut4 expression (9). We do not
see any direct repressive effect on the endogenous gene after
ectopic expression of O/E-1; instead, O/E-1-infected 3T3-L1
cells expressed higher levels of Glut4. This increase of Glut4
expression is likely due to the augmented differentiation rate
observed in O/E-1-infected cells. O/E-1 may, however, func-
tion as a negative regulator of the Glut4 gene, but to study this
effect, one needs to separate the adipogenic effect of O/E-1,
which should lead to Glut4 up-regulation, from its repressing
effect on Glut4 gene expression. This might be accomplished
by overexpression of O/E-1 in later stages of adipogesesis.

The olfactory system is involved in the regulation of food
intake, which influences the overall metabolism. The olfactory
neuroepithelium of the brain has the capacity to detect and
discriminate many different small organic and inorganic com-
pounds. This ability is mediated though a large number of G
protein-coupled receptors in olfactory sensory neurons that
project into higher brain regions (13). The O/E proteins are
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believed to be important for the regulation of genes in the
olfactory system. Several promoter regions of odorant trans-
duction pathway components have been shown to contain
binding sites for the O/E transcription factors (23, 24, 28, 39).
It is interesting that organs responsible for the sensing of food
and the storage of energy excess have common transcription
factors. The intake of food and signals of satiety are processes
regulated by several stimuli, and olfactory neurons may play an
important part in this process. It is possible that the use of
some common transcription factors is part of a feedback mech-
anism that signals between adipose tissue and olfactory and
possibly other parts of the brain.

The use of a dominant negative O/E-1 protein indicates that
O/E-1 directly controls target genes crucial for terminal adi-
pocyte differentiation. O/E-1 is known to control the expres-
sion of several genes in pre-B cells and olfactory neurons by
direct interactions with the promoter elements (1, 2, 17, 23, 24,
28, 35, 39). We do not know the exact identities of the crucial
genes that are under the control of O/E-1 in adipocytes, but a
set of potential target genes has been defined by DNA mi-
croarray analysis and we are currently investigating their rele-
vance in the adipocyte differentiation pathway.
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