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While adipogenesis is controlled by a cascade of transcription factors, the global gene expression profiles in the early phase of
adipogenesis are not well defined. Using microarray analysis of gene expression in 3T3-L1 cells, we have identified evidence for
the activity of 2,568 genes during the early phase of adipocyte differentiation. One of these, the ISL1 gene, was of interest since its
expression was markedly upregulated 1 h after initiation of differentiation, with a subsequent rapid decline. Overexpression of
ISL1 at early times during adipocyte differentiation but not at later times was found to profoundly inhibit differentiation. This
was accompanied by moderate downregulation of peroxisome proliferator-activated receptor y (PPARY) levels, substantial
downregulation of PPARy downstream genes, and downregulation of bone morphogenetic protein 4 (BMP4) levels in preadi-
pocytes. Readdition of BMP4 overcame the inhibitory effect of ISL1 on the expression of PPARYy but not aP2, a gene downstream
of PPARYy, and BMP4 also partially rescued ISL1 inhibition of adipogenesis, an effect which is additive with rosiglitazone. These
results suggest that ISL1 is intimately involved in early regulation of adipogenesis, modulating PPARYy expression and activity
via BMP4-dependent and -independent mechanisms. Our time course gene expression survey sets the stage for further studies to

explore other early and immediate regulators.

dipogenesis, the differentiation of fibroblast-like mesenchy-

mal stem cells into adipocytes, plays a central role in regula-
tion of whole-body energy metabolism. Adipogenesis is generally
described as a 2-step process consisting of a commitment step,
wherein committed adipocyte progenitors (or preadipocytes) are
generated from multipotent mesenchymal stem cells (MSCs), and
a differentiation step, wherein preadipocytes acquire the features
of mature, functional adipocytes (1). The 3T3-L1 cell line is a
widely accepted adipogenic model, which can be efficiently differ-
entiated into mature adipocytes by hormonal stimulation under
experimental conditions (2).

A cascade of sequential transcriptional regulatory bursts un-
derpins adipogenesis. To trigger adipocyte differentiation in vitro,
cells are first growth arrested and subsequently treated with dif-
ferentiation inducers, usually comprising dexamethasone (Dex),
3-isobutyl-1-methylxanthine (IBMX), and insulin (DMI). The
earliest inductive event in this process includes the transcriptional
activation of KLF4 and Krox20, which stimulate C/EBPB and
C/EBP3, two members of the C/EBP family of transcription fac-
tors (3, 4). C/EBPB and C/EBP3 then stimulate expression of
C/EBPa and proliferator-activated receptor y (PPARY), the ma-
jor late transcription factors (5-7). PPARY is necessary and suffi-
cient for adipocyte differentiation (8). During the first 48 h of
adipogenesis, cells reenter the cell cycle and undergo mitotic
clonal expansion (MCE), which is a prerequisite for 3T3-L1 dif-
ferentiation (9).

Bone morphogenetic proteins (BMPs) regulate diverse physiolog-
ical processes, including adipose tissue formation (10). BMPs trans-
mit their signals through Smad1/5/8 phosphorylation (11-13). BMP
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activity is high in 3T3-L1 preadipocytes before treatment with adi-
pocyte differentiation inducers (14). Downregulation of BMP4 activ-
ity by treatment with its inhibitor, dorsomorphin, before differenti-
ation induction decreases the expression levels of C/EBPa and
PPARY during adipogenesis and lipid accumulation (15). Hence,
BMP4 activity in preadipocytes is required for adipogenesis.
Late-stage adipogenesis has been studied extensively, but less is
known about factors governing early adipogenesis. The first 4 h
after initiation of differentiation represents a critical time during
3T3-L1 adipogenesis. Several important immediate early regula-
tors of adipogenesis are transiently expressed within 4 h after dif-
ferentiation induction, including KLF4 and Krox20, which are
required for C/EBP induction. mRNA levels for these transcrip-
tion factors reach maximal levels within 2 h after differentiation
induction and return to basal levels at about 4 h (3, 4). Several
microarray studies have explored global gene expression profiles
during adipocyte differentiation, but none of them focused on the
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first 4 h (16-20). Here we performed a time course microarray
study to profile the transcriptome of 3T3-L1 cells prior to induc-
tion and at 0.5, 1, 2, 4, 8, and 48 h after the induction of differen-
tiation. Analysis of the temporal expression patterns led us to
identify ISL1 as an immediate early regulator of adipogenesis.

(This work was presented as a poster presentation at the Endo-
crine Society of Australia and the Australian Pediatric Endocrine
Group Annual Meetings 2011, 28 to 31 September 2011, Perth,
Australia.)

MATERIALS AND METHODS

Antibodies and reagents. Polyclonal rabbit antibodies raised against
C/EBPa, C/EBP, C/EBPS, and 14-3-3 were purchased from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA). Monoclonal mouse antibodies
raised against aP2 were purchased from Millipore. Polyclonal rabbit an-
tibodies raised against PPARY, phosphorylated Smad1/5/8, and Smadl
were purchased from Cell Signaling Technologies (Beverly, MA). Anti-
bodies against mouse monoclonal GLUT4 were described previously (21).
Tubulin and mouse Flag (M2) were obtained from Sigma. Rosiglitazone
was obtained from GlaxoSmithKline. Recombinant mouse BMP4 and
mouse noggin were obtained from R&D. Horseradish peroxidase-conju-
gated secondary antibodies were obtained from Amersham Biosciences.
Paraformaldehyde was obtained from ProSciTech (Thuringowa, Austra-
lia). Dulbecco’s modified Eagle’s medium (DMEM) and newborn calf
serum were obtained from Invitrogen. Fetal calf serum was obtained from
Trace Scientific (Melbourne, Australia), and antibiotics were obtained
from Invitrogen. Bovine serum albumin (BSA) was obtained from Bovo-
gen (Essendon, Australia). Super Signal West Pico chemiluminescent
substrate was obtained from Pierce. Protease inhibitor mixture tablets
were obtained from Roche Applied Science.

Plasmid, retrovirus, and lentivirus. Mammalian constructs express-
ing Flag-ISL1, Flag-HD, Flag-LIM, or BMP4 were generated by using the
Gateway system (Invitrogen). Primers including the attB1 and attB2 re-
combination sites were used to amplify the ISLI sequences of interest.
PCR fragments were introduced into plasmid vector pPDONOR221 (In-
vitrogen) via the BP recombination reaction, according to the manufac-
turer’s recommendations, to generate the entry clones pDONR-Flag-
ISL1, pDONR-Flag-HD, pDONR-Flag-LIM, and pDONR-BMP4. Entry
clones were then used to perform LR recombination reactions with the
Gateway system-compatible expression plasmid pMIG or pQCXIP ac-
cording to the manufacturer’s recommendations. The integrity of all con-
structs was confirmed by DNA sequencing. pBabe-PPARY2 containing
the full-length Flag-hemagglutinin (HA)-PPAR<y2 fusion protein was ob-
tained from Addgene (plasmid 8859). The BMP4 promoter-luciferase
constructs —6815/+4513 BMP4Luc and +1532/+4513 BMP4Luc were
described previously (22). Retroviral stocks of the pMIG empty vector,
pMIG-Flag-ISL1, pMIG-Flag-HD, pMIG-Flag-LIM, the pBabe empty
vector, pBabe-Flag-HA-PPARY2, the pQCXIP empty vector, and
pQCXIP-BMP4 were generated by using the Plat-E packaging cell line as
described previously (23). Lentiviral stocks of the pLenti-GIII vector and
pLenti-GIII-mISL1 were obtained from ABM (Canada).

Culture and differentiation of 3T3-L1 preadipocytes. 3T3-L1 prea-
dipocytes (ATCC, Manassas, VA) were cultured and differentiated to
adipocytes as described previously (24). 3T3-L1 preadipocytes were in-
fected with pMIG-GFP, pMIG-GFP/Flag-ISL1, pMIG-GFP/Flag-LIM,
and pMIG-GFP/Flag-HD retroviruses, which expressed green fluorescent
protein (GFP) only or GFP and Flag-ISL1, Flag-LIM, or Flag-HD. GFP-
positive (GFP™) and GFP-negative (GFP ™) cells were sorted after 48 h of
infection and subjected to further analysis. 3T3-L1 preadipocytes express-
ing Flag-ISL1 were infected with either pBabe or pBabe-Flag/HA/PPAR~y2
retrovirus. After a 24-h recovery period, infected cells were selected with 2
pg/ml puromycin in DMEM supplemented with 10% fetal calf serum.
Surviving 3T3-L1 preadipocytes were then grown to confluence and sub-
sequently differentiated into adipocytes.
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Preparation of cytoplasmic and nuclear extracts. Cytoplasmic ex-
tracts were prepared by incubating cells in 400 pl buffer A (20 mM HEPES
[pH 7.9], 10 mM KCl, 1 mM EGTA, 1 mM dithiothreitol [DTT]) on ice
for 15 min, adding 25 wl 10% NP-40, and vortexing the mixture for 10 s,
followed by centrifugation at 13,000 X g for 1 min. The supernatant was
used as a cytoplasmic extract. The pellet was incubated with buffer B (20
mM HEPES [pH 7.9], 10 mM KCl, 500 mM NaCl, 1 mM EGTA, 1 mM
DTT) for 15 min at 4°C, followed by centrifugation at 13,000 X g for 10
min, and the supernatant was used as a nuclear extract.

Western blot analysis. Cells were washed twice with ice-cold phos-
phate-buffered saline (PBS) and solubilized in 2% SDS in PBS containing
phosphatase inhibitors (1 mM sodium pyrophosphate, 2 mM sodium
vanadate, 10 mM sodium fluoride) and a complete protease inhibitor
mixture. Insoluble material was removed by centrifugation at 18,000 X g
for 10 min. The protein concentration was measured by using the bicin-
choninic acid method. Proteins were separated by SDS-PAGE for immu-
noblot analysis. After proteins were transferred onto polyvinylidene di-
fluoride membranes, the membranes were incubated in blocking buffer
containing 5% skim milk in Tris-buffered saline and immunoblotted with
relevant antibodies overnight at 4°C in blocking buffer containing 5%
BSA-0.1% Tween in Tris-buffered saline. After incubation, membranes
were washed, incubated with horseradish peroxidase-labeled secondary
antibodies, and then detected by using the Super Signal West Pico chemi-
luminescent substrate. Quantification of the protein levels was performed
by using Odyssey IR imaging system software.

Real-time PCR analysis. RNA extraction was performed by using
TRIzol reagent (Invitrogen Corporation) according to the manufacturer’s
protocols. An Omniscript reverse transcription (RT) kit (Qiagen) was
used for cDNA synthesis. Real-time PCR analysis was performed on a
Light Cycler 480 instrument (Roche Applied Science) with the Universal
Probe Master system; primers and probes for ISLI, PPARy, aP2, and
BMP4 mouse genes were selected online according to the Universal Probe
Library system (Roche Applied Science). mRNA levels were normalized to
Cyclophilin B mRNA levels, and the relative mRNA levels were deter-
mined by using the comparative threshold cycle (C;) method (25).
Primer sequences are 5'-AGCAACCCAACGACAAAACT-3" and 5'-CCA
TCATGTCTCTCCGGACT-3' for ISLI, 5'-GAAAGACAACGGACAAAT
CACC-3' and 5'-GGGGGTGATATGTTTGAACTTG-3' for PPARY, 5'-
AAGAGAAAACGAGATGGTGACAA-3" and 5'-CTTGTGGAAGTCAC
GCCTTT-3' for aP2, 5'-GAGGAGTTTCCATCACGAAGA-3' and 5'-G
CTCTGCCGAGGAGATCA-3' for BMP4, and 5'-TTCTTCATAACCAC
AGTCAAGACC-3" and 5'-ACCTTCCGTACCACATCCAT-3" for Cyclo-
Pphilin B.

Microarray. RNA was purified from 3T3-L1 cells at time zero, imme-
diately prior to induction of differentiation, as well as 0.5, 1, 2, 4, 8, and 48
h after differentiation induction. For each time point, total cellular RNA
was isolated from 3T3-L1 cells following treatment with the differentia-
tion cocktail by using an RNeasy minikit (Qiagen GmbH, Germany).
Individual RNA from biological triplicates was used for microarray anal-
ysis. The RNA quality was assessed by an RNA 6000 Nano assay using an
Agilent 2100 bioanalyzer (Agilent Technologies, Palo Alto, CA). Samples
were prepared according to the standard Affymetrix one-cycle protocol
and hybridized against Affymetrix Mouse Gene 1.0 ST arrays by the Ra-
maciotti Centre for Gene Function Analysis, University of New South
Wales, Australia.

Microarray analysis. Raw microarray data were summarized to the
transcript level by using the oligo R package (26) and normalized by using
the robust multiarray average (RMA) method (27). Transcripts that have
no gene symbol annotation were removed, leaving a total of 21,759 genes
quantified in the time course data. Differentially expressed (DE) genes at
each time point were determined by using empirical Bayes modeling and
moderated ¢ test methods implemented in the limma R package (28), with
asignificance threshold of a false discovery rate (FDR) of <0.05 and a fold
change of >2. The time course profiles of the union of DE genes from all
time points were standardized for visualization by using a fuzzy c-mean
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clustering algorithm (29). The time course R package was used to calculate
the statistical significance of gene expression changes over time (30).

Oil Red O analysis. For Oil Red O staining, cells expressing Flag-ISL1
or not were cultured in 24-well plates, differentiated, and then washed in
PBS and fixed for 2 h with 10% formalin at room temperature. After-
wards, cells were washed with 60% isopropanol, and lipids were subse-
quently stained with 0.2% Oil Red O dissolved in 60% isopropanol for 10
min. Staining was quantified by dissolving Oil Red O with 100% isopro-
panol and measuring the absorbance at 500 nm.

Luciferase assays. For BMP4 promoter activity assays, 3T3-L1 cells
overexpressing Flag-ISL1 or the vector were transfected with BMP4 lucif-
erase reporters. Forty-eight hours later, luciferase activities were mea-
sured by using the Luciferase Reporter Assay system (Promega). Lumi-
nescence values were normalized to tubulin or actin levels, which were
determined by Western blotting.

Cell proliferation assay. A bromodeoxyuridine (BrdU) cell prolifer-
ation assay kit was purchased from Cell Signaling Technologies (Beverly,
MA). Postconfluent 3T3-L1 preadipocytes in 96-well plates were induced
to differentiate with DMI for 24 h or 48 h and labeled for 4 h with 10 uM
BrdU. Incorporation of the BrdU label was measured according to the
manufacturer’s protocol.

Statistical analysis. Data are expressed as means = the standard de-
viations (SD) or standard errors of the means (SEM), as indicated, and P
values were calculated by using a two-tailed Student ¢ test and GraphPad
Prism.

Microarray data accession number. Data sets have been deposited in
the Gene Expression Omnibus (GEO) archive under series accession
number GSE40565.

RESULTS

Gene expression profiles during adipogenesis. Using a c-mean
clustering algorithm, we empirically determined from the time
course data 20 clusters that partition the data into distinctive tem-
poral profiles (Fig. 1A; see also Table S1 in the supplemental ma-
terial for gene lists for each cluster). Based on the expression pat-
terns and annotated functions in the literature, 16 genes were
picked from our screen, including genes encoding the well-known
important early factors KLF4, EGR2 (Krox20), C/EBP3, C/EBPS,
TLE3, and KLF5 and 10 potential new adipogenesis mediators
(Fig. 1B). These 16 genes were partitioned into three clusters rep-
resenting early and intermediate responses upon differentiation
induction, indicating their potential role in regulating early-stage
adipogenesis. Among them, ISLI was of particular interest be-
cause our previous study suggested that ISL1 functions as a poten-
tial early adipogenesis regulator (31). It was ranked among the top
5% of the total of 21,759 genes whose expression levels signifi-
cantly changed over the time course by using a longitudinal em-
pirical Bayes model (Fig. 1C) and was chosen as the novel candi-
date for our follow-up study.

The ISL1 expression level is transiently increased in 3T3-L1
cells after differentiation induction. Quantitative RT-PCR re-
vealed that ISLI was expressed in preconfluent 3T3-L1 preadi-
pocytes before differentiation induction, and the expression level
of ISL1 increased quickly and transiently after differentiation in-
duction (Fig. 2A). The ISL1 mRNA level peaked at 2.3 h to a level
that was 30-fold higher than that in postconfluent 3T3-L1 preadi-
pocytes. Protein levels for ISL1 were consistent with the mRNA
levels (Fig. 2B). ISLI expression was induced by Dex or IBMX
alone or in combination and was slightly reduced by insulin alone
(Fig. 2C). These results show that ISL1 is expressed very early in
the course of 3T3-L1 differentiation, with a subsequent rapid de-
cline.

October 2014 Volume 34 Number 19

ISL1 Is an Early Adipogenesis Regulator

ISL1 overexpression inhibits adipogenesis. To address the
role of ISL1 in adipogenesis, Flag-ISL1 was stably overexpressed in
3T3-L1 cells by retroviral infection (Fig. 3A), and overexpressed
ISL1 was located primarily in the nuclear fraction of transfected
cells (Fig. 3B). ISL1 overexpression inhibited lipid accumulation
(Fig. 3C to E) and expression of adipogenic markers (Fig. 3F).
Overexpression of either the LIM domain or HD domain of ISL1
did not affect adipocyte differentiation (Fig. 3G and H). To deter-
mine at what stage ISL1 has its inhibitory effect on adipogenesis,
we next infected 3T3-L1 cells at different times prior to differen-
tiation with a lentivirus expressing full-length ISL1. Overexpres-
sion of ISL1 induced by lentiviral infection was mildly increased
(about 2-fold) compared to native ISL1 levels (Fig. 31), in contrast
to the very substantial retroviral overexpression. Transient over-
expression of ISL1 at day —5, —3, or —1 before differentiation
induction significantly decreased lipid accumulation, whereas in-
fection at day 0, just prior to differentiation induction, was with-
out effect (Fig. 3] and K). These results suggest that ISL1 acts as an
early repressor of adipogenesis in 3T3-L1 cells and that this inhib-
itory function of ISL1 requires the entire protein.

C/EBPB and C/EBP3 are two transcription factors that are
important during early adipocyte differentiation, upstream of
C/EBPa and PPARY, and C/EBP is required for mitotic clonal
expansion (MCE) (32). ISL1 overexpression did not inhibit the
expression of either C/EBPB or C/EBPS (Fig. 4A), nor did it in-
hibit subsequent MCE (Fig. 4B).

PPARY and rosiglitazone can rescue differentiation of ISL1-
overexpressing cells. We next examined the possible interaction
between ISL1 and the PPARYy pathway, since this pathway is acti-
vated downstream of C/EBPR and -8. We first explored the effects
of a PPARY agonist (rosiglitazone); however, this agonist only
partially rescued the ISL1 block. Similarly, overexpression of the
PPARY?2 receptor alone only partially rescued the inhibitory effect
of ISL1 on adipogenesis. Intriguingly, stable overexpression of
PPARY2 combined with rosiglitazone treatment caused a sub-
stantial rescue of the ISL1 block (Fig. 5A to C). These results indi-
cate that both the expression and activity of PPARy are involved in
the inhibitory effect of ISL1 on adipogenesis.

ISL1 inhibits BMP4 expression and function. To determine
the mechanism of the ISL1 effect on adipocyte differentiation, we
next examined changes in global gene expression in ISL1-overex-
pressing 3T3-L1 preadipocytes and control cells at 0 h. Among
those genes regulated by ISL1, BMP4 was of particular interest,
since it was substantially downregulated in ISL1-expressing cells,
and BMP4 is required for the onset of adipocyte differentiation
(33). ISL1 overexpression did not affect the expression of other
BMPs except BMP3b, a repressor of 3T3-L1 adipogenesis (34),
which was partially inhibited (Fig. 6A). Our quantitative PCR
(qPCR) data revealed that the BMP4 mRNA level was decreased
by 90% 6 h after adipocyte induction in wild-type 3T3-L1 cells
(Fig. 6B). ISL1 overexpression exerted a moderate repressive effect
on BMP4 expression in preconfluent 3T3-L1 cells and a strong
repressive effect on BMP4 expression in postconfluent 3T3-L1
cells at day 0 (Fig. 6C), concomitant with the reduced phosphor-
ylation of Smad1/5/8, a downstream target of BMP4 (Fig. 6D and
E). Furthermore, gene set enrichment analysis (GSEA) indicated
that BMP-Smad signaling pathway gene sets were downregulated
by ISL1 overexpression in preadipocytes (data not shown). To
determine whether ISL1 regulates BMP4 gene transcription, we
performed transient-transfection studies of luciferase reporter
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FIG 1 Gene expression profiles during early adipogenesis. (A) Temporal profiles of 20 clusters generated from c-mean clustering of time course microarray data. Time
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candidate genes. The genes are grouped into three rectangles indicating the clusters into which they were partitioned to by the c-mean clustering algorithm. (C) ISLI as
one of the top-ranked genes that were significantly changed over the time course. The expression value from triplicate experiments indicates that the microarray
measurements are highly reproducible.
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FIG 2 ISLI expression during 3T3-L1 cell differentiation. (A and B) ISL1
mRNA and protein levels at the indicated time points during adipogenesis. (A)
Total RNA was isolated from 3T3-L1 cells. Gene expression of ISL] was mea-
sured by quantitative real-time RT-PCR. Expression levels at day 0 are indi-
cated as 1. Error bars indicate SEM of data from three independent experi-
ments, with each experiment being performed in triplicate. pre indicates
preconfluent 3T3-L1 cells. (B) Nuclear fractions of 3T3-L1 cells were subjected
to SDS-PAGE, and ISL1 and adiponectin were detected by immunoblotting.
Actin served as a loading control. (C) ISLI mRNA levels in response to
different treatments. Total RNA was isolated from 3T3-L1 cells treated
under different conditions, as indicated, and measured by quantitative
real-time RT-PCR.

constructs with different regions of the BMP4 promoter. In pre-
confluent cells, ISL1 overexpression moderately reduced BMP4
promoter activity in the region spanning positions —6815
to +4513 but had no effect on the region spanning positions
+1532 to +4513. In postconfluent 3T3-L1 cells, ISL1 overexpres-
sion strongly reduced BMP4 promoter luciferase activity in the
region spanning positions —6815 to +4513 and moderately re-
duced BMP4 promoter activity in the region spanning positions
+1532 to +4513 (Fig. 6F). In addition, ISL1 overexpression in
HEK293 cells had no effect on BMP4 promoter activity (data not
shown), which means that ISL1 does not inhibit BMP4 promoter
activity directly. Taken together, these data show that ISL1 indi-
rectly inhibits BMP4 gene transcription and function in preadi-
pocytes.

BMP4rescues differentiation of ISL1-overexpressing 3T3-L1
cells. We exposed 3T3-L1 cells to noggin, a naturally occurring
BMP binding antagonist (35), during preadipocyte proliferation.
Noggin exposure reduced phosphorylation of Smad1/5/8 (Fig.
7A) and blocked lipid accumulation (Fig. 7B), suggesting that se-
creted BMP4 is required for 3T3-L1 cell differentiation. Thus, a
reduction in BMP4 expression, as observed in ISL1-overexpress-
ing cells, could be the mechanism for ISL1’s inhibition of adipo-
genesis. Consistent with this hypothesis, recombinant BMP4
treatment during proliferation significantly, but not completely,
rescued both lipid accumulation (Fig. 7C) and the expression of
adipocyte markers (Fig. 7D and E) in ISL1-overexpressing 3T3-L1
cells. BMP4 overexpression had an effect similar to that of recom-
binant BMP4 on rescuing ISL1 inhibition of adipogenesis, and the
rescue effect was additive with rosiglitazone (Fig. 7F). In 3T3-L1
preadipocytes, ISL1 overexpression reduced PPARY mRNA levels
by ~40% and reduced aP2 mRNA levels by ~90% (aP2 is a bona
fide PPARy downstream gene). Overexpression of BMP4 com-
pletely rescued the expression of PPARY but rescued aP2 to only
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~30% of the level seen in control cells (Fig. 7G and H), suggesting
that BMP4 cannot completely rescue PPARy activity in ISL1-
overexpressing 3T3-L1 cells. Nevertheless, these results show that
BMP4 can partially rescue ISL1 inhibition of adipogenesis, sug-
gesting that ISL1 negatively regulates adipogenesis via BMP4-de-
pendent and -independent mechanisms.

BMP4 pathway activity has been reported to upregulate
PPARYy expression (36, 37), while the effect of BMP4 on PPARy
activity is unknown. Our results showed that BMP4 treatment did
not increase PPARYy transcriptional activity in HEK293 cells and
3T3-L1 preadipocytes, indicating that BMP4 treatment had no
direct effect on PPARvy activity (data not shown). It is possible that
BMP4 activity prior to differentiation induction is required for
PPARvy transcriptional activity during differentiation. To test this
hypothesis, we compared the effects of BMP4 overexpression with
rosiglitazone in combination with a different differentiation com-
ponent(s) (Fig. 8). IBMX and insulin (MI) could not induce dif-
ferentiation of 3T3-L1 preadipocytes alone or together without
Dex. Similarly, rosiglitazone or BMP4 overexpression did not pro-
mote differentiation alone without Dex, but it did induce differ-
entiation in the presence of Dex. BMP4 and Dex induced differ-
entiation to a level almost equivalent to that observed with the
traditional DMI cocktail. These results suggest that rosiglitazone
or BMP4 overexpression has a function similar to that of IBMX
and insulin, both of which increase PPARYy transcriptional activity
by generating an endogenous PPARYy agonist(s) during differen-
tiation (38, 39). In addition, when combined with Dex plus IBMX
(DM) or Dex plus insulin (DI), BMP4 and BMP4-rosiglitazone
have the same effect on differentiation induction, which means
that PPARY reached its maximal activity when BMP4 was com-
bined with DM or DI, and BMP4 could increase PPARYy activity
during adipocyte differentiation.

DISCUSSION

Adipogenesis is controlled by a cascade of transcription factors
that act to induce the expression of gene products necessary for the
acquisition of the characteristic morphology and specialized func-
tions of adipocytes (40). Immediate early regulators expressed
within 4 h of differentiation induction have been shown to be
important for adipocyte differentiation, for example, KLF4 (3),
Krox20 (4), C/EBPB, and C/EBPS. In this study, we identified
ISL1 as a novel regulator of early adipogenesis.

ISL1 gene expression is induced early during adipogenesis in
response to IBMX or dexamethasone, two of the components of
the standard induction cocktail. Stable ISL1 overexpression sig-
nificantly inhibited 3T3-L1 cell differentiation (Fig. 3C to F), and
transient ISL1 overexpression prior to but not immediately after
differentiation markedly decreased adipogenesis (Fig. 3] and K).
These data suggest that ISLI acts at a very early time point in
adipocyte differentiation. Although levels of stably overexpressed
ISL1 were ~10-fold higher than those of native ISL1 (Fig. 3A),
levels of transiently overexpressed ISL1 were elevated only ~2-
fold (Fig. 3I), which indicates that the effect of ISL1 stably over-
expressed by retrovirus is not simply related to the degree of ele-
vation of expression. 3T3-L1 cells produce endogenous PPARYy
ligands to activate PPARYy activity during early adipogenesis, and
PPARy is one of the master genes for adipocyte differentiation,
which is required and sufficient for adipocyte differentiation in-
duction (8, 41). Consistent with an important role for ISLI in the
PPAR program, PPARYy overexpression partially rescued differen-
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FIG 3 ISL1 overexpression inhibits adipogenesis. (A) Overexpression of Flag-ISL1 in 3T3-L1 preadipocytes. 3T3-L1 preadipocytes were infected with retrovirus that
expressed GFP only or GFP and Flag-ISL1. Forty-eight hours later, ~11% of low-level-GFP™ cells were sorted and used for further experiments. Flag-ISL1 expression
levels (in the low-level fraction) were compared to those in control cells 8 h after differentiation induction by Western blotting. (B) Nuclear (Nuc) and cytosolic (Cyto)
fractions of 3T3-L1 preadipocytes overexpressing Flag-ISL1 were subjected to SDS-PAGE using anti-ISL1 antibody. Tubulin served as a cytosolic marker, histone H3
(Histon) served as a nuclear marker, and actin served as a loading control. (C) ISL1 overexpression inhibits adipocyte differentiation. Postconfluent preadipocytes
expressing Flag-ISL1 or not were induced to differentiate for 8 days, and images were collected. (D) Oil Red O staining of lipid droplets in 3T3-L1 cells overexpressing
Flag-ISL1 or not at day 8 after differentiation induction. (E) Quantification of the experiment shown in panel D. Error bars indicate SEM of data from three independent
experiments, with each experiment being performed in triplicate (:#:*, P < 0.001). OD500, optical density at 500 nm. (F) ISL1 inhibits adipocyte marker expression.
Postconfluent preadipocytes expressing Flag-ISL1 or not were induced to differentiate for different times, as indicated; the cell lysates were subjected to SDS-PAGE; and
aP2, PPARy, and C/EBPa were detected by immunoblotting. Tubulin served as a loading control. (G and H) The LIM domain or HD domain of ISL1 has no effect on
adipocyte differentiation. Postconfluent preadipocytes overexpressing Flag-ISL1, Flag-LIM, or Flag-HD were induced to differentiate for 8 days, pictures were collected
(G), and cells were subjected to Oil Red O staining (H). Error bars indicate SD of data from triplicate experiments. (I) Overexpression of ISL1 by lentiviral infection.
3T3-L1 preadipocytes were infected with lentivirus encoding ISL1 or the empty vector for 24 h. At 48 h postinfection, ISL1 expression levels were compared to those in
control cells 8 h after differentiation induction by Western blotting. NC, normal control. (J and K) Effect of transient ISL1 overexpression at different time points on
adipogenesis. Confluent 3T3-L1 cells were infected with lentivirus encoding ISL1 or the empty vector for 24 h at different time points, as indicated, and cells were induced
to differentiate at day 0 and then stained by Oil Red O (J) or analyzed by SDS-PAGE (K) at day 9.

tiation in ISL1-overexpressing cells and completely rescued differ- ISL1 overexpression moderately reduced PPARy mRNA levels
entiation in the presence of rosiglitazone. These results suggest and greatly reduced mRNA levels of its bona fide target genes in
that ISL1 plays a role in regulating both the expression and activity  preadipocytes, such as aP2, adiponectin, and CD36 in 3T3-L1
of PPARYy. preadipocytes (data not shown). This suggests that ISL1 overex-
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FIG 4 ISL1 overexpression does not inhibit expression of C/EBPB and
C/EBPS or mitotic clonal expansion. (A) Effect of ISL1 on protein levels of
C/EBPB and C/EBP3. Postconfluent preadipocytes expressing Flag-ISL1 or
not were induced to differentiate, and the cell lysates at different time points, as
indicated, were subjected to SDS-PAGE. (B) Effect of ISL1 on mitotic clonal
expansion of 3T3-L1 preadipocytes measured by a BrdU assay. The values were
determined relative to values for control cells. Error bars indicate SD of data
from triplicate experiments (#, P > 0.05).

pression inhibits basal PPARy expression and activity in preadi-
pocytes. The BMP pathway has been reported to regulate both
PPARY expression and transcriptional activity (36, 42). Interest-
ingly, BMP4 expression was markedly inhibited by ISL1 overex-
pression. BMP4 is expressed in preadipocytes, and its level de-
creases rapidly after differentiation induction. BMP4 activity in
preadipocytes is required for adipocyte differentiation, and BMP4
inhibitor treatment after differentiation induction has no effect on
terminal differentiation (14). Similarly, ISL1 overexpression late
in differentiation does not inhibit adipocyte differentiation (Fig.
3J and K). Collectively, these data suggest that the inhibitory effect

Ais. . B

ISL1 Is an Early Adipogenesis Regulator

of ISL1 overexpression on adipogenesis is mediated via inhibition
of BMP4 expression, which in turn leads to reduced PPARYy ex-
pression and reduced production of its ligand. BMP4 promoter
studies show that ISL1 inhibits BMP4 promoter activity in 3T3-L1
cells but not in HEK293 cells and that inhibition is more potent in
postconfluent 3T3-L1 cells than in preconfluent cells (Fig. 6F).
These results indicate that ISL1 inhibits BMP4 promoter activity
indirectly, probably via a downstream factor(s). In addition, ISL1
decreases phosphorylation of Smad1/5/8, which is downstream in
the BMP pathway. After differentiation induction, ISL1 mRNA
levels peak at 2.3 h, and ISL1 protein levels are increased signifi-
cantly at 4 h. In contrast, the BMP4 mRNA level is greatly de-
creased at 6 h, which is inversely correlated with ISL1 levels. The
ISL1 level transiently increases after differentiation induction,
likely leading to repression of BMP4 expression, which remains
repressed throughout the adipogenic process. This supports the
conclusion that ISL1 indirectly inhibits BMP4 expression. We
cannot exclude the possibility that BMP4 expression is also regu-
lated by other unknown mechanisms independent of ISL1.

In ISL1-overexpressing 3T3-L1 preadipocytes, BMP4 overex-
pression completely rescues ISL1 inhibition of basal PPAR<y gene
expression but not of its bona fide downstream gene, aP2. This
indicates that BMP4 does not regulate PPARYy activity in preadi-
pocytes, meaning that ISL1 inhibition of PPARvy activity is BMP4
independent. Consistent with this, BMP4 and rosiglitazone alone
partially rescued ISL1 inhibition of adipogenesis, but in combina-
tion, they almost completely rescued this inhibition. ISL1 did not
interact with PPARy (data not shown) and had no direct effect on

ISL1

vector PPARy2 ISL1 PPARy2

Rosi(uM) - 1 - 1 - 1 - 1

FIG 5 Effects of PPARY2 and rosiglitazone to rescue differentiation of ISL1-overexpressing cells. (A and B) Postconfluent preadipocytes overexpressing
Flag-ISL1, PPARY2, Flag-ISL1 and PPARY2, or the vector were induced to differentiate in the presence of 1 WM rosiglitazone (Rosi) or not, as indicated, for 8
days. Cells were subjected to Oil Red O staining (A), or cell lysates were subjected to SDS-PAGE (B). PPARYy, C/EBPa«, and aP2 were detected by immunoblotting;
actin served as a loading control. (C) Quantification of immunoblots. Error bars indicate SEM of data from three independent experiments (*, P < 0.05; ##, P <

0.01; #3#%, P < 0.0001).
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Flag-ISL1 or not and subjected to a microarray assay. (B) BMP4 expression. Total RNA was extracted at the indicated times and subjected to quantitative
real-time RT-PCR, and values were normalized to cyclophilin values. Expression levels at day 0 are indicated as 1. Error bars indicate SEM of data from three
independent experiments, with each experiment being performed in triplicate. (C) ISL1 inhibits BMP4 expression. Total RNA was extracted from pre- or
postconfluent preadipocytes (day 0) expressing Flag-ISL1 or not, BMP4 expression was measured by quantitative real-time RT-PCR, and values were normalized
to cyclophilin values. Error bars indicate SEM of data from three independent experiments, with each experiment being performed in triplicate. (D) Effect of ISL1
on phosphorylation of Smad1/5/8 (pSmad1/5/8). The cell lysates of postconfluent preadipocytes overexpressing Flag-ISL1 or not were subjected to SDS-PAGE.
(E) Quantification of immunoblots for phosphorylation of Smad1/5/8. Error bars indicate SEM of data from three independent experiments (s, P << 0.01; sisiek,
P < 0.0001). (F) Effect of ISL1 on BMP4 promoter activity. Luciferase reporter constructs carrying the different promoter regions of BMP4, as indicated, were
transfected into pre- or postconfluent 3T3-L1 cells overexpressing Flag-ISL1 or not. Results are expressed as firefly luciferase activity normalized to protein levels;
firefly luciferase activity in control cells is indicated as 1. Error bars indicate SEM of data from three independent experiments (3, P < 0.01; =, P < 0.001; #,
P> 0.05).

PPARYy activity, as indicated by the PPARY response element lu-
ciferase assay in HEK293 cells (data not shown). This suggests that
ISL1 indirectly regulates PPARy activity.

BMPs have an important role in the commitment of pluripo-
tent stem cells to preadipocytes (43). The addition of BMP4 to the
culture medium stimulated adipocyte differentiation of multipo-
tential C3H10T1/2 cells (44, 45) and mouse embryonic fibroblasts
(46). The regulation of preadipocyte levels of PPARy has been
suggested to be a crucial determinant of preadipocyte commit-
ment. BMP4 has been reported to regulate PPAR+y expression to
mediate the preadipocyte commitment activity of Zfp423 and

3614 mcb.asm.org

WISP2 (36, 37). It is possible that the BMP4/PPARYy pathway in
preadipocytes is required for 3T3-L1 cells to maintain the proadi-
pogenic state, and ISL1 overexpression affects the proadipogenic
state of 3T3-L1 cells by reducing the expressions of BMP4 and
PPARvy. ISL1 knockdown or knockout might lead to sustained
BMP4 expression during adipocyte differentiation. BMP4 treat-
ment of 3T3-L1 adipocytes increased the expression of PRDM16,
a key inducer of brown adipocyte development (47, 48), and fat-
specific BMP4 overexpression induces brown-fat-like effects on
white fat (49), which is metabolically beneficial. ISL1 knockdown
or knockout should have effects similar to those of BMP4 overex-
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FIG 7 BMP4 rescues differentiation of ISL1-overexpressing 3T3-L1 cells. (A and B) Effect of noggin on adipogenesis. 3T3-L1 preadipocytes were cultured
without or with noggin at 100 ng/ml until cells reached postconfluence and then differentiated into adipocytes according to standard protocols. (A) On day 0,
before differentiation induction, whole-cell lysates were subjected to SDS-PAGE, and phosphorylation of Smad1/5/8 was detected by immunoblotting. (B) On
day 8, the accumulation of cytoplasmic triglyceride was assessed by Oil Red O staining. (C to E) Effect of recombinant BMP4 on ISL1 inhibition of adipogenesis.
3T3-L1 preadipocytes overexpressing Flag-ISL1 or not were cultured with or without BMP4 at 100 ng/ml until cells reached postconfluence and then differen-
tiated into adipocytes according to standard protocols. (C and D) On day 8, the accumulation of cytoplasmic triglyceride was assessed by Oil Red O staining (C),
whole-cell extracts were subjected to SDS-PAGE, and C/EBPa, PPARY, and aP2 were detected by immunoblotting (D). (E) Quantification of immunoblots.
Error bars indicate SEM of data from two independent experiments. (F) Effect of BMP4 overexpression on ISL1 inhibition of adipogenesis. Postconfluent 3T3-L1
preadipocytes overexpressing Flag-ISL1 or Flag-ISL1/BMP4 were differentiated into adipocytes according to standard protocols. On day 9, the accumulation of
cytoplasmic triglyceride was assessed by Oil Red O staining. (G and H) Total RNA was extracted from 3T3-L1 preadipocytes overexpressing Flag-ISL1 or
Flag-ISL1/BMP4, and gene expression levels of PPARy and aP2 were measured by quantitative real-time RT-PCR and normalized to cyclophilin values (x, P <

0.05; #:, P << 0.01; #:k, P < 0.001).

pression. For unknown reasons, ISL1 has been resistant to knock-
down using a range of short interfering RNAs (siRNAs) and short
hairpin RNAs (shRNAs), so this hypothesis needs to be examined
further in the future.

ISL1 belongs to the LIM homeobox gene family and plays an im-
portant role in the development of pancreatic islets, motor neurons,
and cardiac tissue (50-52). We previously found that ISL1 expression
was virtually absent in subcutaneous fat (SF) but substantially ex-
pressed in the stromovascular (preadipocyte-containing) fraction of
visceral fat (VF) and that its expression correlated inversely with ad-
iposity in rodents and humans (31). Serum BMP4 levels are increased
in individuals with obesity or metabolic syndrome (53), suggesting an
inverse correlation of ISL1 and BMP4 levels in vivo. Forced expres-
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sion of a BMP4 transgene in white adipocytes of mice induces brown-
fat-like changes of white adipose tissue (WAT) (49). Given that ISL1
is expressed at high levels in VF but not in SF, we predict that BMP4
expression in VF but not in SF is normally repressed by ISL1, with
BMP4 having a role in SF, which could be beneficial for metabolic
disease. This suggests an additional level of control that might distin-
guish different white adipose depots. The differentiation potential is
different for preadipocytes isolated from SF or VF. In a defined se-
rum-free medium, PPARYy agonists markedly enhance the differen-
tiation of preadipocytes isolated from SF but not of preadipocytes
from VF of same individuals (54). In vivo, subcutaneous but not vis-
ceral fat expands in response to PPARYy agonists (55, 56). The mech-
anisms by which SF and VF have different sensitivities to PPARy
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FIG 8 BMP4 overexpression increases PPARY activity during adipocyte dif-
ferentiation. Parental or BMP4-overexpressing 3T3-L1 preadipocytes were
treated with dexamethasone (D) or combinations of dexamethasone IBMX
(M), and insulin (I) (versus blank) with or without the addition of rosiglita-
zone from day 0 to day 3; treated with insulin (versus blank) with or without
the addition of rosiglitazone from day 3 to day 6; and then cultured in fresh
medium from day 6 to day 8. On day 8, differentiation was assessed by Oil Red
O staining. Error bars indicate SEM of data from three independent experi-
ments, with each experiment being performed in triplicate (, P < 0.05; #, P >
0.05).

agonists are still unknown. ISL1 decreases PPARYy levels and activity
in preadipocytes and is expressed in VF but not SF; thus, ISL1 in VF
may be responsible for the downregulation of the PPARy response.
In this study, our gene expression survey sets the stage for fur-
ther studies to explore the immediate early regulators of adipo-
genesis. In addition, our results show that upregulation of ISL1
inhibits PPARYy expression and activity in preadipocytes, which
might provide an explanation for why subcutaneous but not vis-
ceral fat expands in response to PPARy agonists. At the same time,
our results suggest that ISL1 reduces BMP4 expression during
adipocyte differentiation. Previously, we found that adipose tissue
ISLI expression is prominent in VF but not SF. As abdominal
obesity strongly correlates with insulin resistance and cardiovas-
cular risk (57, 58), we postulate that ISL1 downregulation may
lead to upregulation of BMP4, which may favorably impact ab-
dominal obesity and its concomitant metabolic disturbances.
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